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Abstract 
Shallow groundwaters were examined in the Attawapiskat kimberlite region, James Bay 

Lowlands, Ontario, Canada in order to assess buried kimberlite impacts on shallow 

groundwater geochemistry. Peat groundwaters were collected along transects over and 

outside of Yankee, Zulu, and Golf kimberlites, at select locations at kimberlites Bravo-1 and 

Alpha-1, and at a Control site (where no known kimberlite is present). Deeper groundwaters 

were collected from Tyrell Sea sediment (TSS), and from exploration boreholes within 

kimberlite and limestone. Sites of upwelling minerotrophic groundwaters were identified 

using hydrogeological and geochemical measurements. Elevated pH, electrical conductivity 

(EC), and Ca concentrations, and low Eh relative to ombrotrophic peat groundwaters 

indicate groundwaters that have moved upwards from below the peat zone, and which are 

minerotrophic. Kimberlite pathfinder metals consisting of light rare earth elements (LREEs), 

Ni, Cr, Ti, Ba, Rb, Cs, and the ratio of Mg/Ca are commonly elevated in peat groundwaters 

along sampling transects as far as 200 m outside of kimberlite margins. The principal 

mechanism in transporting these metals upwards from kimberlites, through up to 21 m of 

TSS and up to 4 m of peat, is upward movement of deep groundwater. This mechanism is 

inferred based on hydrogeology and geochemistry of groundwaters in the TSS and peat. 

Fractures along the boundaries between kimberlites and limestone are suggested to provide 

pathways for upward groundwater movement. 

Chromium, Ni, Ti, LREEs are typically elevated in peat groundwaters at or near 

kimberlite margins, where there are lower contributions of inferred upwelling groundwaters 

to the peat (based on pH, Eh, and EC). At sites of strongly minerotrophic groundwater 

ii 
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contributions (\ e hieh FC r>H etc "> Cr Ni Ti T RFFs are lower than local baseline 

concentrations for ombrotrophic peat groundwaters. Conversely, alkali and alkaline earth 

pathfinder metals such as K, Rb, Cs, Ba, and Mg/Ca are commonly displaced from Cr, Ni, 

Ti, and LREEs and are usually found at sites of strong upwelling. The unusual spatial 

distribution among pathfinder metals (transition metals are lower than baseline values at 

sites with high contributions from minerotrophic waters) likely relates to differences in metal 

solubility due to variable metal complexation with dissolved organic matter (DOM). Metal -

DOM speciation calculations using Visual MINTEQ 3.0 and the NICA-Donnan database 

were conducted for Nd, Ni, Ba, and K. These pathfinder metals were used, as they are 

analogs for trivalent and divalent transition metals, alkaline earth metals, and alkali metals, 

respectively. The model predicts almost 100% of soluble Nd, Ni, and Ba form complexes 

with DOM at sampling sites with little to no contribution from upwelling (minerotrophic) 

groundwater (i.e., dissolved organic carbon (DOC) concentrations = 40 to 132 mg/L, pH = 

3.9 to 5.5, and log ionic strength = < -3). Comparatively, as little as 10% of Nd and Ni, and 

0% K and Ba are predicted to complex with DOM under conditions with large contributions 

from upwelling groundwaters (i.e., DOC concentrations = < 40 mg/L, pH = 5.5 to 6.5, and 

log ionic strength = -3 to -2). Based on modeling calculations, competitive availability of 

DOM binding sites where ionic strength is elevated (upward migration of groundwater) is 

the dominant control on metal-DOM complexation. MINTEQ modeling calculations indicate 

soluble Ni and Nd are likely scavenged from solution under strong upwelling conditions (i.e. 

high ionic strength). Metal scavenging is likely due to increased adsorption onto 

precipitating ferrihydrite (based on logSIfcrr close to or greater than 0) coupled with 

decreases in metal fractions complexed with DOM. Total Ni and Nd concentrations are 
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tvnicallv 5 times lower than waters with little to no unwelline and ferrihvdrite saturation 

indices (logSIferr) strongly indicate precipitation (up to 5). Comparatively, the concentrations 

of dissolved Ni and Nd in peat groundwaters are elevated where they are predicted to 

dominantly complex with DOM, and ferrihydrite is highly under saturated (logSIferr -18 to -

5). Metal complexation with DOM may effectively inhibits metal scavenging from solution. 

In TSS groundwaters overlying kimberlites, methane concentrations and AI3CDIC-CH4 

(isotope separation) values of 72%o ±l%o indicate methane production via biological DIC 

reduction. They also display a trend of increasing methane concentrations and S13CCH4 

values that plot along a Rayleigh fractionation trend of biological DIC reduction. In contrast, 

groundwaters from TSS over limestone, from boreholes in limestone, and kimberlites have 

lower CH4 concentrations and variable A13CDIC-CH4 values (55 to 70%o) consistent with 

biological methane oxidation. All but one CH4 sample in TSS groundwater over kimberlite 

indicates in situ formation. Less negative 6 HH2O values (greater than the local meteoric 

water line) are typically those samples from TSS over kimberlites and suggest the production 

of CH4, as biological DIC reduction requires H+ ions from H2O to form CH4. The ratio of 

CH4 to the concentrations of Fe3+, SO42", and 02(aq) are greatest in the majority of TSS 

groundwater samples collected over kimberlites, and suggests kimberlites may indirectly 

influence the CO2-CH4 system by consuming oxidized ions in the overlying TSS. 

The results of this study suggest that buried kimberlites can be identified through the 

detection of high Ni, Cr, Ti, LREEs, K, Rb, Ba concentrations, and the ratio of Mg/Ca in 

peat groundwaters over or near the kimberlite margin. However, geochemical processes such 

as metal - DOM complexation, adsorption, and incorporation of metals into precipitated 

minerals are important considerations when identifying the spatial distribution of pathfinder 
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metals along transects Variations in CH4 emissions occur in soils and groundwaters 

overlying kimberlites could be due to the release of reduced ions during serpentinization 

reactions. Methane gas coupled with C isotopic variations in CH4 and DIC may represent a 

possible pathfinder geochemical tool to use in conjunction with pathfinder metals. 
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introduction 
The Attawapiskat kimberlite field in the James Bay Lowlands, Ontario is one of the largest 

continuous peat bogs on Earth, and represents the only diamond producing region in Ontario 

in 2010. In addition to the Attawapiskat kimberlite field, the only other known kimberlites in 

the region are in the Kyle Lake kimberlite field approximately 120 km northwest. The 

potential exists for more kimberlite discoveries within these known fields or the discovery of 

new fields. Kimberlites in this region are emplaced into Silurian and Ordovician carbonate 

rocks, which are overlain by < 1 m of glacial till, 2.1 to 21 m of fine marine sediment (Tyrell 

Sea sediment) and 3 to 4 m of sphagnum peat. 

The use of geophysical methods for exploration of buried kimberlites is common in a 

host of geological and surficial settings. However, geophysical methods may fail to identify 

kimberlites that are not magnetic or may indicate false positives (intrusive dikes, etc.). Due 

to this uncertainty, surficial geochemical methods are implemented to gain more information 

as to whether a geophysical target is kimberlite prior to proceeding with drilling or further 

exploration activities. In most northern boreal and tundra glaciated settings geochemical 

methods utilize tills and soils (Mann et al, 1998; Cameron et al, 2004b; McClenaghan et 

al, 2006; Hattori et al, 2009; Sader et al, 2009) and recently peat (Hattori and Hamilton, 

2008) at or just below the ground surface to identify geochemical indicators of buried ore. 

However, soil and till geochemical methods are impractical in the James Bay Lowlands, due 

to water saturated sphagnum peat and fine Tyrell Sea sediment, which overlies kimberlites 

and the host Palaeozoic rocks. In response to the lack of mineral soil and saturated 

conditions at the James Bay Lowlands, the impact of buried kimberlite on peat groundwater 

geochemistry and it's utility as an effective medium for surficial geochemical exploration is 
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investigated. Researchers have shown that surface and shallow subsurface waters in 

wetlands have been effective in providing information relating to buried rock types (Hattori 

and Cameron, 2004; Syrovetnik et al, 2004). Additionally, water geochemistry has been 

shown to effectively vector to mineral deposits in a variety of settings (Leybourne and 

Cameron, 2010). 

In this thesis I present the results of my research into the geochemical responses in 

shallow groundwaters over buried kimberlites in the Attawapiskat kimberlite field. The goals 

of this study are to: 1) Identify dissolved metals that are indicative of water-kimberlite 

reactions such as low-temperature serpentinization (Sader et al, 2007a), but that are not 

expected to be elevated in waters from other sources (i.e. limestone, Tyrell Sea sediment, or 

ombrotrophic peat groundwater); 2) Investigate the most likely mechanism responsible for 

the upward migration of metals from kimberlites to peat groundwaters. A number of 

mechanisms have been suggested in the literature to explain metal transport from ore 

deposits to near surface environments including upward ionic diffusion, advection, gas 

transport, electro-chemical transport, and seismic pumping (Cameron et al, 2004b). 

Hydrogeological measurements and groundwater geochemistry are used to determine the 

most likely metal transport mechanism; 3) This research assesses the geochemical controls 

on kimberlite pathfinder metals in peat groundwater. In organic rich peat groundwaters there 

are 4 predominant controls on metal solubility. These consist of metal complexation with 

dissolved organic material (DOM), adsorption to insoluble humic substances, adsorption to 

Fe-oxyhydroxides, and secondary mineral precipitation. Identification of these processes and 

their impact on pathfinder metal concentrations will be used to assist in the determination of 

spatial variability between locations of individual pathfinder metals along sampling 
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transects: and 41 Because water-kimberlite interactions can result in more reducing 

groundwater geochemistry, this thesis will addresses the possible effects that buried 

kimberlite may have on the CO2 - CH4 system in the Tyrell Sea sediment. The addition or 

removal of oxidized ions such as SO42", Fe3+, and 02(aq) commonly impacts the consumption 

or production of methane in soil and peat bogs (Whiticar and Faber, 1986; Segers, 1988; 

Miura et al., 1992; Kumaraswamy et al, 2001; Yu et al, 2007). 

OUTLINE 

This thesis is written as 3 chapters, which are in the form of stand-alone articles, and a fourth 

Summary and Implication chapter. These chapters represent important aspects of this project 

addressing how and why buried kimberlites influence shallow groundwater geochemistry in 

a sphagnum peat bog environment. 

Chapter 1: This chapter focuses on the connection between LREE, Ni, Cr, Ba, Rb, Cs, 

and Mg/Ca ratios in peat groundwaters and hydrogeological influences. The suite of 

pathfinder metals are commonly elevated in both minerals and waters associated with 

kimberlite, but low in waters and whole-rock geochemistry from the host limestone. Results 

suggest that the primary mechanism responsible for transporting kimberlite pathfinder 

metals to the surface is the upwelling of groundwater. This chapter also suggests possible 

geochemical processes that could impact metal solubility in peat groundwaters. 

Chapter 2: This chapter addresses why kimberlite pathfinder metals, transported to the 

surface in upwelling groundwater, are not elevated at the same locations. Pathfinder metal 

complexation with dissolved organic material and adsorption to ferrihydrite are modeled 

using Visual MINTEQ 3.0 (Gustafsson, 2010) and the calculations are compared to 

analytical peat groundwater metal data. Combined, analytical and model calculations 
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indicate transition pathfinder metal concentrations are elevated where high dissolved organic 

carbon exists. The high solubility of these metals is due to the formation of metal - DOM 

complexes. Conversely, at sites of strong upwelling where metal - DOM complexes are less 

likely to form, a greater fraction of dissolved metals are predicted as free ions. Elevated 

concentrations of free ions (particularly transition metals) are likely scavenged from solution 

through adsorption to ferrihydrite or insoluble organics. 

Chapter 3: This chapter focuses on variations in the CO2 - CH4 system in TSS 

groundwaters overlying kimberlites and limestone. The results of this study, based on DIC 

and methane concentrations, and their respective isotopes indicate methane formation via 

biological DIC reduction is the most common pathway in TSS over kimberlites. Methane 

formation may be due to the consumption of oxidized ions in the TSS by the more reducing 

conditions originating within buried kimberlites, thus making conditions favourable for 

bacterial CO2 reduction. In comparison, methane concentration and isotopic evidence 

suggest that methane is undergoing anaerobic oxidation in most groundwaters from TSS 

over limestone, and in kimberlite and limestone. 

Chapter 4: This chapter represents a summary and geochemical exploration 

implications for kimberlites based on the findings of this study. 

STATEMENT OF ORIGINAL CONTRIBUTION 

All fieldwork conducted in the Attawapiskat kimberlite region in the summer and fall of 

2007 pertaining to groundwater and gas sampling was conducted by a team consisting of 

Keiko Hattori, Stewart Hamilton (Ontario Geological Survey), Kerstin Brauneder, and me. 

This work included the planning, organization, and implementation of sampling programs. 

During these fieldwork events, groundwater samples were collected from peat, Tyrell Sea 
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sediment, and exploration boreholes within kimberlite and limestone. Gas samples were 

collected from groundwaters within Tyrell Sea sediment and exploration boreholes. Keiko 

Hattori, Kerstin Brauneder, and I also conducted fieldwork in fall 2007, spring 2008 and fall 

2008 in the Ville Marie region of Quebec. This work consisted of the collection of soil, 

groundwater and Gore Sorbers™ (soil hydrocarbon samplers). My research relating to 

buried kimberlites near Ville Marie was additional to the main thesis research on 

groundwater and methane in the Attawapiskat region. Results of the Ville Marie research 

were presented as a conference poster. The extended abstract from the conference 

proceedings is located in the Appendix section of my thesis. 

All water and gas samples analyzed for isotopes, DIC, DOC, and gas concentrations 

were conducted by me at the G.G. Hatch Laboratory, University of Ottawa. This included 

water and gas sample preparation and operation of analytical equipment (gas chromatograph 

and mass spectrometers). Major and trace cations and anions in waters were measured at a 

commercial laboratory (Geoscience Laboratories of the Ministry of Northern Development 

of Mines, Sudbury, Ontario, Canada). 

Calculations, modeling, and interpretation of all geochemical data (metals, gas, and 

isotopes) discussed in this thesis are based on my ideas. The 2006 peat groundwater data 

from Golf kimberlite was from Kerstin Brauneder's B.Sc. thesis (Brauneder, 2007) prior to 

my involvement in the project and was used to supplement my data collected from the 

Attawapiskat kimberlite field in 2007. The addition of these data was due to accessibility 

constraints that prevented sample collection at Attawapiskat in years following 2007.1 have 

indicated in the text where 2006 data (Brauneder, 2007) were used. 
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This research represents the first published work on shallow peat groundwaters as a 

medium for surficial geochemical exploration of kimberlites. It also represents that first time 

that water geochemical data relating to kimberlites in the James Bay Lowlands have been 

presented as manuscripts for publication. This research provides results that suggest a 

transport mechanism responsible for movement of metals from the kimberlite to overlying 

peat groundwaters (groundwater upwelling), not considered before in diamond exploration. 

It also highlights the importance of metal solubility, complexation with DOM, and 

adsorption processes on the spatial distribution of metals in near surface environments. 

My thesis presents results, for the first time, that combine isotopes and the 

concentrations of DIC and methane to suggest buried lithology may influence the CO2 - CH4 

system in surficial media. Buried kimberlite may indirectly impact the CO2 - CH4 system in 

a northern boreal wetland setting and is likely a result of greater concentrations of reduced 

ions due to water-kimberlite interactions. A study by Rejmankova and Post (1996) addressed 

the influence of buried lithology on the CO2 - CH4 system, however, their study area was 

conducted at an equatorial wetland with different dynamics from northern boreal peat bogs. 

Additionally a study by Reeve et al. (1996), conducted in the James Bay lowlands 170 km 

south of the Attawapiskat kimberlites, suggested sulfate from buried lithology may inhibit 

methane production. However, their study was based solely on methane and sulfate 

concentrations. 

The work in the Ville Marie region represents the first time that variations in soil 

hydrocarbons from Gore Sorbers™ have been contrasted with soil partial leach and peat 

groundwater geochemistry. It also represents the first time that Gore Sorbers™ data utilized 

in diamond exploration applications has been reported. 
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1.1 ABSTRACT 

Peat groundwater compositions at depths of 0.4 and 1.1 m below the surface in the 

Attawapiskat region of the James Bay Lowlands are evaluated for diamond exploration 

applications. Samples were collected along transects that typically extend at least 200 m 

beyond the margins of Yankee, Zulu, and Golf kimberlites. Locations of upwelling 

groundwater usually occur at or near kimberlite margins based on hydrogeological 

measurements and variations in peat groundwater geochemical parameters (pH and EC are 

high, and the Eh is low relative to ombrotrophic peat groundwaters). Concentrations of the 

kimberlite pathfinder metals Ni, Cr, light rare earth elements (LREEs), Ba, Mg/Ca, and 

alkalis are commonly elevated at sample sites at or near kimberlite margins and where 

groundwaters are upwelling. The presence of elevated kimberlite pathfinders at these sites 

suggest that fractures along the boundaries between kimberlites and limestone formed during 

kimberlite emplacement provide pathways for upward movement of groundwater with 

elevated kimberlite pathfinder metals. Typically, Ni, Cr, LREE, and Ba behave similarly and 

thus high concentrations of these metals are found at similar locations along transects. 

Conversely, locations of elevated alkalis and Mg/Ca vary. The spatial variations among 

pathfinder metals in peat groundwaters are possibly due to geochemical processes in the 

peat, such as metal binding to dissolved organic material, adsorption to insoluble organics or 

Fe-oxyhydroxides, and incorporation into secondary mineral precipitates, which can act to 

increase or decrease metal solubility. The findings of this study are readily applicable in 

diamond exploration in wetlands elsewhere. 
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1.2 INTRODUCTION 

The James Bay Lowlands in northern Ontario, Canada represents one of the largest 

continuous peat bogs on Earth with an area of c. 300,000 km2 (Sjors, 1963). In addition to 

the Attawapiskat kimberlite field, there are several kimberlites that make up the Kyle Lake 

kimberlite field in the James Bay Lowlands. It is likely that there are additional kimberlites 

that have not been discovered at these two fields. On a global scale, there have been 

numerous kimberlite discoveries in other northern regions such as Russia and Finland (Janse 

and Sheahan, 1995; O'Brien and Tyni, 1999; Lehtonen et al, 2005) where peat bog terrain is 

common (Frenzel, 1983). Due to the lack of mineral soil at surface, the most common 

exploration methods used in the James Bay region are geophysical. However, kimberlites are 

not always magnetic, and magnetic geophysical anomalies are not necessarily kimberlite. To 

gain further information as to whether a geophysical response concealed by sediment cover 

may be kimberlite, surficial geochemical exploration in glaciated terrains commonly utilize 

tills and soils (Mann et al., 1998; Cameron et al, 2004b; McClenaghan et al., 2006; Hattori 

et al, 2009; Sader et al, 2009) and recently peat (Hattori and Hamilton, 2008). 

In wetlands, conventional mineral soil sampling is not feasible in geochemical 

exploration due to the dominance of sphagnum peat at surface. As the James Bay Lowland 

region is dominantly composed of water-saturated peat, peat groundwaters may be useful as 

a medium for surficial geochemical exploration. Groundwater geochemistry has been shown 

to provide information related to underlying rock types in wetlands (Syrovetnik et al, 2004) 

and has also been used to effectively vector to mineral deposits in a variety of settings 

(Leybourne and Cameron, 2010). Anomalous geochemical responses in near-surface media 
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are tvnicallv the result of water - ore interactions due to weathering nrocesses at denth 

(Leybourne and Cameron, 2006; Sader et al, 2007a). 

This study was conducted to examine whether shallow peat groundwater may be 

used to identify buried kimberlites in wetlands. The results present evidence to suggest that 

peat groundwaters have metal anomalies due to underlying kimberlites. Kimberlites easily 

undergo low temperature serpentinization (Sader et al, 2007a; Sader et al, 2007b), which 

results in an unusual groundwater geochemistry relative to waters flowing through a host of 

other rock types (Leybourne and Cameron, 2010). The geochemical contrast with waters 

whose origin is limestone or Tyrell Sea sediment may be used for diamond exploration in 

wetlands. Geochemical results, coupled with hydrogeological parameters, are used to discuss 

metal transport mechanisms in wetlands. 

1.3 LOCATION, GEOLOGICAL SETTING AND MINERALOGY 

The kimberlites in this study are located in the James Bay Lowlands c. 90 km west of the 

community of Attawapiskat and within 15 km of the DeBeers Victor diamond mine (Fig. 1-

la & b). These mid Jurassic (c. 170 Ma) kimberlites are emplaced into Ordovician and 

Silurian limestone, dolostone, clastic sedimentary rocks, and Archean basement igneous and 

metamorphic rocks (Norris, 1993; Webb et al, 2004); (Fig. 1-2). Host rock to kimberlites at 

the bedrock surface is the Upper Attawapiskat Formation limestone (Fig. 1-2), which also 

locally outcrops in the form of bioherms up to 2 m above the surrounding ground surface. 

Bioherms are reef cores composed of coral and skeletal remains of marine organisms 

(Cowell, 1983). They generally represent locations of groundwater recharge, as bioherms 

contain abundant void spaces and karstic textures. 
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A thin till layer (< 1 m in thickness) was deposited on the glacially eroded bedrock 

surface during the Quaternary. Tyrell Sea sediment (TSS) (2.1 to 21 m in thickness) is 

composed of varying fractions of grey silt and clay. Small 10 to 20 cm thick sand lenses and 

small pebbles are occasionally observed. This sediment was deposited between 10 and 5 Ka 

following the end of the last glaciation when the shoreline of James Bay (referred to as the 

Tyrell Sea during that period) extended inland approximately 300 km west and southwest of 

its present location. Isostatic rebound resulted in ground surface elevation increases of 100 to 

300 m since the retreat of the Laurentide ice sheet in the Attawapiskat region (Shilts, 1986). 

Peat (2.5 to c. 4.0 m in thickness) is located at the surface and has been accumulating since 

the retreat of the Tyrell Sea approximately 5000 years BP. The peat is dominantly composed 

of sphagnum and becomes progressively more decomposed with depth. All kimberlites are 

buried by Quaternary sediment, with the exception of the Zulu kimberlite, which outcrops at 

one location at the south margin. 

The Yankee kimberlite is located in a shallow bowl-shaped depression and bioherms 

are located southwest and northeast of the kimberlite (Fig. l-3a). The Zulu kimberlite is 

located on the east part of a lobate raised bog and there is a small bioherm beside the south 

margin of the kimberlite (Fig. l-3b). Ground surface at the Golf kimberlite is similar to that 

of Zulu, as they both slope gently from west to east. However, no bioherm was noted in the 

areas adjacent to Golf (Fig. l-3c). The ground surface at the Control site grades gently 

towards the Attawapiskat River c. 600 m to the north (Fig. l-3d). Geophysical data (DeBeers 

unpublished) suggest that there is no kimberlite in the vicinity of the Control site. 
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1.3,1 Attawapiskat kimberlite mineralogy and geochemistry 

Detailed mineralogical descriptions of each kimberlite were made by Sage (2000a). To 

summarize his work: 

Yankee kimberlite is hypabyssal with mantle and crustal xenoliths. It contains 

macrocrysts of garnet, ilmenite, phlogopite, clinopyroxene, and olivine in no particular order 

of abundance. Diamond has not been found in this kimberlite. Zulu kimberlite is 

diamondiferous and is composed of hypabyssal and brecciated facies with limestone, 

basement, and mantle xenoliths. It contains macrocrysts of olivine, phlogopite, ilmenite, and 

chrome diopside with minor garnet, chromite, and clinopyroxene. Golf kimberlite is 

hypabyssal with xenocrysts composed of mantle olivine, pyroxene, and xenoliths of 

limestone. It also contains, ilmenite, and clinopyroxene, minor garnet and, minor chromite. It 

is unknown whether the kimberlite is diamondiferous or barren. The Alpha-1 and Alpha-1 

North kimberlites are hypabyssal with limestone, basement, and mantle xenoliths. Olivine, 

pyroxene, phlogopite, ilmenite, minor chromite and minor chrome diopside have been 

identified. It is unknown whether the kimberlite is diamondiferous or barren. The X-Ray 

kimberlite consists of hypabyssal facies and contains limestone and other crustal xenoliths. 

The mineralogy includes olivine, ilmenite, chrome diopside, and garnet, and the kimberlite is 

diamondiferous. The Bravo-1 kimberlite consists of hypabyssal facies with fresh and altered 

olivine, clinopyroxene, ilmenite, chromite, and rarely garnet. This kimberlite is 

diamondiferous. Carbonate, spinel, phlogopite, apatite, and perovskite are common 

groundmass minerals in Attawapiskat kimberlites (Kong et al, 1999; Armstrong et al, 

2004). 
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The whole rock metal compositions of Attawapiskat kimberlites (DeBeers 

unpublished data) are comparable to other Jurassic kimberlites along the Timiskaming fault 

such as those from Kirkland Lake and New Liskeard (Sage, 2000b), and other kimberlites 

worldwide (Mitchell, 1986). 

1.4 METHODS 

1.4.1 Field procedures 

1.4.1.1 Water sampling 

Water samples were collected in the summer (August 14-23) and fall (October 14-18) of 

2007, and in the summer (early August) and fall (late September) of 2006. Samples collected 

in 2006 and 2007 are denoted by the prefixes 06 and 07, respectively, and samples collected 

in fall are denoted by the suffix F. Samples along Yankee, Zulu, and Golf transects are 

denoted by the prefixes of Y, Z, and G, respectively. All water samples from 2006 were 

reported by Brauneder (2007). Compositions of water samples collected in 2007 are 

presented in Table 1-1. 

Peat groundwaters were collected using piezometers with an internal diameter of 19 

mm, and which are made of 1.5 m long white (environmental grade) polyvinyl chloride 

(PVC) or grey PVC. Piezometers function as a method to collect groundwater from a desired 

depth with minimal influence of waters from shallower zones within an aquifer. In this study 

they were installed 1.1 m below ground surface (mbgs) into the peat at the Zulu, Yankee, 

and Control locations in 2007, and to 0.4 mbgs along the transect at Golf and Control in 

2006. Piezometers were pushed into the peat with a loosely fitting plastic champagne cork at 

the end to prevent peat from entering the pipe while it was being installed. The pipe was then 
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pulled up c 0.1 m so that the cork did not impede water from flowing into the piezometer. 

Piezometers were installed approximately every 25 to 50 m along each transect and at least 

200 m beyond the kimberlite margins (where conditions permitted). 

Monitoring wells were installed below the peat/TSS interface at each kimberlite 

location (two over the kimberlite and one outside the kimberlite margin) to collect deeper 

groundwater. Monitoring wells 07-MW-Y-10 and 11.5 at Yankee (Fig. l-3a), 07-MW-Z-15 

and 17 at Zulu (Fig. l-3b), 06-MW-G-10 and 11 at Golf (Fig. l-3c), 07-A-MW-l 1 and 12 at 

Alpha-1, and 07-B-MW-01 and 03 at Bravo-1 were installed over the kimberlites. Wells 07-

MW-Y-01 at Yankee, 07-MW-Z-05 at Zulu, 06-MW-G-01 at Golf, 07-A-MW-01 at Alpha-

1, and 07-B-MW-02 at Bravo-1 were installed outside kimberlite margins. One well (07-

MW-C-01) was installed at the Control site (Fig. l-3d). Each monitoring well was installed 

within 30 cm of the piezometer with the same identification (i.e. 07-MW-Z-17 and 07-Z-17) 

with the exception of 07-MW-Y-11.5. Wells were installed 70 cm below the peat/TSS 

interface except for 07-MW-Z-15, which could only be advanced 13 cm below the peat. 

Groundwater samples were collected at a depth of c. 14 mbgs from five exploration 

boreholes, All boreholes are cased through Quaternary units. They are located south of 

center at the Zulu kimberlite (07-Z-07-12C) (Fig. l-3b), c. 10 m outside and up-gradient of 

the Yankee kimberlite margin (07-Y-07-7H) (Fig. l-3a), and near the centers of Alpha-1 

(06-A-BH-06), X-ray (07-X-07-014C) and Bravo-1 (07-B1-07-08C) kimberlites. In addition, 

a spring discharging from limestone near the Attawapiskat River and the Control Site was 

sampled (Fig. l-3d). 
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1.4.1.2 Field measurements 

The water levels were recorded for all piezometers and monitoring wells from Yankee and 

Zulu. The top of piezometers and monitoring well casings were surveyed using a theodolite 

and a surveying rod to determine the water table elevation, the general direction of 

horizontal groundwater flow, and sites of upwelling groundwater. 

The pH, oxidation-reduction potential (ORP), electrical conductivity (EC), dissolved 

oxygen content (DO), and temperature were measured on-site with a Hanna HI-9828 multi 

probe. The pH, DO, and EC probes were calibrated daily. Oxidation-reduction potential 

values have been corrected to the standard hydrogen electrode (SHE) for waters at 10 °C by 

adding 207 mV to the ORP values, and are reported as Eh. Water samples were filtered 

through 0.45-u.m Sterivex-HV filters (Millipore Corporation) into Nalgene high-density 

polyethylene bottles for cation and anion analysis, and into 40-mL brown tinted borosilicate 

bottles with a silicone- polytetrafluoroethylene septum cap for dissolved inorganic carbon 

(DIC). A polytetrafluoroethylene-rubber septaum manufactured by Chromatographic 

Specialties Inc. was inserted underneath the septa cap to prevent DIC loss, as silicone is gas-

permeable. Samples were not treated with HgCk to kill bacteria, as all water samples were 

kept cool in ice-packed coolers or refrigerated and were analysed shortly after returning from 

the field. 

1.4.2 Laboratory procedures 

The elemental composition data of groundwaters were measured at the Geoscience 

Laboratories of the Ministry of Northern Development of Mines, Sudbury, Ontario, Canada. 

Waters were analysed for Ca, K, Mg, Na, and S using a Spectro inductively coupled plasma 
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emission spectrometer (ICP-ES) Analvsis of certified references FP83MI1 and FP83TE1 

before, during, and after the run indicate a precision, calculated in terms of relative standard 

deviation (RSD), of better than 5% for all metals except K (14%). The concentrations of Fe, 

Mn, Cr, Ni, Rb, Cs, Ba, and LREEs were determined using an inductively-coupled plasma 

mass spectrometer (ICP-MS). Analysis of certified reference SLRS-4 from the National 

Research Council of Canada before, during, and after the run indicate a precision of better 

than 5% RSD for all metals except Mn (7%) and Cs (7%). Prior to analysis, water samples 

for cation analysis were acidified to 1% concentration using Baseline-grade FINO3 from 

Seastar Chemicals. Anions (CI" and SO42") were determined using a Dionex ion 

chromatograph. The RSDs for internal references, which were included during the runs are 

less than 5% for both CI" and SO4 ". Waters were analysed for DIC concentrations at the 

University of Ottawa G.G. Hatch Stable Isotope Laboratory using a Finnigan-Mat Delta Plus 

mass spectrometer. The 2 o analytical precision is ± 0.002 ppm. 

1.5 RESULTS 

1.5.1 Hydrogeology and groundwater movement 

The lateral velocity (v) of peat groundwater movement down-gradient was calculated using 

Darcy's Law: 

v=(-Ki)/n 

where K is the hydraulic conductivity of the peat, i is the gradient, and n is peat porosity. The 

calculation used a hydraulic conductivity value of 0.001 cm/s based on measurements from 

northern sphagnum bogs and spring fens (Chason and Siegel, 1986). This K value is in the 
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uDoer ranee for the catotelum (neat zone deeoer than 0.3-0.5 mbesV as K tvoicallv ranees 

from 10"2 to 10"6 cm/s (Ingram, 1983; Hoag and Price, 1995; Price, 2003) in this zone. An 

active peat porosity (n) value of 0.3 was used based on measurements of the catotelum from 

sphagnum peat bogs (Hoag and Price, 1995; 1997). 

Peat groundwaters along the Yankee transect flow from approximately southwest to 

northeast with a gradient (/) of -1.66 x 10"3. The water table is virtually horizontal between 

07-Y-5.5 and 10 (7 = -1.46 x 10"5), and between 07-Y-12 and 15 (/ = -4.67 x 10"5) (Fig. l-4a). 

The calculated velocity of peat groundwater is 5.53 x 10"6 cm/s for the entire length of the 

Yankee transect. However, the velocity is significantly lower for the segment between 07-Y-

5.5 and 10 (4.82 x 10"8 cm/s), and for the segment between 07-Y-12 and 15 (1.56 x 10"7 

cm/s) along the transect. Upwelling of deep minerotrophic groundwater was detected at sites 

07-Y-01, 04, 08, 09 and 12 where the saturated zone is close to or above the ground surface. 

Additionally, the potentiometric surface of monitoring wells suggests upwelling in the 

vicinity of 07-MW-Y-01 and 07-MW-Y-11.5 (Fig. l-4a). At Zulu, peat groundwater flows 

from west to east with a horizontal gradient of-1.95 x 10~3 and is generally parallel to the 

ground surface (Fig. l-4b). The velocity of peat groundwater along the length of the Zulu 

transect is 6.50 x 10"6 cm/s. Upwelling deep groundwater is noted at 07-MW-Z-17 based on 

the potentiometric surface in the monitoring well and likely extends to the end of the 

transect. 

At Golf, geochemical data are used to evaluate sites of upwelling groundwater, as 

hydrogeological surveying was not conducted at this location. Elevated relative values of pH 

and low Eh (Fig. l-5c), and elevated Ca and EC (Fig. l-6c) indicates upwelling deep 

groundwater along the transect between sites 06-G-08 (near the western margin of the 
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kimberlite) to the eastern end of the transect Elevated values of Ca, EC, and pH, and low 

values of Eh are commonly used to identify contrasts between upwelling minerotrophic and 

ombrotrophic groundwaters in wetlands (Ingram, 1983; Hill and Siegel, 1991; Hoag and 

Price, 1995). Regional drainage patterns of the area surrounding Golf observed in aerial 

photography suggest that regional groundwater movement is from west to east. 

1.5.2 Geochemistry of Groundwaters from Kimberlite, Limestone and 
Tyrell Sea Sediment 

The pH values in water samples collected from exploration boreholes within Attawapiskat 

kimberlites vary from 7.5 to 8.5 and the Eh varies from 23 to 272 mV. Concentrations of 

pathfinder metals such as LREE, Ni, Cr, Ba, Mg, Rb, and Cs in kimberlite groundwaters are 

typically greater than those in groundwaters collected from limestone (Table 1-1). On 

average, the majority of pathfinder metals are also elevated in kimberlite borehole 

groundwaters relative to waters in TSS that are directly above kimberlites. However, in TSS 

waters over kimberlites Ni and Cr have average concentrations of 26.5 and 4.5 pig/1, 

respectively, which is twice the concentration average in kimberlite borehole groundwaters 

(Table 1-1). 

The pH values of groundwater in TSS vary between 6.5 and 8.5; however, at 06-G-

MW-1 IF and 07-Y-MW-10 the pH values are as high as 9.25 and 9.05, respectively. The Eh 

values in TSS groundwaters (average = 217 mV) are typically more elevated compared with 

Eh values in kimberlite groundwaters (average = 90 mV). Concentrations of LREEs, Ni, Cr, 

Ba, Mg, and Rb in TSS groundwaters are an average of 1.8, 1.7, 3.9, 2.8, 2.3, and 1.2 times 

greater, respectively, over kimberlites compared to samples collected outside their margins 

(Table 1-1). Additionally, the Mg/Ca weight ratios in TSS groundwaters are an average of 



Jamil A. Sader Ph.D. Thesis Chapter 1 13 

3 9 times greater over comnared to outside kimberlites However, Cs concentrations in TSS 

waters over kimberlites are only 0.8 times the concentration of TSS waters outside 

kimberlite margins. 

1.5.3 Peat groundwater geochemistry 

In peat groundwater samples, the pH values vary from 3.8 to 7.1 and Eh values range from 

125 to 512 mV (Fig. l-5a, b, c). The highest pH and lowest Eh values are assumed to be 

associated with sites of upwelling minerotrophic groundwater along each transect. Of 

Yankee, Zulu, and Golf peat groundwaters, samples from Golf have the lowest pH and 

highest Eh values. This may be explained by the shallower collection depth of water at Golf 

(0.4 mbgs). 

Ombrotrophic peat groundwaters are indicated by low EC (< 100 (j,S/cm) and Ca 

concentrations (< 8 mg/1) (Ingram, 1983; Hill and Siegel, 1991; Hoag and Price, 1995). 

Conversely, high EC values (> 100 piS/cm) and Ca concentrations (up to 70 mg/1) suggest 

high contributions of minerotrophic groundwaters, which are observed at sites of 

groundwater upwelling along the transects (Fig. l-6a, b, c). High EC and Ca are 

accompanied by elevated DIC (Table 1-1). Dissolved organic carbon (DOC) concentrations 

vary between 3.30 and 158 mg/1, have a broad negative correlation (r = -0.61) with EC, and 

are typically low at sites where hydrogeological and geochemical measurements indicate 

upwelling. 

Baseline values are derived for metals (Ni, Cr, LREE, Ca, Mg, Mg/Ca, Ba, Rb, and 

Cs) and for pH, Eh, and EC from peat groundwaters that were collected at 1.1 mbgs greater 

than 200 m from kimberlite margins and from Control Site. As Golf peat groundwaters were 

collected from a more shallow depth of 0.4 mbgs, baseline values are those of waters 
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collected 200 m bevond the Golf, Yankee, AMia-1 kimberlite margins and Control Site 

during 2006 sampling events (Brauneder, 2007). All waters used to obtain baseline values 

are ombrotrophic with EC values of < 100 uS/cm. 

Transition metals consisting of Ni, Cr, and LREE (La-Sm) are consistently elevated 

along transects at sites near kimberlite margins. Although the Yankee transect shows four 

sites of upwelling (07-Y-01, 04, 08-09, and 12), only site 07-Y-08 (west kimberlite margin) 

has significantly elevated Ni and Cr (Fig. l-7a), and LREE (Fig. l-8a) concentrations. These 

metals are between 1.5 and 2.5 orders of magnitude greater than the baseline concentrations 

and are similar to concentrations observed in groundwaters from exploration boreholes in 

kimberlites (Table 1-1). Nickel, Cr and LREE are low at 07-Y-12 (near the east kimberlite 

margin) (Figs. l-7a, l-8a). Elevated Ni, Cr, and LREE concentrations in peat groundwaters 

from Zulu and Golf are typically 2-3 times greater than mean baseline values. At Zulu, Ni is 

elevated near the east kimberlite margin (07-Z-13 to 19); however, Cr is only elevated at 

sites 07-Z-13, and to a lesser extent, at 07-Z-15 (Fig. l-7b). Light REEs are significantly 

greater than baseline concentrations at the east kimberlite margin (07-Z-15 and 17; Fig. 1-

8b). The location of Ni, Cr and LREEs concentration profiles along the transect at Golf are 

similar to those of Zulu except that the highest concentrations of these metals are located at 

the west margin of Golf kimberlite (between 06-G-04 and 08) (Figs. l-7c, l-8c). However, 

elevated concentrations of Ni occur at 06-G-l 1 and at the east kimberlite margin from 06-G-

15 to 17 (Fig. l-7c). At both Zulu and Golf, the highest transition metal concentrations 

usually coincide with a small contribution of upwelling minerotrophic groundwater. Nickel, 

Cr, and LREE concentrations are typically lower than baseline values at sites down-gradient 

at both Zulu and Golf, and at 07-Y-12 (Yankee) where minerotrophic waters are more 



Jamil A. Sader Ph.D. Thesis Chapter 1 15 

dominant. Collectively. Ni. Cr, and LREEs are referred to as 'Group 1 metals' due to the 

similarity of their spatial distribution along the transects in this study. 

Peat groundwaters along the Yankee transect show elevated Mg concentrations at 07-

Y-08 and 11 (Fig. l-9a). The Mg/Ca ratios are high at 07-Y-08 and between 07-Y-13 and 15, 

but are low at 07-Y-ll (Fig. l-9a). Elevated concentrations of Ca (Figs. l-6b & c), and Mg 

(Figs. l-9b & c) observed along Zulu and Golf transects are consistent with upwelling 

minerotrophic groundwaters inferred from the geochemistry. However, the Mg/Ca ratios are 

highest at sites of inferred upwelling near kimberlite margins (Figs. l-9b & c). High Mg/Ca 

ratios are also noted at some sites where groundwater is not inferred upwelling such as 07-Z-

13 and 15 at Zulu and 07-G-02 to 05 at Golf. 

Concentrations of Ba in peat groundwaters are 1 to 1.5 orders of magnitude higher 

relative to the baseline concentrations at or near Yankee and Zulu kimberlite margins. The 

Ba profile along the Yankee transect (Fig. l-10a) is consistent with other alkaline earth 

metals. The profile is almost identical to that of Mg (Fig. l-9a), with elevated concentrations 

at 07-Y-08, 11 and 12. However, Ba is low at 07-Y-04 even though Ca is high. The Ba 

concentration profiles along at Zulu and Golf sampling transects are not consistent with 

other alkaline earth metals, but are more similar to the profiles of Group 1 metals. Barium is 

highest along the Zulu transect near the eastern margin of the kimberlite between sites 07-Z-

17 and 21 (Fig. l-10b). Along the Golf transect, Ba is elevated at the up-gradient margin of 

the kimberlite (between 06-G-06 and 09; Fig. l-10c). Note that the Ba concentrations at Golf 

are 2 orders of magnitude greater than Yankee or Zulu. All waters collected from this 

sampling event (summer 2006) have high Ba values. Because of these high concentrations, 

we have revised the baseline data for Ba to reflect only waters collected during summer 2006 
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for consistencv. Although the reason is not clear, we have ruled out the nossibilitv of 

contamination, or analytical artifact. Laboratory QA and QC results indicated an relative 

standard deviation (RSD) of < 5% for Ba and analytical runs for Ba using ICP-MS and runs 

using ICP-AES had almost identical concentrations. Furthermore, Ba concentrations in peat 

groundwaters from 2006, which were collected at 0.4 mbgs along the Yankee transect, had 

similar profile shape compared with the Yankee profile in this study. 

Concentration profiles of alkali metals (Rb and Cs) in peat groundwaters differ from 

those of Group 1 and alkaline earth metals along transects and are typically displaced 50 to 

100 m from sites of elevated Group 1 metals and Ba. The highest alkali metal concentrations 

at Yankee are at 07-Y-02, 08, and 09 (Fig. 1-1 la). Along the Zulu transect, alkalis are 

elevated at sites of inferred upwelling from 07-Z-19 to 29, but sharply decrease farther east 

along the transect even though upwelling appears to continue (Fig. 1-1 lb). At Golf, the 

highest alkali concentrations are observed at 06-G-05, in waters considered ombrotrophic 

(Fig. 1-1 lc). At Golf and Yankee alkali concentrations are only slightly higher than baseline 

values. 

Sulfate concentrations are low at all sites (mean = 0.35, median = 0.3, max = 3.97 

mg/1) (Table 1-1) and total sulfur concentrations in waters are also low (mean = 0.4, max = 

0.9, min = < 0.3 mg/1) (Table 1-1). Chloride concentrations are low and range from 0.12 to 

25.43 mg/1 with mean and median concentrations of 3.6 and 2.0 mg/1, respectively (Table 1-

1). 
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1.6 DISCUSSION 

1.6.1 Metal sources in peat groundwaters 

There are only three possible sources of metals in the study area that could contribute to 

elevated pathfinder metals in peat groundwaters: 1) host rock (dominantly Attawapiskat 

Formation limestone); 2) TSS; or 3) kimberlite. A limestone source for the elevated metals 

can be discounted because the concentrations of Group 1, Ba, Mg/Ca and alkali metals in 

peat, TSS, and kimberlite groundwaters are greater than concentrations in limestone 

groundwater (sometimes by more than one order of magnitude). Additionally, the Upper 

Attawapiskat Formation limestone is typically much lower in minerals that host high 

concentrations of Group 1, Ba, or alkali metals (Norris, 1993), especially compared to the 

mineral composition of kimberlites (Mitchell, 1986). Plots of kimberlite and limestone 

groundwaters from this study, together with groundwaters from Kirkland Lake kimberlites 

(Sader et ah, 2007a) (Fig. 1-12) highlight the differences in pathfinder metal concentrations 

between kimberlite and limestone sources. The elevated pathfinder metals observed in 

Attawapiskat and Kirkland Lake kimberlite groundwaters in slightly alkaline conditions (pH 

= 7 to 8.5) are due to the chemical weathering of olivine, pyroxene, and phlogopite in 

kimberlites (Sader et al., 2007a). High Mg/Ca ratios are due to the serpentinization of 

olivine, which often results in an Mg-HCCV water (Barnes and O'Neil, 1969; Palandri and 

Reed, 2004). In kimberlite waters that have circum-neutral pH (7-9) and bicarbonate 

alkalinity Mg/Ca ratios are typically 0.5 to 0.8 (Sader et al, 2007a) and are comparable to 

kimberlite waters in this study (Fig. 1-12). 

Elevated metal concentrations at or near the kimberlite margins are most likely due to 

geochemical influences from kimberlite rather than TSS. Of the TSS groundwaters, 
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concentrations of Group 1, Ba, and alkalis are 1.2 to 4 times greater (with the exception of 

Cs) for those waters collected over kimberlites versus those collected outside the margins. 

The Mg/Ca ratios in TSS groundwaters over kimberlites support a kimberlite origin as they 

are approximately 4 times greater than TSS groundwaters collected outside kimberlites and 

10 times greater than ratios in groundwaters from limestone. Although there is a dolomite 

unit within the host Palaeozoic rock, it is 200 m below the Upper Attawapiskat Formation 

and is likely of little influence on groundwater geochemistry in this study. 

1.6.2 Spatial distribution of kimberlite pathfinder metals in peat 
groundwaters 

1.6.2.1 Hydrogeological controls on vertical metal movement 

The most likely pathway for the upward migration of pathfinder metals from kimberlites is 

along kimberlite-limestone margins. Group 1, Ba, Mg/Ca, and alkalis are commonly found 

at peat groundwater sample sites that have evidence of upwelling and that are also within 

200 m of kimberlite margins. Conversely, upwelling at other sites such as near bioherms 

(07-Y-04 at Yankee), or sites that are greater than 200 m from kimberlites did not usually 

indicate elevated pathfinder metals. 

The location of upwelling deep groundwaters to peat near the margins of kimberlites 

is likely due to elevated hydraulic conductivity in the fractured rocks along the boundary 

between kimberlite and the host rock. During kimberlite emplacement in various geological 

settings, the margins of kimberlite pipes and adjacent host rocks are commonly fractured due 

to the explosive release of volatiles (Mitchell, 1986; Wilson and Head, 2007). These 

fractures likely represent preferential pathways for upward groundwater movement from 

kimberlite. In the Attawapiskat kimberlite field, the highly fractured zone surrounding the 
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Victor kimberlite forms a ring up to 150 m wide and has a hydraulic conductivity of 5.79 x 

10"3 cm/s (Hydrologic Consultants, 2004). In contrast, non-fractured host Attawapiskat 

Formation limestone had a moderately lower lateral hydraulic conductivity (1.16 x 10"3 

cm/s), and a much lower vertical hydraulic conductivity (1.16 x 10"5 cm/s), (Hydrologic 

Consultants, 2004). Additionally, the less common occurrence of elevated pathfinder metal 

concentrations directly over kimberlites in this study could be explained by their low relative 

hydraulic conductivities. The K values in several brecciated kimberlites such as Diavik in 

Canada (Kuchling et al, 2000), and Letlhakane, The Oaks and Venetia in South Africa 

(Morton and Mueller, 2003) are 4 x 10"5, 1.97 x 10'6, 1.62 x 10"7, and 5.8 x 10"8 cm/s 

respectively. 

1.6.2.2 Hydrogeological controls on lateral peat groundwater movement 

Profiles of geochemical parameters (i.e. EC, pH, Eh) along transects do not have a 

characteristic dispersion plume pattern down-gradient, such as those observed in streams 

(Leybourne et al, 2003), or aquifers (Freeze and Cherry, 1979). This suggests limited lateral 

movement of metals within peat groundwaters and is consistent with low hydraulic 

conductivity of peat within the catotelum (Ingram, 1983; Chason and Siegel, 1986; Fraser et 

al, 2001; Price, 2003). The profiles likely indicate the presence of mixing as peat 

groundwaters grade from dominantly ombrotrophic to minerotrophic. The portion of water 

from deep sources increases relative to ombrotrophic peat groundwater at sites along 

transects at Zulu (07-Z-17 to 29) and Golf (06-G-08 to 15). 

The combination of the hydraulic conductivity of peat and the small water table gradients 

suggest that at the depth of sample collection (1.1 mbgs), peat groundwater will migrate 

laterally between 0.2 and 200 cm/year. It could also be less if the peat freezes to sample 
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depth during winter There is a greater potential for metals to migrate laterally at Golf, as 

samples were only collected at 0.4 m, and may be in a zone of higher hydraulic conductivity 

(i.e. the acrotelm); however, a dispersion-plume profile of geochemical parameters was not 

observed. 

1.6.2.3 Peat geochemical controls 

It is possible that geochemical processes within the peat exert considerable controls on 

kimberlite pathfinder metals in peat groundwaters and may explain the spatial variability 

between metals and/or groups of metals along transects. Although it is assumed the suite of 

pathfinder metals originates from buried kimberlite, their displacement relative to each other 

and relative to sites of upwelling suggests adsorption, binding and mineral precipitation may 

play a role in controlling their solubility in peat groundwaters. 

Variable DOC concentrations may influence metal concentrations in ombrotrophic 

and minerotrophic peat groundwaters. Where DOC concentrations are elevated (low 

contributions from upwelling groundwaters), pathfinder metals such as Group 1 may 

preferentially bind to dissolved organic matter (DOM) and result in enhanced metal 

solubility. Metals bound to DOM are typically inhibited from adsorption or precipitation 

processes (Cornell and Schwertmann, 2003). Conversely, where waters are strongly 

minerotrophic and DOC concentrations are low, Group 1 metals may be less likely to form 

complexes with DOM. Decreases in metal-DOM complexes typically result in greater 

concentrations of free ions, which could easily be scavenged from solution by adsorption or 

secondary mineral precipitation (Tang and Johannesson, 2005; Syrovetnik et al, 2008). In 

this study, Group 1 metals are usually lower than baseline values at sites of strong upwelling 

such as 07-Y-12, at Yankee, 07-Z-21 to 35 at Zulu, and 07-G-10 to 17 at Golf. At these sites, 
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Groim 1 metals mav adsorb to Fe-oxvhvdroxides or be incornorated into their structure. Fe 

contents in Attawapiskat peat along Yankee and Golf transects determined by Hattori and 

Hamilton (2008), increase with increasing upwelling groundwater contributions observed in 

this study. 

In comparison to Group 1 metals, alkaline earth and alkalis have lower affinities to 

bind to dissolved organics, or to adsorb to insoluble organics (Stevenson, 1994), and they 

have almost no affinity to adsorb onto Fe-oxyhydroxides at pH values in this study 

(Kinniburgh et ah, 1976). Elevated Mg/Ca ratios are typically observed at sites of other 

elevated pathfinder metals such as Group 1, Ba, and alkalis. Because both Mg and Ca 

behave similarly in peat groundwaters with respect to adsorption or binding to organic 

substances and because Mg/Ca is a ratio and not an absolute metal concentration, Mg/Ca 

ratios may be less susceptible to variable geochemical processes in peat. 

1.6.3 Contrasts between peat and peat groundwater geochemistry 

The peat groundwater hydrogeological and geochemical data suggest that metal anomalies in 

peat at Yankee and Golf (Hattori and Hamilton, 2008) are the result of upward movement of 

deep groundwater from kimberlites. Peat samples of Hattori and Hamilton (2008) were 

collected at the same sites as peat groundwater samples of this study, but at 0.6 mbgs. Good 

correlations were observed between the results of ammonia acetate leach at pH 5 ('AA5') of 

peat (Hattori & Hamilton 2008) and alkaline earth metals in peat groundwaters. As AA5 

typically leaches metals weakly adsorbed and metals that co-precipitate with carbonates, 

Mg/Ca ratios in peat and peat groundwaters are positively correlated (r = 0.76). 

Elevated LREEs, Ni, and Rb in peat (by AA5) and peat groundwater correlated well 

at Yankee sites 07-Y-08 and 09. Light REEs are also elevated at similar locations in both 



Jamil A. Sader Ph.D. Thesis Chapter 1 22 

neat (AA5"1 and neat eroundwaters at the Golf kimberlite. However, the elevated LREE and 

Ni concentrations in peat at 07-Y-l 1 at Yankee and Ni at Golf are coupled with groundwater 

concentrations that are the same as or less than baseline values. The elevated metals in peat 

groundwaters are instead observed at locations where peat (AA5) concentrations are low. 

There are a number of possibilities as to why discrepancies between the locations of elevated 

LREE, Ni, and Rb concentrations in peat (AA5) and peat groundwaters exist at some sites. It 

is possible that spatial discrepancies are related to the affinity of these metals to remain in 

solution, or to be removed from solution via precipitation or adsorption. It is also possible 

that AA5 is not the optimum leach for some metals. The recovery of Ni, LREEs, and Rb in 

AA5 compared to total peat concentration was only 30, 4, and 17%, respectively (Hattori 

and Hamilton, 2008), as AA5 is not favoured to leach metals strongly adsorbed to insoluble 

humic substances or Fe-oxyhydroxides. Differences in the spatial distribution of elevated Ni, 

LREEs, and Rb in peat (AA5) and peat groundwaters may also be related to different 

sampling depths of media. Peat groundwaters were collected at 1.1 mbgs at Yankee and 0.4 

mbgs at Golf. Redox conditions, metal concentrations, concentrations of dissolved organic 

material, and the degree of peat humification vary significantly with small changes in depth 

(Clymo, 1983; Syrovetnik et al, 2004; Beer and Blodau, 2007). 

1.7 PEAT GROUNDWATERS IN GEOCHEMICAL EXPLORATION 

1.7.1 Application to exploration 

Groundwaters from peat and other geological units are excellent media for geochemical 

surveys (Leybourne et ah, 2003; Sader et al, 2007a; Leybourne and Cameron, 2010). This 

study suggests that kimberlite pathfinder metals in peat groundwaters are likely reliant on the 

presence of upwelling groundwater from kimberlites. Pathfinder metals in these 
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groundwaters contrast with dilute ombrotroohic neat groundwaters and groundwaters that 

have upwelled from limestone or TSS. The limestone host rock in this study does not contain 

minerals that host high concentrations of kimberlite pathfinder metals. Furthermore, at 

locations where the kimberlite host rock is igneous or metamorphic crystalline such as the 

Superior, the Slave, and the Churchill cratons in Canada, kimberlite pathfinder metals are 

typically released to groundwater more readily from kimberlites due to the relatively rapid 

weathering of ultramafic minerals such as olivine and pyroxene (Sader et al. 2007). 

Therefore, groundwaters influenced by kimberlite-water interactions are likely 

distinguishable from upwelling groundwaters that passed through different rock types. 

Large cratonic regions in the northern hemisphere have high potential for the 

existence of undiscovered diamondiferous kimberlite occurrences (Janse and Sheahan, 

1995). As these regions commonly have vast wetlands, shallow groundwater has the 

potential to be utilized as a geochemical exploration tool to mitigate the greater challenges 

involved in implementing more established exploration methods such as geophysics. Other 

intrusive bodies such as syenite and mafic dykes may show geophysical features similar to 

kimberlites. Surficial water geochemical methods can assist by providing evidence as to 

whether a geophysical anomaly is a kimberlite before the commencement of drilling. 

1.7.2 Survey design 

This study suggests that sampling of groundwaters should be combined with a 

hydrogeological survey of the areas near a potential buried kimberlite body. A 

hydrogeological survey provides information on the flow direction of groundwaters and sites 

of upwelling deep waters. Installation of monitoring wells is useful to confirm upwelling and 

they are typically more precise at locating sites of upwelling in peat groundwaters compared 
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with the detection of variations in geochemical parameters such as EC, Eh, and pH For 

example, the 07-Z-MW-17 (Zulu) monitoring well hydrogeological data indicate upwelling; 

however, there are only low to moderate geochemical upwelling indicators in peat 

groundwaters at that site relative to sites farther east along the transect. The disadvantage of 

monitoring wells is that installation is physically demanding and time-consuming. As it is 

not feasible to install monitoring wells at each site that a piezometer is installed at, it is 

important to rely on variations in geochemical parameters in conjunction with hydrogeology 

to detect groundwater upwelling. One alternative to the installation of many monitoring 

wells would be to install piezometer nests that are only within the peat zone. 

Hydrogeological data from piezometers beside each other at various depths in the peat would 

permit the construction of flow nets and better indications of peat groundwater movement. 

The collection of peat groundwater samples should be carried out along transects 

parallel to groundwater flow because of possible displacement of pathfinder metals. 

Transects positioned perpendicular may risk failure in intersecting upwelling groundwater. 

Peat groundwater samples should be collected at least 200 m beyond the suspected 

kimberlite margins where possible, as fractured host rock may extend as far as 150 m from 

the margin. If upwelling of deep groundwater is present, a transect may be extended longer 

than 200 m to gauge possible differences in peat groundwater geochemistry from different 

sources. Additionally, the data from samples > 200 m from the suspected kimberlite body 

provide local baseline values. Peat and soil sampling well beyond the margin of kimberlites 

was also suggested in exploration surveys for kimberlites in wetlands (Hattori and Hamilton, 

2008). Depending on site conditions, it is likely that grid sampling would provide an 
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enhanced portrait of peat groundwater geochemistry associated with a potential buried 

kimberlite. 
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locations of Attawapiskat kimberlites and the Control site in this study 
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Figure 1-5. Profiles of pH and Eh along transects over: (a) Yankee, (b) Zulu, and (c) Golf 
kimberlites. Typically, pH and Eh indicate sites of upwelling groundwater and a shift from 
ombrotrophic to minerotrophic peat groundwater conditions. Box plots represent the mean, 
first and third quartile values for baseline ombrotrophic peat groundwaters. 



Jamil A. Sader Ph.D. Thesis Chapter 1 31 

S> ? <S K »* •- *.* K* n, <VJ 'ff 1/ ^ "5 V "? 

\ y \ \ \ \ \ -*- \ \ \ \ V \ \ .\ 
J I I I J i l l 

| ' ' ' | ' ' ' | ' ! i ' • ! • • ' ! 

0 100 200 300 400 S00 600 700 800 
Distance (m) 

Ca 

100 200 300 400 500 600 700 800 
Distance (m) 

Electrical conductivity 

I " ' I " ' I ' i—~ i 1 ' ' ' I 
0 100 200 300 400 500 600 700 800 

Distance (m) 

Figure 1-6. Profiles of electrical conductivity and Ca along transects over, (a) Yankee, (b) Zulu, and (c) Golf 
kimberlites. Electrical conductivity and Ca correlate well and indicate sites of upwelling minerotrophic 
groundwaters. Box plots represent the mean, first and third quartile values for baseline ombrotrophic peat 
groundwaters 
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Figure 1-7. Concentrations of Cr and Ni in peat groundwater along transects over: (a) Yankee, (b) Zulu, and 
(c) Golf kimberhtes. Ni and Cr are typically observed at sites of upwelling at kimberlite margins. Box plots 
represent the mean, first and third quartile values for baseline ombrotrophic peat groundwaters. 
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Figure 1-8. Concentrations of LREEs (La-Sm) in peat groundwater along transects over: (a) Yankee, (b) Zulu, 
and (c) Golf kimberlites Light REEs have similar profiles to Ni and Cr and are typically observed at the 
kimberlite margins Box plots represent the mean, first and third quartile values for baseline ombrotrophic peat 
groundwaters 
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Figure 1-9. Concentrations of Mg and Mg/Ca in peat groundwater along transects over (a) Yankee, (b) Zulu, 
and (c) Golf kimberhtes With the exception of Yankee, Mg indicates locations of upwelhng minerotrophic 
groundwater The broad elevated Mg/Ca peaks along transects suggest waters rich in Mg relative to Ca may be 
coming from buned kimberhte Box plots represent the mean, first and third quartile values for baseline 
ombrotrophic peat groundwaters 
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Figure 1-10. Concentrations of Ba in peat groundwater along transects over: (a) Yankee, (b) Zulu, and (c) Golf 
kimberlites. Barium is typically elevated only a kimberlite margins and their profiles differ compared with 
other alkaline earth metals (i.e Ca and Mg) at Zulu and Golf. Box plots represent the mean, first and third 
quartile values for baseline ombrotrophic peat groundwaters. 
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Figure 1-11. Concentrations of Rb and Cs in peat groundwater along transects over: (a) Yankee, (b) Zulu, and 
(c) Golf kimberlites. Although alkalis at Golf are marginally elevated relative to baseline values at 06-G-08 the 
concentration was prominent relative to other sites along the transect. Box plots represent the mean, first and 
third quartile values for baseline ombrotrophic peat groundwaters. 
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Figure 1-12. Comparison of Mg, Mg/Ca, Cr, Ni, Ba, Rb, and Cs in groundwaters from Attawapiskat 
kimberlites, Upper Attawapiskat Fm. limestone, and Kirkland Lake kimberlites, Ontario. Metals from almost 
all Attawapiskat kimberlite water samples follow the same trend as metals in lower pH (7 to 9) waters from 
Kirkland Lake kimberlites. Kirkland Lake kimberlite water data from Sader et al. (2007a). 
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1.10TABLES 

Table 1-1. The geochemistry of groundwaters in peat, TSS, and boreholes from the Attawapiskat kimberlite region. Detection limit presented is the laboratory 
method detection limit. 
(Continued on next page) 

Table 1 

Sample 
Distance along 
transect 
water tvrje 
Lat 
Long 
Temp°C 
PH 
Eh jmV) 
EC (uS/cm) 
DO (mg/L) 
DIC (mg/L) 

mg/L 
Ca 
Ma 
K 
Na 
SCV 
Ct 

U9/L 
Fe 
Mn 
S 
Cr 
Ba 
Ni 
Rb 
Cs 
La 
Ce 
Pr 
Nd 
Sm 

Method 

ICP-ES 
ICP-ES 
ICP-ES 
ICP-ES 
IC 
IC 

ICPMS 
ICP-MS 
ICP-ES 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 

Detection 
Ltmrt 

0 03 
0 01 
0 18 
0 05 
004 
0 03 

3 
1 
300 
0 02 
0 02 
0 10 
0 005 
0 0005 
0 001 
0 002 
0 0004 
0 003 
0 001 

07-Y-01 

0 
neat 
52 8455 
-83 7915 
87 
5 49 
332 
29 
1 24 
736 

2 91 
0 24 
0 35 
034 
0 36 
0 59 

155 
1B 
318 
0 32 
2 80 
040 
0 717 
0 0215 
0 030 
0 059 
0 0071 
0 031 
0 007 

07-Y-02 

64 
neat 
52 7743 
-83 8772 
98 
5 87 
316 
56 
2 23 
na 

7 07 
033 
0 36 
044 
na 
na 

409 
23 
bd 
0 11 
2 62 
0 40 
1009 
0 0352 
0 037 
0 069 
00098 
0 035 
0 006 

07-Y-O3 

116 
Deat 
52 7743 
-83 8765 
90 
5 89 
316 
55 
311 
15 31 

8 12 
0 31 
000 
036 
021 
0 76 

258 
7 
bd 
014 
2 69 
0 42 
0 193 
0 0087 
0 033 
0 068 
0 0089 
0 031 
0 007 

07-Y-04 

153 
oeat 
52 7744 
-83 8759 
95 
7 71 
260 
264 
4 47 
36 00 

60 54 
0 88 
000 
0 42 
0 39 
0 63 

25 
65 
510 
009 
3 11 
0 66 
0 240 
0 0010 
0 092 
0 150 
0 0215 
0 092 
0 016 

07-Y-05 5 

255 
Deat 
52 7747 
-83 8745 
88 
641 
303 
92 
4 48 
22 67 

17 89 
0 68 
0 26 
0 80 
0 04 
0 12 

302 
6 
bd 
0 09 
4 25 
051 
0 670 
0 0130 
0 032 
0 047 
0 0058 
0 026 
0 005 

07-Y-06 

299 
oeat 
52 7749 
-83 8739 
81 
5 59 
317 
55 
4 39 
na 

9 15 
0 81 
0 00 
0 52 
na 
na 

256 
14 
348 
019 
304 
046 
0 363 
0 0122 
0 053 
0 097 
0 0127 
0 051 
0 009 

07-Y-07 

324 
oeat 
52 7750 
-83 8735 
79 
5 77 
316 
47 
2 56 
1168 

5 75 
0 59 
000 
0 39 
029 
1 24 

171 
33 
bd 
0 24 
3 26 
0 87 
0176 
0 0031 
0 050 
0 109 
0 0134 
0 054 
0 011 

07-Y-08 

349 
Deat 
52 7751 
-83 8732 
77 
7 15 
240 
218 
2 72 
30 30 

2618 
1255 
000 
066 
109 
0 71 

400 
78 
467 
4 23 
58 06 
60 76 
0 553 
0 0038 
1 715 
2 386 
0 2467 
0 823 
0126 

07-Y-09 

370 
oeat 
52 7751 
-83 8729 
63 
653 
299 
78 
172 
20 37 

21 12 
204 
031 
0 47 
009 
0 89 

586 
34 
bd 
0 20 
8 65 
122 
1002 
0 0251 
0 071 
0 123 
0 0148 
0 056 
0 013 

07-Y-10 

393 
Deat 
52 7752 
-83 8726 
74 
6 21 
316 
30 
1 90 
9 82 

549 
038 
000 
026 
0 15 
0 71 

111 
17 
bd 
018 
2 41 
056 
0 446 
0 0107 
0 036 
0 077 
0 0095 
0040 
0008 

07-Y-11 

443 
oeat 
52 7756 
-83 8723 
67 
7 37 
224 
301 
2 66 
47 88 

63 91 
2 84 
000 
0 85 
0 07 
0 87 

4052 
74 
433 
024 
8 57 
1 87 
0 481 
0 0130 
0 032 
0 075 
0 0095 
0 039 
0 009 

07-Y-12 

489 
beat 
52 7760 
-83 8720 
82 
6 83 
258 
71 
1 19 
2561 

14 01 
045 
000 
0 33 
012 
0 22 

4726 
129 
bd 
0 13 
6 41 
040 
0 260 
0 0046 
0010 
0017 
0 0020 
0 009 
0 003 

07-Y-13 

539 
oeat 
52 7764 
-83 8716 
104 
5 71 
325 
35 
4 00 
10 14 

2 52 
034 
0 25 
034 
0 39 
2 05 

119 
19 
341 
0 25 
1 71 
0 35 
0 498 
0 0131 
0 029 
0 063 
0 0081 
0 032 
0 008 

07-Y-14 

589 
Deat 
52 7768 
-83 8712 
80 
640 
266 
45 
197 
13 66 

3 43 
0 49 
0 45 
0 33 
0 38 
12 

140 
12 
bd 
0 22 
2 11 
0 42 
0624 
0 0168 
0 032 
0065 
0 0076 
0 028 
0 009 

07-Y-15 

639 
oeat 
52 7771 
-83 8709 
72 
611 
303 
30 
0 77 
19 05 

3 36 
0 46 
026 
044 
3 97 
0 73 

151 
14 
358 
0 35 
2 00 
0 51 
0 540 
00134 
0 046 
0102 
0 0122 
0 048 
0 011 

07-Y-16 

689 
oeat 
52 7776 
-83 8706 
76 
6 21 
294 
41 
800 
12 95 

650 
048 
0 19 
0 43 
0 33 
168 

448 
36 
373 
0 4B 
3 05 
1 18 
0 599 
0 0154 
0 072 
0132 
0 0158 
0064 
0 011 

07-Y-17 

739 
Deat 
52 7779 
-83 8702 
42 
710 
302 
54 
313 
na 

954 
0 44 
0 27 
0 50 

1428 
26 
394 
034 
2 92 
064 
0 586 
0 0202 
0 052 
0100 
0 0102 
0 034 
0 006 

na ~ not analysed 
bd - beiaw detection 
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Table 1-1. Continued. 

SamDle 

Distance 

Method 

alono transect 
water tvoe 
Lat 
Long 
Temp°C 
pH 
Eh (mV) 
EC (uS/cm) 
DO (mg/L) 
DIC (mg/L) 

mg/L 
Ca 
Mg 
K 
Na 

S 0 4
2 

CI 

ug/L 
Fe 
Mn 
S 
Cr 
Ba 
Ni 
Rb 
Cs 
La 
Ce 
Pr 
Nd 
Sm 

ICP-ES 
ICP-ES 
ICP-ES 
ICP-ES 
IC 

IC 

ICP-MS 
ICP-MS 
ICP-ES 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 

Detection 
Limit 

0 03 
0 01 
0 18 
0 05 
0 04 

0 03 

3 
1 
300 
0 02 
0 02 
0 10 
0 005 
0 001 
0 001 
0 002 
0 000 
0 003 
0 001 

07-Z-05 

0 
Deat 
52 7298 
-83 8354 
11 2 
5 90 
257 
159 
bd 
35 56 

28 28 
0 65 
0 37 
1 0 5 
0 2 2 

1 8 1 

1507 
18 
bd 
0 1 0 
7 60 
0 35 
0 795 
0 035 
0 036 
0 069 
0 007 
0 033 
0 005 

07-2-07 

50 
Deat 
52 7297 
-83 8345 
12 0 
5 6 0 
291 
88 
0 57 
3 1 6 5 

17 52 
0 5 8 
0 0 0 
0 6 0 
0 21 

0 81 

1111 
17 
332 
0 10 
3 6 6 
0 67 
0 352 
0 017 
0 029 
0 058 
0 007 
0 026 
0 007 

07-Z-09 

100 
Deat 
52 7297 
-83 8338 
9 7 
5 27 
327 
38 
1 0 0 
26 72 

6 82 
0 3 4 
0 27 
1 14 
0 25 

1 2 0 

513 
8 
bd 
0 24 
3 32 
0 41 
0 605 
0 029 
0 039 
0 076 
0 009 
0 043 
0 008 

07-Z-11 

150 
peat 
52 7297 
-83 8331 
10 8 
5 46 
313 
45 
0 00 
20 16 

9 1 1 
0 60 
0 00 
0 75 
0 23 

1 60 

622 
10 
bd 
0 1 3 
3 29 
0 33 
0 1 4 9 
0 008 
0 036 
0 070 
0 009 
0 032 
0 008 

07-Z-13 

200 
peat 
52 7296 
-83 8324 
110 
5 27 
325 
31 
0 1 3 
17 97 

3 0 4 
0 81 
0 43 
1 06 
0 40 

1 05 

261 
10 
bd 
1 14 
7 8 0 
142 
0 831 
0 028 
0 040 
0 078 
0 009 
0 036 
0 008 

07-Z-15 

250 
Deat 
52 7296 
-83 8316 
9 9 
5 4 1 
310 
35 
bd 
19 63 

2 52 
0 56 
0 00 
0 35 
0 20 

0 81 

138 
6 
bd 
0 40 
6 31 
0 62 
0 202 
0 004 
0 047 
0 099 
0 013 
0 053 
0 010 

07-Z-17 

300 
peat 
62 7296 
-838309 
10 0 
5 90 
267 
90 
bd 
25 39 

21 52 
3 77 
0 50 
3 32 
0 27 

0 28 

526 
17 
328 
0 2 5 
20 72 
1 0 5 
0 497 
0 0 1 9 
0 073 
0 1 2 3 
0 0 1 4 
0 055 
0 0 1 0 

07-Z-19 

350 
beat 
52 7295 
-83 8301 
11 2 
6 15 
125 
229 
bd 
5161 

38 74 
6 35 
2 51 
12 54 
0 53 

2 52 

235 
25 
bd 
0 32 
49 97 
1 15 
2 638 
0 042 
0 046 
0 077 
0011 
0 035 
0 005 

07-Z-21 

400 
peat 
52 7296 
-83 8294 
9 1 
6 4 4 
190 
168 
bd 
38 50 

19 23 
5 19 
2 62 
1140 
0 20 

1 6 7 

249 
6 
bd 
0 13 
18 49 
0 24 
2 184 
0 035 
0 022 
0 033 
0 004 
0 018 
0 005 

07-Z-23 

450 
oeat 
52 7294 
-83 8286 
6 5 
6 0 6 
224 
280 
bd 
49 85 

29 07 
7 2 6 
2 48 
20 99 
0 2 2 

2 02 

1042 
22 
bd 
0 0 8 
12 83 
0 31 
2 223 
0 036 
0 008 
0 017 
0 002 
0 014 
0 002 

07-Z-25 

500 
peat 
52 7294 
-83 8279 
8 9 
5 74 
242 
271 
bd 
56 45 

38 55 
7 63 
1 78 
14 07 
0 80 

2 69 

1609 
30 
bd 
0 20 
1589 
0 27 
1 831 
0 032 
0 011 
0 020 
0 002 
0 0 1 0 
0 003 

07-Z-27 

550 
peat 
52 7294 
-83 8271 
9 7 
5 7 7 
239 
154 
0 2 9 
43 91 

22 00 
5 22 
2 65 
1102 
0 20 

2 71 

877 
54 
bd 
0 1 3 
10 29 
0 3 4 
3 435 
0 047 
0 016 
0 027 
0 003 
0 017 
0 003 

07-Z-29 

600 
Deat 
52 7294 
-83 8264 
10 1 
5 9 0 
232 
399 
0 31 
70 10 

55 23 
11 88 
2 2 2 
28 55 
0 1 7 

14 60 

2235 
80 
bd 
0 07 
16 90 
0 1 7 
1491 
0 026 
0 007 
0 009 
0 001 
0 006 
0 002 

07-Z-31 

650 
peat 
52 7293 
-83 8256 
9 6 
6 2 1 
198 
379 
0 57 
65 99 

62 80 
13 19 
1 63 
25 51 
0 22 

1 6 8 4 

3588 
112 
bd 
0 21 
14 07 
0 26 
1 297 
0 017 
0 008 
0 016 
0 002 
0 007 
0 002 

07-Z-33 

700 
peat 
52 7293 
-83 8249 
4 6 
6 39 
190 
303 
bd 
54 47 

4 5 1 5 
8 S 2 
1 03 
30 59 
0 22 

25 43 

2763 
40 
bd 
0 08 
12 62 
0 46 
0 822 
0 009 
0 010 
0 018 
0 002 
0 009 
0 002 

07-Z-35 

750 
peat 
52 7292 
-83 8241 
10 5 
5 93 
183 
349 
0 32 
55 44 

54 76 
B 8 0 
0 81 
25 80 
0 2 9 

18 72 

3551 
91 
bd 
0 1 0 
14 57 
0 4 3 
0 5 5 0 
0 002 
0 029 
0 0 5 4 
0 0 0 6 
0 023 
0 0 0 4 

na ~ not analysed 
bd ~ below detection 
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Table 1-1 Continued. 
Tahlp 1 rnnt 
Sample 

Distance 
along transeci 

water tvpe 
over/outside 
kimberitte 
Lat 
Long 
Temp*C 

PH 
Eh (mV) 
EC (uSfcm) 
DO (mg/L) 

DIC (mg/L) 

mqlL 
Ca 
Ma 
K 
Na 

SO* 
r« 

ug/L 
Fe 
Mn 
s 
Cr 
Ba 
Ni 
Rb 
Cs 
La 

Ce 
Pr 
Nd 
Sm 

Method 

1 

ICP-ES 
ICP-ES 
ICP-ES 
ICP-ES 
IC 
IC 

ICP-MS 
ICP-MS 
ICP-ES 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 

uetection 

0 03 

0 01 
0 18 

0 05 
004 
0 03 

3 
1 
300 

0 02 
0 02 
010 
0006 
0 0005 

0 0O1 
0 002 
0 0004 
0 0030 
0 001 

07-MWA-01 

0 

TSS 

outside 

52 6907 
-83 7810 
133 
712 
103 
481 
0 32 
68 33 

11094 
2 22 
1 OS 
321 
1 20 
9 56 

9035 
181 
626 
1 33 
8 83 
12 51 
1 372 
0 0127 
0 019 
0 034 
0 0040 
0 0180 
0 003 

07-MW-A-O1F 

0 

TSS 

outside 

526907 
-83 7810 
145 
7 61 
263 
474 
142 
76 52 

112 39 
221 
1 08 
506 
046 
189 

5428 
172 
465 
0.29 
1558 
565 
1 396 
0 0104 
0006 
0 012 
0 0015 
0 0050 
0 001 

: 07-MWA-11 

469 

TSS 

over 

52 6938 
-83 7769 
88 

7 53 
101 
524 
0 38 
77 93 

85 65 

10 01 
1 64 

27 62 
4 74 
4 28 

2430 
94 
1218 
0 51 
5 29 
9 40 
3143 
0 0139 
0 015 
0 037 
0 0043 
0 0260 
0 007 

07-MW-A-11F 

469 

TSS 

OVfif 

52 6938 
-83 7769 
76 
6 24 
244 
377 
245 
62 93 

25 34 
6 45 
306 
50 55 
12 97 
10 31 

256 
32 
2804 
042 
860 
18 15 
4 261 
0 0260 
0 007 
0 013 
0 0018 
00080 
0 001 

07-MWA-12 

518 

TSS 

over 

52 6939 
•83 7762 
115 
6 71 

209 
448 
6 64 
70 99 

78 02 

2140 
045 
1 75 
0 49 
3 70 

4794 
148 
584 
6 89 

1486 
4188 
2 901 

0 0190 
0 795 
1408 
01603 
0S720 
0106 

07-MW-A-12F 07-MW-C-01F 07-MWY-01 

518 

TSS 

over 

52 693S 
-83 7762 
8 5 
719 
279 
248 
4 91 
6128 

50 90 
15 28 
038 
1 30 
0 49 
102 

7063 
109 
334 
11 85 

13 06 
38 81 
2404 

0 0166 
0984 
1831 
0 2033 
0 7610 
0127 

na 

TSS 

outside 

52 8455 
-83 7915 
165 
7 44 

276 
285 
5 42 
73 90 

na 

na 
na 
na 
na 
na 

na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

0 

TSS 

outside 

52 7743 
-83 8781 
84 
825 
60 
440 
060 
na 

10317 

791 
048 
1 56 
216 

836 
47 
679 
121 
819 
975 
1 184 
0 0094 
0 067 
0133 
00167 

00650 
0014 

07-MW-Y-01F 

0 

TSS 

outside 

52 7743 
-83 8781 
62 
6 98 
192 
410 
0 84 
64 64 

102 94 

8 63 
0 29 
1 04 
0 35 
164 

672 
43 
591 
0 91 

1468 
4 63 
0 895 
0 0069 
0101 
0 208 
0 0268 
0 1060 
0 023 

na - not analysed 
bd « below detection 
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Table 1-1 Continued. 

Tahl« 1 r ™ I 
Sample 07-MWY-10 

Distance - g 3 

along transect 

water type 

ove^outside 
ktfnb**rlrt** 
Lai 
Long 
Temp°C 

pH 
Eh (mV) 
EC (uSfan) 

DO(mgl) 

DIC {mg/L) 

mgfl. 

Ca 

Ma 
K 

Na 

SO.1 

n 

ugfl. 

Fe 
Mn 
S 

Cf 
Ba 

Nl 
Rb 
Cs 
La 
Ce 
Pr 
Nit 
Sm 

TSS 

ovar 

52 7752 

-S3 8725 
1S4 

906 
210 
409 

162 

57 70 

116 19 
6 03 

0 58 

1 88 
016 
1 76 

1044 
80 
671 
165 
17 95 

1845 
142S 
00060 

0 098 
0 20S 
0 0260 
0 1220 
0 020 

07-MW-Y-10F 

393 

TSS 

over 

527752 
-83 8725 

5 4 
740 
237 

475 

4 15 

68 85 

112 86 
586 

0S5 
142 
0 21 
1 34 

490 
70 

606 
1 16 
1680 
508 
1018 

0 0060 
0126 
0 281 
0 0328 
01320 

0 026 

07-MWY-11 5 

466 

TSS 

over 

52 7759 
-83 8721 

16 8 
8 92 
224 
407 

6 52 

53 62 

94 91 

4.27 
0 68 

2 55 
0 27 
153 

526 
166 
500 
0 22 
15 46 
29 38 
0 746 
0 0044 
0 011 
0 021 
0D030 
0 01 SO 

0 004 

07-MW-Y-11 £ 

466 

TSS 

over 

52 7759 
•83 8721 
65 

817 
212 
411 

2 87 
56 41 

87 84 

398 
088 

223 
027 
1 39 

589 
185 
483 
024 

19 90 
765 
0 749 

00036 
0012 
0023 
00030 
00120 
0004 

i 07-MWZ-05 

0 

TSS 

QUtSltifi 

52 7298 
-83 8354 

164 

6 57 
102 
479 

000 
126 16 

103 89 
309 
2 37 

3 58 
020 

1981 
180 

886 
2 09 
28 57 
28 34 
2 844 

0 0385 
0 367 
0 695 
0 0759 
0 2950 

0 051 

07-MW-Z-05F 

0 

TSS 

outside 

52 7298 
-83 8354 

16 4 
7 67 
175 
304 

195 

32 06 

43 62 

2 49 
3 21 

826 
0 97 
2 15 

224 
46 
336 
080 
10 82 

20 90 
2 161 
0 0103 
0 197 
0 371 
0 0435 
0 1510 
0 028 

07-MWZ-15 

250 

TSS 

over 

52 7296 
-83 8316 

na 
na 
na 
na 

na 

7814 

82 21 
27 35 
022 

124 
016 
1 34 

5997 
149 
612 
18 05 
314.24 

S01 
0 787 
0 0174 

0 663 
1281 
01223 
04810 

0 078 

07-MW-Z-15F 07-MW-Z-17F 

250 

TSS 

over 

52 7296 
-83 8316 
7 1 
7 24 
281 
440 

2 72 

84 00 

82 60 
24 45 

000 

0 89 
004 
0 93 

5863 
155 

547 
14 96 
269 03 
286 
0 600 
0 0101 
0 599 
1 106 
01041 
0 4160 
0 085 

300 

TSS 

over 

52 7296 
-83 8309 

6 5 
766 
241 

874 

0S6 

153 36 

150 65 
4185 

11 96 
3814 
1 24 
3 74 

111 
223 

bd 
036 
45 96 
2508 
4 996 
0 0086 
0 007 
0 011 
0 0018 
0 0190 
0 001 

07-MW-B-01F 07-MW-B-02F 07-MW-B-03F 

na 

TSS 

over 

52 8647 
-83 9390 

96 
6 77 
341 
434 

6 82 

6146 

64 42 

15 62 
064 

3 00 
049 
2 63 

130 
63 
492 

043 
15 43 

82 37 
1686 
0 0115 
0 350 
0682 
0 0783 
0.2910 

0050 

na 

TSS 

outside 

52 8636 
-83 9387 

62 
6 71 
306 
977 

769 

130 06 

179 63 
10 84 
534 

15 40 
1 28 
8 85 

105 
328 
bd 

028 
3125 

1148 
3 821 
0 0104 

0004 
0 007 
0 0010 
00110 
0 002 

na 

TSS 

over 

52 8651 
-839395 
151 

754 
303 
600 

190 
70 22 

107 80 
83S 
140 
4 46 
0 57 
2 46 

43 
203 
474 

0 23 
27 41 

1519 
1 923 
0 0115 

0 056 
0 102 
0 0120 
D0460 

0 010 
na = not analysed 
bd • below detection 
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Table 1-1. 
Table 1 Cont 

Sample 
Distance along 
transect 
water type 
limestone or 
kimberhte 
Lat 
Long 
Temp °C 
pH 
Eh (mV) 
EC (uS/cm) 
DO (mg/L) 
DIC (mg/L) 

mg/L 
Ca 
Mq 
K 
Na 
SO,2 

CI 

ug/L 
Fe 
Mn 
S 
Cr 
Ba 
Nl 
Rb 
Cs 
La 
Ca 
Pr 
Nd 
Sm 

Continued. 

Method 

I 

ICP-ES 
ICP-ES 
ICP-ES 
ICP-ES 
IC 
IC 

ICP-MS 
ICP-MS 
ICP-ES 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 
ICP-MS 

Detection 
Limrt 

0 03 
0 01 
0 18 
0 05 
0 04 
0 03 

3 
1 
300 
0 02 
0 02 
010 
0 005 
0 0005 
0 001 
0 002 
0 0004 
0 003 
0 001 

07-B1-07-08C-F 

na 
borehole 

ktmberlite 
52 8649 
-83 9393 
96 
8 55 
226 
597 
2 48 
74 12 

25 19 
68 25 
5 33 
7443 23 
0 24 
6 00 

73 
20 
bd 
0 17 
654 57 
1 79 
5 488 
00119 
0 026 
0 012 
0 0009 
0 006 
0 004 

07-X-07-014C 07-Z-07-12C 

na 
borehole 

kimberlite 
52 7960 
-83 8537 
90 
7 76 
23 
198 
bd 
37 96 

25 18 
21 64 
0 40 
832 83 
0 67 
0 50 

299 
19 
537 
1 56 
1455 47 
618 
8 050 
0 0991 
0 102 
0 120 
0 0120 
0 038 
0016 

na 
borehole 

kimberhte 
52 7290 
-83 8317 
124 
7 51 
68 
945 
bd 
76 14 

47 99 
39 91 
9 47 
117766 12 
1309 
158 31 

444 
16 
939 
064 
127 74 
29 65 
3 330 
0 0579 
0 060 
0 090 
0 0091 
0 030 
0 005 

07-Z-07-12C-F 

na 
borehole 

kimberlite 
52 7290 
83 8317 
16 9 
8 04 
136 
247 
126 
23 34 

17 94 
13 70 
1 28 
9572 27 
3 92 
14 98 

1370 
20 
823 
1 29 
566 93 
18 41 
2 654 
0 0302 
0 925 
1276 
0 1209 
0 402 
0 050 

07-Y-07-7H 

na 
borehole 

limestone 
52 7756 
-83 8737 
75 
8 06 
-4 
377 
bd 
49 53 

68 25 
5 74 
0 46 
1172 30 
0 43 
100 

12373 
116 
462 
013 
30 13 
0 36 
0 494 
0 0011 
0 009 
0 015 
0 0022 
0 011 
0 002 

07-Y-07-7H-F 

na 
borehole 

limestone 
52 7766 
-83 8737 
169 
7 29 
95 
na 
1 27 
53 02 

72 37 
6 04 
0 46 
999 68 
0 04 
0 77 

12799 
122 
382 
0 14 
24 60 
0 47 
0 464 
0 0005 
0 005 
0 007 
0 0011 
0 000 
0 001 

07-07-C-01 5F 07-07-C-01F 

na 
peat 

52 8449 
-83 7905 
14 8 
554 
276 
69 
2 79 
20 58 

5 99 
060 
bd 
430 72 
0 38 
094 

104 
8 
428 
0 25 
2 83 
0 48 
0160 
0 0087 
0 026 
0 050 
0 0071 
0 028 
0 006 

na 
Deal 

52 8455 
-83 7915 
164 
4 93 
290 
29 
2 05 
32 41 

3 23 
0 48 
bd 
429 12 
0 19 
0 89 

252 
6 
301 
0 35 
2 48 
0 48 
0 397 
0 0124 
0 030 
0 069 
0 0091 
0 032 
0 009 

na - not analysed 
bd = below detection 
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ADDENDUM TO CHAPTER 1 - IN RESPONSE TO COMMENTS 
RAISED DURING THE THESIS DEFENSE 

Additional information on well installation and water sampling procedures 

Installation of piezometers was conducted by pushing a 1.5 m length of white 

(environmental grade) polyvinyl chloride (PVC) or grey PVC into the peat 1.1 meters below 

ground surface (mbgs). The PVC piping has an inside diameter of 19 mm and no slots or 

screening within the pipe. Slots and screening was not required, as there was no mineral soil, 

and thus no sediment entered into the pipe following installation. The installation technique 

that was used permitted a simple and effective method for sampling peat groundwater from a 

given depth. Equilibration time for water level recovery in peizometers ranged from about 

30 minutes to 3 hours. 

The first step in the construction and installation of monitoring wells (MW) was the 

use of a soil sampling spoon to determine the depth of the peat to the TSS. The length of 

pipe needed for MW installation was determined by adding 0.7 m (depth of installation into 

the TSS below the peat), and 1.3 m (height of standpipe) to the determined peat thickness. 

The construction of MWs consisted of 19 mm inside diameter iron pipe, which was attached 

to a 40 cm long stainless steel drive point (Solinst Canada) that was screened approximately 

25 cm from the drive point tip. The 19 mm iron pipe was purchased from a building supply 

store and is commonly used for residential natural gas purposes. A 12 mm inside diameter 

low or high density polyethylene tube, approximately 30 cm longer than the iron pipe was 

fastened onto a barbed fitting on the drive point. The polyethylene tubing was subsequently 

fed through the prepared length of iron pipe and the drive point was screwed tightly onto the 

iron pipe using pipe wrenches. At the top part of the pipe, a solid iron pipe length with a 
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nass-throueh for the oolvethvlene tubine was screwed on. This niece functioned to nrevent 

mushrooming of the iron pipe while using the slide hammer to hammer the MW to 0.7 m 

below the peat/TSS contact. Following advancement of the MW to 0.7 m below the 

peat/TSS contact, the solid iron pipe was removed and a check valve was inserted into the 

top of the polyethylene tubing. This valve permitted the degassing of the MW, but prevented 

air from entering. 

Recovery of the MWs was slow and typically no water was detected in the MWs 5 

days following well installation. Due to the slow recovery, MWs installed in the summer of 

2007 could only be sampled in fall 2007. It is reasonable to suggest that there was little or no 

leakage from the overlying peat, as the recovery of the MWs was slow. A hydrogeological 

survey over Golf kimberlite was not conducted during fieldwork conducted by Brauneder, 

2007. 

Exploration boreholes were cased through the overburden sediment using NQ steel 

casings. These wells were drilled approximately 1 year prior to sampling. 

Clarification on detection of upwelling groundwater 

Vertical hydraulic gradient 

The vertical hydraulic gradient (z) for MWs that have positive values indicate upward flow, 

and conversely, negative values indicate a downward flow of groundwater. At site 07-MW-

Z-17 /'= 0.08 and indicates upwelling, and at sites 07-Z-05 and 15 the gradients are negative 

(/ = -0.59 and -0.11), respectively (Fig. AD-1). At the Yankee transect, the vertical hydraulic 

gradient is positive at sites 07-Y-01 and 11.5 (/ = 0.09, and 0.04 respectively), and it is 

negative at site 07-Y-10 (/' = -0.01) (Fig. AD-1). The vertical gradients for all kimberlites in 
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this study (Yankee, Zulu, Alpha-1, Bravo-1, and Control) from fall 2007 are listed in Table 

AD-1. It has also been specified in Figure AD-1 that flow indicated is shallow flow within 

the peat. 

Geochemical indicators for inferred upwelling: 

The EC of peat groundwaters increase sharply with increases in the vertical gradient, with 

the exception of one sample (Fig. AD-2). This positive correlation indicates that upwelling 

minerotrophic groundwater is contributing to the otherwise ombrotrophic peat groundwaters 

at these sites. The trend in Figure AD-2 also suggests that upwelling minerotrophic 

groundwater may be inferred at sites where elevated EC, Ca, pH and lower Eh values in peat 

groundwaters are present. It may then be inferred that sites such as those between 07-Z-17 to 

35 (with elevated EC, Ca, pH and lower Eh values) have upwelling of minerotrophic 

groundwaters. 

It should be noted that not all sites with minerotrophic peat groundwaters are from 

kimberlites or have strong indicators of kimberlites. For example, although sample 07-Y-04 

(Yankee) is minerotrophic and upward movement of groundwater inferred, it does not 

contain high concentrations of pathfinder metals either in peat groundwater or in peat 

(Hattori and Hamilton, 2008). 

Clarification on the possibility of perceived locations of upwelling groundwater 

In this thesis, perceived locations of upwelling groundwater (commonly at kimberlite 

margins) were interpreted to be due to fractured host rock surrounding kimberlites, and up to 

200 m beyond their margins. However, it is important to note that perceived locations of 
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unwellinp mav also be due to the relative magnitude of horizontal versus vertical velocitv of 

groundwater in the TSS and the peat. 

Below is an example of possible displacement of pathfinder metal anomalies and 

indicators of minerotrophic groundwater down gradient of the Zulu kimberlite from site 07-

Z-17. Note that in the following calculations K values and porosities have been estimated 

from the literature (Fig. AD-3). 

1) Based on the assumption that the horizontal gradient is the same as the water table, 

the horizontal velocity of groundwater in the TSS is 6.5 * 10*'°, or 0.02 cm/year. 

Based on that velocity, groundwater has only migrated horizontally approximately 

100 cm in the last 5000 years (since the retreat of the Tyrell Sea). 

2) Based on the vertical gradient of 0.08 at monitoring well 07-MW-Z-17 at Zulu 

(Table AD-1), the vertical velocity of groundwater is 0.3 cm/year. This velocity was 

calculated based on an estimated K value of 1*10"7 cm/s, and an estimated porosity 

(«) of 0.7 (Freeze and Cherry 1979). 

3) The vertical and horizontal vectors for groundwater velocity in the TSS were used to 

solve for the angle of upwelling groundwater from the TSS. This angle of upwelling 

was calculated to be 4° from vertical (Fig. AD-3). Therefore, groundwater movement 

is almost vertical. 

4) Using Kpeat values of peat (ranging from 10"3 to 10"6) (Ingram, 1983; Hoag and 

Price, 1995; Price, 2003), a KTSS value of 107 (Freeze and Cherry 1979), and an 

angle of upwelling from TSS of 4° (6TSS), the angle of groundwater movement in the 

peat (0pCat) has been determined for site 07-Z-17 using the following equation: 
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fK-rW K™,A = ftanfl-rWtanA„„.,;i 

The following represents table represents the angles (from vertical) that groundwater 

upwelling from TSS to peat is expected to have: 

Peat K value 
cm/s 
1E-03 
1E-04 
1E-05 
1E-06 

angl e of upwelling 
deqrees 
89.99 
89.95 
89.50 
85.03 

These values indicate that once waters have upwelled from TSS into peat, they will 

likely travel dominantly in a horizontal direction with only a small vertical 

componant. 

5) The angle of flow in the peat of 89.5° (approximated) (from vertical) (Fig. AD-3), 

and an average peat thickness of 2 m (distance between the peat/TSS boundary and 

the depth peat groundwater sampling below ground surface) was used to calculate the 

horizontal distance that discharging groundwater will travel from the TSS before 

being identified in the piezometers. Based on a piezometer installation depth of 1.1 

mbgs, upwelling TSS water from 07-MW-Z-17 will be identified 230 m down 

gradient (site 07-Z-27). This is schematically demonstrated in Figure AD-3. 

Alternatively, using Darcy Flux equations, water discharging from the TSS into 

the peat will be observed approximately only 0.5, down gradient, as the angle of 

upwelling in the peat is 15° (from vertical). 
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Clarification on time constraints on upward movement of groundwater from 

kimberlite, through the TSS and into the peat 

Due to the inferred low hydraulic conductivity in the TSS (1*10~7 cm/s), upward 

groundwater movement is slow compared with other sediment types such as sand, till, and 

peat (Freeze and Cherry 1979). Therefore, upward movement of groundwater through the 

TSS could potentially take thousands of years. In this study, where a positive vertical 

hydraulic gradient was identified (Table AD-1), the upward movement of groundwater 

through the TSS in 5000 years (time since retreat of the Tyrell Sea) is between 10 and 22 m 

(depending on gradient). As the TSS is between 2 and 21 m in thickness, there is a strong 

possibility that there has been adequate time for groundwaters from kimberlites to migrate 

through the TSS. 

It should be noted that the TSS is assumed to have a homogenous consistency, and 

therefore the same K value throughout. However, TSS samples recovered with the soil 

sampling spoon (used during MW installation) had some variability in grain size. Medium 

pebbles to fine sand were occasionally identified in the silty clay TSS. This grain size 

variability suggests that the K value 1*10~7 cm/s used here may be a maximum, as this value 

represents marine clay (Freeze and Cherry 1979). Additionally, the identification of 

anomalous high concentrations of kimberlite pathfinder metals over or near kimberlites 

(Chapter 1) coupled with an upward travel distance calculated to be between 10 and 22 m 

suggests that a K value of 1 * 10"7 cm/s may be appropriate approximation for the TSS. 

Clarification on the horizontal gradient of the water table and velocity in peat 

groundwater 
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The horizontal flow direction of water in the peat can only be estimated (approximated) at 

Yankee kimberlite, as it is only measured in the direction of the transect. In order to identify 

the true regional peat groundwater horizontal gradient and precise horizontal groundwater 

velocity, more peat groundwater elevation measurements various locations on either side of 

the transect are required. 

At Zulu, there is a short transect of peizometers installed north - south that intersect 

the longer east - west transect. The intersecting transects permit a more defined peat 

groundwater horizontal gradient and velocity. The peat groundwater flow direction and 

gradient has been revised as per the following calculations: 

North - South Zulu Transect Gradient 

Distance along N-S transect: 215 m 

Change in elevation of peat groundwater: -0.12 m along the transect south 

Gradient: -0.00056 along the transect south 

North - South Zulu Transect Velocity 

Velocity: v=(-Ki)/n, where K is the hydraulic conductivity of the peat, / is the gradient, and n 

is peat porosity. The calculation used a hydraulic conductivity value of 0.001 cm/s based on 

measurements from northern sphagnum bogs and spring fens (Chason and Siegel, 1986). An 

active peat porosity (n) value of 0.3 was used based on measurements of the catotelum from 

sphagnum peat bogs (Hoag and Price, 1995; 1997). 

v = 1.87 x 10"6 south direction of the N-S transect 
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Peat groundwater horizontal gradients and estimated horizontal velocity at Zulu based on 

N-S and E- W transects 

E-W gradient: -1.95 x 10"3 east (from Ch. 1) 

N-S gradient: -5.6 x 10"4 south 

Gradient = SQRT((-1.95 x 10"3)2 + (-5.6 x 10"4)2)) 

= -2.03 x 10"3 cm/s trending 106° 

Velocity = 6.76 x 10"6 cm/s trending 106° 

Therefore, the calculations suggest that peat groundwater likely flows almost parallel with 

the E-W transect at Zulu. 

Clarification on standing water as an indicator of upwelling 

The elevation of groundwater in piezometers is greater than standing water at some locations 

at Yankee (07-Z-01, 04, 08, and 12). At Zulu site 07-Z-17, the water level in the peizometer 

was also greater than standing water. Piezometer water elevations ranged from 1 to 3 cm 

higher than standing water. Therefore, higher elevations of piezometer water elevations than 

the standing water are considered to be sites of upwelling groundwater. 

Clarification on the definition of relative standard deviation (RSD) 

RSD = (SDV x 100)/Mean, 

where SDV is standard deviation. 

Clarification on detection limits 
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The detection limit for metals was determined by the laboratory (Geoscience Laboratories of 

the Ministry of Northern Development of Mines). Values for analyzed blanks (background 

noise) are required for calculation of detection limits. It is possible that the practical 

detection limits (calculated from blanks) could be as much as 10 times higher than laboratory 

values. 

Clarification on scales for metals along transects 

Metal concentrations along transects were initially plotted using variable scales for the same 

metals at different sites (i.e. Yankee, Zulu, or Golf). In order to more easily identify metal 

anomalies along transects, metals have been re-plotted with the same scale (Fig. AD-4 to 

10). However, it should be noted in instances where there were orders of magnitude 

differences in metal concentrations between transects, log plots of metal concentrations were 

used. 

Clarification on differences in metal concentrations in TSS groundwaters over 

kimberlite compared with sites over limestone 

Box percentile plots with distribution indicate comparisons of the data from TSS over 

kimberlite and limestone (Fig AD-11). The majority of kimberlite pathfinder metals are 

elevated in TSS groundwaters over kimberlites compared with sites over limestone, 

however, Rb and Cs appear to have similar concentrations. Due to the small and variable 

sample set of groundwaters over limestone (n = 8) compared to the sample set over 

kimberlites (n = 15), no statistical analyses such as the Wilcoxon matched pairs signed-ranks 

test (see Appendix 3) were conducted. 
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Figure AD-1. Profiles of the ground surface, the water table, and potentiometnc surfaces along the transects at 
(a) Yankee and (b) Zulu kimberlites Negative vertical gradient numbers indicate downward flow and positive 
numbers indicate upward flow 
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Figure AD-2. Plot of peat groundwater EC values versus vertical gradients of monitoring wells that were 
installed within 30 cm of piezometers The positive correlation for all but one samples indicates that with 
increasing vertical gradient, there is a greater input of minerotrophic groundwater into the ombrotrophic peat 
groundwater 
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Figure AD-3. Schematic diagram of interpreted groundwater movement within the TSS and peat at Zulu. The 
diagram indicates a possibility that there may be a significant shift in the perceived areas of groundwater 
upwelling from the TSS at monitoring well 07-MW-Z-17. Diagram is not to scale. 
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Figure AD-4. Profiles of pH and Eh along transects over: (a) Yankee, (b) Zulu, and (c) Golf kimberlites. 
Typically, pH and Eh indicate sites of upwelling groundwater and a shift from ombrotrophic to minerotrophic 
peat groundwater conditions. Box plots represent the mean, first and third quartile values for baseline 
ombrotrophic peat groundwaters. 
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Figure AD-5. Profiles of electrical conductivity and Ca along transects over (a) Yankee, (b) Zulu, and (c) Golf 
kimberlites Electrical conductivity and Ca correlate well and indicate sites of upwelling minerotrophic 
groundwaters Box plots represent the mean, first and third quartile values for baseline ombrotrophic peat 
groundwaters 



Jamil A. Sader Ph.D. Thesis Chapter 1 57 

y /y v v y v v •*•' v -v' A/* A?" AJ" A?' 'V v 
s s * •-' a A v v &• a' a-' $ a- £ a' * 

I I I l l_l I L 

a. o.i i • - • i • - • i • " • i " ' ' r _ | ' i ' ' ' i 
0 100 200 300 400 500 600 700 BOO 

Distance (m) 

0 100 200 300 400 500 600 700 800 
Distance (m) 

I ' ' ' I 
C. 0 100 200 300 400 500 600 700 800 

Distance (m) 

Figure AD-6. Concentrations of Cr and Ni in peat groundwater along transects over: (a) Yankee, (b) Zulu, and 
(c) Golf kimberlites. Ni and Cr are typically observed at sites of upwelling at kimberlite margins. Box plots 
represent the mean, first and third quartile values for baseline ombrotrophic peat groundwaters. 
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Figure AD-7. Concentrations of LREEs (La-Sm) in peat groundwater along transects over: (a) Yankee, (b) 
Zulu, and (c) Golf kimberlites. Light REEs have similar profiles to Ni and Cr and are typically observed at the 
kimberlite margins. Box plots represent the mean, first and third quartile values for baseline ombrotrophic peat 
groundwaters. 
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Figure AD-8. Concentrations of Mg and Mg/Ca m peat groundwater along transects over (a) Yankee, (b) 
Zulu, and (c) Golf kimberlites With the exception of Yankee, Mg indicates locations of upwelling 
minerotrophic groundwater The broad elevated Mg/Ca peaks along transects suggest waters rich in Mg relative 
to Ca may be coming from buried kimberlite Box plots represent the mean, first and third quartile values for 
baseline ombrotrophic peat groundwaters 
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Figure AD-9. Concentrations of Ba in peat groundwater along transects over: (a) Yankee, (b) Zulu, and (c) 
Golf kimberlites. Barium is typically elevated only a kimberlite margins and their profiles differ compared with 
other alkaline earth metals (i.e. Ca and Mg) at Zulu and Golf. Box plots represent the mean, first and third 
quartile values for baseline ombrotrophic peat groundwaters. 
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Figure AD-10. Concentrations of Rb and Cs in peat groundwater along transects over: (a) Yankee, (b) Zulu, 
and (c) Golf kimberlites. Although alkalis at Golf are marginally elevated relative to baseline values at 06-G-08 
the concentration was prominent relative to other sites along the transect. Box plots represent the mean, first 
and third quartile values for baseline ombrotrophic peat groundwaters. 
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Figure AD-11. Box percentile plots with distribution for Mg, Ni, LREE, Ba, Cr, Mg/Ca, Rb and Cs. The plots 
indicate that all metals and ratios, with the exception of the alkalis in groundwater samples from TSS over 
kimberlites are elevated with respect to TSS groundwater samples over limestone, n = 15 for samples over 
kimberlite and n = 8 for samples over limestone. Continued on next page. 
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Table AD-1. Vertical gradients for monitoring wells. Hydrogeological data from the Fall of 2007. 

Zulu 
07-Z-05F 

07-MW-Z-05F 

07-Z-15F 
07-MW-Z-15F 

07-Z-17F 
07-MW-Z-17F 

Alpha-1 
07-A-01F 

07-A-MW-01F 

07-A-11F 
07-A-MW-11F 

07-A-12F 
07-A-MW-12F 

Yankee 
07-Y-1F 

07-MWY-01F 

07-Y-10F 
07-MWY-10.5F 

07-Y-12F 
07-MWY-11.5F 

Bravo-1 
07-B-01F 

07-B-MW-01F 

07-B-02F 
07-B-MW-02F 

07-B-03F 
07-B-MW-03F 

Control 
07-C-01F 

07-MW-C-01F 

masl 
masl 

masl 
masl 

masl 
masl 

masl 
masl 

masl 
masl 

masl 
masl 

masl 
masl 

masl 
masl 

masl 
masl 

masl 
masl 

masl 
masl 

masl 
masl 

m 
m 

Water Level 
Elevation 

80.22 
78.94 

79.89 
79.74 

79.84 
80.00 

86.43 
86.39 

86.55 
86.06 

86.63 
86.19 

88.97 
89.16 

88.32 
88.29 

88.10 
88.18 

86.25 
86.17 

86.46 
86.41 

86.53 
86.47 

99.85 
99.66 

Groundsurface 
Elevation 

80.16 
80.28 

79.95 
80.03 

79.79 
79.92 

86.66 
86.66 

86.57 
86.57 

86.69 
86.69 

88.95 
89.03 

88.44 
88.05 

88.03 
88.11 

86.25 
86.25 

86.46 
86.49 

86.58 
86.55 

100.30 
100.30 

Installation 
Depth 

79.06 
76.88 

78.85 
77.53 

78.69 
76.52 

85.56 
83.26 

85.47 
83.17 

85.59 
84.19 

87.85 
85.83 

87.34 
84.85 

86.93 
84.91 

85.15 
83.25 

85.36 
83.34 

85.48 
83.55 

99.20 
97.87 

Vertical 
Gradient 

-0.59 

-0.11 

0.08 

-0.02 

-0.21 

-0.31 

0.09 

-0.01 

0.04 

-0.04 

-0.02 

-0.03 

-0.14 
masl = meters above sea level 
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2.1 ABSTRACT 

The speciation and solubility of kimberlite pathfinder metals (Ni, Nd, Ba, and K) in shallow 

peat groundwaters is investigated over the Yankee, Zulu, and Golf kimberlites in the 

Attawapiskat region, James Bay Lowlands, Canada. The purpose of this study is to examine 

the relationship between dissolved organic matter (DOM) complexation with kimberlite 

pathfinder metals and determine the spatial distribution of those metals in shallow peat 

groundwaters along sampling transects over subcropping kimberlites. Nickel, Nd, Ba, and K 

complexation with DOM and the adsorption of these metals onto ferrihydrite were calculated 

using Visual MINTEQ 3.0 and the NICA-Donnan database. Calculations predict almost 

100% of soluble Nd, Ni, and Ba form complexes with DOM at sampling sites with little to 

no contribution from upwelling groundwater (i.e., dissolved organic carbon (DOC) 

concentrations = 40 to 132 mg/L, pH = 3.9 to 5.5, and log ionic strength = < -3). In only the 

most ombrotrophic peat groundwater conditions does a majority fraction of K bind to DOM. 

By contrast, under conditions with large contributions from upwelling groundwaters (i.e., 

DOC concentrations = < 40 mg/L, pH = 5.5 to 6.5, and log ionic strength = -3 to -2), as little 

as 10% of Nd and Ni, and 0% K and Ba are predicted to complex with DOM. The modeling 

calculations suggest the dominant control on metal-DOM complexation, particularly with 

respect to Ni and Nd, is competitive effects for DOM binding sites due to elevated ionic 

strength at sites of strong groundwater upwelling. MINTEQ modeling of metal adsorption on 

ferrihydrite surfaces predicts that under strong upwelling conditions, Ni and Nd are 

scavenged from solution due to inferred increased ferrihydrite precipitation and decreased 

fractions of metals complexed with DOM. Analytical geochemical data are consistent with 

model predictions of metal adsorption on ferrihydrite. Total Ni and Nd concentrations at 
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sites of strons uowelline are tvoicallv 5 times lower than waters with little to no unwellinp 

and log ferrihydrite saturation indices (logSIfeiT) strongly indicate precipitation (values up to 

5) at sites of strong groundwater upwelling. Where the majority of Ni and Nd complex with 

DOM and ferrihydrite is highly under saturated (logSIferr -18 to -5), the concentrations of 

total Ni and Nd are elevated in peat groundwaters compared to other sites along sampling 

transects. Metal complexation with DOM effectively inhibits metal scavenging from solution 

via adsorption or from forming secondary mineral precipitates. Also, because alkaline earth 

metals do not compete strongly with Ni and Nd for adsorption sites on ferrihydrite surfaces, 

but do compete strongly for insoluble organic sites, Ni and Nd are more likely to adsorb onto 

ferrihydrite. 

2.2 INTRODUCTION 

Dissolved organic matter (DOM) in natural waters can strongly affect metal speciation, but 

this process is commonly overlooked. In biological applications, metal DOM complexes 

have the ability to render potentially harmful dissolved metals non-toxic, as these complexes 

are typically bio-unavailable to organisms (Bruland et al, 1991; Bell et al, 2002; Paquin et 

al, 2002; Perdue and Ritchie, 2005). Metal-DOM complexes also can prevent metal 

scavenging due to formation of secondary mineral precipitates or adsorption to insoluble 

substances (Cornell and Schwertmann, 1979; Ravichandran et al, 1999; Hoch et al, 2000; 

Tipping, 2002; Cornell and Schwertmann, 2003). Metal-DOM complexation is best 

exemplified in wetland environments, where dissolved organic carbon (DOC) is a major 

component of the dissolved ions in peat groundwaters. 

In mineral exploration, the ability of mobile ions to adsorb or precipitate onto 

mineral soil in the shallow subsurface (Mann et al, 1998; Cameron et al, 2004b; 
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McClenaghan et al, 2006; Hattori et al, 2009; Sader et al, 2009) or peat (Hattori and 

Hamilton, 2008) is effectively used to detect buried mineral deposits. Determining factors 

related to metal solubility such as pH and Eh are important when using water as an 

exploration tool to locate blind mineral deposits (Leybourne and Cameron, 2010). With the 

exception of peat, most groundwater geochemical studies have not accounted for DOM 

influences on metal solubilities, as the majority of natural groundwaters have low DOM 

concentrations. Additionally, soils for geochemical exploration are typically collected from 

locations that are above the water table. However, in wetland environments, high DOC 

concentrations are an integral part of metal solubility (Tipping, 2002; Johannesson et al, 

2004) and may significantly impact the behaviour of potential ore deposit pathfinder metals 

in the shallow subsurface. 

A previous geochemical study of peat groundwaters along sampling transects over 

Attawapiskat kimberlites identified elevated concentrations of Ni, Cr, light rare earth metals 

(LREEs), Ba, Rb, and Cs, and high Ca/Mg ratios indicative of the presence of buried 

kimberlite (Sader et al, 2010). This study demonstrated pathfinder metals in peat 

groundwaters correlated with sites of upwelling minerotrophic groundwaters primarily 

identified at or near the margins of kimberlites. The authors noted that Ni, Cr, LREEs, and 

Ba are generally elevated at sites at or near kimberlite margins, where there is only a small 

contribution from upwelling groundwater (based on geochemical parameters). Along 

sampling transects, high Ba, Rb, and Cs concentrations were commonly observed at 

locations different from those with high Ni, Cr, and LREEs. The ratios of Mg/Ca were high 

at sites where transition, alkaline earth, and alkali pathfinder metals were also high. 
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Herein we examine the influences that hi°h DOC content in peat groundwaters may 

exert on pathfinder metal solubilities along sampling transects over subcropping kimberlites 

in the Attawapiskat kimberlite field, James Bay Lowlands, Canada. Peat groundwater metal 

concentrations and model calculations for metal speciation and the adsorption of soluble ions 

on ferrihydrite surfaces are presented. We explore the interrelationship between metal-DOM 

complexes, and adsorption to ferrihydrite as a potential major sink for dissolved metals 

associated with buried kimberlite. The goals of this paper are to: 1) identify the dominant 

controls related to variable metal-DOM complexation in peat groundwaters; 2) compare 

metal-DOM speciation calculations to analytical data; and 3) suggest possible mechanisms 

for scavenging metals from solution. 

2.3 LOCATION AND GEOLOGY 

2.3.1 Geological setting, geology, and mineralogy of kimberlites 

The kimberlites in this study are located in the James Bay Lowlands in north-central Canada, 

approximately 90 km west of the community of Attawapiskat, Ontario, and are within 15 km 

of DeBeers' Victor diamond mine (Fig. 2-1). The kimberlites intruded Paleozoic 

sedimentary rocks, predominantly composed of limestone, and underlying Archean igneous 

and metamorphic rocks in the mid-Jurassic (-170 Ma) (Norris, 1993; Webb et al, 2004) 

(Fig. 2-2). Host rock to the kimberlite at the bedrock surface is limestone of the Upper 

Attawapiskat Formation (Fig. 2-2) that locally crops out in the form of bioherms that stand 

up to 2 m above the surrounding ground surface. Bioherms are reef cores composed of coral 

and skeletal remains of other marine organisms (Cowell, 1983). Kimberlites in this study 

form round to ellipsoid areal extents that range from 200 to 300 m in diameter (Fig. 2-3) and 

subcrop, with the exception of the Zulu kimberlite, which crops out along its southern 
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margin. A thin sheet of till (< 1 m) and Tyrell Sea glaciomarine sediment (2.1 to 21 m) 

(DeBeers, unpublished data) overlies the host Upper Attawapiskat Formation limestone and 

kimberlites in the study area (Fig. 2-2). 

The region was glaciated during the Quaternary. During this period bedrock erosion 

took place and a thin till layer (<1 m) was deposited on the limestone and kimberlite 

surfaces. Tyrell Sea sediment (TSS) is comprised of fine-grained marine sand, silt and clay. 

The TSS was deposited between 10 and 5 ka following the end of glaciation. At that time, 

the shoreline of James Bay (referred to as the Tyrell Sea during that period) extended inland 

approximately 300 km west and southwest of its present location. Since the retreat of the 

Laurentide ice sheet in the Attawapiskat region, isostatic rebound resulted in ground surface 

elevation rises of 100 to 300 m (Shilts, 1986). The present-day ground surface elevation is 

80 to 90 m above sea level. Overlying the TSS is sphagnum peat, approximately 2.5 to 3.4 m 

thick, has been accumulating since the retreat of the Tyrell Sea approximately 5000 years 

BP. The peat becomes increasingly more humified with depth (i.e., the sphagnum is 

increasingly less recognizable below 0.5 m). 

The Yankee kimberlite is located between outcropping bioherms southwest and 

northeast of the kimberlite (Fig. 2-3). The ground surface forms a gently sloping bowl-shape 

depression over the kimberlite that extends 150 m beyond its margin. The Zulu kimberlite is 

located east of a lobate raised bog and north of a small bioherm (Fig. 2-3). Ground surface at 

the Golf kimberlite is similar to that at Zulu, as both slope gently from west to east. No 

bioherms were observed near the Golf transect. 

The mineralogy of the Attawapiskat kimberlites consists of abundant olivine 

macrocrysts, ilmenite, garnet, Cr-diopside, phlogopite, and spinel (Kong et ah, 1999; Sage, 
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and serpentine with lesser monticellite, mica, apatite, and perovskite (Kong et al., 1999). All 

kimberlites in the Attawapiskat field are either hypabyssal or volcaniclastic (Kong et al., 

1999; van Straaten et al., 2009). Kimberlites sampled in this study (Yankee, Zulu, and Golf) 

are altered hypabyssal facies (Sage, 2000a). 

2.3.2 Peat groundwater hydrogeology and geochemical parameters 

Hydrogeological measurements in the peat and TSS groundwaters of the Yankee and Zulu 

transects have been previously reported by Sader et al. (2010). To summarize, the water 

table gradient at both Yankee and Zulu indicates peat groundwater flows in an eastern 

direction along the length of each transect. The flow rate ranges from a minimum of 

approximately 2 cm/year to a maximum of 200 cm/year along the length of the transect at a 

sample depth of 1.1 meters below ground surface (mbgs). The upwelling of deep 

minerotrophic groundwaters into peat was recognized by observation of a higher 

groundwater elevation in deeper monitoring wells installed in the TSS compared with the 

water table elevation measured in the piezometers installed in peat. In peat groundwater 

samples, the pH values vary from 3.80 to 7.10 and Eh values range from 125 to 512 mV. 

High pH and low Eh values are generally demonstrate upwelling groundwater along each 

transect in the peat groundwaters, as these values contrast with more acidic pH values and 

more oxidizing conditions in ombrotrophic peat groundwaters. Samples from the Golf 

transect, as a whole, have the most oxidized peat groundwater conditions (lowest pH and 

highest Eh values), likely a result of the shallow (0.4 mbgs) water collection depth. 

Peat groundwater electrical conductivity (EC) values are highly variable and are 

elevated at sites of upwelling deep groundwater. High EC values are commonly used to 
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identify sites of minerotrophic groundwaters in wetlands (Ingram. 1983. Hill and Siegel. 

1991, Hoag and Price, 1995) Boelter and Verry (1977) define EC values in peat 

groundwaters up to 80 u.S/cm as being ombrotrophic and values greater than 100 jxS/cm as 

having a contribution from minerotrophic groundwaters In this study, we define 

ombrotrophic conditions as those with EC values less than 100 jxS/cm and we define peat 

groundwaters with minerotrophic groundwater contributions as those with EC values greater 

than 100 uS/cm Electrical conductivity values higher than this reflect greater minerotrophic 

groundwater contributions 

Based on the combined hydrogeological and geochemical peat groundwater data in 

Sader et al (2010), upwellmg occurs as isolated point sources at 0, 153, 349, 370 and 489 m 

along the Yankee transect and near the kimberlite margin at 300 m, extending to the east end 

of the Zulu transect Upwellmg occurs between sites at 300 and 400 m and extends to the 

east end of the Golf sampling transect 

2.4 METHODS 

2.4.1 Field Procedures 

Peat groundwater samples were collected during the summers of 2006 (early August) and 

2007 (August 14-23) along transects over Yankee, Zulu, and Golf kimberhtes Samples 

collected in 2006 and 2007 are denoted by the prefixes 06 and 07, respectively Samples 

along Yankee, Zulu, and Golf transects are denoted by the prefixes Y, Z, and G, respectively 

All geochemical data for water samples collected in 2006 have been reported by Brauneder 

(2007) The compositional data for water samples collected in 2007 are presented in Table 2-

1 
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Field samoline methods from Sader et al. (2010"> for neat groundwaters are 

summarized below. Shallow piezometers used for peat groundwater sampling were 

constructed from 1.5 m lengths of either 19 mm (3A inch) inner diameter white 

(environmental grade) or grey polyvinyl chloride (PVC) piping. Piezometers were installed 

1.1 mbgs into the peat along sampling transects across the Yankee and Zulu kimberlites, and 

0.4 mbgs along the Golf kimberlite transect. Shallow piezometers were installed 

approximately every 25 to 50 m along each sampling transect and at least 200 m beyond the 

kimberlite margins (Fig. 2-3). Peat groundwater samples were collected from each of the 

installed piezometers. 

The pH, oxidation-reduction potential (ORP), electrical conductivity, dissolved 

oxygen content (DO), and temperature were measured on-site with a Hanna™ HI-9828 multi 

parameter water quality portable meter. Probes for pH, DO, and EC were calibrated daily. 

ORP values have been corrected to the standard hydrogen electrode (SHE) for waters at 10 

°C by adding 207 mV, and are reported as Eh. 

Water samples were collected in 60 and 30 mL Nalgene high-density polyethylene 

(HDPE) bottles for cation and anion analysis, respectively. Samples for dissolved inorganic 

carbon (DIC) and dissolved organic carbon (DOC) analysis were collected in 40 mL brown 

borosilicate bottles with a silicone- polytetrafluoroethylene (PTFE) septa cap. An additional 

PTFE and rubber septa from Chromatographic Specialties Inc. was inserted underneath the 

septa cap to prevent DIC loss (silicone is gas permeable). All water samples were filtered 

through Millipore™ 0.45 u.m filters and were kept cool in ice-packed coolers or refrigerated 

until they were analyzed. Prior to analysis water samples for cation analysis were acidified to 

1% using Baseline-grade HNO3 from Seastar Chemicals. 
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2.4.2 Laboratory Procedures 

Waters were analyzed to determine concentrations of DIC and DOC at the University of 

Ottawa G.G. Hatch Stable Isotope Laboratory using a Finnigan-Mat Delta Plus mass 

spectrometer and the 2 a analytical precision is ± 0.002 ppm. Elemental analyses of 

groundwaters for cations and anions were conducted at the Geoscience Laboratories, Ontario 

Ministry of Northern Development of Mines, Sudbury, Canada. Calcium, Fe, K, Mg, Mn, 

Na, and S were analyzed by ICP-ES; Ti, Cr, Ni, Rb, Sr, Nd, Ba, Cu, Zn, and Y were 

analyzed by ICP-MS; and CI" and SO42" were analyzed by IC. A precision of < 5% relative 

standard deviation (RSD) was achieved for all metals and anions with the exception of Mn 

(7%), Zn (6%), and Ti (11%). A full description of cation and anion analytical procedures 

including quality assurance and quality control procedures, have been reported elsewhere 

(Sader et al, 2010). 

2.4.3 Speciation calculations and modeling 

The nonideal competitive adsorption model (NICA) and Donnan database in Visual 

MINTEQ 3.0 (Gustafsson, 2010) was used to calculate Nd, Ni, Ba, and K complexation with 

DOM. This model is based on the combination of two active processes. The NICA model 

simulates metal complexation and was first developed by Koopal et al. (1994), and assumes 

that binding sites to humic substances are heterogeneous and treats them as continuous 

functions. It also takes into consideration competition effects between metals and other ions 

in the solution, which is represented by ionic strength. The Donnan database model 

(Benedetti et al., 1996) concerns electrostatic interactions of ions and assumes that the 

dissociation of carboxylic and phenolic groups results in an electrical potential around those 



Jamil A. Sader Ph.D. Thesis Chapter 2 75 

substances and that organic matter is in a pel nhase The negative charee around these 

molecules exerts a binding effect for ions (Kinniburgh et al., 1999). The MINTEQ default 

settings were used in the calculations, which assumes that the ratio of DOM to DOC is 1.4 

and 100% of the DOM is fulvic acid. Peat groundwater samples were clear to light yellow in 

colour and indicate fulvic acid is likely the dominant organic acid, as humic acids are darker 

in colour (Stevenson, 1994). Additionally, based on visual observation, peat groundwater 

samples acidified to ~1 pH for cation analysis did not result in humic acid precipitates in all 

but two samples. Humic acids are only soluble at pH values greater than 2, whereas fulvic 

acids are soluble throughout the pH range. Appreciable concentrations of acetic acid 

(CH3COOH) is not likely in the peat groundwater samples, although this organic substance 

is colourless and soluble throughout the pH range. Charge balance calculations assuming 

DOC is entirely dissociated acetic acid (CH3COO) (i.e. each DOC has a valence of -0.5) 

does not result in balanced charges for cations and anions. Therefore, it likely that DOC is 

dominantly composed of larger fulvic acid molecules. 

The binding constants (logK) used in this model calculation for Ni, Ba, and K are 

from Milne et al. (2003) and are in the MINTEQ - NICA-Donnan database. However, logK 

values for Nd, derived by Sonke and Salters (2004), were added separately, as they are not 

included in the original database. 

Visual MINTEQ 3.0 was used to calculate the fraction of dissolved metals that 

adsorbed on ferrihydrite. Based on the activity of Fe and the pH of the peat groundwaters, 

ferrihydrite is the Fe-oxide most likely to precipitate (Cornell and Schwertmann, 2003) and 

is the inferred Fe-oxide in this paper. The feo-dlm_2008.vdb database uses the 2-pK Diffuse 

Layer Model. Dzombak and Morel (1990) derived the ferrihydrite surface complexation 
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constants for Ni and Ba. Because a constant for Nd was not included in the database, an 

experimentally derived constant for Nd by Tang and Johannesson (2005) was used. No 

constant was available for K, however, it has little affinity to be adsorbed on ferrihydrite 

surfaces (Kinniburgh et al., 1976). The Dzombak and Morel (1990) model assumes that 

ferrihydrite has a specific surface area of 600 m2/g. Table 2-1 lists the dissolved metal 

concentrations and geochemical parameters from Yankee and Zulu peat groundwaters that 

were input into the NICA-Donnan and ferrihydrite surface complexation models. The 

geochemical data for Golf are from Brauneder (2007). 

2.5 RESULTS 

2.5.1 Peat groundwater geochemistry 

Dissolved organic carbon concentrations range from 15.8 to 132.2 mg/L and are elevated in 

peat groundwaters that receive little to no contribution from upwelling minerotrophic 

groundwater (EC < 100 [xS/cm). The low DOC concentrations are generally associated with 

sites that have high contributions from upwelling minerotrophic groundwater (EC >100 

^iS/cm). Transition metals such as Ni, Ti, Cr, and Nd are elevated with concentrations up to 

1.8, 4.0, 1.1, and 0.10 [xg/L, respectively, in peat groundwaters at or near kimberlite margins. 

The exception is site 349 m (07-Y-08) at Yankee, which has transition metal concentrations 

that are 4 to 60 times greater and are more similar to groundwaters from the TSS (Sader et 

al, 2010). The elevated values are notably higher than local baseline values in ombrotrophic 

peat groundwaters (Sader et al, 2010). Collectively, peat groundwaters from all sites show 

that Ni, Ti, Cr, and Nd concentrations increase with increases in DOC where EC is lower 

(Fig. 2-4). Concentrations of alkaline earth metals such as Mg and Ca have negative 

correlations with DOC concentrations and positive correlations with EC (Fig. 2-4). The 
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negative correlations are likelv a result of the hish Ms and Ca concentrations (ur> to 13.2 and 

62.8 mg/L, respectively) that are common in upwelling groundwaters. At most sampling 

sites Mg and Ca reflect upwelling regardless of whether the waters are spatially related to 

locations of buried kimberlite. Elevated Ba concentrations (10 to 50 jxg/L) also reflect 

upwelling groundwater, however, unlike the majority of Mg or Ca, the greatest 

concentrations are located at sites at or near the kimberlite margins. Note that the Ba 

concentrations at Golf are 2 orders of magnitude greater than Yankee or Zulu. All waters 

collected during summer 2006 have high Ba values (Brauneder, 2007). Although the reason 

is not known, we have ruled out the possibility of contamination, or analytical artifact. 

Laboratory QA and QC results indicated an relative standard deviation (RSD) of < 5% for 

Ba and analytical runs for Ba using ICP-MS and runs using ICP-AES had almost identical 

concentrations. Furthermore, Ba concentrations in peat groundwaters from 2006, which were 

collected at 0.4 mbgs along the Yankee transect, had similar profile shape compared with the 

Yankee profile in this study. Variable Ba solubility is also ruled out, as neither witherite 

(barium carbonate), barite (barium sulfate) are favoured from any peat groundwaters in this 

study. 

Concentrations of alkali metals such as K and Rb are commonly elevated at sites 

with elevated EC and low DOC. However, compared to Ca and Mg, these concentrations 

correlate poorly with EC and DOC concentrations (Fig. 2-4). Alkaline earth metals, 

specifically Ca and Mg, strongly contribute to ionic strength (I) values in peat groundwater 

and the correlation between Ca+Mg and ionic strength is strong (r=0.98). Elevated log/ 

values (-3 to — 2 ) are inferred to occur at sites of strong upwelling along each of the 3 

sampling transects (Table 2-2). 
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Sulfate concentrations are low at all sites (mean = 0.35, median = 0 3, max = 3 97 

mg/L); and total sulfur concentrations in waters are also low (mean = 0.4, max = 0.9, many 

samples less than the detection limit of 0.3 mg/L) (Table 2-1). Chloride concentrations are 

low and range from 0.12 to 25.43 mg/L with mean and median concentrations of 3.6 and 2.0 

mg/L, respectively. 

2.5.2 Geochemical model calculations 

2.5.2.1 Mineral saturation 

The computer modeling software package Visual MINTEQ 3.0 (Gustafsson, 2010) was used 

to calculate ferrihydrite saturation indices (logSIfcrr), and calcite saturation indices 

(logSIcaicitc) in the presence of DOC for each peat groundwater sample (Table 2-2). 

Saturation indices were calculated based on the fraction of dissolved Fe3+ and Ca2+ that were 

not bound to DOM. The logSIfcrr values are elevated (—5 to 5) at locations which have 

significant contributions from upwelling minerotrophic groundwaters (EC > 100 u.S/cm) 

(Fig. 2-5). Typically, the greater the minerotrophic groundwater contribution, the higher the 

logSIfCrr values are. Overall lower logSIferr values along the Golf transect are likely due to the 

shallower depth of sample collection and more acidic pH. Sites that show strong 

ombrotrophic characteristics (EC < 100 fxS/cm) have lower logSIferr values, which range 

from -5 to -18. Calcite is not predicted to precipitate from any peat groundwaters, as 

logSIcaicitc values for all peat groundwater samples are < 0 (Fig. 2-5; Table 2-2). The lack of 

favorability for calcite precipitation is a function of the acidic pH values for peat 

groundwaters. Dolomite is highly under saturated (the highest logSIdoiomitc value is -5.5 for 

peat groundwater samples), and thus, is not considered in this study. 
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A number of oxide phases have not been considered in this study. Mn-oxyhydroxides 

are not considered for SI calculations, as concentrations in peat total dissolution are low, and 

are 19 and 5 ppm (vol.) (mean and median, respectively) (Hattori and Hamilton, 2008). 

Additionally, the mean and median concentrations in peat groundwaters are 31 and 18 um/L. 

These low concencentrations in peat and peat groundwater indicate that Mn-oxyhydroxides 

are not common solid phases in peat. The other common Fe-oxyhydroxide phase, geothite, 

was not considered. Geothite is favored to preciptate only at pH values of 0 to 3.5 at log aFe 

of -5 (average activity for soluble Fe in this study) (Kinniburgh et al, 1976; Cornell and 

Schwertmann, 2003). Whereas, ferrihydrite is favored to precipitate between the pH values 

of 3.5 and 14 at log aFC of-5. Although it is likely that ferrihydrite will age to geothite and 

may compose some of the Fe in peat, fractions of various Fe-oxyhydroxides are not known. 

2.5.2.2 Metal speciation calculations 

Metal-DOM complexation calculations were conducted using MINTEQ for Nd, Ni, Ba, and 

K in peat groundwater samples along the Yankee, Zulu and Golf transects. These four metals 

were selected as they represent kimberlite pathfinder metals that are high in peat and peat 

groundwaters overlying kimberlites relative to sites distal to kimberlites in the Attawapiskat 

kimberlite field (Hattori and Hamilton, 2008; Sader et al, 2010). They are also different 

metal types and have established binding constants (Milne et al., 2003; Sonke and Salters, 

2004). 

Dissolved metals were calculated as organic complexes and free ions. The model 

calculations indicate that aqueous sulfate and carbonate complexes comprise less than 0.5% 

of the total dissolved metals in the groundwater samples. The fraction of total dissolved 

metal complexed with DOM along transects at Yankee, Zulu and Golf decreases with 
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increases in nH increases in / and decreases in DOC rnnrentratinrK (V\o 2-&\ Y\n<\pr 

conditions with little to no contribution from upwelling groundwater, where DOC 

concentrations are high, pH is low, and / is low, almost all soluble Nd, Ni, and Ba complex 

with DOM in groundwaters collected over the Yankee, Zulu and Golf transects. Under these 

conditions, a significantly lower fraction of K forms DOM complexes compared with the 

other metals and is as low as 30% at Golf (Fig. 2-6). Conversely, at sites of strong 

groundwater upwelling (lower DOC, higher pH, and higher T) the fraction of Nd and Ni 

bound to DOM is around 40 to 50% and sites of upwelling at Yankee are as low as 10%. The 

fraction of Ba bound to DOM is also lower (15 to <5%), and virtually all K is calculated to 

exist as free ions (Fig. 2-6). Decreases in the fraction of total Ni and Nd bound to DOM 

correspond to decreases in the concentration of these metals in the peat groundwater. 

However these sites are accompanied by increases in concentrations of Ni and Nd in peat 

total digestion significantly greater than baseline values, and was reported by Hattori and 

Hamilton (2008). 

2.5.2.3 Ferrihydrite - metal adsorption calculations 

Modeling was conducted to simulate the behaviour of pathfinder metals as peat groundwater 

geochemistry evolves from conditions with only minor contributions from upwelling 

groundwaters to conditions where these contributions dominate. The Zulu and Golf 

kimberlite transects were used for these calculations because they both have progressively 

greater eastward contributions from upwelling groundwater along their transects starting at 

site 300, and 307 m at Zulu and Golf, respectively based on increasing EC, pH, and Ca 

values and decreasing Eh values (Sader et ai, 2009). Pathfinder metal concentrations (Nd, 

Ni, K and Ba) at Zulu and Golf were held constant and modeled with the geochemical 
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conditions (i.e. pH and Eh), DOC and DIC, and major ions (i.e. Ca, Mg, Na, Fe, Al) 

observed in successive peat groundwater samples eastward along each transect. 

Concentrations of ferrihydrite were set at 1 g/L for sites with low contributions from 

upwelling groundwaters (EC < 100 !J,S/cm) and 10 g/L at sites of upwelling minerotrophic 

waters (EC > 100 [iS/cm). These ferrihydrite concentrations were chosen because total Fe 

contents in peat reported by Hattori and Hamilton (2008) along the same Yankee and Golf 

transects as this study ranged from 0.05 to 0.15% where EC < 100 |a,S/cm and ranged from 

0.7 to 3.19% where EC > 100 jxS/cm. It is unclear where the Fe, which has precipitated on 

peat surfaces, originated from. Possible sources include pyrite in the TSS or limestone. The 

source of Fe could also be kimberlites due to the hydration of olivine provided redox 

conditions were favourable for Fe2+, however, Fe in Attawapiskat kimberlite waters are 

commonly favoured to precipitate as Fe-oxyhydroxides. The formation of Fe-oxyhydroxides 

is also favoured in other kimberlite waters (i.e., Sader et al, 2007a). 

We assume that the majority of total Fe exists as secondary precipitated ferrihydrite 

because no residual mineral grains were visually identified in the peat, however, no specific 

Fe mineral phases were investigated. For Zulu model calculations, the ferrihydrite content at 

sites 300, 350, and 400 m were set at 1 g/L and at sites 450 to 750 m the content was set at 

10 g/L. For Golf, ferrihydrite content was set at 1 g/L at sites 309 to 569 m and at sites 594 

to 722 m it was set at 10 g/L. 

The model calculations indicate progressively greater fractions of Ni and Nd are 

adsorbed onto ferrihydrite with increasing contributions from upwelling groundwaters and 

increasing ferrihydrite inputs into the model calculations (i.e. 1 or 10 g/L) (Fig. 2-7). 

Increases in Ni and Nd fraction adsorbed to ferrihydrite are roughly inversely proportional to 
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the fraction of dissolved Ni and Nd complexed with DOM and to total dissolved metal 

concentrations (Fig. 2-6). No K and only a small fraction of Ba are calculated to be adsorbed 

onto ferrihydrite (Fig. 2-7) and likewise, there is no relationship with analyzed K and Ba 

concentrations (Fig. 2-6). 

2.6 DISCUSSION 

2.6.1 Controls on Metal speciation 

MINTEQ calculations indicate the fraction of total dissolved Nd, Ni, Ba, and K complexed 

with DOM in peat groundwaters decreases with increased contributions of minerotrophic 

groundwaters. Our model calculations suggest the binding strength and ion selectivity for 

DOM, in order from strongest to weakest, is: Nd > Ni > Ba > K. The calculated strong 

binding of Ni and Nd to DOM is consistent with their affinity to form strong coordinate 

linkages with DOM molecules (Stevenson, 1994). Our MINTEQ speciation calculations 

provide a reasonable estimation of metal-DOM speciation and compare favourably with 

other studies. Rare earth element- DOM speciation modeling of peat groundwaters from the 

Great Dismal Swamp, Virginia conducted by Johannesson et al. (2004) indicated that Nd -

DOM species accounted for between 60 and nearly 100% of the total metal concentration. 

They reported pH, ionic strength and DOC concentrations similar to values reported in the 

present study. Additionally, Unsworth et al. (2006) compared experimentally derived 

concentrations of Ni - DOM complexes with MINTEQ calculated Ni - DOM concentrations 

for the same waters. Their results showed similar values for calculated and modeled Ni-

DOM fractions, suggesting MINTEQ accurately predicts metal - DOM complexation. 

Metal - DOM complexation profiles along sampling transects indicate concentrations 

of Ba and K are more sensitive to changes in the peat groundwater geochemistry compared 
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with concentrations of Nd and Ni (Fig. 2-6). Modeling calculations predict the fraction of K 

bound to DOM is typically less than 50%, and only under the most ombrotrophic conditions 

do the total concentrations approach 100% DOM - bound. Smaller contributions of 

minerotrophic groundwater result in a much greater decrease in Ba and K DOM complexes 

in the calculations compared with Nd and Ni, and this is likely due to the lower DOM 

binding affinities of Ba and K. Alkali metals only bind via electrostatic forces, whereas 

alkaline earth metals bind at specific sites. However, alkaline earth metals do not bind as 

strongly to DOM as transition metals due to the ion spherical symmetry and low 

polarizability of alkaline earth metals (Clymo, 1983; Stevenson, 1994; Tipping, 2002). 

There are four factors that may limit the ability of metals to complex with DOM: 1) 

variability in pH; 2) type of DOM (i.e. fulvic or humic acid); 3) the ionic strength of peat 

groundwaters; and 4) variations in DOC concentrations. Research has previously shown that 

increases in pH result in a greater capacity for metals to bind to DOM (Lu and Allen, 2002; 

Tipping, 2002; Pourret et al, 2007). Higher pH values in waters typically result in less 

competition by H+ for DOM binding sites. With less competition, a greater fraction of 

dissolved Ni and Nd can bind to DOM because they can fill more available binding sites. 

Conversely, under low pH conditions, elevated H+ ion activity exerts stronger competitive 

effects and commonly fills more of the available binding sites on organic molecules. 

Competition from H+ effectively inhibits other dissolved metals from binding with DOM, 

resulting in greater concentrations of free ions in water. However, our study indicates that 

the calculated fraction of metal-DOM species decreases with increasing pH (Fig. 2-6), 

suggesting that pH is not likely a limiting factor in metal complexation with DOM, 

particularly at sites of upwelling. It is possible the poor association of pH with metal-DOM 



Jamil A. Sader Ph.D. Thesis Chapter 2 84 

comnlexation is due to elevated carbonate alkalinity in minerotronhic neat proundwaters 

such as 300 m to the end of the Zulu transect, 307 m to the end of Golf, and at point-source 

locations along Yankee (Fig. 2-6; Table 2-1). Concentrations of HCO3" and CO32" can 

consume H+ and will buffer low pH peat groundwaters. 

Elevated carbonate alkalinity (based on DIC concentrations and pH) at these sites 

likely buffers the normally acidic peat groundwaters. The source of the high alkalinity could 

be from groundwater interactions with kimberlite, limestone or Tyrell Sea sediment, or some 

combination of these sources. Additionally, Tang and Johannesson (2010) showed that 

carbonate ions can outcompete fulvic acid for REEs, but not humic acids. 

The most likely explanation for the decrease in metal - DOM complexation at sites 

with elevated upwelling minerotrophic groundwater is a combination of lower DOM 

concentrations coupled with increased ionic strength. This combination likely enhances 

competition effects, as there are more metal ions in the peat groundwaters competing for 

fewer DOM binding sites. The correlation between increases in ionic strength and decreases 

in the calculated fraction of Ni and Nd - DOM complexes is statistically significant (r = -

0.71 and -0.94, respectively). The lower correlation coefficient for Ni compared with that for 

Nd might be attributed to the lower affinity of divalent Ni to bind to DOM. Elevated 

concentrations of alkaline earth metals such as Ca and Mg (major contributors to ionic 

strength) can induce strong competitive effects that inhibit metal binding to DOM (Cabaniss 

and Shuman, 1988b; a; Tipping, 2002). In our study, Ca and Mg concentrations are up to 25 

times more elevated in minerotrophic peat groundwaters than in peat groundwaters with 

little to no detectable upwelling groundwater, and are 6 to 7 orders of magnitude greater than 

concentrations ofNi andNd. 
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2.6.2 Controls on msts! so!ubi! i tu 

2.6.2.1 Metal binding and adsorption 

The results of this study suggest that metal speciation is a key determining factor in 

kimberlite pathfinder metal solubility in peat groundwaters. The concomitant decrease in 

total Ni and Nd concentrations and decrease in the calculated fraction of these metals 

complexed with DOM (Fig. 2-6) suggests they may have been scavenged from solution due 

to their presence in greater proportions as free ions. Conversely, metals complexed with 

DOM are generally inhibited from participating in adsorption processes (Sholkovitz and 

Copland, 1981; Lofts and Tipping, 1998; Radovanovic and Koelmans, 1998) and therefore 

they tend to remain in solution. For example, elevated Ni and Nd concentrations along 

sampling transects occur at the east and west margins at Zulu and Golf, respectively and at 

350 m at Yankee (Fig. 2-6). With the exception of the Yankee sample site, these sites 

represent only small contributions from upwelling groundwaters and have high predicted 

fractions of Ni and Nd - DOM complexes. However, where upwelling of minerotrophic 

groundwater is greater, such as 400 to 700 m at Zulu, 400 to 700 m at Golf, and 443 and 489 

m at Yankee, total Ni and Nd concentrations are commonly lower than local baseline peat 

groundwater values determined by Sader et al. (2010). The low Ni and Nd concentrations 

suggest that they have been scavenged from solution. Further evidence for metal scavenging 

is the elevated concentrations of Nd and Ni in peat digestion (Hattori and Hamilton, 2008), 

and these coincide with sites where total Ni and Nd concentrations and Ni and Nd fractions 

complexed with DOM are low (Fig. 2-6). 

The formation of ferrihydrite at sites of upwelling is likely critically important in 

scavenging metals where they dominantly exist as free ions. Peat groundwaters are close to 
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or greater than saturation with respect to ferrihvdrite at sites of high groundwater 

contributions (EC > 100 jxS/cm), but well below saturation where conditions indicate little to 

no groundwater contribution (EC > 100 uS/cm) (Fig. 2-5). Overall, the logSIferr values are 

lower along the Golf sampling transect, and this is likely a function of the shallow sampling 

depth (0.4 mbgs) and lower pH. Additionally, the logSIfcrr correlates moderately well 

(r=0.72) with peat Fe content from total peat digestion reported by Hattori and Hamilton 

(2008), and supports the validity of logSIferr calculations. 

Decreases in total Ni and Nd and decreases in the calculated fraction of these metals 

complexed with DOM, coupled with increases in ferrihydrite suggest metals may be 

adsorbing on ferrihydrite where they exist as free ions. A plot of Nd versus logSIfcrr (Fig. 2-

8) defines a trend of decreasing concentration with increasing logSIfcrr. Nickel concentrations 

also decrease with increasing logSIfcrr, however, the trend is not as defined as Nd, and this is 

likely because Nd is trivalent and has a stronger affinity to adsorb on Fe-oxyhydroxides 

(Stevenson, 1994). Conversely, alkali and alkaline earth metals (K and Ba) do not generally 

have a high affinity to adsorb on ferrihydrite (Kinniburgh et al, 1976; Cornell and 

Schwertmann, 2003), especially in the acidic pH peat groundwaters of this study. Laboratory 

tests by Kinniburgh et al. (1976) indicated the pH must be greater than 8.1 for 50% of 

dissolved Ca and Mg to adsorb onto the surfaces of Fe gels. Based on that observation, they 

suggested alkaline earth metals have a low selectivity for adsorption on Fe-oxyhydroxides. 

Likewise, little association exists between peat groundwater Ba concentrations and logSIfcn-

in this study (Fig. 2-8). 

The MINTEQ calculated predictions of metal adsorption on ferrihydrite surfaces 

along the Zulu and Golf sampling transects support our analytical results. Calculations 
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predict Ni and Nd are increasingly scavenged onto ferrihydrite surfaces at sites with greater 

upwelling groundwater contributions (Fig. 2-7). Calculations reveal that up to 90 and 95% of 

soluble Ni and Nd, respectively, may adsorb onto ferrihydrite surfaces. Additionally, sample 

sites with high predicted adsorption (up to 95%) represent the lowest fractions (-20%) of 

soluble Ni and Nd complexed with DOM. Calculations of metal-DOM speciation and 

adsorption to ferrihydrite surfaces (Fig. 2-6 & 2-7) suggest decreases in Ni and Nd 

complexation coupled with an inversely proportional increase in Ni and Nd bound to 

ferrihydrite is due to the increased availability of free metal ions. Conversely, the 

calculations predict Ba and K do not adsorb strongly due to their lack of adsorption affinity 

for ferrihydrite. The results and modeling of metal adsorption on ferrihydrite surfaces in this 

study compares favourably with sequential leach results of sphagnum peat from a peat bog 

in Estonia (Syrovetnik et al., 2007). These authors concluded that a significant fraction of the 

transition metals Pb, Zn, and Mn had adsorbed to Fe-oxyhydroxides, whereas adsorption of 

alkaline earth metals was negligible. 

Adsorption of metals onto insoluble humic substances may be partly responsible for 

scavenging metals where groundwaters are upwelling. Metals typically have a strong affinity 

to adsorb onto insoluble organic matter. The cation exchange capacity of sphagnum peat 

ranges from 0.6 to 2 meq/g at pH 7 and peat can retain high concentrations of metals (Sikora 

and Keeney, 1983; Hill and Siegel, 1991). However, we suggest Ni and Nd may be more 

likely to adsorb onto ferrihydrite rather than insoluble organics. Alkali and alkaline earth 

metals are highly effective competitors for insoluble organic adsorption sites and will 

invariably compete strongly with Ni and Nd for insoluble organic adsorption sites. This 

competition is likely strongest at sites of upwelling where alkaline earth concentrations are 
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uo to 25 times hieher than ombrotroohic neat groundwaters. However, these metals will not 

compete strongly for ferrihydrite adsorption sites. 

It is also possible that all insoluble organic adsorption sites have been filled where 

groundwater upwelling is strong. Hill and Siegel (1991) noted that insoluble organic cation 

exchange sites are full in spring-fen condition sphagnum peat bogs. In our study, the 

elevated Ca and Mg at sites of strong upwelling may indicate a similar scenario, where all 

insoluble organic adsorption sites are filled. The contribution rate of alkali and alkaline earth 

metal inputs to peat groundwaters at sites of strong groundwater upwelling may exceed the 

rate of peat humification and production of insoluble organic substances. The ~3 m layer of 

peat in the study area accumulated over approximately 5000 years. If these adsorption sites 

were full, transition metals would have an additional further affinity to adsorb to ferrihydrite 

because of the lack of insoluble organic adsorption sites. 

2.6.2.2 Secondary mineral precipitation 

Carbonate and sulfide mineral precipitation are capable of scavenging metals from solution 

in many environments. However, in this study it is reasonable to exclude these processes as 

possible scavengers of dissolved metal. The logSIcaiCitc for all peat groundwater samples is < 

0 and therefore calcite is not favoured to form. It should, however, be noted that loss on 

ignition and ammonium acetate leach analyses of Attawapiskat peat (Brauneder, 2007; 

Hattori and Hamilton, 2008) provide evidence of carbonate precipitation in peat samples 

collected at 0.6 mbgs along sampling transects nearly identical to those in this study. 

However, peat groundwater samples in this study were collected at 1.1 mbgs at Yankee and 

Zulu and 0.4 mbgs at Golf and likely represent different geochemical zones within the peat. 

Peat groundwater geochemistry such as Ca concentration, pH and alkalinity can vary 
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substantially over small changes in depth (Clymo, 1983), which will impact the calcite 

saturation. 

Sulfide minerals are not thought to appreciably scavenge soluble metals in this study. 

Both sulfate and total sulfur concentrations are low in the peat groundwaters and no 

correlation exists between concentrations of sulfate and sulfur, and sites of upwelling 

groundwaters (Table 2-1). Additionally Hattori and Hamilton (2008) noted that total sulfur 

content in the peat is below 0.1% at all of their sample sites. 

2.7 SUMMARY AND IMPLICATIONS FOR MINERAL EXPLORATION 

This study highlights the importance of metal - DOM complexation and the effect those 

complexes can have on the solubility of metals in water saturated environments such as 

wetlands. The saturated nature of wetlands and the high DOC concentrations in peat 

groundwaters adds another level of complexity, as dissolved metals are not only governed by 

adsorption processes onto solid media, but by abundant metal - DOM complexes that can 

prevent metal adsorption and increase solubility. For example, we have shown that Nd 

concentrations are elevated at sample sites with minor contributions of upwelling 

groundwaters at or near kimberlite margins at Zulu and Golf. At these sites our modeling 

calculations indicate nearly 100% of the transition metals form DOM complexes. 

Conversely, where our modeling calculations indicate low Nd and Ni - DOM complexes, 

such as at site 07-Y-12 at Yankee, and at the east ends of Zulu and Golf sampling transects, 

the metal concentrations in peat groundwater are less than baseline values. Modeling 

calculations predict that the low metal concentrations at these sites are due to a greater 

affinity for Ni and Nd (which exist as free ions) to adsorb on ferrihydrite surfaces. 



Jamil A. Sader Ph.D. Thesis Chapter 2 90 

In contrast to the high DOM, water saturated peat bog environment of this study, 

soluble metals in groundwaters employed in mineral exploration typically do not consider 

DOM concentrations (Sader et ah, 2007a; Leybourne and Cameron, 2010). Dissolved 

organic matter concentrations are low in most natural groundwaters (Freeze and Cherry, 

1979) and therefore they do not control soluble metal behaviour. Our findings also contrasts 

with the findings of geochemical studies of soil collected above the water table for mineral 

exploration. In these environments, adsorption onto solid phase organics and ferrihydrite are 

more important aspects for detecting pathfinder metals. 

This study has implications for surficial geochemical exploration for mineral 

deposits, as metal speciation and metal adsorption affinities are important aspects must be 

considered when establishing effective sampling methodologies. It also has implications for 

the spatial distribution of metals in soils, peat, and groundwaters where high DOM 

conditions exist. In wetland environments, our results indicate that the most effective means 

to accurately detect kimberlite pathfinder metals is to collect samples from both peat and 

peat groundwater samples along sampling transects. The collection of both media likely 

provides a more accurate delineation of metals associated with a buried kimberlite. If the 

peat groundwaters are dominantly ombrotrophic with only minor contributions from 

kimberlite groundwaters, metals are more likely to remain highly soluble as metal - DOM 

complexes. A geochemical sampling program that only focuses on peat may overlook 

important geochemical responses, as the formation of metal-DOM complexes may inhibit 

metal adsorption or incorporation into secondary mineral precipitates. Conversely, if only 

peat groundwaters are collected, a kimberlite geochemical response may also be overlooked 

where kimberlite pathfinder metals are migrating upwards into peat groundwaters that have 
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the potential to scavense dissolved metals (more minerotronhic conditions^ Our results 
A <s V J. / 

suggest scavenging of metals, which exist as free ions by ferrihydrite or insoluble organic 

matter, is the most likely pathway. 
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Figure 2-1. Regional bedrock geology of the James Bay Lowlands and location of the Attawapiskat kimberlite 
field in north central Canada (geological map modified from Bellefleur et al. (2005)). 
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Figure 2-2. Schematic vertical section of rocks and sediment of which Attawapiskat kimberhtes are emplaced 
into Kimberlite and host rocks are overlain by a thin till, Tyrell Sea sediment (10 to 5 Ka), and peat (5 Ka to 
present) Diagram from (Sader et al, 2010), geology from Norris (1993) 
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Figure 2-3. Location of the (a) Yankee, (b) Zulu, and (c) Golf kimberlites, and peat groundwater sample sites 
The aerial extent of each kimberhte was determined using geophysical data and exploration drilling by 
DeBeers Canada Figures modified from Sader et al (2010) 
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Figure 2-4. DOC versus major, minor and trace elements in peat groundwaters for Yankee, Zulu, and Golf 
kimberlites (n=50) Increases in DOC and decreases in EC coincide with increased concentrations of Ti, Nd, 
Ni, and Cr Concentrations of Mg, Ca, Ba, K, and Rb display the opposite trend. (Continued on next page) 
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Figure 2-4: Continued. 
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Figure 2-5. Profiles of SIferT and SIcaco3 in peat groundwater at Yankee, Zulu and Golf kimberlites. The highest 
saturation indices are located at sites along transects which have elevated contributions from upwelling 
groundwaters. Ferrihydtite is commonly near or greater than saturation at sites of strong upwelling. No samples 
are saturated with respect to calcite. 
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Figure 2-6. The profiles of MINTEQ-calculated metal-DOM speciation shown as a percentage of total metal 
content in peat groundwater along transects over Yankee, Zulu, and Golf kimberlites. The profiles indicate that 
at sites of strong upwelling the fraction of metals bound to DOC decrease. At these sites, peat groundwater Ni, 
Nd, and DOC concentrations are low. However pH and ionic strength in peat groundwaters, and Ni and Nd in 
peat digestion are elevated at the sites of upwelling, suggesting Ni and Nd may be scavenged from solution 
when they do not exist as metal-DOM complexes. On the other hand, concentrations of Ba tend to be elevated 
at most sites of upwelling along Yankee, Zulu, and Golf transects and especially at kimberlite margins or over 
them. Potassium concentrations reflect the fact that alkali metals neither bind strongly to DOM, nor are they 
strongly scavenged from solution. Concentrations of Ni and Nd in peat total digestion at Yankee and Golf are 
from Hattori and Hamilton (2008). (Continued on next page). 
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Figure 2-7. Profiles of MlNTEQ-calculated adsorption of Nd, Ni, Ba, and K onto ferrihydrite surfaces along 
portions of the Zulu and Golf transects starting at 300 and 307 m respectively (sites of increasing contributions 
from upwelling groundwater). The fraction of Ni and Nd calculated to adsorb to ferrihydrite increases with 
increasing ferrihydrite saturation indices. Barium and K are not calculated to adsorb strongly to ferrihydrite. 



Jamil A. Sader Ph.D. Thesis Chapter 2 101 

5 -

o-
*"fc 
</> -5 ~ 

-S 

- 1 0 -

-15 ~ 

- 2 0 -

o ° 

£ A 
% 

o A 
o . & t f o o ° 

A o » % A ^ 
o 

I I I I ! I I 
O 

I I 

5 -

0 -

1 
tn -5 -
o 

-10 -

-15 -

-20 -

o 

A ° 
0OA> 

« O A \ 

°o 
I 

o 
AAO 

I i 

o 

0 0 01 0 02 0 03 0 04 0 05 0 06 0 07 0 08 0 09 0 10 
Nd (ng/L) 

00 0.5 

5 -

0 -

-5 -

-10 -

-15 -

-20 -

O 

ODq^o 

°o 

o° 

^ 
A 

A 

^ & 

i 

A 

o 

o 

I 

10 

1 0 
Ni (ng/L) 

1 5 2.0 

5 t f 

0 -

j 
y) -5 -

-10 . 

-15 

Yankee 
Zulu 

O Goll 

A 

.O O 

A 

o 
o 

A 
A 

A 

^ \ 

A 

AA 

10 100 
log Ba (ug/L) 

-20- i 1 1 1 r 
1,000 0.0 0 5 1.0 15 2 0 

K (mg/L) 
2 5 30 

Figure 2-8. Plots of Nd and Ni versus SIferr for peat groundwater samples from Yankee, Zulu and Golf (n=42) 
indicate the highest concentrations of these metals are usually found where the SIferr is the lowest, likely due to 
their affinity to bind to ferrihydrite. Conversely, there is little correlation of SIferr with Ba suggesting Ba and no 
correlation with K. 
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2.10TABLES 

Table 2-1. Compositions of peat groundwaters along sampling transects over the Yankee and Zulu kimberlites. 
Continued next page. 

Sample 
Distance along 
transect (m) 

Upwel l ing 

Groundwater s i tes 
Bedrock substrate 
Lat 
Long 
Temp °C 

P H 
Eh <mV) 
EC (MS/cm) 
DO (mg/L) 
DIC (mg/L) 
DOC (mg/L) 

mg/L 
Cs 
Mg 
K 
Na 

S O / 

CI 

iig/L 
Fe 
Mn 
Al 
S 
Cr 
Ba 
Ni 
Rb 
N d 
Cu 
Zn 
Sr 
Y 
Pb 

Detection Limit 07-Y-01 

0 03 
0 01 
0 1 f l 
0 0 5 

0 0 4 

0 0 3 

3 
1 
5 
300 
0 02 
0 02 
0 10 
0 005 
0 003 
0 2 
1 
0 1 
0 0005 
0 05 

0 

upwel l ing 
limestone 
52 8455 
-83 7915 
8 7 
5 49 
332 
29 
1 2 4 
7 3 6 
38 80 

2 91 
0 24 
0 3 5 
0 3 4 

0 3 6 

0 5 9 

155 
18 
157 
318 
0 32 
2 80 
0 4 0 
0 717 
0 031 
18 8 
18 9 
3 67 
0 0215 
0 52 

07-Y-02 

64 

07-Y-03 

116 

07-Y-04 

153 

ombro t roohtc ombro t roohtc upwel l ing 
limestone 
52 7743 
-83 8772 
9 8 
5 87 
316 
56 
2 2 3 
na 
na 

7 07 
0 3 3 
0 3 6 
0 44 

na 

na 

409 
23 
81 
bd 
0 1 1 
2 62 
0 4 0 
1 0 0 9 
0 035 
1 9 
4 0 
7 2 2 
0 0212 
0 66 

limestone 
52 7743 
-83 8765 
9 0 
5 39 
316 
55 
3 11 
15 31 
57 74 

8 12 
0 31 
bd 
0 3 6 

0 21 

0 76 

258 
7 
74 
bd 
0 14 
2 69 
0 42 
0 193 
0 031 
1 3 
3 3 
7 2 0 
0 0247 
0 53 

limestone 
52 7744 
-83 8759 
9 5 
7 71 
260 
264 
4 4 7 
36 00 
25 00 

60 54 
0 8 8 
bd 
0 4 2 

0 39 

0 6 3 

25 
65 
28 
510 
0 0 9 
3 11 
0 6 6 
0 240 
0 0 9 2 
0 8 
1 8 
43 32 
0 0895 
0 10 

07-Y-05 5 

255 

07-Y-^36 

299 

07-Y-07 

324 

07-Y-08 

349 

ombro t roohtc ombrotroohtc ombrotroDhtc upwel l ing 
limestone 
52 7747 
-83 8745 

6 8 
6 4 1 
303 
92 
4 48 
22 67 
39 72 

17 89 
0 6 8 
0 2 6 
0 8 0 
0 0 4 

0 12 

302 
6 
33 
bd 
0 09 
4 2 5 
0 5 1 
0 670 
0 0 2 6 
1 8 
6 1 
20 05 
0 0227 
0 38 

limestone 
527749 
-63 8739 
8 1 
5 59 
317 
55 
4.39 
na 
na 

9 15 
0 81 
bd 
0 52 
na 

na 

256 
14 
69 
348 
0 1 9 
3 0 4 
0 4 6 
0 363 
0J351 
3 1 
7 0 
9 17 
0 0352 
1 2 8 

limestone 
52 7750 
-83 8735 
7 9 
5 77 
316 
47 
2 5 6 
1168 
67 57 

5 75 
0 5 9 
t)d 
0 39 

0 2 9 

1 24 

171 
33 
141 
bd 
0 24 
3.26 
0 87 
0 176 
0 054 
7 5 
1 1 7 
6 5 3 
0 0324 
0 9 6 

kimbertiie 
52 7751 
-83 8732 
7 7 
7 15 
240 
218 
2 72 
30 30 
25 64 

26 18 
12 55 

fad 
0 66 

1 0 9 

0 71 

400 
78 
156 
467 
4 23 
58 06 
60 76 
0 553 
0 823 
3 2 
1 7 
137 55 
0 3144 
0 17 

07-Y-09 

370 

upwell ing. 
kimberlite 
52 7751 
-83 8729 
6 3 
6 53 
29S 
78 
1 7 2 
20 37 
106 78 

21 12 
2 0 4 

0 31 
0 47 

0 09 

0 6 9 

586 
34 
135 
bd 
0 20 
8 65 
1 2 2 
1 0 0 2 
0 0 5 6 
2 6 
7 9 
23 88 
0 0408 
0 59 

07-Y-10 

393 

07-Y-11 

443 

ombrotroDhtc upwel l ing 
tomberlite 
52 7752 
-83 8726 
7 4 
6 21 
316 
30 
1 90 
9 82 
45 46 

5 49 
0 38 

bd 
0 26 

0 15 

0 71 

111 
17 
84 
bd 
0 18 
2 41 
0 5 6 
0 446 
0 0 4 0 
4 0 
5 9 
5 23 
0 0304 
0 72 

ktmberirte 
52 7756 
-83 8723 
6 7 
7 37 
224 
301 
2 6 6 
47 88 
25 62 

63 91 
2 8 4 
bd 
0 85 

0 0 7 

0 8 7 

4052 
74 
12 
433 
0 2 4 
8 57 
1 8 7 
0 481 
0 039 
5 1 
6 4 
46 69 
0 0 4 8 3 
0 39 

07-Y-12 

489 

upwel l ing 
kimberlite 
52 7760 
-83 8720 
8 2 
6 83 
258 
71 
1 19 
25 61 
28 42 

14 01 
0 4 5 
bd 
0 33 
0 1 2 

0 22 

4726 
129 
14 
bd 
0 1 3 
6 41 
0 40 
0 260 
0 0 0 9 
3 0 
6 3 
1132 
0 0071 
0 22 

07-Y-13 

539 

07-Y-14 

589 

07-Y-15 

639 

07-Y-16 

689 

07-Y-17 

739 

ombrotroDhtc ombro t roohtc ombro t rooh ic ombrotroDhtc ombro t roph ic 
kimberlite 
5£7764 
-83 8716 
1 0 4 
5 71 
325 
35 
4 0 0 
1 0 1 4 
43 98 

2 52 
0 3 4 
0 2 5 
0 34 

0 39 

2 0 5 

119 
19 
66 
341 
0 25 
1 7 1 
0 35 
0 498 
0 032 
3 4 
2 1 8 
2 84 
0 0313 
0 30 

kimberlite 
52 7768 
-83 8712 
8 0 
6 40 
266 
45 
1 9 7 
13 66 
47 38 

3 43 
0 49 
0 4 5 
0 3 3 

0 3 8 

1 2 

140 
12 
133 
bd 
0 2 2 
2 1 1 
0 4 2 
0 624 
0 028 
2 9 
5 0 
3 6 0 
0 0629 
0 4 7 

limestone 
52 7771 
-83 8709 
7 2 
6 11 
303 
30 
0 7 7 
19 05 
60 21 

3 3 6 
0 4 6 
0 2 6 
0 4 4 

3 97 

0 73 

151 
14 
100 
358 
0 35 
2 0 0 
0 51 
0 5 4 0 
0 0 4 8 
5 3 
8 2 
3 9 8 
0 0294 
0 40 

limestone 
52 7776 
-83 8706 
7 6 
6 21 
294 
41 
8 0 0 
1295 
59 68 

6 5 0 
0 48 
0 1 9 
0 43 

0 33 

1 6 8 

448 
36 
121 
373 
0 4 8 
3 05 
1 1 8 
0 599 
0 0 6 4 
9 7 
1 0 9 
6 07 
0 0382 
0 81 

limestone 
52 7779 
-83 8702 
4 2 
7 1 0 
302 
54 
3 1 3 
na 
35 62 

9 5 4 
0 4 4 
0 27 
0 5 0 

na 

na 

1428 
26 
79 
394 
0 3 4 
2 92 
0 6 4 
0 5 8 6 
0 034 
3 9 
7 3 
7 95 
0 0348 
0 32 

na = not analysed 
bd = beiow detection 
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Table 2-1: Continued. 
rates 1 - Cant 
Sample 
Distance along 
transect Iml 
Upwelling 
groundwater sites 
Bedrock substrate 
Lat 
Long 
TempaC 
pH 
Bi(mV) 
EC EuS/cm) 
OO (mg/L) 
DIC (moA) 
DOC (mg/L) 

mg/L 
Ca 
Mg 
K 
Na 
SO.J 

CI 

ug/L 
Fe 
Mn 
Al 
S 
Cr 
Ba 
Ni 
Rb 
Nd 
Cu 
Zn 
Sr 
Y 
Pb 

Detection Limit 

0 03 
0 01 
0 18 
005 
004 
0 03 

3 
1 
5 
300 
0 02 
0 02 
0 10 
0 005 
0 003 
02 
1 
0 1 
0 0005 
0 05 

I 07Z-O5 

0 

07Z-07 

50 

07-Z-09 

100 

07-Z 11 

150 

07-Z-13 

200 

07 Z-15 

250 

07 Z-17 

300 

ombrotrophic ombrotrophic ombrotrophic ombrotrophic ombrotrophic ombratrophic upwetiing 
iirnestone 
52 7298 
-33 8354 
112 
590 
257 
159 
bd 
35 56 
56 78 

28 28 
065 
0 37 
105 
022 
181 

1507 
18 
46 
bd 
0 10 
760 
035 
0 795 
0 033 
10 
86 
39 87 
0 0208 
0 24 

limestone 
62 7297 
-83 8345 
120 
5 60 
291 
88 
0 57 
31 65 
76 84 

17 52 
0 58 
bd 
0 60 
0 21 
0 81 

1111 
17 
72 
332 
0 10 
3 66 
0 67 
0 352 
0 026 
07 
26 
22 84 
0 0184 
0 43 

limestone 
52 7297 
-83 8338 
97 
5 27 
327 
38 
100 
26 72 
63 98 

6 82 
034 
0 27 
1 14 
0 25 
120 

513 
8 
58 
bd 
Q24 
3 32 
0 41 
0 605 
0 043 
4 0 
62 
12 26 
0 0220 
0 81 

kimberlite 
52 7297 
-83 8331 
10 8 
546 
313 
45 
000 
20 16 
66 85 

9 11 
060 
bd 
0 75 
0 23 
160 

622 
10 
64 
bd 
013 
329 
033 
0 149 
0 032 
13 
26 
14 08 
0 0246 
047 

kimberlite 
52 7296 
-83 8324 
110 
5 27 
325 
31 
0 13 
17 97 
54 14 

3 04 
0 81 
0 43 
106 
0 40 
105 

261 
10 
59 
bd 
1 14 
780 
142 
0 831 
0 036 
98 
20 3 
8 02 
0 0298 
125 

kimberlite 
52 7296 
-83 8316 
99 
541 
310 
35 
bd 
19 63 
47 80 

2 52 
056 
bd 
035 
0 20 
0 81 

13S 
6 
67 
bd 
040 
6 31 
0 62 
0 202 
0053 
6 0 
77 
8 82 
00312 
122 

kimberlite 
52 7296 
-83 8309 
10 0 
590 
267 
90 
bd 
25 39 
132 21 

21 52 
3 77 
050 
3 32 
0 27 
0 28 

526 
17 
79 
328 
0 25 
20 72 
105 
0 497 
0 055 
68 
77 
7162 
0 0357 
108 

07 Z-19 

350 

upwetiing 
limestone 
52 7295 
-83 8301 
11 2 
6 15 
125 
229 
bd 
51 61 
35 81 

38 74 
6 35 
2 51 
12 54 
0 53 
2 52 

235 
25 
13 
bd 
0 32 
49 97 
115 
2 638 
0 035 
30 
16 3 
164 01 
0 0193 
0 39 

07-Z 21 

400 

upwelling 
limestone 
62 7296 
-83 8294 
91 
6 44 
190 
168 
bd 
38 50 
31 30 

19 23 
519 
2 62 
1140 
0 20 
167 

249 
6 
365 
bd 
0 13 
18 49 
0 24 
2 184 
0 018 
30 
49 
90 54 
00135 
0 65 

07-Z-23 

450 

upwelling 
limestone 
52 7294 
-83 8286 
85 
6 06 
224 
280 
bd 
49 85 
26 40 

29 07 
7 26 
2 48 
20 99 
0 22 
2 02 

1042 
22 
6 
bd 
0 08 
12 83 
0 31 
2 223 
0 014 
09 
12 5 
11739 
0 0083 
Q17 

07 Z-26 

500 

upwelling 
limestone 
62 7294 
-83 8279 
89 
5 74 
242 
271 
bd 
56 45 
26 50 

38 55 
7 63 
1 78 
14 07 
0 80 
2 69 

1609 
30 
7 
bd 
0 20 
15 89 
0 27 
1831 
0010 
39 
10 9 
127 93 
0 0090 
0 22 

07-Z 27 

550 

upwelling 
limestone 
52 7294 
-83 8271 
97 
577 
239 
154 
029 
43 91 
na 

22 00 
522 
265 
11 02 
020 
2 71 

877 
54 
13 
bd 
0 13 
10 29 
034 
3435 
0 017 
19 
66 
69 79 
00096 
0 16 

07Z29 

600 

upwetiing 
limestone 
52 7294 
-83 8264 
10 1 
590 
232 
399 
0 31 
70 10 
22 47 

55 23 
1188 
2 22 
28 55 
017 
14 60 

2235 
80 
6 
bd 
0 07 
1690 
017 
1491 
0006 
12 
18 
19183 
00088 
009 

07Z31 

650 

upwelling 
limestone 
52 7293 
-83 8256 
96 
6 21 
198 
379 
057 
65 99 
18 63 

62 80 
1319 
163 
25 51 
022 
16 84 

3588 
112 
10 
bd 
0.21 
14 07 
0 26 
1297 
0007 
32 
107 
203 05 
0 0170 
017 

07-Z-33 

700 

upwelling 
limestone 
52 7293 
-83 8249 
46 
6 39 
190 
303 
bd 
54 47 
18 55 

45 15 
8 62 
1 03 
30 59 
0 22 
2543 

2763 
40 
9 
bd 
0 08 
12 62 
046 
0 822 
0009 
09 
2 4 
128 19 
0 0093 
0 13 

07-Z-35 

750 

upweiimg 
limestone 
52 7292 
-S3 8241 
10 5 
5 93 
183 
349 
0 32 
65 44 
21 40 

54 76 
8 80 
0 81 
25 80 
0 29 
18 72 

3551 
91 
23 
bd 
010 
14 57 
0 43 
0 550 
0 023 
15 
3 0 
126 35 
0 0173 
018 

na = not analysed 
bd = beiow detection 
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Golf kimberhtes 

Table 2 

Sample 
Yankee 
07-Y-01 
07-Y-02 
07-Y-03 
07-Y-04 
07-Y-05 5 
07-Y-06 
07-Y-07 
07-Y-08 
07-Y-09 
07-Y-10 
07-Y-11 
07-Y-12 
07-Y-13 
07-Y-14 
07-Y-15 
07-Y-16 
07-Y-17 
Zulu 
07-Z-05 
07-Z-07 
07-Z-09 
07-Z-11 
07-Z-13 
07-Z-15 
07-Z-17 
07-Z-19 
07-Z-21 
07-Z-23 
07-Z-25 
07-Z-27 
07-Z-29 
07-Z-31 
07-Z-33 
07-Z-35 
Golf 
06G-01 
06G-02 
06G-03 
06G-04 
06G-05 
06G-06 
06G-07 
06G-08 
06G-09 
06G-10 
06G-11 
06G-12 
06G-13 
06G-14 
06G-15 
06G-16 
06G-17 

Distance along 
transect (m) 

0 
64 
116 
153 
255 
299 
324 
349 
370 
393 
443 
489 
539 
589 
639 
689 
739 

0 
50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
750 

0 
53 
102 
155 
209 
257 
309 
336 
360 
411 
466 
518 
569 
594 
618 
675 
722 

Upwelhng 
groundwater 
sites 

upwelhng 
ombrotrophic 
ombrotrophic 
upwelhng 
ombrotrophic 
ombrotrophic 
ombrotrophic 
upwelhng 
upwelhng 
ombrotrophic 
upwelhng 
upwelhng 
ombrotrophic 
ombrotrophic 
ombrotrophic 
ombrotrophic 
ombrotrophic 

ombrotrophic 
ombrotrophic 
ombrotrophic 
ombrotrophic 
ombrotrophic 
ombrotrophic 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 

ombrotrophic 
ombrotrophic 
ombrotrophic 
ombrotrophic 
ombrotrophic 
ombrotrophic 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 
upwelhng 

Log/ 

-3 68 
-3 39 
-3 31 
-2 47 
-2 97 
-3 26 
-3 41 
-2 58 
-2 86 
-3 44 
-2 40 
-2 97 
-3 65 
-3 51 
-3 43 
-3 33 
nc 

-2 78 
-2 99 
-3 34 
-3 23 
-3 53 
-3 65 
-2 81 
-2 53 
-2 73 
-2 56 
-2 51 
-2 71 
-2 32 
-2 27 
-2 36 
-2 34 

-3 37 
-3 50 
-3 26 
-3 24 
-3 38 
-3 53 
-3 38 
-3 58 
-3 41 
-3 44 
-3 59 
-3 27 
-3 04 
-3 13 
-3 01 
-2 97 
-3 12 

Log Sltor 

-7 12 
nc 
nc 
-18 96 
-12 49 
nc 
-13 73 
-10 91 
-13 44 
-18 00 
5 40 
4 48 
-12 67 
-9 52 
-12 56 
-9 82 
nc 

-6 98 
-9 61 
nc 
-10 72 
-11 53 
-12 55 
-13 71 
-12 84 
-12 46 
-3 36 
-0 92 
nc 
0 74 
1 67 
1 87 
0 53 

-11 99 
-11 51 
-10 89 
-12 94 
-11 67 
-10 70 
-1125 
-11 86 
-12 44 
-1106 
-11 22 
-8 22 
-6 72 
-10 55 
-10 46 
-2 29 
-9 48 

Log SlraC03 

-5 46 
-3 21 
-3 97 
-0 34 
-2 60 
-4 68 
-4 47 
-1 41 
-2 44 
-3 79 
-0 58 
-2 09 
-4 98 
-3 55 
-3 89 
-3 61 
nc 

-3 09 
-3 87 
-4 98 
-4 60 
-5 49 
-5 25 
-3 38 
-2 39 
-2 35 
-2 68 
-3 07 
-3 35 
-2 56 
-2 01 
-1 94 
-2 60 

-6 01 
-7 54 
-8 30 
6 79 

-7 33 
-7 41 
-7 71 
-6 57 
-7 66 
-7 50 
-7 78 
-4 96 
-3 26 
-3 18 
-2 58 
-2 93 
-3 16 

nc = not calculated 
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3.1 ABSTRACT 

Shallow groundwaters were collected over and near buried kimberlites in the Attawapiskat 

River region of the James Bay Lowlands, Ontario, Canada in order to study the impact 

kimberlites have on CO2 - CH4 systematics. Groundwaters collected from boreholes in 

kimberlites and limestone, and from groundwaters in overlying Tyrell Sea sediment (TSS) 

were analyzed for 813CDIC, 62HH2O, 8 1 8 0H20, dissolved inorganic carbon (DIC), and metal 

concentrations. Methane gas samples from borehole and TSS groundwaters were analyzed 

for concentration, 513CCH4, and 82HCH4- The CH4 concentrations and A13CDIC-CH4 (isotope 

separation) values indicate biological carbonate reduction in TSS groundwaters overlying 

kimberlites. Conversely, groundwaters from TSS over limestone and from boreholes in 

limestone, and kimberlites have methane concentrations and AI3CDIC-CH4 values consistent 

with methane oxidation. All but one methane sample in TSS groundwater over kimberlite 

indicates in situ formation. Lower 52HH2O values (greater than the local meteoric water line) 

are typically those from TSS over kimberlites, and suggests the reduction of DIC and 

production of CH4, as biological DIC reduction requires H+ ions from H2O to form CH4. The 

ratio of methane to calculated Fe3+ (as amorphous Fe hydroxide), SO42", and 02(aq) is largest 

in the majority of TSS groundwaters over kimberlites (where A13CDIC-CH4 values indicate 

CH4 production). Low temperature serpentinization of olivine in kimberlite is not considered 

for CH4 production, as redox conditions in kimberlite groundwaters do not support abiogenic 

methane production. Our data suggest that kimberlites indirectly influence the CO2-CH4 

system by consuming oxidized ions in the TSS overlying kimberlites. These results imply 

that variable lithology underlying sediment cover can impact methane production. 
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3.2 iNTRODUCTiON 

Methane formation pathways typically occur via reduction (fermentative) of dissolved 

organic carbon (DOC) or reduction of dissolved inorganic carbon (DIC). These styles of 

methane formation occur because there are few redox-sensitive ionic species other than 

carbonate species. Therefore, DOC or DIC reduction commonly proceeds with bacteria as 

the catalyst (Clymo, 1984; Jakobsen and Postma, 1999; Beer and Blodau, 2007). However, 

the presence of electron acceptors, such as SO42", Fe3+ or dissolved oxygen (DO) can result 

in the oxidation of methane or the inhibition of its formation (Whiticar and Faber, 1986; 

Segers, 1988; Miura et al, 1992; Kumaraswamy et al, 2001; Yu et al, 2007). 

Previous studies (Reeve et al, 1996; Rejmankova and Post, 1996) have suggested 

that chemical weathering processes of soil or rock underlying wetlands can indirectly 

influence near surface methane flux due to the release of oxidized ions. Additionally, several 

studies have shown that mineralized zones in crystalline rock emit CH4 and other 

hydrocarbons that can be detected at surface (Lovell et al, 1983; McCarthy et al, 1986; 

Cameron et al, 2004a; Sader et al, 2009). 

Variable methane concentrations and isotopic compositions may be useful as 

indicators to pin-point kimberlite bodies that are buried under sequences of sediment. This 

study investigated the carbon isotope system in Tyrell Sea sediment (TSS), and 

groundwaters in kimberlite and limestone, over and near known kimberlites in the James 

Bay Lowlands of northern Ontario, Canada. The goals of this study are to: 1) identify 

variations in CO2 - CH4 systematics; 2) investigate controls on the CH4 - CO2 system in 

TSS; 3) establish the origin of methane in the Tyrell Sea sediment; and 4) suggest how 

buried kimberlites influence (either directly through gas migration, or indirectly through 
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changes in redox conditions) the carbon system in overlying sediment. Redox chemistry, 

CH4 and CO2 concentrations, and 613C 6180, and 62H isotopes are used to evaluate CO2-CH4 

cycling over buried kimberlite and limestone. 

3.3 LOCATION AND GEOLOGY 

Kimberlites investigated in this study are located in the James Bay Lowlands in central 

Canada, approximately 90 km west of the community of Attawapiskat, Ontario. The 

kimberlites in this study are also within 15 km of the DeBeers' Victor diamond mine (Fig. 3-

1). The kimberlites intruded into Paleozoic sedimentary rocks, predominantly composed of 

limestone, and underlying basement Archean igneous and metamorphic rocks in the mid-

Jurassic (-170 Ma) (Norris, 1993; Webb et al, 2004) (Fig. 3-2). Host rock to the kimberlites 

at the bedrock surface is the Upper Attawapiskat Formation limestone. This unit 

occasionally outcrops in the form of bioherms (coral and skeletal remains) up to 2 m above 

the surrounding ground surface. All kimberlites in this study subcrop, with the exception of 

the Zulu kimberlite, which outcrops along its south margin. A thin sheet of till (<1 m) and 

TSS glaciomarine sediment (2 to 21 m in thickness) overlies the host Upper Attawapiskat 

Formation limestone and kimberlites (Fig. 3-2). Although the range in TSS thickness is 

highly variable, it is generally found to be approximately 13 m thick (DeBeers, pers. 

comm.). 

The region was glaciated during the Quaternary, during which time bedrock surface 

was eroded and a thin till layer (<1 m) was deposited. The TSS is composed of fine-grained 

marine sand, silt and clay deposited between 10 and 5 ka following the end of glaciation 

when the shoreline of James Bay (known as Tyrell Sea during that period) extended inland 

approximately 300 km west and southwest of its present location. Isostatic rebound resulted 
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in ground surface elevation increases of 100 to 300 m since the retreat of the Laurentide ice 

sheet in the Attawapiskat region (Shilts, 1986). The present-day ground surface elevation is 

80 to 90 m above sea level. Peat approximately 2.5 to > 4.0 m thick overlies the TSS and has 

been accumulating since the retreat of the Tyrell Sea approximately 5000 BP. The peat is 

predominantly composed of sphagnum and becomes progressively more humified with 

depth (i.e., the sphagnum is increasingly less recognizable below 0.5 m). 

The kimberlites consist of abundant olivine macrocrysts, and phenocrysts of ilmenite, 

garnet, Cr-diopside, phlogopite, and spinel (Kong et ah, 1999; Sage, 2000a; Armstrong et 

ah, 2004). Kimberlite groundmass mainly consists of carbonate, spinel, and serpentine with 

lesser monticellite, mica, apatite, and perovskite (Kong et al., 1999). All known kimberlites 

in the Attawapiskat region are either hypabyssal or volcaniclastic (Kong et ah, 1999; van 

Straaten et ah, 2009). Kimberlites sampled in this study (Yankee, Zulu, Alpha-1, Golf, and 

Bravo-1) are altered hypabyssal facies (Sage, 2000a). 

3.3.1 Site Conditions 

The Yankee kimberlite is located between outcropping bioherms southwest and northeast of 

the kimberlite and the ground surface elevation is slightly lower over the kimberlite 

compared to immediately surrounding ground surfaces that overly limestone along the 

transect. The Zulu kimberlite is located east of a lobate raised bog and north of a small 

bioherm. The site of the Alpha-1 is composed of two bodies (Alpha-1 and Alpha-1 north). 

The indicator minerals from the two bodies are very similar (Sage, 2000a) and suggest they 

may have been emplaced simultaneously. The ground surface over Alpha-1 and Alpha-1 

north has little topographic relief and is a raised bog. The area is bounded by lower elevation 
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fens on the west and east sides of the iaised bog. The surface conditions at Bravo-1 

kimberlite indicate a slight topographic low and there is standing water up to 30 cm deep at 

many areas over the kimberlite. In addition to sites of known kimberlites, samples were also 

collected from the Control site, a location with no known kimberlite in the vicinity (based on 

geophysical data). This site grades gently towards the Attawapiskat River, approximately 

600 m to the north. Ground surface and surface drainage at the Golf kimberlite is similar to 

that of Zulu (from west to east). The east end of the Golf sampling transect and is within 100 

m of abioherm. 

3.4 METHODS 

3.4.1 Field Procedures 

Field sampling and laboratory analytical methods for waters are summarized below from 

Sader et al. (2010). Monitoring wells were installed into the TSS 0.7 m below the peat/TSS 

boundary in summer 2007 using stainless steel drive points, iron casings, and low or high-

density polyethylene tubing. Three monitoring wells were installed at the Yankee, Zulu, 

Alpha-1, and Bravo-1 sites; two over each kimberlite and one adjacent to each kimberlite 

(Fig. 3-3). One well was installed at the Control site (Fig. 3-3f). There are no known 

kimberlites in the region surrounding the Control site. Samples from Yankee, Zulu, Alpha-1, 

Bravo-1 and Control are denoted by the prefixes of Y, Z, A, B, and C, respectively, and 

samples collected in the Fall are denoted by the suffix F. Monitoring wells installed during 

Summer 2007 could not be sampled until Fall 2007, as water levels were slow to recover. 

Groundwater samples were collected from existing exploration boreholes (cased 

through peat, TSS, and till) located approximately 10 m outside and up gradient of the 
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Yankee kimberlite margin (07-Y-07-7H); south of the center of the Zulu kimberlite (07-Z-

07-12C); in the southeast part of Alpha-1 (07-A-BH-06); and near the center of Bravo-1 

kimberlite (07-B1-07-08C); (Fig. 3-3). Borehole groundwaters were collected at a depth of 

14 mbgs. Groundwater was collected from one natural spring (06-Spring) at the Control site. 

The pH, oxidation-reduction potential (ORP), electrical conductivity (EC), dissolved 

oxygen (DO), and temperature was measured on-site for each water sample. A peristaltic 

pump was used to pump water into a vessel, which contained the pH, ORP, EC, DO and 

temperature probes. Oxidation reduction potential values have been corrected to the standard 

hydrogen electrode (SHE) for waters at 10 °C by adding 207 mV to the ORP values, and are 

reported as Eh. Waters were collected in Nalgene™ high-density polyethylene bottles for 

cations and anions. Samples for dissolved inorganic carbon (DIC) analysis were collected in 

40 mL brown tinted borosilicate bottles with a silicone - polytetrafluoroethylene (PTFE) 

septum cap. An additional PTFE and rubber septum (Chromatographic Specialties Inc.) was 

inserted underneath the septum cap to prevent DIC loss (silicone is gas-permeable). All 

water samples were filtered through 0.45 \m\ Sterivex-HV™ filters (Millipore Corporation). 

Methane gas samples were collected using gas diffusion samplers in boreholes and 

monitoring wells. The gas samplers were constructed of two 10 cm lengths of copper tubing 

with a 10 cm length of gas-permeable silicone tubing fastened in between. The two outside 

ends of the copper tubing (not fastened to the silicone) were crimped and soldered. The 

samplers were suspended approximately 15 cm above the drive point in monitoring wells 

and approximately 14 mbgs in boreholes in summer 2007. During the time between 

installation and collection, gas diffused into the samplers submerged in groundwater. 

Immediately after retrieval in the Fall of 2007, the open ends of the copper tubing fastened to 
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the silicone tubing were crimped or clamped, thereby sealing the diffused gas in the copper 

tubing. The gas samplers were collected from all monitoring wells and boreholes with the 

exception of the Bravo-1 borehole (07-B1-07-08C). 

3.4.2 Analytical Procedures 

Waters were analyzed for DIC concentration, and 513CDIC, S2HH2O, and 818OH2O values at the 

University of Ottawa G.G. Hatch Stable Isotope Laboratory using a Finnigan-Mat Delta Plus 

mass spectrometer. The 2a analytical precision is ± 0.002 ppm for DIC, ± 0.2%o for 513CDIC 

values, ± 2%o for S2HH2o, and ± 0.15%o for 518OH20. Methane gas samples were analyzed at 

the G.G. Hatch Laboratory for 613CCH4 and 82HCH4 compositions and CH4 concentrations 

using a gas chromatograph consisting of a Porabond Q column, connected to a XP Finnigan-

MAT IR mass spectrometer. Calibrations were carried out using two international reference 

standards (NGS1-8559 & NGS2-8560) and one internal reference standard for both C and H 

isotope analysis. The precision is 7.7, 3.0, and 2.4% relative standard deviation (RSD), 

respectively for methane concentrations. The 2a analytical precision for 513CCH4 and 52HCH4 

is ± 0.2%o. All 513C values are presented in %o relative to VPDB and all 52H values are 

relative to VSMOW. Semi-quantitative hydrogen gas concentrations were determined from 

mass spectrometry data. Quantitative data was not determined, as H standards were not run 

prior to and during analysis of gas samples. Therefore, the hydrogen concentrations were 

determined based on the existence of well-defined hydrogen peaks along mass spectrometer 

profiles and are considered semi-quantitative. 

Elemental analyses of groundwaters were conducted at the Ontario Geoscience 

Laboratories, Ministry of Northern Development and Mines, Sudbury, Canada. Water 
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samples for cations were acidified to 1% concentration prior to analysis using Baseline-

grade HNO3 from Seastar Chemicals. Waters were analyzed for Fe using an inductively 

coupled plasma mass spectrometer (ICP-MS), and for Na using a Spectro inductively 

coupled plasma emission spectrometer (ICP-ES). Sulfate and chloride were analyzed using a 

Dionex ion chromatograph (IC). Analysis of certified reference standard SLRS-4 from the 

National Research Council of Canada (ICP-MS), FP83MI1 and FP83TE1 (ICP-ES), and 

internal standards (IC) before, during, and after the run indicated a precision of less than 5% 

relative standard deviation (RSD) for each metal or species. 

3.5 RESULTS 

3.5.1 Isotopic compositions of TSS, kimberlite, and limestone 
groundwaters 

The concentration of DIC in TSS groundwaters over kimberlite and limestone ranges from 

2.7 to 12.8 mmol/L, whereas groundwaters from boreholes in kimberlites and limestone have 

lower DIC concentrations and range from 1.8 to 6.2 mmol/L. The 513CDIC values in TSS 

groundwaters range from -9.8 to 4.6%o and have a high degree of variability compared with 

613CDIC values in groundwaters from kimberlite and limestone, which only varied from -13.7 

to -11.4%o (Table 3-1). Monitoring wells and borehole groundwaters collected in 2006 have 

6 CDOC values that are consistently -26 ±l%o and were similar to values in peat 

groundwaters (-27 ±l%o) (Brauneder, 2007). 

Methane concentrations in TSS and borehole groundwaters are variable and range 

from less than detection limit (0.01 mmol/L) to 0.63 mmol/1. These concentrations are below 

methane saturation at 10 °C for samples collected from monitoring wells and boreholes. 

Saturation is reached at 1.73 and 2.03 mmol/1 for monitoring wells and borehole sample 
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collection uepths, respectively. Methane concentrations fiom boreholes within Zulu and 

Alpha-1 kimberlites are lower compared to methane concentrations in the TSS over the 

respective kimberlites. The concentrations of H2 range from non-detect (no indication of a 

profile peak) to 2.2 mmol/L and increase with in increasing CH4 concentrations for 

approximately half of the total gas samples (Fig. 3-4). However, samples from boreholes 

within the Zulu and Alpha-1 kimberlites, and some samples in the TSS have no detectable 

H2, yet have concentrations of CH4 up to 0.63 mmol/L (Fig. 3-4). 

The 51
 CCH4 values are low (-82.4 to -62.5%o) and the 52HCH4 values range from -289 

to -253%o (Table 3-1). 513CCH4 and 62HCH4 isotope values in the boreholes within Zulu and 

Alpha-1, and the borehole in limestone near Yankee do not differ significantly from those 

samples collected in the TSS. The isotope separation between S13CDIC and 513CCH4 (AI3CDIC-

CH4) versus CH4 concentration indicates two trends (Fig. 3-5a). Small decreases in the 

AI3CDIC-CH4 values are accompanied by a significant increase in CH4 concentrations, 

consistent with CO2 reduction (Whiticar, 1999). By comparison, A13CDIC-CH4 values that are 

highly variable (range = 55 to 74%o) have sharply decreasing CH4 concentrations and follow 

a trend of CH4 oxidation (Fig. 3-5a). One sample, 07-Z-07-12C-F (Zulu borehole sample), is 

the exception, as it has low A13CDIC-CH4, but a CH4 concentrations of 0.31 mmol/L. 

Rayleigh fractionation curves were calculated for biological CH4 production via CO2 

reduction (Equation 1) and methane oxidation (Equation 2). 

613CCH4(f) = 513CD1C(1)+ E13CDIC-CH4 • (l+ln(l- / ) ) (1) 

513CCH4(O = 613CCH4 (1)+ E'3CCH4 • (l+ln(l- / ) ) (2) 
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The 6 CCH4(O is the resulting 6 CCH4 value after CO2 reduction. 6 CDICG) is m e average 

initial value in deep groundwaters collected from kimberlites and limestone. The £I3CDIC-CH4 

variable represents the isotope fractionation between DIC and CH4. A value of 71.8%o was 

used, as it represents the A13CDIC-CH4 isotope separation average for samples that plot along a 

CO2 reduction trend in Figure 3-5a. It is also similar to the average value of 75%o for 

biological CH4 production via CO2 reduction in waters (Clark and Fritz, 1997). " / " denotes 

the fraction of methane produced. For Equation 2, 6l3CcH4(i) is the initial methane value 

before oxidation; the lowest S13CCH4 value measured, -82.4%o, was used. The isotope 

fractionation value of e CCH4 (4%O) for residual methane was previously empirically 

estimated based on CH4 collected from marine, brackish, and freshwater environments 

(Whiticar, 1999). The samples that have an isotope separation of approximately 72%o (Fig. 

3-5a) also plot along a Rayleigh fractionation curve for biological CO2 reduction (Fig. 3-5b). 

Conversely, samples that have an isotope separation < 72%o plot along the methane 

oxidation Rayleigh fractionation curve. 

A local meteoric water line (LMWL) of 62HH2o and 6180H2o values in kimberlite, 

limestone, and TSS groundwaters has a similar slope to that of the Bonner Lake meteoric 

water line (BLMWL) (Fig. 3-6). The similarity indicates that Attawapiskat groundwaters are 

likely meteoric. The BLMWL was generated from precipitation data collected by Birks et al. 

(2003) at Bonner Lake, Ontario (49.38° N; 82.12° W) and was the closest precipitation 

monitoring station to the Attawapiskat sample locations. The difference in slope between the 

two water lines (Fig. 3-6) is likely due to the fact Bonner Lake is 400 km south of the study 

area in a slightly different climatic zone. The magnified inset in Figure 3-6 indicates that 

TSS waters from all but one site over kimberlites, 07-MW-B-01F (Bravo-1), plot above the 
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BLMWL and display less negative 6 HH20 values compared with TSS samples collected 

over limestone. It should be noted that the Bravo-1 sample has CH4 concentrations that are 

below the detection limit. Sample 07-MW-A-12F, which has the highest concentration of 

methane in this study (0.63 mmol/L), also has 62HH2O values that deviate the most from the 

BLMWL. Borehole samples from within Alpha-1 and in limestone near Yankee have 

isotopic values that plot on or slightly below the BLMWL. However, the borehole sample 

from the Zulu kimberlite plots above the BLMWL. 

The plot of 5~HCH4 and 82HH2o (Fig. 3-7) indicates that origin of CH4 measured in 

this study, which is either forming or being oxidized, was almost entirely derived from 

carbonate reduction. Samples from the Zulu kimberlite borehole, and TSS samples 07-MW-

A-12A and 07-MW-Y-11.5F (over kimberlites) appear to have a contribution from methyl 

fermentation and plot on or near an 80% carbonate reduction, 20% methyl fermentation 

slope (Whiticar, 1999). During bacterial CO2 reduction, bacteria will utilize the H+ in water 

during methane formation. Fractionation between 62HH2O and 52HCH4 during bacterial DIC 

reduction is consistently -160 ±10%o (Schoell, 1980; Whiticar et al, 1986; Whiticar, 1999) 

and is demonstrated through the following linear relationship (Equation 3): 

52HcH4 = 62HH2o-160%o (3) 

Conversely, methane from methyl fermentation only uses one F£+ from H2O and three H+ 

ions derived from the organic acid, and is therefore dominantly reliant on the 52H values of 

the organic acids rather than water (Whiticar 1986). Had the majority of H+ been derived 

through methyl fermentation for these samples, they would likely comprise more negative 
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6 HCH4 values of approximately -380 to -390%o. The samples would then plot nearer to the 

%C:%M = 0:100 line (Fig. 3-7). 

3.5.2 Geochemical geochemical compositions of TSS, kimberlite, and 
limestone groundwaters 

The pH values in TSS, kimberlite, and limestone groundwaters are circumneutral to 

slightly alkaline (7.1 to 9.1 with an average of 7.5). The Eh values in TSS groundwaters 

(average 217 mV) are typically more elevated compared with Eh values in boreholes from 

kimberlites (average = 90 mV) (Table 3-1). Sulfate concentrations in borehole and TSS 

groundwaters are low. The mean, maximum, and minimum SO4 " concentrations are 14.7 

umol/L, 135 umol/L, and at detection limit (0.4 umol/L), respectively. In contrast, Fe 

concentrations in TSS and borehole groundwaters were typically 4 to 5 times greater than 

SO42" concentrations (Table 3-1). The speciation of Fe2+ and Fe3+ was calculated using 

Geochemists WorkBench (Bethke, 2002) and varied from dominantly ferric to dominantly 

ferrous Fe in all groundwaters. 

3.6 DISCUSSION 

3.6.1 CH4 isotope systematics and biological DIC reduction 

3.6.1.1 6 CCH4 and 8 CDIC systematics 

The consistent A CDIC-CH4 values of approximately 72%o for almost all TSS groundwaters 

over kimberlites, coupled with increases in CH4 concentrations, suggest CH4 production via 

biological reduction of DIC (Fig. 3-5a). The high and consistent AI3CDIC-CH4 values typically 

indicate bacterial DIC reduction because the 813CDic values become higher at approximately 

the same rate that 813CCH4 values become equally higher in a closed system (Whiticar, 1999). 



Jamil A. Sader Ph.D. Thesis Chapter 3 118 

Bacterial CO2 reduction is further suggested because the same giuundwaters that have 

A CDIC-CH4 of approximately 72%o plot near a trend of Rayleigh fractionation for CO2 

reduction (Fig. 3-5b). 

For most TSS groundwater samples outside kimberlite (over limestone), and deeper 

groundwaters from kimberlite and limestone, a sharp decrease in A13CDIC-CH4 values is 

accompanied by a decrease in CH4 concentrations (Fig. 3-5a). This trend suggests CH4 is 

most likely being consumed by methanotrophic bacteria, and is characteristic of bacterial 

methane oxidation in both freshwater and marine environments (Whiticar, 1999). The 

decrease in A13CDIC-CH4 values is due to the preferential use of 12C by methanotrophic 

bacteria, thereby resulting in higher 513CCH4 values as CH4 concentrations decrease along the 

Rayleigh fractionation trend (Fig. 3-5b). 

The addition of DIC with low values (closer to that of 613CCH4) could also result in 

variable (and lower) A13CDIC-CH4 values, and could indicate methane oxidation, as shown in 

Figure 3-5a. However, samples that plot along the trend of CH4 oxidation in the plot of 

A CDIC-CH4 versus CH4 concentration (Fig. 3-5a) are the same samples that plot along the 

Rayleigh fractionation trend of CH4 oxidation in Figure 3-5b. As calculation of the Rayleigh 

fractionation trend for methane oxidation does not involve 613CDIC values, low A13CDIC-CH4 

associated with inputs of isotopically light DIC is not likely. 

Sample 07-MW-Z-15, collected over the Zulu kimberlite, is the only monitoring well 

groundwater sample collected over kimberlite where methane oxidation is indicated. This 

sample may have been contaminated by peat pore water close to the peat/TSS boundary, as 

the monitoring well drive point could not be fully driven into the marine sediment below the 

peat. Low Na and CI concentrations in the water compared to groundwater samples from 
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other monitoring wells at Zulu are consistent with a contribution from ombrotropnic peat 

groundwater (Sader et at, 2010). 

The only sample that does not fit a trend of CH4 oxidation or production in Figure 3-

5a & b is 07-Z-07-12C-F (groundwater from Zulu kimberlite borehole). Rather, this sample 

has a low A CDIC-CH4 value of 60.7%o, but the methane concentration is high (0.31 mmol/L) 

and the sample plots near the intersection of the Rayleigh fractionation trends for CO2 

reduction and methane oxidation (Fig. 3-4a & b). There are two possible explanations as to 

why the data for sample 07-Z-07-12C-F are ambiguous compared with other samples. It is 

possible that the sample represents mixing between methane from two different sources. 

Figure 3-7 indicates that as much as 20% of this methane sample may have been produced 

via methyl fermentation. The addition of methane from low-temperature serpentinization of 

olivine in kimberlite could also potentially result in lower A13CDIC-CH4 and 613CCH4 values. 

Methane is commonly favoured to form through the process of low temperature 

serpentinization of olivine in ultramafic rocks (Barnes et at, 1972; Abrajano et at, 1988; 

Fritz et at, 1992; Sader et at, 2007a) (Equation 4). However, a serpentinization pathway is 

15 (Mg,Fe)2Si04 (FO90) + 20 H20 + 0.25 C 0 2 ^ 

Fe304 + 7.5 Mg3Si205(OH)4 + 4.5Mg(OH)2 + 0.25 CH4 (4) 

not suggested for this study, and therefore the production of abiogenic CH4 is not likely. 

Abiogenic CH4 typically forms under redox conditions that are significantly lower (Eh < -

200 mV at pH values of 6 to 7) than occurs in the kimberlites in this study. The Eh values 

observed in Attawapiskat kimberlite groundwaters (this study) range from 23 to 272 mV. 
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Sader et al. (2007a) suggested that kirnberlite groundwaters that had bicarbonate alkalinity 

and pH only 1 to 2 units greater than 7 and oxidizing Eh values may be a result of short 

groundwater residence time within kimberlites. Low residence time could result in less water 

- kirnberlite (olivine) interactions. 

The 6 CCH4 values in samples from kirnberlite do not support an abiogenic source, as 

the values are low (-73 and -68.7%o at 07-Z-07-12C-F and 07-A-BH-06, respectively). The 

6I3CCH4 values typically associated with serpentinization reactions and abiogenic methane 

formation range between -10 and -20%o (Abrajano et al., 1988; Fritz et al., 1992; 

Proskurowski et al., 2008). 

3.6.1.2 d OH20 and d Hmo evidence for CH4 production 

The plot of 618OH2O and 52HH2o (Fig. 3-6) provides further evidence for bacterial DIC 

reduction processes in TSS samples collected over kimberlites. All but one TSS sample 

collected over kimberlites, and the borehole within the Zulu kirnberlite (07-Z-7-12C) has 

62HH2o values that plot above the BLMWL (less negative) (Fig. 3-6). Conversely, samples 

from TSS over limestone or from the Yankee borehole within limestone plot closer to or 

below the BLMWL. The less negative 82HH2O associated with TSS samples over kimberlites 

suggests Rayleigh fractionation of H isotopes as methane is produced. During the biological 

reduction of DIC, the methane that is produced derives all its hydrogen atoms from water 

(Whiticar, 1999). Methanogenic bacteria will preferentially use lighter 'HH2o, thereby 

fractionating to less negative 5 HH2O values. The effect of this process has been shown in 

studies where CH4 is being produced through the biological reduction of DIC (Clark and 

Fritz, 1997; Siegel et al, 2001). 
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Isotopic mass balance calculations were conducted to estimate the CH4 that would be 

produced based the deviation of S2HH20 towards less negative values (samples that plot 

above the BLMWL) in Figure 3-6. The fractionation equation used is: 

of
2HH2o = 50

2HH2o + 103 • (a2HH20-cH4 - l)ln/ 

Where Sf HH20 is the measured isotopic value and d0 Hmo is the value if it plotted along the 

BLMWL (no fractionation). The variable a2HH2o-CH4 is 2.26, and was empirically 

determined by Bottinga (1969), and " / " is the fraction of CH4 produced per litre H20. The 

calculated CH4 concentrations based on the fractionation of 62HH2O to more positive values 

from the BLMWL in Figure 3-6 is on the order of mol/L of CFJU and is roughly 3 orders of 

magnitude higher than the measured CH4 concentrations (Fig. 3-8). However, for samples 

collected over kimberlites and from the Zulu kimberlite, there is a linear correlation (r=0.80) 

between the measured and calculated methane concentrations (increasing measured CH4 

with increasing calculated CH4). This correlation suggests that the production of methane did 

result in a positive shift in 8"HR20 values. However, the 3 orders of magnitude difference 

between calculated and measured methane concentrations may be related to methane loss 

over time due to diffusion or ebullation of gas from formation waters. Siegel et al. (2001) 

indicated that calculated methane production (based on 82HH2O values, which plotted above 

the LMWL for sites from a bog in Minnesota) was approximately an order of magnitude 

greater than measured methane. In that study it was suggested that loss occurred due to 

methane migration or their gas samplers did not collect a portion of gas dissolved in 

groundwater. Although methane was observed in groundwaters from TSS over limestone 
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and from the Yankee borehole in limestone, they do not demonstrate a correlation with the 

calculated values (Fig. 3-8). This lack of correlation may indicate that water carrying 

dissolved methane migrated to into TSS and underwent oxidation. It is possible the source 

overlying peat groundwaters containing dissolved methane. 

3.6.2 Geochemical influences on in situ methane production and 
oxidation 

Variations in concentrations of oxidized ions such as SO42", Fe3+, and 02(aq) relative to CH4 

are likely controlling in situ formation or oxidation of CH4. Ratios of CH4/Fe3+, CH4/SO42", 

and CH4/02(aq) typically remain low (< 10, 5, and 1, respectively) where the 613CDIC-CH4 

values are < 72%o (Fig. 3-9). As these low ratios are typically spatially associated with TSS 

samples collected over limestone. 

Where A13CDIC-CH4 values are approximately 72%o (mostly samples from TSS over 

kimberlites), the molar ratios of CH4/Fe3+, CH4/SO42", and CFU/Cfyaq) increase up to 400 

(Fig. 3-9). This pattern suggests the consistent and high AI3CDIC-CH4 values (indicative of 

CH4 production) are due to decreases in concentrations of oxidized ions, thereby making 

conditions more favourable for the reduction of DIC. The migration of reduced ions and 

kimberlite pathfinder metals upwards from kimberlites to TSS via upward groundwater 

movement has been suggested (Sader et al, 2010). Most groundwaters over limestone and in 

boreholes have low ratios of CH4/Fe3+, CH4/SO42", and CHU/C t̂aq) (Fig. 3-9). These low 

ratios suggest that conditions are favourable for CH4 oxidation. Additionally, the samples 

with low CH4/Fe3+, CH4/SO42", and CHU/C^aq) ratios are the same ones that plot along a trend 

of biological methane oxidation (sharp decreases in methane concentrations with decreases 
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in the A13CDIC-CH4 values; Fig. 3-5a). These relationships suggest methane oxidation may be 

due to anaerobic or aerobic methanotrophs. 

The reduction of DIC results in lower energy yields for bacteria compared to 

bacterial reduction of SO42", Fe3+, or 02(aq). Therefore, where Fe3+, SO42", and Cfyaq) 

concentrations are elevated relative to CH4, the oxidized ions likely inhibit or suppress 

methanogenic bacteria in favour of methanotrophs due to competitive effects (Whiticar and 

Faber, 1986; Segers, 1988; Achtnich et al, 1995). However, in the absence of oxidized ions 

such as SO4 ", Fe3+, and 02(aq) methanogens are commonly more predominant (Segers, 

1988). The occurrence of CH4 in low concentrations (< 0.2 mmol/L), which exist in the 

presence of elevated oxidized ions and represent samples along the methane oxidation trend 

(Fig. 3-5a), may represent residual methane that is not oxidized by bacteria. Methane 

concentrations < 0.15 mmol/L have been documented to commonly coexist with Fe3+ and 

SO42" reducing bacteria (Martens and Berner, 1977; Jakobsen and Postma, 1999). Whiticar 

and Faber (1986) suggest this coexistence is attributed to CH4 concentrations that are too 

low for methanotrophic bacteria to utilize. 

3.6.3 Sources of H2 for methane production 

In order to reduce DIC and produce CH4, methanogenic bacteria require H2 to 

function as an electron donor. Appreciable abiogenic H2 production by low-temperature 

serpentinization of olivine is unlikely, given that the redox conditions do not favour the 

hydrolysis of H2O. Additionally, abiogenic H2 produced by low temperature 

serpentinization, as noted in Kirkland Lake kimberlites (Sader et al, 2007b), typically has 

low 52HH2 values ranging from -599 to -800%o (Abrajano et al, 1988; Fritz et al, 1992; 
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Sader et al., 2007b). If methanogenic bacteria had utilized H2 from this source much lower 

6 HCH4 values would be expected to be present. Instead, the decomposition of organic 

material and the production of H2 is the most likely source and may be utilized by bacteria to 

reduce DIC. Environments with high concentrations of organics are commonly major 

sources for H2 (Clark and Fritz, 1997). Although CH4 and H2 only correlate positively for 

approximately half the gas samples (Fig. 3-4), it is reasonable to suspect that H2 is available 

and is being utilized to reduce DIC. Measureable H2 concentrations are not always indicative 

of a dominant electron accepting process (in this case DIC oxidation) (Jakobsen et al., 1998; 

Jakobsen and Postma, 1999; Hansen et al., 2001). In each of these studies, the calculated 

energy yield was too low for the biological production of methane (low H2 concentrations), 

yet the studies show strong evidence for in situ CH4 formation. 

3.6.4 Origin of methane outside kimberlites 

The source of CH4 in TSS outside kimberlites and in limestone in this study is difficult to 

delineate. It is unlikely that CH4 is migrating upwards from limestone, given that upward 

migration of CH4 at sites over kimberlite is not supported by the redox conditions in 

kimberlite waters. The most likely source of CH4 is the peat overlying the TSS, as drainage 

of peat groundwater could transport methane that is dissolved in peat groundwaters to the 

TSS. The reduction of DIC is generally considered the dominant pathway for the production 

of CH4 in deeper peat zones (the catetolem) (Lansdown et al., 1992; Hornibrook et al., 2000; 

Beer and Blodau, 2007). This pathway is consistent with the methane samples in this study, 

as between 80 and 100% of the in CH4 (regardless of whether the samples were collected 
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over kimberlite or limestone) have been derived from the groundwaters in which L>IC 

reduction is taking place (Fig. 3-7). 

3.7 SUMMARY AND CONCLUSION 

In summary, buried kimberlites likely influence the redox environment in TSS overlying 

kimberlites, which results in changes in the CO2-CH4 system in the TSS groundwater. The 

schematic diagram in Figure 3-10 shows our interpretation of the CO2-CH4 system for 

groundwater in the TSS overlying kimberlite and limestone. 

This study provides evidence that buried kimberlites from James Bay lowlands can 

alter the CO2-CH4 system in sediment overlying kimberlites. 6 CDIC-CH4 values of 

approximately 72%0 coupled with increases in methane concentrations indicated CO2 

reduction for the majority of TSS groundwater samples over kimberlites. The same samples 

with 513CDIC-CH4 values of 72%o are also those that plot along a Rayleigh fractionation curve 

for CO2 reduction. Data suggest that methane in all but one sample was due to in situ 

methane formation. Common methane formation at these locations likely results from 

reduced ions in the underlying kimberlite groundwaters. Sites with low 513CDIC-CH4 values 

commonly had low CF£4/Fe3+, CH4/SO42", and CHVCfyaq) ratios. 

Hydrocarbons have been used successfully to delineate buried kimberlites in the 

Ville-Marie region of western Quebec (Sader et ah, 2009). McCarthy et al. (1986) indicated 

CH4 anomalies near surface were associated with a buried sulfide deposit. Additionally, a 

number of commercial laboratory packages exist to delineate blind mineralization using 

reduced gas. However, the geochemical processes that are producing the gas anomalies are 

not fully understood. The results of this study have implications for geochemical exploration 

and the origin of reduced gas anomalies over mineralization. The use of isotopes and CH4 
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kimberlites provides further insight into processes that are responsible for these gas 

anomalies. Our work suggests that methane anomalies over kimberlites are related to in situ 

formation within the TSS over the kimberlites, and not directly due to water - kimberlite 

reactions. 

Further research into mechanisms controlling the CO2-CH4 system over various rock 

types is required. The identification of redox and methane gradients by collecting 

groundwaters and gas samples systematically along vertical profiles within the TSS would 

provide additional information on the upward movement of redox sensitive ions and 

methane fluxes over kimberlites versus outside them. Additionally, the collection of methane 

in peat over and outside kimberlites would provide more information on the methane 

formation or oxidation in peat groundwaters. 
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3.3 FiGURES 
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Figure 3-1. Regional bedrock geology of the James Bay Lowlands and location of the Attawapiskat kimberlite 
field in north central Canada. Figure modified from Bellefleur et al. (2005). 
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Figure 3-2. Schematic vertical section of rocks and sediment of which Attawapiskat kimberlites are emplaced 
into. Kimberlite and host rocks are overlain by a thin till, Tyrell Sea sediment (12 to 5 Ka), and peat (5 Ka to 
present). Diagram from (Sader et al, 2010); Geology from Norris (1993). 
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Figure 3-3. Location of kimberlites a) Yankee, b) Zulu, c) Golf, d) Alpha-1, e) Bravo-1, and f) Control Site, 
boreholes, Tyrell Sea sediment, and peat groundwater sample sites Areal extent of each kimberlite was 
determined using geophysical data and exploration drilling by DeBeers Canada 
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Figure 3-4. A plot of CH4 versus H2 for TSS and monitoring well gas samples. The diagram indicates that for 
approximately half the samples, H2 increases with increasing CH4 concentrations. However, there are a number 
of samples that demonstrate high CH4 concentrations, but H2 is below detection. 
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Figure 3-5. a) A plot of 513CDIC CIM values versus methane content for monitoring wells and boreholes The 
small decrease in isotope separation with increase in methane concentrations suggests methane production 
Conversely, the sharp decline in isotope separation with decreases in methane concentrations suggests methane 
oxidation b) Plot of methane content versus 513Ccn4 Thick black lines indicate trends for Rayleigh 
fractionation for 8l3Ccn4 during CO2 reduction (Equation 1) and methane oxidation (Equation 2) Samples that 
plot along the Rayleigh fractionation curve for CO2 reduction also display isotope separation of approximately 
72%o Samples less than 72%o plot along the methane oxidation Rayleigh fractionation curve Methane 
saturation is 2 03 mmol/1 CH4 at sampling pressure and temperature conditions 
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Figure 3-6. The 5 HM2o and 5 O1120 values from kimberlite, limestone, and TSS groundwaters plot on a local 
water line (LMWL) The slope of the LMWL is similar to the Bonner Lake meteoric water line (BLMWL) 
based on precipitation data from Bonner Lake, Ontano (49 38° N, 82 12° W) The expanded plot indicates that 
the majority of samples collected from the TSS over kimberlite plot above the LMWL and have heavier 52Hn2o 
values The similarity of the two slopes indicates groundwaters in this study are meteoric Data for construction 
of the BLMWL obtained from Birks et al (2003) 
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1 1 slope, indicating a biological CO2 reduction origin of the methane The ratios of carbonate reduction versus 
methyl fermentation and slopes are from Whiticar (1999) 
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Figure 3-8. The calculated versus measured CH4 for groundwater samples from TSS and boreholes 
Calculations for CH4 are based on the how much heavier 82H[12o values are compared with the BLMWL (see 
Fig. 3-6) Note that samples that plot on or below the BLMWL are considered to have a value of 0 calculated 
CH4. Additionally, note that the calculated methane is approximately 3 orders of magnitude greater than 
measured methane 
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and CH4/SO42 and high 513CDiccii4 are dominantly those collected in TSS over kimberlites and suggests 
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3.10TABLES 

Table 3-1. Geochemical and isotopic compositions of groundwaters from TSS and boreholes at Yankee, Zulu, Golf, Alpha-1, Bravo-1, and Control 
(Continued on next page ) 

Table 1 

Sample 

07-MWA 01 

07-MW-A-01F 

07 MWA-11 

07 MW A-11F 

07-MWA 12 

07 MW A-12F 

07 MW C 01F 

07 MWY 01 

07 MWY 01F 

07 MWY 10 

07 MW Y 10F 

07 MWY-11 5 

07 MW-Y-11 5F 

07 MWZ 05 

07 MW Z 05F 

07 MWZ 15 

07 MW Z 15F 

07-MW-Z 17F 

07 MW B 01F 

07 MW B 02F 

07 MW B 03F 

07 B l 07 08C F 

07 X 07-014C 

07 Z-07 12C 

07 Z-07-12C-F 

07-Y-07 7H 

07 Y 07 7H F 

07 A BH 06 

Kimberhte 

m 
Alpha 1 

Alpha-1 

Alpha 1 

Alpha 1 

Alpha-1 

Alpha 1 

Control 

Yankee 

Yankee 

Yankee 

Yankee 

Yankee 

Yankee 

Zulu 

Zulu 

Zulu 

Zulu 

Zulu 

Bravo 1 

Bravo 1 

Bravo 1 

Bravo 1 

X Ray 

Zulu 

Zulu 

Yankee 

Yankee 

Alpha-1 

Water type 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

TSS 

borehole 

borehole 

borehole 

borehole 

borehole 

borehole 

borehole 

Location 

limestone 

limestone 

kimberlite 

kimberlite 

kimberhte 

kimberlite 

limestone 

limestone 

limestone 

kimberlite 

kimberlite 

kimberhte 

kimberhte 

limestone 

limestone 

kimberhte 

kimberhte 

kimberhte 

kimberlite 

limestone 

kimberlite 

kimberhte 

kimberhte 

kimberhte 

kimberhte 

kimberhte 

kimberhte 

kimberhte 

Latitude 

deqrees 
52 6907 

52 6907 

52 6938 

52 6938 

52 6939 

52 6939 

52 8455 

52 7743 

52 7743 

52 7752 

52 7752 

52 7759 

52 7759 

52 7298 

52 7298 

52 7296 

52 7296 

52 7296 

52 8647 

52 8636 

52 8651 

52 8649 

52 7960 

52 7290 

52 7290 

52 7756 

52 7756 
52 6922 

Longitude 

deqrees 
83 7810 

83 7810 

83 7769 

83 7769 

83 7762 

83 7762 

83 7915 

83 8781 

83 8781 

83 8725 

83 8725 

83 8721 

83 8721 

83 8354 

83 8354 

-83 8316 

-83 8316 

83 8309 

-83 9390 

-83 9387 

83 9395 

83 9393 

83 8537 

83 8317 

83 8317 

83 8737 

83 8737 

83 7752 

Temp 

°C 
13 3 

14 5 

8 8 

7 6 

11 5 

8 5 

16 5 

8 4 

6 2 

18 4 

5 4 

16 8 

6 5 

16 4 

16 4 

na 

7 1 

6 5 

9 6 

6 2 

15 1 

9 6 

9 0 

12 4 

16 9 

7 5 

16 9 

9 1 

pH 

7 12 

7 51 

7 53 

6 24 

6 71 

7 19 

7 44 

8 25 

6 98 

9 06 

7 40 

8 92 

8 17 

6 57 

7 67 

na 

7 24 

7 66 

6 77 

6 71 

7 54 

8 55 

7 76 

7 51 

8 04 

8 06 

7 29 

7 21 

Eh (mV) 

mV 
103 

263 

101 

244 

209 

279 

276 

60 

192 

210 

237 

224 

212 

102 

175 

na 

281 

241 

341 

306 

303 

226 

23 

68 

136 

4 

95 

272 

EC 

uS/cm 
481 

474 

524 

377 

448 

248 

285 

440 

410 

409 

475 

407 

411 

479 

304 

na 

440 

874 

434 

977 

600 

597 

198 

945 

247 

377 

na 

na 

DO 

mmol/L 
0 010 

0 044 

0 012 

0 077 

0 208 

0 153 

0 169 

0 019 

0 026 

0 051 

0 130 

0 204 

0 090 

bd 

0 061 

bd 

0 085 

0 018 

0 213 

0 240 

0 059 

0 078 

bd 

bd 

0 040 

bd 

0 039 

na 

Na 

umol/L 
139 

220 

1201 

2198 

76 

57 

na 

68 

45 

82 

62 

111 

97 

156 

359 

54 

39 

1658 

130 

670 

194 

324 

36 

51 

43 

5120 

416 

842 

Fe total 

umol/L 
161 8 

97 2 

43 5 

4 6 

85 8 

126 5 

na 

15 0 

12 0 

18 7 

8 8 

9 4 

10 5 

35 5 

4 0 

107 4 

105 0 

2 0 

2 3 

1 9 

0 8 

1 3 

5 4 

221 6 

229 2 

8 0 

24 5 

66 2 

na = not analyzed 

bd = below detection 
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Table 3-1. Continued 

Table 1 Con t 
Sample 

07-MWA-01 

07-MW-A-01F 

0 7 - M W A - l l 

07-MW-A-11F 

07-MWA-12 

07-MW-A-12F 

07-MW-C-01F 

07-MWY-01 

07-MW-Y-01F 

07-MWY-10 

07-MW-Y 10F 

07 -MWY- l l 5 

07-MW-Y- l l 5F 

07 MWZ-05 

07-MW-Z-05F 

07-MWZ-15 

07-MW-Z-15F 

07-MW-Z-17F 

07-MW-B-01F 

07-MW-B-02F 

07-MW-B-03F 

07-B1-07-08C-F 

07-X-07-014C 

07-Z-07-12C 

07-Z-07-12C-F 

07-Y-07-7H 

07-Y-07-7H-F 

07-A-BH-06 

Fe2+ 

umol/L 

136 9 

23 3 

23 3 

0 0 

59 1 

41 3 

na 

na 

0 0 

1 1 

0 0 

0 0 

0 0 

13 5 

0 0 

na 

31 2 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

214 6 

221 3 

0 9 

7 2 

26 8 

Fe3+ 

umol/L 

24 9 

73 9 

20 2 

4 6 

26 8 

85 2 

na 

na 

12 0 

17 6 

8 8 

9 4 

10 5 

22 0 

4 0 

na 

73 8 

2 0 

2 3 

1 9 

0 8 

1 3 

5 4 

6 9 

7 9 

7 1 

17 3 

39 3 

S0 4
2 

umol/L 
12 5 

4 8 

49 4 

135 1 

5 1 

5 1 

na 

22 5 

3 6 

1 7 

2 2 

2 8 

2 8 

2 1 

10 1 

1 7 

0 4 

12 9 

5 1 

13 3 

5 9 

2 5 

7 0 

4 5 

0 4 

136 4 

40 8 

11 6 

CI 
umol/L 

269 3 

53 2 

120 6 

290 4 

104 2 

28 7 

na 

bd 

46 2 

49 6 

37 7 

43 1 

39 2 

bd 

60 6 

37 7 

26 2 

105 4 

74 1 

249 3 

69 3 

169 0 

14 1 

28 2 

21 7 

4459 4 

422 0 

182 8 

CH4 

umol/L 

na 

429 6 

na 

447 1 

na 

632 4 

187 7 

na 

358 4 

na 

246 6 

na 

116 1 

na 

11 3 

na 

153 1 

421 3 

bd 

bd 

bd 

na 

na 

na 

71 0 

na 

311 8 

10 0 

H2 

umol/L 

na 

0 9 

na 

bd 

na 

bd 

bd 

na 

2 0 

na 

0 2 

na 

0 1 

na 

0 0 

na 

0 0 

2 2 

bd 

bd 

bd 

na 

na 

na 

bd 

na 

0 5 

na 

S13Cc«4 
per mil 

na 

-68 2 

na 

-70 2 

na 

-71 9 

70 9 

na 

-76 2 

na 

-76 3 

na 

-82 4 

na 

-62 5 

na 

-68 0 

-68 6 

bd 

bd 

bd 

na 

na 

na 

-75 9 

na 

-73 0 

-68 7 

5 HCH4 

per mil 

na 

-265 2 

na 

-258 7 

na 

-258 6 

-254 2 

na 

-266 4 

na 

-269 7 

na 

-289 2 

na 

253 0 

na 

-275 7 

-261 4 

bd 

bd 

bd 

na 

na 

na 

-272 9 

na 

-261 2 

-287 1 

DIC 

mmol/L 

5 69 

6 37 

6 49 

5 24 

5 91 

5 10 

6 15 

na 

5 38 

4 80 

5 73 

4 46 

4 70 

10 50 

2 67 

6 51 

6 99 

12 77 

5 12 

10 83 

5 85 

6 17 

3 16 

4 12 

4 41 

6 34 

1 94 

1 81 

6 "C D I C 

per mil 

4 3 

4 6 

-3 9 

1 5 

0 9 

0 0 

-1 3 

na 

-2 2 

-7 0 

4 5 

-9 2 

-9 8 

-7 8 

-5 6 

-2 6 

-5 2 

3 2 

-5 4 

3 2 

-3 5 

-7 2 

-2 0 

-10 3 

-11 4 

12 6 

-12 3 

-13 7 

8 HH20 

per mil 

na 

-105 7 

na 

94 8 

na 

-63 8 

-81 6 

na 

-99 5 

na 

na 

na 

-104 8 

na 

na 

na 

-100 8 

99 2 

-92 6 

na 

na 

-97 6 

na 

na 

-65 9 

na 

-110 8 

na 

o 0 H 2 0 

per mil 

na 

-14 5 

na 

-13 8 

na 

-13 5 

-11 8 

na 

-13 5 

na 

na 

na 

-15 2 

na 

na 

na 

-14 8 

15 0 

-12 0 

na 

na 

-12 5 

na 

na 

-10 9 

na 

-15 0 

na 

na = not analyzed 
bd = below detection 
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Chapter 4 - Summary and Implications 
SUMMARY 

High concentrations of kimberlite pathfinder metals consisting of Ni, Cr, Ti, LREEs, Ba, Rb, 

Cs, and the ratio of Mg/Ca are observed at sites along sampling transects proximal to the 

aerial margin of buried kimberlites. This research suggests that the physical upward 

movement of groundwater from kimberlites to the shallow subsurface is the dominant 

transport mechanism for pathfinder metals. Elevated pathfinder metals in groundwaters from 

kimberlite are due to the chemical weathering of olivine, pyroxene, and phlogopite (Sader et 

al, 2007a). These metals in kimberlite-impacted waters could be migrating preferentially 

upwards along fractures in host rock up to 200 m from kimberlite margins. 

Spatial variations among pathfinder metals exist at sites of upwelling groundwaters 

(i.e. not all pathfinder metals are elevated in peat groundwaters at the same sites of 

upwelling). These differences are due to variable metal solubility under conditions that range 

from dominantly ombrotrophic (low contributions from upwelling groundwaters) to 

dominantly minerotrophic (high contributions from upwelling groundwaters). Modeling 

calculations and analytical data indicate that under conditions of low upwelling 

contributions, pathfinder metals (particularly transition metals) in peat groundwaters remain 

soluble due to high metal fractions that are complexed with DOM. In contrast, at sites of 

high upwelling groundwater contributions, metal-DOM complexation is lower. The greater 

concentrations of free ions (metals not complexed with DOM) are likely to adsorb to 

ferrihydrite, resulting in low metal solubility. Alkaline earth and alkali pathfinders have 

lower binding affinities to DOM and adsorption affinities to ferrihydrite, and thus indicate 

different sites of elevated concentrations along peat groundwater sampling transects. 
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In addition to influencing metal concentrations in peat groundwaters, kimberlites 

influence the CH4-CO2 system in the overlying TSS. The CH4 production via biological 

reduction of DIC in TSS over kimberlites is likely due to the upward migration of reduced 

ions from kimberlite. In contrast, TSS groundwaters over limestone show evidence to 

suggest CH4 is oxidizing, as the ratio of CH4 to oxidized ions consisting of Fe3+, SO42", and 

02(aq) is low. 

IMPLICATIONS 

Elevated kimberlite pathfinder metals in peat groundwaters have significant implications for 

diamond exploration in northern boreal regions. As these regions commonly have vast 

wetlands, peat groundwaters could be utilized as a geochemical exploration tool in 

conjunction with geophysical methods. Although geophysical methods are useful in 

determining potential kimberlite targets in the James Bay region, they may falsely indicate 

kimberlites (syenite and mafic dykes may show geophysical features similar to kimberlites). 

This research suggests that near surface water geochemistry could assist by providing 

additional information about a buried geophysical feature and whether there is geochemical 

evidence to suggest the buried anomaly is kimberlite before the commencement of drilling. 

Peat and groundwater geochemistry were not determined over other intrusive igneous bodies 

however, it is likely that geochemistry could discriminate these intrusive bodies from 

kimberlites. Minerals within kimberlites are more susceptible to chemical weathering versus 

other intrusive igneous rocks. Therefore, it is likely that groundwater within kimberlites will 

require less residence time to develop a geochemical kimberlite signature compared with 

other bodies such as syenite or diabase, which have minerals that are more resistant to 

chemical weathering. 
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There are some limitations to using peat groundwater as an exploration tool for the 

detection of hidden kimberlite bodies. Because the concentrations of some metal pathfinders 

in the shallow peat groundwaters are low (sub - um/L concentrations), they could be 

influenced by air pollution. Potential sites located down wind from industrial areas could 

potentially mask geochemical signals. Another limitation to the method, which was 

addressed in Chapter 2, is the various mechanisms in the shallow subsurface (i.e. adsorption 

and incorporation into secondary minerals), which have the potential to scavenge metals 

from groundwater. 

Due to the unusual sampling environment (saturated sphagnum peat), this study has 

identified several methods for geochemical exploration surveys in peat bogs. 

1) Hydrogeological survey 

A hydrogeological survey of areas near a potential buried kimberlite body is suggested. Over 

Attawapiskat kimberlites, the installation of piezometers and monitoring wells is useful to 

identify upwelling groundwaters. Although the detection of variations in geochemical 

parameters such as EC, Eh, and pH are also useful in the identification of sites of upwelling, 

hydrogeological measurements are typically more precise. However, monitoring well 

installation is physically demanding, time-consuming, and requires some heavy equipment 

(i.e. iron pipe, iron slide hammer, large pipe wrenches). As it is not feasible to install 

monitoring wells at each site, it is important to rely on both geochemical parameters and 

hydrogeology to detect groundwater upwelling. All upwelling groundwaters have high EC, 

pH, ionic strength, and low Eh compared with ombrotrophic peat groundwaters. It should, 

however, be noted that geochemical parameters that indicate upwelling may have traveled a 

distance down gradient from where upwelling groundwaters enter the peat from the TSS. 
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i.) i iAiciii ui »aiiipiii ig iTauacn 

Results suggest peat groundwater samples should be collected at least 200 m beyond the 

suspected kimberlite margins where possible, as fractured host rock may extend as far as 150 

m from the margin. Additionally, the geochemical data from samples > 200 m from the 

suspected kimberlite body are useful in deriving local baseline metal concentrations. 

3) Peat and peat groundwater sampling 

The most effective means to accurately detect kimberlite pathfinder metals in high DOC 

wetlands is to collect samples of the solid media (peat) and peat groundwater along sampling 

transects. In Attawapiskat peat groundwaters, metal solubility is variable. Therefore, It is 

possible a geochemical sampling program that only focuses on peat may overlook important 

metal pathfinders. Metals that are dominantly complexed with DOM are to likely remain 

soluble as they may inhibit metal adsorption to surfaces such as ferrihydrite. Conversely, if 

only peat groundwaters are collected, a kimberlite geochemical response may also be 

overlooked. Where free ions are dominant, metals are more likely to be scavenged from 

solution, or are more likely to be incorporated into precipitating minerals. 

4) Methane - CO2 system 

The results of this study suggest buried lithology can impact methane emissions in 

overlying sediment. Hydrocarbons have been used successfully to delineate buried 

kimberlites and buried sulfide deposits. Additionally, a number of commercial laboratory 

packages exist to delineate blind mineralization using reduced gas variations over suspected 

mineralization. The use of isotopes and CH4 gas concentrations, coupled with isotopic values 

of DIC in groundwaters over Attawapiskat kimberlites provides further insight into 

processes that are responsible for variable CH4 concentrations and isotopic signatures and 
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suggest that these signatures ovex or ueai kixxxberlites may be a secondaxy effect of 

groundwater - kimberlite interaction. 
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Imaging a buried diamondiferous kimberlite using conventional 
geochemistry and Amplified Geochemical lmagingSM Technology 
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ABSTRACT: Accurate mapping of mineral deposits buried by tens to hundreds of 
meters of overburden will focus an exploration program, minimizing costs and time 
expended. Traditional surface geochemical techniques often focus on measuring and 
mapping metal ions in the soil or vegetation, water/soil chemical properties, and by­
product gases such as oxygen and carbon dioxide. A new technique, Amplified 
Geochemical lmagingSM Technology, focuses on high sensitivity measurements of 
volatile compounds emanating from the mineral deposit itself, its contact zone, or 
associated redox systems. Compounds ranging from light sulphur species to organics 
with 18 carbon atoms, which are found at the surface, are collected and analyzed using 
a sensitive and sophisticated analytical technique. Differentiation of compounds 
associated with the mineralization and a robust image of the buried deposit are then 
obtained by processing the data using advanced modelling systems and multivariate 
statistical methods. This new technique works well with high content sulphur minerals 
such as those deposits hosted in Volcanogenic Massive Sulphide, porphyry Cu, 
Mississippi Valley-type, and some gold systems. In this paper, Amplified Geochemical 
Imaging Technology, along with conventional surface geochemical analysis, was 
used to image a kimberlite. 

KEYWORDS: diamond, kimberlite, soil geochemistry, imaging, volatile 

INTRODUCTION 
In regions where bedrock is covered by 
thick sediments, application of surficial 
geochemical exploration methods has led 
to a great deal of success. This paper 
identifies responses of Gore Amplified 
Geochemical lmagingSM (GAGI) com­
pounds ranging from light sulphur species 
to organics with 18 carbon atoms 
(Anderson 2006) over kimberlites, which 
correlate well with geochemical responses 
in soil. 

GEOLOGICAL SETTING 

The Honerat kimberlite is approximately 
45 km east of the town of Ville-Marie, 
western Quebec, Canada (Fig. 1). Gravity 
surveys and drilling have indicated that 

the kimberlite was emplaced along a 
normal fault structure trending NW-SE. 
Kimberlites in this region are of Jurassic 
age. The Honerat kimberlite is 
approximately 85 m in diameter, based on 
company drill logs. The subcropping 
surface of the kimberlite consists of 
hypabyssal facies kimberlite. Country 
rocks are dominantly Archean felsic to 
intermediate metavolcanics and the 
surficial sediments sampled at Honerat 
consisted of clay with minor silt to silt with 
minor clay. Continental-scale glaciation 
has affected the region several times 
during the Quaternary. The most recent 
glaciation retreated from the study area 
approximately 8000 years BP (Veillette 
1994), during which time thick deposits 
(45 to 90 m) of unconsolidated glacial, 
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glaciofluvial and glaciolacustrine sed­
iments were deposited over the Honerat 
kimberlite. 

A second location approximately 5 km 
south of the Honerat kimberlite was also 
studied (named Unknown) (Fig. 1). 

A 

Honerat Kimberlite 

B A 

07U-4P 

07-U 3P 

Unknown Site 

Fig. 1. The Honerat kimberlite and the 
Unknown Site are located in western Quebec, 
Canada. The labeled points represent sample 
collection sites along transects at Honerat and 
Unknown. 

Although no kimberlite is known of in this 
second area, kimberlite boulders and 
elevated kimberlite indicator mineral 
counts in glacial sediments have been 
found within 300 m of the Unknown site. 
This location was also interpreted to be a 
possible site for a kimberlite pipe because 
it is along a NE-SW trending graben 
structure. The terrain at Unknown is 
saturated peat, between 1 and 4 m deep, 
which overlies fine gravel. Depth to 
bedrock at this test site is not known. 

METHODS 

Soil samples were collected along a 
traverse over the Honerat kimberlite and 
extended off the kimberlite approximately 
75 m SE and 225 m NW from the pipe's 
centre (Fig. 1). Although it is common 
practice to collect samples from upper 
B-horizon soil (Levinson 1980; Bajc 1998; 
Mann ef a/. 2005) our samples were 
collected from C-horizon soil because 
GAGI samplers were placed at a depth of 
60 cm (well below the B horizon). Within 8 
hours of sampling, a portion of each soil 
sample was mixed with Milli-Q water (1:1) 
to create a slurry. The values of pH and 
oxidation-reduction potential (ORP) were 
determined in each slurry. Ammonia 
acetate leach of the soil samples were 
performed at Acme Analytical 
Laboratories, Vancouver, where 20 ml of 
ammonium acetate was mixed with 1 g 
soil sample and elements were 
determined by inductively coupled 
plasma-mass spectrometry. The GAGI 
samplers installed at Unknown were 
placed in piezometers and submerged in 
water at a depth of approximately 1 m 
below ground surface. 

The GAGI samplers, installed along 
traverses at both Honerat and Unknown, 
were left in place for 5 months before 
being retrieved. Retrieved samplers from 
both locations were sent to Gore 
Laboratories where they were heated, and 
compounds were thermally desorbed and 
analyzed with a gas chromatograph/mass 
spectrometer (GC/MS). 
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RESULTS AND DISCUSSION 

Soil slurry ORP values are lower over the 
Honerat kimberlite (near 0 mV) compared 
to other locations along the sampling 
traverse (up to 100 mV). Over this 
kimberlite there is also a marked depletion 
in concentrations of a variety of elements 
such as Ni, Mg, Co, K, and total REEs in 
soil directly over the kimberlite (Fig. 2). 
Conversely, enrichments of these 
elements at the margin(s) of the kimberlite 
are evident. The elemental results are 
similar to the soil geochemical signature 
over the 95-2 kimberlite, approximately 60 
km to the west (McClenaghan et al. 2006). 

Reduced ions from the Honerat 
kimberlite are accumulating in the surface 
soil producing low ORP values. Low ORP 
values over the kimberlite with high values 
near the margins suggest the presence of 
a "reduced chimney" (Hamilton et al. 
2004a, 2004b), where reduced species 
(such as Fe2+) are migrating from the 
underlying kimberlite through glacial 
sediments to surface. 

The partial leach results from soil 
samples identify the location of the buried 
Honerat kimberlite. The depletion of Ni, 
Mg, Co, K, and total REEs in C-horizon 
soils over the Honorat kimberlite suggests 
that numerous kimberlite pathfinder 
elements are not adsorbed on to soil 
particles. Instead, they are remaining in 
the dissolved phase in solution due to the 
more reducing environment inside 
compared with outside the kimberlite. 
However, as elements migrate out of the 
kimberlite "reduced chimney" environment 
into a more oxidizing environment, they 
may adsorb to soil particles, possibly 
oxyhydroxide complexes and produce 
elevated element responses at the 
margins of the kimberlite. 

The data obtained by GAGI correlate 
well with soil geochemical data for the 
Honorat kimberlite. Individual components 
of the Gore analysis such as elevated 
dimethyl sulfide, and lower concentrations 
of methyl butane (Fig. 3a & b) are found at 
the same locations as low relative element 
concentrations and more reducing 
conditions. The spatial correlation 

between changes in the redox conditions, 
the depletion of metals, and some GAGI 
compounds suggests either the upward 
migration of GAGI compounds from the 
kimberlite or their formation/depletion in 
soil due to changing redox conditions. We 
suggest the latter interpretation based on 
the variation of 6 C for dissolved 
inorganic carbon (DIC) in peat 
groundwaters from Unknown. The values 
of 613C compared with concentrations of 
sulfide and hydrocarbons suggest 
biogenic reactions with inorganic carbon. 

- 0 40 

0 30 

0 20 

0.10 
100 200 300 400 

Distance along transect (m) 

Fig. 2. Low relative ORP values correlate with 
low Ni values in soils over the Honerat 
kimberlite (depicted as the grey zone). 

CONCLUSIONS 

This paper demonstrates that, in addition 
to soil geochemical exploration tech­
niques, Gore Amplified Geochemical 
lmagingSM is another tool for the 
exploration geochemist. 

1) Kimberlite bodies can be identified at 
ground surface using soil geochemistry 
where 90 m of glacial sediment overlies a 
kimberlite. This is based on variations in 
element concentrations of pathfinder 
elements such as Ni, Mg, Co, K, and total 
REEs over versus off a kimberlite. 

2) The Gore Amplified Geochemical 
lmagingSM technique, like soil geochem­
istry, shows anomalous concentrations of 
sulfides and hydrocarbons in soils over 
the kimberlite. 

3) Values of 513C-DIC correlate with some 
hydrocarbons at the Unknown Site and 
suggest that Amplified Geochemical 
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Imaging responses could be the result 
of surficial bacterial communities that 
thrive over kimberlites. 
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Fig. 3. High concentrations of dimethyl sulfide 
(a) and depleted concentrations of methyl 
butane (b) correlate with reducing soils over 
the kimberlite (depicted as the grey zone). 
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APPENDIX 2 - KiMBERLiTE PATHFINDER METAL PROFILES 
ALONG A TRANSECT AT CONTROL SITE 

Peat groundwater pathfinder metals plotted for Control Site (Fig. A2-1 to 5) were collected 

in the Fall (September) of 2006 at 0.4 meters below ground surface (mbgs). This data was 

collected and reported by Brauneder (2007). As these samples were collected at 0.4 mbgs, 

they have not been included in the determination of baseline values for pathfinder metal in 

peat groundwater samples collected at 1.1 mbgs in Chapter 1. Geophysical data (DeBeers 

unpublished) suggest that there is no kimberlite in the vicinity of the Control site. 
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Figure A2-1. The profile of Ni and Cr along a transect over the Control site. 
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Figure A2-2. The profile of light rare earth elements (LREEs) along a transect over the Control site. 
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Figure A2-3. The profile of Ba along a transect over the Control site. 
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Figure A2-4. The profiles of Mg and Mg/Ca along a transect over the Control site. 
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Figure A2-5. The profiles of Rb and Cs along a transect over the Control site 
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APPENDIX 3 - SEASONAL AND DEPTH CONTROLS ON METAL 
CONCENTRATIONS IN PEAT GROUNDWATER 

Peat groundwater samples were collected at Attawapiskat kimberlites (Yankee, Golf and 

Alpha-1) in summer (early August) 2006. Select sample sites sampled in summer 2006 were 

also sampled in the Fall (late September) of 2006. All peat groundwater samples from 2006 

(0.4 mbgs) were collected and reported by (Brauneder, 2007). Peat groundwater samples 

were also collected from Yankee, Zulu, Alpha-1, and Bravo-1 in the summer (August 14 -

23) of 2007. Select sites that were sampled in the Summer of 2007 were sampled in the Fall 

of 2007 (October 14-18). All samples from 2007 were collected at 1.1 mbgs. 

A Wilcoxon matched pairs signed-ranks statistical analysis was conducted to 

compare summer 2006 to fall 2006, and summer 2007 to fall 2007 pathfinder metal 

concentrations. This statistical analysis was used because in many cases metal 

concentrations for a given sample set (i.e. summer or fall 2007) do not have a normal 

distribution. Definitions of each variable are listed in Table A3-1. "p" values < 0.05 indicate 

a statistical difference, and "p" values > 0.05 indicate there is little to no statistical difference 

to a 95% confidence interval between the sample sets of a given year. 

Precipitation in the Summer and Fall of seasons of 2006 and 2007 

Cumulative rainfall for the July and August 2006 was 172 mm. It was significantly 

lower (74.5 mm) for September and October 2006. During July and August 2007 rainfall 

was 179 mm and was almost identical to precipitation for the same period in 2006. However, 

the rainfall in September and October 2007 was significantly higher (262 mm), and 

Environment Canada (2007) indicated it was one of the wettest fall seasons on record for the 
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iCglOn. All laillfdll data Was> collected by Environment Canada at the nearest monitoring 

station, Moosenee, Ontario (approximately 250 km SE of the study locations). 

Seasonal differences in metal concentrations between the Summer and Fall of 2006 

Peat groundwaters collected at 0.4 mbgs during summer 2006 contained lower 

concentrations of Mg, Rb, and CI compared with samples collected in fall 2006 at the same 

locations and are statistically different (Fig. A3-1). The concentrations of the transition 

metals LREE and Cr are statistically higher in the summer compared with fall 2006 (p < 

0.05). However, there is no statistical difference between the concentrations of Ni in the 

summer and fall of 2006 (p > 0.05) (Fig. A3-1). 

Seasonal differences in metal concentrations between the Summer and Fall of 2007 

For peat groundwater samples collected in summer and fall 2007 at 1.1 mbgs (within the 

deeper catetolem peat zone), the concentrations of Mg, Cr, and Ni are not statistically 

different (Fig. A3-2). Rubidium, C1-, and LREEs differ between the 2 seasons and tend to be 

lower in the Fall of 2007, when rainfall amount for the combined months of September and 

October was high (262 mm). 

Differences in metal concentrations in groundwaters collected at 0.4 and 1.1 mbgs at Yankee 

Calcium, Mg and Rb concentrations in peat groundwaters collected at 0.4 mbgs in summer 

2006 (Brauneder 2007) are on average only 33 and 23%, respectively, of concentrations in 

waters collected at 1.1 mbgs (summer 2007) along the transect over the Yankee kimberlite 

(Fig. A3-3). Transition metals (Ni, Cr, and LREEs) overall display similar concentrations at 
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0.4 aiiu 1.1 iiiogh. Huwcvci, cuiicciitiatiuiis ui Ni, Ci, auu LREEs aie particularly eiuianceu 

at sites of inferred groundwater upwelling (153, 349, 370 and 442 m) along the Yankee 

transect at 1.1 mbgs compared with 0.4 mbgs. The differences in metal concentrations 

between the summers of 2006 and 2007 is not likely due to variations in precipitation 

between the two years. The rainfall for the months of July and August 2006 and 2007 only 

varied by 7 mm, or 4% Environment Canada (2007). 
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Figure A3-1. Bar charts and Wilcoxon matched-pairs signed-ranks test for Rb, Mg, CI-, LREE, Cr, and Ni in 
peat groundwater samples collected in the Summer and Fall of 2006 at a depth of 0.4 mbgs. Continued on next 
page. 
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Figure A3-1. Continued. 
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Figure A3-2. Bar charts and Wilcoxon matched-pairs signed-ranks test for Rb, Mg, C1-, LREE, Cr, and Ni in 
peat groundwater samples collected in the Summer and Fall of 2007 at a depth of 1.1 mbgs. Continued on next 
page. 
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Figure A3-3. Profiles for Rb, LREEs, Mg, Ni, and Cr along the Yankee transect at 0.4 and 1 1 mbgs. Note that 
samples collected at 0.4 mbgs are from summer 2006 and samples collected at 1.1 mbgs were collected in 
summer 2007. Precipitation amounts for the months of July and August 2006 and 2007 were almost identical. 
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APPENDIX 4 - REDOX AND DEPTH CONTROLS ON 613CC02 IN 
PEAT GROUNDWATERS 

The C02(aq) concentrations in peat groundwaters range from 0.15 to 4.5 mmol/L, averaging 

1.4 mmol/L. The 513Cco2 along the Yankee sampling transect is saw-tooth shaped and low 

613CCo2 values (-23.6, -16.0, and -18.6%o) exist over the kimberlite at sample sites 07-Y-08, 

09, and 12, respectively, and also at 07-Y-04 (outside the kimberlite margin) (Fig. A4-1). 

Sample 07-Y-04 is a site of inferred groundwater upwelling near a bioherm based on 

elevated geochemical parameters and a peizometer water level that was greater than standing 

water (Sader et al, 2010). The 513Cco2 values along the Zulu and Golf kimberlite transects 

are less variable. However, 613Cco2 values still fluctuate by 8 to 10%o along the length of the 

transect (Fig. A4-1). The values of o13Cco2 trend to heavier values with increasing depth of 

peat groundwater sample collection below the saturated zone (Fig. A4-2). Note that the 

613CDIC values and DIC concentrations (CO2 + HCO3" + CO32") for peat groundwaters were 

recalculated to represent 6 Cco2 values and C02(aq) based on pH, because of the wide range 

of pH values measured in the peat groundwaters. Normalizing peat groundwater 5 CDIC 

values to 6 Cco2 removes the effect of pH on isotope values of soluble carbon species. 

o13Cco2 peat groundwater values vary widely (-22%o to +4.5%o) (Table A4-1). The 613CDOC 

values are consistently -27 ±l%o for peat groundwaters (Brauneder, 2007). 

The pH values in peat groundwaters range from 3.2 to 7.1 and the Eh values range 

from 125 to 550 mV (Table 4A-1). Samples from Golf have the lowest pH and highest Eh 

values of the three kimberlites; most likely a function of the shallower groundwater 

collection depth (0.4 mbgs). Concentrations of DO are on average low over Zulu and 

Yankee kimberlites compared to the concentrations outside their margins and ranged from 
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average 4.3 umol/L. The maximum concentration is 11 umol/L, and many peat groundwater 

samples were near the detection limit (0.4 umol/L) (Table 4A-1). Iron concentrations in peat 

groundwaters vary from 2 to 80 umol/L and on average are an order of magnitude greater 

than mean SO42" concentrations. The percentage of Fe3+ relative to total Fe concentrations 

(Fe3+/Fetotaixl00) is high along transects over Zulu and Golf kimberlites (Fig. 4A-3; Table 

4A-2). Iron speciation was calculated using Geochemist's WorkBench (Bethke, 2002). 

Percent Fe3+ values are highly variable along the Yankee transect (from 45 to 100%) and are 

elevated at the kimberlite margins, as well as a the groundwater discharge zone near the 

bioherm (07-Y-04) (Sader et al, 2010). High percentages of Fe3+ and small variations along 

the transect at Golf relative to Yankee and Zulu (Fig. A4-3) is likely a function of the more 

oxidizing conditions due to the shallower sample depth. 

The redox state of peat groundwaters is important in the CO2-CH4 cycle. 5l3Cco2 

values (up to 4.5%o) in peat groundwater are most likely due to Rayleigh fractionation 

processes resulting from CO2 reduction. The consumption of DO and the reduction of Fe + 

represent possible pathways responsible for the oxidation of CH4 in the peat groundwaters. 

The lowest 513Cco2 values were observed where conditions dominantly consist of Fe3+, 

and/or where DO was detected (Fig. A4-4). The increase in 613Cco2 values with decreasing 

DO and Fe + concentrations suggests CH4 oxidation and Fe + reduction via Equation 5 and 6: 

CH4 + 202 -* C02 + 2H20 (5) 

CH4 + 8Fe3+ + 3H20 -> HC03~ + 8Fe2+ + 9H+ (6) 
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acceptors for CH4 oxidation. It has been suggested that biological reduction of Fe3+ in rice 

paddies stimulates CH4 oxidation and inhibits production (Miura et al, 1992; Kumaraswamy 

et al, 2001). Because SO42" concentrations in peat groundwater are low (in many cases 

below the detection limit of 0.4 umol/L), and because the S content of the peat is low (< 

0.1%) (Hattori and Hamilton, 2008), it is unlikely that SO42" plays a significant role in CH4 

oxidation within the peat. 

The depth at which waters were collected below the water table may influence 

d13Cco2 values (and the redox conditions) observed along transects. Sites with the highest 

S1 Cco2 values are those where samples were collected deepest below the water table and 

where the Eh values indicate conditions are most reducing. Progressively more reducing 

conditions and higher 513Cco2 values with depth of peat groundwater sample collection are 

consistent with other studies (Lansdown et al, 1992; Beer and Blodau, 2007; Hornibrook 

and Bowes, 2007). These studies have shown that with increasing depth in peat groundwater, 

there are fewer oxidized ions and biological CO2 reduction becomes a dominant redox 

process. 
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Figure A4-1. 813CCo2 profiles along transects over kimberlites a) Yankee, b) Zulu, and c) Golf 
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Figure A4-3. (Fe + Feiotai) • 100 ratios over kimberlites: a) Yankee, b) Zulu, and c) Golf. Ferric Fe is commonly 
elevated relative to total Fe at sites where the 613Cco2 values are lowest and where sample depth below the 
water table is least (Table A4-1). The Fe speciation data was calculated using Geochetnists Workbench 
(Bethke, 2002). 
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Figure A4-4. Low 5l3Cco2 values in this plot commonly occur where elevated DO or Fe3+ is present, 
suggesting that in the presence of oxidized ions, methane is consumed or inhibited from forming. The elevated 
613Cco2 values in anoxic conditions and elevated Fe2+ suggest that C0 2 reduction is proceeding. The inset 
figure represents the stability of Fe + and amorphous Fe-oxyhydroxides in peat groundwaters at an average Fe 
log activity of -4.5. The -4.5 log(a) line is also represented by the vertical line in the bubble plot of total Fe 
versus DO. 
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Table A4-1. Geochemical and isotopic compositions of peat groundwaters at Yankee, Zulu Alpha-1, Bravo-1, 
and Control. 

Samples 

Yankee 
07 Y-01 
Q7-Y-02 
07-Y-03 
07-Y-04 

07-Y-G5 5 
07 Y-06 
07-Y-07 
07-Y-08 
07-Y-09 
07-Y 10 
07-Y-ll 
07-Y-12 
07-Y-13 
07-Y-14 
07 Y-15 
07 Y-16 
07-Y-17 

Zulu 
07-Z-05 
07 Z-07 
07 Z 09 
07-Z-ll 
07-Z 13 
07-Z 15 
07-Z 17 
07-Z-19 
07-Z-21 
07-Z 23 
07 Z-25 
07-Z-27 
07-Z-29 
07-Z-31 
07-Z-33 
07-Z-35 
Alpha-1 
07-A-01 
07-A-01F 
07-A-ll 
07-A-11F 
Q7-A-12 
07-A-12F 
Bravo-1 
07-B-01 

07 B-01F 
07 B 02 
07-B-02F 
07 B 03 
07-B 03F 
Control 
07 C 01 
07 C OIF 

07 C 01 5F 

Distance 
along transect 

(m) 

0 
64 
116 
153 
255 
299 
324 
349 
370 
393 
443 
489 
539 
589 
639 
689 
739 

0 
50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
750 

na 
na 
na 
na 
na 
na 

na 
na 
na 
na 
na 
na 

na 
na 
na 

Location 

limestone 
limestone 
limestone 
limestone 
limestone 
limestone 
limestone 
kimberlite 
kimberlite 
kimberlite 
kimberlite 
kimberlite 
kimberlite 
limestone 
limestone 
limestone 
limestone 

limestone 
limestone 
limestone 
kimberlite 
kimberlite 
kimberlite 
kimberlite 
kimberlite 
timestone 
limestone 
limestone 
limestone 
limestone 
limestone 
limestone 
limestone 

limestone 
limestone 
kimberlite 
kimberlite 
kimberlite 
kimberlite 

kimberlite 
kimberlite 
timestone 
limestone 
kimberlite 
kimberlite 

limestone 
limestone 
limestone 

Latidude 

fdegrees) 

52 8455 
52 7743 
52 7743 
52 7744 
52 7747 
52 7749 
52 7750 
52 7751 
52 7751 
52 7752 
S2 7756 
52 7760 
52 7764 
52 7768 
52 7771 
52 7775 
52 7779 

52 7298 
52 7297 
52 7297 
52 7297 
52 7296 
52 7296 
52 7296 
S2 7295 
52 7296 
52 7294 
52 7294 
52 7294 
52 7294 
52 7293 
52 7293 
52 7292 

52 6907 
52 6907 
52 6938 
52 6938 
52 6939 
52 6939 

52 8647 
52 8647 
52 8636 
52 8636 
52 8651 
52 8651 

52 8455 
52 8455 
52 8449 

Longitude 

(degrees) 

83 7915 
83 8772 

-83 S765 
-83 8759 
-83 8745 
-83 8739 
83 8735 

-83 8732 
-83 8729 
-83 8726 
-83 8723 
-83 8720 
-83 8716 
-83 8712 
-83 8709 
-83 8706 
-83 8702 

-83 8354 
S3 8345 

-83 8338 
83 8331 
83 8324 
83 8316 

-83 8309 
-83 8301 
-83 8294 
-83 8286 
-83 8279 
-83 8271 
-83 8264 
-83 8256 
-83 8249 
-83 8241 

-83 7810 
-83 7810 
83 7769 

-83 7769 
-83 7762 
-83 7762 

-83 9390 
-83 9390 
-83 9387 
83 9387 

-83 9395 
-83 9395 

-83 7915 
-83 7915 
83 7905 

sample 
coltectton below 

water table 
(ml 

1 04 
0 62 
0 82 
0 76 
0 79 
0 43 
0 76 
0 63 
0 46 
0 82 
na 

0 93 
0 85 
0 71 
0 88 
0 70 
0 37 

1 00 
0 99 
0 84 
0 96 
0 84 
0 92 
1 07 
1 0 5 
1 10 
1 01 
0 98 
0 96 
0 99 
0 89 
1 05 
0 96 

0 99 
0 99 
1 17 
1 17 
1 12 
1 12 

1 14 
1 14 
1 06 
1 06 
1 05 
1 05 

0 82 
0 83 

Temp 

oC 

8 7 
9 8 
9 0 
9 5 
8 8 
8 1 
7 9 
7 7 
6 3 
7 4 
6 7 
8 2 

10 4 
8 0 
7 2 
7 6 
4 2 

11 2 
12 0 
9 7 
10 8 
11 0 
9 9 
10 0 
11 2 
9 1 
6 5 
8 9 
9 7 
10 1 
9 6 
4 6 
10 5 

8 2 
14 4 
8 8 
5 1 

15 0 
12 0 

1 7 3 
12 8 
17 1 
7 1 
17 5 
12 8 

17 3 
16 4 
14 8 

pH 

5 5 
5 9 
5 9 
7 7 
6 4 
5 6 
5 8 
7 2 
6 5 
6 2 
7 4 
6 8 
5 7 
6 4 
6 1 
6 2 
7 1 

5 9 
5 6 
5 3 
5 5 
5 3 
5 4 
5 9 
6 2 
6 4 
6 1 
5 7 
5 8 
5 9 
6 2 
6 4 
5 9 

4 8 
5 6 
4 7 
7 1 
3 0 
5 6 

5 6 
6 5 
5 0 
5 3 
5 7 
6 5 

4 2 
4 9 
5 5 

Eh 

(mV) 

332 
316 
316 
260 
303 
317 
316 
240 
299 
316 
224 
258 
325 
266 
303 
294 
302 

257 
291 
327 
313 
325 
310 
267 
125 
190 
224 
242 
239 
232 
198 
190 
183 

335 
272 
284 
251 
338 
292 

308 
293 
323 
332 
246 
330 

360 
290 
276 

EC 

(uS/cm) 

29 
56 
55 
264 
92 
55 
47 
218 
78 
30 
301 
71 
35 
45 
30 
41 
54 

159 
88 
38 
45 
31 
35 
90 
229 
168 
280 
271 
154 
399 
379 
303 
349 

34 
37 
43 
41 
51 
45 

56 
105 
51 
73 
75 
108 

58 
29 
69 

DO 

(mmol/L) 

0 039 
0 070 
0 097 
0 140 
0 140 
0 137 
0 080 
0 085 
0 054 
0 059 
0 083 
0 037 
0 125 
0 062 
0 024 
0 250 

na 

bd 
0 018 
0 031 

bd 
0 004 

bd 
bd 
bd 
bd 
bd 
bd 

0 009 
0 010 
0 018 

bd 
0 010 

0 028 
0 025 
0 019 
0 044 
0 069 
0 018 

0 088 
0 138 
0 119 
0 008 
0 017 
0 079 

na 
0 064 
0 087 

DIC 

{mmol/L) 

0 51 
na 

1 2 7 
3 00 
1 8 9 
na 

0 97 
2 52 
1 70 
0 82 
3 99 
2 13 
0 84 
1 14 
1 59 
1 08 
na 

2 96 
2 54 
2 22 
1 6 8 
1 50 
163 
2 11 
4 30 
3 21 
4 15 
4 70 
3 56 
5 8 4 
5 49 
4 54 
4 62 

1 14 
2 45 
1 46 
1 19 
1 36 
na 

2 01 
2 14 
1 00 
1 30 
1 40 
3 87 

na 
2 70 
1 71 

6 3Q:o2 

(per mil) 

-19 3 
na 

-5 3 
22 5 
-7 4 
na 
5 2 

-23 6 
-16 0 

7 1 
9 4 
18 6 
9 6 
8 8 
12 1 
16 2 
na 

1 8 
-2 1 
4 0 
8 0 
5 1 
8 7 
0 5 
2 9 
1 0 
2 6 
3 8 
-0 5 
3 2 
0 3 

-1 7 
1 7 

•7 1 
4 3 
1 1 
8 0 
14 3 
na 

- 1 6 
9 2 

-8 6 
2 3 
5 3 

-13 4 

na 
5 8 
5 5 

Na 

(ymol/L) 

14 73 
19 33 
15 81 
18 38 
34 77 
22 45 
17 12 
28 73 
20 58 
11 09 
37 07 
14 15 
14 57 
14 17 
19 03 
18 74 
2 1 8 8 

45 52 
26 15 
49 59 
32 77 
45 91 
IS 02 
144 16 
545 07 
495 73 
912 56 
611 70 
478 92 
1241 30 
1109 22 
1329 83 
1121 77 

16 33 
15 87 
18 22 
15 20 
26 65 

rta 

33 59 
34 33 
135 54 
49 79 
70 83 
44 39 

na 
18 66 
18 73 

CI 

(umol/L) 

16 62 
bd 

21 41 
17 75 
3 38 
bd 

34 93 
20 00 
25 07 
20 00 
24 51 
6 20 
57 75 
33 80 
20 55 
47 32 

na 

50 99 
22 82 
33 80 
45 07 
29 58 
22 82 
7 89 

70 99 
47 04 
56 90 
75 77 
76 34 

411 27 
474 37 
716 34 
527 32 

15 77 
17 18 
20 28 
14 93 
43 94 

na 

3127 
20 85 
63 66 
36 62 
124 79 
57 18 

na 
25 07 
26 48 

504
z 

(umol/L) 

0 00 
bd 

0 0Q 
0 00 
0 00 
bd 

0 00 
0 01 
0 00 
0 00 
0 00 
1 2 5 
4 06 
3 96 

41 35 
3 44 
na 

2 29 
2 19 
2 60 
2 40 
4 17 
2 08 
2 81 
5 52 
2 08 
2 29 
8 33 
2 08 
1 77 
2 29 
2 29 
3 02 

3 13 
bd 

1 67 
bd 

6 77 
na 

0 00 
0 2 1 
bd 

1 4 6 
0 21 
7 08 
0 42 

na 
1 9 8 
3 96 

na => not analysed 
• below detection 
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concentrations for Golf from Brauneder (2007). All concentrations are in umol/L 

Yankee 
07-Y-01 
07-Y-02 
07-Y-03 
07-Y-04 
07-Y-05.5 
07-Y-06 
07-Y-07 
07-Y-08 
07-Y-09 
07-Y-10 
0 7 - Y - l l 
07-Y-12 
07-Y-13 
07-Y-14 
07-Y-15 
07-Y-16 
07-Y-17 
Zulu 
07-Z-05 
07-Z-07 
07-Z-09 
0 7 - Z - l l 
07-Z-13 
07-Z-15 
07-Z-17 
07-Z-19 
07-Z-21 
07-Z-23 
07-Z-25 
07-Z-27 
07-Z-29 
07-Z-31 
07-Z-33 
07-Z-35 
Golf 
06G-01 
06G-02 
06G-03 
06G-04 
06G-05 
06G-06 
06G-07 
06G-08 
06G-09 
06G-10 
06G-11 
06G-12 
06G-13 
06G-14 
06G-15 
06G-16 
06G-17 

Distance 
along 
transect (m) 

0 
64 
116 
153 
255 
299 
324 
349 
370 
393 
443 
489 
539 
589 
639 
689 
739 

0 
50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
750 

0 
53 
102 
155 
209 
257 
309 
336 
360 
411 
466 
518 
569 
594 
618 
675 
722 

Location 

limestone 
limestone 
limestone 
limestone 
limestone 
limestone 
limestone 
kimberhte 
kimberhte 
kimberhte 
kimberhte 
kimberhte 
kimberhte 
limestone 
limestone 
limestone 
limestone 

limestone 
limestone 
limestone 
kimberhte 
kimberhte 
kimberhte 
kimberhte 
kimberhte 
limestone 
limestone 
limestone 
limestone 
limestone 
limestone 
limestone 
limestone 

limestone 
limestone 
limestone 
limestone 
limestone 
limestone 
limestone 
kimberhte 
kimberhte 
kimberhte 
kimberhte 
kimberhte 
kimberhte 
limestone 
limestone 
limestone 
limestone 

Fe (total) 

2.78 
7.33 
4.62 
0.45 
5.41 
4.59 
3.06 
7.17 
10.50 
1.99 
72.62 
84.70 
2.13 
2.51 
2.71 
8.03 
25.59 

27.01 
19.91 
9.19 
11.15 
4.68 
2.47 
9.43 
4.21 
4.46 
18.67 
28.84 
15.72 
40.05 
64.30 
49.52 
63.64 

3.41 
3.05 
4.27 
3.14 
3.58 
4.15 
3.80 
3.09 
2.50 
4.18 
3.44 
14.39 
17.54 
4.92 
4.52 
11.94 
5.01 

Fe2+ 

0.56 
nc 
0 
0 
0 
nc 
0.32 
0 
0 
0.38 
36.68 
47.57 
0.01 
0.14 
nc 
nc 
nc 

0.22 
0.05 
nc 
0.02 
0.02 
0.01 
0 
0.01 
0.00 
1.19 
6.15 
nc 
18.36 
46.75 
32.35 
44.41 

0.01 
0.01 
0.01 
0 
0.01 
0.01 
0.01 
0 
0 
0.01 
0.01 
0.04 
0.08 
0 
0 
0.25 
0 

Fe3+ 

2.22 
nc 
4.62 
0.45 
5.41 
nc 
2.74 
7.17 
10.50 
1.61 
35.93 
37.12 
2.13 
2.37 
nc 
nc 
nc 

26.79 
19.86 
nc 
11.12 
4.66 
2.46 
9.42 
4.20 
4.46 
17.48 
22.68 
nc 
21.69 
17.55 
17.17 
19.22 

3.40 
3.04 
4.25 
3.14 
3.57 
4.14 
3.79 
3.09 
2.50 
4.17 
3.43 
14.35 
17.46 
4.91 
4.52 
11.69 
5.00 

nc = not calculated 


