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ABSTRACT 

 

Natural waters are typically filtered to 0.45 microns in order to discriminate between 

truly dissolved and non-aqueous phases. Acid is then added to the sample as a 

preservative, and all measured concentrations are considered dissolved. However, it is 

well-known that the <0.45 μm fraction contains a mixture of truly dissolved ions, 

colloids, and particulate matter. Drainage samples from tailings depositories at the New 

Calumet Mine in Quebec, Canada were collected and subsequently ultra-filtered to 0.01 

μm, capturing all particles between 0.01 μm and 0.45 μm  in  size. SEM analysis of the 

filter membranes revealed 100-300 nm spherical iron oxyhydroxides, zinc carbonates 

and/or oxyhydroxides, and adsorbed Zn on Fe-oxyhydroxides. Zn was also identified on 

biogenic particles. Fe was found to be carried predominantly in colloidal form, while 

only a small fraction of the Zn was found to be transported this way. The majority of the 

Zn was found to be dissolved, and bioavailable. It is important to understand the fraction 

of metal carried in colloidal form as colloids play an integral role in the fate and mobility 

of trace contaminants. Failure to account for colloidal particles may cause the 

bioavailability of trace metals to be over- or under- estimated. This has important 

implications for mine permitting and environmental assessments. 
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1.0 INTRODUCTION 

1.1 Colloids in Mine Waters 

 The high concentrations of metals in mine waters have been a long-standing 

environmental concern. Metals such as zinc (Zn), arsenic (As), lead (Pb), and cadmium 

(Cd) are highly bioavailable in dissolved form and are known to cause significant adverse 

effects to aquatic ecosystems. For this reason, the Canadian government regulates their 

presence in mine waters.  

 It is generally considered that what passes through at 0.45μm filter is fully 

dissolved. However, this filtered water may contain a mixture of truly dissolved cations, 

colloidal particles (1-1000 nm), and undissolved metals present as fine particulates. These 

colloids, which are ubiquitous in mine waters, behave significantly differently than their 

macromolecule counterparts (Klaine et al., 2008). Their tiny size allows for a large 

surface to volume ratio, and therefore a greater density of surficial reactive sites. Not only 

can they be much more reactive, but they are also as mobile as dissolved species 

(Hassellov and von der Kammer, 2008). This permits them to act as transport vectors for 

particles that would otherwise be immobile (Hamon et al., 2005).  

Colloids play a key role in the speciation, mobility, and cycling of trace 

contaminants (Zänker et al., 2003). Iron colloids, in particular, are known to facilitate the 

transport of trace elements and metals in aqueous systems (Benjamin and Leckie, 1981). 

Neglecting colloids in the environmental assessment of a mine can cause an over- or 

under-estimate of the bioavailability of trace metals. If the trace element is considered 
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immobile, but is adsorbed to colloids, its mobility will be much greater than estimated 

(Zänker et al., 2003). Or, the trace metal may be treated as mobile, but a large fraction 

may be scavenged by colloids and removed from solution through sedimentation or 

precipitation, resulting in its mobility being overestimated (Zänker et al., 2003).  

1.2 New Calumet Mine 

 This research is focused on the mine waters that result from the tailings at New 

Calumet Mine, on Ile du Grand Calumet, Quebec. It is located approximately 90 km 

northwest of Ottawa, Ontario at 45°70’ N, -76°68’ W. 

1.2.1 Geological Setting 

 The New Calumet Pb-Zn-Ag-Au-Cu Mine is situated in the southwestern part of 

the Grenville province: a combination of supracrustral sequences and relic orogenies that 

are characterized by high grade metamorphism dated at 1.1 Ga (Moore, 1986). The mine 

is located on the boundary of two ancient accreted terranes: the Elzevir and Bancroft 

(Williams, 1992). The strong gneissose fabric found in the rocks near the mine is 

evidence of amphibolite facies metamorphism and intense deformation, which is 

characteristic of these terranes (Williams, 1992). It is estimated that a temperature of 650-

700 and a pressure of 4-6 kbar were reached at peak metamorphic conditions (Williams, 

1990). 

 The host rocks of the mineral deposit are amphibolites, siliceous pyritic-pyrrhotic 

gneisses, and an unusual suite of compositionally variable rocks (Williams, 1990). The 

mineralization occurs within a complex transition zone between biotite and sillimanite-
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bearing quartzofeldspathic gneisses and amphibolites (Williams, 1990). The hanging wall 

is predominately amphibolites with some subsidiary gneisses, and as is typical of the 

Elsevir terrane, massive dolomite and calcite marbles occur deeper in the footwall 

(Williams, 1992). Zn-Pb-Ag mineralization is found as massive sulfide deposits 

consisting of sphalerite, galena, and pyrrhotite intergrown with calcite, dolomite and calc-

silicate minerals (Williams, 1990). Close to, but separate from the Zn-Pb-Ag sulfides, 

Au-Ag-Cu mineralization occurs within the migmatite zone and consists of native gold 

disseminated with sulfide and oxide minerals (Williams, 1990). Galena [PbS], 

chalcopyrite [CuFeS2], sphalerite [ZnS], and tetrahedrite [(Cu,Fe,Ag,Zn)12Sb4S13] are the 

major ore minerals.  

1.2.2 Mine History 

 Pb-Zn occurrences were discovered on L’Ile-du-Grand-Calumet in 1893. The 

deposit was mined from 1911 to 1913, when a fire destroyed the mill causing the 

operation to end prematurely (Jaggard, 2012). In 1939, further exploration and 

discoveries of lead, zinc, silver, and gold triggered the construction of a new mill and a 

substantial mining operation from 1943 to 1968 (McLatchy, 2012). Over this period of 

time, New Calumet Mines Ltd. extracted 3.8 million tonnes of ore averaging 5.8% Zn, 

1.6% Pb, 74 g/t silver (Ag), and 0.45 g/t gold (Au) (Bishop, 1987). When the operation 

began in 1943, 500 tonnes of ore were extracted per day (Jaggard, 2012). Six years later, 

the rate increased to 800 tonnes per day, and by 1953 the mine reached its maximum rate 

of output of 840 tonnes per day (Bishop, 1987). The ore was crushed, ground, and floated 

on site. The lead and zinc concentrates were then thickened, filtered, and transported off-
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site for further processing; and the filters and thickeners were directed to overflow to 

waste. The tailings were pumped to the disposal sites on the property.  

 The mine ceased operation in 1968 and was privately acquired by Jon McLatchy 

for recreational purposes in the late 1970s. His 1-km2 property includes a cottage 

(converted from the old mining office), significant areas of forested land, three mine 

tailings depositories, an abandoned core facility, dirt roads, and about 1200 metres of 

waterfront on the Ottawa River.  

1.2.3 Tailings 

 The mining operations throughout the lifetime of the New Calumet Mine 

produced approximately 2.8 million tonnes of tailings that were deposited in three 

separate areas on the mine property (Praharaj and Fortin, 2008). These sites have been 

colloquially named Beaver Pond, Mount Sinai, and the Gobi Desert (Figure 1.1). The 

tailings contain 0.34-0.42% Zn, 0.20-0.23% Pb, and smaller amounts of copper (Cu) and 

gold (Au) (Praharaj and Fortin, 2008). As a result of the carbonate minerals present in the 

host rock assemblage, the tailings tend to be slightly alkaline (pH 7-8.5) (Praharaj and 

Fortin, 2008; Sangster, 1967). These carbonate minerals act as acid neutralizers in the 

tailings, effectively eliminating any acid mine drainage (AMD) that would result from the 

oxidation of the sulfide minerals in the primary mineral assemblage. Even though the 

tailings at New Calumet Mine contain pyrite (FeS2) and pyrrhotite (Fe1-xS), the major 

players in the production of AMD, any acid that would be generated appears to be 

neutralized by the presence of carbonate minerals (Jaggard, 2012). 

 The Beaver Pond was the first tailings disposal site to be created at New Calumet 

Mine. It acted as the main tailings depository between 1943 and the early 1950’s. It is the 



 5 

southernmost of the three tailings sites and is located near the old mining shaft. The 

tailings site contains approximately 500,000 tonnes of tailings and occupies a low-lying 

area between the old mill and the Ottawa River (Jaggard, 2012). The area tends to 

accumulate surface runoff from nearby agricultural fields, causing it to be flooded and 

covered in tall vegetation during the summer (McLatchy, 2012). In the early 1950s, the 

tailings dam broke, allowing the tailings to flow directly into the Ottawa River. The 

tailings dam has since been rebuilt and is now continuously monitored for stability 

(McLatchy, 2012). 

 Mount Sinai was the second tailings deposit site at New Calumet Mine. It is 

located just behind the old mine office and contains 1,000,000 tonnes of tailings 

(McLatchy, 2012). It has a relief of 30 m at its peak, which is significantly higher than 

the other tailings sites on the property (Jaggard, 2012). Although there is no vegetation on 

the hill itself, the bottom perimeter of Mount Sinai accumulates runoff, creating a marshy 

environment and allowing the growth of vegetation (predominantly cattails). 

 The Gobi Desert was the last site used for tailings disposal. It is the largest in area 

of the three (900 m2), and contains approximately 1,000,000 tonnes of tailings 

(McLatchy, 2012). It varies in relief from 1-6 m (Jaggard, 2012), and the areas at the 

lowest elevations have naturally re-vegetated. Much of this tailings site has been 

fertilized and purposely re-vegetated by John McLatchy. 



 6 

Figure 1.1 Aerial photograph of New Calumet Mine taken in October, 2011. Tailings depositories 
are labeled in black and light blue circles denote water sampling sites. Photo courtesy of John 
McLatchy. 
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2.0 COLLOIDS AND MINE WATERS 

2.1 Mine Waters 

The contamination of natural waters due to tailings disposal is a major 

environmental concern. Although mines are often associated with acid mine drainage, 

waters resulting from tailings and mine sites can be neutral, or even basic depending on 

the neutralization potential of the tailings (Nordstrom, 2011). Acidic waters can become 

particularly contaminated because lowering the pH increases the solubility of many 

metals, resulting in the leaching of toxic elements from waste. However, neutral mine 

drainage can also contain high dissolved metal concentrations (Pettit et al., 1999).  

2.1.1 Circumneutral Mine Waters 

Circumneutral mine drainage has been found to contain high concentrations of Mo, 

U, and Ni, among others, in various settings (Nordstrom, 2011; Heikkinen et al., 2009). 

However, metal concentrations generally decrease considerably with increasing pH 

(Nordstrom, 2011). Any abnormally high concentrations of some trace elements (such as 

those examples mentioned above) can be attributed to the element’s unusually high 

abundance in the source rock. Habitually, circumneutral mine waters contain high 

concentrations of Mg and Ca due to the neutralization of acid mine drainage by the 

carbonate host rock (Madzivire et al., 2010) 

Typically trace metals are transported as dissolved species, but as the pH of mine 

drainage increases, colloids become more important than solution in the transport of trace 

metals (Protano and Riccobono, 2002; Kimball et al., 1994). Contaminant metals are 
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often found to be associated with colloids, especially Fe (oxy)hydroxides and other metal 

oxides and hydrous phases (Hochella et al., 2005). The metal scavenging ability of iron 

hydrous oxides, including for Pb and rare earth elements, becomes more effective as the 

pH of the solution approaches 7 (Hochella et al., 2005; Protano and Riccobono, 2002). 

The unique attributes of colloidal particles make them central to our understanding of the 

toxicity and bioavailability of trace metals in circumneutral mine drainage. 

2.2 Colloids 

Colloids are abundant in nature, and unique in terms of their size and morphology. 

Their unusual characteristics allow them to play an integral role in the speciation, 

mobility, bioavailability, and transport of trace elements in surface waters (Buffle and 

Leppard, 1995; Gustafsson and Gschwend, 1997). Although the properties of colloids, 

and their role in the fate and transport of trace elements is by no means fully understood, 

we are beginning to be able to characterize and understand the physical interactions 

between these particles. 

2.2.1 The Significance of Size 

Colloids are defined as material with at least one dimension that is between 1 nm 

and 1 μm (Klaine et al., 2008; Wilkinson and Lead, 2007; Lead et al., 1997). This 

classification comprises a range of particles, including humic and fulvic acids, proteins 

and peptides, and inorganic species (Klaine et al., 2008). Figure 2.1 shows the major 

types of aquatic colloids. It is generally agreed upon that the behaviour of the material is 

a better indicator of whether it is a colloid, particulate, or dissolved phase than physical 
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Figure 2.1 Size distributions of common environmental colloids found in aquatic systems. (Taken 
from Klaine et al, 2008; Redrawn from Wilkinson and Lead, 2006).  
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size alone (Gustafsson and Gschwend, 1997). It has been proposed that colloids are 

dominated by aggregation processes and have the ability to adsorb trace elements from 

solution, whereas particles are simply dominated by sedimentation processes and do not 

have this ability (Gustafsson and Gschwend, 1997; Wilkinson and Lead, 2007; Buffle and 

Leppard, 1995). This definition allows a material that acts as a colloid in one water body 

to act as a particle in another, depending on the particular physicochemistry of the 

medium (Gustafsson and Gschwend, 1997; Wilkinson and Lead, 2007).  

Colloids are characterized by a high surface-to-volume ratio that allows them to 

have a greater density of surficial reactive sites, and act as important binding phases for 

contaminants, trace metals, and other ions (Klaine et al., 2008). All colloids are 

dominated by their surface properties, such as surface area and electric charge, instead of 

bulk properties such as chemical composition (Wilkinson and Lead, 2007). This is simply 

due to the amount of mass of the colloid that is found at its surface (50% for a 3 nm 

colloid; 5% for a 30 nm colloid) (Wilkinson and Lead, 2007). As the size of the particle 

increases, gravitational forces begin to exceed Brownian forces and sedimentation occurs 

(Wilkinson and Lead, 2007). However, particles less than 1 μm in aquatic systems cannot 

settle on their own, and may even travel through porous media (Buffle and Leppard, 

1995). Their high surface area, tiny size, and abundant surficial reactive sites allow 

colloids to remain dispersed in solution, adsorb trace metals and other materials, and 

transport these materials over significant distances (Buffle and Leppard, 1995). 
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2.2.2 Aggregation and Behaviour 

Colloids play a major role as carriers of trace contaminants. To determine the fate 

of these contaminants, we must fully understand the behaviour of the colloidal particles. 

Colloids have an inherent tendency to coagulate. As they move through the 

environment they will aggregate, creating particles that are greater than 1 μm, and 

eventually settling out of solution due to gravitational forces (Klaine et al., 2008; 

Gustafsson and Gschwend, 1997). The rapid adsorption of dissolved metal species on 

surface reactive sites of colloids, followed by the coagulation and sedimentation of these 

colloids is known as colloidal pumping, referring to the capture and removal of trace 

elements from aquatic systems (Klaine et al., 2008; Honeyman and Santschi, 1989). The 

coagulation process is generally described using the theory of Brownian motion, which 

considers the colloids as impermeable spheres in constant motion (Smoluchovsky, 1917; 

Klaine et al., 2008). The energy barrier of interaction between two colloids depends on 

their attractive energy resulting from van der Waals forces and the repulsive energy 

resulting from their negative charges (Verwey, 1948). This energy barrier is reduced if 

the colloids have low charge, or if the ionic strength increases (Verwey, 1948). External 

energy added to the system, such as an increase in temperature, can also cause this barrier 

to be more easily overcome. As the energy barrier becomes lower, coagulation will occur 

more quickly, and the rate will be controlled by diffusion rather than by reaction rate 

(Buffle and Leppard, 1995). Colloids that are less than 100 nm in size exist for only a 

very small period of time before coagulating into larger, more stable, aggregates 

(O’Melia, 1980). These aggregates will continue to coagulate until they form particles 

larger than 20 μm, and eventually settle out of solution (O’Melia, 1980). Aggregates of 
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0.1 to 10 μm in size have been found to be the most stable in aquatic systems by both 

model simulations and size distribution in natural rivers (Buffle and Leppard, 1995).  

It is also important to consider colloid interaction with organic molecules, as 

organic material may cause colloid coagulation behaviour to diverge from the Brownian 

motion model. Organic macromolecules may adsorb onto the surface of inorganic 

colloids, altering the interaction energy barrier (Aiken et al., 2011).  Larger organic 

material may bind to several colloids and induce aggregation; this is termed “the bridging 

mechanism” (Buffle and Leppard, 1995). 

2.2.3 Iron Oxide Phases 

Iron oxide phases are some of the most ubiquitous types of colloids in the natural 

environment (Davis and Leckie, 1978). Iron occurs in a diverse array of minerals, and is a 

common constituent of most ores. The formation of iron (oxyhydr)oxide, and other oxide 

phases often occurs due to the oxidation of ferrous iron, especially at transition zones 

between anoxic and oxygenated environments (Zänker et al., 2003). Bacterial processes 

frequently aid this oxidation reaction, and the subsequent formation of hydrolysis species 

(Hassellov and von der Kammer, 2008). Organic matter present in natural waters can 

interfere with the growth of these FeOx particles, keeping them at nanoparticle size and 

causing the neutralization of their surface charge (Hassellov and von der Kammer, 2008). 

However, despite the stabilization effect that organic matter can have on iron oxide 

colloids, it can also catalyze the flocculation of these particles and cause them to 

sediment (Aiken et al., 2011; Leppard and Buffle, 1995). Thus, the presence and type of 

organic matter is an important influence the fate and behaviour of Fe colloids. 
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Iron oxide phases have long been recognized for their strong adsorption properties 

that allow them to act an important mode of transport for trace metals (Benjamin and 

Leckie, 1981). In particular, ferrihydrite, a poorly crystalline iron oxyhydroxide phase 

often found in mine drainage, is speculated to be one of the most important phases in the 

transport of metals (Hochella, 2005; Hassellov and Kammer, 2008). It has an enormous 

capacity to adsorb trace metals (particularly As, Cu, Pb, and Zn) and, due to its 

persistence in aquatic systems, it has the ability to transport them downstream over 

significant distances (Hochella, 2005). The ability of iron oxide phases to bind to and 

transport trace metals is integral when considering the mobility, bioavailability, and 

geochemical cycling of these elements. 

2.2.4 Zinc Bearing Colloids 

Zinc bearing particles are common in areas contaminated by Pb-Zn mine tailings 

or smelting waste (Webb et al., 2000). These particles are heavily influenced by their 

interactions with biological processes and inorganic colloids, both of which govern their 

speciation and morphology.  

It is known that cell walls can interact strongly with metal ions and have an 

exceptional ability to accumulate heavy metals (Schultze-Lam et al., 1996). Webb et al. 

(2000) found that zinc bearing particles are very often associated with, or entrained into, 

biological structures. In the water column of Lake DePue, which is contaminated due to 

industrial smelting operations, bacteria were found to be the primary morphology of zinc 

bearing particles (Webb et al., 2000). They hypothesize that the organic-rich outer surface 

of the algal cells might provide a nucleation site or a template for particle formation, and 
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that the zinc in this type of particle is likely coprecipitated or coentrained with the biotic 

structure  (Webb et al., 2000).  

Zinc can also effectively adsorb onto Fe (oxyhydr)oxides, Mn oxides and Al 

(hydr)oxides (Roberts et al., 2002). Adsorption to these inorganic colloidal particles, 

which is a significant process at neutral pH, reduces the mobility and bioavailability of 

zinc. This has long been identified as an important mechanism for the removal of zinc 

from the pore waters of lake sediments to concentrations well below the predicted 

equilibrium (Tessier et al., 1985).  

3.0 METHODOLOGY 

3.1 Field Sampling Methods 

 Fieldwork was conducted on October 21, 2012. Water samples were collected 

from four sampling sites: two sites at the Beaver Pond, and two sites at Mount Sinai. 

Sampling stations were chosen so that the waters sampled were directly influenced by the 

tailings. Table 3.1 lists the coordinates and location of each sample site. 

At each of the four sites, temperature, dissolved oxygen, pH, conductivity, and 

reduction-oxidation potential were measured in-situ. Following these measurements, a 

sample was collected in a 1 L Nalgene bottle that had been rinsed three times with the 

water at the site. This water was then filtered using a 20 mL syringe and 0.45 μm filters, 

into four separate smaller Nalgene bottles, each of which had been rinsed three times. 

These bottles were filled, avoiding any headspace (to prevent degassing and oxidation), 

and tightly closed.  
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Each aliquot was taken for a different purpose: one for subsequent ultrafiltration, 

one for analysis for cations, one for analysis for anions, and one for alkalinity titration. A 

60 mL aliquot was collected for subsequent ultrafiltration. This sample was not preserved 

in order to avoid dissolving any colloidal particles. A 30 mL sample was collected for 

cation analysis, and was subsequently preserved with 2 mL of 10% nitric acid. A 30 mL 

aliquot was collected for anion analysis and left unpreserved. A 60 mL sample was 

collected for alkalinity titration and also left unpreserved. No more than a few hours after 

the collection of each sample, an alkalinity titration was conducted on a sample from each 

site to determine the bicarbonate concentration.  

 Standard quality control was followed in the field in order to avoid contamination 

and ensure the quality of our results. One field duplicate was taken. All samples were 

stored in a cooler during transport and refrigerated on the same day of sampling upon 

returning to the lab. 

Table 3.1 List of sample stations and locations. GPS coordinates are based on UTM 18 

 

Sample Station Descr iption Easting Northing 

Site 1 Southern base of Mt. Sinai (in reed beds) 369547 5061977 

Site 2 Beaver Pond, approximately 30 m below dam 368718 5061989 

Site 3 Beaver Pond, just below the dam 368743 5061997 

Site 4 Western base of Mt. Sinai (in reed beds) 369434 5061990 
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3.2 Ultrafiltration 

 As the samples collected for ultrafiltration were not preserved in the field, this 

procedure was conducted within four days following the sample collection to minimize 

any degassing or oxidation that could occur. All samples were refrigerated prior to 

ultrafiltration. 

 To assess the amount of metals in truly dissolved form, these unpreserved water 

samples were ultrafiltered through a membrane with a pore size of 0.01μm.This was 

performed using an ultrafiltration cell, which was pressurized with 275 kPa nitrogen gas. 

A beaker was placed on a balance to collect the permeate as it exited the cell after 

filtration. Two to four hours were required to filter 30 mL of sample. The membranes 

used for the ultrafiltration of each sample were then chilled until further analysis. A small 

piece of wet paper towel was placed with each filter in order to prevent it from drying 

out.  

 The ultrafiltered water samples were subsequently preserved with 1.6 mL of 10% 

nitric acid and refrigerated. These samples were then analyzed for cations using ICP-MS 

and compared to those samples that were filtered to 0.45 μm to determine the 

concentrations of truly dissolved metals. 

3.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

The following cations were of particular interest in this project: iron (Fe), zinc 

(Zn), cadmium (Cd), lead (Pb), arsenic (As), aluminum (Al), and manganese (Mn). Five 

samples filtered to 0.45 μm and five samples filtered to 0.01 μm were analyzed (including 

duplicates).  
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Four samples were analyzed for anions. The species of particular interest were 

chloride (Cl), phosphate (PO4), fluoride (F), nitrite (NO2), nitrate (NO3), and sulphate 

(SO4). 

3.4 Scanning Electron Microscopy (SEM) 

 The filters were analyzed with SEM in order to characterize the colloidal species 

and phase relationships. Additionally, it was used to determine the chemical composition 

of the colloids and other solid phases. A FEI™ Quanta™ 650 SEM was used to analyze 

the samples.  

 The filters were stuck onto 3 cm diameter stubs, and then coated with carbon in 

order to make them electrically conductive and improve the signal-to-noise ratio of the 

imagery. Two SEM modes were used in analysis: the EDS (energy dispersive x-ray 

spectroscopy) and the backscatter detector (z-contrast). The backscatter detector causes 

elements of higher atomic number to appear brighter. The EDS was used to chemically 

characterize the samples and produce photomicrographs of the filters. The secondary 

electron imaging was used to obtain the highest resolution images.  

4.0  RESULTS 

4.1 Field Observations 

Samples were taken at two of the tailings sites on the mine property: Beaver Pond and 

Mt. Sinai. Beaver Pond has a creek running through it, which goes through the earthen 

 



 18 

Table 4.1 List of measured field parameters at each sampling site. 

tailings dam and continues towards the Ottawa River. The water just below the tailings 

dam is rusty in colour due to the rapid oxidation of ferrous iron, which produces  

orange iron oxyhydroxide (Figure 4.1). This occurs because of the transition between the 

anaerobic environment within the tailings pond and the oxic environment at the surface. 

The dissolved oxygen was just 3.97 mg/L (although unstable) at the base of the dam, 

while further down the creek it reached 11.61 mg/L (Figure 4.1). Filtering the water to 

0.45 μm removed the orange colour. Despite all efforts to minimize headspace in this 

sample, some of the ferrous iron in the water had begun to oxidize before ultrafiltration 

was conducted two days later, and the sampled water had become slightly orange. Further 

down the creek, the orange colour began to dissipate, and only a few 10s of metres down 

the creek from this location, the water appeared clear. The southern and western edges of 

the Mt. Sinai tailings site are covered with reeds. Runoff from the hill accumulates in 

these areas, creating a marshy environment. The water on the southern edge appeared a 

milky white colour, thought to be gypsum or carbonate, although this milkiness is 

removed from the water when it is filtered at 0.45 μm (Figure 4.2). The western edge of 

the tailings site was a similar environment, but the water was clear. The surface of the 

water had an oil-like sheen that is often associated with microbial activity (Figure 4.3).  

Sample 
Station 

T emperature 
(°C) pH O RP 

(mV) 
D O 
(%) 

D O 
(mg/L) 

Conductivity 
(μs/cm) 

Total A lkalinity 
(mg/L) 

Site 1 11.83 6.25 102.9 62.1 6.64 Not measured 127 
Site 2 10.11 7.63 25.6 103.4 11.61 1589 260 
Site 3 9.35 6.76 41.5 35 3.97 1620 280 
Site 4 10.85 7.08 104.5 45 4.88 4239 222 
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Figure 4.1 Photo of stream water just below the Beaver Pond tailings dam (Site 3). Note the rusty 
orange colour of the water. 

  



 20 

 

 

 

Figure 4.2 Photo of water in reed beds on the southern edge of Mt. Sinai (Site 1). Notice the 
milky substance in the water.  
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Figure 4.3 Photo of the water in the reeds at the eastern edge of Mt. Sinai (Site 4). Note the 
slightly oily sheen to the water, which may be a result of microbial activity. 
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4.2 SEM Results 

The membranes used for ultrafiltration were analyzed using scanning electron 

microscopy. The membrane captures particles that are less than 0.45 μm (as a result of 

previous filtration) and greater than 0.01 μm in size. 

4.2.1 Beaver Pond 

The most important colloid-forming element in the Beaver Pond drainage samples 

was the iron. Calcium, sulphur and silicon were also present in small amounts in many of 

the colloidial particles, likely due to the prevalence of carbonate minerals, gypsum, and 

silicate minerals in the mine tailings. The sample taken nearest to the dam (Site 3) (  

Figure 4.4) contained mainly spherical iron oxyhydroxides with some adsorbed 

silica, calcium, and sulphur. These sub-rounded spheres were about 325 nm in diameter. 

Upon ultrafiltration, the colloids coagulated to form aggregates of up to 100 μm in size.  

These iron oxyhydroxide aggregates of varying sizes covered the membrane almost 

uniformly, although some areas were more thickly covered than others. The coagulation 

process likely began before filtration, as some evidence of iron oxidation developed over 

the two days between sampling and ultrafiltration. As the filter dried before analysis, 

some gypsum and calcite precipitated as a coating on the iron oxyhyroxide aggregates 

(Figure 4.4, Figure 4.5). A 15 μm calcite crystal was also observed, which due to its large 

size, must have formed upon drying (Figure 4.4).  
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Figure 4.4 (Site 3, sample 3) SEM micrographs (coated with carbon) of colloids and precipitates 
from site 3 (just below the Beaver Pond tailings dam) on a 10-nm filter. 3A, 3B, and 3C are iron 
oxyhydroxides in various stages of aggregation. Image 3D shows a gypsum coating on iron 
oxyhydroxides. The coating likely precipitated upon the drying of the filter. Image 3E also shows 
another coating (although of calcite), on Fe-colloids. 3F is a precipitated calcite grain. 

 

3A 3B 

3C 3D 

3E 3F 
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Figure 4.5 (Site 3, sample 3) EDX spectrums from the Beaver Pond micrographs above. The carbon 
peak may either be due to the carbon coating of the filters, or from the mineral composition. 

3A 

3B 

3D 

3E 

3F 
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Site 2 is located approximately 30 m southwest of Site 3 and the tailings dam. 

SEM analysis of ultrafiltration membrane used to filter water from this site revealed a 

lack of colloidal material. No large aggregates of colloids were found at this location, in 

stark contrast to the huge number of iron oxyhydroxides present in the water just 30 m 

upstream. Only a handful of small (< 1 μm) groups of coagulated iron oxyhydroxides of 

similar morphology and chemical composition to the Fe-oxyhydroxide spheres found at 

Site 3 were present on the membrane (Figure 4.6). It is probable that the large iron 

oxydroxide aggregates dropped out of suspension further upstream, just downstream from 

site 3. It was observed by Buffle and Leppard (1995) that once colloids aggregate to form 

particles larger than 10 μm, they tend to become subject to sedimentation and disappear 

from solution. As the iron oxyhydroxides observed in the sample from Site 3 have a 

strong tendency to coagulate, the lack of these colloids at Site 2 can likely be attributed to 

this coagulation and sedimentation process.  

4.2.2 Mt. Sinai 

Zinc and iron were the most prevalent colloid-forming elements in the Mt. Sinai 

water samples. Iron colloids were found at Site 1, while the waters at Site 4 (sample 5) 

exclusively contained zinc colloids. Some interesting particle morphologies were 

observed in the water samples taken at this tailings site.  

The water sample taken at Site 1, on the southern edge of Mt. Sinai, contained 

mostly spherical colloids of 150-200 nm in diameter ( Figure 4.7). The chemical 

composition was predominantly iron and zinc, although some colloids contained silica 

and aluminum as well. These are most likely iron oxyhydroxides with adsorbed zinc.  
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Figure 4.6 (Site 2, sample 2) SEM micrographs (coating with carbon) and EDX spectrums of 
colloids from Site 2 (40 m below the Beaver pond tailings dam) on a 10-nm filter. The arrows 
point to the location where the EDX spectrum was measured. 2A and 2B are small iron 
oxyhydroxide aggregates with some adsorbed elements. Colloids were very uncommon in this 
sample, and aggregates never reached sizes greater than 1-2 μm. Note that the high carbon peak in 
the EDX spectrum may either be an artifact of the carbon coating or from the mineral 
composition.  
 

  

2B 

2A 

2A 2B 
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Similar to Site 3, these colloids formed large aggregates of up to 10’s of microns in size 

and covered the membrane almost uniformly. However, these spheres were more 

perfectly rounded than those at Site 3, and were almost half the size. This sample also 

contained particles with disk-like or “spiky” morphologies. These disks were composed 

predominantly of zinc, although also contained iron and sulphur, with some aluminum 

and silica. These disks were less than 1 μm in length and occurred within large aggregates 

of the spherical colloids. 

At Site 4 (sample 5) on the eastern edge of Mt. Sinai, several different 

morphologies of zinc colloids were observed (Figure 4.8). The most prevalent colloids 

present on the membrane were small spheres that were 150-300 nm in diameter. They 

were composed of an unidentified zinc mineral (likely a zinc carbonate, zinc oxide or 

zinc oxyhydroxide), and also contained some silica. Their shape ranged from perfectly 

spherical to a flattened, squished appearance. Much like the colloids present at other sites, 

these zinc colloids tended to coagulate and form large aggregates, although few were 

larger than 10 μm in size. There were many other morphologies of zinc-bearing particles 

that were also observed in this sample (Figure 4.8). A large (50 μm) mass of a thread-like 

substance was observed on the membrane. It was composed mostly of zinc and oxygen, 

although it did contain a very small amount of sulphur and calcium (there were gypsum 

crystals near, however). This large aggregation of “threads” must have coagulated after 

filtration, or perhaps it is a result of a filter malfunction (5C in Figure 4.8). A few types of 

dendritic particles that appeared to be of biological origin were also observed on the filter 

membrane. Three different morphologies were identified: thin, spindles that form star-

shape patterns; linked circles that range from 0.3-10 μm in diameter; and a thick, darker   
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 Figure 4.7 (Site 1, sample 1) SEM micrographs (coated with carbon) and EDX spectrums of 
colloids and colloid aggregates from the southern edge of Mt. Sinai on a 10-nm filter. The 
arrows point to the location where the EDX spectrum was measured. 1A and 1B are likely 
spherical iron oxyhydroxides with some adsorbed metals. The disk-like morphology in 1C 
(shown in more detail in 1D) displays a greater zinc peak than the spheres. Note that the high 
carbon peak in the EDX spectrum is either an artifact of the carbon coating or a result of the 
mineral composition. 

1A 

1B 

1D 

1A 1B 

1C 1D 
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organic substance with a bright rim lining its edges (5G, 5H and 5E, respectively, in 

Figure 4.8). They were up to 400 μm in size, although most were several 10s of microns. 

Their chemical composition was primarily carbon and oxygen with a substantial amount 

of adsorbed zinc, and small amounts of silica and sulphur (Figure 4.9). It is difficult to 

determine whether carbon and oxygen are present in a particle in the sample, or if it is an 

artifact of the carbon coating process. Despite the numerous different morphological 

appearances of the dendritic biological particles, their chemical compositions were almost 

identical. It is uncertain how these particles could have passed through the 0.45 μm filter. 

They would have had to either formed in water during transport or storage, or have 

passed around the filter due to a malfunction. Many 3-5 μm gypsum crystals were also 

observed in the sample, which are thought to have precipitated upon drying. 
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Figure 4.8 (Site 4, sample 5) SEM micrographs (coated with carbon) of particles from the eastern edge 
of Mt. Sinai (Site 4). The white arrows point to the location where the EDX spectrum was taken. 5A 
and 5B display spherical colloids with high Zn content. A hole can be seen in colloidal particle in 5B 
where the EDX spectrum was taken. 4C shows a thread-like mass that is very high in Zn content. The 
large grain in 5D is a gypsum crystal which is surrounded by the spherical colloids like those in 5A 
and 5B. The various morphologies shown in 5E-5H are likely due to biological processes. 5F is a 
close up view of the edge of the particle in 5E. Their chemical compositions are identical. 

5A 5B 

5C 5D 

5E 5F 

5G 5H 
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Figure 4.9 (Site 4, sample 5) EDX spectrums from the Mt. Sinai photomicrographs above. To reduce 
redundancy, no spectrum is shown for 5A, as it is identical to 5B. Likewise, the spectrum for 5E is 
identical to that of 5F, and the spectrum for 5G is similar to that of 5H. The carbon peak in each of 
them may either be due to the carbon coating of the filters or the composition of the minerals. 

5B 

5C 

5D 

5E 

5G 
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4.3 Metal Concentrations 

The content of catonic elements in the waters at Mt. Sinai (samples 1 and 5) are 

dominated by Zn and Mn (Table 4.2). The Zn concentration at this location is several 

times greater than the limit established by the Canadian Metal Mining Effluent 

Regulations, and the Cu concentration at Site 1 is slightly higher (MMER, 2006). At 

Beaver Pond (samples 2, 3, and 4), the most important metal is Mn, and depending on the 

location of the sample, Fe. None of the element concentrations at this site exceed the 

CMMER limits. Note that sample 4 is a duplicate of sample 3. The precision for the 

samples filtered at 0.45 μm is within 10% for As, Mn, Fe, Cd, and Zn. However, the 

percent differences for Pb, Cu, and Al are higher. This lower precision may be due to 

natural variation within the stream water. The precision in the ultrafiltered samples is not 

as good for two reasons: (1) the two samples (3 and 4) were not ultrafiltered at the same 

time (the consequences will be discussed in section 5.0), and (2) contamination was 

introduced during this step, which will be discussed later in this section. 

Table 4.2 shows the change in concentration of chemical elements after 

ultrafiltration to 0.01μm. The elements whose concentrations decreased after 

ultrafiltration are regarded as partially colloidal. The cations not influenced by the 

ultrafiltration are considered truly dissolved.  

 Iron is a major colloid-forming element at both tailings depositories. Only a 

relatively small fraction of the iron is truly dissolved; the majority is present as iron 

colloids. Manganese, however, is completely dissolved in the mine waters and very little 

is colloid-borne. In the Mt. Sinai samples, significant fractions of Al, Cd, and Pb occur in 

colloid-borne form. And, although only a very small fraction of Zn is borne by colloids, 
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Zn is a significant component of the colloids in the system due to its high concentration 

in these waters. In samples 2, 3, and 4 (taken from Beaver Pond), only very small 

fractions of Pb and Zn occur in colloid-borne form. 

 The ultrafiltered samples were contaminated with Zn (and possibly Cd and Cu) 

from the ultrafiltration process. Dr. Andrew Gault conducted an experiment to determine 

this: deionized water was ultrafiltered using the same method used to ultra-filter the 

natural water samples. The deionized water was pipetted into the ultrafiltration cell using 

a plastic pipette tip, the cell was pressurized with nitrogen gas and the permeate was 

collected in a glass beaker. The sample was then analyzed for cation concentrations and 

found to contain 240 ppb Zn. It is possible that either the pipette tips or the ultrafiltration 

cell itself added the Zn to the system. Cd and Cu may have also been added in this way, 

which is likely the reason why these elements have greater concentrations in the 

ultrafiltered samples than in the samples filtered at 0.45 μm. They may have been added 

in such low concentrations that they were not detected by the method used to analyze the 

water sample, as the detection limits in this experiment used to test for metal 

contamination was higher than the detection limits in this study. Further studies are 

necessary in order to isolate the source of contamination. The deionized water needs to be 

pipetted using the plastic tips, and then analyzed. Additionally, the deionized water needs 

to be transferred into the ultrafiltration cell (without use of the pipette), and run through 

the ultrafiltration cell. Both of these samples would then be analyzed using ICP-MS in 

order to detect very low concentrations of trace elements.  

Due to the high concentrations of zinc in the samples from Mt. Sinai and the 

comparably small amount of contamination, eliminating this source of contamination is 
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unlikely to change the results. However, the samples from Beaver Pond contained much 

lower zinc concentrations, and eliminating this source would give a more accurate picture 

of the colloid-borne fraction of zinc at this site, although this is likely to be low as was 

found with the other metals.  

 

  Mt. Sinai 
   Component 

M1 U L F D1 % Difference M5 U L F D5 % Difference C M M E R    
ppb 

   
Al 84.595 1.40 96.74 4.56 1.26 56.65 NR 

   As 1.64 1.2 16.52 1.3 1.893 -18.50 500 
   Cd 99.562 74.5 14.38 1.51 1.07 17.32 NR 
   Cu 400 123.7 52.75 1.66 2.02 -9.84 300 
   F e 1670 22.3 97.36 63.9 5.95 82.96 NR 
   M n 3690 3720 -0.40 2190 2210 -0.45 NR 
   Pb 13.785 0.194 97.22 3.24 0.16 90.59 200 
   Zn 36340 36370 -0.04 28580 28240 0.60 500 
   

             Beaver Pond 
Component 

M2 U L F D2 % Difference M3 U L F D3 % Difference M4 U L F D4 % 
Difference C M M E R 

ppb 

A l 1.89 2.18 -7.21 0.694 0.85 -9.81 1.52 0.739 34.51 NR 
As 1.53 1.3 7.17 1.70 2.61 -20.93 2.09 3.0 -17.67 500 
Cd 0.042 0.822 -90.28 <0.003 0.14 N/A < 0.003 0.06 N/A NR 
Cu 1.05 10.8 -82.23 0.63 0.709 -5.90 0.961 0.664 18.28 300 
F e 41.068 5.90 74.89 10220 2340 62.74 9500 920 82.34 NR 
M n 800 800 0.00 1750 1730 0.57 1740 1700 1.16 NR 
Pb 0.176 0.127 16.17 0.048 0.458 -81.03 0.164 0.16 1.23 200 
Zn 29.196 154.0 -68.12 28.636 74.8 -44.64 26.68 104.8 -59.42 500 

 
Table 4.2  Cation concentrations at Beaver Pond and Mt. Sinai, and comparisons of the same 
samples filtered at 0.45 μm and 0.01 μm. Note that sample 4 is a field duplicate of sample 3. 
“ULFD” and “M” refer to water samples that were filtered at 0.01 μm and 0.45 μm, respectively. 
The percent difference between these two samples from the same site can be regarded as the 
fraction of the element that is colloid-borne. “CMMER” refers to the Canadian Metal Mining 
Effluent Regulations, and “NR” notes elements that are not regulated. 
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4.4 Anion Concentrations 

Anion concentrations (Cl, F, NO2, NO3, and PO4) were generally low, except for 

sulphate, and relatively similar across all sites. The sulphate concentrations of all water 

samples were relatively high, although SO4 is not regulated in mine waters by the 

Canadian government. The samples taken at Mt. Sinai were over three times higher in 

sulphate concentration than the water samples from Beaver Pond. Anion concentrations 

of the samples are shown in Table 4.3. 

 

 Component 
mg/L   Sample 1 Sample 2 Sample 3 Sample 5 

 

Chloride Cl- 3.6 3.5 2.3 4.4 

Fluoride F- <2.5 <1.0 <1.0 <2.5 
Nitrite N O2- <2.5 <1.0 <1.0 <2.5 
Nitrate N O3- <2.5 <1.0 <1.0 <2.5 

Sulphate SO4
2- 3000 956 906 3150 

Phosphate PO4
3- <2.5 <2.0 3.0 <5.0 

 
Table 4.3 Anion concentrations of mine waters at each site. Samples 1 and 5 were taken at Mt. 
Sinai, and samples 2 and 3 were taken at Beaver Pond. 

 

5.0 DISCUSSION 

The colloids present at New Calumet Mine were primarily of two types: (1) 150-

300 nm iron oxyhydroxides with a variety of adsorbed species, and (2) a 200-250 nm 

unidentified zinc mineral. The iron oxyhydroxides dominated the samples at Beaver 

Pond, while the zinc colloids were only found at Mt. Sinai.  
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At Beaver Pond, most of the Fe was colloid-borne, and only 20-30% was truly 

dissolved. Zanker et al. (2003) found that the primary production of colloids in oxic mine 

waters was due to the oxidation of Fe(II) to Fe(III), and the subsequent formation of iron 

oxyhydroxides. The rapidly oxidizing conditions just below the Beaver Pond tailings dam 

allowed this process to occur, and resulted in rusty-coloured water due to the iron 

colloids. Moreover, the addition of more oxygen was found to result in the formation of 

further colloids (Zanker et al., 2003). The two duplicate samples from Site 3, ULFD3 and 

ULFD4, were ultrafiltered at different times: ULFD3 was ultrafiltered approximately 48 

hours after collection, while ULFD4 was ultrafiltered 72 hours later. This small amount 

of time was enough to reduce the truly dissolved iron concentration from 2340 ppm to 

920 ppm, increasing the colloid-borne fraction of Fe by 20%. This indicates that iron (II) 

was oxidizing during this time, resulting in the formation of Fe-oxyhydroxides. This was 

visible in the water sample through a slight rusty orange tint. 

The findings from the water analyses were confirmed by the SEM results, which 

showed large amounts of iron oxyhydroxides with a prevailing size of approximately 300 

nm, but were almost always in the form of much larger flocs. These iron colloids tended 

to form aggregates and drop out of solution less than 30 metres downstream of where 

they were formed. This is reflected in the low concentrations of Fe and the lack of 

colloids present at Site 2, just 30 m downstream of Site 3. The transport of trace elements 

by these colloids was therefore limited, and they are more likely to immobilize elements 

though aggregation and sedimentation than carry them significant distances. It has been 

found that small colloids disappear quickly due to coagulation, resulting in the formation 

of flocs which then sediment, removing adsorbed contaminants from the water (Buffle 
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and Leppard, 1995; O’Melia, 1980). However, cation concentrations in these waters were 

very low, and therefore few metal species were adsorbed on the surfaces of these Fe-

oxyhydroxides.  

Mine waters from Mt. Sinai contained greater concentrations of most metals that 

the Beaver Pond samples, particularly Zn. Although only 1% of the Zn was colloid-

borne, the concentration of this element was so great that it made up a significant 

component of the colloids at this site. Again, the majority of Fe at this site was in 

colloidal form. However, unlike the iron oxyhydroxides at Beaver Pond, which had few 

adsorbed elements, the Fe-oxyhydroxides at Mt. Sinai had significant amounts of 

adsorbed Zn. In these waters, the Fe-oxyhydroxides were not aggregating and settling as 

quickly as they are at Beaver Pond due to the more stable aquatic conditions. In this 

situation, the Fe-oxyhydroxides act as carriers of Zn and other trace elements. Significant 

fractions of Al, Cd, Cu, and Pb were present in colloid-borne form at this site. This 

confirms that iron (oxyhydr)oxides are effective in the transport of trace elements and 

have the ability to carry elements that may otherwise be immobile, such as Pb (Hochella 

et al., 2005; Hassellov and von der Kammer, 2008; Benjamin and Leckie, 1981).  

However, Zn colloids were also found independently of iron oxyhydroxides, 

particularly at Site 4 just west of Mt. Sinai. The Fe concentrations at this site are much 

lower than those found in the other three samples. Although a large fraction of this Fe is 

colloid-borne, the concentration was not great enough to form a significant proportion of 

the colloids in this water. The Zn concentration, however, was very high, allowing Zn to 

be an important component. The zinc was mostly found in the form of a 200-250 nm 

spherical amorphous zinc mineral, containing Zn, O, and C (Figure 4.8 and Figure 4.9, 
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5A, 5B). The candidate minerals include zincite (ZnO), smithsonite (ZnCO3), 

hydrozincite (Zn5(CO3)2(OH)6), and sweetite (Zn(OH)2). Zinc was also found to be 

entrained into biological structures (Figure 4.8, 5E-5H). This confirms Webb et al.’s 

(2000) observation that Zn-bearing particles tended to be associated with biological 

templates or present as small amorphous minerals. This suggests that in circumneutral 

mine drainage, Zn may be carried independently of iron colloids, and that organic matter 

may play a role in the transport and speciation of Zn. However, the vast majority of the 

zinc in the waters was fully dissolved, not present in colloid-borne form. This implies that 

only at high concentrations will Zn be adsorbed onto biological templates, or form 

colloid-sized amorphous minerals and that this is not an important method of transport for 

Zn. 

5.1 Implications for Policy 

Colloids often act as transport vectors, allowing otherwise immobile elements to 

be transported sometimes significant distances (Hochella et al., 2005; Buffle and 

Leppard, 1995). In this study, a number of trace elements were found to be colloid-borne 

in circumneutral mine waters. However, the conditions of the specific aquatic 

environment are important to consider. Due to the rapidly oxidizing conditions at Beaver 

Pond, the iron oxyhydroxides underwent rapid aggregation and sedimentation, so their 

mobility was greatly reduced compared to those studied by Hochella et al. (2005). If there 

were greater concentrations of trace contaminants in this water, these oxyhydroxides 

could be an important mechanism for the removal of trace elements from the water. 

However, at Mt. Sinai, 56-97% of the Al, 15% of the Cd, and >90% of the Pb is colloid-
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borne, and adsorbed on Fe-oxyhydroxides. The colloids at Mt. Sinai are more likely to 

transport and carry these trace metals than those at Beaver Pond. This exemplifies that 

even at the same mine, it is important to consider the specific aquatic environment to 

determine if the colloids are more likely to carry or immobilize trace contaminants.  

These factors must be considered when permitting a mining project. It is 

necessary for policy to reflect this in order to better predict environmental impact and 

mitigate risk. An understanding of the factors that control metal mobility and 

bioavailability is integral in efforts to create resource management policy. 

5.2 Future Studies 

More research is required to obtain a full understanding of the effects that colloids 

have on the mobility of trace metals at New Calumet Mine. Sites downstream from the 

sampling sites at Mt. Sinai need to be sampled to determine if the Fe-oxyhydroxides are 

transporting adsorbed elements or sequestering them in the sediment, as is the case with 

Beaver Pond. Additionally, sampling sites at the Gobi Desert should be sampled to better 

understand the entire mine system. Similarly, the mine waters should be sampled 

seasonally to determine the changes in the colloid chemistry throughout the year. To 

enhance this study, micro-Xrd analysis on the unidentified Zn mineral is necessary to 

identify it. Also, the source and amount of contamination in the ultra-filtered water 

samples needs to be more concretely determined by running the experiments 

recommended in Section 4.3.  
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6.0 CONCLUSION 

Colloids are ubiquitous in mine waters and may affect the mobility and 

bioavailability of trace elements through their ability to adsorb, transport, and immobilize 

these species. Taking colloids into account in mine permitting processes will prevent the 

mobility of a trace element to be over- or under- estimated through the characterization of 

the colloids.  

Colloids in the mine waters at New Calumet Mine are primarily found in the form 

of iron oxyhydroxides and an unidentified zinc mineral. The primary form of iron at the 

mine is in the form of Fe-oxyhydroxides, and only a small fraction is truly dissolved. By 

contrast, although zinc is present as in the form of an amorphous Zn mineral, 99% of the 

Zn is dissolved. Zinc can be carried independently of Fe in circumneutral mine waters, 

however this only occurs at very high concentrations and in cases where Fe-

oxyhydroxides are not present. In general, colloidal transport of Zn is not important. 

Large fractions of a number of trace elements at Mt. Sinai were, however, colloid-

borne. This included significant fractions of Pb, Cd, and Al, although the concentrations 

of these elements are not high. They tended to be adsorbed onto Fe-oxyhydroxides, which 

then influenced the transport of these trace elements. At Beaver Pond, the Fe-

oxyhydroxides undergo aggregation and sedimentation within 30 m of where they are 

formed, causing them to immobilize absorbed elements. At Mt. Sinai, the influence is 

transport-stimulating, allowing elements that may otherwise be immobile (such as Pb) to 

be carried with the colloid. Further research is necessary to determine the significance of 

this transport at Mt. Sinai. 



 41 

 Colloids play an important role in the mobility of trace elements. It is essential to 

characterize the colloids and the aquatic environment in order to determine whether the 

colloids act as transport-enablers or transport-retarders. This allows the environmental 

impact of a trace element to be more accurately assessed, thereby facilitating decision-

making regarding mine permitting.  
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APPENDIX A: ADDITIONAL SEM ANALYSES 
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