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ABSTRACT 

 The research conducted in this thesis assesses the feasibility of using X-ray fluorescence 

(XRF) spectroscopy to determine concentrations (i.e., ppm and ppb) of heavy metals in tree core 

samples. The samples used to determine this feasibility came from the arsenic (As)-laden region 

of Yellowknife, NT, which has had past gold mining activity for several decades. With an area of 

known As contamination, it was hoped that the element could be used as a tracer to determine if 

XRF counts could in fact be compared directly to concentrations obtained from inductively 

coupled plasma-mass spectrometry (ICP-MS). There were eight sample locations within the 

study site, and they all bordered different cardinal directions of the perimeter of the Giant Mine. 

At each site multiple tree cores and soil samples were taken, as well as heights and diameters of 

the sampled trees. 

 The first manuscript is focussed on determining the best parameters for XRF 

spectroscopy tree core scans. Determining a methodology of conducting synchrotron 

dendrochemistry is important because there is little-to-no research on the best parameters to use 

to obtain meaningful, repeatable results. Using the IDEAS beamline at the CLS synchrotron 

allowed us to test XRF scanning parameters on tree cores using different preparation methods, 

dwell times, and core orientations with respect to incoming incident light. We were able to 

determine the most accurate and time-efficient way to scan tree cores using XRF without 

sampling and preparation methods leaving contamination on the core that could be picked up by 

the hypersensitive detector on the beamline. We determined that a perpendicular orientation, 

with a dwell time of 2 s and a jog distance of 0.25 mm resulted in the best line scans that used 

cores that were sanded flat by iterations of subsequent sandpaper grits. 
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 The second manuscript is focussed on creating a relationship between the results obtained 

from two heavy metal analysis methodologies used in dendrochemistry; XRF and ICP-MS. 

Using a synchrotron, we obtained results of what elements were present in the wood by 

measuring photons emitted by the individual elements when excited by incident X-rays. Using 

ICP-MS we sampled the same tree from the same location in time to obtain precise 

concentrations of heavy metals from different portions of the same tree core. Although 

hypothesized that a relationship between the two methodologies could be found, no correlation 

was found; instead, two-dimensional maps of the tree cores suggested a reason why the 

hypothesis was not confirmed. Two-dimensional maps indicated that elements within trees likely 

vary in all three dimensions in a much more random fashion than was originally expected. This 

variation has implications for not only specific questions in dendrochemistry like radial 

translocation but necessarily alters the way all past and future synchrotron dendrochronological 

studies should be viewed. 
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1.0 INTRODUCTION 

1.1 Ecological Overview of the Yellowknife Region 

1.1.1 The Boreal Forest 

The city of Yellowknife and surrounding communities are located within the boreal 

forest, which is a region that spreads across the northern latitudes of the globe and constitutes 

29% of the Earth’s forests (Kuusela, 1992; Lanken, 1996). There are three distinct areas of the 

boreal forest in Canada known as maritime, continental and high continental; all three are known 

for their softwood timber resources and are a suitable habitat for wide range of plants and 

animals, as well, typically in small populations, some human communities (Kuusela, 1992; 

Lanken, 1996). Two of the major tree species found across much of Canada’s boreal forest are 

white spruce (Picea glauca) and trembling aspen (Populus tremuloides). P. tremuloides is a 

pioneer species which is known to populate an ecosystem and activate the nutrient cycle for 

climax species, e.g., P. glauca (Kuusela, 1992). Climax species are those that slowly overtake an 

area populated by a pioneer species (i.e., first species to establish an area after) and change the 

micro-environment to be unfavourable for other species so that resource competition is reduced 

(Kuusela, 1992). Due to the long, cold winters and short, warm summers, the environment in the 

continental boreal forest is favourable to housing these two staple boreal forest species (Kuusela, 

1992). 

1.1.2 Soils in the Yellowknife Region 

Three soil orders dominate Canadian forests; Brunisolic, Podzolic and Luvisolic soils 

(Soilsofcanada.ca, 2018a). The city of Yellowknife is located on bedrock with Brunisolic soils, 

which differs from Podzolic and Luvisolic soils by lacking a well-developed B horizon. Podzols 

typically have a defined Bh or Bf layer and a Luvisol will have a distinct Bt horizon. Brunisols 
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are younger soils that are not yet developed into one of the others but can remain in its own soil 

order for over 1,000 years. The parent material of Brunisols are derived from base-rich 

sediments, or igneous rock and are, respectively, a good habitat for a mixed-wood stand or a 

coniferous stand. Therefore, Brunisolic soils are a good habitat for P. glauca and P. tremuloides 

stands to dominate in the Yellowknife region (Soilsofcanada.ca, 2018b). 

1.1.3 White Spruce and Trembling Aspen 

P. glauca is a coniferous tree species with a conical shaped crown. The rough and scaly 

bark can range in colour from brown to silver. The four-sided needle-like leaves are sharp-

pointed and stiff. This species of tree likes well-drained soils that have a sandy texture and a 

slightly acidic pH and when environments are favourable for growth, P. glauca can grow up to 

45 metres tall. With a lifespan of over 250 years, they are good reporters of environmental trends 

and contamination (Hoise, 1990). 

P. tremuloides is a deciduous tree species with a cylindrical trunk and a rounded crown. 

They are a slender species with smooth bark that can be found in a range of colours from grey-

green to beige, usually with black patches. The broad leaves of P. tremuloides are alternate and 

simple with an oval shape and sharp point. P. tremuloides is a dominant deciduous tree species in 

boreal mixed-wood stands and when environments are favourable for this species they will grow 

up to 30 metres tall and the stands will be long-lived to over 100 years. The stand is considered a 

single organism that produces shoots of individual trees and the vast root system makes it easy 

for this species to colonize an area (Hoise, 1990). 
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1.2 Gold Mining Impacts 

1.2.1 Gold Ore Roasting and As-rich Emissions 

Gold mining in the Yellowknife region has created adverse effects to the surrounding 

environment, including the remobilization of As (arsenic), and other heavy metals, from 

subsurface soils to near-surface soils and vegetation, causing an increased exposure of the toxin 

to sensitive biota (Bromstad et al., 2017). Arsenic is a heavy metal that can be naturally found in 

the environment at very low levels from weathered parent material (Foster and Kim, 2014). 

Controversially, As is currently being found in very-high levels due to activities associated with 

gold mining at the Giant Mine (e.g., roasting the ore to remove the mineral) (Bromstad et al., 

2017; Majzlan et al., 2014; Wrye, 2008). Giant Mine is located less than a km outside of 

Yellowknife, a city of almost 19,000 inhabitants, and the gold being mined was typically found 

in the crystal structure of arsenopyrite (FeAsS ) and, in lesser amounts, arsenian pyrite (As-rich 

FeS2 [pyrite]) (Bromstad et al., 2017; Statistics Canada, 2016; Walker et al., 2005; Wang and 

Mulligan, 2006; Wrye, 2008). This structure of gold needs to be roasted in order to remove the 

Au mineral from the ore, but this produces sulfur dioxide (SO2) gas and other As vapors (e.g., 

arsenic trioxide [As2O3]) that led to the deposition of poisonous dust on the surrounding 

environment (Bromstad et al., 2017). 

Production at Giant Mine began in 1949, at a time when ore roaster emissions were not 

controlled (Bromstad et al., 2017). In 1951, concerns about worker health and children dying 

from poisoning led to the development of emission control mechanisms (Bromstad et al., 2017; 

Hutchinson et al., 1982). The first was an electrostatic precipitator, installed in 1952 to help 

remove As2O3 from emissions (Walker et al., 2015). Later, in 1958, a fabric filter (i.e., baghouse) 

was implemented, which reduced As-rich emissions by 85%; the majority of As emissions were 
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seen before 1958, proving the effectiveness of the baghouse (Bromstad et al., 2017; Wrye, 2008). 

Bromstad et al. (2017) found that these mitigation measures had significantly reduced As 

contamination of soils, with most such contamination having occurred before 1964. However, 

despite these mitigation measures, large deposits of As2O3-rich dust were still accumulating, and 

being stored underground until Giant Mine stopped operating in 1999 (Bromstad et al., 2017; 

Jamieson, 2014; Wrye, 2008). 

1.2.2 Species of As Found from Gold Mining 

In a study by Bromstad et al. (2017), it was discovered that the main species of As in the 

environment were arsenite (As(III)) and arsenate (As(V)), with As(III) being more soluble and 

therefore, more toxic (Clifford and Ghurye, 2001). These are both inorganic forms of As that 

Hinwood (1999) states are linked to internal and skin cancers and are more dangerous than 

arsenic in its organic forms. As stated earlier, children have died from As poisoning, as they are 

more likely to be exposed to As due to their behaviours, e.g., playing in soils and potentially 

ingesting it (Hinwood et al., 2004). 

The Canadian Soil Quality Guidelines for As in soil is 12 mg/kg, or parts per million 

(ppm), (340 ppm in industrial sites) (Maitland et al., 2017). In the Yellowknife region, levels up 

to 30 ppm are being found in areas where there is unmineralized (i.e., organic minerals) bedrock, 

while mineralized (i.e., converted to inorganic minerals) bedrock features up to 300 ppm 

(Bromstad et al., 2017; Maitland et al., 2017). Therefore, humans that take part in activities that 

involve As-contaminated soils are at a higher chance of ingesting the soil and falling ill from 

poisoning. 
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1.2.3 Dendrochronology and the Subfield of Dendrochemistry 

The word dendrochronology derives from the two root words, dendro and chronology. 

Dendro means tree and chronology means the study of time. Dendrochronology is thus the study 

of trees through time (Speer, 2010). Dendrochronology is considered one of the most reliable 

tools in observing environmental records and trends and can be used to associate changes to the 

environment (Speer, 2010). Past research has studied that yearly environmental trends and 

changes will have positive or negative influences on the growth of tree rings in a growth year; 

larger rings typically mean better environmental conditions, with smaller rings generally 

indicative of poorer environmental conditions (Bradley, 1999; Douglass, 1909; Speer, 2010). 

Trees obtain water and nutrients from the soil and through the atmosphere, meaning they 

can be used as indicators of environmental contamination and pollution through time, using 

dendrochemistry (Speer, 2010). Chemicals residing in soil water, or in atmospheric emissions or 

deposition, are susceptible to uptake and storage within the wood of a tree (Speer, 2010). 

Digestion methods and mass spectrometry are common in dendrochemistry and are useful in 

analyzing elemental concentrations of different sections of the tree, unfortunately these methods 

are timely and cost-inefficient (Saint-Laurent et al., 2009; Smith et al., 2014). Contamination 

within tree rings can be used to estimate when these elements were available to the tree during 

their uptake processes (Cheng et al., 2007; Speer, 2010). Dendrochemistry was once considered 

a controversial methodology to determine contamination in tree rings due to the number of failed 

attempts to get replicable results of contamination correlating to tree rings; however, newer 

methods have since been developed that have resulted in numerous successful studies, giving 

dendrochemistry greater legitimacy (Cheng et al., 2007; Vroblesky et al., 1992). 
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According to Speer (2010), heavy metals are the main focus in dendrochemistry due to 

their persistent nature in soils and water, and eventually trees. Although trees will hold and store 

heavy metals, sometimes they are not always found in specific annually-dated rings due to radial 

translocation, which is when elements or contaminants move across ring boundaries (Hall, 1987; 

Speer, 2010; Vroblesky et al., 1992). Vroblesky et al. (1992) suggests that trees will undergo 

radial translocation so that they are not inhibited physiologically. The tree will put harmful 

elements into the heartwood (dormant wood for structure) so that the sapwood (actively growing 

wood) has significantly better physiological growing conditions (Speer, 2010; Vroblesky et al., 

1992). A different study explored 90 elements and their ability to translocate radially and found 

that not all elements will do this (Hall, 1987). It is important to determine whether the element(s) 

of concern for each study can translocate before conducting experiments. This is because of the 

variability in different elements to undergo radial translocation, which is unknown for As. 

Rather, it is possible that tree-ring suppression can be influenced by the presence of elemental 

toxicity in the bark, sapwood and heartwood and, if unaware of radial translocation, elements 

may be present or absent in rings that are not expected (Speer, 2010). 

1.3 The Canadian Light Source and IDEAS Beamline 

1.3.1 The Canadian Light Source  

The Canadian Light Source (CLS) synchrotron is an advanced scientific facility located 

at the University of Saskatchewan and the only one of its kind in Canada. The CLS synchrotron 

can determine the chemical, geological, biological, and structural properties of a sample at the 

molecular level (Lightsource.ca, 2018a). Samples are scanned using light created from electrons 

being accelerated around a ring at very near the speed of light (Lightsource.ca, 2018b, 2018a; 

Sove et al., 2017). These relativistic accelerating charged particles create synchrotron light that is 
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sent down a number of beamlines, where samples are placed in experimental end stations and 

studied using infrared, ultraviolet or X-ray light (Lightsource.ca, 2018a). 

1.3.2 IDEAS Beamline 

The CLS synchrotron is made up of numerous beamlines that each have their own end 

stations. Depending on the beamline optics and insertion devices of the end station, each 

beamline has the capability of observing certain ranges of the electromagnetic spectrum (e.g., 

infrared, soft X-rays, hard X-rays) and, therefore, are able to scan different ranges of elements 

using their synchrotron light (Lightsource.ca, 2018a; Marleau, 2016). IDEAS is the acronym for 

the Industry Development Education Applications Students beamline, and it was the beamline 

used for this study. IDEAS has the capability to quickly scan multiple samples using X-ray 

fluorescence (XRF) to determine what, and where, elements are present in samples without 

destroying the samples; however, XRF does not determine the absolute concentrations of the 

elements of interest, it detects the presence/absence of different elements and the relative 

concentrations (Marleau, 2016; Sove et al., 2017). According to Marleau (2016), IDEAS can 

scan 18 elements using XRF, but most important to this study are the heavy metals between 

phosphorus (P) and bromine (Br) as these are elements found in both XRF and Inductively 

coupled plasma-mass spectrometry (ICP-MS). 

1.3.3 Previous Synchrotron Dendrochemistry Studies 

With only about 60 synchrotrons around the world, synchrotron dendrochemistry is a 

relatively new area of study, and so it has a limited literature base. Although novel, there are 

some precursors to this study that have helped develop some of the processes we use to this day. 
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1.3.3.1 One-dimensional synchrotron sampling 

Most XRF dendrochemistry studies that have scanned trees use some form of one-

dimensional scanning. These studies either focus on a single spot to fluoresce chemicals on the 

surface of a particular wood sample, or slowly jog across the surface creating a line scan made 

up of a number of spots lined up one after another (c.f., Berglund et al., 1999; Kletetschka et al., 

2017; Marleau, 2016; Martin et al., 2003; Navarro et al., 2019; Pearson et al., 2009; Person et al., 

2018; Scharnweber et al., 2016). This synchrotron technique is very similar to that employed by 

other techniques such as laser ablation spectroscopy (e.g., Danek et al., 2015) where subsamples 

are taken across the surface of a piece of wood, and whatever elements are encountered on the 

surface of the line across the sample, are the only ones that can be detected. 

One aspect of this technique that is often discussed is the concept of penetration depth of 

the sampling. In some techniques like laser ablation spectroscopy, the depth can actually be 

measured by seeing how deep the laser burns and volatizes the wood that was collected and sent 

to be analyzed. In synchrotron techniques, this concept is harder to measure as different 

excitation energies at different facilities have varying abilities to penetrate the wood, and each 

wood sample might have a different density that will affect the penetration. The concept 

becomes even murkier when the beam starts to be refined to a smaller and smaller aperture, 

because the wood itself often has varying density moving along the tree core, specifically when 

moving across earlywood and latewood boundaries (Figure 1.1) 

 

Figure A – Example of a sanded tree core in the transverse position. The light and dark lines 

signify annual ring boundaries, and different density of wood cells across the sample. 
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1.3.3.2 Two-dimensional synchrotron sampling 

Scanning and analyzing across a wide surface area of a sample in a two-dimensional 

array has not been reported in the literature. The closest mention of such a procedure is from a 

conference presentation by Person et al. (2018) on a study of lead (Pb) on VESPERS beamline at 

the CLS. The study pieced together a series of XRF line scans across the x and y dimensions of a 

tree core from St. John’s NL that was subjected to high levels of Pb. In this study, Pb was found, 

and it was shown to follow the same spatial pattern as that illustrated by Br in the sample, and 

both elements were scattered in varying amounts in patches across the entire surface. The scan 

was conducted over an entire 8-hour shift, at a high resolution (i.e., 0.50 mm jog and 2 s dwell 

time). 

There are previous examples where plant structures (e.g., leaves and stems) and small 

portions of wood samples have been imaged using two-dimensional mapping (c.f., Cappuccio et 

al., 2018; Jakes et al., 2015; Kirker et al., 2017; Kopittke et al., 2018; Zelinka et al., 2018). The 

methods used by Cappuccio et al. 2018 and Zelinka et al. 2018 to create two-dimensional XRF 

maps guided the methods we used to create maps for entire tree cores. These maps are time 

consuming, and take multiple beamline shifts to acquire, which is likely why past researchers 

only imaged small sections of interest. 

1.3.3.3 Three-dimensional synchrotron sampling 

Three-dimensional synchrotron sampling has been conducted in various forms. There has 

been sampling conducted by grinding up the three-dimensions of a wood sample, and pressing 

them into a mixed pellet, and then scanning the mixture in spot scans to get an approximation of 

the elements present in the three-dimensions of the wood (c.f., Gonzalez et al., 2019; Marleau, 

2016). Somewhat similarly, de Vives et al. (2006) took three-dimensional wood samples and 
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digested them in acid mixtures and then scanned the resulting remains from evaporated liquids in 

a synchrotron with an XRF procedure to see what elements were present in the samples. Another 

technique, used by Terzano et al. (2013) is to collect the xylem sap of a plant or tree, and 

conduct synchrotron investigations on what is present in the sap. These last two techniques could 

be useful moving forward in radial translocation studies, as Martin et al. (2003) suggests 

necessary, similar to what was attempted by Lubiniecki (2020). 

1.4 Research Gaps 

The first gap in research, which forms the focus for Manuscript 1, is determining the best 

parameters to one-dimensionally scan tree cores using XRF spectroscopy on a synchrotron 

beamline. It was important to address this issue as the literature is weak on such information, yet 

the bulk of the literature uses this process for analysis. The main focus of this study is that 

repeatable parameters are being tested throughout the entire study, and then future researchers 

will have a consistent, trusted, and accurate method for one-dimensional synchrotron 

dendrochemistry. Other methodological variables such as differing preparation methods, 

differing preparation materials, and potential tool transfer will also be acknowledged in this first 

manuscript to ensure that methodological parameters are more transparent to all users. 

Traditional destructive three-dimensional digestion methods are accurate at determining 

concentrations to the ppm or ppb level, per section of tree-core sample when enough sample 

material is present to be used. When given enough time and budget, this is a viable method of 

research. Conversely, synchrotron XRF methods are accurate at determining whether certain 

elements are present or absent and the relative changes in concentration along the tree core. For 

our studies, these results are quicker and easier to obtain more efficiently, all without altering the 

tree sample. Both methods are very useful separately, but if the strengths of both could be 
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combined, I propose that a better methodology could be developed. This will be the focus of 

Manuscript 2. If photon counts and ppm values can be correlated, it will allow future researchers 

to efficiently determine concentrations of contaminants in an environment accurately, on a 

narrow timeline, and on a tight budget. A study by (DiScenza and Keimowitz, 2014) focussed on 

correlating ppm of As and lead (Pb) in soil with photon counts from XRF scans. Their study was 

successful and determined that a correlation relationship could be made, and therefore, it might 

be possible that ppm of As, and other heavy metals, found in a tree core samples can also be 

correlated to photon counts using XRF scans on the IDEAS beamline. 

My research intends to develop a new dendrochemical technique, in synchrotron XRF 

dendrochemistry, by establishing correlation curves for XRF photon counts versus concentration 

levels (in ppm and ppb) available from the standard acid digestion and ICP-MS methods. I will 

use samples from the Giant Mine area near Yellowknife, NT, an area of known environmental 

arsenic contamination as my test subjects. My objectives are: 

1. To establish the current best parameters for conducting one-dimensional synchrotron 

dendrochronology using XRF on any beamline by experimenting with varying 

preparation techniques, scanning procedures, and optical alignments. 

2. To determine if the relationship between photon counts from XRF line scans and 

concentrations from ICP-MS is linear, and how two-dimensional XRF maps can help 

illustrate any potential spatial patterns of distribution of elements in a tree core. 
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1.5 Research Design 

1.5.1 Field Methods 

1.5.1.1 Sample Collection 

Tree core samples were taken near the city of Yellowknife, NT, a known As-rich 

environment due to intensive gold mining activities that took place during the twentieth century. 

The Giant Mine infrastructure is located less than a kilometre north of Yellowknife, and tree core 

samples were taken around the perimeter of the mine’s main processing facility, along the lease 

boundary. Sites were planned to be taken at the eight cardinal directions form the center of the 

mine, but due to the landscape challenges, sample sites ended up being more variable than the 

original plan (Figure 1.1).  
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Figure 1.B – An illustration of the sample sites (pink markers) around the Giant Mine boundary 

(red line) used in this study (Google Earth, 2020). 

A 5.1 mm increment tree borer was used to gather two tree core samples from each of the 

species of interest; white spruce and trembling aspen as they both heavily populate the area. 

Once samples were obtained, they were put into plastic holders, taped closed, and labelled for the 

specific site using a MAD Lab code. A third tree core was taken from each species at each site 

using a 12 mm increment tree borer between the two 5.1 mm cores (Figure 1.2). With eight sites 

and six tree cores per site (Site 4 had no trembling aspen, so three cores), 45 tree cores were 

obtained in total; thirty-two 5.1 mm cores and sixteen 12 mm cores. 
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Figure C – An illustration of the tree core sampling pattern for both trembling aspen (pictured) 

and white spruce. Top and bottom holes: 5.1 mm, middle hole: 12 mm. 
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At each site a Nikon hypsometer was used to measure tree height, and a diameter at 

breast height (DBH) tape was used to measure each tree’s diameter. A GPS was used to take a 

waypoint for each tree at each site. When the two different species from a site were further than 

10 m away from each other, two GPS locations were marked for that site. Two soil samples were 

collected at each site (where the soil was deep enough to sample); one from the organic layer 

matter, and one from below the organic matter layer in the A-horizon. They were put directly 

into 30-dram jars, taped closed, and labelled appropriately to the site. Depths were recorded 

during sampling. 

1.5.1.2 Sample Storage 

All labelled samples were transported to and stored in the MAD Lab at the University of 

Saskatchewan. Tree core sample holders were bunched together based on the site, and specific 

MAD Lab identifier codes were given to them (e.g., 18EL201 [‘18’ refers to the year, ‘E’ refers 

to the project dataset, ‘L’ refers to living, and ‘200’ is the MAD Lab three-digit code for white 

spruce]). Soil samples were stored in a similar manner, and the tape remained on the containers 

to prevent any spillage. 

1.5.2 Sample and Data Analysis Methods 

1.5.2.1 Tree-ring Laboratory 

Once samples were ready to be analyzed, the first of the 5.1 mm samples were glued onto 

a wooden mount and labelled with its respective MAD Lab code, the other sample was stored for 

use at the CLS. The mounted tree core samples were sanded using progressively finer sandpaper 

(from 80-grit to 800-grit), to reveal the tree rings. Next, samples were placed under the 

microscope of the Velmex stage system, which is used to measure and count the annual growth 

rings of trees. This determined how old the trees are, and how wide each tree ring is for a given 
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year (Appendix A). The first measurements were taken at the edge of the bark and measurements 

were continuously taken at the boundary of each tree ring, until the pith of the tree was reached. 

The J2X system measures down to one micrometre (μm), measuring back in time from the 

current year, assigning the year to each measurement, and uploading the data to a computer file 

(VoorTech Consulting, 2004). 

1.5.2.2 X-ray Fluorescence Spectroscopy 

IDEAS is a bending magnetic beamline that uses a double crystal monochromator to 

select light in an energy range of 1.8 Kiloelectron Volts (keV) to 15 keV (Lightsource.ca, 2018b; 

Sove et al., 2017). XRF can be performed on IDEAS either in air or in a vacuum chamber, which 

is when nearly all of the atmosphere is removed from the compartment the sample is placed in, 

reducing the attenuation of results from intercepting elements present within our atmosphere 

(Lightsource.ca, 2018b). The energy range previously listed has the ability to excite the inner 

shell electrons of 18 elements from P to Br, and the outer shells of heavier elements such as Au, 

and Pb, making it useful for this study. In this study, As is the main element of concern, but 

photon counts of other elements were also collected, as many were of interest from a holistic 

chemical perspective, and they were able to be collected at the same pass from the samples (e.g., 

Fe, Mn, Zn). This meant that the process had the ability to develop concentration calibrations for 

multiple elements, in addition to probable As concentrations. After the synchrotron light is 

absorbed by the sample, a KETEK silicon drift detector counted the number of photons emitted 

by the sample at each energy range, these photon counts were measured across the detectable 

range of energies (Lightsource.ca, 2018b). The presence of photon counts at specific energy 

levels determines whether an element is present at that location in the sample, or not, as each 

element fluoresces at specific energies (e.g., 10.55 keV for As (DiScenza and Keimowitz, 
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2014)). XRF scanning along the distance of the entire tree core, means moving along the same 

distance established in the dendrochronological portion of the study, or across the annual 

timeframe that the dendrochronology had created. The XRF scans, therefore, determined the 

prevalence of As and other elements, through time. 

1.5.2.3 Acid Digestion and ICP-MS  

Using laboratory techniques at the Toxicology Centre at the University of Saskatchewan, 

samples were digested using nitric acid (HNO3) and hydrogen peroxide (H2O2) into a solution 

usable for ICP-MS. Portions of the 12 mm tree core samples were subsampled in certain 

locations, depending on the presence/absence of As determined during XRF spectrometry. These 

subsamples were put through acid digestion, using strong HNO3 and H2O2, and the end result 

was a clear solution (Rahman and Hopke, 2017). This solution of a mix of chemical elements is a 

usable form that was sent for further lab testing through ICP-MS, which returned concentration 

results of heavy metals in the subsample. The ICP-MS “analysis” step was contracted out to the 

Toxicology Centre at the University of Saskatchewan. 

ICP-MS retrieved a large variety of heavy metal concentrations. Concentrations were 

tested for the following elements using ICP-MS: Ag, Al, As, B, Ba, Be, Bi, Cd, Cr, Co, Cu, Fe, 

Hg, Mn, Mo, Ni, Pb, Sb, Se, Sn, Sr, Tl, Ti, U, V, and Zn. Many of these same elements overlap 

with resulting elemental scans from XRF spectrometry; As, Cr, Co, Cu, Fe, Mn, Ni, Pb, Se, Ti, 

V, and Zn (Brouwer, 2003). Any elements containing photon counts in the tree rings of the 

samples from Yellowknife, NT were then compared to their respective concentrations in 

subsequent analyses to determine if any relationships exist. 
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1.6 Disclaimer 

The two main sections of this study explore the use of synchrotron techniques to evolve the 

subfield of dendrochemistry. The sections are to flow in a logical order from the best parameters 

to set up experimentation to exploring the results and the relationship between current 

methodologies and new proposed methodologies. 

This is a manuscript-style thesis. Chapters 2 and 3 are meant to stand alone as individual 

manuscripts (i.e., Manuscripts 1 and 2, respectively) that are prepared to submit for publication. 

Therefore, it is possible some of the content in both chapters are repetitive or coincide to 

illustrate the entire picture of the thesis. 

Dr. Colin Laroque assisted me in field, collecting samples for these experiments. The data 

was collected at the CLS by Dr. David Muir and me on the IDEAS Beamline and at the 

Toxicology Centre by myself with mentorship and assistance from Derek Green, Katherine Raes, 

and Dr. Markus Brinkmann. All data was processed by me with the assistance of Dr. David Muir 

and Dr. Colin Laroque. The entirety of this thesis was written by me, with constructive editing 

done by Dr. Colin Laroque, Dr. David Muir, and Dr. Markus Brinkmann. 
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2.0 DETERMINING THE BEST ORIENTATION PARAMETERS TO 

CONDUCT ONE-DIMENSIONAL X-RAY FLUORESCENCE LINE 

SCANS ON TREE CORES USING SYNCHROTRON BEAMLINES 

2.1 Abstract 

 Dendrochemistry is an area of research that typically provides a timeline of historical 

environmental trends through the chemistry of annual-growth rings stored in trees. Current 

methodologies in elemental analysis in dendrochemistry are time consuming, destructive, and 

expensive. In this study we explore fundamental synchrotron dendrochemistry methodologies, to 

determine methodological parameters that provide the best results when using X-ray 

fluorescence (XRF) spectroscopy for elemental analysis. We also acknowledge the associated 

sources of errors discovered while exploring this methodology, and ways for future researchers 

to alleviate as much error as possible. 

We took pairs of tree cores that were prepared with different methods and scanned them 

using one-dimensional XRF spectroscopy on a synchrotron beamline. One of the paired tree 

cores was glued and sanded, and the second was placed raw into a holder frame. The core in the 

holder was oriented in four different positions in relation to the incoming incident light, and 

photon counts for each element per orientation was compared. Most of the elements scanned 

were unchanged between orientations, but two common elements, Cr and Fe, were greatly 

impacted by a change in cellular orientation. Cr and Fe signals seem to be reduced in both white 

spruce (Picea glauca) and trembling aspen (Populus tremuloides) when mounted and sanded 

suggesting that they may have been exposed to surface contamination via tool transfer. Fe K-

edge XANES showed no indication of metallic Fe that would conclusively prove tool transfer; 

however, there was evidence suggesting that XRF results could be from tool transfer or surface 
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oxidation once removed from the tree. We recommend that future researchers mount samples in 

a transverse position and sand them flat, to reduce potential tool transfer contamination and 

provide clear separation between different types of cell structures. We also suggest future 

researchers follow the parameters we have created and make note of the sources of errors we 

came across in terms of sample preparation and data acquisition while creating this methodology. 

The benefits of the quick, repeatable and non-destructive methodology provided by synchrotron 

dendrochemistry warrants further and more elaborate investigations. 

2.2 Introduction 

Trees can provide a very reliable overview of the environments in which they grow, 

which for dendrochemistry, might include potentially recording heavy metal contamination 

through time (Speer, 2010; Vroblesky et al., 1992). Heavy metals in the environment are 

problematic because of their persistent and typically toxic nature (Bromstad et al., 2017; 

Maitland et al., 2017). Heavy metals in the soil can be bioavailable to plants that uptake water 

and nutrients from the soil and can become available to humans through the food chain (Cheng et 

al., 2007; Clifford and Ghurye, 2001; Hinwood et al., 2004). The aspect of locking elements 

from their environment into individual rings, which allows for a timeline of change in the 

chemical composition of the environment to be constructed, is what gives dendrochemistry its 

strength as a science. 

Dendrochemistry is a methodology that has been well used in determining the present 

state of contamination in an environment, as well as representing contamination levels from the 

past (Cheng et al., 2007; Speer, 2010). Present techniques used in dendrochemistry include acid 

digestion (e.g., Cheng et al., 2007; de Vives et al., 2006), and laser ablation (Danek et al., 2015). 

Both are time-consuming and expensive, but give useful concentration levels of contaminants in 
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parts per million (ppm) or billion (ppb), depending upon the abilities of the analytical 

instruments used (Saint-Laurent et al., 2009; Smith et al., 2014). 

Alternatively, X-ray fluorescence (XRF) spectroscopy can determine whether specific 

elements are present within a variety of samples through spot and line scans (Sove et al., 2017). 

The difference of the two one-dimensional XRF techniques being that spot scans dwell on a 

specific location for a relatively long time (e.g., 180 s) to better pick up trace elements, whereas 

a line scan will jog a certain distance along a sample and dwell on that spot for a much shorter 

amount of time (e.g., dwells for 2 s, every 0.25 mm) and present a better picture across one-

dimensional space. Unfortunately, unlike digestion methods, XRF cannot currently determine the 

absolute concentration levels of heavy metals that might be found in a sample as it instead is 

measuring qualitative concentration information. The technique does have an added benefit, 

though, as it allows for multiple elements to be tested in one pass and analyzed and mapped at 

the micro-level very quickly. While doing this, it also leaves the sample untouched and able to be 

used again in subsequent or repeated measurement procedures (Lightsource.ca, 2018a; Marleau, 

2016; Sove et al., 2017). 

Currently, dendrochemistry is a niche science and an underdeveloped area of research, 

and the use of synchrotron techniques in dendrochemistry (i.e., synchrotron dendrochemistry) is 

an even more understudied science (Hutchinson et al., 1982; Yanosky and Carmichael, 1993). 

Although underutilized, we believe synchrotron techniques can provide a powerful, quick, and 

accurate method of obtaining elemental (i.e., contamination, or nutrient uptake) information in 

tree core samples from their environment, which is still the major focus of dendrochemistry. 

The Canadian Light Source (CLS) synchrotron is an advanced scientific facility located 

at the University of Saskatchewan, and the only one of its kind in Canada. The CLS synchrotron 
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can determine the chemical, geological, biological, and structural properties of a sample at the 

molecular level (Lightsource.ca, 2018a). Samples are scanned using synchrotron light created as 

relativistic electrons are accelerated within a storage ring (Lightsource.ca, 2018b, 2018a; Sove et 

al., 2017). This light is delivered by the beamline optics to an experimental endstation where 

samples are placed and scanned (Lightsource.ca, 2018a). The Mistik Askiwin Dendrochronology 

Lab (MAD Lab) in cooperation with the CLS are front-runners in determining the most accurate 

and time-efficient methods of putting tree samples (e.g., cores, powders, pellets, disks) in a 

synchrotron in Canada (Marleau, 2016). 

The purpose of this paper is to continue the exploration of the use of synchrotron 

dendrochemistry, specifically one-dimensional XRF spectroscopy in this field using the IDEAS 

beamline at the CLS. This paper explores the most efficient methods for preparing and mounting 

tree cores for synchrotron dendrochemistry XRF analysis so that long-term environmental trends, 

contamination histories, and future environmental modelling can be conducted more quickly and 

accurately. This experiment also revealed multiple potential sources of error when using a 

synchrotron to conduct dendrochemistry (e.g., tool transfer, optical alignment, handling, etc.). 

These sources of error will be discussed, and options to alleviate these sources of error will be 

given. We believe it is important to derive a standardized methodology in synchrotron 

dendrochemistry for future researchers to ensure that all data being collected is procedural, 

comparable, and accurate. 

Past tree studies have used synchrotrons before (e.g., [de Vives et al., 2006; Marleau, 

2016; Pearson et al., 2009; Terzano et al., 2013]), but to our knowledge, no studies have 

articulated how best to prepare tree cores to achieve repeatable test results. In contrast to 

chemical digestions, which have very specific procedures to attain data, synchrotron 
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dendrochemistry does not have such well-known procedures. This paper intends to test some of 

these fundamental methods to obtain the most accurate and time efficient methodologies that can 

be used in synchrotrons around the world. To achieve this, we explored different preparation 

techniques (i.e., sanded vs. un-sanded),cellular orientations (i.e., degrees of parallel-ness to 

perpendicular-ness in relation to the orientation to cells) of tree cores with respect to the incident 

light, and scanned the materials used to prepare the samples to see what potential transfer could 

exist. As with all new methodologies, there are sources of error that came from the trial and error 

nature of this investigation. We were fortunate to have the time on a beamline to test different 

methodologies and preparation methods so that future researchers who are constrained for time 

during their beamtime can use the methodologies we have created and be confident in the quality 

of their results.  

2.3 Study Sites 

The samples used to conduct this experiment were collected near the Giant Mine 

boundary just outside of the city of Yellowknife, Northwest Territories, Canada, on Treaty 8 

territory (Figure 2.1). Two species were collected for this study, white spruce (Picea glauca) and 

trembling aspen (Populus tremuloides). P. glauca is a coniferous tree species, and P. tremuloides 

is a deciduous species, both native to the Northwest Territories and much of Canada (Farrar, 

2017; Lanken, 1996). Well-established and healthy trees for both species were chosen in the field 

to ensure the trees were old enough to illustrate a representative environmental history of the 

surrounding site. 
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Figure D – An illustration of the sample sites (pink markers) around the Giant Mine boundary 

(red line) used in this study (Google Earth 2020). 

2.4 Methods 

Tree core samples were collected using standard dendrochronology methods (Speer 

2010), using a 5.1 mm forestry increment borer at breast height, for both species. After 

collection, samples were stored in appropriately labelled plastic straws, taped closed, and paired 

together for each tree. Samples were transported to the MAD Lab for storage and further 

processing. One of the cores from each tree pair was glued and mounted into a wooden mounting 

holder using wood glue with the cells of the tree core orientated in a transverse position to the 

wooden holder. Next, progressively finer sandpaper (e.g., various grits from 80- to 800-grit) was 

used to sand the core and clearly expose the cells in the rings, and to remove the rounded outer 

surface of the core to produce a flat, polished surface. The sanded cores in the wooden mounting 
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boards were eventually held in the beamline endstation during beamtime (Figure 2.2a). The 

second core from each pair of samples remained stored in the plastic straws until mounting and 

orientation processing occurred at beamtime. 

During beamtime, samples were removed from their holding straws and placed into a 

specialized tree core frame (Figure 2.2b). The mounted holder was placed into the endstation on 

IDEAS beamline, where incident 14 keV photon light, hitting the samples placed at a 45-degree-

angle, was scanned across the surface while monitoring the fluorescent emission with an energy 

discriminating solid-state detector placed ~20 mm away at a 90-degree-angle to the sample 

(Figure 2.2a and 2.2b). In all cases, we started the one-dimensional XRF line scans on the outer 

edge of the bark (0 mm), moving along the core over various lengths to the pith (center of the 

tree) for all samples. In this study, we collected XRF spectra from the sample for 2 s every 0.25 

mm along the length of the tree core. To determine those scan parameters, we tested a range of 

times from 0.5 s to 5 s and jog intervals from 0.1 mm to 1.0 mm and compared the signal-to-

noise ratio in the resulting data. We found the most efficient settings to be the 2 s dwell time and 

0.25 mm jogs, which provided the quickest, most accurate mode of data collection, while still 

providing high-resolution data across the sample. The IDEAS beamline provides a 14 keV 

excitation energy that allows the open-air detection of elements from Ca to Br on the periodic 

table. Both sanded and un-sanded samples were run with the same scan parameters (i.e., 2 s 

dwell time and 0.25 mm jog). 

We also prepared samples of LePage Wood Glue and various grits of sandpaper (e.g., 80-

grit to 800-grit) in small sample holders and scanned using spot scan XRF at an excitation energy 

of 14 keV for 60 s. The detector was placed at a 45-degree angle to the samples of sandpaper and 
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glue at a 90-degree angle to the beam. A Ketek AXAS-M SDD and FalconX electronics were 

used to collect XRF data for these scans. 
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a)  

b)  

Figure E – Images illustrating how the a) sanded; and b) un-sanded tree cores were placed in 

front of the energy discriminating solid state detector in the IDEAS beamline endstation. 
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Four different orientations were used for the un-sanded cores that were placed in the 

mounting frame (Figure 2.3), while the sanded cores all had cellular orientations that were 

identical to Figure 2.3A. The first orientation (A) allows for the beam to scan down the cells of 

the tree core in a transverse position, while the last orientation (D) was set up so that the cells 

were perpendicular to the beam, scanning across the sides of the cells (Figure 2.3). The two 

orientations between the first and fourth (B and C) were placed at approximately 30º angled 

increments to the beam (Figure 2.3). Once scanned, the XRF results were plotted to compare the 

difference in elemental peaks along the tree core. 

 

Figure F – The different cellular orientations used for one-dimensional XRF line scans on 

IDEAS beamline to analyze any possible changes in the XRF spectra of the same samples in 30º 

increments from parallel to perpendicular orientation from the incident light. 

 X-ray absorption near-edge structures (i.e., XANES) analyses were also conducted on 

sanded and un-sanded tree core samples to determine the speciation of Fe in both preparation 

methods. Fe XANES were also collected for the spoon and barrel of the increment borer. Both 

core sample preparation treatments were scanned with a transverse cellular orientation (Figure 
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2.3A). We conducted this test to try to determine if metals that are present in sampling tools 

(e.g., Fe0), had any residual transfer onto the samples, or if the commonly found Fe in tree 

samples was instead of non-metallic origins (i.e., Fe2+/Fe3+). 

2.5 Results 

 Of the 16 detectable elements (i.e., P to Br), only 12 were found in the wood, and of 

those, only a few illustrated significant alterations to a change in the orientation of the core 

(Table 2.1). When we analyzed all of the elements across the four orientations, we saw peaks 

occurring at different locations and with varying intensities for only four elements (Table 2.1). 

The results for Cr and Fe showed the most severe alterations and were consistent for both tree 

species we tested (Figures 2.4–2.7). In P. glauca we also saw moderate changes in both Cu and 

Ni, which had very slight changes in peak positions and intensities (Table 2.1). We only saw 

similar moderate changes in P. tremuloides with Cu, as this tree species did not illustrate the 

same trend with Ni that was exemplified in the Picea trees (Table 2.1). For the other elements 

that were found, the orientation direction had no notable impact. 

Table 2.1 – The 12 key elements analyzed in the wood of this study and the impact that changing 

cellular orientation had on the detected intensities from the samples. 

 
Severe change Moderate change No change 

Trembling aspen Cr, Fe Cu As, Br, Ca, Mn, Ni, Se, Ti, V, Zn 

White spruce Cr, Fe Cu, Ni As, Br, Ca, Mn, Se, Ti, V, Zn 
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Figure G – Five-increment moving averages of the one-dimensional XRF line scans of Cr for the 

different un-sanded orientations (A to D from Figure 2.3) vs. the mounted and sanded white 

spruce core. 
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Figure H – Five-increment moving averages of the one-dimensional XRF line scans of Fe for  

the different un-sanded orientations (A to D from Figure 2.3) vs. the mounted and sanded white 

spruce core. 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 10 20 30 40 50 60 70 80 90 100

N
or

m
al

iz
ed

 P
ho

to
n 

Co
un

ts

Distance on tree core (mm)

A_Fe_Avg B_Fe_Avg C_Fe_Avg D_Fe_Avg Fe_Sanded



 38 

 

Figure I – Five-increment moving averages of the one-dimensional XRF line scans of Cr for the 

different un-sanded orientations (A to D from Figure 2.3) vs. the mounted and sanded trembling 

aspen core. 
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Figure J – Five-increment moving averages of the one-dimensional XRF line scans of Fe for the 

different un-sanded orientations (A to D from Figure 2.3) vs. the mounted and sanded trembling 

aspen core. 
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When observing the XRF scans of the wood glue, there are large amounts of Br and Zn 

within the substance (Table 2.2). In the various levels of grit of sandpaper, and the one 

waterproof sandpaper sample tested, there is a trend of a large amount of Ca (Table 2.2). The 

waterproof sample (180-grit) only had significant Ca. The 150-, 220-, and 800-grit sandpapers all 

had a trend of high amounts of Fe, while 800-grit was the only sample with an appearance of Cu 

(Table 2.2). The 80-, 320-, 400-, and 600-grit sandpapers showed trends in a significant amount 

of Ti and Zn, along with the common Ca observed in all sandpaper samples (Table 2.2). Sanding 

the tree cores does not seem to impact the amount of Ca seen within the wood of the samples, 

regardless if all samples of the sandpaper contains a high amount of Ca (Figure 2.8). 

Table 2.2 – The elements prominently found in different preparation materials for the glued and 

sanded tree cores. 

Sample Predominant Peaks 

LePage Wood Glue Br, Zn 

80-grit Sandpaper Ca, Ti, Zn 

150-grit Ca, Fe 

180-grit Waterproof Sandpaper Ca 

220-grit Sandpaper Ca, Fe 

320-grit Sandpaper Ca, Ti, Zn 

400-grit Sandpaper Ca, Ti, Zn 

600-grit Sandpaper Ca, Ti, Zn 

800-grit Sandpaper Ca, Fe, Cu 
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Figure K – Comparison of one-dimensional Ca XRF line scans from a sanded and un-sanded 

tree core. 
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for Fe3+ on the tree core due to the oxidation of Fe on its surface after gathering the sample and 

placing the moist core in a plastic holder for transportation. 

 

Figure L – Fe K-edge XANES comparing the metallic Fe0 found in the increment borer vs. the 

non-metallic Fe2+/Fe3+ measured from the wood of the increment cores. 
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2.6 Discussion 

 We saw very little differentiation in the analysis of most elements (e.g., As, Mn, Zn, Br) 

when the cellular orientation of the tree core was shifted in comparison to the incoming incident 

beam (Table 2.1). There were two elements, Cr and Fe, that illustrated major changes in respect 

to a change in their orientation. According to Oliveira (2012), Cr is a non-essential and mobile 

element for trees, and it is quite possible that it was taken up into the tree when bonded to an 

essential element, perhaps Fe as we saw them peak very similarly in the results (Ramachandran 

et al., 1980; Skeffington et al., 1976). Unlike Cr, Fe is a known essential element for plants that 

is an indispensable nutrient used in the production of chlorophyll and, therefore, plays a large 

part in photosynthesis (Mahler, 2004; Plantalk Colorado, 2020). 

According to Mahler (2004), Fe is taken up into the trees from soils, where Fe is 

prominent, and transported into the leaves where it resides to aid in photosynthesis, where it 

becomes non-mobile. Like Cr, the Fe is mobile during uptake and resides in the main resin pools 

of the tree core, especially when it is sampled in the field. Fe must make up a major component 

of this moving sap from the roots to the leaves within the trees, as surface XRF count rates are 

always high in relation to other elements for both sanded and un-sanded cores, especially in the 

sapwood. When the orientation of an un-sanded core is then altered, the amount of Fe that can 

come into contact with the incident light beam changes. A previous study by Marleau (2016) 

determined that there was little-to-no elemental tool transfer from an increment borer onto a 

substance that only contained sugar and K. The portion of the substance that had come into 

contact with the increment borer showed no signs of Fe or Cr transfer (Marleau, 2016). This is 

one of the few studies that have conducted this type of experimentation. Further duplication of 

tool transfer studies would be crucial to better understand why the Fe and Cr in these samples are 
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variable. With more conclusive data about (non)transfer of these elements, we can further 

explore the tree’s physiology to determine why Fe and Cr results differed when changing 

orientation with respect to incident light. Perhaps the orientation of the cells to the beam allows 

more Fe and Cr to be detected (e.g., when the beam scans down the cell rather than across the 

side). Further studies using a similar technique to Marleau’s (2016) would be the best way to 

determine what elements might be transferred from the tool onto a blank sample. With additional 

beamtime and experimentation time, this is an area we would focus on in-depth. 

To ensure no elemental transfer was coming from the sandpaper or wood glue and into 

the XRF results, we scanned untouched samples of the LePage Wood Glue and all of the varying 

grits of sandpaper (Table 2.2). Although Ca was prominent in all of the sandpaper samples, it did 

not seem to transfer to the wood of the sample during sample preparation, as results show little-

to-no change in Ca along the tree core (Figure 2.8). This is likely because, during each stage of 

sanding, the debris and transfer from the previous stage are removed. When sanding, each 

progressively finer grit removes a layer of the exposed surface of the tree core. Like Ca, Br was 

found in high amounts in the wood glue, but also did not seem to contaminate the surface of the 

sanded samples. The wood glue is only located behind the tree core, and on the very outer 

surface, which is well removed during sanding. The most likely way to find Br from scanning 

wood glue will be if the beam is larger than the actual core sample, which is an easy adjustment 

when conducting the experiment. We used a beam slit height of 2 mm, and the width of the tree 

core is 5.1 mm. Future researchers should be consistent in the size of the beam and ensure that 

the beam is well within the edges of the tree core as to not pick up elements that are in the glue 

or the sample mount. It is also possible that the beam can scan through the tree core, picking up 

heavier elements, like Br, through the core from the wood glue. Although, in this instance, these 
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elements did not seem to impact these results, it is important to note for future researchers using 

this technique to scan tree cores as it could explain anomalies that come from potential sources 

of error when using this new methodology. A lack of transfer from the preparation material could 

be due to increasing the grit from rough to smooth, removing, and polishing the surface of the 

tree core. The person preparing the sample should also remove (e.g., by using a brush or blowing 

agent) excess dust and debris between each grit in the process. In our procedures, unused white 

printer paper is used to give the core a final polish as it acts as very fine sandpaper, and this 

simple procedure could also be removing any residual amount of Ca, or other elemental transfer 

that might remain. 

 We were worried that the commonly identified Fe signal from XRF tests on tree cores 

was potentially a metallic Fe contamination issue on the surfaces of the wood. The XANES 

measurements were not conclusive, but combined with the XRF data and the effects on them of 

sanding the cores, it strongly suggests that tool contamination may be part of the issue or could 

be exposing the Fe on the surface of the core which could then oxidize to create rust. With more 

beamtime, this would be an area of further study to clarify what is happening. We are interested 

in finding conclusive data that tells us whether or not Fe and Cr are coming from the hardened 

steel of an increment borer, or if it is due to tree physiology and uptake from soil. The results we 

obtained in Figure 2.9 show us the types of Fe in the borer and tree core are different, but due to 

limitations, we cannot obtain exact speciation found on the tree core to answer this confidently. 

Unfortunately, there is also not enough literature to further discussing this, but there are 

opportunities to explore this in future projects to help direct researchers that will use this 

methodology. 
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If a contamination issue was found in other dendrochemistry methods, it is usually solved 

with further, more detailed, and expensive testing procedures. In our case, a series of quick 

XANES tests on the exact same wood samples that were XRF scanned earlier could tell us in 

minutes the differences in the speciation of the same Fe element. After the XANES tests, these 

wood samples are still able to be measured again in further replicates or used in other tests 

because none of the synchrotron dendrochemistry tests are destructive. Future researchers should 

be aware that although XANES can demonstrate whether the speciation is the same, or different, 

that organic samples can contain more than one species of an element. This will further 

complicate concluding whether it is a naturally occurring element or transfer from a metal tool 

that has started the oxidizing process. There also exists the possibility that it is a mixture of both, 

but with time, we hope to conduct more experiments to answer these questions. 

2.7 Conclusion 

 In our experiment, most elements were not impacted by a change in the cellular 

orientation of the tree cores when scanned by XRF methods on the IDEAS beamline. The 

exceptions were Cr and Fe, with slight changes in Cu and Ni (the latter only in P. glauca). The 

XANES trials supported concerns that Cr and Fe could be the cause of contamination or 

oxidation on the outside surface of the tree core, especially if placed in the plastic straw moist 

and/or if the cores are not given the opportunity to dry properly. We strongly suggest measuring 

sanded cores mounted in the transverse position, as it helps reduce these potential tool and finger 

oil contamination issues, as well as this being the most common way of looking at annual growth 

rings in dendrochronological studies. We also suggest researchers be aware of the elements we 

discovered in our batches of sandpaper and wood glue contain (e.g., Br, Ca, Fe, Ti, Zn), and list 

this as potential reasoning if an anomaly in any of these elements occurs, especially if using a 
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wide beam aperture. We also want future researchers to be aware of the beam size; it should be 

small enough that there is no beam scanning off of the core (e.g., we determined the best 

parameters to be a 2 mm slit height, and 0.3 mm slit width hitting the sample facing 45-degrees 

to the beam and at a 20 mm distance from the detector, which was at a 90-degree-angle to the 

beam). If this orientation is not picked, future studies should at least report the cellular 

orientation direction for their study, as this will also assist in better understanding what optical 

geometry might be occurring at the anatomical level. Along with the cellular orientation, 

researchers should be consistent with the slit size, sample angle to the beam and detector, and 

sample distance from the detector. This is crucial to get repeatable and comparable results. 

 A better understanding of how elements are moving through the tree, and what form (i.e., 

speciation) that these different elements are taking as they pass through the specific components 

of a tree (i.e., roots, boles, branches, leaves), might ultimately provide more clues to the problem 

of radial translocation within different tree species. Knowing which elements are locked into 

position within a cell, and which can move through at least the sapwood of a tree on their way to 

a different part of a tree, will greatly alter the concept of time-locked environmental signals. By 

being able to define, for example, how an element like Mn that might be locked in a wood cell in 

one species or moved through the tree to the leaves for photosynthesis in another species, will 

ultimately help unlock some of the troubles inherent to the problem of radial translocation. 

Further studies that involve XRF and XANES techniques using synchrotrons are crucial to 

continue our understanding of this underutilized science. Throughout this paper, we created an 

efficient methodology of conducting synchrotron dendrochemistry scans, but we found multiple 

sources of error along the way; the importance of optical alignment, potential metallic tool 

transfer, potential preparation material transfer, and potential human elemental transfer from 
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hands. Future researchers should be aware of our sources of error and follow our suggestions to 

eradicate potential issues resulting from them by being consistent in preparation and scanning 

parameters, as well as wearing gloves throughout the entirety of the process. Synchrotron 

dendrochemistry has some shortcomings (e.g., it can’t yet provide exact concentrations of an 

element), but the benefits of the technique in regard to processing speed and efficiency across a 

wide range of elements, without digesting the samples, demands further and continued research 

efforts. In this study, we were fortunate to receive copious amounts of beamtime, which allowed 

us to create the best synchrotron dendrochemistry methodology to date and bring forth the 

sources of errors we faced. Knowing these sources of errors makes for a strong methodology and 

allows future researchers to adopt this methodology in the way that they see fit. 
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3.0 EXPLORING SPATIAL DISTRIBUTION OF MULTIDIMENSIONAL 

CHEMICAL CONCENTRATIONS USING SYNCHROTRON 

DENDROCHEMISTRY AND ICP-MS 

3.1 Abstract 

 Synchrotron dendrochemistry is a new methodology to conduct dendrochemical analysis 

using X-ray fluorescence (XRF) technologies. The purpose of this manuscript is to compare 

chemical concentrations through time within tree cores using XRF spectroscopy counts from 

synchrotron beamlines (one- and two-dimensional analyses), against inductively coupled plasma-

mass spectrometry (ICP-MS) results (three-dimensional analysis), from the same tree. 

We hypothesized that the results of the two different data collection processes from the 

same tree would create a relationship between photon counts of an element and  the ppm and ppb 

of the same element through the digestion method. The process did not create any relationship 

between the results. Although the relationship does not exist, very interesting results were found 

from two-dimensional XRF mapping of the tree cores, that illustrate why this relationship 

probably breaks down. Two-dimensional XRF scans across a wider surface illustrate that 

elements do not vary equally in the X or Y dimensions, and so also do not likely vary in a 

uniform quantity in the Z-dimension. Because of this, no relationship can be established between 

the two analytical processes until we better understand elemental spatial distribution. It is worth 

continuing exploration of these techniques especially better understanding what photon count 

results mean in terms of concentration, perhaps through further in-depth two-dimensional XRF 

mapping to better understand the concept of radial translocation within tree cores. 
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3.2 Introduction 

Heavy metals can be hazardous to humans, animals, and the environment as a whole 

when they accumulate in high concentrations. Dendrochemistry is a field of study that observes 

elemental (mainly heavy metal and contaminant) concentrations that exist within the annual 

growth rings of trees (Speer, 2010; Vroblesky et al., 1992; Watmough, 1999). Using these 

concentration results, researchers can start to piece together contamination trends in the 

environment, and how specific trees and the entire environment responded to these events in 

time (Cheng et al., 2007). There are many types of studies in dendrochemistry that outline how 

this area of study can also help us to understand what components of the environment are a risk 

to humans and wildlife, and to ward humans and wildlife away from areas of danger (e.g., 

Amuno et al., 2018; Cheng et al., 2007; Hinwood et al., 2004; Jamieson, 2014; Maitland et al., 

2017; Wagemann et al., 1978). 

Observing contamination within tree core samples can tell us where the contamination 

originally existed in the environment by knowing where it currently exists in the tree core. Outer 

bark contaminations suggest that the location of origin was likely from atmospheric deposition; 

whereas the phloem and sapwood of the tree core suggests that contamination is likely from the 

soil and the tree accumulated it while taking up bioavailable water and essential nutrients 

through its natural physiological processes (Rodríguez et al., 2018). By better understanding 

exact locations of the contamination within the tree, we can help protect humans from becoming 

harmed by high amounts of heavy metals that are typically deposited in the environment through 

anthropogenic industrial processes. 
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Components of many native tree species are used by humans and animals. These 

components are consumed as food or medicine, or used for tools, clothing, and household 

products (Government of Northwest Territories, 2019). It is crucial to understand what kind of 

anthropogenic contamination issues reside in an environment, so that people, especially at-risk 

populations like northern Indigenous communities, are safe when practising traditional activities. 

For example, bark tea made from trembling aspen (Populus tremuloides) is a common remedy to 

cure illness in Yellowknives Dene culture (Government of Northwest Territories, 2019). 

Trembling aspen is a common and native plant in all of North America, making it a reliable, 

versatile, and plentiful household resource (Hoise, 1990). 

Contamination can be almost invisible when dealing with species that are tolerant to a 

disturbed environment, such as trembling aspen (Hoise, 1990). Dendrochemistry can not only 

create a timeline of environmental contamination trends (along with drought, flood, climate 

change), but it can also determine if trees that are being used as a household resources are a 

potential threat to those handling them (Speer, 2010). Locals in the Yellowknife area will tell 

visitors that hunting, fishing, and gathering should remain at a distance of 50 km from the 

boundary of Giant Mine, due to its invisible threats of contamination. This 50 km radius is a 

suggestion to try and keep hunters and gatherers of the area safe. Dendrochemistry can help 

solidify a more appropriate boundary and create a buffer zone, so that we can ensure the safety of 

the people living off of the land and help them maintain their values and traditions. 

Tree cores are relatively quick and easy to collect, each core takes only a few minutes to 

gather, and the equipment to do this is inexpensive. Although the process of obtaining tree core 

samples to determine contamination is inexpensive, quick, and easy, an issue comes up during 

elemental analysis of these samples. The point of dendrochemistry is to observe exactly what 
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heavy metals are occurring in a tree core, where in the annual growth rings it resides, and 

ultimately, at what concentrations. Using current techniques (e.g., acid digestion and mass 

spectrometry, or laser ablation spectrometry) to determine heavy metal concentrations is time 

consuming, expensive, and destroys the sample. These methodologies are not easily fit into a 

wide range of dendrochemical studies as it typically requires a large quantity of sample mass, 

and an analysis of the entire tree core sample to obtain a wholistic view of the growth timeline is 

costly. 

A different methodology, which seems to be relatively novel to the world of 

dendrochemistry, is synchrotron X-ray fluorescence (XRF) spectroscopy. Synchrotron 

dendrochemical methods allow a user to observe the elemental makeup of a linear portion of a 

tree core within minutes, at a low cost, and then retains the sample for any future analysis. 

Working closely with the Canadian Light Source (CLS), specifically the IDEAS beamline, we 

have developed parameters in synchrotron dendrochemistry (Chapter 2) that can be used on 

beamlines around the world to collect quick and accurate dendrochemical data from tree cores. 

XRF spectroscopy using a synchrotron currently works as a qualitative data collection method 

with tree core samples. Using this technique, a user can scan along the entirety of the core and 

see how the presence of a known element changes over time, and then see where there is more or 

less of the element within the core. This is a quick and simple procedure, but unfortunately, it is 

complicated to obtain quantitative concentration results using XRF on tree cores. Although the 

knowledge of the qualitative data itself is interesting, when dealing with heavy metal 

contamination it is not enough. At certain concentrations, a heavy metal can cause sickness, or in 

severe cases, death. There are guidelines within Canada for what levels of elemental 

concentrations are allowed for safe human consumption, and in some cases, it is important to 
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delineate areas based on these safe levels (CCME, 2003). Taking past synchrotron experimental 

methods, e.g., (de Vives et al., 2006; Marleau, 2016; Pearson et al., 2009; Terzano et al., 2013), 

we are determined to evolve the subfield of dendrochemistry using the CLS to obtain results that 

are more meaningful, and with the possibility to protect humans and wildlife living in disturbed 

environments. 

Dendrochemistry seems to have two strong methodologies, mass spectrometry and XRF, 

both having their benefits and shortcomings. In general, XRF seems to be more practical for 

researchers and industry due to its time- and cost-efficiency and the fact that it will not destroy 

samples. It can quickly provide qualitative concentration information, but it cannot indicate exact 

amounts of an element of concern. Conversely, for our experiments, mass spectrometry methods 

are usually more expensive and slower than compared to XRF using a synchrotron. Mass 

spectrometry also digests the entire sample for a one-time-only test, but the benefit of that is that 

the technique can detail the concentration to a high and exacting standard. 

Moving forward, the next logical step for the field of synchrotron dendrochemistry, is to 

evolve the gap in knowledge to use the scanning methods of XRF and combine them with the 

benefits of understanding the concentrations of the contaminants from mass spectrometry 

analyses. By overlapping two major data collection methods on the same piece of wood used in 

dendrochemistry we believe we can start to study the relationship between the photon count 

results obtained in XRF and relate them to the concentration results (in ppm or ppb) collected 

from mass spectrometry. There is potential for this experiment to evolve into a universal 

methodology, as it is a relatively new area of exploration. By using the XRF scanning parameters 

determined to be time efficient and accurate in Chapter 2 and the comparison of XRF photon 

counts to concentration levels initially explored in this Chapter, we believe synchrotron 
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dendrochemistry could be a widely used dendrochemical analysis methodology moving forward. 

The exploration of this technique is intended to evolve dendrochemistry in a way that saves 

researchers time and money, and by doing this, more reliable environmental research can be 

conducted to help the ongoing exploration of environmental contamination in affected locations. 

3.3 Study Sites 

All samples collected for analysis were collected around the perimeter of Giant Mine, 

north of Yellowknife, Northwest Territories (Figure 3.1). Before arriving at the location, eight 

sites were chosen as close to the eight cardinal directions as the landscape would allow in 

relation to Giant Mine. All sites were accessed on foot using a GPS to direct us to the chosen 

location. A trembling aspen (Populus tremuloides) and a white spruce (Picea glauca) tree were 

sampled at each site as close to the boundary perimeter next to the Giant Mine lease area as 

possible. Once at the chosen site, trees were chosen visually based on size (diameter, and height), 

as well as visual health characteristics, opting for large healthy trees that would have been in 

place through the changing environmental past of the site. All sites had healthy trembling aspen 

and white spruce, except Site 4 where no trembling aspen were in close vicinity to the chosen 

location. 
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Figure M – An illustration of the sample sites (pink markers) around the Giant Mine boundary 

(red line) used in this study (Google Earth 2020). 

3.4 Methods 

3.4.1 Field Methods and Sample Collection 

Samples collected include two 5.1 mm tree cores per species, one 12 mm tree core per 

species, two soil samples per location, a GPS located latitude and longitude, tree height per 

species, and tree DBH per species. The three tree cores (i.e., two 5.1 mm, and one 12 mm) were 

collected using two different Haglof increment borers at 1.3 m from ground level (Figure 3.2). 

Once collected, the samples were placed in a plastic holder, taped closed, and labelled with their 

corresponding sample code. A total of six tree cores per site were collected, three from each 

species (i.e., trembling aspen and white spruce), and were bundled and transported to the Mistik 
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Askiwin Dendrochronology (MAD) Lab at the University of Saskatchewan, in Saskatoon, 

Saskatchewan for further processing and analysis. 

 

Figure N – Illustration of the tree core sampling pattern used in this study. 

Collected samples were prepared for processing using the following techniques; common 

dendrochronology to date the cores and measure ring widths, XRF spectroscopy to determine the 
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presence and absence of elements, and ICP-MS to determine concentrations of heavy metals in 

portions of the tree cores. 

3.4.2 Sample and Data Analysis Methods 

3.4.2.1 Tree-ring Laboratory 

Standard dendrochronological techniques were used in this study to date each tree core to 

a specific year, as well as measure the width of the annual-growth rings of each core to a 

thousandth of a millimetre. Of the two 5.1 mm tree cores collected of each species from each 

site, one was prepared for dendrochronological processing. The core was fastened to a wooden 

sample mount using standard wood glue and left overnight to dry. Once dry, progressively finer 

sandpaper (e.g., 80-grit to 1000-grit) was used to remove the surface of the tree core and polish 

the surface to better expose the tree rings and the cells within them. Samples were then ready to 

be processed using a Velmex machine and J2X software (VoorTech Consulting, 2004). Mounted 

tree core samples are measured under a microscope, and annual growth-ring boundaries were 

defined to one-thousandth of a mm in width. The data from this process was saved in a computer 

file with their year of growth and measurement value attributed for every ring present. The data 

from this processing stage was used to determine specific areas of subsampling for acid digestion 

and mass spectrometry. 

3.4.2.2 X-ray Fluorescence Spectroscopy  

One-dimensional XRF on the IDEAS beamline end station at the Canadian Light Source 

synchrotron was used for elemental analysis in this study. To observe fluorescence signal from 

various elements along the tree cores, the second 5.1 mm cores sampled from each tree was 

placed into a plastic holder and scanned in the beamline. The samples were placed on a 45-

degree-angle to the incident light, and the KETEK detector, which counts photons coming off of 
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the sample, was placed at 90-degrees to incident light. Using one-dimensional line scan maps, 

tree cores were scanned every 0.25 mm for 2 s from the outer edge of the bark to the last ring of 

the core. The synchrotron light had an energy of 14,000 keV, which allowed detection of 

elements from phosphorus to bromine on the periodic table. These parameters were seen to be 

the most time-efficient and accurate to collect data using one-dimensional mapping, as 

determined in Chapter 2. 

We also collected 14 two-dimensional maps, but only on multiple trembling aspen 

samples as this process was more time intensive. These maps are a series of stitched together 

one-dimensional maps along the entire surface of a tree core, starting at the bark and moving 

towards the center of the core using similar parameters as the one-dimensional scans above. In 

most cases at least ten one-dimensional line scans were conducted to create the x and y array of 

the two-dimensional mapped image of the surface. 

3.4.2.3 Inductively Coupled Plasma-mass Spectrometry  

Inductively coupled plasma-mass spectrometry (ICP-MS) is a common chemical 

digestion analysis used to determine concentrations of elements within environmental mediums 

(e.g., soil, plant tissue, wood). Samples were first prepared in the MAD Lab by slicing the 12 

mm tree cores sampled from both tree species. The cores were sliced using a small guillotine 

system specifically built to fit 12 mm tree cores. The white spruce cores were separated ring-by-

ring, as the rings are visible and apparent in this species without surfacing them. This allowed for 

more accuracy in determining heavy metal concentrations in specific years. The measurements 

of each ring thickness, from the bark, was recorded using dendrochronology, so a comparison 

could be made for each ring to the XRF results portion of this project. The trembling aspen rings 

were much more difficult to see without surface processing, so the 12 mm core was sliced into 5 
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mm pieces along the core starting at the bark. Measurements, in mm, from the bark were 

recorded moving down the core to the pith. By using two different techniques in breaking up the 

large diameter cores into pieces was also useful in comparing which procedure was more 

accurate and useful for this type of methodological study. Once the tree core samples were 

subsampled, sections were stored in bubble pill organizers to keep the samples appropriately 

labelled, separated, and organized. Approximately 40 pill organizers were used for all of the 

sections of the 15 cores. 

 A total of three subsamples were selected from each of the 15 tree core samples. For 

consistency sake, the bark was used for each sample, as well as one sample from the sapwood of 

the tree core sample (i.e., within a few centimetres from the bark), and one sample from the 

heartwood (i.e., within a few centimetres of, or containing, the pith). Since XRF was conducted 

before ICP-MS, areas with spikes of As within the sapwood and heartwood were already known, 

and therefore, selected based on peaks in As photon counts. 

 Subsamples were taken to the lab at the Toxicology Centre, University of Saskatchewan, 

for necessary chemical digestion preparation using common procedures obtained from Dr. 

Karsten Liber’s Water Quality Laboratory (S.S., 2016). Subsamples were first weighed to obtain 

the wet weight and placed into a freeze drier for 24 hours. Once dry, samples were re-weighed to 

obtain their dry weight before being transferred to digestion vessels. The dried samples were 

chemically digested in individual vessels by adding 3 mL of nitric acid (HNO3) and 2 mL of 

hydrogen peroxide (H2O2) in a fume hood. Three standards were created with 0.1 g of TORT-3 

(lobster hepatopancreas) using the same procedures and were used as standard reference material 

during ICP-MS. The digestion vessels were placed into the Microwave Accelerated Reaction 

System (MARS-5) to digest for approximately 1.5 to 2 hours (S.S., 2016). Once removed from 
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the MARS-5, the vessels contained the digested concentrate of each subsample. Small Nalgene 

bottles (e.g., 8 mL) were used to collect the samples from the vessels used to digest in the 

MARS-5. Weights of each individual empty smaller Nalgene bottles were recorded, and then 

weights were recorded again once the concentrate was transferred into the bottle. Using another 

empty, previously weighed, 8 mL Nalgene bottle, 0.7 g of digested concentrate was pipetted in, 

and 4.9 g of ultra-pure water was used to dilute the concentrate, imperative for use in the ICP-

MS machine (S.S., 2016). At this stage, the samples were fully digested and ready for 

submission to the Toxicology Centre Lab for ICP-MS analysis which returned heavy metal 

concentration results in either mg/kg or µg/kg. 

3.4.2.4 XRF and ICP-MS Calibration Curves  

 The result of XRF and ICP-MS analyses was a suite of 11 elements that could be 

compared; As, Co, Cr, Cu, Fe, Mn, Ni, Se, Ti, V, and Zn across both tests. Excel spreadsheets 

were used to create plots of the resulting data and were analyzed further. Using the 

dendrochronological measurement data, the photon counts for that same portion of the tree were 

averaged, which allowed for the comparison of counts and concentrations for each element (i.e., 

ppm or ppb depending on the element). The counts and concentrations were plotted, with a linear 

trendline inserted, and the R2 value calculated, for each element of each tree species. Similar 

methodologies were used for both tree species, except the trembling aspen subsamples that were 

separated into the 5 mm increments instead of individual rings like the white spruce. An average 

of the counts was used for each 5 mm distance and then compared to the concentration of that 

same area of the tree core. Plotted graphs were created for trembling aspen and white spruce, 

with each element analyzed separately. The bark, sapwood, and heartwood were also plotted 
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separately, as the structures and functions of the three parts of the tree are physiologically 

different, and so we wanted to check to see if the concentrations were different as well. 
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3.5 Results 

One-dimensional XRF line scans counts illustrated that the majority of the scanned 

elements are higher in the bark compared to the rest of the core (Table 3.1). There are a few 

examples from line scans where the element didn’t peak in the bark, but in both species As, Mn, 

Ni, Ti, V, and Zn consistently have the highest counts in the bark. The other elements Co, Cr, 

Cu, Fe, and Se, almost always have highest counts in the bark of white spruce, except Fe (Table 

3.1). That is variable in trembling aspen as Co, Cr, Cu, Fe, and Se show more samples with 

counts that do not peak in the bark. Although there is variability, on average, the majority 

(>50%) of the samples still show highest accumulation in the bark (Table 3.1). 
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Table 3.1 – Averaged across all cores in the study, a summary of the presence of highest XRF 

photon counts of different elements in the bark of trembling aspen and white spruce samples. 

Highest Counts in the Bark 

 Aspen Spruce 

As 100.00% 100.00% 

Co 85.71% 100.00% 

Cr 85.71% 100.00% 

Cu 85.71% 100.00% 

Fe 57.14% 75.00% 

Mn 100.00% 100.00% 

Ni 100.00% 100.00% 

Se 85.71% 100.00% 

Ti 100.00% 100.00% 

V 100.00% 100.00% 

Zn 100.00% 100.00% 

Further analysis of the tree cores, using two-dimensional XRF maps illustrate that it is 

common for elements to accumulate in the bark (Figure 3.3). Figure 3.3 illustrates the elements 

ordered by the periodic table, that show how they trend together in different areas of 

accumulation within the sample. What also is evident in the two-dimensional aspen images is 

that elements appear in a patchy and at times inconsistent fashion throughout the core. This can 

be seen in both the x and the y dimensions of the mapped surface. We see all elements 

accumulating in the bark, with Fe being an anomaly to that. We can also see three-quarters of the 

way down the core, multiple elements trending together in an arcing hotspot (i.e., P, S, K, Ca, Cr, 

Mn, Co, Ni, and As) in varying intensities, according to the colour map. 
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Figure O – Two-dimensional map of an un-sanded trembling aspen sample (F03),  showing the 

distribution of elements in the core. Red illustrates a high presence of an element, while blue 

represents no presence, and the gradient from green to orange is a low to high presence. 
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Comparatively, heavy metals always accumulate highest in the bark in both white spruce 

and trembling aspen, according to ICP-MS (Table 3.2). On average, the concentration of every 

element is the highest in the bark for both species. 

Table 3.2 – Comparison of the average ICP-MS concentrations of different elements in seven 

averaged trembling aspen samples and eight averaged white spruce samples. Note: As, Co, Cu, 

Fe, Mn, and Zn measured in mg/kg (ppm). Cr, Ni, Se, Ti, and V measured in µg/kg (ppb). 

Sample (Avg.) As Co Cr Cu Fe Mn Ni Se Ti V Zn 

TA Bark 2.36 5.79 20.44 1.06 551.36 2.66 91.15 0.38 0.31 4.38 123.22 

TA Sapwood 0.15 0.80 6.21 0.26 313.90 0.60 15.93 0.06 0.088 1.92 51.55 

TA Heartwood 0.23 0.85 5.95 0.36 461.93 0.61 24.85 0.05 0.086 1.21 103.38 

WS Bark 1.63 0.28 1.94 0.095 168.24 3.80 1.81 0.53 0.67 0.58 13.98 

WS Sapwood 0.08 0.06 0.75 0.01 6.16 2.15 0.05 0.12 0.01 0.05 1.93 

WS Heartwood 0.11 0.04 0.73 0.02 9.51 1.67 0.10 0.03 0.03 0.09 2.42 

There is variation with sapwood and heartwood accumulations, typically wherever we see 

the lowest accumulation in the white spruce sapwood most elements show the same low 

concentration in the trembling aspen sapwood (e.g., As, Cu, Fe, Ni, Zn) (Table 3.2). Likewise, 

when there are low concentration amounts in white spruce heartwood, we see the same elements 

in low accumulation of the heartwood in trembling aspen (e.g., Cr and Se) (Table 3.2). Elements 

that trend together in middle concentrations in the heartwood are As, Cu, Fe, Ni, Zn, opposite to 

those trending low in the sapwood (Table 3.2). There are four elements that follow no trend in 

the sapwood and heartwood of the two tree species; Co, Mn, Ti, and V (Table 3.2). The 

concentration results in Table 3.2 display that some of the concentration differences between the 
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low-level concentration and middle level is a difference of 0.1 ppm, and some are as high as 10 

to 100 ppm (Table 3.2). 

Figures 3.4, 3.5, and 3.6, demonstrate trend lines which results in an R2 near zero or even 

negative when comparing photon counts and concentrations (Table 3.3). A high presence of 

photon counts does not create a linear relationship with a high concentration in any portion of the 

tree (e.g., bark, sapwood, or heartwood) (Table 3.3 and Figures 3.4 to 3.6). Table 3.3 below 

compares all of the R2 values for the relationship of concentrations to photon counts, for the 

three different sections of each species of tree. Where a negative value occurs, it means that there 

was a negative, or inverse, relationship between the results, i.e., where photon counts or 

concentrations were higher, the concentration of elements was lower. A positive R2 value 

illustrates a positive relationship, which means higher photon counts resulted in higher 

concentrations. Typically, there were only one or two outlying data points in the tree core 

regression plots that created a negative R2 value. When these skewed data points were removed, 

we often still did not get positive confidence intervals from the regression charts. 
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Figure P – An example illustration of As XRF photon count (x-axis) and ICP-MS concentrations 

(y-axis) results in the bark. R2 values were calculated with a linear trend line for both white 

spruce (WS) and trembling aspen (TA) samples. 
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Figure Q – An example illustration of As XRF photon count (x-axis) and ICP-MS concentrations 

(y-axis) results in the sapwood. R2 values were calculated with a linear trend line for both white 

spruce (WS) and trembling aspen (TA) samples. 
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Figure R – An example illustration of As XRF photon count (x-axis) and ICP-MS concentrations 

(y-axis) results in the heartwood. R2 values were calculated with a linear trendline for both white 

spruce (WS) and trembling aspen (TA) samples. 
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Table 3.3 – Averaged summary of the R2 values of different portions of the tree core for different 

elements when comparing photon count results to concentration results for trembling aspen (TA) 

and white spruce (WS) samples. 

  Bark R2 Sapwood R2 Heartwood R2 

Element TA WS TA WS TA WS 

As -0.045 -0.064 -0.611 -0.000 0.7710 -0.004 

Co -0.133 -0.094 -0.124 -0.059 0.014 -0.025 

Cr -0.091 -0.097 -0.067 0.010 0.017 -0.008 

Cu -0.201 -0.000 0.479 0.046 0.339 0.002 

Fe 0.765 -0.064 0.011 0.177 -0.053 0.007 

Mn -0.186 0.167 -0.016 -0.010 -0.064 0.081 

Ni -0.023 -0.026 0.121 -0.057 -0.704 -0.139 

Se 0.018 0.008 0.115 0.000 0.072 -0.503 

Ti -0.450 -0.036 0.104 0.167 0.257 -0.034 

V -0.215 0.004 -0.061 0.325 0.237 0.385 

Zn -0.021 -0.000 -0.145 -0.068 0.067 -0.050 
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3.6 Discussion 

 Major lessons and evolutionary steps in dendrochemistry occurred throughout this 

experiment by obtaining results through the use of a synchrotron. Firstly, we were unable to 

create a strong linear relationship between one-dimensional (XRF) and three-dimensional (ICP-

MS) results in white spruce and trembling aspen. The main hypothesis in this experiment was 

determining what kind of relationship exists between photon counts and heavy metal 

concentrations, specifically in tree core samples. The example Figures (3.4 to 3.6) demonstrate 

how As results did not form a relationship, and in some cases, the relationship was inverse, 

which was unexpected. Although only one element was illustrated, every other heavy metal in 

the elemental suite tested showed similar inconsistencies, and negative to no relationship 

prevailed, regardless if we looked at the bark, sapwood, or heartwood subsamples from the two 

separate cores. 

 We had the ability to observe the R2 relationship between 11 elements for the R2 

comparison (As, Ca, Co, Cr, Cu, Fe, Mn, Ni, Ti, Se, and Zn) and the lack of a relationship found 

between some essential (i.e., Ca, Cu, Fe, Mn, Ni, and Zn) and non-essential elements (As, Co, 

Cr, Ti, and Se) in white spruce and trembling aspen trees reveals why there is often a suite of 

mixed results in dendrochemical studies. Although some researchers have found a relationship 

between the two methods (DiScenza and Keimowitz, 2014), many more have found mixed 

results or worry about translocation of elements across ring boundaries from weak or poor results 

(Cheng et al., 2007; Hall, 1987; Marleau, 2016; Martin et al., 2003; Vroblesky et al., 1992). 

Secondly, we believe that two-dimensional elemental mapping illustrated why the 

hypothesized linear relationship does not exist. One-dimensional XRF line scans only analyze a 

thin, linear section of the tree core, which is the same size as the beam penetrating the sample. 
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This results in missing potential pools of elemental accumulation beneath the surface and 

adjacent to the initial line scan. Two-dimensional maps help illustrate this point (Figure 3.3), 

where elements are rarely uniform in counts throughout a sample showing a lack of homogeneity 

in elemental distribution within a tree core. For some elements (e.g., Fe or Cr), the maps 

illustrate an almost random pattern of concentration from high to low counts in adjacent cells. 

Contrastingly, homogenized ICP-MS concentration results observe the presence of 

elements in the entire section of the core that is digested. Digestion bulks the elements together, 

which better acknowledges the pools of accumulation across the width of the core sample. ICP-

MS and two-dimensional maps better illustrate these areas that are likely missed in one-

dimensional XRF scanning. Trying to create a relationship between the extremely contrasting 

results is therefore not as straight forward as hypothesized, especially when viewed in the 

context of these two-dimensional images. 

Thirdly, we learned that two-dimensional elemental mapping portrayed a wholistic 

picture of where elements exist within the tree core sample, and what other elements they are 

travelling with. The results in Figure 3.3 illustrates different hotspots (red areas) of elemental 

presence throughout the entirety of the tree core, and they help show how important the bark is to 

all elements (Rodríguez et al., 2018). The images also illustrate the pairing of certain elements, 

as the arcing of the hotspots for P, S, K, Ca, Ni, Cr, MN, and Co all show the same pattern. This 

interesting result allows for much speculation as to why and provides the basis for follow-up 

studies as to if these elements are moving together as bioavailable nutrients from the soil, or are 

they all located in the same place because of a physiological process in the building of the cells 

structure of the tree. 
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This important lesson also points towards the issue of radial translocation, elements that 

are thought to be able to translocate across a ring boundary (timeline) of some species, or across 

the sapwood/heartwood boundary of a tree (Hall, 1987; Saint-Laurent et al., 2009; Vroblesky et 

al., 1992; Yanosky et al., 2001). Most elements accumulate within the bark, possibly due to it 

being the refuse section of the tree as all bark is constantly being sluffed off of the outer shell of 

the tree, but the literature suggests that the sapwood and heartwood show unpredictable patterns 

of elements throughout the tree (Marleau, 2016; Meerts, 2002; Watmough, 1999). We 

understand that trees uptake nutrients through soil water and transport it to different areas of the 

tree for growth and other physiological processes. We also understand that there are further 

complications in the elemental composition of trees, as elements are also deposited into a tree 

through atmospheric deposition (Bondietti et al., 1988; Watmough, 1999; Zuna et al., 2011). 

 This study brings awareness to the current lack of development in the study of radial 

translocation in trees (Cheng et al., 2007; Hagemeyer, 1995; Hall, 1987; Saint-Laurent et al., 

2009; Vroblesky et al., 1992; Yanosky et al., 2001, 1995). Researchers mostly understand how 

different tree species uptake nutrients and contaminants, but there is an apparent gap in research 

when it comes to understanding how elements are transported along the tree column and across 

tree ring boundaries (Hagemeyer, 1995; Saint-Laurent et al., 2011, 2009). The lack of a common 

understanding in radial translocation is likely why the hypothesis in this study was not met, and 

beckons for further study. Fortunately, with two-dimensional elemental mapping we can observe 

the elemental distribution within tree cores among many different species, relatively quickly. 

Using these images, we can core trees in a variety of patterns to look at the changes in a tree 

column, as well as the changes across annual growth-ring boundaries. The images are also useful 
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for outlining elemental pooling and accumulation, and clearly illustrating what elements, or 

contaminants, are traveling together and potentially the origin of deposition. 

In this experiment the two species were subsampled differently as a means to test how 

accurately and timely each way was. For trembling aspen, the bark was removed, and the wood 

structures of the 12 mm core were sectioned off into 5 mm lengths. For each subsample, it was 

likely there were multiple annual-growth rings contained in the section. With the white spruce 

samples the bark was removed, and the rings were separated year by year, as the different tree’s 

cells are much more apparent in a raw core. The method used for white spruce was significantly 

more time consuming and was less accurate as some of the rings were so small it was not clear 

whether they were split into individual years. The subsampling method of consistent sections 

used with trembling aspen was more accurate and can be compared to measurements that can be 

taken before subsampling. This also kept consistency with the same amount of mass being 

digested and scanned for in ICP-MS. If a researcher has access to more precise sample 

processing techniques (e.g., micromilling (Wurster et al., 1999)) then separating a tree core by 

annual-growth rings is likely a feasible subsampling method. This could be important in future 

studies, like radial translocation, where the movement of elements across individual tree ring 

boundaries is the main focus of the experiment. 

3.7 Conclusion 

 The calibration curves that were created did not support a direct correlation in XRF and 

ICP-MS results in this study, but there are fundamental systematic reasonings for that. Further 

experimentation using two-dimensional XRF mapping can help clarify elemental patterns within 

the column of a tree and provide evidence to assist in better understanding radial translocation. 

As an added benefit, these images make elemental trends and accumulations more apparent, 
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which can save researchers time and money by digesting areas where elemental hotspots may, or 

may not, occur. 

 Potential sources of error exist in the processing of our samples, which likely impacted 

the results we obtained. Presumably, the primary source of error is that the samples used for XRF 

spectroscopy were different cores than the ones that were used in acid digestion and ICP-MS. 

Although the tree cores were assumed to be similar enough to use in the experimental design, the 

results illustrate that the micro-chemistry of the samples fluctuates enough in all three 

dimensions that this sampling process likely created error. The samples were taken from the 

same tree vertically, less than 5 cm apart, but differences were still obviously apparent between 

the cores. If we were to replicate this experiment, we would change the initial processing of the 

samples. We would use a 12 mm increment borer to core the tree and use this core to create a 

two-dimensional XRF map to observe the elemental distribution. Once we were familiar with the 

elemental distribution of the core, we would remove the bark and use the tree core guillotine to 

subsample the core into sections (e.g., 5 mm). The bark and subsamples would be ground into a 

fine powder and pelletized before being taken to the CLS for XRF spectroscopy. After XRF 

analysis, the pellets would be digested and analyzed in ICP-MS. Using the same pellets for both 

methods reduces the sources of errors faced in the study previously and will be the most 

representative way to observe what kind of relationship exists between the results of XRF 

spectroscopy and results of ICP-MS. 

 We suggest that future researchers building on this study should first conduct 

experimentation that develops a better understanding of the spatial distribution of elements, 

especially contaminants, within trees using two-dimensional XRF mapping. If more published 

research on the experimentation of radial and columnal translocation existed, we might better 
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understand why certain elements lack homogeneity in trees, which are taken up into the tree and 

accumulate together, and how they move within the tree once taken up. Ultimately, we believe 

better understanding this phenomenon could explain how to pursue this study to provide 

calibration curves that suit the relationship of these two methodologies. 
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4.0 CONCLUSION 

This thesis is made up of two papers that are fundamental in the evolution of synchrotron 

dendrochemistry, by incorporating novel synchrotron techniques into the experimentation. In 

Chapter 2, we explored the method of XRF spectroscopy on various tree cores using a 

synchrotron beamline. The first step was the outline the proper parameters to collect accurate 

results in a time-efficient manner. Chapter 3 used the parameters developed in Chapter 2 to 

further analyze by comparing photon count results from XRF to concentration results obtained 

from acid digestion and ICP-MS. 

 In Chapter 2 we were successful in developing a methodology to scan tree cores using 

XRF spectroscopy on synchrotrons that could become universal. Researchers conducting 

synchrotron dendrochemistry across the world can incorporate our parameters into their studies 

as we experimented with multiple optical alignments, dwell times, and core preparation methods 

to return the most accurate results. We suggest researchers fasten tree cores to wooden mounts 

using wood glue and use progressively finer sandpaper to expose the rings of the tree and remove 

the curved surface of the tree. This also aligns the tree core in the transverse position, which is 

best for scanning. In the beamline endstation, we suggest setting the core at a 45-degree-angle to 

the incoming beam and align the detector at 90-degrees to the beam, at approximately 20 mm 

away (or at least remaining at a consistent length if using a different distance). When conducting 

one-dimensional XRF line scans, we used a dwell time of 2 s, with a beam height of 3 mm and 

width of 0.2 mm starting at the outer edge of the bark moving toward the end of the last tree ring. 

 The parameters developed in Chapter 2 were used successfully to obtain XRF line scans 

in Chapter 3. The XRF line scans are useful in providing qualitative elemental information along 

a tree core. When the XRF line scan results were compared to the concentration results obtained 
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from ICP-MS we did not see a linear relationship existing between the two methodologies. This 

is an important finding moving forward in synchrotron dendrochemistry, as we believe the first, 

and most crucial, step in clarifying these results would be to better understand radial 

translocation of elements in trees, and the distribution of elements along the column of a tree. 

When we observed the two-dimensional XRF elemental maps we obtained using IDEAS 

beamline, we could see that the distribution of elements within the tree core were sporadic and 

even when elements trended together, there was no consistent pattern of any element within the 

tree core. The use of two-dimensional mapping at synchrotron beamlines could be the next step 

in understanding the ambiguous phenomenon of radial translocation, using tree cores and cookie 

cross-sections. Once we better understand this, we can start to understand how to compare 

synchrotron results more accurately to absolute concentrations. 

 Dendrochemists that are using synchrotron technologies are at the forefront of 

dendrochemistry. Synchrotrons can revolutionize how we conduct dendrochemical experiments 

and can further other subfields of dendrochronology, such as dendroclimatology, 

dendroarchaeology, dendroetymology, etc. by observing elemental trends and changes 

throughout time. The intention of this thesis is to summarize the current framework of using 

synchrotron dendrochemistry to allow researchers to experiment on synchrotrons without having 

to develop their own parameters every time they enter a beamline. 

4.1 Potential Sources of Error 

We were fortunate to have the ability to obtain numerous beamtime shifts at the CLS, 

which gave us the opportunity to learn from sources of error throughout our experiments. Due to 

the exactness of a synchrotron beam, error could start to exist as early as during sample 

collection. There is a possibility that at this stage that the person collecting the core could be 
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transferring oil from their hands onto the surface of the samples collected from the tree. 

Synchrotron beamlines have sensitive detectors that will pick up elemental transfer from human 

hands. During the collection stage, there is also potential transfer of Fe and Cr from the boring 

bit of the tool onto the surface of the tree core. In Chapter 2 we suggest gluing tree cores to a 

wood mount and sanding down the surface using progressively finer sandpaper while wearing 

gloves, to ensure any potential surface contamination is removed. This step also removes the 

curved edge of a tree core which can cause inconsistent counts being detected during XRF. A flat 

surface is preferred during XRF scanning as it removes any potential inconsistencies the curved 

edge could cause with the beamline optics 

Another important aspect in synchrotron studies is the orientation of the tree core to the 

incoming beam. We suggest placing the core in a transverse orientation (scanning down the cells, 

not across) to the light, so that the surface being scanned is the same as that being measured and 

dated during dendrochronological studies. 

If future research involves comparing concentrations to photon counts, we suggest using 

the same core for both methodologies. We think a large contribution in the lack of relationship 

between XRF and ICP-MS could be due to scanning one of the cores at the CLS and using a 

different core for ICP-MS. The cores were taken vertically and less than 5 cm apart on the same 

tree, but the two-dimensional maps indicate that the way elements accumulate and transport 

within that area of the tree could be extremely different. When looking at two-dimensional 

elemental maps from XRF we observed that each individual element accumulates inconsistently 

along the tree core sample (e.g., Cr in Figure 3.3). There are some portions where multiple 

elements will accumulate together, but even these trends are not always consistent (e.g., P, K, S, 

and Ca or As and Se in Figure 3.3). 
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4.2 Future Works 

 We believe this is the area dendrochemistry needs to evolve into due to the benefits that 

come from using a synchrotron compared to acid digestion, laser ablation, and mass 

spectrometry; lower costs, less time consuming, and non-destructive. The ability to scan samples 

over and over creates a higher confidence interval as duplication is simple and quick. From what 

we know after these experiments, we have suggestions on where research could continue into the 

future. 

 We are going to continue investigations on the relationship between photon count results 

and concentration results by correcting the areas we believe we had error, especially with using 

the same core for the two data collection methodologies. If time is not a constraint, the core 

should be mapped using two-dimensional XRF mapping to get an idea of the accumulation 

pools, and elemental trends in the core before concentration analysis. 

When researchers conduct these studies in the future, the bark should be removed as a 

whole section, and the core of the tree should be cut into consistent, relatively small sections (5 

mm). The bark can be separated into sections if bark physiology is the area of focus, which is 

poorly understood and another area we wish to further investigate. Researchers can get a better 

idea of areas of interest on the core to digest using the XRF maps. Subsamples can be selected 

based on elemental trends, hotspots, low elemental levels, etc., depending on the researchers 

needs.  

We suggest grinding the portions of interest into a fine powder, keeping the sections 

separate. This powder should then be formed into a pellet and scanned using XRF in the 

pelletized form. This will give an average spectrum of the subsample, rather than our separated 

counts moving along the core as we did in our studies. After proper XRF data is collected, that 
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same pellet should be used for acid digestion and ICP-MS. By using the same wood segments, 

researchers can remove any error that we faced by using two separate cores. Once photon count 

and concentration results are obtained, plot counts versus concentrations for the subsamples can 

be completed, and analyze the relationship using trendlines and R2 values. 

 Another area of future research that should be of focus is the penetration depth and 

preparation methods of the tree core. We can use a filter transmission plotter (e.g., 

https://henke.lbl.gov/optical_constants/filter2.html) to determine how deep the beam will 

penetrate into the core by knowing the tree core’s density, the beam’s energy intensity, and 

thickness of the core.  

Knowing the sampling penetration depth can determine if background levels of elements 

in wood glue (e.g., bromine) are appearing in the results. This should be scanned for in every 

experiment to remove those counts from the final results if the beam is penetrating through the 

core sample. If the beam is penetrating through the sample, further methods of collecting and 

mounting cores and removing the surface of them (to remove potential Fe and Cr transfer) could 

be explored to ensure the results being scanned for are those that are true to only the tree core 

itself. We suggest exploring different types of glue, alternative mounting methods, or a thicker 

tree core sample using a 12 mm increment borer.  

 There is high potential of synchrotron dendrochemistry completely evolving the subfield 

of dendrochemistry, and the field of dendrochronology as a whole. Elemental changes happen 

regardless of what happens to a tree, whether it is flood, drought, fire, insect outbreak, etc., and a 

synchrotron does not only pick up on these elemental changes and trends but has the ability to 

put them on a timeline without impacting the sample. This can help researchers further 
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environmental trend research, and better understand how anthropogenic influences have 

previously and are currently impacting delicate ecosystems around the world. 
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APPENDIX 

Table A.1 – Summarized annual growth ring width (mm) from all trembling aspen trees used for 

this study. 

YEAR 18ELF01 18ELF02 18ELF03 18ELF04 18ELF05 18ELF06 18ELF07 
2018 0.468 0.331 0.188 0.591 1.915 0.188 0.236 
2017 0.355 0.342 0.189 0.885 1.526 0.328 0.245 
2016 0.385 0.337 0.134 0.426 1.019 0.278 0.222 
2015 0.252 0.393 0.037 0.406 0.177 0.213 0.227 
2014 0.674 0.491 0.243 0.451 0.775 0.343 0.377 
2013 1.219 0.847 0.241 1.359 1.296 0.508 0.731 
2012 1.18 0.491 0.199 0.755 1.183 1.082 0.79 
2011 1.33 0.473 0.199 0.899 1.756 0.46 0.759 
2010 1.314 0.226 0.096 1.177 1.856 0.982 1.307 
2009 1.245 0.488 0.215 1.197 1.895 1.026 0.861 
2008 1.323 0.611 0.176 1.174 1.515 0.584 0.83 
2007 1.161 0.591 0.164 0.375 0.877 0.236 0.476 
2006 1.243 0.611 0.225 0.956 1.406 0.612 0.887 
2005 1.084 0.492 0.222 0.796 1.166 0.303 0.779 
2004 1.461 0.605 0.299 0.755 1.037 0.429 1.069 
2003 1.76 0.465 0.447 0.926 1.321 0.731 1.23 
2002 2.03 0.331 0.415 1.63 2.506 0.759 1.868 
2001 1.309 0.537 0.277 1.485 1.979 0.652 1.31 
2000 1.478 0.362 0.343 0.712 1.429 0.472 0.613 
1999 0.764 0.433 0.209 0.634 1.524 0.42 0.548 
1998 1.566 0.374 0.305 1.123 1.942 0.486 0.996 
1997 1.154 0.602 0.258 1.046 1.573 0.964 0.571 
1996 1.08 0.445 0.254 1.007 2.192 0.867 0.436 
1995 0.665 0.543 0.315 0.551 1.559 0.442 0.382 
1994 0.812 0.504 0.556 0.942 1.766 0.723 0.759 
1993 0.938 0.45 0.506 0.737 1.437 0.395 0.913 
1992 0.976 0.38 0.904 0.863 1.657 0.712 1.041 
1991 0.934 0.347 0.474 1.093 1.829 1.023 0.894 
1990 0.954 0.69 0.269 0.995 1.119 0.569 0.989 
1989 0.839 0.725 0.408 0.845 1.932 0.944 1.309 
1988 0.571 0.815 0.298 1.089 2.49 0.932 1.081 
1987 0.753 0.881 0.457 1.164 1.529 1.372 1.027 
1986 0.597 0.592 0.439 0.846 1.455 1.226 0.944 
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1985 0.426 0.545 0.294 0.605 2.156 1.124 1.083 
1984 0.372 1.127 0.456 1.056 3.158 1.379 1.155 
1983 0.437 0.496 0.186 1.657 2.629 0.677 0.976 
1982 0.458 0.405 0.217 1.031 1.875 0.64 0.66 
1981 0.493 0.75 0.068 0.905 1.769 0.436 0.588 
1980 0.287 0.636 0.205 0.994 1.493 0.196 0.446 
1979 0.415 0.491 0.168 0.636 1.811 0.222 1.104 
1978 0.561 0.763 0.348 0.249 2.401 0.385 0.918 
1977 0.411 0.658 0.194 0.811 2.665 0.564 1.03 
1976 0.142 0.737 0.355 1.072 2.619 0.183 1.513 
1975 0.541 0.865 0.217 1.461 0.859 0.675 1.619 
1974 0.708 0.426 0.346 0.754 1.386 0.609 1.938 
1973 0.636 0.679 0.311 1.188 0.541 0.56 1.734 
1972 0.739 0.265 0.412 1.806 0.735 0.349 1.623 
1971 0.719 0.3 0.613 2.087 

 
0.623 1.152 

1970 0.979 0.406 0.291 1.93 
 

0.699 1.942 
1969 0.7 0.611 0.602 2.328 

 
0.448 1.809 

1968 0.829 0.792 0.579 0.84 
 

0.429 1.912 
1967 1.187 2.765 1.288 0.742 

 
0.462 2.534 

1966 1.455 2.162 0.86 1.172 
 

1.094 2.665 
1965 0.963 2.346 0.652 1.187 

 
0.263 3.019 

1964 1.177 1.029 0.728 0.873 
 

0.82 1.046 
1963 1.371 1.012 0.881 

  
1.202 0.658 

1962 1.167 0.898 1.043 
  

0.555 
 

1961 1.685 1.955 0.762 
  

0.569 
 

1960 1.244 2.118 0.429 
  

0.383 
 

1959 1.182 2.603 0.244 
  

0.273 
 

1958 1.001 3.145 0.317 
  

0.127 
 

1957 1.007 2.714 0.476 
  

0.149 
 

1956 1.236 
 

0.334 
  

0.232 
 

1955 1.156 
 

0.343 
  

0.373 
 

1954 1.883 
 

0.387 
  

0.169 
 

1953 1.438 
 

0.263 
  

0.324 
 

1952 0.975 
 

0.856 
  

0.545 
 

1951 1.693 
 

0.239 
  

0.591 
 

1950 1.011 
 

0.235 
  

0.888 
 

1949 1.093 
 

0.519 
  

0.932 
 

1948 1.337 
 

0.23 
    

1947 1.125 
 

0.107 
    

1946 0.916 
 

0.179 
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1945 0.692 
 

0.483 
    

1944 0.402 
 

0.233 
    

1943 
  

0.433 
    

1942 
  

2.007 
    

1941 
  

1.095 
    

1940 
  

2.748 
    

1939 
  

1.522 
    

1938 
  

1.051 
    

1937 
  

1.739 
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Table A.2 – Summarized annual growth ring width (mm) from all white spruce trees used for this 

study. 

YEAR 18EL201 18EL202 18EL203 18EL204 18EL205 18EL206 18EL207 18EL208 
2018 0.709 0.536 0.782 0.538 0.907 0.78 0.516 0.715 
2017 0.743 0.585 1.909 0.867 1.195 0.864 0.418 0.777 
2016 1.251 0.714 2.048 1.091 1.516 1.009 0.75 1.08 
2015 1.128 0.735 2.2 1.061 1.594 1.13 1.427 0.903 
2014 1.028 0.812 1.552 0.954 1.443 1.142 1.191 1.265 
2013 1.216 0.909 2.3 1.511 1.974 1.504 0.53 1.435 
2012 1.134 0.982 2.983 1.087 1.523 1.412 0.621 2.091 
2011 1.233 0.988 2.551 1.307 1.382 1.383 0.789 1.553 
2010 1.539 1.064 2.233 1.178 1.873 1.312 0.925 2.598 
2009 1.603 1.173 1.842 1.311 1.215 1.5 1.097 2.165 
2008 1.591 1.466 2.297 1.583 1.486 1.583 0.766 2.264 
2007 1.262 0.68 1.783 0.98 1.12 1.3 0.764 1.881 
2006 1.442 1.09 2.63 1.369 1.974 1.537 0.448 2.981 
2005 1.171 1.231 1.955 1.144 1.327 1.893 0.776 2.622 
2004 1.597 0.74 1.68 1.073 1.557 1.798 0.854 1.865 
2003 2.63 1.716 2.769 1.648 2.168 3.193 0.854 2.892 
2002 3.279 1.293 2.542 1.704 1.678 3.12 0.961 2.457 
2001 2.939 1.44 2.181 1.627 1.556 2.976 0.807 1.758 
2000 2.489 2.313 1.713 1.445 1.324 3.16 0.764 2.103 
1999 1.819 0.787 1.542 1.256 1.253 2.013 0.627 2.218 
1998 1.411 0.872 1.926 1.092 1.134 2.289 0.883 2.842 
1997 1.043 0.992 1.468 0.97 0.627 2.122 0.692 2.2 
1996 1.288 1.02 1.551 1.156 1.122 1.656 0.869 2.155 
1995 1.034 0.75 1.295 0.986 0.887 1.336 1.004 1.391 
1994 1.132 0.787 1.622 1.339 1.481 1.615 1.396 2.249 
1993 1.565 0.75 1.801 1.008 1.475 1.325 1.079 2.703 
1992 2.192 1.359 1.842 1.26 1.522 1.844 1.128 2.902 
1991 2.414 1.261 2.176 1.031 1.361 1.359 1.219 3.575 
1990 1.94 0.759 1.702 1.343 0.938 1.208 1.473 2.342 
1989 2.395 1.568 1.654 1.442 1.132 1.225 1.295 3.768 
1988 2.174 1.772 1.535 1.223 1.229 1.006 1.436 3.709 
1987 2.126 1.068 1.568 1.211 1.405 0.949 1.128 2.838 
1986 2.513 1.723 1.386 1.331 1.367 1.025 1.22 3.213 
1985 2.283 1.246 1.331 1.437 1.294 0.911 1.185 2.145 
1984 2.182 1.442 1.356 1.52 1.125 0.836 1.108 3.116 



 100 

1983 1.799 1.3 1.17 1.068 1.157 0.934 1.493 2.515 
1982 1.56 1.112 0.825 0.841 1.544 0.981 1.013 2.124 
1981 2.296 1.631 0.734 1.022 1.2 1.261 0.86 2.384 
1980 1.583 0.944 0.549 0.798 1.177 1.075 1.401 2.26 
1979 2.383 1.235 0.696 0.884 1.567 1.423 1.551 2.715 
1978 2.868 2.109 0.841 1.047 1.243 1.31 0.946 2.906 
1977 2.513 1.806 0.928 1.041 1.824 1.638 0.781 2.724 
1976 2.443 1.966 0.812 1.24 2.13 2.132 1.238 2.939 
1975 2.332 1.152 0.82 0.964 1.636 1.308 0.769 3.101 
1974 2.42 1.177 0.943 1.153 1.441 1.184 1.054 3.195 
1973 1.643 1.025 0.782 0.783 1.63 1.441 1.305 2.416 
1972 2.232 0.83 0.682 0.607 1.791 1.01 0.835 2.603 
1971 2.555 1.326 0.684 0.659 1.314 1.359 0.747 2.902 
1970 3.572 0.95 0.831 0.842 1.357 1.037 0.908 2.305 
1969 2.423 1.612 0.735 0.865 1.63 0.74 0.845 2.261 
1968 2.289 1.869 0.989 0.929 1.482 0.732 0.903 2.029 
1967 2.653 1.315 0.81 1.16 1.476 1.058 1.569 2.71 
1966 3.277 1.447 1.299 1.198 1.815 1.176 0.683 2.579 
1965 3.611 1.716 1.227 1.174 2.619 1.052 0.953 2.787 
1964 2.346 1.7 0.506 0.749 2.424 1.024 1.249 2.726 
1963 

 
2.811 0.996 0.866 2.092 1.121 1.132 2.947 

1962 
 

1.062 1.876 0.713 2.152 1.351 1.222 2.747 
1961 

 
1.739 2.125 0.977 2.43 1.783 1.28 2.145 

1960 
 

2.704 2.068 0.888 2.504 2.401 1.274 4.1 
1959 

 
2.019 

 
1.004 2.405 1.408 1.991 2.847 

1958 
 

1.593 
 

0.904 2.487 1.494 1.38 2.767 
1957 

 
2.064 

 
0.742 2.154 1.511 1.669 2.369 

1956 
 

2.292 
 

0.72 2.855 1.284 1.39 1.847 
1955 

 
1.907 

 
0.905 2.938 0.744 0.998 2.877 

1954 
 

1.728 
 

0.803 2.11 0.593 1.443 3.03 
1953 

 
1.492 

 
1.2 

 
0.463 1.476 2.621 

1952 
 

1.5 
 

1.183 
 

0.787 0.946 2.167 
1951 

 
0.817 

 
1.447 

 
0.721 1.052 2.643 

1950 
 

1.038 
 

1.371 
 

1.546 1.312 2.049 
1949 

   
1.349 

 
0.409 0.948 2.52 

1948 
   

1.401 
 

0.327 1.211 1.295 
1947 

   
1.264 

 
0.155 1.279 0.787 

1946 
   

1.41 
 

0.072 1.254 1.527 
1945 

   
1.512 

 
0.071 0.997 1.128 

1944 
   

1.607 
 

0.152 0.974 1.373 
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1943 
   

1.646 
 

0.14 1.733 1.389 
1942 

   
1.528 

 
0.068 2.046 1.011 

1941 
   

1.455 
 

0.203 0.968 1.127 
1940 

   
1.575 

 
0.189 1.478 0.86 

1939 
   

2.447 
  

1.686 1.233 
1938 

   
1.706 

  
2.328 1.287 

1937 
   

0.736 
  

1.826 1.405 
1936 

   
0.583 

  
2.539 1.492 

1935 
   

0.623 
  

2.137 1.395 
1934 

   
0.84 

  
2.073 1.473 

1933 
   

1.487 
  

1.646 1.423 
1932 

   
1.127 

  
1.528 0.675 

1931 
   

0.821 
  

1.922 0.595 
1930 

   
0.651 

  
1.045 

 

1929 
   

0.743 
  

1.081 
 

1928 
   

0.899 
  

1.453 
 

1927 
   

0.888 
  

1.38 
 

1926 
   

1.237 
  

1.66 
 

1925 
   

1.524 
  

1.068 
 

1924 
   

1.783 
  

1.715 
 

1923 
   

1.483 
  

1.181 
 

1922 
   

1.723 
  

0.896 
 

1921 
   

1.683 
  

1.167 
 

1920 
   

1.256 
  

1.215 
 

1919 
   

1.351 
    

1918 
   

1.068 
    

1917 
   

0.477 
    

1916 
   

0.605 
    

1915 
   

0.366 
    

1914 
   

0.496 
    

1913 
   

0.458 
    

1912 
   

0.478 
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Table A.3 – Summarized sample code and location data for the trees collected for this study. 

SITE TREE SAMPLE CODE LATITUDE LONGITUDE 

ZS1 WSTA 18EL201/18ELF01 62.47870 -114.36797 

ZS2 WS 18EL202 62.49004 114.37901 

ZS2 TA 18ELF02 62.48972 -114.38011 

ZS3 WSTA 18EL203/18ELF03 62.50241 -114.38531 

ZS4 WS 18EL204 62.50168 -114.38029 

ZS5 WSTA 18EL205/18ELF05 52.54342 -114.36830 

ZS6 WSTA 18EL206/18ELF06 62.53191 -114.35365 

ZS7 WSTA 18EL207/18ELF07 62.51947 -114.33281 

ZS8 WS 18EL208 62.51519 -114.31378 

ZS8 TA 18ELF08 62.51804 -114.31824 

 

  



 103 

Table A.4 – Absolute concentration result data from ICP-MS for elements B to As for all 

trembling aspen subsamples. 

  B Al Ti V Cr Mn Fe Co Ni Cu Zn As 
Sample 

ID mg/kg mg/kg µg/kg µg/kg µg/kg mg/kg mg/kg mg/kg µg/kg mg/kg mg/kg mg/kg 

1-F01-1 322.16 18.56 279.15 9.88 80.92 7.78 624.68 24.97 121.7 3.06 574.87 4.27 

2-F01-2 948.99 0.9 67.2 1.58 6.09 1.05 66.66 1.76 2.66 0.42 106.15 0.08 

3-F01-3 1157.3 1.55 100.39 2.16 5.76 0.54 54.34 1.65 4.88 0.48 201.13 0.13 

4-F02-1 683.59 7.98 208.65 5.04 16.3 3.07 263.51 5.97 200.71 1.36 119.4 3.78 

5-F02-2 1215.45 0.86 225.46 4.89 6.52 0.82 39.93 1.41 7.4 0.58 59.89 0.14 

6-F02-3 1167.31 1.58 155.56 2.03 7.69 1.03 66.64 1.61 19.94 0.58 100.19 0.18 

7-F03-1 1080.37 5.85 362.84 1.29 4.75 1.4 1601.47 1.64 80.63 0.74 23.74 2.42 

8-F03-2 1471 0.94 37.04 0.44 5.82 0.52 1896.89 0.23 84.05 0.23 28.64 0.56 

9-F03-3 1347.06 0.86 50.06 0.64 6.11 0.4 2391.95 0.26 96.14 0.33 29.52 0.63 

10-F05-1 751.77 3.42 118.54 1.2 6.88 0.64 547.34 1.53 51.05 0.32 37.89 1.26 

11-F05-2 734.86 0.68 34.36 0.52 5.57 0.59 104.56 0.52 5.14 0.13 40.86 0.06 

12-F05-3 1753.69 0.67 64.09 0.54 3.51 0.44 537.21 0.38 23.38 0.13 40.31 0.18 

13-F06-1 775 7.34 902.9 5.1 12.73 3.23 206.73 1.87 81.38 0.57 54.72 1.65 

14-F06-2 1186.59 0.62 25.46 0.72 5.06 0.54 25.9 0.28 3.87 0.09 34.98 0.06 

15-F06-3 1164.71 1.3 96.35 0.82 4.21 0.7 46.84 0.87 12.03 0.35 119.5 0.12 

16-F07-1 711.66 6.26 33.7 1.45 11.28 1.39 263.03 2.85 22.32 0.65 29.14 1.47 

17-F07-2 1570.84 0.67 34.33 0.41 3.57 0.28 19.1 0.14 1.91 0.06 38.54 0.08 

18-F07-3 1304.05 1.21 40.27 0.54 5.73 0.44 28.64 0.41 2.99 0.12 58.79 0.16 

19-F08-1 780.05 5.91 275.45 6.67 10.23 1.14 352.76 1.72 80.26 0.69 22.77 1.64 

20-F08-2 1793.47 0.62 192.6 4.85 10.82 0.43 44.28 1.25 6.46 0.32 51.8 0.07 

21-F08-3 1164.04 1.59 93.69 1.72 8.67 0.7 107.91 0.79 14.63 0.5 174.23 0.23 
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Table A.5 – Absolute concentration result data from ICP-MS for elements Se to U for all 

trembling aspen subsamples. 

 Se Sr Mo Ag Cd Sn Sb Ba Hg Tl Pb U 
Sample 

ID µg/kg µg/kg mg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg 

1-F01-1 0.48 128.73 16.06 5.27 0.85 3.04 2.89 200.13 71.39 <0.02 0.16 0.42 

2-F01-2 0.07 50.78 0.66 0.16 2.02 0.42 3.15 22.83 2.92 <0.02 0.12 0.04 

3-F01-3 0.05 46.31 1.12 0.19 1.65 0.71 3.35 74.25 3.9 <0.02 0.11 0.23 

4-F02-1 0.64 59.02 6.57 0.5 0.77 2.33 3.09 197.12 21.98 <0.02 0.12 0.08 

5-F02-2 0.13 34.53 0.48 0.08 5.88 0.24 3.14 37.74 1.4 <0.02 0.09 0.03 

6-F02-3 0.08 34.65 0.95 0.13 0.65 0.39 3.51 68.66 2.41 <0.02 0.1 0.06 

7-F03-1 0.34 36.85 10.69 0.17 0.32 2.83 2.43 72.21 124.15 <0.02 0.15 0.08 

8-F03-2 0.04 42.7 1.83 0.06 0.09 0.65 3.08 23.01 26.9 <0.02 0.08 0.03 

9-F03-3 0.05 40.15 1.86 0.06 0.67 0.62 2.85 26.02 27.58 <0.02 0.1 0.04 

10-F05-1 0.32 117.59 4.5 0.13 0.46 1.03 2.73 39.39 38.15 <0.02 0.17 0.01 

11-F05-2 0.07 63.77 0.53 0.06 0.42 0.2 3.7 26.38 3.58 <0.02 0.09 0.01 

12-F05-3 0.04 42.81 2.21 0.12 0.58 0.51 3.09 20.98 10.55 <0.02 0.15 0.01 

13-F06-1 0.33 70.62 9 0.16 0.18 1.82 2.5 64.37 28.18 <0.02 0.1 0.06 

14-F06-2 0.05 31.71 0.64 0.03 0.4 0.17 3.17 15.3 2.06 <0.02 0.08 0.02 

15-F06-3 0.06 50.28 1.76 0.08 1 0.58 3.01 23.53 5.23 <0.02 0.06 0.02 

16-F07-1 0.29 112.7 7.61 0.18 0.39 2.69 2.96 23.66 10.5 <0.02 0.09 0.01 

17-F07-2 0.02 29.05 0.43 0.02 0.18 0.37 3.11 13.9 0.58 <0.02 0.06 <0.01 

18-F07-3 0.05 41.03 0.9 0.09 0.47 0.75 3.16 17.3 1.14 <0.02 0.06 0.01 

19-F08-1 0.29 28.16 6.83 0.12 0.16 2.4 2.49 56.62 11.8 <0.02 0.25 0.01 

20-F08-2 0.03 13.04 0.53 0.07 0.38 0.45 2.97 19.71 0.82 <0.02 0.08 0.01 

21-F08-3 0.05 19.64 1.49 0.07 1.44 0.46 3.49 23.75 2.12 <0.02 0.08 0.07 
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Table A.6 – Absolute concentration result data from ICP-MS for elements B to As for all white 

spruce subsamples. 

  B Al Ti V Cr Mn Fe Co Ni Cu Zn As 
Sample 

ID mg/kg mg/kg mg/kg µg/kg µg/kg mg/kg mg/kg mg/kg µg/kg µg/kg mg/kg mg/kg 

22-201-1 136.57 7.58 0.24 0.39 1.98 6.18 213.36 0.3 2.86 78.47 19.94 2.19 

23-201-2 420.51 0.16 0.01 0.05 1.53 2.91 12.92 0.19 0.09 21.66 2.92 0.13 

24-201-3 604.54 0.49 0.02 0.1 0.89 1.66 4.65 0.05 0.07 11.91 2.37 0.04 

25-202-1 371.48 3.67 0.58 0.26 1.5 2.84 112.84 0.13 1.93 63.69 10.35 1.34 

26-202-2 885.09 0.55 0.01 0.04 0.83 2.09 3.69 0.12 0.05 9.42 5.11 0.05 

27-202-3 974.69 0.57 0.02 0.13 0.87 1.42 4.87 0.03 0.06 25.75 1.41 0.09 

28-203-1 550.16 4.45 0.66 2 3.72 4.45 221.7 0.53 1.19 50.31 26.13 1.51 

29-203-2 501.86 0.53 0.01 0.13 0.86 0.86 10.19 0.02 0.05 5.73 0.76 0.13 

30-203-3 636.65 0.45 0.01 0.06 0.68 1.12 5.86 0.02 0.04 8.62 0.45 0.05 

31-204-1 258.87 5.5 0.83 0.37 1.13 4 319.69 0.21 1.3 69.83 15.46 1.7 

32-204-2 1681.92 0.51 0.03 0.04 0.77 1.66 6.72 0.02 0.03 7.3 1.75 0.09 

33-204-3 873.11 0.51 0.02 0.28 0.78 2.22 10.6 0.06 0.08 46.81 0.66 0.07 

34-205-1 239.36 3.92 0.55 0.39 2.55 4.08 113.57 0.3 1.78 53.85 11.75 1.33 

35-205-2 806.03 0.52 0.01 0.03 0.53 1.51 3.84 0.02 0.05 8.32 1.39 0.05 

36-205-3 321.18 1.12 0.1 0.05 1.04 1.98 11.46 0.03 0.12 15.7 4.29 0.13 

37-206-1 329.42 4.02 1.51 0.14 0.96 2.22 74.93 0.12 1.12 40.05 7.9 0.98 

38-206-2 1188.29 0.58 0.01 0.02 0.48 1.67 2.27 0.02 0.05 7.92 0.95 0.06 

39-206-3 175.4 1.86 0.04 0.07 0.53 1.89 28.4 0.07 0.31 19.06 5.44 0.34 

40-207-1 186.7 4.81 0.32 1 2.62 2.79 72.98 0.42 1.14 42.09 7.93 1.77 

41-207-2 473.91 0.43 0.02 0.05 0.53 4.22 2.84 0.04 0.05 12.84 0.77 0.05 

42-207-3 440.18 0.69 0.01 0.03 0.67 1.46 2.77 0.03 0.03 20.98 1.18 0.08 

43-208-1 289.38 5.71 0.69 0.09 1.08 3.84 216.85 0.19 3.15 362.25 12.34 2.25 

44-208-2 2058.01 0.47 0.01 0.02 0.45 2.26 6.81 0.03 0.06 9.34 1.75 0.05 

45-208-3 1420.94 0.59 0.01 0.02 0.37 1.6 7.49 0.03 0.06 8.28 3.57 0.04 
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Table A.7 – Absolute concentration result data from ICP-MS for elements Se to U for all white 

spruce subsamples. 

  Se Sr Mo Ag Cd Sn Sb Ba Hg Tl Pb U 
Sample 

ID µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg 

22-201-1 0.27 15.33 277.14 0.56 0.02 0.1 0.32 40.78 84.06 <0.02 0.12 <0.01 

23-201-2 <0.12 8.51 11.49 0.28 0.02 0.02 0.33 20.88 2.13 <0.02 <0.02 <0.01 

24-201-3 <0.12 10.8 9.94 0.09 0.01 0.21 0.32 16.67 1.62 <0.02 <0.02 <0.01 

25-202-1 0.14 15.07 128.23 0.23 0.01 0.12 0.31 34.67 45.78 <0.02 0.348 <0.01 

26-202-2 <0.12 7.29 8.36 0.05 0.01 0.01 0.34 11.41 1.59 <0.02 <0.02 <0.01 

27-202-3 0.03 6.74 14.22 0.04 0.01 0.02 0.32 18.13 2.71 <0.02 <0.02 <0.01 

28-203-1 1.19 9.8 168.52 0.14 0.01 0.18 0.33 450.4 44 <0.02 0.016 <0.01 

29-203-2 <0.12 5.27 6.62 0.04 0.01 0.01 0.32 11.91 1.09 <0.02 <0.02 <0.01 

30-203-3 <0.12 5.82 7.07 0.04 <0.01 0.01 0.32 10.34 1.18 <0.02 <0.02 <0.01 

31-204-1 1.21 6.64 187.99 0.14 0.06 0.18 0.32 352.99 85.11 <0.02 0.3 <0.01 

32-204-2 <0.12 5.02 7.15 0.06 0.02 0.01 0.32 15.79 1.91 <0.02 <0.02 <0.01 

33-204-3 <0.12 4.71 10.06 0.09 0.02 0.01 0.31 14.05 2.48 <0.02 <0.02 <0.01 

34-205-1 0.36 8.99 108.52 0.58 0.01 0.07 0.3 251.65 33.32 <0.02 0.146 <0.01 

35-205-2 <0.12 5.88 4.94 0.04 0.01 0.01 0.31 9.4 0.98 <0.02 <0.02 <0.01 

36-205-3 <0.12 3.77 22.24 0.07 0.01 0.09 0.32 15.95 6.57 <0.02 <0.02 <0.01 

37-206-1 0.28 10.54 393.6 0.12 <0.01 0.07 0.3 81.6 46.26 <0.02 0.071 <0.01 

38-206-2 <0.12 4.55 14.01 0.09 0.01 0.01 0.31 10.53 1.43 <0.02 <0.02 <0.01 

39-206-3 <0.12 10.96 123.04 0.1 0.03 0.02 0.36 32.89 15.37 <0.02 <0.02 <0.01 

40-207-1 0.29 11.63 430.16 0.19 0.01 0.06 0.3 543.84 69.44 <0.02 0.048 <0.01 

41-207-2 <0.12 5.78 8.56 0.09 0.01 0.01 0.31 16.87 1.05 <0.02 <0.02 <0.01 

42-207-3 <0.12 4.39 28.17 0.04 <0.01 <0.03 0.32 11.11 2.87 <0.02 <0.02 <0.01 

43-208-1 <0.12 14.92 173.94 0.36 0.01 0.25 0.31 16.7 13.94 <0.02 0.057 <0.01 

44-208-2 <0.12 6.25 6.5 0.1 0.01 0.01 0.32 7.5 0.44 <0.02 <0.02 <0.01 

45-208-3 <0.12 8.38 12.57 0.05 0.02 0.01 0.31 9.6 0.86 <0.02 <0.02 <0.01 
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Figure A.1 – Two-dimensional XRF map for 

elements Ca to Se for sample F01. 
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Figure A.2 – Two-dimensional XRF map for 

elements P to Se for sample F02. 
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Figure A.3 – Two-dimensional XRF map 

for elements P to Se for sample F05. 


