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Abstract 

Antimony is a potential human and ecosystem health risk, yet large gaps in the existing 

knowledge of the geochemical behaviour of Sb persist. At the Giant mine, an abandoned gold 

mine about to undergo remediation, Sb is elevated in mine waste and in downstream pond and 

stream sediments that have been impacted by mine waste. Gold at the Giant Mine, Yellowknife 

NT, is refractory, hosted in arsenopyrite (FeAsS) and pyrite (FeS2), and associated with stibnite 

(Sb2S3) and Sb-sulfosalts. The gold was liberated by roasting the ore which produced two arsenic 

(As) and antimony (Sb)-rich waste streams: calcine and electrostatic precipitator (ESP) residue. 

The roaster-derived As and Sb host phases, maghemite and hematite, are found in sediment, and 

are undergoing post-depositional transformations.  

Bulk and micro- X-ray Absorption Near Edge Spectroscopy (XANES) methods, and 

synchrotron-based micro-X-ray fluorescence (µXRF) and micro-X-ray diffraction (µXRD), were 

employed to characterize the Sb-host phases and determine the solid-phase speciation of Sb in 

mine waste and sediment. Antimony in mine waste is largely associated with roaster-derived 

maghemite and is hosted as Sb(III) and Sb(V). The bulk and µXANES analyses indicate a more 

prominent Sb(III) composition in the ESP residue, compared to the calcine. In the surficial and 

deeper sediment Sb(III) and Sb(V) bound to oxygen are present, as well as Sb(III) bound to sulfur 

in the deeper sediment. The presence of the Sb(III) bound to sulfur phase in the deeper sediment 

implies that Sb associated with the roaster oxides is destabilized, but subsequently precipitates as, 

or adsorbs onto, a sulfide. Furthermore, the preferential attenuation of the Sb(III) species likely 

accounts for the dominance of Sb(V) in pore-water at all three sites, and at all depths. Co-existing 

with the sulfur-bound Sb phases in the deeper, relatively reducing sediment, is a compositionally 

significant, and finely disseminated Sb(V) bound to oxygen phase.  



 iii 

Antimony and As are often assumed to exhibit similar geochemical behaviour. This study 

offered an opportunity to compare the mobility of As and Sb since both are elevated in 

concentration in the environment and in mine waste. Arsenic and Sb exhibit similar geochemical 

behaviour in the upper 2cm, but the higher affinity of As for sorption sites results in dissimilar 

distribution in pore-water. Both elements undergo post-depositional reduction resulting in an 

increase in the mobility of As, and attenuation of Sb. Aquatic horsetails (Equisetum fluviatile) 

present in Baker Creek significantly reduces the mobility of both elements. 
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Chapter 1 

Introduction 

Antimony (Sb) is part of the chalcophilic group V metalloids and is often assumed to 

display similar chemistry to arsenic (As), and to some extent phosphorus (P). The occurrence of 

Sb in Earth’s crust in approximately 0.2 mg/kg. Antimony is used primarily in flame-retardant 

materials and as an alloying element in lead-acid automotive batteries. The greatest proportion of 

Sb mining occurs in China (85%), followed by South America (4%), and Russia (4%). Canada 

produces only 0.1% of the amount of Sb produced worldwide, which is recovered primarily 

through the recycling of automotive batteries. Antimony minerals are often associated with Pb, 

Au, and As mines such that mining and smelting operations are the greatest emission sources of 

Sb in the environment (Flynn et al., 2003). Typical concentrations of Sb in unpolluted waters are 

less than 1.0 µg/L (Fillela, et al., 2002). In proximity to anthropogenic sources concentrations of 

Sb can reach 100 times background concentrations. Antimony is a recognized carcinogen and is 

considered a pollutant of priority interest by the U.S. Environmental Protection Agency (United 

States Environmental Protection Agency, 1979).  

The Canadian Council of Ministers of the Environment (CCME) have identified Sb as a 

priority pollutant, indicating concern regarding the toxicity of Sb, and that the information needed 

to establish quality standards and guidelines for Sb in the environment are inadequate. At present 

there are no guidelines concerning Sb set for sediment quality, nor for the protection of aquatic 

life. The maximum acceptable concentration for Sb in drinking water is set at 6 µg/L. However, 

this is an interim quality guideline, and the CCME identifies the need for further research into Sb 

in the environment (Canadian Council of Ministers of the Environment, 2003). Trivalent Sb is 

considered the more toxic form of Sb. Poisoning is manifested in several organs and may result in 

many complications including cancer, heart complications and sudden death (Dewolff, 1995). 
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Exposure to Sb occurs primarily via drinking water, but may also include air, food, dermal 

contact, and urban dust (Poon et al., 1998). There is no known biological function for Sb (Filella 

et al., 2002).  

1.1 Antimony Mineralogy 

Although there are more than 100 minerals of Sb found in the environment (Anderson, 

2000), Sb occurs mainly as stibnite (Sb2S3), a major ore of interest, as valentinite (Sb2O3), is 

commonly found in ores of Cu, Ag, and Pb, and as component of coal and petroleum. Antimony 

oxides can form from the oxidation and weathering of stibnite, resulting in the formation of 

senarmonite (Sb2O3), valentinite (Sb2O3), or stiboconite (Sb(III)Sb(V)2O6(OH)) (Craw et al., 

2004; Ashley et al., 2003). In equilibrium with these oxides, dissolved Sb is high (Ashley et al., 

2003).  Antimony is also associated with many sulfosalt minerals including: boulangerite 

(Pb5Sb4S11), berthierite (FeSb2S4), chalcostibite (CuSbS2), jamesonite (PbFeSb6S14), and 

tetrahedrite (Cu,Fe)12(Sb,As)4S13 (all of which are present in the ore  at Giant mine, the location 

of this study). Sulfosalts are complex sulfides with the general formula: AxBySn, where A can be a 

variety of metal ions, and B is one of the trivalent cations: As, Sb, and Bi (Makovicky, 1989). 

The B atoms bond with sulfur in 3-fold coordination, and it is the presence of the BS3 that 

distinguishes a sulfosalt from a sulfide (Takeuchi and Sadanaga, 1969). 

1.2 Speciation and Thermodynamic Stability of Antimony 

In aqueous oxic environments Sb(V) is the dominant species, whereas Sb(III) is dominant 

in anoxic environments. The first Eh-pH diagram for Sb was constructed by Pitman et al. (1957) 

and has since been revised and extended (i.e. by Bertine and Lee, 1983; Brookins, 1986; Vink, 

1996). The Eh-pH diagram shown in Figure 1 is taken from Fillela et al. (2002). There exist 

significant challenges with constructing Sb-O-H-S stability diagrams. The Gibb’s free energy 
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values for Sb-minerals are inconsistent, or entirely lacking. Also, with regards to Sb-sulfide 

compounds there is much uncertainty regarding the stoichiometry of the species formed. For 

example, in some studies, the solid phase in equilibrium with the solution is not a crystalline 

compound, such as stibnite, but an amorphous or colloidal Sb2S3 compound (Filella et al., 2002). 

It has also been found that thioantimonite complexes tend to condense to form large polymeric 

molecules (Sb2S3(nH2S)) where the stoichiometry only approaches that of Sb2S3 for large values 

of n (Filella et al., 2002). Consequently, equilibrium concentrations measured in solubility studies 

using amorphous Sb-sulfide compounds are about 1.5 orders of magnitude greater than those 

measure in the presence of crystalline stibnite (Filella et al., 2002). However, systems containing 

colloidal species are closer to anoxic water systems in the environment than systems containing 

crystalline stibnite. 
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Figure 1. Sb-O-S-H2O Eh-pH diagram from Fillela et al. (2002). Dissolved Sb concentration is 

10-8mol/L, dissolved S concentration is 10-3 mol/L. The concentrations of Sb in waters at the 

Giant mine are more elevated than those described in the diagram so the stability field for Sb2S3 

would be larger. 

 

It is generally accepted that in the aqueous form, Sb exists as the neutral species 

Sb(III)(OH)3
0 in reducing environments and the negatively charged Sb(V)(OH)6

- in oxic 

environments. Similar species and oxyanions of As are predicted to occupy similar regions of the 
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Eh-pH diagrams (see Smedley and Kinniburgh, 2002). Contrary to prediction based on 

thermodynamic equilibrium, Sb(V) has been found in reducing environments and Sb(III) in 

oxidizing environments (Filella et al., 2002 and references therein). There are a number of 

hypotheses to explain why Sb(V) tends to prevail under reducing conditions including: Sb(V) on 

sinking detritus from oxic waters, the formation of Sb(V) thiocomplexes, advection of surface 

waters, and slow rates of reduction (Filella et al., 2002). Chen et al. (2003) explain the presence 

of Sb(V) in reducing environments by slow kinetics of reduction and the co-existence of Mn and 

Fe-oxyhydroxides and sulfides onto which Sb may adsorb. The presence of Sb(III) in oxidizing 

environments has been attributed to biotic cycling (Bertine and Lee, 1983), but has yet to be 

verified. 

 In addition to redox and pH-controlled speciation, certain mineral phases and humic acids 

have been shown to catalyze the oxidation Sb. In fact, oxidation of Sb by oxygen alone appears to 

be very slow. In their experiments measuring the oxidation rates of Sb by oxygen, Leuz et al. 

(2006) observed no significant oxidation of Sb(III) in 200 days. Belzile et al. (2001) demonstrated 

that although Sb could not be oxidized by oxygen over the length of the study (7 days), natural 

amorphous Fe-hydroxides converted all the Sb(III) to Sb(V)  in 5-6 days, and synthetic 

amorphous Fe hydroxides in 6-8 days. The authors did not find any significant catalyzing role 

from microorganisms in natural compounds but did find that the presence of already sorbed 

elements and the difference in crystallinity could reduce the adsorbing capacity of natural 

oxyhydroxides, especially in contaminated environments. Oxidation of Sb(III) by Mn 

oxyhydroxides was found to be even faster, within 3 days. Humic acids are also thought capable 

of catalyzing the oxidation of Sb(III) (Buschmann and Sigg, 2004), but Sb only binds to humic 

acid at low pH (Tighe and Ashley, 2004). Reduction of Sb on the surface of a mineral has also 
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been reported. Kirsch et al. (2008) document the reduction of Sb(V) by nanoparticulate magnetite 

and the subsequent formation of a highly ordered Sb(III) surface complex. 

1.3 Controls on Antimony Mobility 

Mobility of Sb is controlled to a great extent by adsorption onto Fe and Mn-

(oxyhydr)oxides, rather than the precipitation of discrete Sb minerals (Filella et al., 2002; Belzile 

et al., 2001; Chen et al., 2003; Wilson et al., 2004; Flynn et al., 2003; Brannon and Patrick, 1985; 

Lintschinger et al., 1998). Craw et al. (2003) state that the adsorption of Sb onto the surface of 

Fe-oxyhydroxides is one of the most important mechanisms in the attenuation of dissolved Sb 

downstream of mine sites and that where Fe-oxyhydroxides are rare or absent Sb is more mobile 

and can be transported long distances in solution. Wilson et al. (2004) found that Sb and As were 

attenuated by adsorption onto Fe-oxyhydroxides that were formed during the oxidation of smelter 

residues. The authors found that although Sb was mobilized via oxidation, the mobility was only 

local and Sb remained in the immediate vicinity of its liberation for a hundred years. Based on 

observations and thermodynamic stability fields the adsorption of Sb onto sulfide surfaces has 

also been predicted to occur in reducing sediments (Chen et al., 2003). However, the only study 

to confirm that adsorption to sulfides does occur is by Kirsh et al. (2008) who observed Sb 

sorption onto the surface of mackinawite (FeS). 

  Adsorption of ions on oxide minerals can be non-specific (electrostatic) or specific 

(chemical). Non-specific sorption is a largely electrostatic process that occurs when an ion of 

opposite charge forms outer-sphere complexes on the surface of a mineral but remains separated 

from the mineral surface by water molecules (Cornell and Schwertmann, 1996). In non-specific 

bonding, sorption density decreases with increasing ionic strength. In specific sorption, the 

sorbate is not influenced by ionic strength nor the surface charge of the sorbent surface. In 
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specific bonding, the sorbates are involved in chemical bonding of a covalent nature, forming 

inner-sphere complexes on mineral surfaces (Cornell and Schwertmann, 1996). In general, non-

specific sorption is reversible and specific sorption is not completely reversible. Specific sorption 

can involve a number of types of complexes including edge-sharing, monodentate, bidentate, and 

tridentate corner sharing complexes as illustrated in Figure 2 (Waychunas et al., 1993). It is also 

important to note that different species may form different complexes.  
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Figure 2. Idealized geometries of complexes and ferrihydrite surfaces, from Wachunas et al. 

(1993) 

 For example, Sb(V) forms edge-sharing complexes on the surface of goethite, whereas 

Sb(III) forms bidentate corner-sharing complexes (Scheinost et al., 2006). On the surface of 

ferrihydrite and lepidocrocite, Sb(V) forms edge-sharing complexes (Leuz et al., 2006). 

Antimony(III) has also been reported to form tridentate complexes on the surface of magnetite 

(Kirsch et al., 2008), and forms inner-sphere sorption complexes with ferrihydrite (Mitsunobu et 

al., 2006). 

Despite the formation of stronger inner-sphere complexes, competition for sorption sites 

can release Sb to solution, especially where As is present in higher concentrations (Manaka et al., 

2007). Arsenic can outcompete Sb for sorption sites because it has a higher affinity for the 

particulate phase and Fe-oxides compared to Sb (Ashley et al., 2003; Casiot et al., 2007; Mok and 

Wai, 1990). Phosphate is another oxyanion, with similar electronic structure to As and Sb, that 

can outcompete Sb for sorption sites. Nakamaru et al. (2006) observed that 20-40% of Sb bound 

to soil was released during phosphate extraction. 

Smedley and Kinniburgh (2002) describe two of the main causes of mass release and 

mobility of As. The first is a change in the pH of the system that will result in the desorption of 

adsorbed As or As will be prevented from adsorbing. The second cause of large-scale release of 

As is the development of strongly reducing conditions, which causes As to desorb and promotes 

the reductive dissolution of the Fe and Mn oxides to which it is bound. Certainly, if Sb is 

adsorbed on the surface of Fe and Mn-(oxyhydr)oxides that are reductively dissolving then Sb 

would also be released. However, with regards to changes in pH, Sb(III), at least, has been found 

to strongly bind to Fe-oxides over a wide pH range (3-12) (Leuz et al., 2006), and so would not 

be expected to desorb unless the change in pH changed to very acid or very basic.  
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1.4 Uptake by Vegetation 

At low concentrations uptake by vegetation and complexation by natural organic matter 

are two potential controls on Sb mobility. Antimony shows strong associations with organic 

matter (Buschmann and Sigg, 2004; Chen et al., 2003; Lintschinger et al., 1998) and yet the 

significance of complexation of Sb by natural organic matter remains controversial (Filella et al., 

2002). Although Sb is not essential to plants, a number of species uptake Sb. In terrestrial plants, 

phytotoxic levels of Sb were identified to be 5-10 mg/kg in plant tissue (Kabata-Pendias and 

Pendias, 1984), and background concentrations of Sb range in plants from 0.2 to 50 µg/kg 

(Brooks 1972, Bowen 1979). Yet, some plants, such as Plantago lanceolata, display tolerance to 

Sb, accumulating Sb at concentrations as high as 1150 mg/kg (Baroni et al., 2000). Aquatic plants 

in the vicinity of ore mining districts have also been shown to accumulate Sb in concentrations 

equivalent to 30 times the control values in the aboveground portions and 63 times greater in the 

underground portions of the plant (Hozhina et al., 2001). Seasonal variation in Sb accumulation is 

documented, in Achillia ageratum Sb accumulation in inflorescences was found to be higher in 

spring, while in Plantago lanceolata Sb accumulation is more pronounced in autumn (Baroni et 

al., 2000). Excretion of Sb through the bleeding sap, specifically in aquatic plants, was found to 

be inefficient (Sb is poorly excreted from the aboveground parts) (Hozhina et al., 2001). 

Conversely, As excretion through bleeding sap was found to be very efficient. Horzhina et al. 

(2001) states that Sb can accumulate in the aboveground parts of plants and be passed on through 

the food chain.  

1.5 Geology and Ore Processing at Giant 

Giant is a gold mine located 5 km north of Yellowknife, Canada, on the northern arm of 

Great Slave Lake. The mine was fairly long-lived, encompassing fifty years between 1948 and 
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1999. The ore deposits are located in the Archaen Yellowknife Bay supergroup greenstone belt, 

and hosted in deformation and alteration zones that crosscut the Kam Group mafic volcanics 

(Canam, 2006). The ore zones contain up to 15% sulfides, more commonly <5%, which include 

pyrite, arsenopyrite, sphalerite, chalcopyrite, stibnite, Sb-bearing sulphosalts and pyrrhotite 

(Coleman, 1957). The Au was refractory and hosted primarily in arsenopyrite (FeAsS), and to a 

lesser extent in pyrite (FeS2) and quartz (Coleman, 1957). To extract the gold processing 

consisted of four steps: crushing, floatation, roasting, and cyanidation. Roasting was conducted at 

500ºC over two stages. The first stage was oxygen restricted and the second stage was oxidative 

and resulted in the breakdown of most of the arsenopyrite and pyrite into porous Fe-oxides 

(maghemite and hematite) that were amenable to cyanidation.  

 Processing produced three tailings streams: the floatation tailings, which consists of all 

the material not floated off during the froth floatation process, the calcine that consists of As, Sb, 

Cu, Zn, and Pb-rich cyanided and roasted material, and the Electrostatic Precipitator (ESP) 

residue which consists of cyanided, roaster-derived dust. The floatation tailings comprised the 

largest volume waste stream but had the lowest As and Sb concentrations. The calcine and ESP 

residue comprised the smallest volume but contained the greatest concentrations of As and Sb 

(Walker, 2006).  

 Walker et al. (2005) identified a complex association of As with roaster-derived 

maghemite and hematite, namely that As was hosted as As(III) and As(V). The gaseous phase of 

As (As2O3) sublimated, was collected in the baghouse, and subsequently stored in the 

underground chambers. The reactivity and hosting of Sb in the roaster is less understood, though 

the roasting process was designed around the formation of Sb phases that caused clinkering of the 

roaster-bed and resulted in poor gold recovery (Foster, 1963).  
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 The water treatment system began operation in 1981 and remains in operation at present. 

Due to the freezing conditions throughout most of the year, the water treatment plant is only 

operational during the summer months. Currently, the water treatment plant is treating mine-

water and sewage from the mine site. Mine-water is pumped into the NorthWest Pond, and 

occasionally, North Pond. The water treatment system consists of two parallel series of three 

tanks. Hydrogen peroxide is added to the first tank to oxidize the As, and ferrous-sulfate is added 

to the first and second tanks to precipitate Fe-arsenates. In the third tank a flocculating agent and 

lime is added to remove the metals as Fe-arsenate (As) and metal (Cu, Pb, Zn)-hydroxides. The 

sludge and treated water is emptied into the settling pond, and eventually flows through a waste-

rock wall to the polishing pond. The average retention time is two days in the settling pond and 

fifteen days in the polishing pond. 

Mining and processing of gold ore at Giant Mine near Yellowknife, NWT, has produced 

sediment and pore-water with elevated As and Sb concentrations in the surrounding aqueous 

environment. The sampling sites are shown in Figure 3. Three sites were chosen for pore-water 

and sediment sampling based on their distinct characteristics: 1) Baker Pond, an upstream, 

unvegetated site underlain by the finest fraction of the tailings, 2) the mouth of the creek which 

flows through the minesite and empties into Great Slave Lake, and 3) a densely vegetated section 

underlain by older tailings. The contrasting characteristics of these sites allow for the 

determination of the different factors affecting As and Sb speciation and mobility. In the summers 

of 2005 and 2006 sediment cores and pore-water samples were collected using gravity corers and 

in-situ dialysis arrays (allows for sampling at the centimeter scale), respectively.  

Baker Pond (BP) lies immediately downstream of the settling and polishing ponds. The 

water flows from the treatment ponds into Baker Pond, empties into Baker Creek, and finally into 

Yellowknife Bay. From 1951-1981 mine tailings and water were stored in a series of three 
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tailings areas separated by three dams immediately upstream of Baker Pond.  During the winter 

only the uppermost tailings area was used (area 1) and slurries accumulated over the 7-8 month 

winter. Ice built up in all three tailings areas, sometimes higher than the dams. Consequently, 

spring melt, which happened first in the upper tailings pond, resulted in a large amount of tailings 

transported over the ice and breaching the dams. Suspended-solids concentrations in the spring 

amounted to 12,000 ppm, compared to only 2 ppm in the summer, and the turbulent flows 

resulted in inadequate sedimentation control. It is documented that significant quantities of solids 

did escape the third (final) tailings area (Berube et al., 1974). Baker Pond was impacted by these 

spring overflow events, and the sediment chemistry should reflect these events of significant 

tailings deposition. The sampling site comprises very fine-grained sediment that occupies the 

northernmost section of Baker Pond. The water at the time of sampling, August 2005, was 

approximately 1.5 m above the sediment-water interface (SWI). Very little vegetation grows on 

this substrate and there was no vegetation at the location of sampling.  
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Figure 3. Site Locations, Giant Mine, Yellowknife, Canada 

It is at the outlet to Yellowknife Bay that the two other sites are located, Baker Creek 

Vegetated (BCV) and Baker Creek Channel (BCC). As can be seen in Figure 3, and as implied in 

the name, BCV is densely vegetated. The primary population is the aquatic horsetail (Equisetum 

fluviatile) that grows in the summer months and dies in the autumn. The roots are fully 

submerged and were never aerially exposed over the three month summer sampling period.  

The breakwater was constructed around 1964, which altered depositional patterns. After 

the construction of the breakwater sediment was preferentially deposited in the area of BCV, and 

a channel along the breakwater resulted. Similar to BP, BCC and BCV would have been impacted 

by turbulent spring flow events, although to a lesser extent than BP. Unlike BP, BCC and BCV 

were also impacted by the discharge of mine water to Baker Creek. From 1951 to 1980 mine 

water was discharged directly to Baker Creek. The chemistry of the mine water during these years 

is mostly unknown, although Berube et al. (1974) document a release of 9 kg/day of As and 4 
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kg/day Sb to Baker Creek from mine-water discharge. Also, during power failures, the tailings 

pipeline, carrying tailings from the mill, would backdrain into Baker Creek (Giant Yellowknife 

Mines Limited, 1981).  

Samples were collected from BCC and compared to BCV because the effect of 

vegetation on the mobility and attenuation of As and Sb could be monitored. Also, BCC is the 

main conduit for mine waste into Yellowknife Bay and so it is important to understand the 

geochemical behaviour of the elements that may adversely impact the lacustrine environment. 

1.6 Comparing Arsenic and Antimony 

Most of the research on the environmental legacy of gold mining in the Yellowknife 

area has focused on arsenic (As). However, antimony (Sb) is also present in the tailings and 

waste rock and was liberated during roasting. It is commonly assumed that As and Sb exhibit 

similar geochemical behaviour because they are in the same group in the periodic table, have 

similar electronic structures (ns2p3), are commonly associated in ore bodies, and are both 

recognized carcinogens. However, there are considerable differences in the local coordination 

environments of As and Sb, the nature of the crystal structures hosting these metalloids, and their 

geochemical properties. For example, As3+ bonds predictably in trigonal coordination and As5+ in 

tetrahedral coordination. In contrast, Sb5+ commonly bonds in octahedral coordination and the 

Sb3+ ion has variable coordination numbers ranging from 3 to 7. Furthermore, Sb polyhedra are 

often distorted and the bond lengths around the Sb atoms often unequal.  

The crystal structures in which As and Sb are hosted are often dissimilar. Stibnite (Sb2S3) 

and orpiment (As2S3) have the same lattice constants but unrelated crystal structures (Wedepohl, 

1974). Moreover, pyrochlore crystal structures, mixed-oxidation state, and oxysulfide minerals 

common to the Sb-system are only theoretically predicted or absent from the As-system. 
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Antimony3+ and Sb5+ are larger ions (76 pm and 60 pm respectively (Shannon, 1976)) compared 

to As3+ and As5+  (58 pm and 46 pm, respectively (Shannon, 1976)), and crystallographic sites can 

only accommodate ions of a specific range of sizes. Although As and Sb can be hosted in the 

same structure types (i.e. spinel), crystallographic sites within the pyrochlore crystal structures 

are large enough to accommodate the Sb ion, but are too large for the As ions. Both As and Sb are 

hosted in sulfosalt minerals. However, Sb, not As, commonly occupies multiple crystallographic 

sites. In the sulfosalt minerals As always bonds in trigonal coordination with sulfur whereas 

around Sb additional bonds must be considered (Wedepohl, 1974). When Sb bonds to >3 sulfur 

atoms in sulfosalts, departures from the galena-type array occur and complex distribution patterns 

of short and long Sb-S bonds are observed (Makovicky, 2006).  

Arsenic and Sb are observed to have dissimilar redox properties (Mitsunobu et al., 2006), 

mobility (Wilson et al., 2004; Casiot et al., 2007), and sorption mechanisms (Casiot et al., 2007). 

Casado et al. (2007) reports a higher uptake of Sb by plants, compared to As, and Casiot et al. 

(2007) describe their different responses to bacterial activity. In soil, Sb is apparently more 

chemically accessible (Gal et al., 2006), and As demonstrates a higher affinity for sorption onto 

Fe-oxides (Casiot et al., 2007). The prevalent dissimilarities between As and Sb are only recently 

being recognized, and has important implications: the assumption that they behave in a similar 

manner could result in ineffective treatment, stabilization, or removal of one of these 

contaminating elements. The Giant mine offered a unique opportunity to compare the 

geochemical behaviour of As and Sb because both elements are elevated in surface water, pore-

water, and sediment. 
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1.7 Antimony in the Environment around the Giant Mine 

 As mentioned previously, the presence of stibnite and Sb-sulfosalts interfered with 

roaster operations and gold extraction at Giant mine (Foster, 1963). However, the exact behaviour 

of these minerals during roasting was never fully understood. It was expected that the Sb-bearing 

phase that caused clinkering in the roaster-bed was a Sb-sulfate, however the presence of this 

phase was never verified. Riveros et al. (2000) identified Sb-rich As2O3 particles in the baghouse 

dust, some particles with Sb concentrations high enough to comprise a (As,Sb)2O3 phase. This is 

the extent of the information of Sb reactivity in the roaster at Giant. Antimony is elevated in the 

roaster waste-streams, with 3317 ppm in the calcine, and 10,677 ppm in the ESP residue (Chapter 

3, this thesis). Because these waste streams are discharged to the environment, it is apparent that 

understanding the reactivity of Sb in the roaster and characterizing the Sb-bearing phases is 

essential to predicting the fate of Sb in the environment. 

There exist a number of consultant reports on As in soil, sediment, pore-water, surface 

water, and biota around Giant. Within these reports Sb data can sometimes be found among the 

suite of elements analyzed. From this data it can be determined that Sb is elevated in the 

surrounding soils, exceeding the commercial and industrial land use guideline of 40 ppm in many 

samples (Environmental Sciences Group, 1999; Environmental Sciences Group, 2000). There are 

no guidelines set by the CCME for Sb in sediment. However, Sb is elevated (>40 ppm) in Baker 

Creek sediment (Andrade, 2006; Mace, 1998; Dillon Consulting Ltd., 2004), and Yellowknife 

Bay sediment (Andrade, 2006). Andrade (2006) observed elevated pore-water Sb concentrations 

at and above the sediment-water interface in Baker Creek (0.12 mg/L). Dillon (2002) published a 

report on biological sampling in Baker Creek and reported Sb concentrations eight times higher in 

surface water samples, and five times higher in benthic tissue samples, collected downstream of 

the mine compared to upstream samples. In some underground mine samples (open and flowing 
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diamond drill holes, floor drainage, sumps, flow raises, fracture plane, and waste rock backfill 

seepages) Sb concentrations exceed those of As. In 2007 SENES consultants published a risk 

assessment of Sb in the environment around Giant. They recognized potential adverse impacts of 

Sb in soil on moose, hare, and muskrat along Baker Creek, claiming remedial activities planned 

for the Giant mine site to reduce As levels in the soil will result in a decrease in Sb concentrations 

(reflecting the widely-held assumption that As and Sb exhibit similar geochemical behaviour). 

1.8 The use of synchrotron-based methods 

Determination of the geochemical properties of the source material proved to be essential 

in interpreting the geochemical behaviour of Sb and As in the pore-water and surface waters in 

this study. Therefore, a significant component of this project includes resolving the solid-phase 

speciation of Sb in mine-waste and sediment using synchrotron-based x-ray absorption 

fluorescence analysis (XAFS). Determining the solid Sb species, the mineralogical occurrence, 

and how it is bound and/or associated is essential to resolving how its attenuation and release may 

change over time and in response to changing environmental conditions. Due to the very fine-

grained nature of the sediment and mine-waste, synchrotron-based X-ray absorption studies are 

critical to the identification of the chemical form of the solid Sb-bearing species. Furthermore, 

using XAFS requires very little sample preparation, it is element specific, is sensitive to trace 

element detection, and can be used to probe amorphous substances (Anderson, 2003). 

Extended X-ray absorption fine structure (EXAFS) measures the absorption of x-rays 

by an element in a sample at and above the element’s characteristic absorption edge energy. 

There are two analytical regions in XAFS: X-ray absorption near edge structure (XANES) and 

extended x-ray absorption fine structure (EXAFS) (see Figure 4). The XANES spectrum 

results from the release of a photoelectron, which is manifested as a sharp rise in the spectra 

and is referred to as the absorption edge. X-ray Absorption Near Edge Structure can be used to 
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identify the element because the specific energy required to eject core electrons is 

characteristic for each element. Also, because higher oxidation-state ions hold their electrons 

closer, the amount of energy required to eject the core electron is sensitive to the oxidation 

state of the element. Proceeding excitation an electron is ejected from the core and the atom 

relaxes. The resulting electron wave propagates from the adsorbing element and interacts 

with the surrounding atoms. This interference can be detected in the EXAFS region. 

Processing of EXAFS data using Fourier Transform analysis yields distances between the 

absorbing and surrounding atoms and the atomic number of the surrounding atoms.  

 

Figure 4. XAFS Spectra of Mo metal, separated into the XANES and EXAFS regions, taken from 

Bare (2005)  

 

Synchrotron-based investigations into Sb have been conducted on materials with simpler 

matrices including catalysts (Millet et al., 2003), alloys (Hayakawa et al., 2001; Tani et al., 2001), 

nanocrystals (Rockenberger et al., 2000), and hydrothermal solutions (Sherman et al., 2000).  
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More recently, Sb was studied in complex soils. Antimony was found to persist exclusively in its 

oxidized form (Sb5+) in mine-impacted soils (Mitsunobu et al., 2006; Takaoka et al., 2005) and in 

the Sb5+ and Sb0 oxidation states in shooting range soil (Scheinost et al., 2006). In all the studies 

on Sb in environmental matrices, the XANES region was used solely to determine the oxidation-

state whereas the EXAFS region was used to determine the Sb-host. In many cases this approach 

is effective. However, in more complex environmental systems where Sb may be associated with 

multiple phases, EXAFS may not be as useful. Differentiating and quantifying multiple phases 

using EXAFS data is very challenging. Collecting data in the EXAFS region is much more time 

consuming compared to XANES data collection, the detectable concentration is higher, and the 

signal-to-noise ratio is smaller. So, if useful information could be derived for the XANES region 

complex Sb systems could be more accurately resolved.  

One way to resolve complex systems is to combine bulk and micro-XANES techniques. 

In bulk XANES experiments the beam is much larger in diameter than the beam size used in the 

µXANES experiments (500 µm vs. 5µm). Most of the grains in the mine-waste and sediment 

samples are <20 µm. Therefore, the signal acquired using a wider beam will represent all the Sb, 

or As, phases present in the sample. Linear combination fitting can then be used to determine 

what type of phases are present and in what composition. In contrast, µXANES analyses are 

combined with µXRD such that the solid-state speciation of Sb, or As, is associated with a 

specific phase, as identified using µXRD. The analysis of multiple matrices is also a valuable 

approach to resolving questions relating to Sb behaviour. The only other study to compare the 

solid-state and aqueous speciation of Sb is that of Mitsunobu et al. (2007). This is the first study 

of Sb in mine-impacted sediment to combine µXANES and bulk XANES, and to combine 

µXANES, µXRD, and synchrotron-based microprobe to study the Sb-bearing host-phases.  
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1.9 Scope of Research 

The mobility, attenuation, and transformation mechanisms of metal(loid)s in the 

environment are important to understand in order to evaluate the potential risks to ecosystems and 

humans, and are essential to predict their stability in the future, and in response to remediation. 

This is especially true for As and Sb as they are recognized carcinogens and have been shown to 

negatively impact ecosystem health. Antimony tends to behave in a complex manner, and 

large gaps in the existing knowledge of Sb in the environment persist. As a result, policy-

makers and mine managers have found it difficult to regulate and control Sb in the 

environment. The speciation, hosting, cycling, release, and attenuation of Sb and As in the 

environment and in response to treatment will be the focus of this study. Furthermore, the 

geochemical behaviour of Sb and As at a number of sites and under different redox conditions 

are directly compared in order to investigate the commonly held assumption that these two 

elements behave in a similar manner.  

1.9.1 Research Objectives 

• Advance the understanding of Sb behaviour in the environment, in response to 

roasting, and water treatment processes  

• Characterize the roaster-derived Sb-bearing phases, determine the solid-state 

speciation of Sb hosted in these phases, and determine their subsequent stability in the 

aqueous environment 

• Investigate the geochemical cycling of Sb in the aqueous environment around the 

Giant mine 

• Compare the geochemical behaviour of As and Sb and determine the circumstances 

under which their behaviour may differ 
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• Develop synchrotron-based techniques to the Sb system to derive useful information 

from the XANES region 

• Investigate the value in the coincident use of bulk and micro-scale techniques to resolve 

complex hosting of Sb in  roaster-derived waste-streams and sediment 
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Chapter 2 

Optimizing experimental design, overcoming challenges, and gaining 

valuable information from the Sb K-edge XANES region 

 

2.1 Introduction 

Synchrotron-based X-ray absorption near-edge structure (XANES) analysis provides a 

powerful and unique method of characterizing the oxidation state, chemical form, and local 

coordination environment of an element associated with various minerals and phases. XANES is 

an especially valuable tool when the sample volume is small, the sample is fine-grained, the 

element is present in low concentrations, or is sensitive to redox changes during sample 

preparation. The oxidation state of an element can be determined by measuring shifts in the 

absorption edge to higher energies as the valence charge increases (owing to an increase in the 

effective nuclear charge). The local coordination environment of elements as sorbed phases, in 

minerals, liquids, and biological samples can be determined by comparing spectral features of 

model compounds with well-defined structures, to the spectra of unknown compounds. 

Furthermore, using Principal Component Analysis (PCA) and Linear Combination Fitting (LCF), 

quantitative information can be obtained from XANES spectra (Ressler et al. 2000, Pickering et 

al. 1995, Foster et al. 1998). With advances in the application of synchrotron science to 

mineralogy and sorbed phases, there have been great gains in the research of many elements, 

most notably in complex natural materials. The oxidation state, local coordination environment, 

and relative proportions of As phases have been studied in mine tailings (Foster et al. 1998), in 

pyrite and secondary weathering phases (Savage et al. 2000), in contaminated reservoir sediment 

(Kneebone et al. 2002), in soil (Cances et al. 2008), and in processed ore (Walker et al. 2005). X-
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ray absorption spectroscopy (XAS) has been applied to Pb in mine tailings (Morin et al. 1999), 

mine-impacted sediment (O'Day et al. 1998), and soils (Morin et al. 1999). Further examples of 

elements probed using XAS in complex matrices include: Se (Pickering et al. 1995), Zn (O'Day et 

al. 1998), Mn (Ressler et al. 2000), (Manceau et al. 1992), Fe (Patterson et al. 1997, Savage et al. 

2000, Manceau et al. 1992), (Waychunas 1987), Ti (Waychunas 1987), Cr (Patterson et al. 1997), 

Ni and Co (Manceau et al. 1992).   

However, synchrotron research into elements requiring high-energy experimental 

configurations (those with higher atomic numbers) has been limited due to the broad nature of 

high-energy adsorption spectra. Spectral broadening occurs at higher energies due to a short core-

hole lifetime effect (D’Acapito et al. 2002), which results in poor resolution and reduced 

separation of the edge positions of different mineral phases. Nevertheless, many researchers have 

obtained valuable results from elements with higher K-edges including: Au at 80,725 eV and Yb 

at 61,332 eV (D'Acapito et al. 2002), La at 38,925 eV (Kubozono et al. 2001; Yamamoto et al. 

2001), Ce at 40,445eV (Martin et al. 2003; Quartieri et al. 2002), Nd at 43,569 eV (Quartieri et al. 

2002), Te at 31,814 eV (Hayakawa et al. 2001), Eu at 48,519 eV and W at 69,525 eV (Borowski 

et al. 1999). In fact, there are many problems, including investigations into complex matrices and 

environmental samples, which can only be resolved at the K-edges. For this reason the field of 

higher-energy XAS is developing rapidly, most notably at 3rd generation synchrotron sources 

(Quartieri et al. 2002). Higher K-edge elements have even been analyzed in more complex natural 

samples including Cd (26,711 eV) complexation in bacteria (Kelly et al. 2001), and Sn (29,200 

eV) in sediment and antifouling paint (Sakakibara et al. 2004).  

Antimony is an environmentally significant, high K-edge element, found in 

anthropogenically-impacted sediment (Brannon and Patrick 1985, Chen et al. 2003, Craw et al. 

2004, Fillela et al. 2002), soil (Mitsunobu et al. 2006, Scheinost et al. 2006, Takaoka et al. 2005, 
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Lintschinger et al. 1998), mine tailings (Wilson et al. 2004a), surface water (Fillela et al. 2002a, 

Craw et al. 2004, Wilson et al. 2004b), groundwater (Niedzielski and Siepak 2005), plants (He 

2007, Murciego 2007), and biota (Koch et al. 2000). Antimony is a recognized carcinogen and is 

emerging as a pollutant of priority interest (Council of the European Union 1998; United States 

Environmental Protection Agency 1979). Yet, broad gaps in the knowledge of its geochemical 

behaviour, persist (Filella et al. 2002a; Shotyk et al. 2005). Understanding the bonding character 

of Sb is becoming increasingly critical. Extensive synchrotron-based investigations into the 

mobility and reactivity of Sb in the environment could greatly improve our understanding of its 

geochemical behaviour. Synchrotron-based investigations into Sb have been conducted on 

materials with simpler matrices including catalysts (Millet et al. 2003), alloys (Hayakawa et al. 

2001; Tani et al. 2001), nanocrystals (Rockenberger et al. 2000), and hydrothermal solutions 

(Sherman et al. 2000).  More recently, Sb was studied in soils. Antimony was found to persist 

exclusively in its oxidized form (Sb5+) in mine-impacted soils (Mitsunobu et al. 2006; Takaoka et 

al. 2005) and in the Sb5+ and Sb0 oxidation states in shooting range soil (Scheinost et al. 2006).  

These researchers found at most two Sb oxidation-states in soil. However, the 

bonding character of Sb can be very complex (Makovicky 1989, Takeuchi and Sadanaga 

1969) and other materials may contain Sb in compounds more difficult to recognize. In 

fact, the Sb mineral system includes multiple mixed-oxidation state minerals and 

minerals in which Sb atoms occupy multiple crystallographic sites (Amador et al. 1988, 

Bayliss and Nowacki 1972, Buerger and Hahn 1954, Kyono et al. 2002, Rouse et al. 

1998, Thornton et al. 1977, Zubkova et al. 2000). The accurate identification and 

quantification of Sb in anthropogenically-impacted environmental samples is especially 

challenging as co-existing phases and complex hosting of Sb has been observed (i.e. 
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Chapters 3 and 4, this thesis). Most of the X-ray absorption spectroscopy (XAS) work on 

Sb to date uses the edge position to identify the oxidation state and the extended x-ray 

absorption fine structure (EXAFS) region to identify the phase (Scheinost et al. 2006, 

Mitsunobu et al. 2006, Takaoka et al. 2005). However, XANES collection is much faster 

than EXAFS, has a higher signal, and a better signal to noise ratio, and can be a valuable 

tool if the data is analyzed carefully. This study focuses on extracting useful information 

from the XANES region, including the ability to identify those minerals in which Sb 

atoms occupy multiple crystallographic sites within the crystal structure. Also novel in 

this study is the attainment of quantitative information from unknown Sb spectra using 

linear combination fitting analyses, and a detailed account of how to reduce ambiguities 

in fitting analyses. Sb-sulfosalts and stibnite mineral spectra are examined in order to 

expand on the spectral database established by Scheinost et al. (2006). Ways in which to 

improve spectral resolution, to quantify the limitations of Sb XANES analyses in 

complex matrices, and to illustrate ways in which the experimenter can take advantage of 

high-energy experimental designs are presented. 

2.2 Background 

2.2.1 Advantages and Challenges of High-Energy XANES experiments 

 

XAFS analyses on Sb are typically analyzed over the K-edge (30491 eV) or the L-edges 

(4132- 4698 eV). The greatest advantage to working at higher energies is minimal (often non-

existent) overlaps with other elements, or other edges of the same element. For example, in the 

study of the Sb-Te system Hayakawa et al. (2001) found the Sb and Te L-edges to be too close to 
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measure, but obtained successful analysis at their K-edges. At the Sb K-edge the next nearest 

element edge positions are Sn and Te, both separated from Sb by more than1290 eV. Antimony 

L-edges have numerous potential overlaps. Within 100 eV of the Sb L-edges are the U M-edge, 

the Te and Sn L-edges, and most notably, the intense Ca K-edge, an element almost ubiquitous in 

most environmental samples. Distinguishing the Sb L-emission line in the presence of these 

elements is possible if a detector of sufficient resolution, such as a wavelenth dispersive detector, 

can be obtained. Only a few beamlines have the combination of energy range and energy 

resolution to be able to study the Sb L-edges in the presence of the above-mentioned elements. 

Also, 30 keV x-rays are useful in studies relating to Sb in heterogeneous systems because they 

probe deeper into the samples compared to the 4keV x-rays.  

Conversely, there are many challenges associated with high energy XAS collection. The 

greatest challenge associated with Sb K-edge analysis is contending with poor edge-position 

separation resulting from spectral broadening, the nature of the bonding environment, and the 

types of Sb-minerals (ie. mixed oxidation state minerals whose edge position lies between the 

Sb3+-O and Sb5+-O edge positions).  

2.2.2 Antimony Mineralogy 

 

In this study XANES spectra were collected from antimony oxides, Sb-sulfosalts, and the 

primary Sb-sulfide (stibnite). There are four main oxides in the Sb-O system: Sb3+
2O3 (including 

senarmontite and valentinite), Sb5+
2O5, Sb3+Sb5+O4 (alpha and beta form), and Sb6O13 (not 

discussed) (Greenwood 1997). They are found most often as industrial products (i.e. flame 

retardant, catalysts, by-products of high temperature processing), but can also be the product of 

the weathering of stibnite. Antimony atoms in Sb2O3 (senarmontite) are bonded in trigonal 
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coordination to oxygen (Svensson 1975), and in Sb5+
2O5 in octahedral coordination to oxygen 

(Jansen 1979). 

Sulfosalts are complex sulfides with the general formula: AxBySn, where A can be a 

variety of metals, and B is one of the trivalent cations: As, Sb, and Bi (Makovicky 1989). The B 

atoms bond with sulfur in 3-fold coordination, and it is the presence of the BS3 that distinguishes 

a sulfosalt from a sulfide (Takeuchi and Sadanaga 1969). For example, Sb is trigonally bound to 

sulfur in tetrahedrite (Peterson and Miller 1986; Wuensch, 1963), in freibergite (Peterson and 

Miller 1986), and in miargyrite (Smith et al. 1997). The appearance of the XANES spectra of 

these minerals will be discussed later. 

In the case of B=As, 3 short bonds always dominate (Wedepohl 1974). However, the 

larger B atoms, Sb and Bi, can display variable coordination including bipyramidal (2 bonds of 

equal length +2 bonds of equal length+Lone Electron Pair) around Sb, and square pyramidal 

(3+2) around Sb and Bi (Makovicky 1989). In fact, crystal structures of many Sb minerals are 

very complex, wherein Sb can occupy more than one crystallographic site. It is for this reason we 

felt it would be interesting to understand how these complex structures manifest in the shape of 

the XANES spectra.  

The shape of the XANES spectra results from an average measurement of the local 

environment around all the Sb atoms under the beam. For example, in the minerals lewisite and 

cervantite, the Sb atoms are present in two oxidation states, and therefore occupy distinct 

crystallographic sites (Amador et al. 1988; Golunski 1989; Rouse et al. 1998; Thornton 1977; 

Zubkova et al. 2000).  As such, the XANES spectra will show the signal resulting from both Sb 

species: the octahedral Sb5+O6, and the distorted-tetrahedral Sb3+O4 (cervantite) or square 

pyramidal Sb3+O5 (lewisite).  
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As is the case for the mixed-oxidation state oxide minerals, there are two different local 

bonding environments around Sb in the stibnite crystal structure. However, in stibnite all the Sb 

atoms are in the Sb3+ oxidation state. Sb(1) is bonded to 3 sulfur atoms, and Sb(2) has shorter 

bonds and a 5-fold coordination with sulfur (Bayliss and Nowacki 1972). Furthermore, 

(Scavnicar 1960) determined the Sb(1) bonds to be of p-character and the Sb(2) bonds to be 

hybridized sp3d2 orbitals. It is interesting to note that the crystal structures and local coordination 

environments around Sb2S3 and As2S3 (orpiment) show no similarities except the lattice constants 

(Wedepohl 1974). In As2S3 the As atoms all have the same coordination environment. Belov 

(1973) notes that the Sb(2) atom has 22 electrons in its outer shell, rather than the usual 18 

electrons. Arsenic, he claims, never fails the rule of completing (only) 18 electrons in the outer 

shell.  

Berthierite has a similar bonding character to stibnite, except that three of the five sulfur 

atoms around the Sb(2) are closer to the Sb atom than in stibnite (Buerger and Hahn 1954). 

Similarly, there are 2 coordination environments around Sb in bournonite, each with a three-fold 

coordination to sulfur. The difference in the two coordination environments is due to the shorter 

bond lengths around Sb(2) compared to Sb(1) (Edenharter et al. 1970). In our analysis of the 

XANES spectra of Sb-minerals we will resolve whether the hosting of Sb atoms in single or 

multiple crystallographic sites is discernible in the shape of the XANES spectra. 

2.3 Methods 

Two sediment samples were selected from a larger suite of samples collected from mine-

impacted pond sediment at the Giant mine, Yellowknife, Canada. The sample BP08 was selected 

because it was determined to represent a zone of redox transition, from the shallower oxidized 

zone, to the deeper more reduced zone. The transition zone was identified by sharply increasing 

Fe2+(aq) concentrations and decreasing SO4
2-(aq) concentrations, indicative of changing redox 
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conditions. The sample BP21 was selected as the sediment sample containing the lowest amount 

of Sb (226 ppm), based on the amount of signal above the Compton background, that could be 

analyzed using XANES. The Giant mine was a large gold mine in operation from 1948 until 

1999, and is currently undergoing remediation. The gold was refractory, hosted in arsenopyrite 

and associated with Sb-bearing sulfosalts and stibnite. Roasting of the ore resulted in a significant 

release of As and Sb to the environment. As a result the sediment contains elevated 

concentrations of As and Sb. The sediment was gravity-cored, and sub-sectioned and dried in a 

nitrogen atmosphere.  

For use as standards, Sb5+-oxide was obtained commercially (Fisher Scientific, 99.995%); 

tetrahedrite, bournonite, berthierite, miargyrite, freibergite, senarmontite, lewisite, cervantite, Sb-

metal, stibnite, breithaupite, arsenolite, and scorodite (see Table 1 for formulae) were obtained 

from the Miller Museum at Queen’s University, and were verified by X-ray diffraction. XANES 

spectra of the Sb minerals and the sediment sample were collected at the Sb K-edge, and the As 

minerals and sediment sample XANES spectra at the As K-edge, during a single session at the 

PNC-XOR undulator beamline 20-ID at the Advanced Photon Source. A Si(311) double-crystal 

monochromator was used to control the X-ray energy and was calibrated with the Sb metal at the 

Sb K-edge, and Au foil near the As K-edge. The second crystal of the monochromator was 

detuned by 20% from the peak intensity (as measured by a pre-slit ion chamber upstream of the 

sample slits) at 200 – 250eV above the K-edges of antimony or arsenic, to reduce the presence of 

higher harmonic energies from the monochromator. The KB mirrors at 2 mrad angle provided 

further harmonic rejection. All the standards were ground, spread uniformly on Kapton™ tape, 

the tape was folded 8-10 times and XANES spectra were collected in transmission mode. The 

sediment sample was mounted in 3 mm-thick teflon holders and sealed with Kapton™ tape. 

Spectra from the sediment were collected in fluorescence mode using a 7-element Canberra 
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Ge(Li) detector. Three to five scans were collected for each standard and sample. The individual 

scans were calibrated to an Sb2O3 standard run simultaneously. The first and last scans exhibited 

consistent edge position, thereby confirming no beam damage had occurred.  

Principal Component Analysis was conducted using SIXPACK software, processing of 

XANES data and linear combination fitting analyses was carried out using ATHENA software, 

and atoms figures were calculated using ATOMSTM software. Linear combination fitting of the 

Sb XANES spectra was performed100eV over the adsorption edge.  

 

Mineral Formula Mineral Formula

Oxides Sb(V)-Oxide Sb2O5 Scorodite FeAsO4.2H2O

Senarmontite Sb2O3 Arsenolite As2O3

Cervantite Sb2O4

Lewisite (Ca,Mn,Na)2(Sb,Ti,Fe)2O7

Sulfides Stibnite Sb2S3 Arsenopyrite FeAsS

Sulfosalts Tetrahedrite (Cu,Fe,Zn)12Sb4S13

Bournonite CuPbSbS3

Berthierite FeSb2S4

Miargyrite AgSbS2

Freibergite (Cu,Fe,Zn,Ag)12Sb4S13

Antimonide Breithaupite NiSb

Arsenic MineralsAntimony Minerals

 

Table 1-Model Compound Mineral Formulae 

 

2.4 Results and Discussion 

2.4.1 Identifying and Overcoming Challenges 

In studies pertaining to the characterization of Sb (and other elements) in complex 
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matrices it is sometimes useful to combine XAS data collection with synchrotron-based µXRD in 

order to identify the host phases (i.e. Walker et al. 2005, Chapters 3 and 4, this thesis). An added 

benefit to collecting XAS at the Sb K-edge is access to more reciprocal space, compared to lower 

energies, when doing µXRD. While it is not necessary to collect diffraction data near the 

adsorption edge being analyzed, it is convenient. For example, we observed substantial instability 

in the beam position after increasing the energy from the As K-edge (11,868 eV) to the Sb K-

edge (30,491 eV). If diffraction is conducted at a much higher energy than the adsorption edge 

there is a risk that the beam position will be different from where the XAS data was collected.  

The greater reciprocal space of µXRD at the Sb K-edge is illustrated in Figure 5 which 

shows the µXRD pattern for a silicon standard diffracted at the K-edge energy of Sb (30491eV) 

and the K-edge energy of As (11868 eV). The silicon diffraction pattern is used to display the 

high and low energy patterns because silicon is commonly used to calibrate the diffraction 

patterns. The higher energy pattern includes Debye-Sherrer rings corresponding to d-spacings 

from 3.13 Å to 0.53 Å. By comparison, the lower energy diffraction patterns results in only 3 

rings corresponding to d-spacings 3.13 Å to 1.64 Å. When attempting to differentiate between 

similar mineral structures, ie. spinel vs. pyrocholore, the lower d-spacings are crucial to their 

identification, and can only be seen when employing higher energy diffraction.  
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Figure 5. Diffraction of silicon at the a) Sb K-edge energy (30,491 eV) and, b) As K-edge energy 

(11,868 eV)  

 As mentioned above, lifetime broadening will negatively influence the ability to resolve 

edge shifts for different oxidation states of an element at a high-energy absorption edge. This is 

illustrated in Figure 6, where the K-edge spectra of the Sb-oxide and As-oxide systems are 

compared. It is clear that the As spectra are much sharper and show minimal overlap. 

Comparatively, the Sb spectra are broader resulting in significant overlaps and minimal 

separation of edge positions. 
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Figure 6. K-edge Energy Spectra a) As-oxides, b) Sb-oxides 

Differentiating between the Sb3+-sulfide, the Sb3+-sulfosalt, and Sb3+-oxides based on 

edge position is challenging. It is in trying to distinguish between these compounds that it 

becomes apparent that the method used to choose the edge position requires careful consideration. 

As shown in Figure 7, the edge position can be chosen using 3 methods: the maxima of the 

energy spectra, the first derivative maxima (most common approach), and the half-width at half 

maxima point of the derivative spectra. All three methods to choosing the edge position were 

applied to 14 model compounds in order to determine the approach that would best allow us to 

discriminate between the Sb phases. The results are shown in Figure 8. Note that choosing an 

edge position based on the maxima of the energy spectra is highly inaccurate for the antimonide 

(NiSb) owing to the broad nature of the energy peak. Using the “first derivative maxima” 

approach it is possible to differentiate between the Sb3+-sulfide and the Sb3+-sulfosalts. However, 

it is not possible to distinguish the Sb-sulfosalts from the Sb3+-oxides. In order to achieve edge 

position separations between Sb-sulfosalts and the Sb3+-oxides the edge position should be 
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chosen based on the half-width at half-maxima approach. The most appropriate approach to 

choosing the edge position of unknown spectra depends on what the experimenter is hoping to 

achieve. It is important to recognize that when working with broad spectra, all three methods 

should be investigated.   
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Figure 7. Three approaches to choosing Edge Position 
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Figure 8. Edge Positions of Model Compounds applying 3 different approaches 

 

To illustrate how multiple-phases are manifested in the spectra shape see Figure 9 which 

shows the Sb and As K-edge spectra acquired from the sediment sample collected from a zone of 

redox transition (BP08). Fitting analyses (discussed later) indicate the presence of both the 3+ and 

5+ oxygen-bound phases for As and Sb. However, the presence of multiple oxidation states is 

only immediately apparent in the higher resolution As spectra. The fact that the peak of the Sb 

derivative is somewhat wide and flatter compared to the As derivative spectra, and Sb model 

compounds shown in Figure 12, is a more subtle indication of the presence of multiple oxidation 

states. Due to the broad nature of Sb K-edge spectra, there is incomplete separation of the Sb3+ 

and Sb5+ peaks. However, the first derivative peaks of Sb3+ and Sb5+ are separated by 3.7 eV such 

that when both phases are present in the sample the first derivative peak and its maxima appears 
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wide. Furthermore, the first derivative maxima is topped by two subtle peaks, one at 30491 eV 

(Sb3+) and one at 30495 eV (Sb5+).  

 

Figure 9. Bulk XANES spectra of BP08 (sediment sample) collected at the As and Sb K-edge  

 

In order to better observe differences between Sb-species, when the K-edge is dominated 

by corehole lifetime broadening of 10.72 eV (Krause and Oliver 1979), it is beneficial to 

minimize other sources of spectral broadening. In our study of environmentally-relevant Sb-

containing compounds, this was achieved by using a Si(311) monochromator crystal set on a 

undulator beamline, which offers higher resolution than, for example, a Si(111) crystal set on a 

bending magnet for a similar choice of beam-defining slits. In Figure 10 we compare the 

resolution of the BP08 spectra collected on an undulator beamline using a Si(311) crystal 
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monochromator, and the same spectra collected on a bending magnet beamline using a Si(111) 

monochromator. It can be seen that the features in the derivative maxima which indicate the 

presence of multiple phases are only distinguishable using the Si(311) monochromator on the 

undulator beamline. In complex matrices wherein multiple Sb oxidation states may co-exist, 

using a Si(311) monochromator on an ID beamline will likely yield more accurate interpretations 

of the system. A cryostat has also be used to sharpen near-edge features by lowering the Debye-

Waller term through a reduction in thermal motion (i.e. Scheinost et al. 2006). 

 

 

Figure 10. Comparing the BP08 sediment spectra collected at the Sb K-edge using the Si(311) on 

an undulator beamline and Si(111) crystal monochromator on a bending magnet beamline. 
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 Another issue associated with Sb K-edge analyses is the higher background associated with 

the Compton and elastic scattering peaks. Compton scattering is the decrease in energy (increase 

in wavelength) that occurs when x-rays interact with matter. The amount of increase in the 

wavelength is called the Compton shift and is defined by the formula: ∆λ (Å) = 0.0243(1-cos[θ]). 

At 30.55 keV incident λ= 0.4058 Å, and the Compton peak appears at 0.4301 Å (28.82 keV, as 

shown in Figure 11). The Compton radiation scatters in all directions (with scattering-angle 

energy dependence as noted above). The intensity of the elastically scattered radiation is 

minimized by locating the detector at right angles to the x-ray beam, in the direction of the 

incident x-ray polarisation. The combination of these two scattering effects, in addition to Sb K-

edge fluorescence, produces the spectral distribution shown in Figure 11. The Sb emission spectra 

was collected from a sediment sample (BP21) with 226 ppm Sb. At lower concentrations the 

fluorescence spectra becomes too noisy to derive useful information, or else is not detected at all. 

Thus, Figure 11 illustrates that the high background produced by the Compton tail can impose a 

limit on the detectable concentration, most notably in environmental samples. The detectable 

concentration may be improved with the use of Soller slits and filters (i.e. Sn at 29,200 eV or In at 

27,940 eV). However, these approaches have drawbacks (background contribution from the filter, 

or the need to pull the detector farther back from the sample to accommodate proper placement of 

slits and filters, thereby reducing the amount of fluorescence detected). 
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Figure 11. Compton scattering peak, the Compton tail, and Sb peak acquired from BP21 

2.4.2 Spectra shape and fitting analyses 

 

The most accurate approach to fitting spectra was investigated by performing Principal 

Component Analysis (PCA) and a comparison of linear combination fitting statistics to affirm 

that valid conclusions can be drawn from fitting analyses in the Sb system. Using PCA in the 

SIXPACK program, a set of spectra is decomposed into the minimum number of components 
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needed to describe the data, and the number of unique components that exist in a set of mixed 

spectra can be derived. In this study, PCA is applied to the eleven Sb model compounds shown in 

Table 1, the Sb metal, and breithauptite (NiSb). Within this set of data Sb(V)-O, Sb(III)-O, 

Sb(III)-S, and Sb(O)-Sb are represented. The purpose of applying PCA to the model compounds 

is to evaluate and compare the variance in the energy spectra and in the derivative spectra using a 

set of known Sb bonding types, and to evaluate the value of using the shape of the spectra as a 

determinant of species. We are attempting to find the spectra type (energy or derivative) that will 

give the greatest amount of variance. If the variance is low, such that one component dominates 

the analysis (i.e. the spectra are very similar in shape), any type of fitting analyses will yield 

ambiguous results.  

Linear combination fitting analysis is used to fit a combination of model compounds to 

unknown spectra. This approach is commonly used to determine the relative proportions of model 

compounds present in heterogeneous samples (Foster et al. 1998; Pickering et al. 1995; Ressler et 

al. 2000). Once the fitting analysis is completed in ATHENA all the fits that were calculated are 

displayed in order of ascending R-value. The R-value is a statistical measurement of the accuracy 

of the fit and is represented by Equation 1. The R-values were used to compare two different fits 

of the sediment sample (shown in Equation 1): 

R-Factor = sum (data - fit)2 

                   sum (data)2 

Equation 1- R-Value as calculated in ATHENA, a measure of the accuracy of fit 

The PCA results are shown in Table 2, and the Linear Combination Fitting statistics in 

Table 3. The results of the PCA of the energy spectra display less variance compared to the PCA 

of the derivative spectra. This is indicated by a more dominant primary component in the PCA of 
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the energy spectra and only two components accounting for 95% of the variance, compared to 

five components in the PCA of the derivative spectra. Furthermore, in the energy spectra the 

primary component accounted for 81% of the variance. In their XAS work on Sb in contaminated 

soil Takaoka et al. (2005) concluded that only one Sb phase was present in the soil as evident by 

the fact that the primary component accounted for 89% of the variance in the energy spectra. In 

our set of spectra wherein Sb is known to be present in multiple oxidation-states and bonded to O 

and S, the primary component is also very dominant (81%). Therefore, a correlation between the 

dominance of the primary component and the number of Sb phases present in a given system 

cannot be made using PCA analyses on the Sb K-edge energy spectra.  

Spectra 
Variance 

Accounted for by 
Primary Component 

# of Components 
accounting for 

95% of Variance 
Energy 81% 2 

Derivative 62% 5 
Table 2-Principal Component Analysis of the Model Compounds 

Scenario 1- 70% Sb5+-Oxide; 30% Sb3+-Oxide 

Scenario 2-65% Sb5+-Oxide; 35% Sb3+-S 

Table 3- Linear Combination Fit Statistics  

 

In the linear combination fitting analysis the two most statistically significant fit 

scenarios are: 1. 65% Sb5+-oxide and 35% Sb3+-oxide and, 2. 70% Sb5+-oxide and 30% Sb3+-

bonded to S. It is important to note that the two fit scenarios would lead to significantly different 

interpretations of the system being investigated. At first glance it would appear as if fitting the 

energy spectra results in a good fit, given the low R-values. Yet, the R-values for both scenarios 

Energy 0.00055 0.00069 -0.00014

Derivative 0.001384 0.0133 -0.011916

Spectra
Sediment Sample:                             

R-Value of Fit Scenario 1

Sediment Sample:                             

R-Value of Fit Scenario 2

R-FactorScenario1 -      

R-FactorScenario2
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resulting from the fitting of the energy spectra are similar, implying that both scenarios accurately 

describe the system. In comparison, an order of magnitude difference is observed between the R-

values of the two scenarios when fitting the derivative. In the linear combination fitting analysis 

of the derivative, there is a statistically valid reason to reject the second fit scenario, and therefore 

achieve a more accurate determination of the species present in the sample. The PCA and the 

linear combination fitting statistics both suggest that fitting the energy spectra yields ambiguous 

results. 

A further investigation of the derivative shape yields additional findings regarding the 

bonding character of Sb. Features in the XANES spectra can be correlated to crystal structures, 

those that are well studied and defined in literature, as well as with the local environments of the 

Sb atoms in environmentally-relevant species, and thus will be able to recognize them in 

unknown samples.  

 Shown in Figure 12, the first derivative maxima of Sb3+
2O3, Sb5+

2O5, tetrahedrite 

((Cu,Fe,Zn)12Sb4S13), miargyrite (AgSbS2)), and freibergite ((Cu,Fe,Zn,Ag)12Sb4S13), are sharp 

and pointed. Also included in the figure are AtomsTM images showing the local coordination 

environment around the Sb atom (discussed in detail in the background section). In each of the 

above-mentioned crystal structures Sb occupies a single crystallographic site.  

Figure 13 illustrates the sloped and structured first derivative maxima of lewisite 

((Ca,Mn,Na)2(Sb,Ti,Fe)2O7), cervantite (Sb3+SbO4), stibnite (Sb2S3), berthierite (FeSb2S4), and 

bournonite (CuPbSbS3). The key distinction between the minerals presented in Figure 12 and 

Figure 13, and the reason for the different shapes around the first derivative maxima, is that the 

Sb atoms in Figure 12 occupy only one crystallographic site, whereas the Sb atoms in Figure 13 

occupy two distinct crystallographic sites within the mineral structure. The fact that multiple 

crystallographic sites for the Sb atom are discernible in the derivative spectra, despite the broad 
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nature of high energy XANES collection, is significant. It should be possible then, to recognize 

whether the Sb atoms in an unknown sample are present in singular, or multiple crystallographic 

sites. However, distinguishing between the presence of multiple mineral phases and a single 

mineral phases wherein Sb occupies multiple crystallographic sites requires further analysis of the 

spectra shape as both cases may result in a sloped or structured first derivative maxima. 

 

Figure 12. Model Compounds in which Sb atoms occupy unique crystallographic sites 
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Figure 13. Model Compounds in which Sb atoms occupy multiple crystallographic sites 

In general, fitting analyses are used when it is apparent that the sample is composed of 

more than one mineral phase. However, if there are multiple crystallographic sites for the target 

atom in a single mineral phase, XANES interpretation can be challenging. Certain key features of 

the energy and derivative spectra, outlined in Figure 14, are useful indicators in characterizing a 

mixed-phase sample. First, it should be noted that in the XANES region it is not possible to 

distinguish between the mixed-oxidation state minerals and a sample containing a combination of 

the Sb3+-oxide and the Sb5+-oxide mineral phases. So, if the XANES fitting analysis results 

indicate the presence the Sb5+-oxide and the Sb3+-oxide, part or the entire signal may be due to a 

mixed-oxidation state mineral phase. To fully characterize such a sample the analysis must extend 

into the extended x-ray absorption fine structure (EXAFS) region where the EXAFS region can 

be fit or the Fourier Transform series can be compared to the appropriate model compounds. In 

the following discussion, we do not attempt to make the distinction between the mixed-oxidation 
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state minerals and the other oxides, but treat each oxidation state and bond-type (sulfur or 

oxygen) as a unique phase. 

 

Figure 14. Key features used in the determination of multiple phases (post-peak hump, post-peak 

dip, post-peak bump, and post-edge bump) 

 

Key features that distinguish Sb3+-O, Sb5+-O, and Sb3+-S include: the post-peak hump, 

post-peak dip, and the position of the first post-peak bump in the energy spectra, and the post-

edge bump in the derivative spectra (see Figure 14). Additionally, the width of the derivative 

spectra and the edge-positions can be characteristic. For example, if the maxima of the energy 

spectra lies between the Sb5+-O and the Sb3+-O then it is likely that Sb5+-O is one of multiple 

phases present in the sample. This can be confirmed if the width of the derivative extends past the 
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area of the Sb3+-O derivative, on the higher energy side, and if the post-edge bump is narrow, 

comparatively. Mixed-phase samples containing Sb5+-O as one of the components are illustrated 

as the dashed line spectra in Figure 14. When the Sb5+-O is present in combination with the Sb3+-

O, rather than the Sb3+-S, the post-peak bump is at a higher energy, and the post-peak hump, post-

peak dip, and post-edge bump are more pronounced. In the evaluation of whether a sample is 

composed of a mixture of Sb3+-O and Sb3+-S, or a single phase, consider that the Sb3+-S spectra 

have minimal shape and structure in the post-peak and post-edge region. In contrast, Sb3+-O has 

very pronounced features in the post-peak and post-edge region. So, if these features are absent, 

pronounced, or present but suppressed, the compound is Sb3+-S, a Sb3+-O, and a mixture, 

respectively. Finally, if the sample is determined to be Sb3+-S, the shape of the first derivative 

maxima will indicate whether the Sb atoms occupy single or multiple crystallographic sites, as 

previously discussed. 

Linear combination fitting analysis is a technique used to recognize the local coordination 

environments present in the model compounds, in unknown compounds. The model compounds 

utilized in linear combination fitting analysis function as “spectral fingerprints”. Therefore, we 

recommend that only simple model compounds with known coordination environments, those in 

which Sb has only one crystallographic site, be used in fitting analyses (i.e. those in Figure 12).   

 

2.5 Concluding Remarks 

 

Undoubtedly, there are challenges associated with high-energy XAS, as well as with 

elements that demonstrate complex bonding character. Data acquisition must be done in an 

accurate manner, and processing, analysis, and interpretation of Sb XAS must be done in a 

thoughtful way. Compared to EXAFS, XANES analyses comprise many advantages including: 
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shorter data collection time, capability of analyzing lower concentration samples, a larger signal 

(the absorption edge versus fine structure well-above the edge), simpler processing, and weaker 

temperature dependence (Bare 2005). For these reasons it is important to optimize XANES 

collection at higher K-edge energies. 

By resolving many of the issues associated with Sb K-edge XANES experiments, the 

findings presented here can be applied to other elements with higher K-edges, other complex 

systems, and can be used to more effectively study the Sb system in particular. However, there 

remain a number of issues to be resolved, including the Sb concentration limitation imposed by 

the high Compton background. The minimum concentration that could be analyzed in sediment 

was 226 ppm, which is considerably above the Canadian remediation criteria for Sb in 

agricultural, residential, and parkland soil (20 ppm), and may be an environmental concern. In 

environmental samples where Sb <226 ppm and of environmental concern µXANES and 

synchrotron-based microprobe should be used to specifically characterize the host phases. Also, 

Scheinost et al. (2006) established a spectral database of Sb-oxide mineral phases and sorption 

complexes, to which we have added the Sb-sulfide and sulfosalts spectra. However, the database 

is still lacking in Sb sorbing to, and complexing with, iron oxides other than goethite, Al-oxides, 

Mn-oxides, organic matter, and clays, all of which are increasingly being considered as important 

factors in controlling the mobility of Sb in the environment. 
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Chapter 3 

The Geochemical Nature of As and Sb associated with mine-waste and 

the aqueous environment at the Giant Mine, Yellowknife, Canada 

3.1 Introduction 

The mobility, attenuation, and transformation mechanisms of metal(loid)s in the 

environment are important to understand in order to evaluate the potential risks to ecosystems and 

humans, to accurately predict their stability over time, and to design effective  remediation 

strategies of contaminated sites. Arsenic and Sb are in the same group in the periodic table, have 

similar electronic structures (ns2p3), are often associated in ore bodies, and are both recognized 

carcinogens. For these reasons it is often assumed that they exhibit similar geochemical 

behaviour. Research conducted at the Giant mine, a former gold mine in Yellowknife, Canada 

offered a unique opportunity to compare the geochemical behaviour of As and Sb because both 

elements are elevated in mine waste and in the surrounding environment. Ore was roasted at 

Giant to extract gold, resulting in a complex range of solid As and Sb-bearing phases in the mine 

waste. A water treatment plant has been operating at the site for 17 years, influencing the 

speciation of metalloids downstream.  Understanding the fate of As and Sb in the environment 

requires an understanding of anthropogenic processing. For this reason the roaster-derived waste 

streams were characterized, and the response of As and Sb to water treatment was investigated.  

The aim of this study is to determine and compare the geochemical behaviour of As and 

Sb in the roaster, and to determine the mechanisms controlling the release and attenuation of As 

and Sb in a number of different environments. Arsenic and Sb mobility were studied at different 

depths in the sediment column, and in the absence, and presence of aquatic vegetation. Mine-
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waste samples were acquired from the Giant mill, surface water from the water treatment ponds, 

horsetails from a creek, and sediment and pore-water samples were collected from a pond and 

creek (Baker Creek) at the Giant mine. The samples were analyzed for solid and aqueous-phase 

speciation of As and Sb, aqueous iron and sulfur species, and bulk chemistry. In addition, 

synchrotron-based microprobe element maps and Environmental Scanning Electron Microscopy 

(ESEM) maps are used to resolve the distribution of As and Sb in the organic and inorganic 

fractions. Our results emphasize the importance of differentiating speciation controlled by 

industrial processes, such as ore roasting, from that controlled by natural diagenetic changes. We 

also identify the primary sources of mobile As and Sb, and identify the major controls on As and 

Sb mobility and speciation under different environmental conditions. Furthermore, Baker Creek 

is the main conduit for mine waste into Yellowknife Bay and it is important to understand the 

geochemical behaviour of the elements that may adversely impact the lacustrine environment. 

3.1.1 Mobility and Attenuation of As and Sb 

The oxide minerals of As and Sb are highly soluble (Greenwood and Earnshaw, 1984), so 

it is only at very high concentrations of these elements that pure As and Sb oxides are expected to 

control the activities of As and Sb in solution. Adsorption to Fe and Mn oxides and 

oxyhydroxides, sulfides, and humic acids are the primary attenuation mechanisms of As and Sb in 

the environment. Under oxidizing conditions attenuation by Fe and Mn oxides and oxyhydroxides 

is prevalent. HAsV(OH)4
2-, AsIII(OH)3

0, SbV(OH)6
-, and SbIII(OH)3

0 are reported to form inner-

sphere bonds with goethite, ferrihydrite, and lepidocrocite (Kneebone et al, 2002; Waychunas et 

al., 1993; Manning et al., 1998; Ackermann et al., 2008; Leuz et al., 2006b; Mitsunobu et al., 

2006; Scheinost et al., 2006; Martinez-Llado et al., 2008). The different oxidation states and 

oxyanions form different sorption complexes on the surfaces of Fe-oxides. For example, the 
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Sb(III) species strongly adsorbs to goethite over a much wider pH range (3-12) and forms the 

stronger bonds, compared to Sb(V) (Leuz et al., 2006b). In contrast, As(V) species binds more 

strongly than As(III) on the surfaces of goethite, and lepidocrocite (Bowell, 1994).  In addition to 

Fe-oxides resulting from the weathering of sulfide minerals and those precipitated during water 

treatment processes, roaster-derived maghemite and hematite are also present in the environment. 

To the best of our knowledge, Sb adsorption onto the surfaces of hematite and maghemite has not 

been studied. Arsenic has been reported to adsorb onto hematite surfaces (Ona-Nguema et al., 

2005; Bowell, 1994). However, the exact mechanisms of adsorption have not been reported. 

Recently, Morin et al. (2008) found that both As(III) and As(V) formed inner-sphere complexes 

on the surface of maghemite. In addition, in more reducing environments As and Sb can be 

attenuated by adsorbing onto sulfide surfaces or by precipitating as sulfides (Chen et al., 2003; 

Kirsch et al., 2008; Farquhar et al., 2002; Gallegos et al., 2007; Wolthers et al., 2007). 

In addition, uptake by vegetation and interactions with root processes are potential 

controls on As and Sb mobility. Although neither As nor Sb are essential to plants, a number of 

species have been found to uptake these elements. Specifically, in the fluvial horsetail (Equisetum 

fluviatile), the same species found in the aqueous environment near Giant, Brooks (1981) found 

738 µg/g As and 77 µg/g Sb over a gold mineralized zone in Nova Scotia, Canada. Hydrophytes 

can act as a biological barrier to contaminant movement into the environment, but may also pass 

contaminants into the food chain and increase mobility through the exudation of organic acids 

and acidification due to plant processes (Hozhina et al., 2001). In a study of As and Sb in aquatic 

plants, Hozhina et al. (2001) found an efficient penetration of As and Sb into the aboveground 

parts of the horsetail. They found As excretion from the vegetative organs to be efficient (less As 

remained in the plant but rather is released via the bleeding sap), while Sb was poorly excreted. 

Therefore, Sb is accumulated and may potentially pass into the food chain.  
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3.1.2 Controls on As and Sb Speciation 

In water, neither the As redox couples (As(III/V)) nor the Sb redox couple (Sb(III/V)) 

seem to reach equilibrium. For example, As(III)(OH)3
0 is often found in concentrations that are in 

excess of what would be predicted thermodynamically (Inskeep et al., 2002). Similarly, 

Sb(III)(OH)3
0 has been found in oxidizing environments and Sb(V)(OH)6

- in reducing 

environments counter to thermodynamic predictions (Filella et al., 2002). Discrepancies between 

thermodynamic predictions and field observations may be attributed to slow reaction kinetics, 

biological activity, and photo-oxidation processes (Filella et al., 2002; McCleskey et al., 2004a; 

Krupka and Serne, 2002; Bertine and Lee, 1983). Furthermore, it has been observed that despite 

the fact that they are often closely associated and have similar electronic structures, As and Sb 

exhibit different redox properties. In leaching experiments on mine-impacted sediment in the 

Coeur D’Alene River, Mok and Wai (1990) found that the oxidized species of Sb and the reduced 

species of As were released and co-existed in the overlying surface water. Mitsunobu et al. (2007) 

also found Sb(V) and As(III) co-existing in soil water. Furthermore, in the solid-phase these 

researchers observed an increase in the As(III) fraction under more reducing conditions while 

Sb(V) remained a stable oxidation state over a wide Eh range in the soil. 

Oxidation of As and Sb by oxygen alone appears to be very slow. In their experiments 

measuring the oxidation rates of Sb by oxygen alone (between pH 3.6 and 9.8) Leuz et al. (2006a) 

observed no significant oxidation of Sb(III) in 200 days. Similarly, only 25% of As(III) was 

oxidized in O2-saturated water over 6 months (Cherry et al., 1979), and in water in equilibrium 

with the atmosphere the half life is reported to be one to three years (Eary and Schramke, 1990). 

Certain mineral phases and humic acids have been shown to catalyze the oxidation of both As and 

Sb. For example, it has been documented that Sb(III) can be oxidized via adsorption onto Fe and 

Mn oxides, and humic acids (Belzile et al., 2001; Buschmann and Sigg 2004). It has been 
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suggested that Sb(III) bound to Fe-oxides is oxidized (Belzile et al., 2001) and may subsequently 

desorb. In fact, Watkins et al. (2006) observed sorption of Sb(III) to synthetic goethite in 15 

minutes at pH 4 and 25°C, and the experimental data suggest that subsequent desorption due to 

the oxidation of Sb can occur within 24h. Leuz et al. (2006b) also observed desorption of Sb(V) 

following oxidation by goethite, but only at alkaline pHs. Oxidation of As(III) by Mn oxides is 

fairly well established (Kneebone et al., 2002, and references therein). Specifically, birnessite 

(MnO2) has been shown to oxidize As(III) to As(V) at pH’s >9 and subsequently binds to As(V) 

as an inner-sphere complex (Manning et al.,  2002). The mechanisms of As(III) oxidation by Fe-

oxides, observed by some researchers and not by others, is not as well established. In some cases, 

clay minerals are thought to be capable of oxidizing As(III) (Stollenwerk, 2003, and references 

therein). Also, oxidation rates for dissolved As(III) increase substantially as the pH increases 

(Kuchnelt et al., 1997).  

Reduction of Sb(V) on mineral surfaces has also been observed. Kirsch et al. (2008) 

document the reduction of Sb(V) by nanoparticulate magnetite and mackinawite and the 

subsequent formation of a highly ordered surface complex. Sb(III) in the reacted sample was 

bound to three sulfur as in SbS3. 

3.1.3 Ore Geology and Processing 

Giant is a gold mine located 5 km north of Yellowknife, Canada, on the northern arm of 

Great Slave Lake. The mine was long-lived, encompassing fifty years between 1948 and 1999. 

The ore deposits are located in the Archean Yellowknife Bay Supergroup greenstone belt, and 

hosted in deformation and alteration zones that crosscut the Kam Group mafic volcanics (Canam, 

2006). The ore zones contain up to 15%  but more often less than 5% sulfide minerals, which 

include pyrite, arsenopyrite, sphalerite, chalcopyrite, stibnite, Sb-bearing sulphosalts and 
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pyrrhotite (Coleman, 1957). The Au was refractory and hosted primarily in arsenopyrite, and to a 

lesser extent in pyrite and quartz (Coleman, 1957). To extract gold, processing consisted of four 

steps: crushing, floatation, roasting, and cyanidation. Details of ore processing at Giant is covered 

by More and Pawson (1978), McQuiston and Shoemaker (1975), and Walker et al. (2005). 

Roasting was conducted at 500ºC over two stages to oxidize the As and S and convert the 

arsenopyrite and pyrite into porous iron oxides (maghemite and hematite) amenable to 

cyanidation.  

 Interestingly, As and Sb are associated with maghemite and hematite as As(III) and 

As(V), and Sb(III) and Sb(V) ((Walker et al., 2005; Chapter 4, this thesis). The association of 

both oxidation states with the roaster oxides suggests that complex solid-gas phase reactions did 

occur in the roaster and multiple forms of the metalloids were available to associate with the Fe-

oxides. The volatile phase of As was As2O3 which was condensed and collected in the baghouse. 

The Sb gaseous phase is most likely Sb2O3 as it is the predicted decomposition phase of stibnite 

(the primary Sb-bearing ore mineral), and exhibits high vapour pressure even at low roasting 

temperatures (Marsden and House, 2006). In their analysis of the baghouse dust, Riveros et al. 

(2000) found that significant amounts of Sb substituted in As2O3, again suggesting that Sb2O3 was 

the primary gaseous Sb phase. The mixed oxidation-state Sb mineral, Sb2O4, is also 

thermodynamically stable under the roasting conditions (Asryan et al., 2003). The Sb content in 

the roaster feed was closely monitored as Sb concentrations exceeding 0.75% caused clinkering 

of the roaster bed, which resulted in a reduced bed life and excessive maintenance requirements. 

It is reported that the mineral responsible for clinkering was an Sb-sulfate compound (Marsden 

and House, 2006). Clinkering in the roaster bed may also be caused by the formation of Sb2O3 

and any insoluble alloys commonly formed with Sb2O3. For example, the (As,Sb)2O3 phase 
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formed in the roaster at Giant is described as being vitreous and significantly less soluble than 

As2O3 (Riveros et al., 2000). 

Processing produced three tailings streams: the floatation tailings which consist of all the 

material not floated off during the froth floatation process, the calcine which consists of As and 

Sb-rich cyanided roaster-derived material, and the Electrostatic Precipitator (ESP) residue 

consisting of the cyanided particulate material in the roaster discharge gas. The calcine is 

composed of fine grains, 90% <0.045mm, and the ESP is composed of very fine grains, 90% 

<0.014mm. The floatation tailings comprised the largest volume waste stream but had the lowest 

As and Sb concentrations, while the calcine and ESP dust comprised the smallest volume but 

contained the greatest concentrations of As and Sb (Fawcett et al., 2006).  

 The water treatment system began operation in 1981 and remained in operation during 

this research project. Due to the freezing conditions throughout most of the year the water 

treatment plant is only operational during the summer months of July to September. At the time 

of writing, the system is treating water pumped from the underground mine workings, and held in 

NorthWest Pond, and in North Pond during high flow events. The water treatment system 

consists of two parallel series of three tanks. To the first tank H2O2 is added to oxidize the As, and 

ferric sulfate is added to promote the precipitation of arsenates. More ferric sulfate is added to the 

second tank. In the third tank a flocculating agent and lime is added to remove the As and other 

mining metals (i.e. Pb, Zn, Cu, Sb). The sludge and treated water is discharged to the settling 

pond, and eventually flows through the waste rock wall to the polishing pond.  

3.1.4 Site Description and Depositional History 

Baker Pond (BP) lies immediately downstream of the settling pond and polishing ponds 

(Figure 15). From BP water empties into Baker Creek, which flows through the mine site and 
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discharges into Yellowknife Bay. Prior to the installment of a water treatment system, mine 

tailings and water were stored in a series of three tailings areas, separated by three dams, 

immediately upstream of Baker Pond.  During the winter only the uppermost tailings area was 

used (area 1) and slurries accumulated over the 7-8 month winter. Ice accumulated in all three 

tailings areas, sometimes to levels higher than the dams. Consequently, spring melt, which 

happened first in the upper tailings pond (area 1), resulted in a large amount of tailings slurry 

(comprised of the fine fraction waste streams) being transported over the ice and breaching the 

dams. It is documented that significant quantities of solids escaped the third (final) tailings area 

during turbulent spring flow events (Berube et al., 1974). Since Baker Pond was probably 

impacted by these spring overflow events, the sediment chemistry should reflect these events of 

significant tailings deposition.  

 

Figure 15. Site Locations 
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The other two sites, Baker Creek Vegetated (BCV) and Baker Creek Channel (BCC), are 

located at the outlet to Yellowknife Bay (Figure 15) The breakwater was constructed in 1964, 

which altered depositional patterns: sediment was preferentially deposited in the area of BCV, 

and a channel along the breakwater resulted. Air photo studies show that the outlet did not 

become vegetated, nor was subject to substantial sedimentation, until 1966-1970. The BCC and 

BCV sites would have been impacted by the same turbulent spring flow events that affected BP. 

Baker Creek was also impacted by numerous tailings spills originating from faulty tailings 

pipelines (Giant Yellowknife Mines Limited, 1981).  

As can be seen in Figure 15, BCV is densely vegetated. The primary plant population is 

the annual aquatic horsetail (Equisetum fluviatile). Sediment and pore-water samples were 

collected from BCC and compared to BCV to gauge the effect of vegetation on the mobility and 

attenuation of As and Sb.  

3.2 Methods 

3.2.1 Sample Collection 

Surface water samples were collected from NorthWest and North tailings ponds, and 

treated water from the settling pond. Samples were collected in September 2005 and July 2006.  

The Baker Pond sampling site comprises very fine-grained sediment that occupies the 

northernmost section of Baker Pond. The water at the time of sampling (August 2005) was 

approximately 1.5 m above the sediment-water interface (SWI). The 32 cm X 7.5 cm core is 

massive in appearance and light grey in colour. Very little vegetation grows on this substrate that 

has been undisturbed for approximately 25 years; there was no vegetation at the location of 

sampling. BCC and BCV water and sediment were sampled in July 2006, and the horsetails were 
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collected from BCV in July 2007. The BCV core shows three distinct zones. The top 10 cm is 

composed primarily of vegetation and organic material. The middle zone (5.5 cm) is a mixture of 

mineralogical sediment and organic material, and the deepest zone is a light grey and orange clay 

material. The BCC core was brownish coloured in the top 8 cm and grey in the deeper parts. The 

top of the core is a mixture of clay and coarser grains, which gradationally changes with depth to 

clay-rich sediment.  

Surface waters were filtered using 0.22 µm Nalgene filters, and collected in HDPE 

bottles. Dark bottles were used for FerroZine and speciation analysis to avoid photo-oxidation. 

Sediment cores were extracted using a gravity corer (Glew, 1989) and transparent polycarbonate 

core tubes 60 cm in length and 7.5 cm in diameter. The cores were immediately covered to avoid 

photo-oxidation reactions during transport. The core was extruded, in a laboratory, at 0.5 cm, 1 

cm, or 2 cm intervals, in a N2-purged glovebag. The extruded core samples were immediately 

frozen for transport. Sediment samples to be analyzed for bulk chemistry were freeze-dried and 

samples for X-ray Absorption Near Edge Structure (XANES) analyses were dried under a N2 

atmosphere. 

Pore-waters were collected immediately adjacent to the sediment core using in-situ 

dialysis arrays (commonly referred to as peepers) (Martin and Pederson, 2002; Andrade et al., 

submitted). Prior to peeper deployment the equipment, including the cases, face-plates, peepers, 

hoses, and attachments, were cleaned with SparkleenTM and rinsed three times with Distilled De-

ionized Water (DDW). The cases, peepers, and face-plates were soaked in a 1-2% ultrapure nitric 

acid bath for 24 hours.  All other equipment (Gelman membrane (0.22 µm), tubing, and 

attachments) were soaked in a 0.5% ultrapure nitric bath. After it was soaked, all the equipment 

was again rinsed three times with DDW.  The peepers were assembled with DDW in the cells, 

and placed in DDW-filled cases. The cases were submerged in large aquariums heated to 37ºC to 
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enhance diffusion of oxygen out of the cells, and bubbled with ultrapure nitrogen multiple times a 

day over the course of two weeks. The peepers were deployed by approaching the site from 

downstream (BP-from a dock) to ensure minimal disturbance. They were pushed into the 

sediment 22 cm to 44 cm (depending on substrate), and the numbers of cells above the interface 

were recorded. Equilibration time was two weeks. Prior to peeper extraction the cases were 

purged with N2 and covered to avoid the occurrence of any redox reactions in transit. 

 Cell water extraction is undertaken in a laboratory in a glove bag purged with N2. The 

cleaned membrane is pierced with a trace metal free pipette tip, cell water is extracted using a 

pipetter (approximately 6 mL can be extracted from each cell), and placed in N2 purged HDPE 

containers (dark containers for the redox-sensitive species analysis) (Martin and Pedersen, 2002; 

Andrade et al., submitted). New pipette tips are used after every cell to avoid cross-

contamination. Samples were immediately preserved and chilled. Two plants were collected in 

July 2007, from the Baker Creek Vegetated site. The roots are fully submerged and were never 

aerially exposed over the three month summer sampling period. They were washed and chilled 

until analysis. As described in Walker et al. (2005), the calcine and ESP residue samples were 

collected from the mill by staff at Giant in 1999. 

3.2.2 Analyses 

Elemental analysis was carried out on 73 sediment samples using hot aqua regia digestion 

and subsequent analysis by ICP-MS at ACME Analytical Laboratories, Vancouver, Canada. The 

QA/QC calculations for laboratory standards and duplicates are shown in Table 4.  
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RSD (%) Standards Sample 
Population As Sb 

G1 3 0 0 
DS7 2 1.2 3.3 
DS6 2 3.6 2 

Duplicates* 10 sets 2.8 2.9 
*RSD reported for duplicates is the average of 10 sets, RSD’s of As range from 0-11.7, Sb from 0 
to 9.19. 

Table 4. Relative Standard Deviation (RSD) calculations of sediment standards (from Acme 

Analytical Laboratories (www.acmelab.com) and sediment sample duplicates 

 

XANES spectra of ten sediment samples from BP and eight from BCV, the calcine, and 

the ESP residue were collected at the Sb K-edge (30,491 eV), and six sediment samples from BP, 

the calcine and ESP residue at the As K-edge (11,868 eV), over two sessions at the PNC-XOR 

undulator beamline 20-ID at the Advanced Photon Source. The eight BCV samples contained a 

significant amount of organic matter. To avoid beam-induced oxidation or reduction of Sb due to 

the burning of organic matter a thermoelectric cryostage was used to cool the sample to -20°C. A 

Si(311) double-crystal monochromator was used to control the X-ray energy and was calibrated 

with the Sb metal at the Sb K-edge, and Au foil near the As K-edge. The second crystal of the 

monochromator was detuned by 20% from the peak intensity (as measured by a pre-slit ion 

chamber upstream of the sample slits) at 200 – 250 eV above the K-edges of Sb or As, to reduce 

the presence of higher harmonic energies from the monochromator. The KB mirrors at 2 mrad 

angle provided further harmonic rejection. The samples were mounted in 3 mm-thick teflon 

holders and sealed with Kapton™ tape. Spectra were collected in fluorescence mode using a 7-

element Canberra Ge(Li) detector. Three to five scans were collected for each sample. The 

individual scans were calibrated to an Sb2O3 standard run simultaneously. The first and last scans 

exhibited consistent edge position, thereby confirming no beam damage had occurred.  

Processing of XANES data and linear combination fitting analyses was carried out using 
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ATHENA software. Linear combination fitting was performed on the normalized As spectra, 50 

eV over the edge position, and on the Sb derivative spectra 100eV over edge position. Different 

fitting approaches were employed on As and Sb K-edge XANES spectra because the Sb K-edge 

spectra are broader, and the energy spectra have minimal structure. The Sb derivative spectra 

display more features and render more reliable fitting statistics. In Chapter 2 I discuss linear 

combination fitting of Sb K-edge XANES spectra in detail.  The model compounds used in fitting 

Sb K-edge spectra include Sb2O5 and Sb2O3 obtained commercially (Fisher Scientific, 99.995%), 

and tetrahedrite ((Cu,Fe,Zn)12Sb4S13) were obtained from the Miller Museum at Queen’s 

University (M361), and were verified by X-ray diffraction. Scorodite (FeAsO4), arsenolite 

(As2O3), and arsenopyrite (FeAsS) were employed in fitting As K-edge spectra. Scorodite 

(M6303) and arsenopyrite (M5579) were acquired from the Miller museum at Queen’s 

University, and arsenolite is a J.T. Baker reagent. 

 Synchrotron-based microprobe maps are collected during the same sessions as the XANES 

collection by orienting thin sections 45º to the beam and reducing the beam size (5 µm compared 

to 0.5 mm used for bulk XANES analyses). The setup and capabilities of the microprobe end 

station at PNC/XOR are described in detail by Heald et al. (2007). Environmental Scanning 

Electron Microscopy (ESEM) was performed on the Zeiss Evo 50 Environmental Scanning 

Electron Microscope at the Geological Survey of Canada in Ottawa on the two BCV sediment 

thin sections that were mapped by synchrotron microprobe.  The ESEM utilizes an Oxford Inca 

Energy 450 X-ray micro-analysis system for elemental and phase analysis.  The EHT was 20kV, 

probe current 500pA, spot size 480, vacuum pressure 50 pA, working distance 9.0 mm, and 

analysis time was 60 seconds.  

 Two Equisetum fluviatile plant samples were washed with water, dried at 65°C, and ground 

(the entire plant including roots, shoots and leaves). The plants were prepared and analyzed 
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according to ASU Method 08, 30 Element Metals in Soil, Plants and Tissues by ICP-OES. The 

plant material was ashed using the following schedule: 20 minutes at 150°C, 60 minutes at 

250°C, and three hours at 500°C. Digestion was completed using 1:3 HNO3:HCl and heated for 

four hours at 100°C, whereupon a few drops of H2O2 were added. After another 30 minutes of 

heating at 100°C the samples were diluted, mixed by VortexTM, and filtered. The samples were 

analyzed by ICP-OES at the Analytical Services Unit, Queen’s University, Canada. Based on 

duplicate samples, the relative standard deviation of As in plant analyses is 6.5%, and Sb is 3.4%. 

 Water samples collected for cation analysis were preserved with 1% HNO3, samples 

collected for speciation and ferrozine analysis were preserved with 1% HCl. All acids used were 

trace metal clean grade. Pore-water samples collected from BCC and BCV were analyzed for 

S(II), Fe(II), and SO4(II) using the Hach DR/2400 portable spectrophotometer. The parameters 

were analyzed in the order listed to minimize artifacts from sample oxidation. A detailed account 

of using the Hach spectrophotometer on smaller volume samples is provided by Craigen (2006). 

Concentrations of major cations and trace metals were determined using inductively-

coupled plasma-atomic emission spectrometry (ICP-AES) (Leeman Labs – DRE).  Major cations 

were analyzed using the radial view while the axial view was used for trace metals. Total 

dissolved As and As3+ and total dissolved Sb and Sb3+ were determined by hydride generation 

atomic-absorption spectrometry (HG-AAS) using a method similar to that of McCleskey et al. 

(2001).  An atomic absorption spectrometer (Perkin Elmer – Aanalyst 300) was equipped with a 

flow-injection analysis system (FIAS 100) for the generation of the hydride, an As or Sb 

electrodeless discharge lamp (EDL), and an electrically heated quartz cell with a 15-cm path 

length.  Concentrations of total dissolved Fe and Fe+2 were determined using a modification of 

the FerroZine colorimetric method (Stookey, 1970; To et al., 1999) with a UV-VIS 

spectrophotometer (HP 8453).  Concentrations of major anions were determined by ion 
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chromatography (Dionex 600) (Brinton et al., 1995).  Alkalinity (as HCO3
-) was determined by 

auto-titration (Orion 960/940) using standardized H2SO4 (Barringer and Johnsson, 1996).   

 All reagents were of purity at least equal to the reagent-grade standards of the American 

Chemical Society.  Double-distilled water and re-distilled acids were used in all preparations.  

Several of the quality assurance and quality control methods described by McCleskey et al. 

(2004b) were utilized. These methods include analyzing USGS standard reference water samples 

repeatedly to monitor accuracy, use of lab blanks, and determination of Fe(T), As(T), and Sb(T) 

by more than one analytical method. 

 

 

 

 

 

 

 

 

 

3.3 Results 

3.3.1 Water Treatment 

As seen in Figure 16 and Table 5, the dissolved concentrations of As and Sb in the 

surface water of the tailings ponds are elevated relative to the Canadian drinking water guidelines 

(0.010 and 0.006 mg/L, respectively) and relative to the mine effluent guidelines of 0.5mg/L. 

Their elevated concentrations is a reflection of the elevated concentrations of As and Sb in the 
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mine water pumped into the tailings ponds. The concentrations of As and Sb in the two tailings 

ponds are different, as are their concentrations in 2005 and 2006, likely owing to the fact that 

mine-water is being pumped from different underground levels which are themselves influenced 

by different sources. 

 

 

Figure 16. Dissolved As and Sb concentrations in the surface water of the tailings and water 

treatment ponds, samples collected September, 2005. Water flow is along the path of the black 

arrows. 

 

2005 2006 Water Samples 
As Sb As Sb 

NorthWest Pond 13.9 0.813 26.8 1.62 
North Pond 4.73 0.655 2.64 0.926 
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Settling Pond 0.003 0.146 0.001 0.165 

Table 5. Dissolved As and Sb concentrations in the surface water of tailings and water treatment 

ponds, samples collected in September 2005 and July 10 2006. All values in mg/L. 

The most significant finding from the surface water data is that Sb remains elevated in 

water after treatment. Arsenic, on the other hand, is effectively removed by the water treatment 

system to below the effluent discharge limit of 0.5 mg/L, and even below drinking water 

guidelines. In their experiments on the removal of As(V) and Sb(V) using Fe(III) Nishimura and 

Umetsu (2000) found that while the As concentrations reached their terminal value within 15 

minutes, Sb concentrations decreased only gradually over a 24-hour time-period. Furthermore, it 

was found that As could be reduced to <0.1 mg/L at an Fe(III)/As(V) ratio of 3. In contrast, the 

Fe(III)/Sb(V) ratio required to decrease the Sb concentration to <0.1 mg/L was 25, significantly 

higher than in the case of As. Also, Sb-removal processes which involve sorption onto Fe and Mn 

oxy(hydroxides) may result in competition for sorption sites, where As has a higher affinity for 

sorption sites (Casiot et al., 2007). 

3.3.2 Distribution of As and Sb in Sediment and Pore-Water 

Figure 17 shows the distribution of As and Sb in sediment and pore-water in BP, BCV, and 

BCC. Looking first at the profiles from BP: elevated As and Sb in sediment, evident throughout 

the entire depth of the core, is an indication that sediments down to -35 cm have all been 

impacted by mining activities. The Canadian interim sediment quality guideline for As is 5.9 

ppm. There are no Canadian sediment quality guidelines for Sb. The concentrations of As and Sb 

are elevated in the sediment (maximum concentrations 2000 ppm and 461 ppm, respectively) and 

in the pore-water (maximum concentrations 62.3 mg/L and 1.97 mg/L, respectively). In fact, the 

concentrations of As and Sb in pore-water are much higher in BP than in BCC and BCV. Despite 
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the fact that the distribution of As and Sb in sediment is similar, their pore-water distribution is 

dissimilar. Aqueous Sb is highest between 0 and -2.5 cm (surficial layer), higher than in the 

surface water immediately above the sediment-water interface (0.32 mg/L), implying the source 

of aqueous Sb is the sediment. In contrast, pore-water As is elevated between -7.5 cm and -22.5 

cm. The ratio of aqueous concentration/sediment concentration (representing the mass of element 

released to the pore-water per mass of element in the sediment) indicates that As is more readily 

mobilized than Sb, except in the surficial layer where the ratio for Sb is higher than As.  

 In BCV the maximum concentrations of As and Sb in sediment are 3670 ppm and 1069 

ppm, respectively; the highest sediment concentrations of the three sites studied. The pronounced 

signature of active mining (and poor sedimentation control) is evident in the elevated 

concentrations of As and Sb in the sediment profile. Arsenic and Sb demonstrate a similar 

distribution in sediment and pore-water except between -4 cm and -8 cm where As partitions 

preferentially into the pore-water, and an increase in mobilization of As is observed over the same 

interval. Between -10 cm and -15 cm aqueous As and Sb concentrations show an increase which 

corresponds to a decrease in pH from a maximum of 7.4 above and below the interval to 6.1, and 

a peak in S2- concentration from 35 µg/L above and below the interval to 44 µg/L. Overall, As 

and Sb at this site appear to be well attenuated given that the normalization ratio plotted in Figure 

17c is two orders of magnitude lower than BP and BCC.  

 The maximum concentrations of As and Sb in sediment are much lower in BCC than at 

the other sites, 580 ppm and 63 ppm, respectively. As was seen in BP and BCV, the distribution 

of As and Sb in BCC sediment is similar yet the distribution of aqueous As and Sb is different. 

Antimony is elevated in the pore-water only at and above the sediment-water interface (SWI). 

Aqueous As, but not Sb, is elevated over the mid-core enrichment interval. Overall, the 

normalized profile indicates As to be more readily mobilized than Sb. 
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Figure 17. Distribution of As and Sb in Sediment and Pore-water in BP, BCC, and BCV a) 

Distribution of As and Sb in sediment with depth, b) Distribution of As and Sb in pore-water, c) 

The normalized value indicates the ratio of aqueous concentration to sediment concentration and 
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is an indicator of the degree of mobilization. The pH is 7-7.5 in all waters except in BCV (see 

discussion), see Figure 18 for speciation information. SWI= sediment-water interface. 

3.3.3 Aqueous Speciation 

Iron(II) and SO4(II) concentrations are given in Figure 18c because they are redox 

sensitive elements where elevated Fe(II) and depleted SO4(II) indicate more reducing conditions, 

and elevated SO4(II) and depleted Fe(II) indicate more oxidizing conditions. Depleted SO4(II) 

may also reflect pre-mining conditions before being polluted by mine waste discharges in the case 

of BCC (SO4(II) decreases at the boundary of elevated As and Sb in sediment). However, it 

should be noted that most of the sulfide in the ore was oxidized in the roaster such that sulfide 

oxidation in the receiving environment is minimal. Figure 18a shows that in BP As(V) is the 

predominant species from 0 to -2 cm, below which As(III) dominates. In contrast, Sb(V) persists 

as the more prevalent species at all depths.  

 In BCV most of the profile below the SWI appears to be relatively more reducing as 

evident from the relatively high Fe(II) concentrations (20-22 mg/L over the interval from -5 cm to 

-20 cm) and lower SO4(II), (3-6 mg/L over the same interval). With the exception of one sub-

sample above the SWI, the most prevalent As species is As(III). As was seen in BP, Sb(V) is the 

dominant species in BCV. 

 In BCC, Fe(II) and SO4(II) concentrations reveal an oxidized zone from 0 to -12 cm and 

more reduced conditions deeper in the profile. Arsenic speciation in pore-water is quite variable 

and punctuated. Similar to what is observed in BP and BCV, Sb(V) is the dominant species 

present. 
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Figure 18. Aqueous Speciation of As, Sb, Fe, and SO4(II) in BP, BCV, and BCC, SWI=Sediment 

Water Interface a) Aqueous As species, b) Aqueous Sb species, in BCV and BCC some Sb(III) 

data is plotted at the detection limit of 0.005 mg/L, c) Fe(II) and SO4
2- concentrations. 

SWI=sediment-water interface 
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3.3.4 Solid-State Speciation of As and Sb in roaster products and sediments 

Figure 19 shows total As and Sb and the phases of As and Sb present in the calcine and 

ESP residue as determined using linear combination fitting analysis of the XANES region. The 

total concentrations are high relative to the sediment: 3317 ppm Sb and 24,905 ppm As in the 

calcine, and 10,677 ppm Sb and 40,460 ppm As in the ESP residue.  It is evident that roasting 

produced multiple As and Sb phases. Arsenic is present mine-waste as three phases: As(V) bound 

to oxygen (As(V)-O), As(III) bound to oxygen (As(III)-O), and arsenopyrite (As(-I)-S). 

Antimony is present as only two phases: Sb(V) bound to oxygen (Sb(V)-O) and Sb(III) bound to 

oxygen (Sb(III)-O). In the XANES region we can determine the oxidation state and the next-

nearest atom (based on shape and edge-position comparisons with model compounds). For 

example, we can determine that within a certain Sb-bearing phase Sb is in the 5+ oxidation state 

and in a structure similar to Sb2O5, but cannot determine conclusively that the phase is Sb2O5. We 

must also mention that in the XANES region it is not possible to distinguish between the mixed-

oxidation state Sb(III)Sb(V)O4 mineral and a sample containing a combination of the Sb(III)-O 

and the Sb(V)-O mineral phases (Chapter 4, this thesis). If the XANES fitting analysis results 

indicate the presence of Sb(III)-O and Sb(V)-O, part or the entire signal may be due to a mixed-

oxidation state mineral phase. However, the mixed-oxidation state Sb mineral is not a primary 

phase. The Sb(V):Sb(III) ratio is 1.5 in the calcine and 0.41 in the ESP dust, rather than 1 as in 

Sb(III)Sb(V)O4.  

Although it is evident that most of the arsenopyrite was oxidized in the roaster, some 

does remain in the calcine. Conversely, none of the Sb-sulfide minerals originally present in the 

ore remain in the roasted material. The As and Sb oxide phases show a similar pattern in that 

there is a higher proportion of  As(V)-O and Sb(V)-O phases  in the calcine, and a higher 

proportion of As(III)-O and Sb(III)-O phases in the ESP residue. 
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Figure 19. Arsenic and Antimony Linear Combination Fitting of XANES spectra of Calcine and 

ESP residue results 

Shown in Figure 20 and Figure 21 are the solid-state speciation and linear combination 

fitting results of As and Sb at various depths in BP sediment profile. Figure 20 illustrates a 

decrease in the percentage of As(V)-O with depth, and the appearance of an As(III)-S phase at -

16cm. Arsenopyrite (As(-I)-S) is present at all depths in approximately the same percent 

composition. The As(III)-O phase is also present in all samples. Similarly, the Sb(III)-O phase is 

present in all samples and an Sb(III)-S phase appears at -12 cm and remains a significant portion 

of te sample down to the lowest layer. Interestingly, the percentage of the Sb(V)-O phase does not 

decrease with depth as observed for the As(V)-O phase, but persists as the most dominant phase 

at all depths. 
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Figure 20. As XANES Spectra and Linear Combination fitting results of Baker Pond (BP) 

Sediment profile 

 

 

Figure 21. Sb XANES Spectra and Linear Combination fitting results of Baker Pond (BP) 

Sediment profile 
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Figure 22 shows the Sb XANES results on the BCV samples (As XANES analysis was 

not done). The persistence of the Sb(V)-O phase and an Sb(III)-S phase deeper in the core is 

similar to  the solid-state speciation profiles for BP. The Sb(III)-S phase is first detected at -6 cm, 

is not present in the -10 cm sample, is detected again at -16 cm and subsequently increases with 

depth.  

 

 

   

 

Figure 22. Sb XANES Spectra and Linear Combination fitting results of Baker Creek Vegetated 

(BCV) Sediment 

 

3.3.5 Association of As and Sb with Aquatic Vegetation 

Arsenic and Sb are closely associated with vegetation as evident by the similar 

concentrations of As and Sb in the sediment and in the plants. The two aquatic horsetails, BCVP-

1 and BCVP-2, contain 1031 ppm and 1789 ppm As, and 123 ppm and 146 ppm Sb, respectively. 
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Within 0 to -10 cm (the interval containing the greatest amount of vegetation) As concentrations 

in the sediment range from 641 ppm to 1441 ppm, and Sb concentrations range from 354 ppm to 

433 ppm. The association of both elements with vegetation in the surficial zone is confirmed with 

microprobe mapping and ESEM images shown in Figure 23. 

 



 

 92 

 

Figure 23. a) ESEM map and b) and c) synchrotron µXRF maps of As and Sb associated with 

vegetation from the sediment layer 0 to -5cm below the SWI (BCV-1). O = Organic, I = 

Inorganic, as confirmed by ESEM and visual inspection. Energy is 30,700 eV. 
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Figure 24. ESEM map and synchrotron µXRF maps of As and Sb associated with vegetation 

from -21 to -23 cm below the SWI (BCV-10). O = Organic, I = Inorganic, as confirmed by ESEM 

and visual inspection. Energy is 30,700 eV 
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Note that the synchrotron µXRF maps were collected with the sample at 45 degrees to the 

beam, and the synchrotron x-rays penetrate deeper than the electron beam, such that the spatial 

relationships observed in the images and maps may appear different. The aggregates seen in the 

ESEM image in Figure 23 and Figure 24 are a product of thin section preparation and have 

proven useful in identifying associations of As and Sb with organic or inorganic material. The 

conglomerates are labeled O for organic or I for inorganic based on visual inspection and the 

intensity of the carbon signal in the ESEM spectra (not shown). The same section is mapped for 

As and Sb using a synchrotron microprobe with a beam size of 5 µm. Figure 23 shows the ESEM 

image and microprobe maps of the thin-section prepared using sample from BCV-1, the sample 

collected  0 to -5 cm. Although there are some small high-count spots in the inorganic aggregates, 

as seen in the microprobe maps, the bulk of the As and Sb is associated with the organic material.  

Figure 24 shows the ESEM image and microprobe maps of BCV-10, the sample collected 

from -21 cm to -23 cm, below the interval of dense vegetation and root penetration. Although live 

plant parts are absent from this depth there remains older, buried fragments of plants. 

Interestingly, at this depth the microprobe maps show an association of As and Sb with the 

inorganic material, not the organic material as was observed in BCV-1.  

3.4 Discussion 

3.4.1 Distinguishing Anthropogenic and Diagenetic Controls on Speciation 

The solid-state speciation results of the calcine and ESP residue show a higher proportion 

of the As(III)-O and Sb(III)-O phases in the ESP residue, compared to the calcine. Gaseous 

As(III)2O3 was generated in the roaster and subsequently sublimated as As(III)2O3(s), or reacted 

with maghemite and hematite as documented by Walker et al. (2005). Gaseous As(III)2O3 flowed 

from the roaster, then to the electrostatic precipitator, before final collection in the baghouse. 
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Based on the flow path, it is reasonable that greater proportion of the As(III)2O3 ended up in the 

ESP residue waste stream, compared to the calcine. Also, the Fe-oxide particles feeding into the 

electrostatic precipitator would have longer interaction times with the As(III)2O3 volatile phase 

and the Fe-oxide hosts in the ESP residue waste stream would therefore have a higher As(III)-O 

signature relative to roaster-oxide grains in the calcine. Sb is associated with the roaster oxides as 

is As (Chapter 4, this thesis). A volatile Sb phase, likely Sb(III)2O3, was also  present in the 

roaster (Riveros et al., 2000).  

Changes in ore character and processing over time is likely to have only a minor 

influence on solid state speciation. The same roaster was used from 1958 to 1999 and changes 

were reportedly minor and would have been compensated for by adujusting other factors to 

ensure a consistent calcine (Marsden and House, 2006). Although ore richer in Sb was mined in 

later years, clinker problems would have prompted operators to limit Sb in the roaster feed. 

We also know that mixing of the waste streams is consistent (similar proportions of 

calcine and ESP residue). Therefore, changes in speciation with depth occurred post-deposition. 

Consistent mixing is evident by the consistent composition of arsenopyrite (As(-I)). Arsenopyrite 

is present in the calcine, but not the ESP residue. If a sediment layer is rich in arsenopyrite, that 

layer may represent a more calcine rich source. The consistent arsenopyrite composition with 

depth in BP, suggests that the source material is similar and represents consistent mixing. Post-

depositional changes in speciation is also evident by the presence of the Sb(III)-S and As(III)-S 

phases in sediment, which are not present in the calcine or ESP residue.  

3.4.2 Controls on Mobility 

The source of the As and Sb in BP sediment is, primarily, tailings consisting of the 

calcine and ESP residue, deposited prior to 1981 (when the mine gained greater control over 
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waste disposal) during turbulent spring flow events. It is evident that soluble phases of As and Sb 

were formed in the roaster. In the surficial zone in BP, Sb and As concentrations in pore-water 

are elevated, indicating soluble source of As and Sb. It is unlikely that mobile As and Sb is due to 

oxidation of As and Sb sulfides and sulfosalts in the oxidized zone because arsenopyrite 

represents a consistent proportion of the solid-phase speciation of As and no petrographic 

evidence of oxidation rims (i.e. no evidence of substantial dissolution), and Sb sulfides and 

sulfosalts were completely consumed in the roaster.  

It is apparent that in oxidized environments where As loading is high and attenuation is 

greatest, aqueous Sb concentrations are elevated (surficial layer in BP and in the settling pond) 

which can be attributed to competition for sorption sites. A number of researchers have reported 

that Sb(V) has a lower affinity for Fe-oxides than As(V), and that As(V) is more effective in 

competing for sorption sites (Leuz et al., 2006b; Casiot et al., 2007; Ashley et al., 2003; Mok and 

Wai, 1990). Thus, it is actually their similar geochemical behaviour, their affinity for adsorption 

onto Fe and Mn-oxides, that accounts for their different distribution in the oxidized zones. In 

contrast, As and Sb in BCC are both attenuated near the SWI which can be attributed to the lower 

loading of As and Sb and the availability of more surface sorption sites.  

Below the surficial layer and under more reducing conditions, at all three sites, the 

reduced species of As and the oxidized species of Sb dominates in pore-water. Most notably in 

BP and BCC, the distribution of As and Sb below the surficial layer also differ. Their different 

behaviour, the attenuation of Sb and increased mobility of As, may be best explained by their 

different adsorption dynamics. As conditions become progressively more reducing with depth 

As(V) adsorbed onto the Fe and Mn oxides reduces to As(III). Because As(III) does not sorb as 

strongly as As(V) (Bowell, 1994), As partitions into the aqueous phase (as As(III)). This is 

supported by the solid-phase speciation data where the As(V)-O phase displays a negative 
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correlation with depth, suggesting that this phase is reducing or destabilizing, as redox conditions 

become more reducing, at depth. Furthermore, as the As(V)-O is depleted in the sediment As(aq), 

as As(III), increases in pore-water. 

In contrast to As, reduced Sb is not released to the pore-water phase and the persistence 

of the Sb(V)-O phase under reducing conditions in BP, and most notably in BCV, suggests strong 

surface complexes on the surfaces of Fe-oxides, consistent with the pertinent research 

(Ackermann et al., 2008; Leuz et al., 2006b; Mitsunobu et al., 2006). In BP, where Sb was 

relatively mobile in the surficial layer, Sb below the surficial layer occupies the freed bonding 

sites on the surfaces of the Fe-oxides and partitions into the solid-phase. The Sb(V)-O solid-phase 

represents a consistent proportion of total Sb under different redox conditions, which suggests 

that the Sb(V)-O phase is inherently stable. The persistence of the Sb(V)-O phase in the more 

reducing environment of BCV is a further indication of the stability of this phase over time and in 

response to gradual burial and a decrease in oxygen. These results are consistent with those 

reported by Mitsunobu et al. (2007). The persistence of the Sb(V)-O solid phase and the Sb(V) 

aqueous phase, even under reducing conditions, would suggest that Sb is not reducing. In order to 

explore the reduction potential of Sb further we must first consider the reason for the co-existence 

of the reduced As species and the oxidized Sb species in pore-water.  

Arsenic(III) and Sb(V) co-exist in pore-water at all three sites. The co-existence of 

As(III) and Sb(V) in pore-water and surface water has been observed by other researchers as well 

(Mitsunobu et al., 2006; Casiot et al., 2007; Mok and Wai, 1990), suggesting that Sb reduces at a 

lower Eh than As. Unfortunately, there exists little reliable thermodynamic data for the Sb 

system, and the data that does exist for As and Sb is often not calculated for comparable species. 

In acid solution Latimer (1952) calculates the oxidation potential of HAsO2 to H3AsO4 as -0.559, 

and SbO+ to Sb2O5 as -0.581. In basic solution the oxidation potential of AsO2
- to AsO4

3- is 
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calculated to be 0.67, and SbO2
- to SbO3

- to be 0.589. Latimer (1952) clarifies the latter reaction 

by stating that SbO3
- is not a known stable Sb(V) oxyanion and so the oxidation product is more 

likely H3SbO6
4-, reducing the oxidation potential to 0.4 to account for hydroxide activity. In these 

reactions it is evident that Sb oxidizes at a lower potential than As.  

In order to thermodynamically account for the co-existence of As(III) and Sb(V) the 

oxidation potential of the system must be within the relatively narrow range of -0.559 and -0.581 

in acidic solutions, and 0.67 and 0.589 (or 0.4) in basic solutions. For example, if As(III) and 

Sb(V) co-exist at all three sites, all the sites must exhibit similar redox conditions, that is, their 

redox potentials all lie within the same narrow range. This is unlikely given that BP has elevated 

SO4
2-, lower Fe(II), and a complete lack of vegetation, compared to BCV. Furthermore, the BCV 

samples give off a distinctive H2S smell, which is produced only under more reducing conditions 

(Stumm and Morgan 1996). Based on these observations, BCV appears to have a much lower 

oxidation potential compared to BP. Yet, Sb(V) persists as the dominant species at both sites. 

Therefore, other factors controlling Sb speciation must be considered.  

The solid-state speciation results of BCV and BP sediment show the presence of a 

seemingly stable Sb(V)-O phase. This phase may be the source of Sb(V) to pore-water, and may 

be controlling the amount of Sb(V) in solution. Also, the oxidation of Sb(III) adsorbed onto 

mineral surfaces, and sometimes humic acids, has been observed and may be followed by 

desorption (Leuz et al., 2006b; Watkins et al., 2006; Buschmann and Sigg, 2004). Oxidation of 

Sb by humic acids is unlikely, because Sb(V)(aq) persists in all three sites, including BP where 

vegetation is lacking. A more plausible oxidation pathway is by Fe-oxides as demonstrated by 

Belzile et al. (2001), which are prevalent even under reducing conditions owing to the slow 

dissolution kinetics (Kneebone et al., 2002), and the thermodynamic stabilization by adsorbed 

anions (Majzlan, 2008).  
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The preferential reduction of As, over Sb via microbial activity cannot be discounted. In 

this study the activity of the microbes were not measured. However, Andrade (submitted 

manuscript) identified significant populations of As-reducing bacteria and sulfate-reducing 

bacteria in BCC. As illustrated in Figure 18, between -3.7cm and -5.2cm As(III) dominates, 

where As(V) dominates above and below this interval. Over the 0 to -10cm interval the redox 

sensitive species, Fe(II) and SO4
2-, do not change. The lack of evidence for redox-controlled 

speciation over this interval, and the punctuated nature of the As speciation profile (microbes tend 

to be active only over distinct depth intervals), suggests that microbes are mediating at least part 

of the As reduction in BCC.  

Finally, the significance of the Sb(III)-S phase in BP and BCV must also be considered. 

Precipitation or adsorption of the Sb(III)-S phase may be preferentially removing Sb(III) from 

pore-water, leaving only the Sb(V) species. Arsenic(III) bound to S was not present in the ore and 

so must be a secondary phase. Antimony(III) bound to S was present in the ore (stibnite and 

sulfosalts host Sb in the Sb(III) oxidation state, bound to sulfur). However, the Sb ore minerals 

were completely consumed in the roaster (as discussed previously), and this Sb(III)-S phase 

appears only deeper in the sediment profile in both BP and BCV, suggesting it is also a secondary 

phase. These phases could represent As and Sb adsorbing to the surface of a sulfide, such as 

mackinawite and pyrite (Kirsch et al., 2008; Farquhar et al., 2002; Gallegos et al., 2007; Wolthers 

et al., 2007), or the precipitation of an amorphous As(III) and Sb(III) sulfide phase (Kirsch et al., 

2008; Farquhar et al., 2002; Moore et al., 1988; La Force et al., 2000; Newman et al., 1997). The 

elevated sulfur that is required to precipitate As and Sb sulfur-bound phases is derived from many 

sources including sulfide oxidation, roaster-derived atmospheric SO2 fallout, additions of copper 

sulfate and ferric sulfate during water treatment. So, precipitation of sulfide phases is possible in 

this environment.  
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The appearance of the reduced form of Sb in the solid phase is evidence that reduction of 

Sb is occurring in the system. In addition to the precipitation or sorption of Sb onto sulfide, 

reduced Sb may also be strongly adsorbing to Fe-oxides. The linear combination XANES fitting 

results show that the percent composition of the Sb(III)-O phase increases over certain intervals 

in both BP (i.e. a 10% increase from -3 to -6cm)  and BCV (i.e. an 18% increase from -10 to -

16cm). Results reported by Leuz et al. (2006b) regarding adsorption of As and Sb onto goethite 

surfaces suggest that Sb(III) could out-compete As(III) for sorption sites. In fact, Sb(III) 

adsorption onto the surface of goethite is strong over a wide pH range (3 to 12) (Leuz et al, 

2006b). Clearly, Sb is being reduced and preferentially attenuated via adsorption and possibly 

precipitation with sulfides, and possibly Fe-oxides. The preferential attenuation of Sb(III) means 

aqueous Sb(V) will prevail as the dominant aqueous species. These results emphasize the 

importance of studying both the aqueous, and solid-phase species of Sb. The aqueous data alone 

would suggest that Sb is not being reduced and is in a state of pronounced disequilibrium. In fact, 

this does not appear to be the case. Instead, Sb(III) is being scavenged by sulfides and possibly 

Fe-oxides, or is preferentially precipitating, and the Sb(III) phases have low solubility at depth.  

However, in analyzing the distribution of these As(III)-S and Sb(III)-S phases in BCV, it 

is evident that their solubility increases when exposed to higher O2 levels. The rhizosphere, or 

root zone, in BCV corresponds to a peak in aqueous As and Sb (-10 cm). The rhizosphere is the 

area where interactions between the sediment and plant roots take place (Lombi and Nolan, 

2005). Rhizosphere geochemistry often differs from that of the bulk soil or sediment, most 

notably in terms of its relative acidity (Lombi and Nolan, 2005). Acidification of the rhizosphere 

occurs via a number of processes including the internal transport of O2 by the plant to the root 

zone (Kirk et al., 1993). The loss of O2 from the root to the surrounding soil leads to the oxidation 

of sulfides and the generation of H+ ions. This process is well described in research relating to 
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lowland rice agriculture where internally transported O2 gas is more efficient than transport 

through saturated soil (Kirk and Bajita, 1995). Similar to lowland rice, horsetails are described as 

having deep and extensive root systems (Brooks et al., 1981). In BCV the horsetails are 

submerged and the root systems are saturated, similar to the lowland rice plants.  

The oxygen influx appears to be oxidizing the secondary As and Sb S-bound phases, 

acidifying the rhizosphere, and mobilizing Sb, As, and S2-. Acidification of one to two pH units is 

commonly observed in the lowland rice rhizosphere (Kirk and Bajita, 1995). Similarly, a drop in 

pH of 1.3 is observed between -10 and -12 cm in BCV compared to top layers. Within the same 

zone there is a peak in pore-water As, Sb, and S2-. Furthermore, the solid-state speciation results 

show an increase in the percent composition of the Sb(V)-O phase. Also, an Sb(III)-S phase is 

present above and below, but not within the rhizosphere.  These observations support the idea that 

the horsetails are transporting O2 internally to the roots and that the O2 is being lost to the 

surrounding sediment such that the formation of S-bound phases prior to root development are 

oxidized. In BCV the mobilization of As and Sb owing to the oxidation of secondary As and Sb 

S-bound phases is contained within a narrow interval. However, it does indicate that oxidation of 

these secondary phases may lead to increased acidity and mobilization of As and Sb. If the deeper 

BCV sediments, and the Sb(III)-S and As(III)-S bearing sediments in BP, were exposed to O2, As 

and Sb would likely be released to the aquatic environment. 

Below the mid-core enrichment zone in BCC the relative mobility of As and Sb 

increases, and in fact is highest when the sediment concentrations are lowest, <26 ppm As and 

<0.4 ppm Sb. Evidently, the source is not the sediment, but more likely groundwater. Over the 

zone of increased mobility Fe(II) concentrations decrease, and the As(V) species dominates, 

suggesting an oxidized groundwater source. 
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3.4.3 Controls on mobility related to vegetation 

The significance of the presence of vegetation, unique to BCV, can be derived by 

exploring why aqueous As and Sb concentrations in pore-water are highest in BP, and their 

relative mobility lowest in BCV where the sediment contains the highest concentrations of As and 

Sb. The main factors that differentiate the sites, and hence may explain the relative mobility of As 

and Sb, are redox conditions and the presence of vegetation.  

As discussed previously, data and observations suggest that BCV is more reducing than 

BP. If the relative mobility of As is compared to redox conditions in the vertical profile, in BP for 

example, it can be seen that the relative mobility of As increases under more reducing conditions. 

Literature also suggests that As is more mobile in mildly reducing environments (Nordstrom and 

Archer, 2003). Yet, the relative mobility of As and Sb are lowest in BCV, the most reduced site. 

Hence, redox conditions cannot account for the high concentrations of aqueous As and Sb in BP 

and their low relative mobility in BCV.  

Arsenic and Sb are associated with horsetails in BCV, as evident by the elevated 

concentrations of As and Sb associated with the two plants collected, and the association of As 

and Sb with organic matter in the vegetated zone and not in the deeper zones. Vegetation can 

significantly impact the geochemistry of soil and sediment (Lombi and Nolan, 2005). 

Specifically, plant related processes can effectively attenuate metal(loid)s. For example, Sb and 

As can bind to natural organic matter (Buschmann and Sigg, 2004; Stollenwerk, 2003; 

Lintschinger et al., 1998), be uptaken by plants, or be subject to plant-induced precipitation 

(Lombi and Nolan, 2005). Furthermore, the presence of low molecular mass organic ligands can 

potentially increase the adsorption capacity of certain mineral surfaces (Violante et al., 2005). 

Slowey et al. (2007) found that the exudation of organic acids from the root zone and infiltration 

of meteoric water over vegetated tailings induced dissolution and precipitation reactions that 
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increased the stability of the Fe and Al mineral phases. If the phases that adsorb the As and Sb 

oxyanions stabilize, then the mobility of As and Sb should consequently decrease. The presence 

of vegetation has a number of mechanisms by which to attenuate and stabilize As and Sb over 

time and is likely the primary factor responsible for the reduced mobility of As and Sb in BCV is 

the presence of vegetation. 

The significance of the association of As and Sb with vegetation is two-fold. First, there 

is substantial evidence that the vegetation is acting as a barrier to contaminant movement. 

However, the uptake of As and Sb into the vegetation, and evidence of poor excretion of Sb 

(Hozhina et al., 2001), may pose a risk to animals and birds that feed on horsetails. Also, because 

the association of As and Sb dissolves upon plant death it is possible there may be a flux of As 

and Sb into the aqueous environment in the autumn season (Weis and Weis, 2004; Rai, 2008). 

However, it is also possible that As and Sb immediately partition into an inorganic solid phase. 

This matter needs to be investigated further. 

3.4.4 Implications for Remediation 

These findings have a number of implications for remediation of the Giant mine site. The 

potential instability of the As(III)-S and Sb(III)-S phases under more oxic conditions, the 

decreased mobility of As and Sb in vegetated environments, and the implications of As and Sb 

uptake by horsetails has been discussed. Furthermore, the fact that three to four phases of As and 

Sb, including oxygen and sulfur-bound phases, co-exist in BP and BCV sediment poses a 

significant challenge to remediators. For example, the Sb(III)-S and As(III)-S phases may be 

soluble under oxidizing conditions while the As(V)-O phase is unstable under reducing 

conditions. Not only are the relative stabilities of the diverse phases different, but the stabilities of 

the equivalent As and Sb phases, i.e. As(V)-O and Sb(V)-O, are also different. Remediators must 
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determine a strategy to minimize the mobility of these ecologically adverse elements in all their 

phases.  

The most important remedial strategy relating to the aqueous environments is to preserve 

the integrity of the surficial layer. As was seen in BCC, As and Sb are well attenuated in the 

surficial layer and upward fluxing is not occurring. In BP, Sb is not well attenuated over the 

entire surficial layer, as in BCC, due to the higher loading of As and Sb and the consequential 

competition for sorption sites. Still, upward fluxing appears to be minimal. Preservation of the 

attenuating surficial layer can be achieved by limiting the input of organic wastes that may 

promote microbially-mediated dissolution of the attenuating Fe and Mn-oxides. Another 

important remediation strategy is to decrease the overall loading of As and Sb. The tailings 

comprise a soluble source of As and Sb. Loading of As and Sb could be reduced if the mine-

water awaiting treatment were not stored on tailings, but rather, water in contact with the tailings 

should be limited. Mine-water should instead be stored in impermeable ponds or should be 

pumped directly to the water treatment plant rather than being stored at the surface. Moreover, the 

water treatment system should be re-designed to incorporate efficient Sb-removal processes. The 

water chemistry results from the settling pond show that the water treatment system is effective in 

removing As but not Sb. Also, additions of phosphate via household wastewater discharge, for 

example, should be limited. Phosphate has a similar electronic structure to As and Sb, forms 

oxyanions in water, and therefore competes with As and Sb for sorption sites. Desorption of As 

and Sb following phosphate additions has been documented (Nakamura and Sekine, 2008; Frau, 

et al., 2008).  
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3.5 Concluding Remarks 

It is evident that As and Sb exhibit some differences in geochemical behaviour. The 

Sb(V)-O phase is more stable than the As(V)-O phase over a wide range of redox conditions, 

consistent with results reported by Mitsunobu et al. (2007). Furthermore, Sb is well attenuated in 

reducing environments and at all depths when As and Sb loading is relatively low. In contrast, As 

is relatively mobile in reducing environments and has a higher affinity than Sb for attenuation in 

the surficial zone. Finally, the oxidized species of Sb and the reduced species As dominate the 

pore-waters in the reduced zones. Contrary to what may be predicted based on the aqueous 

speciation alone, Sb is undergoing post-depositional changes, but unlike As, the cycling of Sb 

involves the preferential partitioning of the reduced species to the solid phase. This highlights the 

importance of studying both the aqueous and solid-phase speciation.  

This study also highlights the usefulness of linear combination XANES fitting in 

complex systems. Many researchers have succeeded in using Extended X-ray Absorption Fine 

Structure (EXAFS) analyses in systems where only one species of Sb is present (Mitsunobu et al., 

2006; Scheinost et al., 2006; Takaoka et al., 2005). In complex, multi-phase systems, similar to 

the Giant mine-waste and sediment, differentiating between the many co-existing Sb phases using 

EXAFS would be very challenging.  

Research into the Sb system is becoming more prevalent. However, in order to 

understand the geochemical behaviour of this element, reliable thermodynamic data, most notably 

for the oxyanion equivalents of As, are needed. Also, knowledge regarding adsorption 

mechanisms and complexing of Sb on mineral surfaces is lacking, in spite of their significance in 

attenuating Sb in the environment. Furthermore, the adsorption dynamics and relative affinities of 

As and Sb on different mineral surfaces should be directly compared in studies as these elements 
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are often associated in the environment and compete for sorption sites. Given this information the 

relative mobility of co-existing As and Sb could be more accurately predicted.  

References: 

Ackermann S., Majzlan J., Bolanz R., Giere R. and Newville M. (2008) Sb sorption complexes 

on Fe oxide surfaces: An EXAFS study. Geochim. Cosmochim. Acta 72, A5-A5. 

Andrade C. F. (2006) Arsenic cycling and speciation in mining-impacted sediments and pore-

waters from Yellowknife Bay, Great Slave Lake, NWT. MSc thesis, Queen's University. 

Ashley P. M., Craw D., Graham B. P. and Chappell D. A. (2003) Environmental mobility of 

antimony around mesothermal stibnite deposits, New South Wales, Australia and southern 

New Zealand. J. Geochem. Explor. 77, 1-14. 

Asryan N. A., Alikhanyan A. S. and Nipan G. D. (2004) Thermodynamic stability of antimony 

oxides. Russian Journal of Physical Chemistry 78, 5-11. 

Barringer, J.L. and Johnsson, P.A., (1989).  Theoretical considerations and a simple method for 

measuring alkalinity and acidity in low –pH waters by Gran titration:  U.S. Geological 

Survey, Water Resources Investigations Report 89-4029. 

Belzile N., Chen Yuwei and Wang Zijian (2001) Oxidation of antimony (III) by amorphous iron 

and manganese oxyhydroxides. Chem. Geol. 174, 379-387. 

Bertine K. K. and Lee D. S. (1983) Antimony content and speciation in the water column and 

interstitial waters of Saanich Inlet In Trace Metals in Sea Water (eds. C. S. Wong, E. Boyle, 



 

 107 

K. W. Bruland, J. D. Burton and E. D. Goldberg). NATO Adc. Res. Inst. Plenum, New 

York, USA. pp. 21-38. 

Berube Y., Frenette M., Gilbert R. and Anctil C. (1974) Studies of Mine Waste Containment at 

Two Mines near Yellowknife, NWT, ALUR 1972-73. QS-3038-000-EE-A1, 1-181. 

Bowell R. J. (1994) Sorption of Arsenic by Iron-Oxides and Oxyhydroxides in Soils. Appl. 

Geochem. 9, 279-286. 

 Brinton, T.I., Antweiler, R.C., and Taylor, H.E. (1995).  Method for the determination of 

dissolved chloride, nitrate, and sulfate in natural water using ion chromatography:  U.S. 

Geological Survey, Open-File Report 95-426A. 

Buschmann J. and Sigg L. (2004) Antimony(III) binding to humic substances: Influence of pH 

and type of humic acid. Environ. Sci. Technol. 38, 4535-4541. 

Canam T. W. (2006) Discover, Mine Production, and Geology of the Giant Mine. In Gold in the 

Yellowknife Greenstone Belt, Northwest Territories: Results of the EXTECH III 

Multidisciplinary Research Project (eds. C. D. Anglin, H. Falck, D. F. Wright and E. J. 

Ambrose). Geological Association of Canada-Mineral Deposits Division, St. John's, 

Newfoundland & Labrador, Canada. pp. 196. 

Casiot C., Ujevic M., Munoz M., Seidel J. L. and Elbaz-Poulichet F. (2007) Antimony and 

arsenic mobility in a creek draining an antimony mine abandoned 85 years ago (upper Orb 

basin, France). Appl. Geochem. 22, 788-798. 



 

 108 

Chen Y., Deng T., Filella M. and Belzile N. (2003) Distribution and early diagenesis of antimony 

species in sediments and porewaters of freshwater lakes. Environmental Science and 

Technology 37, 1163-1168. 

Cherry J. A., Shaikh A. U., Tallman D. E. and Nicholson R. V. (1979) Arsenic Species as an 

Indicator of Redox Conditions in Groundwater. Journal of Hydrology 43, 373-392. 

Coleman L. C. (1957) Mineralogy of the Giant Yellowknife Gold Mine, Yellowknife, NWT. 

Econ. Geol. 52, 400-425. 

Craigen M. C. (2006) Controls on arsenic speciation in mine tailings and co-existing pore water 

in freshwater and marine settings from the lower seal harbour gold district, Nova Scotia, 

Canada. MSc. thesis, Queen's University. 

Eary L. E. and Schramke J. A. (1990) Rates of Inorganic Oxidation Reactions Involving 

Dissolved-Oxygen. ACS Symp. Ser. 416, 379-396. 

Farquhar M. L., Charnock J. M., Livens F. R. and Vaughan D. J. (2002) Mechanisms of arsenic 

uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and 

pyrite: An X-ray absorption spectroscopy study. Environ. Sci. Technol. 36, 1757-1762. 

Fawcett S. E., Andrade C. F., Walker S. R. and Jamieson H. E. (2006) Understanding the 

environmental legacy of the Giant gold mine, Yellowknife, NWT: Lessons from recent 

research. In Proceedings of CLRA/ACRSD 2006 annual meeting, Reclamation and 

Remediation: Policy to Practice, August 20-23, Ottawa, Canada. 



 

 109 

Filella M., Belzile N., and Chen Y. (2002) Antimony in the environment: a review focused on 

natural waters : II. Relevant solution chemistry. Earth-Sci. Rev. 59, 265-285. 

Frau F., Biddau R. and Fanfani L. (2008) Effect of major anions on arsenate desorption from 

ferrihydrite-bearing natural samples. Appl. Geochem. 23, 1451-1466. 

Gallegos T. J., Hyun S. P. and Hayes K. F. (2007) Spectroscopic investigation of the uptake of 

arsenite from solution by synthetic mackinawite. Environ. Sci. Technol. 41, 7781-7786. 

Giant Yellowknife Mines Limited (1981) A Submission to the Northwest Territories Water 

Board.  

Glew, J. (1989) A new trigger mechanism for sediment core sampling. J. of 

Paleolimnology, 2, 241-243. 

Greenwood N. N. and Earnshaw A. (1984) Arsenic, Antimony, Bismuth. In Chemistry of the 

Elements (ed. N. N. Greenwood). Pergamon Presss, London. pp. 547-578. 

Hozhina, E I (Khozhina,E.I.), Khramov A. A., Gerasimov P. A. and Kumarkov A. A. (2001) 

Uptake of heavy metals, arsenic, and antimony by aquatic plants in the vicinity of ore mining 

and processing industries; Geochemical studies of mining and the environment. J. Geochem. 

Explor. 74, 153-162. 

Inskeep W. P., McDermott T. R. and Fendorf S. (2002) Arsenic (V)/(III) cycling in soils and 

natural waters: chemical and microbiological processes. In Environmental Chemistry of 

Arsenic (ed. W. T. J. Frankenberger). Marcel Dekker Inc., New York, N.Y. pp. 183-215. 



 

 110 

Kirk G. J. D. and Bajita J. B. (1995) Root-Induced Iron Oxidation, Ph Changes and Zinc 

Solubilization in the Rhizosphere of Lowland Rice. New Phytol. 131, 129-137. 

Kirk G. J. D., Begg C. B. M. and Solivas J. L. (1993) The Chemistry of the Lowland Rice 

Rhizosphere. Plant Soil 156, 83-86. 

Kirsch R., Scheinost A. C., Rossberg A., Banerjee D. and Charlet L. (2008) Reduction of 

antimony by nano-particulate magnetite and mackinawite. Mineralogical Magazine 72, 185-

189. 

Kneebone P. E., O'Day P. A., Jones N. and Hering J. G. (2002) Deposition and fate of arsenic in 

iron- and arsenic-enriched reservoir sediments. Environ. Sci. Technol. 36, 381-386. 

Krupka K. M. and Serne R. J. (2002) Geochemical Factors Affecting the behaviour of antimony, 

cobalt, europium, technetium, and uranium in vadose sediments. PNNL-14126,  

Kuehnelt D., Goessler W., and Irgolic, K.J. (1997) The oxidation of arsenite in aqueous solutions. 

In Arsenic: Exposure and Health Effects, C.O. Abernathy, R.L. Calderon and W.R. 

Chappell, eds. Chap. 4, Chapman and Hall, London, 45-54. 

La Force M. J., Hansel C. M. and Fendorf S. (2000) Arsenic speciation, seasonal transformations, 

and co-distribution with iron in a mine waste-influenced palustrine emergent wetland. 

Environ. Sci. Technol. 34, 3937-3943. 

Latimer W. M. (1952) The Oxidation States of the Elements and Their Potentials in Aqueous 

Solutions. Prentice-Hall Inc, U.S.A. 



 

 111 

Leuz A., Hug S. J., Wehrli B. and Johnson C. A. (2006a) Iron-mediated oxidation of 

antimony(III) by oxygen and hydrogen peroxide compared to arsenic(III) oxidation. 

Environmental Science and Technology 40, 2565-2571. 

Leuz A. K., Monch H. and Johnson C. A. (2006b) Sorption of Sb(III) and Sb(V) to goethite: 

Influence on Sb(III) oxidation and mobilization. Environ. Sci. Technol. 40, 7277-7282. 

Lombi E. and Nolan A. L. (2005) Metal and arsenic bioavailability and uptake by 

hyperaccumulator plants. In Trace and Ultratrace Elements in Plants and Soil (ed. I. 

Shtangeeva). WIT Press, Great Britain. pp. 97-128. 

Majzlan J. (2008) Stabilization of iron oxide nanoparticles by the adsorption of sulfate, phosphate 

and arsenate. Geochim. Cosmochim. Acta 72, A587-A587. 

Manning B. A., Fendorf S. E. and Goldberg S. (1998) Surface structures and stability of 

arsenic(III) on goethite: Spectroscopic evidence for inner-sphere complexes. Environ. Sci. 

Technol. 32, 2383-2388. 

Manning B. A., Fendorf S. E., Bostick B. and Suarez D. L. (2002) Arsenic(III) oxidation and 

arsenic(V) adsorption reactions on synthetic birnessite. Environ. Sci. Technol. 36, 976-981. 

Marsden J. O. and House C. I. (2006) The Chemistry of Gold Extraction. Society for Mining, 

Metallurgy, and Exploration, Inc., U.S.A. 

Martin, A.J., Pedersen, T.F., 2002. Seasonal and inter-annual mobility of As in a lake 

impacted by metal mining. Environmental Science and Technology, 36: pp. 1516- 

1523.  



 

 112 

Martinez-Llado X., de Pablo J., Gimenez J., Ayora C., Marti V. and Rovira M. (2008) Sorption of 

antimony (V) onto synthetic goethite in carbonate medium. Solvent Extraction and Ion 

Exchange 26, 289-300. 

McCleskey, D.K., Nordstrom, D.K., and Ball, J.W., (2001).  Cation-Exchange Separation of 

Interfering Metals From Acid Mine Waters for Accurate Determination of Total Arsenic 

and Arsenic(III) by Hydride Generation-Atomic Absorption Spectrometry.  43rd Rocky 

Mountain Conference on Analytical Chemistry, Denver, CO July 29-Augusts 2. 

McCleskey R. B., Nordstrom D. K. and Maest A. S. (2004a) Preservation of water samples for 

arsenic(III). Appl. Geochem. 19, 995-1009. 

McCleskey, R.B., Nordstrom, D.K. and Naus, C.A., (2004b). Questa baseline and pre-mining 

ground-water-quality investigation. 16. Quality assurance and quality control for water 

analyses. U.S. Geological Survey, Open-File Report 2004-1341. 

McQuiston F. W. J. and Shoemaker R. S. (1975) Gold and silver cyanidation plant practices 

monograph. The American Institute of Mining, Metallurgical, and Petroleum Engineers, 

Inc., Port City Press, MD, USA. 

Mitsunobu S., Harada T. and Takahashi Y. (2006) Comparison of antimony behavior with that of 

arsenic under various soil redox conditions. Environ. Sci. Technol. 40, 7270-7276. 

Mok W. M. and Wai C. M. (1990) Distribution and Mobilization of Arsenic and Antimony 

Species in the Coeur-Dalene River, Idaho. Environ. Sci. Technol. 24, 102-108. 



 

 113 

Moore J. N., Ficklin W. H. and Johns C. (1988) Partitioning of Arsenic and Metals in Reducing 

Sulfidic Sediments. Environ. Sci. Technol. 22, 432-437. 

More M. A. and Pawson H. E. (1978) Giant Yellowknife Mines Limited. In Milling Practice in 

Canada (ed. D. E. Pickett). pp. 63-65. 

Morin G., Ostergren J. D., Juillot F., Ildefonse P., Calas G. and Brown G. E. (1999) XAFS 

determination of the chemical form of lead in smelter-contaminated soils and mine tailings: 

Importance of adsorption processes. Am. Mineral. 84, 420-434. 

Nakamura Y. M. and Sekine K. (2008) Sorption behaviour of selenium and antimony in soils as a 

function of phosphate ion concentration. Soil Science and Plant Nutrition 54, 332-341. 

Newman D. K., Beveridge T. J. and Morel F. M. M. (1997) Precipitation of arsenic trisulfide by 

Desulfotomaculum auripigmentum. Appl. Environ. Microbiol. 63, 2022-2028. 

Nishimura, T. and Umetsu, Y. (2000) Chemistry on Elimination of Arsenic, Antimony  

and Selenium from Aqueous Solutions with Iron(III) Species. In: Minor  

Metals 2000, Ed. C. A. Young. SME, Littleton CO, pp. 105-112. 

Nordstrom D. K. and Archer D. G. (2003) Arsenic thermodynamic data and environmental 

geochemistry. In Arsenic in Ground Water Geochemistry and Occurrence (eds. A. H. Welch 

and K. G. Stollenwerk). Kluwer Academic Publishers, U.S.A. pp. 1-25. 

Rai, P.K. (2008) Heavy metal pollution in aquatic ecosystems and its phytoremediation using 

wetland plants: an ecosustainable approach. International Journal of Phytoremediation 10, 

133-160. 



 

 114 

Riveros P. A., Dutrizac J. E. and Chen T. T. (2000) Recovery of Marketable Arsenic Trioxide 

from Arsenic-Rich Roaster Dust. Environmental Improvements in Mineral Processing and 

Extractive Metallurgy II, 135-149. 

Scheinost A. C., Rossberg A., Vantelon D., Xifra I., Kretzschmar R., Leuz A. K., Funke H. and 

Johnson C. A. (2006) Quantitative antimony speciation in shooting-range soils by EXAFS 

spectroscopy. Geochim. Cosmochim. Acta 70, 3299-3312. 

Slowey A. J., Johnson S. B., Newville M. and Brown G. E. (2007) Speciation and colloid 

transport of arsenic from mine tailings. Appl. Geochem. 22, 1884-1898. 

Stollenwerk K. G. (2003) Geochemical Processes Controlling Transport of Arsenic in 

Groundwater: A Review of Adsorption. In Arsenic in Ground Water Geochemistry and 

Occurence (eds. A. H. Welch and K. G. Stollenwerk). Kluwer Academic Publishers, U.S.A. 

pp. 67-100. 

Stookey, L.L. (1970) Ferrozine—a new spectrophotometric reagent for iron: Analytical 

Chemistry 42, p779-781. 

Stumm W. and Morgan J. J. (1996) Aquatic Chemistry. John Wiley and Sons Inc., New York, 

USA. 

Takaoka M., Fukutani S., Yamamoto T., Horiuchi M., Satta N., Takeda N., Oshita K., Yoneda 

M., Morisawa S. and Tanaka T. (2005) Determination of chemical form of antimony in 

contaminated soil around a smelter using X-ray absorption fine structure. Analytical 

Sciences 21, 769-773. 



 

 115 

To, T.B., Nordstrom, D.K., Cunningham, K.M., Ball, J.W. and McCleskey, R.B. (1999) New 

method for the direct determination of dissolved Fe(III) concentration in acid mine waters: 

Environmental Science and Technology 33, p. 807-813. 

Violante A., Ricciardella M., Pigna M. and Capasso R. (2005) Effects of organic ligands on the 

adsorption of trace elements onto metal oxides and organo-mineral complexes. In 

Biogeochemistry of Trace Elements in the Rhizosphere (eds. P. M. Huang and G. R. 

Gobran). Elsevier B.V., Amsterdam, The Netherlands. pp. 157-182. 

Walker S. R., Jamieson H. E., Lanzirotti A., Andrade C. F. and Hall G. E. M. (2005) The 

speciation of arsenic in iron oxides in mine wastes from the Giant gold mine, NWT: 

Application of synchrotron micro-XRD and micro-XANES at the grain scale. Canadian 

Mineralogist 43, 1205-1224. 

Watkins R., Weiss D., Dubbin W., Peel K., Coles B. and Arnold T. (2006) Investigations into the 

kinetics and thermodynamics of Sb(III) adsorption on goethite (alpha-FeOOH). J. Colloid 

Interface Sci. 303, 639-646. 

Waychunas G. A., Rea B. A., Fuller C. C. and Davis J. A. (1993) Surface-Chemistry of 

Ferrihydrite .1. Exafs Studies of the Geometry of Coprecipitated and Adsorbed Arsenate. 

Geochim. Cosmochim. Acta 57, 2251-2269. 

Weis, J.S., Weis, P. (2004) Metal uptake, transport and release by wetland plants: implications for 

phytoremediation and restoration. Environ. Int. 30, 685-700. 



 

 116 

Wolthers M., Butler I. B. and Rickard D. (2007) Influence of arsenic on iron sulfide 

transformations. Chem. Geol. 236, 217-227. 

 

 



 

 117 

Chapter 4 

Resolving the Complex Hosting and Speciation of As and Sb in Roaster-

generated Iron Oxides in Mine Waste and Sediment 

 

4.1 Introduction 

Understanding the solid-state speciation of elements is essential to predict their stability 

in the environment and is especially pertinent to the design of effective remediation strategies 

(Beauchemin and Kwong, 2006; Foster et al., 2002; Kneebone et al., 2002; Morin et al., 1999; 

O’Day et al., 1998; Savage et al., 2000; Walker et al., 2005). Arsenic and Sb are two elements 

commonly associated in ore bodies that can have negative impacts on human and ecosystem 

health if released to the aqueous environment (Filella et al., 2002a and references therein; WHO, 

1993). Their mobility, toxicity, and potential bioavailability are dependent upon their oxidation 

states (Filella et al., 2002a; Smedley and Kinniburgh, 2002). Arsenic and Sb are in the same 

group in the periodic table, have similar electronic structures, exist primarily in the 3+ and 5+ 

oxidation states in biological and environmental samples, and form oxyanions in water. The 

oxidation state of As and Sb is controlled primarily by Eh and pH and, in the aqueous state, 

comparable As and Sb oxyanions occupy similar regions in pH-Eh diagrams (Filella et al., 2002b; 

Smedley and Kinniburgh, 2002; Vink, 1996). Because of their many similarities As and Sb are 

often assumed to exhibit similar geochemical behaviour. The Giant mine site provides an 

opportunity to compare the behaviour of As and Sb because they are both present in the ore, mine 

waste, and the downstream aquatic environment.  

In the Giant ore As is present as arsenopyrite and arsenical pyrite. Antimony is present as 

stibnite (Sb2S3) and a number of sulfosalts including: boulangerite (Pb5Sb4S11), berthierite 

(FeSb2S4), chalcostibite (CuSbS2), jamesonite (PbFeSb6S14) and tetrahedrite ((Cu,Fe)12(Sb, 
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As)4S13). In many ways As and Sb occur as similar mineralogical forms. For example, the crystal 

structure of As2O3 is analogous to Sb2O3 (Wedepohl, 1974). However, in many cases the manner 

in which these elements are incorporated in mineral structures does differ. For example, stibnite 

(Sb2S3), the primary Sb-sulfide, and orpiment (As2S3) have the same lattice constants but 

unrelated crystal structures (Wedepohl, 1974). Moreover, pyrochlore crystal structures, mixed-

oxidation state, and oxysulfide minerals common to the Sb-system are absent from the As-

system, or not found in nature. Both As and Sb are hosted in sulfosalt minerals. However, Sb, not 

As, commonly occupies multiple crystallographic sites within this group. In the sulfosalt minerals 

As always bonds in trigonal coordination with sulfur whereas around Sb additional bonds must be 

considered (Wedepohl, 1974). When Sb bonds to more than three sulfur atoms in sulfosalts, 

departures from the galena-type array occur and complex distribution patterns of short and long 

Sb-S bonds are observed (Makovicky, 1989).  

To liberate the gold, the ore at Giant was roasted which produced volatile As and Sb 

phases which can react with Fe-oxides formed during the decomposition of arsenopyrite and 

pyrite. Within the roaster waste streams As is found to be associated with hematite and 

maghemite, the decomposition products of sulfides in the roaster (McCreadie and Blowes, 2000; 

Walker et al., 2005). In fact, the As content in maghemite is documented to be as high as 18.6% 

(Paktunc et al., 2006). Furthermore, Walker et al. (2005) found that As associated with 

maghemite and hematite in the Giant mine waste is hosted in the 3+ and 5+ oxidation states, 

evidence that the solid-gas phase reactions that occurred in the roaster were complex. 

The decomposition and transformation of Sb minerals in the roaster are not well 

understood. Metallurgical reports from Giant suggest that Sb was volatile in the roaster (Berube 

et al., 1974). In fact the Sb content in the roaster feed was closely monitored because Sb 

concentrations exceeding 0.75% caused clinkering of the roaster bed, reportedly due to the 
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formation of an Sb-sulfate mineral (Marsden and House, 2006). One study on the decomposition 

of jamesonite (PbFeSb6S14) at higher roasting temperatures (750°C) demonstrated that the final 

products depended on the amount of oxygen and steam present (Zhu et al., 2006). In the presence 

of steam, Sb was preferentially vaporized and no Sb products were found in the calcine (Sb was 

completely volatilized). In the presence of air and the absence of steam, jamesonite transformed 

into a stable Pb4Sb3FeO13 phase, hindering the volatilization of Sb. Steam would have been 

present in the roaster at Giant (the roaster feed was in the form of a slurry). However the roasting 

temperatures (500°C) are lower than in the study on jamesonite by Zhu et al. (2006). It is evident 

that the decomposition of sulfosalts in the Giant roaster may have been complex and the resulting 

products at 500°C are unknown. 

Most of the As and Sb in the ore went to the roaster (Fawcett et al., 2006), and after 

roasting was discharged to the environment. Therefore, it is important to understand the As and 

Sb-bearing roaster products in order to predict their stability in the environment. The reductive 

dissolution of roaster-derived maghemite and hematite has been observed (McCreadie and 

Blowes, 2000) resulting in a release of As and Fe to pore-water (Martin and Pederson, 2002). 

Also, Fe-oxides may undergo other transformations in response to the onset of more reducing 

conditions (Cornell and Schwertmann, 1996; Froelich et al., 1979). For example, maghemite and 

hematite are expected to recrystallize to form magnetite (Cornell and Schwertmann, 1996) and 

the fate of the adsorbed ions during these transformations is contested. For example, the 

transformation of an amorphous Fe-(oxyhydr)oxide to a crystalline Fe-(oxyhydr)oxide will result 

in a decrease in the amount of sorption sites, and hence decrease the amount of an ion that can be 

adsorbed (Tufano and Fendorf, 2008). However, it has recently been observed that the reduction 

of an Fe-(oxyhydr)oxide can actually increase retention of As owing to an increase in the binding 
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strength of the newly-formed Fe-oxide (Herbel and Fendorf, 2006; Kocar et al., 2006; Pedersen et 

al., 2006; Tufano and Fendorf, 2008). 

The rate of transformation or dissolution is dependant on a number of kinetic and 

thermodynamic considerations, including the presence of adsorbed ions and structurally 

incorporated elements (Cornell and Schwertmann, 1996). The size of the crystallites can also 

affect the rate of transformation and dissolution. Micro- and nano-cystalline minerals often 

exhibit adapted phase stability and reaction kinetics when compared to the equivalent macro-

crystalline minerals (Banfield and Zhang, 2001; Navrotsky, 2001). Based on the nature of the 

µXRD pattern (smooth rings rather than spotty rings), Walker et al. (2005) identified the 

maghemite grains in Giant tailings as “polycrystalline nanoparticulate composite grains”. 

  Using bulk and micro-XANES, µXRD, petrography, conventional and synchrotron-based 

microprobe we have characterized the roaster products (calcine and ESP residue) in order to 

understand the reactivity of As and Sb in the roaster, and evaluate their potential stability in the 

environment. To investigate their post-depositional transformations, we studied As and Sb 

associated with maghemite and other phases in the submerged Baker Pond sediment, at two 

different depths below the sediment-water interface. The distinct geochemical behaviour of As 

and Sb under reducing conditions is documented.  

4.2 Background 

Giant is a gold mine located 5 km north of Yellowknife, Canada, on the northern arm of 

Great Slave Lake. Giant produced gold for fifty years, between 1948-1999, and is currently 

undergoing remediation. The ore deposits are located in the Archaen Yellowknife Bay 

supergroup greenstone belt, and hosted in deformation and alteration zones that crosscut the Kam 

Group mafic volcanics (Canam, 2006). The ore zones contain up to 15% sulfides, more often 
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<5%, which include pyrite, arsenopyrite, sphalerite, chalcopyrite, stibnite, and Sb-bearing 

sulphosalts (Coleman, 1957). The Au is refractory and hosted primarily in arsenopyrite, and to a 

lesser extent in pyrite and quartz (Coleman, 1957). To extract gold, the ore was crushed, subject 

to froth floatation, roasting, and cyanidation.  

Roasting was conducted at 500ºC over two stages. The first stage of roasting was oxygen-

restricted with the purpose of volatilizing the As and S. The second stage of roasting was 

oxidizing and transformed the arsenopyrite and pyrite into porous Fe-oxides (maghemite and 

hematite). Porous and fractured hematite and maghemite are the desired end-products of roasting 

because they are amenable to cyanidation and hence, gold extraction. Specific details of the 

roasting process are discussed in detail by More and Pawson (1978) and Walker et al. (2005). 

Roasting produced three separate streams, the calcine, which is what remains in the roaster bed, 

the electrostatic precipitator residue (ESP) is composed of the fine-grained particles collected 

from the off-gases, and the sublimated gaseous phase is collected in the baghouse. In this study 

we focus on As and Sb in the calcine and ESP residue, but it should be noted that a significant 

amount of As and Sb was collected in the baghouse.  

Arsenic trioxide is the volatile phase produced in the roasting of arsenopyrite (Marsden 

and House, 2006). Arsenic trioxide was collected in the baghouse (proceeding the dust collection 

in electrostatic precipitator) and is currently being stored in the underground stopes (SRK 

Consulting and SENES Consultants Ltd., 2007). The Sb gaseous phase was likely Sb2O3, the 

predicted decomposition phase of stibnite (the primary Sb-bearing ore mineral) and a phase that 

exhibits high vapour pressure even at low roasting temperatures (Marsden and House, 2006). The 

mixed oxidation-state Sb mineral, Sb2O4, is also predicted to be thermodynamically stable under 

the roasting conditions (Asryan et al., 2004).  There is evidence that Sb was completely 
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volatilized in the roaster at Giant (discussed later), but the reaction products have never been 

characterized. 

 Following cyanidation, the calcine and ESP residue are mixed, along with the finest 

fraction of floatation tailings (which contains low amounts of As and Sb) and discharged to the 

tailings ponds. Baker Pond is a natural pond that lies downstream from the current water 

treatment plant. Prior to the operation of the water treatment plant in 1981 and the 

implementation of better sedimentation controls, significant amounts of tailings flowed over the 

ice-covered dams in the spring and were deposited in the northernmost section of Baker Pond 

(Berube et al., 1974). Additional work at Baker Pond documents a redox profile that is more 

oxidizing in the surficial sediment and more reducing 16 cm below the sediment-water interface 

(Chapter 3, this thesis). 
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4.3 Methods 

4.3.1 Sample Collection and Preparation 

Baker Pond sediment cores were extracted using a gravity corer and clear core tubes 60 

cm in length and 7.5 cm in diameter. The water at the time of sampling, August 2005, was 

approximately 1.5 m above the sediment-water interface (SWI). The entire core is massive in 

appearance, light grey in colour, and composed of very fine-grained sediment. Cores were 

immediately covered to avoid photo-oxidation reactions during transport. The core was extruded, 

in a laboratory, at centimeter intervals, in a nitrogen-purged glovebag. The extruded core samples 

were immediately frozen for transport. Two samples were chosen from a larger suite of samples 

for analyses: BP01 (sediment from the 0 to -1 cm interval) and BP15 (sediment from the -16 cm 

interval) and were dried under a N2 atmosphere. Walker et al. (2005) describe the collection and 

treatment of the calcine and ESP residue samples provided by staff at the Giant mine. 

Detachable thin sections were prepared for the calcine, ESP residue, and the two 

sediment samples from Baker Pond using a method described by Walker et al. (2005). Thin 

sections were examined microscopically in both reflected and transmitted light. Roaster oxide 

grains were identified and targeted using petrography in all but the Baker Pond sections. Due to 

the very fine-grained nature of the Baker Pond sediment, targets for µXANES and µXRD 

analyses were chosen based on element associations evident in the µXRF maps, rather than 

petrography. Thin sections were detached from the glass slide, mounted on KaptonTM, and 

oriented 45º to the beam. 

4.3.2 Analyses 

Micro-XANES, µXRD, and µXRF analyses are performed on thin sections using a 

monochromatic beam focused to 5 µm. Details regarding the experimental-setup of the 
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microprobe end station at PNC-XOR, including imaging, micro-XAS, and µXRD, are outlined by 

Heald et al. (2007). Micro-XRD experiments are conducted in transmission mode by tuning the 

incident beam to 30,700 eV, and measured using a FujiBas2500 area detector. The detector was 

calibrated using a NIST 640C silicon standard. The distance between the camera and the sample 

is approximately 220 mm. In the analysis of the silicon standard d-spacings ranging from 3.13-

0.53 were clearly observed. The d-spacings are determined by integrating the 2D pattern using 

Fit2D to produce a powder diffraction pattern (Hammersley, 1998). The pattern is processed, and 

the phases are identified using HIGHSCORE PLUSTM software. 

Bulk XANES were collected from all samples using an unfocused beam approximately 

0.5 mm in diameter.  The bulk XANES samples were mounted in 3 mm-thick teflon holders and 

sealed with Kapton™ tape. All Sb XANES were collected at the Sb K-edge (30,491 eV), and As 

XANES at the As K-edge (11,868 eV), over two sessions at the PNC-XOR undulator beamline, 

20-ID, at the Advanced Photon Source. A Si(311) double-crystal monochromator was used to 

control the X-ray energy and was calibrated with the Sb metal at the Sb K-edge, and Au foil near 

the As K-edge. The second crystal of the monochromator was detuned by 20% from the peak 

intensity (as measured by a pre-slit ion chamber upstream of the sample slits) at 200 – 250eV 

above the K-edges of Sb or As, to reduce the presence of higher harmonic energies from the 

monochromator. The KB mirrors at 2 mrad angle provided further harmonic rejection. Spectra 

were collected in fluorescence mode using a 7-element Canberra Ge(Li) detector. Three to five 

scans were collected for each sample. The individual scans were calibrated to a Sb2O3 standard, 

and a Au standard in the case of As, that was run simultaneously. The first and last scans 

exhibited consistent features and position in the near edge, thereby confirming no beam damage 

had occurred. 

Processing of XANES data and linear combination fitting analyses were carried out using 
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ATHENA software (Ravel, 2007). Linear combination fitting was performed on the normalized 

As spectra, 50eV over the edge position, and on the normalized Sb derivative spectra 100eV over 

edge position. Different fitting approaches were employed on As and Sb K-edge XANES spectra 

because the energy-dependence of the near-edge for the Sb materials is more readily apparent by 

examination of the derivatives of the spectra. In Chapter 2 of this thesis I discuss linear 

combination fitting of Sb K-edge XANES spectra in detail.  The model compounds used in fitting 

Sb K-edge spectra include Sb2O5 and Sb2O3 obtained commercially (Fisher Scientific, 99.995%), 

and tetrahedrite ((Cu,Fe,Zn)12Sb4S13) were obtained from the Miller Museum (M361) at Queen’s 

University, and were verified by X-ray diffraction.  

Scorodite (FeAsO4.2H2O), arsenolite (As2O3), and arsenopyrite (FeAsS) were employed 

in fitting As K-edge spectra. Scorodite (M6303) and arsenopyrite (M5579) were acquired from 

the Miller museum at Queen’s University, and arsenolite is a J.T. Baker reagent. The percentages 

reported in the linear combination fitting analyses are normalized to 100%. Before correction Sb 

totals vary between 90% and 115%, but are generally greater than 98% and 108%. Arsenic totals 

vary from 90% to 100%.  

 Some grains in the calcine were analyzed using electron probe micro-analysis to quantify 

the amount of Sb associated with the maghemite grains previously analyzed by Walker et al. 

(2005). EPMA data were collected with an ARL-SEMQ electron microprobe at an accelerating 

voltage of 15 kV, a take-off angle of 52.5°, 100 mA emission current, and a 40 nA beam current. 

A wavelength-dispersion spectrum was collected to identify the positions of Sb and Ca, an 

interfering element that is ubiquitous in the samples analyzed. Based on the positions of Sb and 

Ca in the spectrum, four positions for background collection were identified: two on the high 

energy side of the Sb peak, one between the Ca and Sb peak, and one on the low energy side of 

Ca. The background concentrations were averaged, this approach was determined to yield the 
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same results as calculating the slope of the background. Matrix corrections of the intensity 

measurements were made using a ZAF correction program supplied by Tracor Northern. 

Analytical standards for EPMA included: Sb-metal from Johnson Mathey and Co. Ltd., and 

tetrahedrite from Luce, Yale University, for Sb, and calcium phosphate from the University of 

Keppler, West Germany, for Ca.  

The tetrahedrite standard was analyzed six times over the course of the data collection. 

The average calculated apparent concentration is 20.48%, the reference value is 20.3%. The 

relative standard deviation of the six analyses is 1.79% and all values are within 4% of the 

reference value. The calculated minimum detection limit based on three standard deviations of the 

distribution of  (counts on the peak)-(counts on the background) (Fialin et al., 1999) is 0.6%. 

However, at a calculated apparent concentration of 0.3% the signal of the Sb peak is 30% above 

the background signal. Furthermore, precision (+/- 2σ) calculated based on the formula in Fialin 

et al. (1999) (includes statistical error on the k-ratios relating to low concentrations), using the 

counting statistics on 0.3% concentration sample points, is 28%. At 0.2% the precision increases 

to 65%. Therefore, the detection limit is determined to be 0.29% based on an acceptable precision 

value of <50% (Fialin et al., 1999). 

4.4 Results 

4.4.1 Electron Probe Micro-Analyses 

The grain shown in Figure 25, a mixture of maghemite and hematite as confirmed by 

µXRD, is the same grain analyzed by Walker et al. (2005) using the same techniques as 

employed in this study. The As data corresponding to this grain is described in detail by Walker 

et al. (2005) and will only be summarized here. The concentrations of As and Sb associated with 

the maghemite grain are elevated 0.9% and 0.3%, respectively. The µXRF images show that Sb is 
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more concentrated in the maghemite-rich part of the grain, rather than the hematite-rich part of 

the grain. Walker et al. (2005) also found lower As concentrations in hematite compared to 

maghemite. In total, 27 maghemite grains in the calcine were analyzed for As resulting in an 

average concentration of 2.9% and a maximum of 7.6% (Walker et al., 2005). Seven maghemite 

and hematite grains in the calcine were analyzed for Sb resulting in an average concentration of 

0.6% and a maximum concentration of 1.4%.  

The varying degree of porosity in the maghemite and hematite grains may account for the 

variability in the EPMA-determined concentrations of As and Sb in the roaster oxides. The 

standards used to determine concentrations by EPMA are solid and homogeneous, while the 

roaster oxides exhibit different textures and different degrees of porosity. Therefore, the 

concentration is dependent on degree of porosity and even the position on the grain where the 

analysis is conducted. It would be expected that the real concentration is higher than the 

calculated apparent concentration. Still, it is obvious that the roaster oxides host significant 

amounts of As and Sb. 

4.4.2 Antimony and Arsenic Speciation in Roaster Oxides 

In the calcine, As and Sb associated with maghemite are hosted in multiple oxidation 

states: As5+ bound to oxygen (As5+-O), As3+ bound to oxygen (As3+-O), As-I bound to sulfur (As1-

S), Sb5+-O and Sb3+-O (see Table 6). In the XANES region the oxidation state and the next-

nearest atom can be determined (based on shape and edge-position comparisons with model 

compounds), but the exact mineral phase cannot be resolved (i.e. As5+-O bonding is present, but 

we cannot state conclusively that it is scorodite). Because arsenopyrite is identified using 

petrography the As1--S component is attributed to relic arsenopyrite. The relative proportion of 

each oxidation associated with maghemite in the calcine is variable (see Table 6). The error 

involved in linear combination fitting of Sb XANES spectra may account for some of the 
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variability in percent composition, but cannot explain a range of 29%. More likely it reflects the 

stability of both oxidation states, in various relative amounts, under roasting conditions and 

subsequent cyanidation. In the ESP residue 3+ is consistently the dominant oxidation state of both 

As and Sb associated with maghemite (see Figure 26 and Table 6).  

LCF of Antimony LCF of Arsenic 
Sample  

Sb5+-O  Sb3+-O Sb3+-S As5+-O As3+-O As3+-S As-1-S 

Shown 
in 

Figure 
Calcine              

M2M CA6 65 35 0 45 40 0 15 25 
M2M2_1 41 59 0         
M2M2_2 61 39 0         

M2M08_1 63 37 0         
Bulk 60 40 0 48 39 0 13   

               
ESP 

Residue              
M4MT2a 12 88 0 24 76 0 0 26 

M4MT2a_bk      24 76 0 0   
M4MT2a_3 0 100 0         
M4MT2c_1 16 84 0         
M4MT2c_2 5 95 0         
M4MT2c_4 16 84 0         
M4MT2C_5 0 100 0         

Bulk 11 89 0 22 88 0 0   
               

0 to -1cm              
Baker Pond              

BP01_2b 74 26 0 75 25 0 0 27 
BP01_3 52 48 0         
BP01_5 45 55 0 78 22 0 0   
BP01_6b 61 39 0         

Bulk 70 30 0 62 21 0 17 30 
               

-16cm               
Baker Pond              

BP15_1b 18 19 63 15 85 0 0 27 
BP15_201b 20 20 60         
BP15_202b 19 19 62 15 85 0 0   

Bulk 58 23 19 16 44 29 11 31 

Table 6. Linear combination fitting analyses of roaster oxide grains and bulk As and Sb XANES 

spectra. 
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Figure 25.  EPMA, µXANES, µXRF, and µXRD results of a hematite-rich maghemite grain from 

the calcine (M2M Ca6). a) Petrographic image in transmitted and reflected light, EPMA 

analytical points are given by the white circles, the black circle corresponds to the location of 

µXANES (b) and µXRD (d) analyses. c) µXRF map showing Fe and Sb distribution. 
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Figure 26.  µXANES and µXRD results of a hematite-rich maghemite grain from the ESP residue 

(M4M-T2a). a) Petrographic image in transmitted and reflected light, the black circle corresponds 

to the location of µXANES (b) and µXRD (c) analyses.  

 

Shown in Figure 27 are the µXRD and µXANES spectra from roaster oxide grains 

located in the surficial layer (0 to -1 cm depth), and from -16 cm where conditions are relatively 

reducing. The grains presented in Figure 27 were not visible under reflected or transmitted light 

microscopy, likely because they were buried in the section. Because the µXRD patterns of 

maghemite and magnetite are similar, an unambiguous distinction between these two minerals is 

not possible without petrographic information. Magnetite may have formed in the roaster, and 

may also be the product of maghemite reduction in the environment. The smooth µXRD rings 
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shown in Figure 27 are consistent with the µXRD patterns collected on maghemite grains in the 

roaster materials, which suggests that these grains are primary, or transformed, roaster oxides. In 

the following discussion these smooth-ringed maghemite or magnetite grains in Baker Pond are 

referred to simply as roaster oxides. 

The dominant As and Sb species associated with roaster oxides in the surficial sediment 

are 5+, and 3+ in the deeper sediment (see Table 6). In the roaster oxides from the deeper 

sediment, both the associated As and Sb appear to have undergone transformation. The 

proportion of As3+-O associated with maghemite grains from deeper samples is higher than is 

observed in any of the grains discussed thus far. Antimony shows a transformation of Sb-bound 

to O to Sb3+-S suggesting a destabilization of Sb bound to the roaster oxide and a reprecipitation 

or sorption of Sb onto secondary sulfides (visible in thin section). 
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Figure 27. µXRD and µXANES results of two maghemite grains: the topmost µXRD pattern and 

µXANES scans were acquired from a maghemite/magnetite grain located in the surficial layer 

(BP01_2b, 0 to -1 cm), and the underlying µXRD pattern and µXANES scans were acquired 

from a maghemite/magnetite grain located at -16 cm (BP15_1b). 

 

4.4.3 Additional Arsenic and Antimony-bearing phases identified  

In addition to roaster oxides other As and Sb-bearing phases are identified and are 

illustrated in Figure 28 and Figure 29. The surficial grain shown in Figure 28 is an Sb5+-O phase 

that is also rich in Pb and contains some Ga and As. The Fe content is relatively low, which 

precludes an Fe-(oxyhydr)oxide and FePb4Sb3O13 (a decomposition product of jamesonite (Zhu et 

al., 2006). Diffraction of the BP01_6a grain is minimal and so is likely amorphous, and not 
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roaster-derived. Water treatment processes or weathering processes may be forming these Sb-Pb-

oxide particles, or Sb and Pb may be surface-sorbed to Mn-(oxyhydr)oxides or clays.   

 

Figure 28. µXRD (a), Sb µXANES (b), and Sb, As, Fe, Pb, and Ga µXRF maps (d) of an Sb-rich 

grain from the surficial (0 to -1cm) Baker Pond sediment (BP01_6a). 

 

 In the deeper (-16cm) zone As3+-S and Sb3+-S phases are encountered, as shown in Figure 

29. This is a phase that formed post-deposition as there was no As3+-S present in the ore, nor was 

it a final product of roasting. Antimony3+-S was present in the ore (stibnite and sulfosalts host Sb 

in the 3+ oxidation state and bound to sulfur). However, >99.7% of the Sb in the ore went to the 

roaster, and in the roaster it was completely reactive, such that undetectable amounts of Sb3+-S 

phases remained after roasting (see bulk fits of calcine and ESP residue in Table 6). Also, this 
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Sb3+-S phase is only observed at depth where conditions are relatively reducing which implies its 

formation occurred post-deposition. The grain is very small, and may even be smaller than the 

beam (5 µm) such that the spotty µXRD pattern could originate from the As and Sb-bearing 

grain, or surrounding and underlying grains. An unambiguous interpretation of the µXRD pattern 

at this grain scale is not possible.  

Adsorption of Sb and As onto mackinawite and pyrite has been reported (Farquhar et al., 

2002; Gallegos et al., 2007; Kirsch et al., 2008; Wolthers et al., 2007). However, the Fe content 

appears to be low, as shown in the µXRF maps. The precipitation of an amorphous As3+ and Sb3+ 

sulfide phase from solution is also possible and in the case of As, has been suggested as an 

important attenuation mechanism by other researchers (Farquhar et al., 2002; La Force et al., 

2000; McCreadie and Blowes, 2000; Moore et al., 1988; Newman et al., 1997). The elevated 

sulfur that is required to precipitate As and Sb sulfur-bound phases in Baker Pond is derived from 

many sources including sulfide oxidation, roaster-derived atmospheric SO2 fallout, and additions 

of copper sulfate and ferric sulfate during water treatment. It is interesting to note that other 

metals, including Pb, Zn, Cu, and Ga are also associated with this grain.  
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Figure 29. µXRD (a) µXANES (b) and µXRF (c) results of a grain in sediment collected from -

16 cm in Baker Pond (BP15_1a). Linear combination fitting results show that both the As and Sb 

associated with the grain are in the 3+ oxidation state and bound to S.  

 

4.4.4 Coincident Use of Bulk and µXANES 

Mine waste and Baker Pond sediment are silty-clay sized with many grains <5µm (the 

size of the micro-beam). Therefore, another As and Sb phase may be present but more finely 

disseminated. By comparing the bulk XANES signal (using a wider beam size to get a signal 

representative of the whole sample), to the µXANES spectra we can determine whether another 

phase not identified in the grain-by-grain analysis is present in the sample. It can be seen in Table 
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6 that the percent composition of the different As and Sb oxidation states is similar in the 

maghemite grains and in the bulk signal in the calcine, and in the ESP residue in the case of Sb, 

demonstrating that As and Sb are largely associated with the roaster oxides. Fitting of the bulk 

ESP residue As spectra yields a more dominant As3+-O signature compared to the maghemite 

spectra (88% compared to 76% in maghemite) which suggests the presence of another As3+-O 

phase. In fact, arsenolite (As3+
2O3) has been identified by µXANES and conventional XRD in the 

ESP residue (Walker et al., submitted manuscript).   

 The only As5+-O and As3+-O bearing grains identified in the surficial sediment were the 

roaster oxides, yet the ratio of As5+-O:As3+-O in the bulk signal is 2.95 and only 2.33 in the 

roaster oxide (see Table 6 and Figure 30). There may be variability in the As species composition 

in the roaster oxides or, there may be an As5+-O phase that was not identified in the grain-by-

grain analyses. Antimony5+ was found to be associated with roaster oxides and as an Sb5+-O 

amorphous phase. The Sb compositions associated with roaster oxides were highly variable, so 

the bulk signal does not provide an indication whether another discrete Sb3+-O phase exists.  
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Figure 30. As (a) and Sb (b) Bulk (BP01) and µXANES (BP01_2b, BP01_6a) derivative spectra. 

Black lines are the collected spectra, red lines are the spectra of the linear combination fitting 

results 

 

 A comparison of the bulk XANES and the µXANES spectra collected on the As and Sb-

rich grains in the deeper sediment is shown in Figure 31. The ratio of As5+-O: As3+-O is slightly 

higher (0.36) in the bulk than in the roaster oxide (0.18). However, within the range of error the 

results of the bulk As XANES fitting are consistent with As5+-O and As3+-O being hosted 

primarily by roaster oxides.  The Sb bulk XANES spectrum has a significant Sb5+-O dominant 

phase not identified in the grain-by-grain analyses, which suggests that it is finely disseminated.  
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Figure 31. As and Sb bulk (BP15) and µXANES spectra (BP15_1b, BP15_1a) and linear 

combination fitting results. Black lines are the collected spectra, red lines are the spectra of the 

linear combination fitting results. 

4.5 Discussion 

4.5.1 Relationship Between As, Sb, and the Roaster Oxides  

The exact relationship between the roaster oxides and As and Sb is unclear. The majority 

of the literature pertaining to the relationship between As, Sb, and maghemite, hematite, and 

magnetite, describe low-temperature adsorption mechanisms and reactions occurring between As 

and Sb in solution and solid-phase Fe-oxides. It is unclear whether As and Sb in the gaseous 

phase would react in a manner similar to As and Sb in solution, or whether the vapour-solid phase 

reactivity is unique. Walker et al. (2005) describe some potential relationships between As and 

the roaster oxides including: structural incorporation, surface adsorption, and the formation of 
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nanocrystalline As phases in the pores and fractures of roaster oxides. The structural 

incorporation of As3+ into the defect maghemite structure is deemed possible (Walker et al., 

2005), whereas As5+ and Sb5+ would cause a charge imbalance, and Sb3+ ions are too large (0.76 

pm, Shannon, 1976) to be accommodated in the crystal structure of the roaster oxides.  

Discrete As or Sb mineral phases were not identified using µXRD. However, µXRD can 

only detect phases and minerals that account for >5% of the total mineral composition. Arsenic 

and Sb associated with the roaster oxides are generally <5 wt. % and so As and Sb-bearing 

discrete mineral phases may not be detected. Similarly, if the phases formed are amorphous they 

would not be detected using µXRD. Given that As and Sb are present as two oxidation states, the 

nanocrystalline phases formed would have to be a composite of an As3+-O and As5+-O, Sb3+-O 

and Sb5+-O. Sb3+Sb5+O4 is not a significant component as evident by the non-unity ratios of 

Sb5+:Sb3+ (0.69 to 1.6 in the calcine, and 0 to 0.19 in the ESP residue). However, the formation of 

other nanocrystalline phases cannot be discounted. 

The large surface area of the roaster oxides, resulting from their nanocrystalline, porous, 

and fractured nature, suggests that adsorption of As and Sb to the surface of the roaster oxides is a 

prominent attenuation mechanism. In low-temperature experiments involving adsorption of As 

and Sb onto maghemite, magnetite, and hematite, strong inner-sphere complexes have been 

reported to form (Auffan et al., 2008; Coker et al., 2006; Kirsch et al., 2008; Manning et al., 

2002; Morin et al., 2008; Ona-Nguema et al., 2005; Wang et al., 2008). 

4.5.2 Roaster Oxides in Mine Waste and the Environment 

The speciation of As and Sb is different in the two roaster waste streams (5+ calcine and 

3+ in the ESP residue). Therefore, without supplementary data (i.e. aqueous analyses) it is 

difficult to distinguish between redox-controlled or anthropogenically-influenced speciation. For 

example, it is possible that the As3+ dominance associated with the roaster oxides in the deeper 
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Baker Pond sediment has not undergone any transformations but originates from the ESP residue 

in which the dominant As3+-O signature is anthropogenically-derived. Or, the As speciation 

associated with the same roaster oxide may suggest a preferential desorption or reduction of As5+. 

The pore-water As and Sb totals and speciation (Chapter 3, this thesis) provide evidence that the 

latter is occurring. Pore-water As concentrations are as high as 62.5 mg/L, and the As5+ species 

dominates only within the first 5cm below the sediment-water interface, suggesting post-

depositional transformation of As-associated with roaster oxides.  

 To account for the binding of Sb to sulfur in the deeper sediment, Sb must undergo 

desorption and subsequently re-precipitate as a sulfide, or adsorb onto a sulfide. Antimony 

cycling from the roaster oxide to the S-bound phase, and its low concentrations in pore-water 

(Chapter 3, this thesis), is evidence that this dynamic cycling between solid phases efficiently 

attenuates Sb. The presence of the Sb3+-S within the area of µXANES analyses of the roaster 

oxide grains is an indication that Sb mobility is very limited.  

The co-existence of multiple As and Sb-bearing phases indicates complex and dynamic 

cycling of these elements, and overlapping stability fields related in part to redox processes, but 

also to the relationship with the host mineral. The As3+-O phase has been observed to persist in 

maghemite in subaerially exposed tailings (Walker et al., 2005) and in roaster oxides in the 

suboxic environment of the surficial sediment in Baker Pond. Recent research into As3+ 

adsorption onto maghemite and magnetite surfaces suggests that it can form unique complexes. 

Specifically, Wang et al. (2008) found that As3+ can occupy the vacant Fe-tetrahedral sites 

forming a tridentate hexanuclear complex on the surface of magnetite. Similarly, Auffan et al. 

(2008) found that As3+ replaced tetrahedral sites on the surface of maghemite, binding to a high 

number of Fe octahedra. In addition to the potential structural incorporation of As3+, the 
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formation of this unique adsorption complex may account for apparent stability of As3+ and its 

persistent association with maghemite under a variety of environmental conditions. 

4.6 Concluding Remarks 

The finding that different waste streams host species in different compositions should 

influence the way researchers approach investigations into the transformation of As and Sb-rich 

materials and tailings in the environment around roasters and smelters. In these types of systems 

it is important to understand and recognize the complex nature of the source materials, in order to 

predict their stability in the environment, and to accurately describe any transformations these 

phases may undergo, or have undergone, in the environment. 

Also of significance to remediators and mine managers is the finding that As and Sb do 

exhibit distinctive behaviour, most notably in the deeper sediment. Both elements are hosted in 

multiple phases, undergo post-depositional transformations, and are subsequently attenuated by 

bonding to S. However, the efficiency of attenuation is different. Following desorption from the 

roaster oxides Sb is mobile only at a very local scale while As is mobile over a larger range. 

The prevalence of Sb5+ in the deeper sediment where most of the As has been reduced, is 

an indication that the redox chemistry of Sb is not fully understood, and that the Sb5+ oxidation 

state is apparently stable over a wide range of Eh conditions. This finding is consistent with that 

of Mitsunobu et al. (2006) who also found that Sb5+ bound to Fe3+ oxyhydroxide in soil is stable 

over a wide range of Eh conditions. Furthermore, without the bulk XANES to complement the 

µXANES the significance of this phase may have been underestimated by a considerable margin. 

In these types of environments where multiple phases and associations exist, some in lower 

concentrations, the combination µXANES and bulk XANES are capable of resolving the 

complexity. 
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The many advantages of coupling µXRD, µXRF, and µXANES techniques are outlined 

in Walker et al. (2005) and so will not be discussed at length here. However, this study illustrates 

that the coincident use of these techniques also provides valuable information on Sb associations. 

This finding is especially significant because gaining useful information from the Sb XANES 

region is more challenging compared to As. The Sb spectra are much broader, the 

crystallographic environment around Sb can be complex, and extracting a signal can be more 

difficult (Chapter 1, this thesis). To confound the problem, in environmental samples Sb is 

generally present in lower concentrations than As. However, if the total Sb in the bulk sample is 

too low to acquire a decent spectra, the combination of µXRF, µXRD, and µXANES is useful in 

targeting and characterizing the primary Sb-bearing phases. Antimony is emerging as a 

contaminant of concern, yet broad gaps in our knowledge of the geochemical cycling of Sb in the 

environment persist. Reliable and useful results can be achieved in a short amount of time using 

this combination of techniques and may prove to be an invaluable tool in advancing our 

understanding of the fate of Sb in the environment. 
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Chapter 5 

Conclusions 

5.1 Development of synchrotron-based methods for Sb 

A significant amount of information can be derived from the Sb XANES region if 

spectral resolution is optimized and the shape and positions of the spectra are carefully observed. 

Based on the data collected for this study, it is apparent that the shape and position of the spectra 

reveal whether a single phase or multiple phases are present. In the case of a single phase, the 

shape of the first derivative maxima also indicates whether the Sb atoms occupy single, or 

multiple, crystallographic sites. Due to the broad nature of the Sb K-edge spectra, and the 

complex mineralogical forms of Sb, interpretation and processing of Sb XANES data must be 

done attentively. For example, interpretation of oxidation state is dependant upon the approach 

used to determine the edge position, and each approach separates different edges by varying 

amounts. Novel to this study is the demonstration that linear combination fitting of the Sb-K edge 

spectra can yield reliable information if performed on the derivative spectra, which displays a 

greater degree of variance than the energy spectra.  

The application of Sb K-edge XANES on mine waste and sediment reveals the usefulness 

of this technique in complex matrices: two co-existing Sb phases are identified in the mine waste 

and surficial sediment, and three in the deeper sediment. The complexity of the system is further 

resolved by employing both bulk and µXANES techniques, and the coincident use of µXRD, 

µXRF, and µXANES. By pairing bulk and µXANES the persistent, finely disseminated, Sb(V)-O 

phase is identified. Micro-XANES alone cannot resolve the significance of the Sb(V)-O phase in 

the deeper sediment. Synchrotron-based X-ray absorption spectroscopy provides a powerful and 

unique method of characterizing antimony-bearing particles in terms of oxidation state and 
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chemical form. Synchrotron-based microanalysis is necessary to identify the Sb-bearing phases in 

the Giant samples because they are fine-grained and contain relatively low concentrations of Sb 

(i.e. too low to identify using conventional x-ray diffraction), and so are not amenable to other 

techniques.  

The minimum concentration of Sb from which a useful XANES spectrum can be 

acquired in complex matrices is high (226 ppm), relative to the Canadian soil quality guideline 

for residential use (20 ppm), for example. In samples containing lower Sb concentrations, or 

multiple Sb hosts, the coincident use of µXANES, µXRF, and µXRD is very useful. The specific 

Sb-host has higher concentrations of Sb than the sample as a whole, such that by targeting the 

specific hosts XANES characterization of Sb in low concentration samples is possible. The Sb-

bearing host is targeted using µXRF, the mineralogical host and the nature of the host 

(amorphous, micro-, or nanocrystalline) is determined using µXRD, and the solid-state speciation 

is derived using and µXANES. Synchrotron-based techniques are invaluable in advancing our 

understanding of the fate of Sb during anthropogenic processing and in the environment. 

5.2 Antimony in Mine Waste 

Antimony, like As, is largely associated with maghemite in mine waste at Giant. The lack 

of Sb ore minerals in mine waste indicates that Sb was completely volatilalized in the roaster. 

Furthermore, the hosting of Sb in multiple oxidation states is evidence that the volatile Sb phases 

reacted with roaster oxides in a complex manner. The ESP residue has a larger Sb(III)-O 

component relative to the calcine, as evident in the bulk XANES, and µXANES analyses of the 

maghemite grains. The revelation that anthropogenic processing can affect the speciation of 

elements has important implications for the interpretation of anthropogenically-impacted 

environments. A dominant Sb(III)-O component in sediment or soil may be due to anthropogenic 
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processing or post-depositional reduction in response to burial. Therefore, accurate interpretation 

of element transformations in anthropogenically-impacted environments requires a thorough 

characterization of the source material, and environmental materials (i.e. water, sediment, soil).  

5.3 Antimony in the Aqueous Environment 

Antimony concentrations are elevated in sediment, relative to soil quality guidelines for 

residential use (20 ppm). Sediment quality guidelines have not been established for Sb. Except 

where As and Sb loading is high (surficial layer in BP and water discharged from the treatment 

plant) Sb is well attenuated in the aqueous environments, as evident by the low pore-water 

concentrations and low mobility. Both As and Sb associated with the roaster oxides appear to be 

released in the deeper sediment. However, Sb is only mobile at a local scale and re-attenuates by 

binding to S within the µXANES analytical spatial resolution (5-30 µm). 

The Sb(V) species dominates in pore-water at each site and over a range of depths, owing 

in part to the preferential attenuation of the Sb(III) species, and to the persistence of an Sb(V)-O 

solid-phase. It is interesting to note that if pore-water data alone were used to interpret the system 

one may conclude that the oxidation potential of the system is high, or that Sb is in a state of 

disequilibrium. The sediment speciation results reveal that Sb is undergoing post-depositional 

reduction in response to burial. However, Sb(III) does not persist in the aqueous phase but instead 

partitions to the solid phase in the form of Sb(III)-S. This finding illustrates the importance of 

examining both the aqueous and solid phases, and may explain why Sb(V) persists in other 

reducing environments. 
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5.4 Antimony associated with Aquatic Vegetation 

Compared to BCC and BP, aqueous Sb concentrations in BCV are the lowest, sediment 

concentrations are highest, and the relative mobility of Sb is two orders of magnitude lower. 

Direct uptake by vegetation and indirect vegetative processes (i.e. exudation of organic acids) are 

considered the primary factors in the efficient attenuation of Sb. Small amounts of Sb partition 

into the pore-water in the rhizosphere where oxygen is excreted through the roots, likely due to 

oxidation of the Sb(III)-S phase. Antimony is associated with the horsetail, but this association 

dissolves upon seasonal plant death. 

5.5 Comparing the geochemical behaviour of As and Sb 

The distribution of As and Sb is similar in sediment, but not in the corresponding pore-

water in BCC and BP. In the surficial zones As is well attenuated (low pore-water 

concentrations), Sb is well attenuated in BCC but not BP. The difference between BCC and BP is 

the amount of As and Sb loading (i.e. As and Sb concentrations are higher in BP sediment and 

overlying surface water compared to BCC). When As and Sb loading is high As out-competes Sb 

for sorption sites on Fe and Mn (oxyhydr)oxides. In fact, in the surficial layer, it is the similar 

geochemical behaviour of As and Sb, their affinity for sorption sites on Fe and Mn 

(oxyhydr)oxides, that accounts for their different distribution in BP pore-water. Where As and Sb 

loading is lower (BCC), and sorption sites are not limited, both elements are well attenuated via 

adsorption.  

In the deeper BP and BCC sediment the geochemical behaviour of As and Sb differ. The 

reduced species of As and the oxidized species of Sb dominates the pore-water profile. The 

reduction of solid-phase As(V) results in a partitioning into the pore-water phase and an increase 

in As mobility. Antimony also reduces post-deposition, but in contrast to As the reduced Sb 
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species is attenuated and aqueous Sb concentrations remain relatively low. Another notable 

difference between As and Sb is the apparent stability of Sb(V)-O over a wide range of depths 

and Eh conditions. In contrast, the As(V)-O phase decreases significantly with depth. 

5.6 Implications for Remediation 

The greatest challenge faced by remediators at the Giant mine is the co-existence of 

oxygen and sulfur bound As (Andrade, 2006; Walker, et al. 2005; this thesis) and Sb phases. The 

As(III)-S and Sb(III)-S phases are unstable in the presence of oxygen (as evident in the 

rhizosphere in BCV), and oxygen-bound As is unstable in relatively more reducing conditions. 

Arsenic and Sb are effectively attenuated at the sediment-water interface. Therefore, preservation 

of the integrity of the surficial layer is imperative and can be achieved by limiting the input of 

organic wastes that may promote microbial-mediated dissolution of the attenuating Fe and Mn-

(oxyhydr)oxides (Andrade, 2006). Another important strategy is to limit the loading of ions that 

compete for sorption sites including: As, Sb, and phosphate. Decreasing the loading of As and Sb 

can be accomplished by limiting the contact between mine water pumped from underground and 

the tailings in the tailings ponds. The tailings contain soluble sources of As and Sb. Instead, mine 

water should be held in lined ponds or should be pumped directly to the water treatment plant. 

Also, Sb loading could be decreased through improved water treatment processes. In particular, 

the removal of Sb by flocculation with Fe(III) (the current process employed) probably requires a 

larger amount of Fe(III) and longer retention times. 

Uptake of As and Sb by aquatic horsetails is evident. In general, the presence of the 

aquatic horsetails inhibits the mobility of As and Sb. However, organisms feeding on horsetails 

may result in As and Sb entering the food chain and should be investigated. The fate of As and Sb 

upon the seasonal decomposition of the horsetails should also be investigated.  
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5.7 Recommendations for Future Work 

• Investigate the significance of the uptake of As and Sb by the aquatic horsetails: whether 

Sb and As can pass into the food chain, their fate upon seasonal decomposition of the 

vegetation, and the potential use of aquatic horsetails in phytoremediation of As and Sb at 

other contaminated aqueous sites. 

• It is evident that the presence of the aquatic horsetails (Equisetum fluviale) limits the 

mobility of As and Sb. However, the specific processes responsible for stabilizing As and 

Sb in sediment are not well understood and should be studied further. 

• The difference in the geochemical behaviour of As and Sb in the relatively reducing 

environments may be due to kinetics, thermodynamic differences, or microbiological 

activity. To determine which of these factors is responsible for their distinctive behaviour 

an investigation into the microbial communities, and their potential to reduce As or Sb, 

should be conducted. More generally, reliable thermodynamic data is needed, most 

notably for the oxyanion equivalents of As and Sb. The adsorption dynamics and relative 

affinities of As and Sb for sorption sites on Fe and Mn-(oxyhydr)oxides, and sulfide 

surfaces would also be useful.   

• It is recommended that the sludge from the settling pond be characterized, and the As and 

Sb-bearing phases identified, in order to understand the mechanisms responsible for the 

effective attenuation of As and the ineffective attenuation of Sb during water treatment. 

Also, As and Sb concentrations are higher in the settling pond prior to the 

commencement of water treatment operations in July, suggesting a potential instability of 

the As and Sb-hosting phases and a release of As and Sb over the winter and spring. 
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• Conduct both high temperature (i.e. roasting temperatures) and low temperature 

(environmental temperatures) experiments on sulfosalts to determine how they 

decompose in the roaster and the weathering products formed in the environment.  

• Electron-probe micro-analysis was conducted on a number of roaster oxides and was 

successful in separating the Sb and Ca peaks using wavelength-dispersive spectrometry. 

Although successful in identifying the presence of Sb, the calculation of apparent 

concentration proved inaccurate due to a lack of microprobe standards with sufficiently 

low concentrations of Sb. If such Sb standards could be obtained, EPMA analyses on the 

roaster oxides should be revisited to gain a better understanding of the amount of Sb 

associated with these grains.  

• There appears to be a source of Sb below the mid-core enrichment in BCC (see Figure 

17). An increase in the relative mobility of Sb is observed, and Sb pore-water 

concentrations increase despite a sediment concentration of < 1.3 ppm Sb. The source of 

Sb over this interval should be investigated. It should be noted that the peepers were 

installed adjacent to a waste-rock wall. Potential leaching of Sb from the waste rock wall 

should be examined. 

• Antimony concentrations are elevated in BCC bottom waters (0.071 mg/L) compared to 

pore-water (<0.010 mg/L) and drinking water guidelines (0.006 mg/L). Because Sb is 

well attenuated in BCC pore-water (no concentration gradient is observed in pore-water) 

it seems unlikely that Sb is fluxing upward from the sediment. Elevated Sb in BCC 

bottom waters may be due to ineffective water treatment processes, or another source 

near BCC may exist (i.e. there exist exposed and buried calcine piles on the Giant mine 
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property and adjacent to BCC). Baker Creek Channel is the main conduit into 

Yellowknife Bay. Hence, the source of Sb to surface water should be investigated.  

• Antimony and As concentrations are elevated in the polishing pond relative to the settling 

pond (see Appendix D). The matter was discussed with the lead consultant (SRK) who 

claim that if the hydraulic head at North tailings pond is elevated, relative to the polishing 

pond, metal(loid)-rich waters may flow in the shallow subsurface and discharge into the 

polishing pond. This matter should be investigated and if controlled, may decrease the 

loading of metal(loid)s to Baker Creek.  
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Appendix A-Model Compounds 
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Mineral Source Mineral ID 

Breithauptite Miller Museum C1453 
Kermesite Miller Museum M7878 
Sb Metal Miller Museum M84 
Lewisite Miller Museum M487 

Cervantite Miller Museum M6413 
Freibergite Miller Museum M8807 
Berthierite Miller Museum Uncatalogued 

Tetrahedrite Miller Museum M361 
Miargyrite Miller Museum M8168 
Bournonite Miller Museum M8805 
Scorodite Miller Museum M6303 

Arsenopyrite Miller Museum M5579 
Arsenolite J.T. Baker  Reagent 

Sb2O3 Fisher Scientific Reagent 
Sb2O5 Fisher Scientific Reagent 

  
All Miller Museum samples were verified by XRD 
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Appendix B: Sediment Results 
Element, Organic Carbon, and Nitrogen 
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Element Results 
Digested using hot Aqua Regia Leach, analyzed by ICP-MS at ACME Analytical, Vancouver, BC 
Fe, Ca, P, Mg, Ti, Al, Na, K, S are in %, all other values in ppm 
 
Baker Pond 
 

Sample 
Name 

Depth 
(cm)  Mo Cu Pb Zn Ag Ni Co Mn Fe As U 

BP-01 -1 1.3 206.9 331.5 529 2.4 57.1 22.9 862 4.47 1942.8 0.5 
BP-02 -2 1.2 213.5 353.3 566 2.2 52.8 21.2 873 4.55 1758.6 0.4 
BP-03 -3 1.1 285.5 323.8 539 2.2 56.1 22.5 843 4.43 1693 0.5 
BP-04 -4 1 266.9 319.8 507 2.2 54.5 22.9 822 4.24 1765.2 0.5 
BP-05 -5 1.1 241 305.1 491 2.2 60.3 23.4 783 4.2 1403.5 0.6 
BP-06 -6 1.9 121.9 166.7 268 1.2 48 18.9 454 2.98 1015.3 1.4 
BP-07 -7 1 133.4 193.6 316 1.4 48.2 20.9 518 3.2 881.3 1.1 
BP-08 -8 1.2 196.7 323.1 494 2.3 59.5 25 788 4.35 1079.9 0.8 
BP-09 -9 1.2 154.4 269.7 396 1.6 50.9 21.6 639 3.8 1298.4 1.1 
BP-10 -10 1.3 58.1 52.1 109 0.3 34.8 14.7 285 2.39 710.2 1.9 
BP-11 -11 1.2 185.1 235.9 369 1.7 65 32.2 669 3.52 1021.8 1.1 
BP-12 -12 2.4 128.4 149.8 241 1 60.2 25.3 462 3.15 1092.8 1.4 
BP-13 -13 1.3 177.2 264.4 402 1.8 64.6 28 632 3.97 1249.2 1 
BP-14 -14 1.4 177.5 232.6 358 1.6 75.4 31.7 581 3.66 1416.4 1.1 
BP-15 -16 1 221.2 361.8 543 2.5 65.9 29.3 845 4.65 1016.6 0.5 
BP-16 -18 2.2 149.2 201.3 325 1.4 65.6 23.6 582 3.5 2000.2 1.5 
BP-17 -20 0.7 143.2 190.1 300 1.1 36.7 14.8 484 2.74 677.7 0.8 
BP-18 -22 1.7 175.8 211.6 344 1.7 70.8 22.8 545 3.32 1350.5 1.2 
BP-19 -24 1.1 86.5 99.1 164 0.6 56.6 18 355 2.59 823.8 1.5 
BP-20 -26 1.2 68.2 72.7 127 0.5 61.7 18 301 2.39 663.2 1.6 
BP-21 -28 1 154.2 195.4 320 1.6 48 18.6 518 3.11 840.5 1.1 
BP-22 -30 1.3 99.1 62.8 116 0.9 36.4 13.1 281 2.18 666.9 2.1 
BP-23 -32 1.5 42.7 32.1 80 0.3 31.8 12.7 234 2.11 331.6 2.9 
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Baker Pond (cont.) 
 

Depth 
(cm)  Au Th Sr Cd Sb Bi V Ca P La Cr Mg 

-1 1.7424 2.5 39 2.4 400.7 0.4 69 2.83 0.041 9 57 1.68 
-2 1.524 2.4 32 2.3 461.4 0.4 56 3.29 0.042 8 51.5 1.66 
-3 1.441 2.9 33 2.2 426.1 0.3 58 3.08 0.043 10 55.2 1.55 
-4 1.3033 3 32 2.5 438.5 0.4 56 3.01 0.044 9 48.9 1.57 
-5 1.4894 3.3 35 2.1 429.9 0.4 54 2.84 0.047 10 47.6 1.46 
-6 1.0445 6.9 47 1.1 227.8 0.3 43 1.45 0.052 18 43.3 1.04 
-7 1.1602 6.3 46 1.4 259.1 0.3 49 1.69 0.05 16 43.7 1.15 
-8 1.6416 4 42 2 373.4 0.4 61 2.71 0.046 12 49.8 1.56 
-9 1.2812 5.1 41 1.6 365.4 0.3 50 2.23 0.047 14 49.9 1.42 

-10 0.5303 9.4 50 0.4 63.3 0.3 40 0.7 0.058 24 41.6 0.86 
-11 2.0715 5 52 1.6 298.1 0.3 48 2.17 0.059 14 44.7 1.45 
-12 1.7643 7.2 54 1 186.3 0.3 45 1.39 0.06 19 47.1 1.19 
-13 2.3574 4.4 42 1.9 320.6 0.3 48 2.14 0.053 12 47 1.53 
-14 2.669 5.4 45 1.7 305.6 0.4 46 2.02 0.053 14 47.9 1.41 
-16 2.6055 2.9 33 2.6 386.8 0.4 54 3.16 0.054 9 53.3 1.94 
-18 1.9244 5.8 37 1.5 300.3 0.3 45 1.92 0.053 14 47.2 1.4 
-20 0.824 6 23 1.2 282.4 0.2 35 1.65 0.049 14 32.9 1.08 
-22 2.5187 5.8 32 1.6 300.1 0.3 41 1.77 0.053 15 42 1.23 
-24 1.7402 8.2 33 0.8 142.7 0.3 41 1.02 0.052 19 40 0.96 
-26 1.2886 8.9 34 0.5 115.9 0.3 40 0.8 0.054 21 41.1 0.94 
-28 1.3246 6.4 32 1.4 255.7 0.3 44 1.77 0.055 16 44.1 1.27 
-30 0.8721 9.1 31 0.5 83.4 0.3 35 0.84 0.052 21 44.2 0.8 
-32 1.4147 10.1 39 0.3 49.4 0.3 39 0.59 0.058 25 40.3 0.76 
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Baker Pond (cont.) 
 

Depth 
(cm) Ba Ti B Al Na K W Hg Sc Tl S Ga Se 

-1 66 0.015 1 1.99 0.048 0.3 0.9 0.32 6.9 0.2 0.23 5 <.5 
-2 53 0.013 1 1.68 0.031 0.19 0.8 0.31 6 0.2 0.24 4 <.5 
-3 68 0.016 2 1.74 0.041 0.25 0.7 0.28 6.5 0.2 0.22 5 <.5 
-4 61 0.016 1 1.65 0.035 0.22 0.7 0.29 5.8 0.2 0.21 5 <.5 
-5 62 0.018 2 1.62 0.029 0.22 0.7 0.3 5.5 0.2 0.22 5 <.5 
-6 83 0.038 6 1.47 0.037 0.23 0.6 0.17 4.8 0.2 0.15 5 0.6 
-7 76 0.035 4 1.53 0.035 0.23 0.5 0.21 5.1 0.2 0.14 5 <.5 
-8 61 0.021 <1 1.85 0.033 0.24 0.6 0.24 7 0.2 0.19 5 <.5 
-9 67 0.025 3 1.71 0.033 0.23 0.5 0.2 5.3 0.2 0.18 5 <.5 
-10 111 0.056 9 1.59 0.05 0.27 0.3 0.06 4.3 0.2 0.12 6 0.5 
-11 60 0.027 6 1.66 0.037 0.2 0.6 0.21 5 0.2 0.24 5 0.9 
-12 86 0.041 12 1.67 0.047 0.24 0.5 0.18 4.7 0.2 0.25 5 1 
-13 61 0.023 6 1.69 0.038 0.21 0.6 0.32 5.5 0.2 0.36 5 0.8 
-14 74 0.027 8 1.64 0.042 0.23 0.6 0.22 5.1 0.2 0.28 5 1 
-16 50 0.014 5 1.87 0.034 0.2 0.8 0.3 6.1 0.2 0.25 5 0.6 
-18 81 0.03 9 1.66 0.044 0.23 0.6 0.2 5 0.2 0.27 5 1 
-20 57 0.026 3 1.2 0.035 0.18 0.6 0.15 3.5 0.1 0.16 4 <.5 
-22 79 0.029 6 1.47 0.044 0.2 0.6 0.21 4.5 0.2 0.23 5 1 
-24 99 0.05 10 1.55 0.038 0.23 0.4 0.09 4.3 0.2 0.15 5 0.9 
-26 108 0.053 11 1.56 0.042 0.25 0.3 0.08 4.2 0.2 0.14 5 0.8 
-28 85 0.036 8 1.56 0.042 0.24 0.7 0.16 4.9 0.2 0.2 5 0.7 
-30 103 0.051 8 1.36 0.047 0.24 0.3 0.07 3.8 0.2 0.2 4 0.5 
-32 121 0.061 12 1.57 0.053 0.29 0.3 0.06 4.2 0.2 0.23 5 0.8 
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Baker Creek Channel 
 

Sample 
Name 

Depth 
(cm)  Mo Cu Pb Zn Ag Ni Co Mn Fe As U 

BCC-01 -0.25 1.6 90.5 35.3 156 0.7 36.7 17.8 692 3.07 447.8 1.6 
BCC-02 -0.75 0.9 72.6 70.5 121 0.7 36 19.3 613 2.93 387.3 1.5 
BCC-03 -1.25 2 80.3 28.1 121 0.5 43.9 19.4 502 3.29 419.2 1.6 
BCC-04 -1.75 0.7 50.3 23 98 0.3 35.4 17.1 382 2.87 376.9 1.4 
BCC-05 -2.25 0.8 66.2 43.9 138 0.3 39.6 19.1 341 2.78 445.9 1.6 
BCC-06 -2.75 0.7 46.6 16.2 82 0.3 32.7 16.2 333 2.8 279.9 1.4 
BCC-07 -3.5 0.6 58 17 85 0.3 35.8 16.7 307 2.57 258.5 1.3 
BCC-08 -4.5 3.5 46.1 15.3 77 0.3 32.8 18.3 300 2.62 245 1.4 
BCC-09 -5.5 0.8 80.4 25.6 94 0.6 35.9 19.1 381 2.36 374.9 1.7 
BCC-10 -6.5 1.1 141.1 48.5 152 1.2 50.4 29.4 484 2.56 658 2 
BCC-11 -7.5 1.2 100 37.9 129 0.8 46.3 23.2 463 2.7 530.8 2 
BCC-12 -8.5 0.9 87.4 152.4 117 0.6 42 20.4 394 2.68 580.4 1.8 
BCC-13 -9.5 0.8 56.1 17.6 79 0.3 31.4 14.7 330 2.24 251.9 1.7 
BCC-14 -10.5 0.6 28.3 15.2 46 0.1 23.4 9.6 245 1.83 106 1.9 
BCC-15 -11.5 0.7 22.5 5.6 34 0.1 20.2 7.3 225 1.47 79.2 2.2 
BCC-16 -12.5 0.6 19.5 6.5 35 0.1 14.7 6.5 182 1.36 84 2.1 
BCC-17 -13.5 0.4 18.4 5.3 29 0.1 15 5.8 134 1.13 74.6 1.9 
BCC-18 -14.5 0.6 26 7.7 34 0.1 16.4 7.2 193 1.47 125.6 2.8 
BCC-19 -15.5 0.5 24.7 6.2 36 0.1 17.6 7.2 178 1.47 102.7 2.9 
BCC-20 -16.5 0.7 27.2 7.8 42 0.1 19.4 7.9 201 1.73 96 2.9 
BCC-21 -17.5 1.1 31 8.3 46 0.1 22.6 8.8 212 1.87 97.3 3.5 
BCC-22 -18.5 0.6 25.6 7.4 48 0.1 20.9 8.9 208 1.85 62 3 
BCC-23 -19.5 0.7 22.6 7.7 49 0.1 22.8 8.7 204 1.85 48.8 2.9 
BCC-24 -20.5 0.6 15.5 5.3 35 0.1 17.9 6.8 157 1.45 26.3 2 
BCC-25 -22 0.8 23.7 8.6 45 0.1 19.7 8 191 1.57 64.6 2.6 
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Baker Creek Channel (cont.) 
 

Depth 
(cm)  Au Th Sr Cd Sb Bi V Ca P La Cr Mg 

-0.25 1.13 7.8 21 0.5 35.2 0.2 40 0.5 0.042 33 31 0.84 
-0.75 1.09 7.8 21 2 33.2 0.3 45 0.47 0.051 20 31 0.98 
-1.25 0.93 7.6 21 0.2 29.7 0.2 49 0.42 0.047 22 37 0.94 
-1.75 0.75 7.4 18 0.4 22 0.2 46 0.4 0.047 21 31 0.97 
-2.25 0.89 7.5 19 0.3 36.5 0.2 46 0.41 0.046 21 30 0.9 
-2.75 0.55 7.6 17 0.2 17.3 0.2 43 0.45 0.043 20 30 0.91 
-3.5 0.74 7.9 16 0.2 17.8 0.2 43 0.42 0.041 34 29 0.92 
-4.5 0.60 6.9 14 0.2 15.7 0.2 42 0.45 0.042 17 28 0.89 
-5.5 1.51 7.3 19 0.4 23.3 0.2 42 0.47 0.05 20 28 0.81 
-6.5 2.89 7.8 25 0.6 44.6 0.2 44 0.48 0.055 21 30 0.8 
-7.5 1.83 8 25 0.5 33 0.2 47 0.49 0.053 21 33 0.85 
-8.5 1.37 7.8 25 0.3 62.9 0.2 47 0.44 0.048 21 29 0.85 
-9.5 0.70 7.8 23 0.2 20 0.2 41 0.4 0.048 21 28 0.67 
-10.5 0.13 8.8 23 0.1 6.6 0.2 33 0.32 0.048 22 24 0.54 
-11.5 0.04 7.7 18 0.1 1.3 0.2 27 0.3 0.049 19 22 0.46 
-12.5 0.06 7 18 0.1 2.4 0.1 25 0.27 0.045 18 19 0.41 
-13.5 0.05 6.8 14 0.1 1.8 0.1 21 0.25 0.046 18 17 0.35 
-14.5 0.04 7.6 21 0.2 1.4 0.2 27 0.34 0.045 21 19 0.41 
-15.5 0.01 8.2 21 0.2 0.6 0.2 28 0.32 0.046 22 20 0.44 
-16.5 0.02 8.5 24 0.2 0.8 0.2 32 0.33 0.044 23 23 0.49 
-17.5 0.01 9.1 25 0.3 0.5 0.2 34 0.37 0.046 24 26 0.53 
-18.5 0.01 8.7 23 0.2 0.4 0.2 35 0.34 0.048 23 26 0.56 
-19.5 0.00 8.9 22 0.2 0.3 0.2 34 0.32 0.054 23 26 0.59 
-20.5 0.01 7.6 16 0.1 0.4 0.1 26 0.26 0.05 20 20 0.45 
-22 0.09 8 19 0.1 3.5 0.2 28 0.29 0.051 21 23 0.49 

 



 166 

Baker Creek Channel (cont.) 
 

Depth 
(cm) Ba Ti B Al Na K W Hg Sc Tl S Ga Se 

-0.25 87 0.049 8 1.43 0.036 0.28 0.7 0.07 3.4 0.2 0.11 6 <.5 
-0.75 84 0.049 9 1.57 0.034 0.29 0.6 0.26 3.6 0.2 0.06 6 0.5 
-1.25 89 0.052 9 1.66 0.038 0.32 0.5 0.05 3.9 0.2 0.08 6 <.5 
-1.75 71 0.05 7 1.5 0.023 0.25 0.4 0.05 3.5 0.2 0.06 5 <.5 
-2.25 72 0.048 7 1.41 0.019 0.23 0.6 0.02 3.4 0.1 0.08 5 <.5 
-2.75 63 0.047 8 1.39 0.023 0.24 0.4 0.04 3.5 0.1 0.05 5 <.5 
-3.5 53 0.044 5 1.29 0.015 0.17 0.6 0.02 3.2 0.1 0.05 5 <.5 
-4.5 50 0.045 6 1.22 0.018 0.19 0.3 0.04 3 0.1 0.06 5 <.5 
-5.5 65 0.047 7 1.24 0.02 0.19 0.8 0.02 3.3 0.1 0.07 4 0.6 
-6.5 83 0.051 8 1.39 0.022 0.23 1.4 0.06 3.6 0.2 0.13 5 0.9 
-7.5 77 0.05 7 1.41 0.021 0.23 1.1 0.05 3.7 0.2 0.1 5 0.7 
-8.5 69 0.052 7 1.33 0.024 0.22 1.1 0.06 3.4 0.2 0.12 5 0.5 
-9.5 69 0.052 6 1.16 0.025 0.21 0.8 0.02 3.1 0.1 0.08 5 <.5 
-10.5 84 0.057 6 1.11 0.034 0.25 0.3 0.01 2.8 0.2 0.05 4 <.5 
-11.5 69 0.05 4 0.89 0.023 0.19 0.3 0.01 2.5 0.1 0.05 3 <.5 
-12.5 65 0.044 4 0.85 0.023 0.16 0.4 0.01 2.2 0.1 0.05 3 <.5 
-13.5 51 0.04 3 0.69 0.018 0.12 0.3 0.01 1.9 0.1 0.05 3 <.5 
-14.5 73 0.043 5 0.86 0.024 0.16 0.3 0.02 2.4 0.1 0.07 3 0.5 
-15.5 80 0.045 6 0.89 0.018 0.15 0.2 0.01 2.6 0.1 0.06 3 <.5 
-16.5 92 0.05 6 1.07 0.026 0.2 0.2 0.02 2.9 0.1 0.07 4 0.6 
-17.5 103 0.053 7 1.13 0.026 0.22 0.3 0.02 3.2 0.1 0.08 4 <.5 
-18.5 102 0.055 7 1.19 0.023 0.23 0.3 0.02 3.2 0.2 0.06 5 <.5 
-19.5 102 0.058 5 1.22 0.021 0.22 0.3 0.01 3.2 0.2 0.05 5 <.5 
-20.5 75 0.05 5 0.93 0.023 0.18 0.2 0.01 2.5 0.1 0.05 4 <.5 
-22 78 0.05 6 1.03 0.022 0.18 0.4 0.01 2.7 0.1 0.05 4 <.5 
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Baker Creek Vegetated 
 

Sample 
Name 

Depth 
(cm)  Mo Cu Pb Zn Ag Ni Co Mn Fe As U 

BCV-01 -0.5 13.2 688.1 93.5 226 2 175.6 57.8 396 3.29 1441.3 8.4 
BCV-02 -4 15.4 926.1 98.2 230 3.2 194.8 45.1 273 3.01 1385 7.5 
BCV-03 -6 17.3 843.3 75 192 4 178.6 35.4 221 2.51 844.5 6.7 
BCV-04 -8 13.7 809.6 70 175 6.7 129.5 29.2 253 2.99 640.7 4.6 
BCV-05 -10 26.1 1416.5 75.4 186 10 177.8 40 241 2.96 1582.5 4.9 
BCV-06 -12 24.1 1758.6 79.8 161 9.3 130.4 36 207 2.57 2164.8 5.2 
BCV-07 -14 17.1 3008.7 137.5 217 16.4 120.9 37.5 212 2.93 2258.3 3.9 
BCV-08 -16 9.9 2714.8 186 432 13.5 140.5 45.5 224 3.17 2345.4 2.8 
BCV-09 -18 7.2 2629 371.8 633 13.6 142 43.7 265 3.96 3263.7 2 
BCV-10 -20 4.3 2251.9 498.9 884 11.9 142.6 45.1 259 4.01 3699.6 1.9 
BCV-11 -22 3 1606.7 386.6 740 8.8 113.5 35.2 217 3.36 3006.9 1.6 
BCV-12 -24 2.2 1473.1 444 876 8.2 111.8 33.7 303 3.8 3334.2 1.5 
BCV-13 -26 2.1 1020.2 180.9 710 4.1 79.7 20.8 164 2.29 1942 2.9 
BCV-14 -28 1.9 1328.2 134.5 931 3.8 68.5 17.8 157 2.14 1718.6 3.5 
BCV-15 -30 2 1046.2 122.1 1150 4.3 75.4 22.3 167 2.21 2393.7 2.9 
BCV-16 -32 1 380.3 37.1 506 1.3 45.6 17.5 253 2.72 775.6 2.4 
BCV-17 -34 0.6 56.3 13.3 121 0.2 36.1 14.3 303 2.93 128 1.8 
BCV-18 -36 0.5 59 14.1 105 0.2 33.2 13.9 317 2.79 139.1 1.9 
BCV-19 -38 0.5 37 13.5 80 0.1 34.6 15 340 3.04 82.9 2 
BCV-20 -40 0.4 33.1 12.1 68 0.1 30.3 13.5 321 2.86 55.6 2.1 
BCV-21 -42 0.4 36.6 11.7 73 <.1 32.7 13.2 346 2.98 33.1 1.7 
BCV-22 -44 0.5 62 14.8 116 0.2 34.7 14 337 3.01 93 1.8 
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Baker Creek Vegetated (cont.) 
 

Depth 
(cm) Au Th Sr Cd Sb Bi V Ca P La Cr Mg 

-0.5 44.4 2.8 91 1.7 354.4 0.2 47 1.23 0.09 11 36 0.63 
-4 66.7 2.8 77 1.6 457.8 0.2 47 1.05 0.076 12 35 0.62 
-6 73.2 3.7 60 1.2 419 0.2 47 0.84 0.07 13 35 0.73 
-8 48.6 5.9 53 0.8 433.4 0.3 59 0.67 0.065 17 46 0.98 

-10 47.3 4.8 58 0.9 629.2 0.3 53 0.75 0.065 15 47 0.85 
-12 26.6 4.9 49 0.8 618.1 0.2 50 0.62 0.061 14 37 0.79 
-14 26.7 4.7 35 1 549.4 0.3 59 0.47 0.059 14 44 1 
-16 18.8 5.5 28 1.8 664.3 0.3 63 0.38 0.054 14 44 1.11 
-18 12.6 5 24 2.7 839.1 0.4 63 0.47 0.049 13 52 1.2 
-20 10.8 4.4 23 3.8 1068.9 0.5 62 0.57 0.048 13 46 1.21 
-22 8.1 4.8 19 3 825.2 0.5 49 0.48 0.044 12 38 1 
-24 7.5 4.4 20 3.4 863.7 0.5 52 0.7 0.041 12 40 1.13 
-26 3.6 6.8 29 1.9 415.1 0.3 35 0.48 0.041 19 29 0.63 
-28 2.8 7.4 33 2 316.1 0.3 36 0.46 0.042 21 29 0.57 
-30 3.9 7.8 29 2.4 239.9 0.4 38 0.4 0.047 21 32 0.66 
-32 0.9 11.7 35 0.8 54.3 0.3 50 0.4 0.053 28 37 0.9 
-34 0.2 12.9 38 0.2 9.5 0.3 52 0.42 0.056 31 38 0.96 
-36 0.2 12.6 41 0.3 8.4 0.3 51 0.42 0.055 32 37 0.93 
-38 0.1 14 42 0.2 3.6 0.3 53 0.44 0.059 34 38 0.99 
-40 0.1 13.2 40 0.2 2.6 0.3 50 0.44 0.059 32 36 0.9 
-42 0.1 13.9 42 0.2 2.4 0.3 54 0.43 0.062 34 39 0.98 
-44 0.2 14 43 0.3 6.8 0.3 55 0.44 0.061 33 39 1 
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Baker Creek Vegetated (cont.) 
 

Depth 
(cm) Ba Ti B Al Na K W Hg Sc Tl S Ga Se 

-0.5 100 0.03 11 1.05 0.065 0.29 3.9 0.12 2.7 0.2 0.7 4 9.1 
-4 88 0.024 12 1.07 0.057 0.24 4 0.12 2.7 0.2 0.74 4 11.5 
-6 69 0.03 10 1.24 0.042 0.2 3.3 0.12 3.3 0.2 0.56 5 11.1 
-8 85 0.043 10 1.77 0.046 0.29 2.5 0.11 4.5 0.2 0.43 6 8.5 
-10 78 0.036 9 1.47 0.045 0.26 3.9 0.12 4 0.2 0.64 5 11.8 
-12 65 0.033 8 1.38 0.042 0.23 4.3 0.12 3.8 0.2 0.63 5 11.2 
-14 53 0.03 7 1.6 0.031 0.19 4.4 0.15 4.5 0.2 0.64 5 9.9 
-16 48 0.03 7 1.7 0.026 0.18 6.3 0.16 4.9 0.2 0.57 6 6.4 
-18 50 0.023 4 1.77 0.031 0.2 8.4 0.26 5.1 0.2 0.67 6 4 
-20 45 0.019 5 1.71 0.024 0.19 5.9 0.33 5.1 0.3 0.78 5 2.7 
-22 40 0.021 3 1.38 0.021 0.15 4.6 0.29 4.1 0.2 0.6 4 2.1 
-24 42 0.018 4 1.43 0.022 0.15 1.9 0.31 4.3 0.2 0.59 5 1.8 
-26 52 0.031 5 1.01 0.023 0.13 2 0.16 3 0.2 0.45 4 1.4 
-28 61 0.035 7 1.03 0.024 0.14 1.7 0.16 3.1 0.1 0.5 3 1.5 
-30 73 0.04 6 1.15 0.022 0.17 1.5 0.2 3.5 0.2 0.48 4 1.1 
-32 133 0.073 8 1.67 0.036 0.34 0.4 0.07 4.5 0.2 0.13 6 0.5 
-34 159 0.089 9 1.8 0.041 0.39 0.2 0.02 4.8 0.3 0.05 7 <.5 
-36 176 0.092 9 1.83 0.047 0.43 0.2 0.02 5 0.3 0.05 7 <.5 
-38 190 0.096 10 1.99 0.052 0.44 0.2 0.02 5.2 0.3 0.06 8 <.5 
-40 180 0.097 10 1.75 0.049 0.43 0.2 0.01 4.9 0.3 0.11 7 <.5 
-42 208 0.101 11 1.96 0.053 0.46 0.1 0.01 5.1 0.3 0.05 8 <.5 
-44 211 0.097 13 2 0.054 0.47 0.2 0.02 5.2 0.3 0.05 8 <.5 
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Carbon and Nitrogen 
 

Sample Name Depth 
(cm) 

Carbon 
(%) 

Nitrogen 
(%) 

        
      Baker Creek 

Vegetated       
BCV-2 -4 19.32 1.27 
BCV-3 -6 15.30 1.00 
BCV-4 -8 21.81 1.56 
BCV-5 -10 9.25 0.61 
BCV-6 -12 3.94 0.22 
BCV-7 -14 2.83 0.20 
BCV-8 -16 3.22 0.18 
BCV-10 -20 4.40 0.20 
BCV-11 -22 4.22 0.16 
BCV-12 -24 2.67 0.08 
BCV-15 -30 5.23 0.27 
BCV-16 -32 1.27 0.06 

        
Baker Creek       

BCC-1 -0.25 3.60 0.20 
BCC-2 -0.75 3.75 0.20 
BCC-3 -1.25 3.21 0.15 
BCC-4 -1.75 1.71 0.09 
BCC-5 -2.25 2.11 0.11 
BCC-7 -3.5 2.10 0.09 
BCC-8 -4.5 1.31 0.06 
BCC-9 -5.5 1.81 0.08 
BCC-10 -6.5 2.31 0.07 
BCC-11 -7.5 1.25 0.06 
BCC-12 -8.5 1.70 0.09 
BCC-13 -9.5 1.41 0.06 
BCC-14 -10.5 0.87 0.03 
BCC-15 -11.5 2.34 0.12 
BCC-16 -12.5 1.07 0.04 
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Carbon and Nitrogen (cont.) 
 

Sample Name Depth 
(cm) 

Carbon 
(%) 

Nitrogen 
(%) 

        
Baker Pond       

BP-1 -1 1.09 0.03 
BP-2 -2 0.97 0.02 
BP-3 -3 0.85 0.02 
BP-4 -4 0.92 0.03 
BP-5 -5 1.36 0.03 
BP-6 -6 2.52 0.12 
BP-7 -7 1.99 0.09 
BP-8 -8 1.62 0.05 
BP-9 -9 1.81 0.07 
BP-10 -10 1.80 0.10 
BP-11 -11 2.84 0.12 
BP-12 -12 3.44 0.19 
BP-13 -13 2.75 0.13 
BP-14 -14 2.98 0.14 
BP-15 -16 1.37 0.03 
BP-16 -18 2.12 0.10 
BP-17 -20 0.71 0.01 
BP-18 -22 1.93 0.09 
BP-19 -24 1.22 0.06 
BP-20 -26 1.56 0.09 
BP-21 -28 1.27 0.04 
BP-22 -30 1.49 0.08 
BP-23 -32 2.07 0.14 
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Appendix C: Pore-Water Results 
Arsenic, Antimony, and Iron speciation 

Cations and Anions 
Alkalinity and pH 
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Arsenic and Antimony Speciation, analyzed using HG-AAS at USGS, Colorado 
All values in mg/L, DSWI=Depth below Sediment-Water Interface 
 
Baker Pond 
 

Sample 
Name DSWI (cm) As(T) As(III) Sb(T) Sb(III) 

BP-1 0.7 1.53 0.148 0.321 0.005 
BP-2 0.0 2.47 0.112 0.765 <0.005 
BP-3 -0.7 1.46 0.053 1.882 <0.005 
BP-4 -1.5 2.65 0.118 1.975 <0.005 
BP-5 -2.2 9.69 1.91 0.784 <0.005 
BP-6 -3.0 20.2 15.6 0.278 0.018 
BP-7 -4.5 31.0 28.0 0.367 <0.005 
BP-8 -6.0 47.5 37.2 0.339 0.048 
BP-9 -7.5 52.4 41.8 0.328 0.045 
BP-10 -9.0 46.1 38.4 0.350 0.047 
BP-11 -10.4 43.2 36.5 0.261 0.042 
BP-12 -11.9 39.0 33.9 0.180 0.018 
BP-13 -13.4 44.5 37.4 0.218 0.048 
BP-14 -14.9 51.7 45.3 0.252 0.083 
BP-15 -16.4 57.9 49.9 0.284 <0.005 
BP-16 -17.9 60.9 44.2 0.287 0.103 
BP-17 -19.4 62.3 55.4 0.304 0.089 
BP-18 -20.9 57.6 51.2 0.288 <0.005 
BP-19 -23.1 62.1 43.8 0.362 0.091 
BP-20 -25.4 53.1 43.3 0.368 0.048 
BP-21 -27.6 48.1 39.0 0.270 0.054 
BP-22 -29.8 39.7 32.0 0.229 0.046 
BP-23 -32.1 28.8 21.7 0.181 0.027 
BP-24 -33.6 22.2 15.8 0.181 0.026 
BP-25 -34.3 20.9 15.3 0.193 0.023 
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Baker Creek Channel 
 

Sample 
Name DSWI (cm) As(T) As(III) Sb(T) Sb(III) 

BCC-1 4.5 0.109 <0.01 0.068 0.035 
BCC-2 3.7 0.112 <0.01 0.060 0.050 
BCC-3 3.0 0.118 <0.01 0.063 0.020 
BCC-4 2.2 0.134 <0.01 0.058 0.012 
BCC-5 1.5 0.248 <0.01 0.057 <0.005 
BCC-6 0.8 0.510 <0.01 0.071 <0.005 
BCC-7 0.0 1.63 0.035 0.050 <0.005 
BCC-8 -0.7 3.57 0.270 0.014 <0.005 
BCC-9 -1.5 11.1 0.319 0.009 <0.005 
BCC-10 -2.2 18.4 11.9 0.008 <0.005 
BCC-11 -3.7 17.8 6.05 0.010 0.010 
BCC-12 -5.2 17.4 17.0 0.007 0.007 
BCC-13 -6.7 23.4 19.9 0.009 <0.005 
BCC-14 NS NS NS NS NS 
BCC-15 -8.2 21.8 15.9 0.013 <0.005 
BCC-16 -9.7 11.1 6.80 0.008 <0.005 
BCC-17 -11.2 6.86 3.03 0.013 <0.005 
BCC-18 -13.4 3.98 1.03 0.015 <0.005 
BCC-19 -15.7 2.87 0.156 0.045 <0.005 
BCC-20 -17.9 2.65 <0.01 0.024 <0.005 
BCC-21 -20.1 2.05 0.060 0.022 <0.005 
BCC-22 -22.4 2.62 <0.02 0.023 <0.005 
BCC-23 -24.6 3.69 1.935 0.030 <0.005 
BCC-24 -26.1 3.35 0.447 0.016 0.012 
BCC-25 -26.9 3.15 1.319 0.134 <0.005 
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Baker Creek Vegetated 
 

Sample 
Name 

DSWI 
(cm) 

As(T) As(III) Sb(T) Sb(III) 

BCV-1 7.4 0.114 <0.01 0.034 0.034 
BCV-2 6.0 0.105 <0.01 0.026 0.026 
BCV-3 5.2 0.118 0.030 0.023 <0.005 
BCV-4 4.5 0.125 0.012 0.025 <0.005 
BCV-5 3.7 0.107 0.065 0.022 <0.005 
BCV-6 2.2 0.108 0.056 0.024 <0.005 
BCV-7 0.7 0.104 0.061 0.025 <0.005 
BCV-8 -0.8 0.085 0.061 0.023 <0.005 
BCV-9 -2.3 0.096 0.056 0.023 <0.005 
BCV-10 -3.7 0.157 0.103 0.033 <0.005 
BCV-11 -4.5 0.168 0.104 0.031 <0.005 
BCV-12 -5.2 0.171 0.121 0.026 0.008 
BCV-13 -6.0 0.195 0.148 0.021 <0.005 
BCV-14 -6.7 0.211 0.168 0.027 <0.005 
BCV-15 -8.2 0.178 0.120 0.029 <0.005 
BCV-16 -9.7 0.128 0.076 0.019 <0.005 
BCV-17 -10.4 0.234 0.154 0.039 <0.005 
BCV-18 -11.2 0.226 0.164 0.049 <0.005 
BCV-19 -11.9 0.211 0.145 0.051 <0.005 
BCV-20 -13.4 0.169 0.112 0.025 <0.005 
BCV-21 -15.6 0.125 0.089 0.022 <0.005 
BCV-22 -17.9 0.307 0.216 0.021 <0.005 
BCV-23 -20.1 0.296 0.235 0.026 <0.005 
BCV-24 -22.4 0.322 0.279 0.035 <0.005 
BCV-25 -23.1 0.373 0.330 0.041 <0.005 
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Ferrozine method, analyzed at the USGS, Colorado  
All values in mg/L 
 
Baker Pond 
 

Sample 
Name 

DSWI 
(cm) Fe(T) Fe(II) 

BP-1 0.7 0.29 0.24 
BP-2 0.0 0.28 0.28 
BP-3 -0.7 0.30 0.28 
BP-4 -1.5 0.15 0.14 
BP-5 -2.2 0.29 0.27 
BP-6 -3.0 0.93 0.43 
BP-7 -4.5 5.99 0.68 
BP-8 -6.0 8.07 1.09 
BP-9 -7.5 8.68 1.50 
BP-10 -9.0 7.06 1.80 
BP-11 -10.4 6.41 1.12 
BP-12 -11.9 7.88 1.21 
BP-13 -13.4 10.39 1.60 
BP-14 -14.9 10.02 1.69 
BP-15 -16.4 10.27 2.21 
BP-16 -17.9 8.99 1.57 
BP-17 -19.4 11.62 1.91 
BP-18 -20.9 12.70 1.85 
BP-19 -23.1 19.38 4.84 
BP-20 -25.4 11.72 4.47 
BP-21 -27.6 12.34 6.05 
BP-22 -29.8 11.65 5.60 
BP-23 -32.1 11.54 4.57 
BP-24 -33.6 12.33 5.87 
BP-25 -34.3 12.70 4.99 
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Fe(II) analyses using HACH method 
All values in mg/L 
 
Baker Creek Channel (BCC) and Baker Creek Vegetated (BCV) 
 

BCC BCV 
Sample 
Name DSWI (cm) Fe(II) Sample 

Name DSWI (cm) Fe(II) 

BCC-1 2.24 <0.3 BCV-1 8.44 3.95 
BCC-2 1.49 <0.3 BCV-2 6.95 6.06 
BCC-3 0.75 <0.3 BCV-3 6.20 7.76 
BCC-4 0.00 <0.3 BCV-4 5.45 9.56 
BCC-5 -0.75 <0.3 BCV-5 4.71 9.83 
BCC-6 -1.49 <0.3 BCV-6 3.22 1.30 
BCC-7 -2.24 <0.3 BCV-7 1.73 10.31 
BCC-8 -2.98 <0.3 BCV-8 0.24 14.20 
BCC-9 -3.73 <0.3 BCV-9 -1.25 11.43 
BCC-10 -5.22 <0.3 BCV-10 -2.71 18.47 
BCC-11 -6.71 <0.3 BCV-11 -3.46 20.79 
BCC-12 -8.20 <0.3 BCV-12 -4.20 20.24 
BCC-13 -9.69 0.34 BCV-13 -4.95 20.77 
BCC-14 -11.18 0.97 BCV-14 -5.70 22.21 
BCC-15 -12.67 2.49 BCV-15 -7.18 20.82 
BCC-16 -14.16 3.92 BCV-16 -8.68 22.27 
BCC-17 -15.65 3.57 BCV-17 -9.42 20.86 
BCC-18 -17.14 5.25 BCV-18 -10.17 22.21 
BCC-19 -18.63 4.19 BCV-19 -10.91 21.51 
BCC-20 -20.12 3.06 BCV-20 -12.40 21.43 
BCC-21 -21.61 2.84 BCV-21 -14.64 22.32 
BCC-22 -23.10 3.02 BCV-22 -16.88 21.60 
BCC-23 -24.59 2.79 BCV-23 -19.12 20.48 
BCC-24 -26.08 6.71 BCV-24 -21.36 15.49 
BCC-25 NS NS BCV-25 -22.11 15.45 
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Pore-water Results, analyzed using ICP-AES at the USGS in Colorado 
All values in mg/L 
 
Baker Pond 
Cd, Mo, Pb, P, Se, V all below detection, not included, DSWI = Depth below the Sediment-Water Interface 

Sample 
Name 

DSWI 
(cm) As B Ba Ca Co Cr Cu Fe K 

BP-1 0.7 1.59 0.272 0.017 363 <0.0257 <0.0073 <0.011 0.07 11.3 
BP-2 0.0 2.23 0.288 0.019 367 <0.0257 <0.0073 <0.011 0.066 10.9 
BP-3 -0.7 3.37 0.272 0.048 354 0.03 0.122 0.019 0.839 11.1 
BP-4 -1.5 2.22 0.26 0.093 338 0.034 0.266 0.025 1.31 11 
BP-5 -2.2 3.18 0.251 0.086 315 <0.0257 <0.0073 0.029 0.144 11.1 
BP-6 -3.0 9.6 0.231 0.093 286 <0.0257 <0.0073 <0.011 0.77 10 
BP-7 -4.5 18.6 0.207 0.117 266 <0.0257 <0.0073 <0.011 1.79 10.4 
BP-8 -6.0 28.4 0.184 0.089 252 <0.0257 <0.0073 <0.011 3.64 10.3 
BP-9 -7.5 39.6 0.177 0.104 202 <0.0257 <0.0073 <0.011 3.39 4.79 

BP-10 -9.0 60.4 0.168 0.114 224 0.041 0.041 <0.011 9.04 10.3 
BP-11 -10.4 56.4 0.169 0.109 226 0.027 <0.0073 <0.011 9.01 10.2 
BP-12 -11.9 62.5 0.206 0.105 219 0.027 <0.0073 <0.011 8.01 9.95 
BP-13 -13.4 70 0.191 0.11 244 0.032 <0.0073 <0.011 8.49 10.9 
BP-14 -14.9 75.6 0.227 0.106 240 0.032 <0.0073 <0.011 10.3 10.4 
BP-15 -16.4 82.7 0.2 0.103 242 0.03 <0.0073 <0.011 12.5 9.02 
BP-16 -17.9 84.9 0.217 0.106 251 0.035 <0.0073 <0.011 14.7 11.7 
BP-17 -19.4 86.8 0.195 0.122 258 0.036 <0.0073 <0.011 15 10.5 
BP-18 -20.9 81.7 0.202 0.129 243 0.028 <0.0073 <0.011 12 10.9 
BP-19 -23.1 79.8 0.196 0.142 242 0.029 <0.0073 <0.011 11.5 11.2 
BP-20 -25.4 81.2 0.178 0.153 243 0.032 <0.0073 <0.011 10.7 11.1 
BP-21 -27.6 77.1 0.169 0.143 231 0.037 <0.0073 <0.011 12.4 12.3 
BP-22 -29.8 75.6 0.195 0.154 220 0.038 <0.0073 <0.011 15 12 
BP-23 -32.1 78.8 0.202 0.135 211 0.041 <0.0073 <0.011 19.8 12.2 
BP-24 -33.6 79.1 0.251 0.163 215 0.068 <0.0073 <0.011 37.2 12 
BP-25 -34.3 75.4 0.261 0.164 244 0.075 <0.0073 0.021 38.4 13 
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Baker Pond Cation Results (cont.) 
 

DSWI 
(cm) Li Mg Mn Na Ni Sb Si as 

SiO2 Sr Zn 

0.7 0.031 72.3 0.04 215 0.033 0.405 3.7 3.87 <0.0147 
0.0 0.033 73.4 0.041 215 0.032 0.47 3.17 4.13 <0.0147 
-0.7 0.033 72.9 0.244 206 1.13 1.07 2.52 4.08 0.027 
-1.5 0.031 71.1 0.346 197 2.04 2.19 2.21 3.52 0.046 
-2.2 0.026 63.5 0.09 180 0.028 2.77 2.96 2.76 0.031 
-3.0 0.021 56.7 1.38 172 0.022 1.37 6.74 2.37 0.025 
-4.5 0.019 55.6 1.62 149 0.024 0.645 9.36 2.06 0.045 
-6.0 0.015 51.4 1.77 133 0.026 0.531 12.1 1.7 0.051 
-7.5 0.014 46.7 1.71 106 0.012 0.414 12 1.5 0.048 
-9.0 0.017 49.4 2.02 108 0.932 0.614 16.4 1.33 0.071 
-10.4 0.018 50.8 1.92 116 0.131 0.449 16.4 1.3 0.033 
-11.9 0.022 50.5 1.79 103 0.034 0.442 17 1.95 0.022 
-13.4 0.024 53.2 2.14 112 0.031 0.45 19.7 2.1 0.029 
-14.9 0.031 54.4 2.18 116 0.031 0.417 20.2 2.28 0.537 
-16.4 0.031 55.4 1.9 111 0.051 0.254 18.9 2.34 <0.0147 
-17.9 0.033 54.3 1.98 118 0.034 0.272 18.5 2.05 <0.0147 
-19.4 0.032 55.5 2.51 123 0.033 0.355 19.9 2.18 0.02 
-20.9 0.035 54.6 2.62 126 0.031 0.309 18.5 1.98 0.065 
-23.1 0.034 52.4 2.72 121 0.039 0.368 18.2 1.86 0.066 
-25.4 0.034 51.8 2.68 122 0.037 0.335 19.7 1.79 0.097 
-27.6 0.035 52.2 2.84 119 0.034 0.427 20.1 1.75 0.085 
-29.8 0.039 50.3 2.6 112 0.036 0.406 20.2 1.63 0.104 
-32.1 0.038 48.4 2.63 104 0.044 0.358 20.6 1.64 0.142 
-33.6 0.045 52.6 2.69 103 0.083 0.515 19.9 1.93 0.178 
-34.3 0.044 57.8 2.88 104 0.402 0.44 20 2.23 0.244 

 



 180 

Baker Creek Channel Cation Results 
Cd, Mo, Pb, P, Se, V below detection, not included 
 

Sample 
Name 

DSWI 
(cm) As Al B Ba Ca Fe K Li Mg 

BCC-1 2.2 0.149 <0.24 0.034 <0.0024 57.5 <0.021 2.05 0.051 14.4 
BCC-2 1.5 0.147 <0.24 0.031 0.012 56.3 0.024 1.97 0.049 14.2 
BCC-3 0.7 0.133 <0.24 0.040 0.013 57.0 0.105 2.0 0.050 14.6 
BCC-4 0.0 0.114 <0.24 0.035 <0.0024 57.0 0.044 2.23 0.049 14.7 
BCC-5 -0.7 0.112 <0.24 0.034 <0.0024 57.1 0.045 1.94 0.050 14.7 
BCC-6 -1.5 0.123 <0.24 0.034 <0.0024 55.6 0.068 2.01 0.048 14.0 
BCC-7 -2.2 0.364 <0.24 0.038 <0.0024 62.4 0.146 2.22 0.05 15.8 
BCC-8 -3.0 0.483 <0.24 0.034 <0.0024 59.4 0.039 2.11 0.05 15.0 
BCC-9 -3.7 3.95 <0.24 0.031 0.003 74.9 3.66 1.96 0.096 18.9 

BCC-10 -4.5 8.16 <0.24 <0.03 0.066 88.6 2.71 2.94 0.051 22.3 
BCC-11 -6.0 12.6 <0.24 <0.03 0.084 119 4.33 3.69 0.051 29.6 
BCC-12 -7.5 12.9 <0.24 <0.03 0.100 129 3.07 3.90 0.050 32.2 
BCC-13 -9.0 16.4 <0.24 <0.03 0.100 137 7.74 4.17 0.052 33.5 
BCC-14 -10.4 16.9 <0.24 <0.03 0.102 132 9.82 4.18 0.052 31.3 
BCC-15 -11.9 17.6 <0.24 <0.03 0.017 129 9.56 3.99 0.053 30.2 
BCC-16 -13.4 14.2 <0.24 0.041 0.012 114 10.7 3.93 0.033 25.6 
BCC-17 -14.9 8.68 <0.24 0.040 0.006 85.0 5.94 3.62 0.031 20.3 
BCC-18 -17.2 3.74 0.314 0.057 0.009 56.6 4.1 3.28 0.052 14.1 
BCC-19 -19.4 3.65 0.399 0.051 0.005 44.0 6.23 2.8 0.053 11.0 
BCC-20 -21.6 3.47 0.286 0.052 0.010 35.7 6.91 2.53 0.051 8.9 
BCC-21 -23.9 3.45 0.281 0.059 0.053 30.5 9.02 2.63 0.052 7.9 
BCC-22 -26.1 3.06 0.353 0.064 0.061 28.9 10.1 2.72 0.051 7.4 
BCC-23 -28.4 3.52 0.324 0.051 0.068 29.3 11.7 2.66 0.053 7.4 
BCC-24 -29.8 4.63 0.287 0.054 0.077 31.9 14.9 2.74 <0.003 8.0 
BCC-25 -30.6 4.01 0.558 0.051 0.079 32.1 12.8 2.78 <0.003 8.4 
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Baker Creek Channel Cation Results (cont.) 
 

DSWI 
(cm) Mn Mo Na Ni Sb Si as 

SiO2 Se Sr Zn 

2.2 0.004 <0.021 24.9 <0.006 0.077 0.304 <0.09 0.489 0.349 
1.5 0.004 <0.021 24.3 <0.006 0.076 0.32 <0.09 0.504 0.283 
0.7 0.014 <0.021 21.1 <0.006 0.071 0.538 0.131 0.504 0.302 
0.0 0.006 <0.021 22.5 0.006 0.068 0.415 <0.09 0.509 0.342 
-0.7 0.004 <0.021 22.4 0.009 0.071 0.364 <0.09 0.503 0.353 
-1.5 0.01 <0.021 21.8 0.007 0.068 0.432 <0.09 0.485 0.359 
-2.2 0.051 <0.021 23.8 0.007 0.084 0.901 <0.09 0.553 0.860 
-3.0 0.04 <0.021 20.8 0.008 0.074 0.505 0.104 0.495 0.424 
-3.7 1.5 <0.021 21.1 0.01 <0.06 3.47 <0.09 0.467 0.493 
-4.5 3.17 0.024 16.8 0.018 <0.06 8.59 <0.09 0.419 0.497 
-6.0 4.28 0.033 9.5 0.015 <0.06 11.6 <0.09 0.508 0.317 
-7.5 5.09 0.036 8.6 0.020 <0.06 11.0 <0.09 0.564 0.375 
-9.0 6.83 0.044 8.7 0.022 <0.06 12.1 <0.09 0.582 0.289 
-10.4 7.85 0.034 10.2 0.022 <0.06 14 <0.09 0.594 0.359 
-11.9 8.26 0.039 11.8 0.024 <0.06 15.1 <0.09 0.644 0.347 
-13.4 6.94 0.034 12.8 0.019 <0.06 15.3 <0.09 0.618 0.294 
-14.9 3.91 0.035 14.0 0.012 <0.06 15.8 <0.09 0.533 0.252 
-17.2 2.41 <0.021 14.4 0.009 <0.06 15.4 <0.09 0.347 0.272 
-19.4 1.98 <0.021 15.3 0.011 <0.06 17.1 <0.09 0.239 0.343 
-21.6 1.45 <0.021 16.4 <0.006 <0.06 18.9 <0.09 0.186 0.290 
-23.9 1.26 <0.021 16.8 0.01 <0.06 22.2 <0.09 0.16 0.299 
-26.1 1.21 <0.021 18.2 0.007 <0.06 23.1 <0.09 0.145 0.316 
-28.4 1.35 <0.021 19.8 0.008 <0.06 23.4 <0.09 0.149 0.347 
-29.8 1.76 <0.021 21.1 0.009 <0.06 24.6 <0.09 0.161 0.262 
-30.6 2.03 <0.021 21.2 0.009 <0.06 29.1 <0.09 0.175 0.301 
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Baker Creek Vegetated Cation Results 
Be, Cd, Co, Cr, P, Se, V below detection, not included 
 

Sample 
Name 

DSWI 
(cm) As Al B Ba Ca Cu Fe K Li 

BCV-1 7.4 0.148 <0.24 0.054 0.017 60.9 <0.009 16.7 1.68 0.01 
BCV-2 6.0 0.152 <0.24 0.053 0.024 63.7 <0.009 17.7 1.96 0.01 
BCV-3 5.2 0.139 <0.24 0.049 0.003 63.8 <0.009 18 1.89 0.01 
BCV-4 4.5 0.160 <0.24 0.049 <0.0024 64.7 <0.009 17.8 2.02 0.01 
BCV-5 3.7 0.154 <0.24 0.053 0.005 67.2 <0.009 18 1.70 0.01 
BCV-6 2.2 0.109 0.28 0.059 0.026 69.1 <0.009 18 2.45 0.005 
BCV-7 0.7 0.099 0.247 0.059 0.029 71.2 <0.009 22.1 2.48 0.011 
BCV-8 -0.8 0.094 <0.24 0.064 0.032 73.3 <0.009 26.6 2.51 0.012 
BCV-9 -2.3 0.482 1.6 0.078 0.039 76.3 0.187 32.9 2.72 0.016 

BCV-10 -3.7 0.458 1.47 0.072 0.041 81.9 0.166 37 2.56 0.01 
BCV-11 -4.5 0.165 0.269 0.067 0.033 80.8 <0.009 33 2.28 0.01 
BCV-12 -5.2 0.162 <0.24 0.066 0.033 81.6 <0.009 33.5 2.24 0.01 
BCV-13 -6.0 0.169 <0.24 0.065 0.031 79.3 <0.009 32.3 2.11 0.01 
BCV-14 -6.7 0.167 <0.24 0.066 0.030 75.8 <0.009 30.5 2.1 0.01 
BCV-15 -8.2 0.181 <0.24 0.059 0.008 73.1 0.016 29.8 1.9 0.01 
BCV-16 -9.7 0.236 <0.24 0.058 0.007 70.9 0.022 28.1 2.37 0.01 
BCV-17 -10.4 0.225 <0.24 0.059 0.014 75.4 <0.009 29.8 1.80 0.01 
BCV-18 -11.2 0.206 <0.24 0.062 0.004 80.0 0.01 32.1 2.02 0.01 
BCV-19 -11.9 0.181 <0.24 0.061 0.033 82.6 0.012 30.9 1.97 0.01 
BCV-20 -13.4 0.148 <0.24 0.061 0.034 85.8 0.010 31.1 1.88 0.01 
BCV-21 -15.6 0.130 <0.24 0.066 0.045 98.2 <0.009 37.8 1.99 0.01 
BCV-22 -17.9 0.206 <0.24 0.066 0.049 100.3 <0.009 34.8 2.46 0.02 
BCV-23 -20.1 0.217 <0.24 0.067 0.048 95.2 0.012 33.5 2.18 0.02 
BCV-24 -22.4 0.252 <0.24 0.081 0.054 99.1 0.026 43.9 1.92 0.02 
BCV-25 -23.1 0.283 <0.24 0.096 0.066 110 0.039 51.4 2.08 0.02 
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Baker Creek Vegetated Cation Results (cont.) 
 

DSWI 
(cm) Mg Mn Mo Na Ni Pb Sb Si as 

SiO2 Sr Zn 

7.4 13.5 0.431 <0.021 18.7 <0.006 <0.024 <0.06 7.44 0.45 0.38 
6.0 14.3 0.435 <0.021 18.4 <0.006 <0.024 <0.06 8.02 0.461 0.417 
5.2 14.7 0.42 <0.021 16.8 <0.006 <0.024 <0.06 8.62 0.478 0.356 
4.5 14.6 0.396 0.024 15.6 0.007 <0.024 <0.06 8.82 0.491 0.365 
3.7 15.2 0.394 <0.021 15.9 0.01 <0.024 <0.06 9.14 0.496 0.374 
2.2 15.9 0.351 <0.021 14.4 <0.006 <0.024 <0.06 9.46 0.515 0.432 
0.7 17.1 0.403 <0.021 13.6 0.009 <0.024 <0.06 9.92 0.523 0.351 
-0.8 18.2 0.442 <0.021 12.9 0.007 <0.024 <0.06 11 0.526 0.375 
-2.3 19.7 0.494 0.027 12.1 0.018 0.048 0.106 17.6 0.538 0.441 
-3.7 20.9 0.54 <0.021 12.2 0.011 0.036 0.091 17.6 0.566 0.442 
-4.5 19.9 0.496 <0.021 11.8 0.007 <0.024 <0.06 13.2 0.537 0.370 
-5.2 20.6 0.503 <0.021 12.1 <0.006 <0.024 <0.06 12.8 0.539 0.405 
-6.0 19.4 0.497 <0.021 11.7 <0.006 <0.024 <0.06 12.6 0.533 0.268 
-6.7 19.2 0.427 <0.021 11.5 0.011 <0.024 <0.06 12.4 0.487 0.277 
-8.2 19.1 0.421 <0.021 11.8 0.012 <0.024 <0.06 12.1 0.472 0.342 
-9.7 19.4 0.356 <0.021 12.1 0.014 <0.024 <0.06 11.5 0.457 0.293 
-10.4 20.1 0.363 <0.021 12.4 0.011 <0.024 <0.06 11.1 0.473 0.237 
-11.2 21.8 0.386 <0.021 12.1 0.013 <0.024 <0.06 11.8 0.503 0.331 
-11.9 22.5 0.401 <0.021 11.7 0.008 <0.024 <0.06 11.4 0.519 0.225 
-13.4 23.1 0.432 <0.021 12.2 0.012 <0.024 <0.06 11.6 0.544 0.274 
-15.6 26.6 0.539 <0.021 14.1 0.006 <0.024 <0.06 12.7 0.608 0.269 
-17.9 27.1 0.731 <0.021 16.8 0.014 <0.024 <0.06 12.6 0.589 0.339 
-20.1 25.7 1.22 <0.021 18.0 0.011 <0.024 <0.06 12.3 0.535 0.259 
-22.4 26.4 1.51 0.022 20.9 0.01 <0.024 <0.06 13.1 0.583 0.289 
-23.1 29.1 1.76 <0.021 24.1 0.018 <0.024 <0.06 14.4 0.629 0.408 
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Anions analyzed using IC, at USGS in Colorado 
All values in mg/L, DSWI = Depth below Sediment-Water Interface 
 
Baker Pond 
 
Sample 
Name 

DSWI    
(cm) F Cl Br NO3

2- SO4
2- 

BP-1 0.7 0.12 512 6.68 41.0 851 
BP-2 0.0 0.10 486 5.58 33.4 785 
BP-3 -0.7 0.10 476 6.07 25.2 720 
BP-4 -1.5 0.10 433 5.31 16.6 634 
BP-5 -2.2 0.10 399 4.87 10.7 554 
BP-6 -3.0 0.10 374 4.59 7.0 478 
BP-7 -4.5 0.13 354 4.37 6.7 432 
BP-8 -6.0 0.14 315 3.96 4.7 372 
BP-9 -7.5 0.13 278 3.60 2.6 317 
BP-10 -9.0 0.17 266 3.45 2.3 300 
BP-11 -10.4 0.19 256 3.26 1.7 309 
BP-12 -11.9 0.15 248 3.20 1.7 323 
BP-13 -13.4 0.18 252 3.24 1.7 351 
BP-14 -14.9 0.16 256 3.27 1.6 370 
BP-15 -16.4 0.16 261 3.33 1.6 384 
BP-16 -17.9 0.15 259 3.27 1.3 385 
BP-17 -19.4 0.11 264 3.36 1.2 387 
BP-18 -20.9 0.16 269 3.36 1.3 381 
BP-19 -23.1 0.15 278 3.64 1.2 374 
BP-20 -25.4 0.17 273 3.51 1.0 324 
BP-21 -27.6 0.17 264 3.41 1.1 270 
BP-22 -29.8 0.15 257 3.31 1.1 233 
BP-23 -32.1 0.13 245 3.22 0.1 185 
BP-24 -33.6 0.15 250 3.38 <0.05 173 
BP-25 -34.3 0.11 259 3.37 <0.05 192 
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Sulfide (in µg/L) and Sulfate (mg/L) analyzed using HACH spectrophotometry 
Baker Creek Channel and Baker Creek Vegetated 
 

Baker Creek Channel Baker Creek Vegetated 

Sample Name DSWI    (cm) S2- SO4
2- Sample Name DSWI    (cm) S2- SO4

2- 

BCC-1 2.2 26 103.45 BCV-1 8.4 37 30.85 
BCC-2 1.5 25 102.7 BCV-2 7.0 34 15.12 
BCC-3 0.7 27 72.81 BCV-3 6.2 35 10.45 
BCC-4 0.0 27 77.38 BCV-4 5.5 34 8.84 
BCC-5 -0.7 30 80.79 BCV-5 4.7 44 6.52 
BCC-6 -1.5 31 75.79 BCV-6 3.2 43 6.12 
BCC-7 -2.2 36 90.15 BCV-7 1.7 32 3.57 
BCC-8 -3.0 44 83.87 BCV-8 0.2 30 1.47 
BCC-9 -3.7 36 82.06 BCV-9 -1.3 31 3.57 

BCC-10 -5.2 36 86.74 BCV-10 -2.7 27 4.1 
BCC-11 -6.7 42 69.48 BCV-11 -3.5 29 4.65 
BCC-12 -8.2 41 75.57 BCV-12 -4.2 26 1.22 
BCC-13 -9.7 44 69.69 BCV-13 -5.0 34 3.4 
BCC-14 -11.2 46 48.54 BCV-14 -5.7 37 10.52 
BCC-15 -12.7 45 12.18 BCV-15 -7.2 37 6.25 
BCC-16 -14.2 46 21.72 BCV-16 -8.7 33 3.62 
BCC-17 -15.7 42 22.99 BCV-17 -9.4 36 5.41 
BCC-18 -17.1 42 19.02 BCV-18 -10.2 44 3.88 
BCC-19 -18.6 37 20.97 BCV-19 -10.9 44 3.13 
BCC-20 -20.1 44 9.23 BCV-20 -12.4 35 1.91 
BCC-21 -21.6 42 8.71 BCV-21 -14.6 34 4.85 
BCC-22 -23.1 46 8.95 BCV-22 -16.9 33 4.65 
BCC-23 -24.6 50 20.18 BCV-23 -19.1 32 12.96 
BCC-24 -26.1 40 12.75 BCV-24 -21.4 32 20.6 
BCC-25 NS NS NS BCV-25 -22.1 35 43.2 
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Alkalinity (in mg/L) determined using titration at the USGS, Colorado 
Baker Pond and Baker Creek Channel 
 

Baker Pond Baker Creek Channel 
Sample 
Name DSWI (cm) Alkalinity 

as HCO3
- 

Sample 
Name DSWI (cm) Alkalinity 

as HCO3
- 

BP-26 -3.7 305 BCC-26 -7.1 553 
BP-27 -9.7 430 BCC-27 -16.0 249 
BP-28 -20.1 375 BCC-28 -22.8 142 
BP-29 -28.3 366    
BP-30 -35.1 466    

 
pH 
Baker Pond, Baker Creek Channel, Baker Creek Vegetated 
 

Baker Pond Baker Creek Channel Baker Creek Vegetated 
Sample 
Name 

DSWI 
(cm) pH Sample 

Name 
DSWI 
(cm) pH Sample 

Name 
DSWI 
(cm) pH 

BP-1 0.7 7.59 BCC-1 2.2 7.27 BCV-1 8.4 7.31 
BP-2 0.0 7.69 BCC-2 1.5 7.38 BCV-2 7.0 7.43 
BP-3 -0.7 7.65 BCC-3 0.7 7.42 BCV-3 6.2 7.12 
BP-4 -1.5 7.63 BCC-4 0.0 7.31 BCV-4 5.5 7.14 
BP-5 -2.2 7.6 BCC-5 -0.7 7.43 BCV-5 4.7 7.03 
BP-6 -3.0 7.63 BCC-6 -1.5 7.44 BCV-6 3.2 7.03 
BP-7 -4.5 7.61 BCC-7 -2.2 7.48 BCV-7 1.7 7.08 
BP-8 -6.0 7.62 BCC-8 -3.0 7.46 BCV-8 0.2 6.99 
BP-9 -7.5 7.6 BCC-9 -3.7 7.47 BCV-9 -1.3 6.99 

BP-10 -9.0 7.62 BCC-10 -5.2 7.47 BCV-10 -2.7 7.01 
BP-11 -10.4 7.65 BCC-11 -6.7 7.36 BCV-11 -3.5 7.00 
BP-12 -11.9 7.64 BCC-12 -8.2 7.52 BCV-12 -4.2 6.97 
BP-13 -13.4 7.63 BCC-13 -9.7 7.42 BCV-13 -5.0 6.99 
BP-14 -14.9 7.64 BCC-14 -11.2 7.46 BCV-14 -5.7 6.86 
BP-15 -16.4 7.61 BCC-15 -12.7 7.57 BCV-15 -7.2 6.66 
BP-16 -17.9 7.59 BCC-16 -14.2 7.57 BCV-16 -8.7 6.58 
BP-17 -19.4 7.57 BCC-17 -15.7 7.60 BCV-17 -9.4 6.39 
BP-18 -20.9 7.51 BCC-18 -17.1 7.63 BCV-18 -10.2 6.22 
BP-19 -23.1 7.46 BCC-19 -18.6 7.61 BCV-19 -10.9 6.20 
BP-20 -25.4 7.38 BCC-20 -20.1 7.62 BCV-20 -12.4 6.11 
BP-21 -27.6 7.31 BCC-21 -21.6 7.72 BCV-21 -14.6 6.79 
BP-22 -29.8 7.27 BCC-22 -23.1 7.64 BCV-22 -16.9 6.99 
BP-23 -32.1 7.22 BCC-23 -24.6 7.57 BCV-23 -19.1 7.10 
BP-24 -33.6 7.16 BCC-24 -26.1 7.67 BCV-24 -21.4 7.07 
BP-25 -34.3 7.15 BCC-25 -29.1 7.52 BCV-25 -22.1 7.14 
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Appendix D: Surface Water Results 
Field Parameters 

Arsenic, Antimony, and Iron speciation 
Cations and Anions 
Alkalinity and pH 
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Field Parameters 
2005 Sampling Season 
 

GPS Elevation DO  Temperature Conductivity  Eh  Sample Site Date Location (ft) (mg/L) (°C) (uS/cm) (mV) pH 

Northwest Pond 09/08/05 N62 31' 09.4", W114 21' 13.9" 591 7.37 14.3 2510 156 8.28 
North Pond 09/08/05 N62 30' 38.3", W114 20' 16.6" 543 7.12 14.7 2230 164 8.31 

Polishing Pond 06/29/05 N62 30' 44.1", W114 20'43.7" 567 9.95-10.30 18.4 3070 n/a 8.12 
  09/08/05     8.91 13.1 2920 201 7.69 

Settling Pond 06/29/05 N62 30' 44.1", W114 20'43.7" 567 9.3 17.4 1727 200 8.24 
  09/08/05     9.57 13.2 2760 216 7.4 

Baker Pond 06/29/05 N62 30' 32.8", W114 21' 22.2" 505 9.41 20.2 134 185 7.95 
  08/25/05     8.32 14.3 3170 127 7.96 
  09/08/05     7.5 13.6 2140 160 7.95 

BCV 06/15/05 N62 29' 13.2", W114 21' 37.2" 516 6.59 15.4 146 116-125 6.69 
BCC 06/29/05 N62 29' 12.3", W114 21' 32.2" 502 8.36 16.8 119 280 7.45 

  07/13/05     7.55 20.2 138 175 7.57 
  07/29/05     8.33   290 215 7.45 
  08/05/05     7.6 16.2 757 208 7.34 
  08/27/05     8.51 14.1 113 125 7.84 
  09/08/09     7.02 13 1502 150 7.66 
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Field Parameters 
2006 Sampling Season 
 

Elevation DO  Temperature Conductivity  Eh  Sample Site Date GPS 
(ft) (mg/L) (°C) (uS/cm) (mV) 

pH 

NW Pond 07/14/06 N62 31' 11.7", W114 21' 13.5" 612 10.95 16.3 1700   8.22 
North Pond 07/14/06 N62 30' 38.1", W114 20' 35.0" 573 11.33 16.6 1850 99 8.15 

Polishing Pond 07/14/06 N62 30' 44.1", W114 20' 43.8" 576 11 16.7 2190   7.66 
Settling Pond 07/14/06 N62 30' 44.1", W114 20' 43.8" 576 12.7 16.3 1940   6.01 
Baker Pond 07/14/06 N62 30' 32.9", W114 21' 22.3" 524   16.8     7.44 

BCV 07/08/06 N62 29' 13.3", W114 21' 38.0" 527 7.15 16.4 467 ~50 7.22 
  07/21/06     5.5-6.0 18.2 652   6.99 

BCC 07/06/06 N62 29' 11.6", W114 21' 31.9" 528 10.89 18.6 121.1 132 7.03 
  07/14/06     11.95 17.1 690   7.65 
  07/20/06     9.08 18.7 615   6.98 
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Arsenic and Antimony Speciation (all values in mg/L) 
 

Sample Site As(T) As(III) Sb(T) Sb(III) 

June, 2005 
Settling Pond 0.194 0.004 0.242 <0.005 

Polishing Pond 0.462 0.004 0.410 <0.005 
Baker Pond 0.371 0.005 0.024 0.008 
Baker Creek 0.116 0.003 0.006 <0.005 

September, 2005 
NW Pond 13.9 0.186 0.655 0.020 

North Pond 4.73 0.080 0.813 0.022 
Settling Pond 0.003 0.001 0.146 <0.005 

Polishing Pond 0.195 0.003 0.185 0.021 
Baker Pond 0.196 0.005 0.126 <0.005 
Baker Creek 0.166 0.135 0.092 0.005 

July, 2006 
NW Pond 26.8 0.532 1.62 0.011 

North Pond 2.64 0.051 0.926 0.020 
Settling Pond 0.001 <0.002 0.165 <0.003 

Polishing Pond 0.241 0.002 0.297 0.004 
Baker Pond 0.204 0.005 0.171 <0.003 
Baker Creek 0.095 0.003 0.066 <0.003 

 
Ferrozine Analysis, all values in mg/L 
Sampling Season 2005 
 

Location  Fe(T)         
mg/L 

Fe(II)         
mg/L 

North Pond  <0.002 <0.002 
Northwest Pond 0.009 0.017 

Settling Pond 0.004 <0.002 
Polishing Pond 0.006 0.006 

Baker Pond 0.027 0.027 
Baker Creek 0.030 0.030 
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Cation results, analyzed by ICP-AES at the USGS in Colorado 
 

Sample Site As B Ba Ca Co Cu Fe K Li Mg Mn 

June, 2005 
Settling Pond 0.213 0.218 0.011 182 <0.007 0.011 0.01 4.26 0.02 52.2 0.003 

Polishing Pond 0.502 0.299 0.02 353 0.016 0.017 <0.007 6.63 0.04 77.8 0.023 
Baker Pond 0.476 0.02 0.024 29.9 <0.007 0.012 0.021 2.21 0.005 9.405 0.011 
Baker Creek 0.122 0.011 0.009 14.1 <0.007 0.005 0.061 1.01 0.002 4.32 0.01 

                        
September, 2005 

Northwest Pond 15.5 0.259 0.03 279 0.02 0.013 0.008 9.77 0.038 69.6 0.105 
North Pond  5.55 0.261 0.013 262 0.009 <0.003 <0.007 10.5 0.03 86.3 0.006 

Settling Pond <0.02 0.254 0.017 333 0.016 <0.003 <0.007 10.3 0.04 65.9 0.122 
Polishing Pond 0.217 0.276 0.018 337 0.018 0.023 <0.007 9.93 0.042 69 0.084 

Baker Pond 0.234 0.18 0.023 230 0.01 0.009 0.031 7.35 0.027 48.4 0.038 
Baker Creek 0.194 0.133 0.022 167 <0.007 0.011 0.031 5.22 0.019 35.3 0.021 

                        
July, 2006 

NW Pond 30.7 0.19 0.024 197 0.015 0.008 <0.007 6.86 0.012 56.9 0.079 
North Pond 3.52 0.199 0.013 220 0.009 <0.003 <0.007 7.45 0.022 78.4 0.017 

Settling Pond <0.02 0.198 0.015 246 0.016 <0.003 9.2 7.13 0.021 57.7 0.346 
Polishing Pond 0.342 0.223 0.016 268 0.008 0.01 0.008 7.62 0.018 62 0.054 

Baker Pond 0.294 0.141 0.02 167 <0.007 0.007 0.04 4.72 0.014 40.0 0.032 
Baker Creek 0.128 0.054 0.02 71.5 <0.007 0.004 0.054 2.67 0.009 17.7 0.018 
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Cation Results (cont.) 
 

Sample Site Mo Na Ni Sb Si as SiO2 Sr Zn 

June, 2005 
Settling Pond 0.05 103 0.005 0.235 0.255 2.08 <0.004 

Polishing Pond 0.033 209 0.065 0.394 3.75 4.52 0.012 
Baker Pond <0.007 7.18 0.003 0.061 0.183 0.116 <0.004 
Baker Creek <0.007 2.96 <0.002 0.022 0.291 0.055 <0.004 

                
September, 2005 

NW Pond 0.028 151 0.025 0.794 6.27 3.7 0.016 
North Pond  0.039 105 0.012 0.979 5.11 1.95 0.008 

Settling Pond 0.02 166 0.026 0.181 3.9 3.8 <0.004 
Polishing Pond 0.023 170 0.037 0.241 3.94 3.94 0.012 

Baker Pond 0.018 118 0.032 0.17 3.76 2.65 0.015 
Baker Creek 0.016 83.2 0.021 0.133 2.37 1.83 0.013 

                
July, 2006 

NW Pond 0.036 85.3 0.019 0.930 4.97 1.95 0.006 
North Pond 0.05 77.3 0.009 0.842 3.58 1.24 0.059 

Settling Pond 0.022 80.2 0.032 0.171 3.42 1.92 0.053 
Polishing Pond 0.034 113 0.046 0.290 3.61 2.6 0.012 

Baker Pond 0.025 69.4 0.026 0.180 2.81 1.63 0.008 
Baker Creek 0.013 28.3 0.006 0.073 0.919 0.658 0.01 
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Anion results, analyzed using IC at the USGS, Colorado 
All values in mg/L 
 

Sample Site F Cl Br NO3
2- SO4

2- 

June, 2005 
Settling Pond 0.301 227 2.80 23.0 483 

Polishing Pond 0.182 519 6.82 56.4 815 
Baker Pond 0.098 6.43 0.050 0.100 12.0 
Baker Creek 0.093 3.49 <0.05 0.097 6.79 

September, 2005 
NW Pond 0.16 379 4.82 30.8 662 

North Pond  0.17 207 2.29 28.0 895 
Settling Pond 0.301 227 2.80 23.0 483 

Polishing Pond 0.182 519 6.82 56.4 815 
Baker Pond 0.098 6.43 0.050 0.100 12.0 
Baker Creek 0.093 3.49 <0.05 0.097 6.79 

July, 2006 
NW Pond 0.4 164 1.8 17.3 506 

North Pond 0.3 128 1.3 16.9 768 
Settling Pond 0.4 173 1.8 18.2 787 

Polishing Pond 0.9 260 2.9 25.1 736 
Baker Pond 0.2 157 1.8 14.0 404 
Baker Creek 0.2 68.4 0.8 5.2 161 

 
Alkalinity, analyzed using titration at the USGS, Colorado 
All values in mg/L 
 

Sample Site June, 2005 September, 
2005 July, 2006 

NW Pond NS 115 134 
North Pond NS 140 105 

Settling Pond 54.8 75.4 12.8 
Polishing Pond 70.7 81.4 76.9 

Baker Pond 58.3 94.2 81.4 
Baker Creek 51.6 82.6 57.7 

Baker Creek Vegetated 56.8 NS NS 
 
NS = No Sample 
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Appendix E: Element Analysis 
Aquatic Horsetails (Equisetum fluviatile) 

taken from Baker Creek Vegetated 
 



 195 

Element Results of two aquatic horsetails collected from BCV  
Analysis conducted using ICP-OES at Analytical Services Unit, Queen's University 
 

Element Plant 1  
(Split A) 

Plant 1   
(Split B) Plant 2 

Ag <2.0 <2.0 <2.0 
Al 1576 1391 1316 
As 1079 984 1789 
B 51 51.7 44.4 
Ba 19.7 18.3 19.2 
Be <4.0 <4.0 <4.0 
Ca 19942 18758 12768 
Cd <1.0 <1.0 <1.0 
Co 19 18 11.4 
Cr <20 <20 <20 
Cu 218 206 324 
Fe 9874 9142 10017 
K 40754 39639 22331 

Mg 4241 4025 3446 
Mn 210 201 122 
Mo 4 3.61 <2.0 
Na 3545 3370 2601 
Ni 70 64.5 35.4 
P 3484 3381 1619 

Pb 13.7 14.6 25.9 
S 7172 6797 4001 

Sb 126 120 146 
Se <10 <10 <10 
Sn <2.0 <2.0 <2.0 
Sr 143 135 114 
Ti 37.3 31.7 30.1 
Tl <1.0 <1.0 <1.0 
U <10 <10 <10 
V <10 <10 <10 
Zn 108 103 81 
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Appendix F: Detection Limits,  
Quality Assurance, and Quality Control 
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Detection Limits 
Detection Limit (mg/L and ppm) Element/ 

Species Surface Water Pore-Water Sediment Plant 
As(T) 0.001 0.01 n/a n/a 

As(III) 0.001 0.01 n/a n/a 
Sb(T) 0.0005 0.001 n/a n/a 

Sb(III) 0.0005 0.005 n/a n/a 
Fe(T) 0.001 0.001 n/a n/a 
Fe(II) 0.002 0.002 n/a n/a 

Hach Fe(II) n/a 0.3 n/a n/a 
F 0.05 0.1 n/a n/a 
Cl 0.1 0.2 n/a n/a 
Br 0.03 0.06 n/a n/a 

NO3 0.05 0.05 n/a n/a 
SO4 0.8 1 n/a n/a 
Ag n/a n/a 0.1 2 
Al 0.08 0.024 100 50 
As 0.03 0.09 0.5 1 
Au n/a n/a 0.0005 n/a 
B 0.01 0.03 1 20 
Ba 0.0008 0.002 1 5 
Be 0.001 0.003 n/a 4 
Bi n/a n/a 0.1 n/a 
Ca 0.04 0.003 100 100 
Cd 0.001 0.003 0.1 1 
Co 0.007 0.021 0.1 5 
Cr 0.002 0.006 1 20 
Cu 0.003 0.009 0.1 5 
Fe 0.007 0.021 100 50 
Ga n/a n/a 1 n/a 

HCO3 1 1 n/a n/a 
Hg n/a n/a 0.01 n/a 
K 0.02 0.06 100 20 
La n/a n/a 1 n/a 
Li 0.001 0.003 n/a n/a 
Mg 0.007 0.003 100 20 
Mn 0.001 0.003 1 1 
Mo 0.007 0.021 0.1 2 
Na 0.01 0.003 100 75 
Ni 0.002 0.006 0.1 5 
Pb 0.008 0.024 0.1 10 
P  0.05 0.1 10 20 
S n/a n/a 500 25 

Sb 0.02 0.06 0.1 10 
Sc n/a n/a 0.1 n/a 

SiO2 0.06 0.18 n/a n/a 
Se 0.03 0.09 0.5 10 
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Water Sample Blanks 
 

Surface Water Pore Water Element/ 
Species 02-06(05) 01-06(05) 02-06(06) BCV26 
As(T) 0.002 <0.001 <0.001 <0.01 
As(III) <0.001 <0.001 <0.002 <0.01 
Sb(T) <0.0005 <0.0005 <0.0005 <0.001 
Sb(III) <0.0005 <0.0005 <0.0005 <0.005 
Fe(T) 0.004 no sample no sample no sample 
Fe(II) <0.002 no sample no sample no sample 

F <0.1 <0.05 <0.05 no sample 
Cl <0.2 <0.1 <0.1 no sample 
Br <0.03 <0.05 <0.03 no sample 

NO3 <0.05 0.1 <0.05 no sample 
SO4 <0.8 <0.8 <0.8 no sample 
As <0.02 <0.02 <0.03 <0.09 
Al <0.08 <0.08 <0.08 <0.24 
B <0.01 <0.01 <0.01 <0.03 
Ba <0.0008 <0.0008 0.007 0.004 
Be <0.001 <0.001 <0.001 <0.003 
Ca 0.456 <0.04 0.1 <0.003 
Cd <0.001 <0.001 <0.001 <0.003 
Co <0.007 <0.007 <0.007 <0.021 
Cr <0.002 <0.002 <0.002 <0.006 
Cu <0.003 <0.003 <0.003 <0.009 
Fe <0.007 <0.007 <0.007 <0.021 
K <0.02 <0.02 <0.02 <0.06 
Li <0.001 <0.001 <0.001 <0.003 
Mg 0.988 <0.007 <0.007 <0.003 
Mn <0.001 <0.001 <0.001 <0.003 
Mo <0.007 <0.007 <0.007 <0.021 
Na 1.78 0.42 0.118 <0.003 
Ni <0.002 <0.002 <0.002 <0.006 
Pb <0.008 <0.008 <0.008 <0.024 
P  <0.05 <0.05 n/a n/a 

Sb <0.02 <0.02 <0.02 <0.06 
SiO2 <0.06 <0.06 <0.06 <0.18 

Se <0.03 <0.03 <0.03 <0.09 
Sr 0.005 <0.0007 <0.0007 <0.0021 
V <0.005 <0.005 <0.005 <0.015 
Zn <0.004 <0.004 <0.003 0.022 

HCO3 2.53 no sample 2.8 no sample 
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Surface Water 
Relative Standard Deviation of duplicate samples 
 

RSD (%) Element/ 
Species 02-01(2005) 02-01(2006) 
As(T) DL* 2.96 
As(III) DL* 3.07 
Sb(T) 3.78 1.04 
Sb(III) 3.90 DL 
Fe(T) DL* no sample 
Fe(II) DL no sample 

F DL 9.18 
Cl 2.77 0.57 
Br 0.24 0.09 

NO3 0.56 1.01 
SO4 1.87 0.22 
As DL 0.00 
Al DL DL 
B 3.26 1.30 

Ba 0.00 3.45 
Be DL DL 
Ca 0.21 0.05 
Cd DL DL 
Co 4.29 DL 
Cr DL DL 
Cu DL 15.71 
Fe DL 3.82 
K 0.68 2.97 
Li 0.00 0.00 
Mg 2.63 1.42 
Mn 1.76 0.00 
Mo 3.63 5.24 
Na 0.42 0.99 
Ni 37.94 0.00 
Pb DL DL 
P  DL DL 
Sb 4.54 6.06 

SiO2 2.14 0.38 
Se DL DL 
Sr 0.19 0.11 
V 0.00 DL 

Zn DL 28.28 
HCO3 0.15 0.10 

 
DL = values at the detection limit, DL* = values too close to detection limit to calculate RSD 
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Plant Analyses 
Relative Standard Deviation of sample split 
 

Element RSD (%) 

Ag DL 
Al 8.82 
As 6.51 
B 0.96 
Ba 5.21 
Be DL 
Ca 4.33 
Cd DL 
Co 3.82 
Cr DL 
Cu 4.00 
Fe 5.44 
K 1.96 

Mg 3.70 
Mn 3.10 
Mo 7.25 
Na 3.58 
Ni 5.78 
P 2.12 

Pb 4.50 
S 3.80 

Sb 3.45 
Se DL 
Sn DL 
Sr 4.07 
Ti 11.48 
Tl DL 
U DL 
V DL 
Zn 3.35 
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Sediment 
Relative Standard Deviation of duplicate samples 

Relative Standard Deviation (%) Element 
BCV12 BCV22 BCC01 BP3 BP20 BP23 BP12 BCC5 BCC13 BCV7 DS6 Average 

Mo 6.15 0.00 0.00 0.00 5.66 0.00 12.86 14.63 11.11 18.95 1.85 6.47 
Cu 1.53 1.02 2.98 1.18 8.11 0.50 0.71 1.72 14.24 5.44 0.29 3.43 
Pb 1.06 4.43 5.21 1.49 4.52 2.47 0.28 5.53 5.29 6.87 2.16 3.57 
Zn 2.77 1.23 0.91 0.39 7.01 0.89 2.08 0.34 7.39 2.59 0.51 2.37 
Ag 4.45 0.00 9.43 3.29 0.00 28.28 0.00 0.00 16.37 2.53 0.00 5.85 
Ni 2.24 0.41 5.02 0.76 0.58 4.35 0.47 1.84 7.44 9.40 1.41 3.08 
Co 0.21 1.00 0.80 2.17 3.21 2.84 2.27 7.52 8.49 1.32 1.33 2.83 
Mn 3.10 0.63 1.72 2.13 3.12 3.40 1.51 1.50 4.79 12.97 0.10 3.18 
Fe 2.46 0.24 0.69 0.32 1.19 3.43 1.77 2.09 3.37 10.24 0.00 2.35 
As 0.61 0.00 0.88 1.17 11.66 1.52 0.38 2.54 8.34 0.82 3.61 2.87 
U 4.56 4.04 4.29 12.86 8.32 2.48 4.88 6.15 2.99 3.29 0.00 4.90 
Au 4.82 1.52 6.97 2.54 0.13 9.52 0.54 1.26 13.91 0.91 0.30 3.86 
Th 9.03 2.05 6.97 15.23 6.08 2.86 0.99 4.99 9.98 0.00 5.05 5.75 
Sr 3.45 0.00 2.67 6.15 5.98 1.84 0.00 0.00 10.34 2.77 1.79 3.18 
Cd 6.53 0.00 0.00 6.15 15.71 0.00 6.73 12.86 15.75 22.33 0.00 7.82 
Sb 2.24 1.03 0.00 1.22 8.61 2.18 0.49 2.73 9.19 1.33 2.05 2.82 
Bi 0.00 0.00 1.98 0.00 20.20 0.00 0.00 0.00 24.74 0.00 1.43 4.40 
V 0.00 1.30 0.00 2.48 0.00 1.84 1.59 4.12 2.76 0.00 1.30 1.40 
Ca 1.02 0.00 1.75 0.46 1.79 2.36 0.00 1.06 3.38 5.11 0.83 1.61 
P 1.70 0.00 1.40 6.29 1.32 5.05 3.45 5.66 7.13 0.00 0.00 2.91 
La 5.66 4.16 3.29 0.00 6.43 0.00 3.82 6.43 2.47 4.04 0.00 3.30 
Cr 0.00 0.00 0.00 1.55 0.51 3.59 0.90 3.28 6.32 16.09 0.86 3.01 
Mg 1.26 0.70 0.00 8.17 4.66 5.81 1.18 4.78 1.42 1.96 1.25 2.84 
Ba 9.43 1.98 2.48 1.03 9.18 2.38 0.83 3.66 9.12 10.25 0.87 4.66 
Ti 14.14 0.00 3.95 15.71 3.89 1.17 1.70 2.53 3.09 5.37 0.90 4.77 
B 28.28 18.45 1.43 47.14 14.14 5.66 0.00 8.32 6.93 20.20 0.00 13.69 
Al 1.47 1.05 0.00 5.47 4.39 5.13 2.09 1.20 5.61 3.85 0.37 2.78 
Na 0.00 0.00 1.47 6.58 18.95 5.55 7.14 9.43 7.02 22.70 2.97 7.44 
K 4.56 2.95 1.94 5.44 10.48 2.40 2.89 0.00 3.57 10.35 0.00 4.05 
W 3.82 0.00 2.48 9.43 20.20 20.20 0.00 0.00 5.97 4.04 2.11 6.21 
Hg 2.24 0.00 0.00 8.00 8.32 0.00 10.88 0.00 20.38 0.00 0.00 4.53 
Sc 0.00 1.35 24.96 3.34 1.70 1.70 2.95 2.72 11.09 10.35 0.00 5.47 
Tl 0.00 0.00 2.05 0.00 0.00 0.00 0.00 0.00 0.00 47.14 0.00 4.47 
S 0.00 0.00 0.00 3.29 5.24 0.00 0.00 3.63 16.43 0.00 n/a 2.86 

Ga 0.00 0.00 0.00 0.00 0.00 0.00 0.00 12.86 10.19 15.71 0.00 3.52 
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Se 4.04 DL 0.00 DL 9.43 9.43 0.00 15.71 DL 5.44 3.45 5.94 
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Appendix G: Preservation and Time Study 
Analyzed by D. Kirk Nordstrom and Blaine McClesky 

USGS, Boulder, Colorado 
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Preservation and Time Analysis 
 
  Concentration (ug/L) 

Date Analyzed Parameter No preservation NaOH HCL 
6/28/07 Sb(T) 782 594 772 
5/3/07 Sb(III) 29.6 21.6 26.7 
2/1/08 Sb(III) 12.1 8.4 11.3 
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Appendix H:  
Environmental Scanning Electron Microscopy Photos 

and Spectra 
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BCV1_1 
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Maghemite in BCV 
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M4M_1 
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M4M-2 
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M4M-4 
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BCV01-05 
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BCV10-09 
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BCV10-11 
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BCV10-14 
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BCV10-15 
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BCV10-16 
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BCV10-17 
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BCV10-19 
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BP15-01 
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BP15-03 
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BP15-04 
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BP20-20 
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BP20-22 
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Appendix I: Thin Section Analyses 
EPMA, µXRF, µXRD 

Petrography
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Thin Section Analyses 
 

uXRD XANES Thin      
Section 

Sample                 
Points EPMA XRF           

Map Sb Energy As Energy Sb As 
M2M M2M CA6   X     X   

    P08   M2M2_1   X   
    P09   M2M2_2   X   
    P10   M2M2_3   X   
  M2M CA5 P01-P05 X M2M3_1   X   
  M2M CA4 P06-P07 X         
  M2M AX2 P19-P21 X         
  M2M AX4 P11-P17 X         
  M2M08_1     M2M08_1   X   

M4M T1a_between bubbles   X   T1a_bubbles   X 
  T2a   X M4M T1a_1   X   
  T2a_2   X     X   
  T2a_3   X M4M T2a_3c   X   
  T2a_4   X     X   
  T2a_5new (As)   X   T2a_new   X 
  T2a_bk   X   T2a-bk   X 
  T1b_1   X M4M T1b_1   X   
  T1b_2   X M4M Tib_2   X   
  T2c_1   X M4MT2c_1   X   
  T2c_2   X M4MT2c_2   X   
  T2c_3   X M4MT2c_3   X   
  T2c_4   X M4MT2c_4   X   
  T2c_5   X M4MT2c_5   X   
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Thin Section Analyses (cont.) 
 

uXRD XANES Thin      
Section 

Sample               
Points EPMA XRF           

Map Sb Energy As Energy Sb As 
BP01 BP01_2b   X BP01_2b   X X 

  BP01_3   X BP01_3   X   
  BP01_4   X BP01_4   X X 
  BP01_5   X BP01_5   X X 
  BP01_6a   X BP01_6a       
  BP01_6b   X BP01_6b       

BP15 BP15_1a   X BP15_1a   X X 
  BP15_1b   X BP15_1b       
  BP15_1e   X BP15_1e       
  BP15_1f   X BP15_1f   X X 
  BP15_1i   X   BP15_1i   X 
  BP15_1j   X   BP15_1j   X 
  BP15_1k   X   BP15_1k   X 
  BP15_201b   X BP15_201b   X   
  BP15_202b   X BP15_202b   X X 
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EPMA Apparent Concentrations 
DL= below the detection limit of 0.3 
 

Thin 
Section Grain Location 

Sb Apparent 
Concentration 

(%) 
M2M CA5 M2M CA5 P01 (Rim) 1.4 

    P02 (Rim) 0.8 
    P03 (Core) 0.6 
    P04 (Core) 0.8 
    P05 (Rim) 1.0 
        
  CA4 M2M CA4 P06 (Core) DL 
    P07 (Outer rim) DL 
        
  CA6 M2M CA6 P08 (On Hem) DL 
    P09 (on Mag) 0.3 
    P10 (Grain above the mitt grain) 0.6 
        
  AX4 M2M AX4 P11 (on brownish-red spot) 0.8 
    P12 (Re-do of above) 0.8 
    P13 (Fe-O) 0.5 
    P14 (Re-do of 13) 0.7 
    P15 (Sulfide) DL 
    P16 (Re-do of 15) DL 
    P17 (Rox) 0.4 
        
  AX2 P19 (on rim) 0.5 
    P20 (On Rxn rim, closer to Sulfide) 0.8 
    P21 (Core) DL 
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EPMA Apparent Concentrations (cont.) 

Thin 
Section Grain Location 

Sb Apparent 
Concentration 

(%) 
NWP CA5 NWPond P22 (off the grain) DL 

    NWPond P23 (outer rim) 0.9 
    NWPond P24 (Inner part of outer rim) 0.9 
    NWPond P25 (inner rim) 0.9 
    NWPond P26 (core) DL 
        
  Ref1 NWP-Ref1-P28 0.7 
    P29 (Re-do for Std Dev) 0.6 
    POI 30 (Re-do for Std Dev) 0.6 
    POI 32 (Re-do of 31) 0.5 
    P33-Core 0.9 
        
  6d P34-6d-trapezoidal grain DL 
    P35-another spot on 6d 0.5 
    P36-broken up part 0.3 
    P37-on concentric r-ox 0.4 
    P37b/38-Re-do of 37 (high bkg) 0.4 
        
  6e P40-blobby thing-rim 0.6 
    P41-Sulfide Core DL 
    P42-Boot DL 
    P43-Re-do of 42, may have moved DL 
    P44-Rasterting over 42, raster size 2 DL 
        
  AX9 AX9-P45-core DL 
    P46-inner rim 0.4 
    P46b-for Std Dev 0.4 
    P46c-for Std Dev 0.4 
    P47-Outer rim 0.4 
        
  9b P49-Dolomite-rim DL 
    P50-Dol-Core DL 
    P51-Broken down R-ox DL 
    P52-Raster of 51 DL 
    P53-Ref. part of R-ox 0.3 
    P54-broken up part of r-ox 0.8 
        
  AX10 AX10-P55-large r-ox, on rim 0.5 
    P56-inner rim 0.6 
    P57-core 0.9 
    P58-ArsPy Core DL 
    P59-rim 0.0 
        
  AX8 AX8-P60 (Core) 1.3 
    P61 (rim) 0.8 
    P62(rim) 1.0 
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C) 
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Appendix J: Simplified Giant Mine Processing Flow Sheet 
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