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Abstract

Surface miningn the Athabasca Oil Sandsgionhas disturbedpproximately 89%m? of
boreal forest, all of which will need to be reclaimed to a state that isdqmtbentativeof, andas
productiveof the surrounding boreal forest. However, much remains to be urmtersigarding the
effects of different reclamation practices on restoring fo@stained landscapes. Reclamation
practices, though varied, can involve tomstruction of landforms using overburden materials such
as lean oil sand (LOS, sand containingaanirations < 8% hydrocarbons) with a layer of
appropriate soil mediumplacedon top. While some early studissggesthat there may be negative
effects & LOS on tree growth, forests have been growing on natural shallow bitumen deposits since
the last ie age. The goal of this thesis is to explore whether using dendrochemical methods can
allow us to better understand the relationship between tree roetwagibur and shallow bitumen.
Soil, soil pore water, and tree cores were taken from sites with hsttatlow bitumen deposits and
analyzed for trace metals enriched in bitum&madium nickel, molybdenum, andhenium).
Samples were also collected fraites without bitumen preseBignificantly devated
concentrations of Nivere observed in trees gving on shallow bitumen deposit¢anadium was
also elevated in trees on bituminous sites though not significantWadgbdenum displayed the
opposite tend and decreased in trees on bituminous. Atémseline survey was also conducted on
a reclaimeddndform constructed using LQ& establish a proper reference against which future
research can compaidy thesis establishes that with strong analytimathods and good reference
conditions, dendrochemistry is a feasible methodology for monitoringgrowaith in bituminous
soils with V and Ni acting as potential signal elements. This possibility presents reclamation
practitioners and researchers with afustool to monitor plant growth across both constructed

landforms and natural landscapes along wftbng data against which to compare future values.
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Chapter 1. General Introduction

The Athabasca Oil Sands feq spans 93,000 khacross nortleastern Alberta with 3% of
that area (4,750 kfpaccessible through surfagening operations (Government of Alberta
2017). Currently, an area of approximately 895 kas been disturbed by mining operations,
and this lad will need to be reclaimed to a state of productivity equivalent to that of adjacent
undisturbed land (Govenment of Alberta2014 2017).In practice, this policy means that self
sustaining boreal forests and wetlands must be returned to the lanfidloapag mining
Reclamation practices, though varied, can involve the construction of landforms using
overburden such as lean oil sand (LOBsand containing concentrations of hydrocarbons < 8%
of bulk soil volumeundera layer of appropriateoversoi (Rowland, Prescott, Grayston,
Quideau, & Bradfield, 20Q9isser, 2008).These upland landfornase subsequently
revegetated to promote the establishment of forests typical of the rEgitystudies show that
plant growth, and ultimately reclamation succesaybe negatively impacted by the presence of

LOS in the rooting bne of plantsPreviousstudies show that LOS could:

1. Act as a physical barrier to root growth throubh creation o compactedextural
break inthe constructed soil profil€Jung, Duan, House, & Chang, 20 Rernitsky,
Hu, S, & Barbour, 2016)

2. Alter the moisture regime either throutghxturaldiscontinuitiesor hydrophobicity
(Huang, Barbour, Elshorbagy, Zettl, & Cheng Si, 2011; Huang, Spies, Barbour, Si, &
Zettl, 2013;Jung et al2014;Roy, McGill, Lowen, & Johnson, 2003)

3. Be toxic to plants and inhibit growth, though the mechanisms are poorly understood

(Leskiw, 2005 2006; Visser, 2008, 2011).



Much research hdaseenconducted on the aboxground performance gflants used to
revegetate reclaimed landforrasrosdifferentsoil profiles (Barber, Bockstette, Christensen,
Tallon, & Landhauser, 2015; Macdonald et al., 2015; Pinno, Landh&usser, NiaaKe
Quideau, & Chow, 2012; Rowland et al., 2009pwever, little is known about tree root growth
in the presence of shallow LOS. Understanding how m@tglopin and around LOS can help
inform reclamation practices to better promote root growthch canpromoteforest
establishmen{Plourde, Krause, & Lord, 2009\Vith early researcfocusing orthe potential
negative effects LOS has on plant growth, it is important to note thatwHalB0 cm) bitumen
deposits also occur naturally in this r@gi(Leskiw 2005, 2006). Forests have been growing on
these deposits since the last Ice Age (LeskRR05, 2006) and could potentially provide a

reference ecosystem for research on the efféd&t®8 on forest growth.

There arehowever some key differeces between reclaimé®S landforms and natural
depositof bitumen Lean oil sand used in reclamation can originate from up to B6low the
surface and therefore has not undergoneléygee of weathering that natural shallow deposits
have (Visser2008, 2011) After weatheringheavier petroleum hydrocarbon fractions are left,
which are notelatively stable and notadilybioavailablel Br as si ngt on et al
Dal maci j a, Ronl ev,i2d11) Thaugtbteidd metroledn hpdeocacboni |
concentrations may kemilar between LOS and natural bitumen depodifferences irthe
profile of compounds is ecologically relevagpecifically, soils witha higher concentration of
lighter hydrocarbotfiractions may be more of a concern than soils with otherwise sitoiédr
hydrocarbon concentrations, but aburtdarheavy fractionsln additionto differences in
hydrocarbon profileshe LOS on a reclaimed landfomould present as uniform layeata

given depthNatural depositare typicallymore variable in struare presenting as tar balls,
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blocks, or bands throughout the soil profile (Lesk2@05, 2006). Thisaturalheterogeneity
may creatgockets of hydrocarbefiee soils allowingootsto avoid interacting directly with the
bitumen present in the naturalpasitsshould hydrocarbons hadetrimental effects on growth.
The challenge then rests in determining if tree roots are interacting with shallow bitumen

deposits andnderstandinghe odcome of these interactions on plant growth

My thesis research exples dendrochemistry as a potential method of determining
whethertree roots interact with bituminous soil. Dendrochemical techniques analyse the
chemical composition of tree tissues tomtor local pollution events and ambient
environmental conditions thugh time(Watmough, 199;/AWatmough, 1999. These analyses are
not without their challenges. Diffent elements can behave differently within different species
of plants(Cutter & Guyette, 1993; Watmigh, 199, 199). For instancean element can behave
differently (e.g., concentrate in certain tissues or absorb at different rata® tinee species
compared with anothe€(tter & Guyette1993; Watmoughl997, 1999 Similarly, within the
same spcies of tree, different elements can also disptayrastingoehavours.For example,
Hutchinson, WatmouglSagerandKaragatzide$1998)demonstrate positive correlations
between wood and foliar concentration increases for some metals in sugarAcaple (
saccharumand no correlation for others following the application of an acidifying fertilizer.
These esults suggest that some metals are more mobile within the boles of trees thaanothers

different patterns of translocation may occur.

In my firstdatachapter] explore the feasibility of using dendrochemistry to determine
rooting behaviourn naturally occurringhallow bitumen depositsdemonstrat¢hat trees
growing on soils containing bitumen display elevated concentrations of target elements

compared tdarees rooting in soil without bitumen present. In my seaatdchapter, kconduct a



baselinesurvey of a reclamation landform constructed using LOI®e survey provides
reclamation practitioners with baseline values of hydrocarbon and trace metaltaimarento

monitor therooting behaviouof treesover time



Chapter 2: Trace MetalsasIndicators of Tree Rooting Behaviour in Bituminous Soils

2.1 Introduction

The placement and distribution of roots may reflect resource availdQibiypbell,
Grime, & Mackey, 1991 )ompetition(Bockstette, Pinno, Dyck, & Landh&usser, 201&jtural
or chemicabarriers Jung et al.,, 2004, and emrmak iordge& iy pkkant s
Cabhill, 2009. Sophisticated ®thods to track or locate roasch as the us# tracersor
rhizotronsexist, however, soil cores and excavagoremainsome ofthe most common wayo
sample root¢Jackson et al., 1996; Schenk & Jackson, 2d03ating roots of individual trees
through excavation methods an arduous, timeonsuming, and destructive activ{gohm,
1979) As plants have been showmpass through, leave, or avoid substrates not conducive to
growth (McNickle & Cabhill, 2009), excavations and visual assessmaagnotprovide an
accurateepresentation dhe substratesvith whichrootsareinteractng. Chemical analysis of
abovegroud tree tissugi.e., dendrochemistrynay be a simple areffectivemethod to

determinewhethertree roots are interacting withtarget substrate within the soil profile

Dendrochemistry is a growing branch of science using tree tissues to monitor dhanges

soil and atmospheric chemistry over tiameteescanincorporate trace metals, organic

( Mc |

pollutants, nutrients, and other elements of interest into their tissues at concentrations relative to

those in its environmen{Cutter & Guyette, 1993; Marten, Berger, Kdhler, & Merten, 2015;
Watmough, 199,71999) There arehowever somechallengedo using trees as bioindicators of
someabiotic environmental conditions beyond climdter examplethe selection of tregpecies

can be a major factor in the efficacy of dendrochemical stGuatser & Guyette, 1993

Watmough, 199) physiological differences between species can result in different behaviours

of different metals within individual tree$he physiological sucture of heartwood verstise
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sapwood, xylem chemistry, and specific metal chemgsnaffect the distribution of trace

metals within a tree after absorption through the root system, foliage, qiChdtér & Guyete,

1993; Lepp, 1975; Watmough, 199With processesuch as translocation within the tree
makingprecise chronological recotceping difficult, dendrochemical methoaéght be better

usedto observe coardemporal trendsandas a surveying tool (Dun007 Pulford & Watson
2003;Pdilla & Anderson, 2002Watmough 1997). The successful use of these methods to

survey for mineral deposits (Dun2007) suggestit may be possible to utilize dendrochemistry

to determinavhethera tree interastwith a taget substrate in the soil profildere | use this

approach to determine the potential of trace metals to act as indicators of tree rooting behavior in

soils containing shallow, natural depositddtimen

Northeastern AlbertaCanadasitson one otthe largest bitumen deposits in the world
(~142,000 knt) (Government of Alberta, 201 Zeskiw, 2006), which is mined for its ore.
Within the regionnaturalshallow deposits of bitumen (< 3 m deep) exist within the soil profile
in the form of taballs, bads, and larger blocks (Leskiw, 2006). These deposits are believed to
originate from a combination of glacial erosion and depositional gvealisding a major flood
event from the release of glacial Lake Agassiz into the Clearwater and Athaletscwayg
(Fisher & Smith, 1994; Leskiw, 20060his flood event carved into the geology of the region
exposingand potentially depositingortions ofthe McMurrayformation at the surface. The
bitumen itself originates from Mississippian and Juraage oil d@osits which have been
degraded by microbes into a semisolid mixture of oil, sand, clay, and trace el&ahexts
Huang, & Liu, 2008)The organic fraction of bituminous sand is characteristically enriched in
vanadium (V), nickel (Ni), molybdenum (Mo), and rhenium (R&talho et al., 2017,

Goldschmidt, 1937; Selby & Creaser, 2008)ile all four metals can be mobile in plants, their



relative availability can diffr greatly depending oiites conditiongGreger, 2004; Pendias &

KabataPendias, 2000)

Vanadium shows promise as an indicator of root behaviour in bituminousBod#o
et al.(2017 confirmed early findings that of the four metals, V is the most enriched in bitumen
(242 ppm for V compared to 83.3 ppm, 10.4 ppm, an® P for Ni, Mo, and Re,
respectively). While not an essential element to plant growth, V can be taken up by plants in the
form of vanadate (V@, a compound of V(V)) or more easily as vanadyl &/@ compound of
V(IV)) when pH conditions are neutral tbghtly acidic and in redcing conditiongHuanget
al., 2015; Greger2004; Imtiazet al, 2015; Schlesingest al, 2017; Welch1973). Evidence
suggest that the plants themselves can reduce V(V) to V(IV) during the uptake p{tesslI,
Lepp, & Phipps, 1986Hargesheimer, AppsndMalhotra(1980)demonstrat¢hat aerial
deposition of Vdue tomining operations in theegionwas detectable when sampling the needles
of jack pine Pinus banksiang though it is unclear if V was absorbed into the needles or was
adhered to their surfaces. With aerial depositidéectihg metal concentrations in or on the
needles of treesneasurig internal wood tissue instead may be a viable way to infer if roots are
taking up Vfrom the soil(Dunn, 2001) However, its availability in soils for roofptake can be
quite difficult to predict due to the ability of V form diverse organic and inorganic
compounds, its sensitivity to redox transformations, and the overall complexity of its chemistry
(Huang et al., 2015Further MikkonenandTummavuori (1994)found that V can be
immobilized by organic compounds soils. These findings suggest thdtile V may be

enriched in bitumen, its availability to plants may be limited by the bitumen itself

Nickel also shows promise as smtlicatorof tree rootingNickel is mostly absorbed in its

ionic (Ni?*) form throudy roots of plant¢Cataldo, Garland, & Wildung, 1978; Mishra & Kar,



1974; Nieminen, Ukonmaanaho, Rausch, & Shotyk, 2001thin the soil, its solubilityand
therefore availability to plantss inversely related to soil pPendias & Kabat&endias2000).

It is a critical component to the compound urease in plants, which aids in the hydrolysis of urea
and the incorporation of Brown, Welch, & Cary, 1987; Eskew, Welch, & Cary, 1988hile

Ni is an essential element to plant growth due to its importance in N metabolism, it can also
become toxic to many plants iigh concentrationgBrown et al, 1987 Eskewet al, 1983

Mcllveen & Negusanti, 1994 This may lead plants to actively regulate its uptake and
incorporation into tissues. Thus, it is possible, though not definitive, that Ni could sigtiiadjroo

in bituminous soils.

Molybdenum is angsential micronutrierfor plantsused as component of nitrogesa
and nitrate reductag&reger, 2004; Pendias & Kabd®&ndias, 2000}t is absorbed most often
in its anionic form as molybdat&p04? ) underoxidizing conditiors. Concentrations of Mo in
plants have been shown to be representative of the soluble Mo inhemilsver low soil pH
(< 4.5) can greatlyrestrictits solubility (Pendias & Kabat®endias, 2000; Sigel & Sigel, 2002)
Last of the enriched megRe is a rareeath element occurring in low concentrations (0.196
ppb) in theUpperContinentalCrust(UCC) (Greger, 2004; Pendias & KabaRendias, 2000;
Rudnick & Gao, 2014)Being a relatively rare eteent, Re is not well studied bappears to be
readily available to plant uptake in its anionic form (Rg@nd is moderately mobile once
within the plant bodyGreger, 2004; Palias & KabataPendias, 2000; Shinonaga, Prohl, Mdller,

& Ambe, 1999)

In this study| analyzed trace metal concentrationsai, soil pore water, and treeres
to determine itheycan indicate the rootinigehaviourof trees in bituminous soilsf fine roots

are produced within the bittanand passivelyptaketrace metals upon water transport and



wood growth, metalsnriched in bitumeshould be present imgher concentrations in the

woody tissue of trees growing in bituminous stilan in tres growing in bitumetiree soils To
testthis prediction, bddressethe following research questiorig:Does the presence of
bitumen in the soil profile affecbot distribution?2) Do soils with shallow bitumen deposits
have elevated concentrations\gfNi, Mo, and Re in both total soil and soil pore water
concentrations thadio similar soils without bitumen3) Does the wood dfrees growing above
shallow bitunen deposits contain higher concentrations of V, Ni, Mo, and Re than those growing
above similar soils without bitumetf?a correlation exists between the presence of these trace
metals in soils and within the tree, denthremical analysis could preserieas destructive and
more accurate method of determining whether tree roots interact with sbéllowen deposits
The findings from this studwill help expand our understanding of how trees root and interact
with different soil substrates amday havamplications for the reclamation and remediation of

constructed landforms and contaminated sites.



2.2 Methods

2.2.1 Site Selection

Candidate field sites were located during the summer and fall of 2017 using a
combinationof GIS and field surveys. GIS ddtam the Alberta Vegetation Inventory (AVI)
were used alongside GPS locations from earlier surveys by Leskiw (2005, 2006) to locate
candidate stands of jack pireifus banksiandamb.) where shallow bitumen deposits were
likely to be presen| selectedack pine as the focal species because it is-lmegl, maximizing
the potential for roebitumen interaction through time, maintains solid heartwood, and it is

typically found on sandy soils, facilitating soil and roatngpling.

Surveys of candidatetes were conducted to verify the presence of shallow bitumen
deposits and of jack pines at least 15 cm in diameter at breast height (DBH). Surveys consisted
of a minimum of four test pits (50 cm x 50 cm x 50 cm) dug &b sde to confirm the presence
of shallow bitumen (Fig2.1). From these surveys, | found five sites with shallow bitumen
deposits (B15) north of Fort McMurray, Alberta, and two sites without bitumen-22£200 km
south of Fort McMurray, Alberta (Fi@.2). All sites are considered Mi8loreal Upland ecotypes
within the Boreal Plains ecozone (Agriculture Canada, @0Bbils with bitumen were
classified agkluviated Dystric Brunisols the Mildred soil seriesTurchenek & Lindsay1982).
Soils without biumen were als8runisols but ofan unknown series (Agriculture Canada,
2019) . Average temperatures in dhedredi om dJamgyge
with an annual average of 1 eC. The region av

annually EnvironmentCanada, 2019)
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2.2.2 Field Survey

In 2017, a 10 m x 10 m plot was established at each site. Within the plot, five mature
(DBH > 15 cm) trees were cored at 1.3fheight using a 12 mm increment borer (Suunto,
Vantaa, Finland) for metals analysis and a 4 mm borer @fl&glveden) for aginganalysing
growth patterns, and creslating. Two sets of soil cores were collected a minimum of 5 m apart
within the estimated shared rooting zones of the selected trees. Each set consisted of three
separate cores with soil collectesing a 6.5 cm x 18m slide hammer soil corer (AMS,
American Falls, Idaho, USA) in four 10 cm depth increments to 40 cm total depth (i.e.,
approximate rooting zone). A plastic insert was used when sampling soil for trace metals and
samples were quicklydnsferred to plastioags to minimize contact with the metal soil corer.
Soil collected for hydrocarbon analysis was packed tightly with minimal headspace into glass
jars with Teflonlinedlids andstored in coolers on ice for transport to minimize hydrbon
volatilization. The remaining soil core was collected for soil texture analysis, and root biomass
and DNA identification with depth. A soil pit was dug at a central location within the site to
obtain soil moisture, soil electrical conductivity, arthperature at 10 cnegth intervals along
the soil profile (ProCheck GS3 Soil Moisture Probe, Decagon Devices, Pullman, Washington,
USA). Plant species at each site were also recorded to provide a reference for the molecular

identification of roots (see hmv).

To investigatalissolved (plant available) trace metal concentrations, custom lysimeters
were used to collect soil pore water from two locations near the soil cores within each site in
2018. The lysimeters wemmnstructed using surgical stainles=el (316 ssandwere

approximately 15 cm x 2 cm with the upper 7.5 cm consisting ofra fiiter. Prior to

deployment in the field, each lysimeter and all associated sampling equipment was thoroughly
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cleaned and underwent a bath in doubigilled (2D), tracemetal grade H®s in the Soil,

Water, Air, Manure, Peat (SWAMP) ultidean laborairy at the University of Albertas

described in Du et afmanuscript in pregration). Complete sampling packages containing one
lysimeter, two 0.45m polytetrafluoroethylene (PTFHit ers, two polypropylene syringes, and

two polypropylene 50 mL centtifje tubes were individually packaged within the uifiesan lab.

In the field, each lysimeter was installed by first collecting a soil plug to 30 cm of depth. The
lysimeter was then insed into the hole, a steel casing was installed around it, and 5@® mL
Type | MilliQ water was added and allowed to soak for 30 minutes. A vacuum was then applied
to the lysimeter for 20 minutes before the collected water was extracted and filtereth throug
0.45>m filter to collect the dissolved fraction for analysis. The detailed sampling protocol

modified from Du et al. (manuscript in preparatias)described i\ppendixI.

2.2.3 SoilTexture and Chemistry

The second set of d@amples collected from the field sites were sieved through nested
sieves (4 mim2 mm) to remove root&amples were then homogenized and subsampled using a
spinning riffler(SR- 230, GilsonCompany Inc., Lewis Center, Ohio, USMaricle size analysis
was conducted by the Natural Resources Analytical Library (NRAL) at the University of Alberta
using a Lasebiffraction Particle Size Analyzer (LS 13 320, Beckman Coulter, Brea, USA). |
measuredhe pH of saturated soil pastes of 10 gsofl mixed with 10 rh of certified pH 7
HPLC grade water (Fisher Scientific, Hampton, New Hampshire, USA) using a portable pH
meter (accumet AP110, Fisher Scientific, Hampton, New Hampshire, USA) to account for

abiotic conditions affecting trace metal sgadion
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2.2.4 Identfication and Mass of Roots with Depth

Sieved roots were lyophilized for approximately 72 hours using a benchtop freeze dryer
(Labconco FreeZone 2.5, Kansas City, USA), weighed, and then pulverized using a TissuelLyser
Il (Qiagen Inc, Hiden, Germany) for taw minutes at 30 rotations per second. Total genomic
DNA was then extracted using DNeasy PowerSoil Kits (QIAGEN, Hilden, Germany). To purify
the extracted DNA further, each sample underwent an additional ethanol precipitation step with
the use of 125nM ethylenediaminetetraacetic acid mixed witiM3sodium acetate

(EDTA/NaOAc) as a precipitating agent to remove impurities.

Three norcoding cpDNA regions (thenT-trnL intergenetic spacer, theL intron, and
thetrnL-trnF intergenetic spacer) were thergted using fluorescently labelled forward
primers (A2_FAM; C_VIC; E_NED) established bgberlet, Gielly, PautowandBouvet
(1991) Each region was amplified via polymerase
consisting of: 12.5 gL of EconoTaq PLUS 2X Ma
eL of each ferwaideanatr d0efedle Wather L and | 2 as|
(5-10n g “FDONA. Negative controls were added and included in each step from extraction to
PCR along with positive controls to monitor for contamination and effectiveness of the PCR.
Reaction conditions followed those usbg Metzler La Fleche, and Kar$2019): 94°C for five
minutes, followed by 35 cycles of 94°C for 60 seconds, 60°C for 60 seconds, 72°C for 80

seconds and a final extension of 72°C for 30 minutes.

Samples were then pra@d for fragment length analysis éjuting the product 200x for
both thetrnL intron and thernL-trnF intergenetic spacer, and 100x theT-trnL intergenetic
spacer. Diluted samples were then prepared fo

m xed withDi8 feobr mafmiHie and 0. 15 gL of GeneScan
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(Applied Biosystems, Foster City, USA). Capillary electrophoresis used to resolve the
amplified fragment lengths (ABI 3730 DNA Analyzer, Applied Biosystems, Foster C&8p)U
Fragments were then sized to the nearest base pair using GeneMapper 4.0 software (Applied
Biosystems, Foster City, USA) by noting prominentkseia relative fluorescent units (RFUS).
Resolved fragment lengths were compared to those developed beital. (2019) to identify

roots occurring with depth.

2.2.5 Tree Cores

The 4 mm tree cores were mounted and sanded using sand paper to 0O goit
scanning. Separate growth chronologies were constructed for the bituminous and reference sites
using CDendro(Larsson, 2018)o calculate standardised ring width across all trees. These

chronologies were then compared to assess growthofaiessbetween sites.

2.2.6 Hydrocarbon Analysis

To confirmthe presence of bitumesoil samples (7 sites x ®res x 4 depths = 56
samples) collected for hydrocarbon analysis were sent to Maxxam Analytics (Edmonton,
Canada) for testing of F2, F3, and F4 fiat concentrations using the CCME Tier 1 Reference
Method (CCME, 2001). These fractions represent hydrooarbontaining between 10 and 50
carbon atoms which are less easily weathered andliz#dtthan the FInC6-10) fraction

(CCME, 2001).

2.2.7 Trace Metal Analysis

Tree cores collected with the 12 mm borer were processed using methods similar to those
described irKirchner, Biondi, EdwardandMcConnell(2008) Each core was first separated
into pre and postl967 segments to account for a potential increase in trace metal availability to

tree tissue with the expsion of mining opetionsafter 1967 Mul | an Boudr eau et
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Shotyk et &, 2016) Exterior surfaces contaminated with V from the increment borer of each
tissue segment were trimmed using a KershawGteale Breaking Knife (Model 1280GE,

Tualatin, Oregonpreviouslytested tanot conaminatesamples with trace metaf§ablel.1,
Appendixl). Samples were processed on a polycarbonate cutting board with plastic wrap
changed between each sample, and the board cleaned with a 10% etlidinol lsetween

samples of each site to ez the risk of crossontamination. Tree core samples were dried at
10% @or 36 hours before being analyzed at the SWAMP lab at the University of Alberta. There,
samples were digesteddioubledistilled (2D)HNOzin a highpressure microwav@Jltraclave,

MLS, Leutkirch, Germany) and analyzed on an Inducti@bypled PlasmMass Spectrometer

(iICAP Qc ICRMS, Thermo Fisher Scientific, Waltham, Massachusetts, USA)

Soils samples (both cores and lysimeter plugs) were homogenized, randomlyatisam
using a scoopula, and dried at #0&or 36 hours. Dried samples were thenugrd in a boron
carbide mortar to pulverize the soil prior to digestion in nitric acid and analysis in tid3$CP
following the same methods for the tree core samples. Thiamamd pestle were cleaned with
Milli -Q water and 10% ethanol solution betweerthesample to reduce the risk of cross
contaminationUltraclave digestions and ICHS analyses were conductadcording tdJS
EPA Method 3051A for soil and wood sanplandUS EPA Method 200.8 for pore water

samples (Campisano et al., 2007).

Procedural ldnks were run with each batch in the {8 (n = 3 per digestion batch).
Standard Reference Materials with certified trace metals concentrations (NISTi b4z
Elementdn Natural Water, NIST 1547 Peach Leaves, and NIST 27ilMontana Soil) were
usal to assess analytical performance (n = 3 per digestion, batdveries averaged between

85-115%). Limits of detectiorand lysimeter blank valuese documenteh Appendixl.
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2.3 Statistical Analysis

All statistical analysis was conducted in R (R Core Team, 2019) using the tidyverse
packages tidyr, dplyr, ggplot2, and car (Wickam, 2019) along with the NADA package for

censored datanalyses (Lee, 2019).

2.3.1 Rooting Distribution

| compared the vertical root diditition between sites using the Aorear model Y = 1
bwhere Y represents the cumulative root fraction observedtodepthd b i s t he est i
parameter (Gal& Gr i gal , 1987). High values of b repres:c
distributed throghout depths, and lower values represent profiles where roots are concentrated
closertot he surf ace. | luels lbetween sitentgpe usingla Welcleseobpley a
test. To determine the relationship between root mass and hydrocarbon canosnirat

conducted a partial correlation test with depth as a controlling factor.

2.3.2 Trace Metal§ Soil

To compare totainetal concentrations across sitasncentrations of V, Ni, Mo, and Re
were first standardised tiiromium (Cr), a conservativahiophile element associated with
mineral matter in soilsandwhich did not differ significantly between site type, by divglgach
by Cr. Standardisation to a lithophile elemevds done t@ccount for intessite variation in total
mineralconcentrationsThese ratios were subsequently divided by the average ratio of each
metal to Cr in th&JCC using values from RudnickndGao(2014)(UCC ratios are 1.054, 0.511,
0.012, and 2.156 for V, Ni, Mo, and Re respectively) to obtain their enrichment factdfs=(E
[MJ/[Cr] sail) / ( [M)/[Cr]ucc), where M represents the metal of inter@sthe study soils. These
EFs were comparegtross sites using a em@ay ANOVA. Raw metal concentrations were also

compared to total hydrocarbon concentrations (the sum-dfF¥ r act i ons) usi ng K
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correlations for nomormal data to determine the strength of the relationship between the

presence of bitumen and the concentrations of V, Ni, Mo, and Re in soil.

2.3.3 Trace Metal$ Pore Water

Since the dissolved fraoh of metals (€0.45>m filtered) was measured, these data were
not standardised to another element to compare concentratiass sites. Differences in raw
concentrations between the bituminous and reference sites were determined ugiag one
ANOVA. Vanadium concentrationsere log transformed for improved normality. Relative
availability of trace metals for plant uptakel(gdade fraction) compared to their total
concentrations in soil were calculated using the equation log( ( [MJ4&)]/ ([M]/[Cr]seil) ) as

presened inShotyk, Krachler, &schbactHertig, Hillier,andZheng(2010.

2.3.4 Trace Metal$ Wood

Two-way ANOVAs testing maimand interactive effects of site and wood tissue age were
conducted with a variety of transformations and data manipulations (log and rank
transformationssaw [M], [M]/[Cr], substitution of LOD/sqrt(2), listvise deletion of <LOD
values) failed to displagn interaction effect between wood age and soil type. Therefore; a one
way ANOVA was used to compare raw concentrations pahll Wilcoxon RardSum Tests
were used for V and Mo (due to values below the limit of detection (LOD) present in the data) to
compare values between sites. To complete the-samk tests, the LOD was substituted for the
censored values for V and Mo. Rhenium was not detected in ard/samaple and is therefore

excluded from this portion of the analysis.
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2.4 Results

2.4.1 Site Charateristics

Soil texture analysis confirmed the sandy nature of the study sites with the bituminous
( 6 Biteg along withreference siteR1 classified aaloamy sand (80% sand and < 10% clay)
andthe second reference siRR?2 asasandy loam (60% sand &r: 20% clay) (Tabldl. 1,
Appendix I1). The bituminous sites were significantly more acidic than the referencevihies

an average pH of 4.6 (+0.47) compared to 5.4 (+0.F8)),64)= 44, p = 1.628).

All sites were mature, jack pindominated forest stands with moss (B1, B4, B5, R1, and
R2) or lichen (B2, B3) dominated forest floor cover. Understory vegetatiomaaities were
comprised predominantly of the shrub spedascinium oxycocco¥accinium myrtilloids,
Arctostaphylos uvarrsi, Cornus canadensigind to a lesser extelnnnea borealis
Rhododendron groenlandicyendAmelanchier alnifoligd Appendixll). The cored trees at the
bituminous sites averaged 26 cm in diameter at breast height (DBH) and 69 years of age and 25
cm in DBH and 81 years of agéthe reference sit¢$able 111.1, Appendix IIl). Analysis of the
stardardized ring widths showed a significant correlation (CorrC = 0.47, TT = 4.7) in tree
growth rates and responses to climate between the bituminous and referenbeisiteshe
correlation in growth rates, the rate otaige of nutrients and trace mest#d also assumed to be

similar fortrees across thetudysites

2.4.2 BitumenPresence irtoils

To testmy mainprediction I first confirmed the presence/absence of shallow bitumen
deposits. Across the bituminous siteach fraction of hydrocarbons2#4) was detected and
increased in concentration with depth (FA@, Table2.1). The F2 fraction occurred in low

concentrations increasing with depth from a mead(af5) mg kg! (maximum of 15 mg kd) at
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the soil suface to 23 (14) mg kg' (maximum of 43 mg k¢) at 40 cm of depth. The F3 fraction
likewise increased with depth from a mean of 2783%) mg kg' (maximum of 1200 mg k§

at the surface and a mean of 2480290) mg kg (maximum of 4400 mg k§ at40 cm of

depth. The F4raction, which had the highest concentrations overall, increased from a mean of
358 (£558) (maximum of 1500 mg K{ to 2744 (+1245) mg kg (maximum of 4900 mg K§.

Note that both F3 and F4 fractions frequently exceeded CCNiIelqmes for hydrocarhts in
parklands with coarstextured soils (300 and 2800 mgkfpr F3 and F4, respectively) (CCME,
2008). The F3 fraction exceeded guidelines at all depths, and the F4 fraction at depths > 10 cm.

No hydrocarbons were detected ay depths in soils of #areference sites.

2.4.3 RootDistribution withSoil Depth

Across the sites, roots were present to 40 cm depth and total root mass per core did not
differ significantlybetween bituminous and reference sites (0.6421 (+ 1.22) g \®BG8&5
(x0.45) g; t (3.86) =-1.24, p = 0.22) (FigR.4). However, at 10 cm depth root mass was four
times higher in the bituminous than the reference sites (BaB)leThis pattern was also
demonstrated itheanalysis of cumulative root fraction wittepth; reference sitégmd a
significantly more even vertical root distribution with depth than bituminous &ite® (95
versusb ©@88;1t(10.3) = 2.35, p = 0.04) (F®5). When controlled for depth, root biomass
was notsignificantly correlatd with the concentration dfydrocarbons in the solP(e ar son 6 s

(55) =-0.077, p = 0.58).

Molecular identification ofoots returned a total of 29 unique species across all sites with
24 speciesletectedht the bituminous sites and 15 species at the reference sites. Of the 89 speci
observed across all sites, 25 occurred in the top 10 cm, 17 inith@ ¢® depth, 17 ithe 2630

cm depth, and 5 at 40 cm depth (Fig. 4). The reference sites had on average 6.25 unigue species
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rooting near the surface, and bituminous sites had oageér.44 species (Fig.6).

Importantly, | was able to identify jack pine roots growinglatiepths in four of seven sites and

to a minimum of 30 cm depth in all sites (F&£). This latter result confirms that roots of jack

pine grow at depths where bitumen deposits are present and can potentially be growing through

bitumen. The occurrena# all species throughout the solil profiles is presentebipendixIl.

2.4.4Trace Metalg Soil
Sites in the study were poor in nearly all metals samfladlé 14, Appendixl).

Specifcally, only two metals on the reference sites (Ag and Ga) and four metals (Ag, Ga, Mo,
and Re) on the bituminous sites were above average values of thERU@@ck & Gao, 2014)

and 15 metals were found at concentrations over 6x lower than UCC values. All four target
metals, V, Ni, Mo, and Re, were significantly more enriched in soilseobitumirous sites
compared to the reference sites PM1,68) = 26.38, p = 2.5%eNi: F (1,68) = 13.67, p =

0.00044; MoF (1,68) = 151.8, p = <2¥; Re:F (1,68) = 9.5, p = 0.0029). Both V and Ni were
about three times more enriched in the bitum#sites, ad Mo by a factor of 11.5 (Fi@.7).
Rhenium was only detected in 29 of 70 total soil samples when including the lysimeter soil
plugs, 25 from bituminous sites and 4 from reference sites. In these samples, Re was found to

have an average enriclemt factorof 309 on bituminous sites and 7.6 on the reference sites.

All four metals of interest correlated well to the concentration of hydrocarbons in the soil
(Fig.28) . Kendall 6s U correlation coeffiODlent s
for both).Interestingly, Li, Th, and Y were also correlated with total hydrocarbon concentrations
(ru=0.478, 0.343, and 0.306, respectively). The remaining 18 srteddl neutral to strong

negative correlations with the concentrationsydrocarbons in soil.
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2.4.5 Trace Metald Soil Pore Water

Raw concentrations, i.e., thoset standardized to concentrations of a lithophile element
in the UCC, of the dissolved frtaon (< 0.45>m) of target metals increased in soil pore water in
the btuminous sites when compared with the reference sites2B)gthough only V and Re did
so significantly F (1,12) = 24.2, p = 0.00035 akd(1,12) = 10.4, p = 0.0073, respectively).
However, dl42 metals analyzed had higher concentrations in thepgral water on the
bituminous sites compared with those of the reference sites. Soil pH was significantly lower in
the bituminous sites (4.6 (£0.47)) than in reference sites (5.4 (x0R2@))54)= 44, p = 1.62e
8). This acidity may increase the waterumlity for manyof the metals in soils of the
bituminous sites, and may be a driver of the higher observed concent(efamsough, 2008)
When pH was included as a covagig/ and Re were no longer significantly elevatedl(11)
= 4.4, p = 0.059 for each) in soils of the bituminous sites. Interestingly there is a weak, though
significant, negative correlatioPéa s om3¥)s=-0.38, p = 0.017) between soil pH and total
hydrocarbon concentration. This relationship raises the possibility that the increased acidity and

increased metal solubility may be related to the concentration of bitumen in the soil.

The relaive availability (ie., solubility) for plant uptake from the total soil
concentrations showed a higher metal solubility in the reference sites for Ni, Mo, and Re and a
higher solubility for V in the bituminous sites (F&10). This difference was onlstatistically
significart for Mo (F(12) = 28.48, p = 0.0001&nd Re(F(12) = 19.55, p = 0.00083)
2.4.6 Trace Metals Wood

Concentrations of Ni and V were both higher in trees growing on the bituminoys sites
though only Ni was significantly so (N¥(68) = 4.31, p = 0.042; M\ = 437.5, p = 0.39) (Fig.

2.11). Additionally, both Ni and V showed significantly higher concentrations in the newer wood
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compared to the older (NF(68) = 15.7, p = 0.00018; V: W = 264, p = 1.0%eVlolybdenum

was reversed; ivas present in signifantly lower concentrations in trees growing on the
bituminous sites (W = 672, p = 0.018) and higher concentrations in the older wood versus the
new (W = 695.5, p = 0.30). Both V and Mo were difficult to detect in wood samplesedédttn

were 51% and 48%ensored (<LOD)respectively.
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2.5 Discussion

Concentrations of nickel (Ni) and vanadium (V) were higher in trees growing in
bituminous soilswhile concentrations of molybdenum (Mo) were lower. Soils containing
shallow bitumen dposits were significalytenriched in all four of the target trace metals and
this pattern translated into the soil pore water concentrations. With the DNA analysis of collected
root samples confirming the presence of jack pine roots at depths witredleaadilable trace
metd concentrationgt is likely theincrease in Ni and V within the woody tissue can be

attributed to the presence of bitumen.

The enrichment of V, Ni, Mo, and Re in bulk soil samples containing bitusnen
consistent withthe findings of Bicalho et al. (2017) regarding their association with bitumen.
However, the soil pore water concentrations are melexantin addressing the differences in
metal concentrations iood across sites as they represent what is availaplaribupake
(Sauvé, Hendershot, & Allen, 2000; Watmough, 2088)l pH has been shown to significantly
affed the avdability of trace metals in the soil and their resulting concentrations in trees
(Watmough, 2008; Pendias & Kab&andias, 2000). The increased aciditthatbituminous
sites is likely playing a significant role in the increased availabilitpyafy elenents in the soill
pore water. However, the fact that Mo, which should decrease in solubility at a lower pH (Sigel
& Sigel, 2002), was also elevated at these more acidic sites suggests that the input from the
bitumen is still a major player. Withé elevatd concentrations of Mo in the soil pore water at
the bituminous sites, the significant decrease in the wood tissue concentrations was unexpected.
Previous research has observed a similarity in V and Mo behaviours in ptaohiscould be
that he decreasin the soil pH and the significant increase in V availability has created

competition between these two metals favouring V (Pendias & K&matdias, 2000; Welch,
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1973). Another possibility is that, as a component of tlecNrporationprocessthe effet on
Mo concentrations within the tree may be restricted to their,ratish were not sampled in this

study (Pendias & Kabat@endias, 2000; Sigel & Sigel, 2002).

The difference in trace metal concentrations between tree ring age classedioy
an acidificationeventof forests soils in the regiaturing from 19802000 when S@and NQ
emissions were at their high€dting, Chang, Ok, & Arshad, 2013; Vitousek et al., 199§
decrease in Mo along with the increase in both Ni and V in the more recent tree rings may be an
indicator of increased acidic conditions in the forest soils reguhitheirrespective decreased
or increased mobility in soil. These trends, along with the trends displayed by Rb and Sr, agree
with the findings in Watmough (2008). The increase in atmospheric deposition in the region due
to increased mining operationsutd provide another possible explanation for the differences in
metal concentrations between wood age clagsagesheimer et al., 1980; Kelly et al., 2010;
Shotyk et al., 2016 However, | do not think this is likely. As Shotyk et al. (2016) demonstrate,
deposition in the region occurs in the form of large particulate matter and incorporation of aerial
demsition through leaf stomata is not thought to be a major pathway of intake (Cutter &
Guyette, 1993; Lepp, 1975; Watmough, 1997). pber mobility ofdust into the woody tissue
is well illustrated inShcherbenko, Koptsik, Groenenberg, LukiaagLivantsova,(2008) In this
study theconcentrations of trace metals analyzed on needles and twigs increased significantly
with increased proximity to industriiowever this trend failed to materialize in the internal tree
wood tissueln addition, my data for trace elements in thye 10 cmof the soil profile show no
consistent trend of accumulation among elements associated with industrial activity in the region
(eg., Ag, Cd, Sh, Tl, Al, or PbjTable 14, Appendix ). It is important to not¢hat while my

study illustrated a relative enrichment of certain trace elements on sites containing natural
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bitumen deposits and near mining operations, their concentrations were still quite low when
compared to other values in thterature.For examplethe highest recorded concentration in
wood for Ni in this study was 258y kg?, nearly two and a half times lower than a mean wood
concentration of 653g kg* acrosscontrol sites irsevenstudies of various coniferous species
usng comparable methods my own(Chun & Hutyi, 1992; Kirchner et al., 2008; Odabasi et
al., 2016; Panyushkina et al., 2016; Schmidt, Leybourne, & Kyser, 2017; Shcherbenko et al.,

2008; Watmough & Hutchinson, 1999)

While thedifferences in rootinglistribution between the reference and bituminous sites
were marginally significant, it would be tenuous to attribute these differences to the presence of
bitumen, given the low number of reference sites. The deeper mean rodhegefierence sites
appars to be driven largely by site R2 with R1 being quite similar to the bituminous sites.
Il nterestingly, when considering the textur al
rooting patterns to be reversed. Being sandier (88ftlof R1 versusthe®% sand of R2) ,
expect the rooting distributions of the bituminous sites and R& deeper (Jackson et al. 1996;
Schenk& Jackson, 2002; Stror§ Roi, 1983). This slight reversal of expected trends could
potentially be a reduof the hydrophobic mperties of hydrocarbons slowing drainage during
certain periods of the year and concentrating roots near the surface (Jung et al. 2014, Roy et al.,
2003). The higher degree of shrub cover atd&®8%een in the site photographs ppAndixlll,

may provideanother explanation for the larger amount of deeply occurring roots.

By investigating multiple lines of evidendewvas able to show the enrichment of two
target trace metals in trees growing on similarly enriched soils. Theanas helps support the
use of dendrochemistry to investigate and monitor tree rooting behaviour in locations where a

known anomaly in the soil profile is present. It also further stresses the importance of site

25



conditions such as soil plih understanding and predicting metahleiour as it relates to the

uptake and translocation by individual species of plants.

The potential for Ni and V to act as indicators for rooting behaviour in natural bituminous
soils hes implications for reclamain efforts in theoil sands regioriWhile only Ni displayed a
statistically significant increase in concentration in the tree wood, V may be a more appropriate
indicator for rooting in bitumen. Comparing the Ni/V ratios in the tree w@adL)versus the
soil (0.24:1)suggest that the tree istiwely accumulating Ni while its uptake of V is more
passive, which is a preferred attribute for a metal in dendrocherf@itier & Guyette, 1993;
Watmough, 1997)Future research expanding our ursti@nding of how these metals are taken
up and translocated through reclamation species such as jack pine, white Bpreaaylauca,
and trembling asperPbpulus tremuloidgscould enable reclamation practitioners to monitor

tree root growth on landforntonstructed with lean oil sand (LOS) olverden.

While the results of this study relate to bitumiey support applications of
dendrochemical methodsitside the oil sands regioWith the selection of an appropriate
temporal or spatialeferencde.g, predisturbance conditions at a loaatior a nearby site with
similar chemical propertiesjlendrochemistryauld be used to monitor rooting behaviour in
other reclamation, remediation, or natural scenafiosexample, as roots grow soils with
distinct chemical signaturgisee woodcould be analyzed for target metatsinfer rooting depth
The extent of tree rostould help monitor the size gpill and contaminatioevents and help
remediatiorefforts in naturalandurban settingsTree wood chemistry could also help
understand longerm environmental trends in a given andéath careful consideration of target
chemical signals and local environmental conditions, dendrochemistry could provide researchers

with a useful tool in determinghwhere and how roots grow.

26



Figures

%

Figure2.1 Presence of bitumen within the rooting zone. Bitumen was characterized by banding, or the presence o
clumps, along with hydrocarbon odo(®7° 9'57.18"N, 111°32'28.29"W, Alberta, Canada)

27



Figure2.2 Location of field sites with theeference sitegisible in blue on the left near Janvj&klberta CanadaCloseupon
the right shows thbituminous sitesn rednear the Hammerstone Quarry north of Fort MacKay, Alberta

28






















































































































































































































































