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Abstract 
Metal(loid)s are expected to respond to 21st century warming as their stability in 

lacustrine systems is indirectly influenced by regional temperature and precipitation. In 

the Northwest Territories (NT), arsenic (As) is a metal(loid) of environmental concern due 

to elevated concentrations in bedrock and widespread mining-related contamination. To 

characterize the response of As to long- and short-term climate variability, we developed 

techniques that enable high temporal resolution analyses of sediment freeze cores, and 

applied them to a sediment cores (CON01, CON02) recovered from Control Lake, NT. 

New equipment was designed to enable Itrax X-ray fluorescence (Itrax-XRF) analysis of 

discrete sediment samples (Chapter 2). This equipment was used to test calibration 

methods that convert semi-quantitative Itrax-XRF results to near-total geochemical 

concentrations (Chapter 3). We found that the multi-variate log-ratio calibration provided 

the best approximation of actual geochemical concentrations. Subsequently, equipment 

was designed to permit scanning of freeze-cores using Itrax-XRF (Chapter 4). To 

characterize millennial-scale shifts in sedimentary As concentration in response to climate 

change, Arcellinida and ICP-MS analysis were conducted on core CON01 that recorded 

4000 yr of sedimentation (Chapter 5). Arsenic concentrations the in core were related to 

shifts in the proportion of organic matter and shifts in minerogenic content (Rb, K). 

Comparison to regional records suggests changes in temperature impacted 

autochtonous productivity, which is hypothesized to have influenced sedimentary As 

concentrations. To characterize the response of As to quasi-periodic climate oscillations, 

CON02 was analyzed using Itrax-XRF. Itrax-XRF data were calibrated to paired ICP-MS 

data, and geochemical proxies for particle size (log(Zr/Ti)), in-lake productivity 

(log(Ca/Ti)), and As preservation (log(As/Ti)) were examined for cyclities using spectral 

and wavelet analyses. Periods of 8–15, 30–60, 90–130, and 180–300 yr were observed 

in all proxies. These periods are temporally related to the North Atlantic Oscillation/El 

niño/Schwabe sunspot cycles, the Pacific Decadal Oscillation, the Gleissberg cycle, and 

the Suess cycle, respectively. Cross-wavelet analysis of the paleo-proxies vs. published 

total solar irradiance reconstructions demonstrate significant relationships, suggesting a 

solar influence on climate and lake sediment geochemistry in the NT. These results 

suggest that As sequestration is impacted by short-period climate perturbations. 
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Chapter 1: Introduction 
 

Environmental systems in high northern latitudes are disproportionately affected by 

climate change relative to lower latitudes (Serreze et al. 2000; Weller et al. 2005; SWIPA 

2017; AMAP 2019). Recent climate warming in northern latitudes over the past several 

decades has caused a series of cascading changes to environmental systems, including 

shifts in the location of the tundra to boreal-forest transition zone (Elmendorf et al. 2012; 

Zhang et al. 2013; Martin et al. 2017), a reduction in permafrost extent (Payette et al. 

2004; Smith et al. 2005; Coleman et al. 2015; Lund et al. 2014; Box et al. 2019), an 

extended ice-free season (Michelutti et al. 2003; Duguay et al. 2006; Arp et al. 2010; 

Šmejkalová et al. 2016), changes to the hydrological cycle (Jacques and Sauchyn 2009), 

shifts in the carbon cycle that impact type and availability of organic carbon (Streigl et al. 

2005; Guo et al. 2007) and alterations to forest fire regimes (Hu et al. 2010; Chipman and 

Hu 2017). These environmental changes are likely to impact the mobility, transportation 

and sequestration of metal(loid) contaminants within environmental systems (Macdonald 

et al. 2005; Spence et al. 2014; Carlsson et al., 2016). With twice the global rate of 

temperature change projected for the Arctic (IPCC 2013; SWIPA 2017), understanding 

controls on metal(loid) sequestration in environmental systems is critical for identification 

of future risks to anthropogenic, ecological and environmental systems.  

 Arsenic (As) is a metal(loid) of environmental concern worldwide (Smedley and 

Kinniburgh 2000; Bowell et al. 2014; Chung et al. 2014). Elevated concentrations of As in 

the environment may be caused by weathering of mineralized bedrock and derived 

surficial materials, through anthropogenic activities, such as wood treatment (Stilwell and 

Gorny 1997; Townsend et al. 2003), pesticide use (Handson 1984; Wolz et al. 2003), or 

due to mineral extraction and processing (Camm et al. 2004; Jamieson 2014; Cott et al. 

2016; Galloway et al. 2018). Lacustrine systems serve as a semi-permanent storage for 

metal(loid) contaminants, including As (Becker et al. 2001; Keimowitz et al. 2005; Bai et 

al. 2010; Bing et al. 2011; Bowell et al. 2014). In lacustrine systems, redox state and pH 

act as the dominant controls on the cycling of As between sediment and overlying waters, 

ultimately controlling the long-term storage of As in lake sediments (Smedley and 

Kinniburgh 2000; Campbell and Nordstrom 2014; Palmer et al. 2019). Under oxidizing 
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conditions, As will sorb to metal-oxides and remain in sediment (Torres et al. 2015; 

Guénet et al. 2016; Lock et al. 2018). Under reducing conditions, dissolution of metal 

oxides and reduction of As releases As into porewaters, resulting in the possible efflux of 

As into overlying waters from sediment; if conditions are euxinic, As can be sequestered 

by authigenic minerals including framboidal pyrites, arsenopyrite, or arseno-sulfides 

(Benning et al. 2000; Butler and Rickard 2000;Bostick and Fendorf 2003; Xu et al. 2011; 

Burton et al. 2013; Torres et al. 2015; Thiel et al. 2019). Temperature and precipitation 

can also affect sedimentary As concentrations through modification of the rate of 

weathering and transport of As in lake catchments, or through controlling second-order 

processes, such as in-lake productivity or lake stratification regimes that affect the redox 

state of bottom waters and shallow sediments. The mobility and sequestration of As is 

therefore expected to respond to long- and short-term climate change (MacDonald et al. 

2005; Galloway et al. 2018).  

Quasi-periodic oscillations in the coupled oceanic-atmosphere system impact 

worldwide precipitation and temperatures. Regional climate has been related to periodic 

shifts in equatorial winds and corresponding sea-surface temperatures (ENSO - El 

niño/Southern Oscillation; McCabe and Dettinger 1999; Mann et al. 2000; Torbenson et 

al. 2019); anomalies in sea surface temperatures in the North Pacific and associated re-

organization of the predominant low-pressure systems (PDO – Pacific Decadal 

Oscillation; Zhang et al. 2010; Galloway et al. 2013; Patterson et al. 2013; Sankaran 

2017); and sea surface temperature changes in the Atlantic (Atlantic Multi-decadal 

Oscillation – AMO; Birkel et al. 2018) among others (North Atlantic Oscillation – NAO, 

Trigo et al. 2002; Iles and Hegerl 2017; Montaldo and Sarigu 2017; Arctic Oscillation - 

AO; Dai and Tan 2017; Sezen and Partal 2019). Regional shifts in temperature and 

precipitation driven by ocean-atmosphere events and their teleconnections are expected 

to impact the stability of As in environmental systems through their impact on regional 

climate. This topic has rarely been addressed, in part due to past technological 

restrictions and the high costs associated with analyzing the high volume of samples 

required to reliably capture decadal climate cycles, but also because only recently have 

climate oscillations been observed to have a substantial impact on regional climate. 
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 In the last decade, high-resolution core-scanning devices have been increasingly 

deployed for paleoenvironmental and paleoclimate reconstructions (Rothwell and 

Croudace 2015, and references therein). The newest versions of core scanners are 

capable of providing high-resolution imagery, X-radiography, X-ray fluorescence (XRF), 

and magnetic susceptibility data at 0.1 mm resolution on sediment or rock cores 

(Croudace et al. 2006; Richter et al. 2006; Hascke 2006; Sakamoto et al. 2006). Of 

primary interest to paleolimnologists are the XRF capabilities of XRF core scanners that 

enable determination of sediment geochemistry, which can be used as a proxy for a wide 

variety of in-lake and catchment processes (Davies et al. 2015; Croudace and Rothwell 

2015). An unfortunate drawback of analyzing un-prepared material at this high resolution 

is the semi-quantitative nature of the data. Traditional energy- or wavelength-dispersive 

XRF requires sediment be dried and ground to homogenous particle size to eliminate 

specimen and matrix effects, allowing for the quantification of absolute geochemical 

concentrations based on the energy of the emitted X-radiation. When analyzing 

unprepared sediment using core-scanning XRF, variations in particle size, sediment 

geochemistry, and proportion of non-detectable material (e.g. organic matter, water) 

preclude reliable determination of absolute elemental concentrations. In spite of the semi-

quantitative nature of XRF core scanners, the high resolution allows for interpretation of 

climate signals at resolutions not previously possible. Moreover, the high-resolution and 

non-destructive analysis can allow for better quantification of the inherent geochemical 

variability of samples as many replicate measurements of the same material can be 

recorded. Itrax-XRF can also offer advantages in detection of select elements of other 

traditional geochemical techniques. For example, estimating whole-rock As 

concentrations in sediment is difficult with ICP-MS as the multi-acid digestion required 

prior to analysis can volatilize As (Parsons et al. 2010). Itrax-XRF may thus better 

estimate actual geochemical variability of As than ICP-MS as no prior digestion is 

required. This technology could allow examination of the response of As to short-term 

climate perturbations over long stretches of time, closing an important gap in our 

knowledge of how climate impacts chemical mobility.  

Lake sediments, surface waters, and soils around Yellowknife, the Northwest 

Territories (NT), exhibit elevated concentrations of As. Pre-mining background levels of 
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As in sediments of lakes in the Yellowknife region are ~20-30 ppm, higher concentrations 

than the CCME guidelines of 5.9 ppm (Interim Sediment Quality Guideline) and 17 ppm 

(Probable Effect Level; CCME 2002) (Galloway et al. 2010, 2015, 2018; Palmer et al. 

2015; 2019; Houben et al. 2016). Concentrations of As in lake sediment above CCME 

guidelines and above the global average for igneous/metamorphosed rocks may be the 

result of the natural weathering of greenstone bedrock and related surface materials that 

exhibit elevated As concentration near heavily-mineralized shear zones. High natural 

concentrations of As in the region are further exacerbated by extraction of gold ores from 

the shear zones of the greenstone belts. Gold mines have operated in the region from its 

earliest establishment until nearly modern day, including Con Mine (1938–2003) and 

Giant Mine (1948–2002) that collectively produced > 12 million ounces of gold (Silke 

2009). The refractory nature of gold recovered in Yellowknife necessitated roasting of 

arsenopyrite ores before cyanidation, which caused the volatilization of As (Jamieson et 

al. 2014) and subsequent aerial deposition of arsenic as arsenic trioxide across the region 

(Galloway et al. 2010, 2015, 2018; Palmer et al. 2015, 2018; Nasser et al. 2016). Over 

the lifetime of the mine, it is estimated that >20,000 tonnes of arsenic trioxide where 

released into the environment (Wrye 2008). The remediation of this former mine site is 

the most expensive project ever untaken in Canada, with an estimated cost of 904 million 

dollars CAD (AANDC 2012). Recent increases in gold prices have renewed interest in 

gold extraction in the region. Information on the effect of long- and short-term climate 

variations on As concentrations in sediment can help create realistic and reliable 

remediation plans for the region to minimize future contamination of environmental 

systems. 

The purpose of this dissertation is to examine long- and short-term variations in 

metal(loid) concentration in lake sediments that may be related to climate change. To 

accomplish this, we developed new equipment and methodologies to analyze sediment 

using Itrax-XRF (Chapter 2 and 4), tested recently proposed methods of calibration to 

provide an estimate of actual geochemical variability in sediment based on the measure 

of relative geochemical change provided by Itrax-XRF (Chapter 3) and characterized the 

impact of millennial-scale (Chapter 5) and sub-centennial scale (Chapter 6) climate 

variability on As stability in lake sediment during the late Holocene. To accomplish these 
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goals, freeze cores were recovered from Control Lake, a small lake ~240 km NE of 

Yellowknife adjacent to Tundra Mine, NT. Unlike the gold ores processed in Giant and 

Con Mines near Yellowknife, gold ores at Tundra mine did not require roasting before 

cyanidation. As such, nearby lakes were not impacted by aerial deposition of As minerals. 

Monitoring in the region showed that Control Lake has been unimpacted by mining 

activities, including the storage of tailings onsite. It has therefore been selected as a site 

to examine the impact of climate on natural variations in As concentration during the Late 

Holocene. Chapters within this dissertation have been prepared for publication in 

academic journals, with Chapters 2, 3, and 4 already published, and Chapters 5 and 6 in 

preparation for publication. To demonstrate the work of the first author, PhD candidate 

Braden R.B. Gregory, the contributions from the relevant authors are stated before each 

chapter. 
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2.2 Foreword 

This was the first publication produced from the Canadian High Arctic Research grant to 

Dr. J.M. Galloway and Dr. R.T. Patterson. Before attempting Itrax-XRF analysis using 

freeze cores, and subsequent calibration of geochemical data from these freeze cores, 

we wanted to review present calibration methods to determine an ideal methodology. 

Scanning discrete, homogenized surface sediments would provide a more accurate test 

of calibration as there would not be the variability in sample caused by temporal changes 

in sedimentary environments, or possible issues associated with scanning freeze cores. 

Prior to assessing the relative merit of different calibration methods, we developed 

equipment and adapted methodologies to scan discrete sediments samples. The 

methodologies and equipment described in this chapter were published as a short note 

in The Journal of Paleolimnology. The manuscript has been modified slightly to 

accommodate the formatting requirements for Carleton University dissertations.  

Dr. E.G. Reinhardt and Dr. S.E. Kovacs developed initial designs for the 

equipment. Prototypes were constructed by P & A Plastics, Hamilton, ON. Dr. R.T. 

Patterson collected sample material from Harvey Lake. I was responsible for preparing 

samples, testing the equipment, and developing methodologies for subsequent data 

extraction. I wrote the manuscript and drafted the figures with assistance from Dr. 

Macumber and Nawaf Nasser. This work was funded by a Polar Knowledge Canada grant 

to Dr. Patterson and Dr. Galloway, as well as a Canadian Foundation for Innovation grant 

to Dr. Reinhardt. All co-authors provided feedback and helped to revise the manuscript. 

It should be cited as follows: 

Gregory BRB, Reinhardt EG, Macumber AL, Nasser NA, Patterson RT, Kovacs SE, 

Galloway JM (2017) Sequential sample reservoirs for Itrax-XRF analysis of discrete 

sediment samples. Journal of Paleolimnology, 57(3):287–293. 
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2.3 Abstract 

Geochemical analysis of sediment samples can be used to characterize between- and 

within-lake variability and provide insights into lake chemistry, depositional processes and 

contamination sources. The number of samples for geochemical studies is restricted by 

cost, sample volume required, and the destructive nature of inductively coupled plasma 

mass spectrometry, instrumental neutron activation analysis, or wavelength dispersive x-

ray fluorescence. Core scanners that incorporate energy dispersive x-ray fluorescence 

spectrometry, such as the Cox Itrax-XRF core scanner, have high throughput and can be 

used to produce high-quality geochemical datasets at low cost without destroying sample 

material. Here we describe a new analysis vessel that enables rapid, non-destructive 

Itrax-XRF analysis of discrete sediment samples. 
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2.4 Introduction 

Synoptic limnological studies can be used to characterize the range of lake environmental 

variability on regional and local scales. These studies provide background information 

essential for interpretation of paleolimnological records (Pienitz et al. 1997; Rühland and 

Smol 1998; Rühland et al. 2003) and characterization of water quality and other 

parameters (Patterson et al. 2012; Roe et al. 2010). Multi-station, intra-lake studies have 

proven that no single site can fully represent conditions throughout a lake (Engstrom and 

Rose 2013). Understanding the mechanisms that underlie within-lake spatial 

environmental heterogeneity can shed light on depositional processes (Dietze et al. 2012) 

and point-source contamination (Li et al. 2013). The primary limitations to carrying out 

detailed multi-station, intra-lake studies are cost, sample volume requirements and the 

destructive nature of conventional techniques, such as inductively coupled plasma mass 

spectrometry (ICP-MS), wavelength dispersive x-ray fluorescence (WD-XRF), and 

instrumental neutron activation analysis (INAA). 

Core scanners that incorporate energy-dispersive x-ray fluorescence spectrometry (ED-

XRF), such as the Cox Itrax-XRF core scanner, are being used increasingly in the 

environmental sciences. Core scanners have improved the ability of researchers to carry 

out rapid, inexpensive, and non-destructive assessment of environmental variables in 

cores. The 0.1-mm scanning resolution that can be obtained with Itrax-XRF core analysis 

means that sub-annual-scale temporal resolution is possible in many cases (Rothwell and 

Croudace 2015). Adapting the Itrax-XRF instrument for geochemical analysis of discrete 

sediment samples has the potential to increase the capacity to analyze samples non-

destructively and inexpensively by at least an order of magnitude, e.g. from tens to 

hundreds. This new tool can thus dramatically increase spatial coverage in studies that 

use discrete sediment samples, such as lacustrine sediment-water interface samples, 

soils in archaeological contexts, or even subsamples from previously sampled or 

degraded sediment cores that are no longer suitable for conventional core scanning. Here 

we: 1) describe a vessel that enables Itrax-XRF analysis of discrete sediment samples, 

2) discuss pre-analysis and post-analysis protocols required for analysis carried out using 

the vessel, and 3) provide an example of its use. 
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2.5 Analysis of sediment with the Itrax-XRF 

The Itrax-XRF core scanner is designed to record continuous geochemical changes 

throughout the length of a dewatered sediment core, which can even have been left in 

the original, split core barrel. In order to enable analysis of discrete sediment samples  

 
Figure 2.1: (A) Oblique view of the SSR showing detailed 3D structure. (B) SSR with shorter reservoirs, 
used when sample material is limited. Pictured also is the brass cover to minimize cross-contamination 
and streamline loading. (C) Close-up of SSR showing sediment in compartments, forming a continuous 
“core” for analysis.  
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with the Itrax-XRF, sediment samples must 

be arranged to form a “continuous” record in 

a de-watered form, thus simulating a 

conventional sediment core.  

2.6 Description of the Itrax Sequential 

Sample Reservoir (SSR) vessel 

The Itrax Sequential Sample Reservoir 

(SSR) described here is comprised of 

connected acrylic compartments, 1.5 x 1 x 1 

cm, aligned down the center of a clear 

acrylic base, 10 cm wide by 90 cm long 

(Figures 2.1A and 2.2). This length allows 

two full vessels to be loaded sequentially 

into the Itrax for analysis. If sample volume 

is restricted, smaller wells can be used (1.5 

x 0.5 x 1 cm; Figure 2.1B). The SSR 

accommodates 59 compartments in a 

configuration that mimics a conventional 

sediment core. Acrylic was selected for 

construction material because of its low 

cost, durability, and ease of assembly. 

 

Figure 2.2: Schematic diagram of the SSR with 
larger wells and the brass loader assistant used to 
minimize cross-contamination and facilitate rapid 
loading of the SSR. Device is 90 cm long by 10 cm 
wide. Inset shows magnified reservoirs with 
dimensions 1.0 cm wide by 1.5 cm long by 1.0 cm 
deep. Brass loader is 5 cm long be 1.7 cm wide, with 
the inner hole having the same dimensions as the 
reservoirs (1.5 x 1.0 cm). The brass loader assistant 
has folded sides to hold it in place and a small fold 
on the front to hook the device in place on a 
subsequent reservoir (dashed line on side view). 
The brass loader assistant should be long enough 
to cover at least one previous and subsequent 
reservoir 
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Acrylic was used instead of commonly available white PVC, which during prototype 

testing was found to contain high amounts of Ti and Zn that are used to color the plastic 

and can potentially contaminate analytical results.  

2.7 Operation of the SSR vessel 

Water content in sediment-water interface samples is often very high, in some cases 

>90%. High water content in samples could potentially increase attenuation of the XRF 

signal (Tjallingii et al. 2007). Sediment that is too wet may also bleed over into adjacent 

compartments during loading of the vessel and result in cross-contamination. To minimize 

this problem, we recommend that samples be centrifuged, the supernatant discarded, 

and sediment plugs dried at room temperature until they reach the consistency of moist 

paste. Alternatively, supernatant can be retained and samples dried at room temperature 

if there is concern about the loss of soluble elements in the water. The sediment, however, 

should not be too dry, as there is risk of airborne cross-contamination between samples, 

and oxidation of sensitive materials that may be subsequently analyzed (e.g. 

microfossils). By drying to a moist paste, samples will be more comparable to the 

sediment consistency and content of conventional cores.  

 Before loading samples into the SSR, material should be homogenized with a 

spatula. When loading samples into the SSR, it is necessary to pack the sediment using 

a spatula, to ensure there are no air pockets at the bottom of the reservoir. Air pockets 

can result in the settling of sediment during analysis, creating uneven surface topography. 

Abrupt changes in surface topography can cause “data shadows” in areas where 

depressions or protrusions exist because the Itrax-XRF detector automatically adjusts its 

position to ensure it does not make contact with the sediment surface. Sediment should 

be allowed to settle overnight and more should be added, if necessary, to ensure the 

sample surface is flush with the top of the SSR. A brass cover coated with cellophane 

tape, which has an opening the same dimensions as one reservoir, can be used to block 

previously loaded and subsequent reservoirs to prevent cross-contamination and speed 

the loading process (Figures 2.1B and 2.2). Before analysis, the surface of sediment 

samples loaded into the SSR should be smooth and flat, as the Itrax-XRF detector must 

remain at a constant distance from the sample  



Gregory et al 2019  21 
 

surface and even minor topographic artifacts may induce errors in analysis. To ensure 

that the plastic dividers between reservoirs are easily identifiable, they should be cleaned 

before analysis. 

Once sediment samples are loaded into the SSR, it is fitted to the rails of the Itrax-

XRF (Figure 2.1C). The rails of the Itrax-XRF should be placed at their highest setting 

and rubber-tubing shims should be added to bring the SSR close to the XRF detector. 

The compartments must be aligned straight down the center of the rails and taped in 

place as the XRF beam follows a 2-mm-wide path down the center of the track during 

analysis. During the surface scan prior to analysis, centering of the sampler can be 

checked and corrected, if necessary. Once properly centered, analysis can proceed using 

 

 

Figure 2.3: Line graphs of changing iron content in thousands of counts per second (kcps; top graph), 
the ratio of coherent to incoherent x-ray backscatter (middle graph), and total counts in millions of counts 
per second (Mcps; lower graph) with increase in sample position being analyzed (mm). The photo at the 
top of the figure shows the optical image of the SSR device loaded with sediment taken by the Itrax core 
scanner. Abrupt shifts represent analysis of acrylic between compartments of the SSR vessel (indicated 
in grey). These intervals should be removed before further statistical analysis.  
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standard Itrax operating procedures (Croudace et al. 2006). 

2.8 Post analysis data interpretation 

Prior to interpreting results, sample measurements must be distinguished from 

measurements of the acrylic borders that separate the reservoirs. Simple line graphs 

plotted from the Itrax-XRF results will reveal analytical results associated with the acrylic. 

The acrylic comprising the SSR compartment walls can be identified readily on the basis 

of: 1) a significant shift in the total number of counts for a given interval, as the acrylic 

generally has a density different from sediment and may increase x-ray scatter because 

of the abundance of lighter elements in acrylic; 2) a major decrease in abundant element 

concentrations (Fe has proven to be a useful marker in our research); 3) a considerable 

decrease in the ratio of coherent/incoherent backscatter, which is a proxy for mean atomic 

 

Figure 2.4: Density plots for replicate scans of powdered Geological Survey of Canada Stream Sediment 
Standard-3 (STSD-3) for calcium, lead, titanium and iron measured in thousands of counts per second 
(kcps). STSD-3 was added at the start and end of the SSR device when analyzing Harvey Lake surface 
samples. Elements displayed span lighter elements (Ca, Ti) that have poor detection relative to heavier 
elements that have better detection (Fe, Pb) by the Itrax-XRF, using a Mo-anode.  
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number (Boyle et al. 2015); and 4) knowledge of the length of each compartment (Figure 

2.3). Once identified, the SSR compartment-wall data can be removed from the results.  

We also recommend removing analysis results collected within 1 mm of the acrylic edge, 

to minimize possible boundary effects. The mean square error (MSE) of measurements 

made by the Itrax-XRF core scanner can be used to assess whether data were influenced 

by air pockets close to the compartment walls, caused by settling of sediment, and data 

points identified as outliers can be removed accordingly. At a sampling resolution of 0.2 

mm, a scan of each sample compartment will provide 75 data points in 18.75 minutes at 

an exposure time of 15 s. Itrax-XRF core scanners allow the user to adjust count time 

and resolution to increase the speed or accuracy and precision of geochemical results. 

Summary statistics (e.g. mean, median, standard deviation, coefficient of variation, etc.) 

can be calculated for each sample, allowing users to characterize heterogeneity of the 

surface sample (Figure 2.4). Although samples are partially homogenized by mixing with 

a spatula after centrifugation and prior to analysis, multiple measurements provide an 

opportunity to assess intra-sample variation that would be prohibitively expensive with 

other analytical techniques, and thus offer an advantage over techniques that assume a 

single measurement is representative of the analyzed sample (ICP-MS, benchtop XRF, 

WD-XRF).  

2.9 Application of the SSR 

In summer 2015, 71 sediment-water interface samples were taken from Harvey Lake, 

York County, New Brunswick, Canada (N45.745°, W67.03°), and analyzed using the SSR 

at the Itrax-XRF core-scanning facility at McMaster University, Hamilton, Ontario. 

Samples were analyzed at 0.2-mm resolution for 15 seconds/point at 15 mA and 30 kV, 

using a Mo-anode x-ray tube in three separate runs. Geological Survey of Canada Stream 

Sediment Standard 3 (STSD-3) was rehydrated from powdered form, using de-ionized 

water to achieve a consistency similar to surface sediment samples, and was loaded in 

SSR compartments at the start and end of each run of Harvey Lake samples. Preparing 

samples and loading them into the SSR took ~6 hours of active time. Analysis with the 

Itrax-XRF took ~25 hours and generated >3000 data points after post-processing. Density 

plots for replicate analysis of STSD-3 show good agreement between peaks, suggesting  
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good reproducibility between scans, i.e. within expected variations caused by changes in 

bulk density and water content that may have occurred during rehydration and 

subsequent drying during analysis (Figure 2.4). Density plots also show near normal 

distribution, implying that mixing samples with a spatula adequately homogenizes the 

sediment. Reducing the scan resolution would significantly reduce the required scan time, 

and based on the results obtained for Harvey Lake, would yield a similar outcome.  Figure 

2.5 shows Ti values normalized to Ca. Values between sample points were interpolated 

using inverse distance weighting (IDW). Ti/Ca is a proxy for relative change in 

allochthonous input as variations Ti can be caused by changes weathering or sediment 

transport within a given catchment area (Davies et al. 2015). High Ti/Ca values, however, 

may be a result of variations in Ca content caused by productivity changes across the 

lake basin (Wetzel 2001; Davies et al. 2015). Elevated Ti/Ca values occur in the southern 

 

Figure 2.5: Ti/Ca values for Harvey Lake, NB, Canada. Seventy-one surface samples were analyzed 
using the Itrax-XRF at McMaster University. Values were interpolated using the IDW tool in ArcGIS. 
Lighter shades of grey represent higher Ti/Ca values, which indicate proportionally higher 
allochthonous sediment input.  
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basin where a nearby stream and steep hill result in high deposition rates. This may be 

an ideal site for future paleoenvironmental studies using conventional sediment cores.  

2.10 Conclusions 

The SSR enables researchers to carry out inexpensive geochemical studies through 

analysis of discrete sediment samples using the Itrax-XRF core scanner. The use of this 

durable, easy-to-assemble sample vessel can maximize the spatial resolution of analyzed 

sediment samples in between- and within-lake studies that seek to characterize the range 

of lake environmental variability, and allow for more direct comparisons with conventional 

core analyses that employ the Itrax.  
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3.2 Foreword 

After designing the SSR (Chapter 2), we used the device to analyze discrete sediment 

samples and test different recommended methodologies of calibration. Although Itrax-

XRF offers significant advancements in analytical resolution, the drawbacks of analyzing 

unprepared sediments have many researchers skeptical of the applicability of the 

instrument to understand relative and absolute geochemical change in sediment. 

Calibration of Itrax-XRF data services two purposes: 1) to provide actual values to the 

semi-quantitative geochemical variations observed in core; and 2) to “ground-truth” 

geochemical variations to be sure that the observed changes represent actual 

geochemical changes and are not due to variations in specimen or matrix effects down 

core. Several researchers have previously attempted calibration of data with varying 

success. Although direct linear calibration showed some success, recent work has shown 

applying a correction for shifts in water content or using log-ratios that account for closed-

sum effects in the geochemical dataset could improve relationships between Itrax-XRF 

results and quantitative methods of determining sediment geochemistry. In this paper, we 

compare different calibrations methods to determine which methods are able to best 

represent actual geochemical changes in sediment cores. This manuscript, originally 

published in Chemical Geology, has been modified slightly to meet the formatting 

requirements of Carleton University, but is otherwise unchanged.   

Dr. R.T. Patterson and Dr. H.M. Roe conducted the field work for this study. Dr. 

E.G. Reinhardt provided technical support and instrumentation for analysis. I prepared 

and analyzed samples, conducted statistical analyses for comparison of different 

calibration methods, wrote the manuscript and designed the figures. All co-authors 

provided feedback and helped to revise the manuscript. This research was funded by a 

Polar Knowledge Canada grant to Dr. Patterson and Dr. Galloway and a Canadian 

Foundation for Innovation grant to Dr. Reinhart. It should be cited as follows:  

 

Gregory BRB, Patterson RT, Reinhardt EG, Galloway JM, Roe HM. (2019). AN evaluation 

of methodologies for calibrating Itrax X-ray fluorescence counts with ICP-MS 

concentration data for discrete sediment samples. Chemical Geology. 
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3.3 Abstract 

Core-scanning X-ray Fluorescence (XRF-CS) is a well-established technique for rapid (< 

30 s/interval) analysis of sediment core geochemistry at sub-mm resolution with 

substantially less analytical cost compared to methods that rely on physical sub-sampling. 

Due to issues inherent in analyzing wet sediment of heterogeneous particle size and 

composition with irregular surface topography using XRF, XRF-CS results are generally 

considered semi-quantitative. The result of early efforts to calibrate XRF-CS data with 

conventional geochemical results (e.g. WD- or ED-XRF, ICP-AES, ICP-MS) showed 

weak correlations for less abundant or poorly detectable elements, however, more recent 

methods have been proposed to improve accuracy.  These methods include: 1) 

converting XRF-CS results to dry mass concentration; 2) normalizing XRF-CS data to 

conservative elements (Si, Ca), total counts/second, or X-ray scatter (CIR); and 3) 

calibration of data using multivariate analysis of elemental log-ratios (MLC). These 

approaches are not yet widely employed, and require additional testing on a variety of 

sediment compositions. Recently developed equipment enables analysis of discrete 

sediment samples, providing >30 replicate analyses for up to 180 samples in a single 

XRF-CS run. These replicate measurements allow for rigorous testing of precision and 

accuracy of XRF-CS data. To determine the ideal method of data transformation to 

improve XRF-CS calibration to quantitative geochemical concentration, 100 lake 

sediment-surface samples collected from Harvey Lake, New Brunswick, Canada, were 

analyzed using Itrax-XRF-CS, and then with ICP-MS analysis after multi-acid digestion. 

Normalization using the CIR and correction for water content showed strong correlation 

coefficients (Kendall’s τ) for elements with atomic number >18 and high concentrations in 

the sediment. Results for lighter elements and those with lower concentrations did not 

perform well using these calibration methods. The MLC provided the most accurate 

reproduction of observed ICP-MS trends and strong correlations (R) between predicted 

and actual geochemical concentrations. Based on these results, CIR-normalized or wet-

corrected calibrations are ideal for studies where absolute geochemical values are of 

lesser importance, and the MLC method is appropriate for studies with large numbers of 

sediment samples (n > 100), or those where absolute concentrations of elements are of 

greater importance. 
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3.4 Introduction  

The use of high-resolution, non-destructive, X-ray fluorescence core scanners (XRF-CS) 

has become commonplace in the study of paleoenvironments and paleoclimate (Turner 

et al. 2010; Giralt et al. 2011; Gregory et al. 2015; Profe et al. 2016; Peros et al. 2017), 

sediment provenance (Kujau et al. 2010; Hunt et al. 2015; Zielhofer et al. 2017) and soil 

and sediment contamination (Guyard et al. 2007; Miller et al. 2015; Rodríguez-Germade 

et al. 2015; Lintern et al. 2016; Schillereff et al. 2016). X-ray fluorescence core scanners 

are capable of analyzing sediment cores at up to 0.1 mm resolution at < 30 s per interval, 

offering a major advantage in speed, cost, and resolution over conventional geochemical 

analysis (ED- or WD-XRF, ICP-MS, INAA). A consequence of this rapid, high-resolution 

analysis is loss of geochemical accuracy and precision (Tjallingii et al. 2007; Hennekam 

and de Lange 2012; Maclachlan et al. 2015). Traditional XRF analysis uses sediment 

which is ground to homogenous particle size and either fused to glass beads or 

compressed into a puck with a smooth surface to minimize matrix and specimen effects 

(International Atomic Energy Agency 1997; Weltje and Tjallingii 2008). XRF-CS 

measurements can be influenced by heterogeneities in the sample surface, such as an 

uneven topography or variation in particle size (specimen effects), or by reabsorption, re-

emission and scattering of primary X-radiation by some component of the sediment being 

analyzed, such as interstitial water content, sediment porosity, or the sediment itself 

(matrix effects; Croudace et al. 2006; Tjallingii et al. 2007; Maclachlan et al. 2015). 

Additional issues arise due to matrix effects influencing different elements to different 

degrees, with lighter elements commonly experiencing more pronounced deviations from 

actual geochemical values compared to heavier elements (Tjallingii et al. 2007). XRF-CS 

data are thus considered semi-quantitative, particularly for light elements. 

Analysis of sediment using ICP-MS is relatively expensive and often requires large 

sample volumes for standard commercial analysis, which can restrict the resolution of 

temporal or spatial studies, and it is time consuming in terms of sampling. Many 

researchers therefore use XRF-CS data to examine relative changes in elemental 

concentrations at high resolution in core samples while using conventional geochemical 

analysis of select samples to accurately determine absolute geochemical values. In 

environmental studies, XRF-CS is used to identify the timing of impacts, or the spatial 



Climate’s Impact on As  32 

and temporal extent of contaminated horizons, which are then verified using conventional 

geochemical results (Guyard et al. 2007; Miller et al. 2015; Rodríguez-Germade et al. 

2015; Lintern et al. 2016; Schillereff et al. 2016). If it were possible to obtain more reliable 

geochemical values using XRF-CS, it would represent an enormous advancement in the 

ability of researchers to study environmental systems, contamination, and high-resolution 

climate events in terms of rapidity and cost-effectiveness.  

Since the introduction of the first XRF-CS in 1998, researchers have attempted to 

calibrate XRF-CS data to total elemental concentrations derived from conventional 

geochemical analytical methods (Jansen et al. 1998). Early attempts that used linear 

regression to convert XRF-CS data to absolute concentrations showed substantial scatter 

about regression lines. These variations in data distribution were likely due to matrix and 

specimen effects that impacted elemental detection by XRF in a non-linear fashion, 

making it difficult to correct for their influence (Kido et al. 2006). Several methods for 

reducing the influence of matrix and specimen effects before calibration or interpretation 

have been developed. These methods can be broadly categorized into three groups: 1) 

correction for a variable that cannot be measured directly by XRF-CS, typically water or 

organic content (Tjallingii et al. 2007; Boyle et al. 2015; Chen et al. 2016); 2) normalization 

of data to a variable measured by the XRF-CS device, such as a conservative element, 

X-ray scatter, or total counts per second (Wei et al. 2004; Guyard et al. 2007; Turner et 

al. 2010; Bouchard et al. 2011; Cuven et al. 2011; Kylander et al. 2011; Löwemark et al. 

2011; Berntsson et al. 2014; Chawchai et al. 2016); and 3) data transformation aimed at 

normalizing or scaling data, such as log-normalized (Weltje and Tjallingii 2008; 

Hennekam and de Lange 2012; Weltje et al. 2015) or median-normalized calibration 

methods (Lyle and Backman 2013; Lyle et al. 2014; Shackford et al. 2014). Application 

of these methods has generally resulted in stronger correlations and reduced scatter in 

linear regressions, yet they have not yet been widely adopted, and still need to be tested 

on a variety of substrate types.  

Although XRF-CS is designed for analysis of split cores, recent studies have begun 

to adapt core scanners for other purposes including the analysis of discrete samples. A 

study by Huang et al., (2016) analyzed discrete sediment standards to determine optimal 
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count times for XRF-CS. Profe et al. (2017) analyzed discrete sub-samples of a 20-m 

loess-paleosol sequence from Hungary to characterize climatic changes in the region. 

Gregory et al. (2017) developed the design specifications and recommendations for use 

of a discrete sample holding device that could accommodate up to 180 sediment samples 

for analysis using the Itrax-XRF-CS (Sequential Sample Reservoirs - SSR). Analyzing 

discrete sediment samples using XRF-CS has the potential to enable rapid 

characterization of sediment geochemistry. The resultant reduced analytical costs can 

increase both the scale and resolutions of research projects. Discrete sediment samples 

are ideal for testing calibration methods as they do not exhibit geochemical variations 

inherent to sediment cores caused by temporal changes in sedimentation and allow for 

multiple measurements of each sample. This permits for a more direct comparison to the 

larger, homogenous samples analyzed using conventional geochemical techniques, and 

enables evaluation of analytical precision that is difficult to quantify when attempting XRF-

CS calibration using core samples.  

To compare the accuracy of various existing calibration methodologies on XRF-

CS data using discrete sediment samples, we obtained 100 sediment-water interface 

samples from Harvey Lake, New Brunswick, Canada. Representatives from the Harvey 

Lake Association, the New Brunswick Alliance of Lake Associations, and the adjacent 

Village of Harvey Station are interested in assessing the current and past health of Harvey 

Lake to elucidate how any contamination risks may hinder the lakes’ recreation use by 

locals and tourists visiting the region due to the occurrence of a major cyanobacterial 

bloom in Harvey Lake during the summer of 2016. The ability to quantify the spatial 

variability in metal concentrations in lacustrine environments would be of considerable 

utility in identifying contaminants that pose a health risk, and facilitates detection of 

contaminations sources. Harvey Lake is a typical lake found in developed regions: a 

relatively small water body, irregular in shape, with moderate depth (~ 11 m),  
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Figure 3.1: The location of Harvey Lake within Canada (A), and within New Brunswick (B). (C) Shows 
the location of surface sediment samples within Harvey Lake as well as important locations around 
Harvey Lake. Bathymetry contours at 1-m depth intervals interpolated using depths of sediment samples 
are shown with black lines. (D) Boxplot of elemental concentration of 10 most abundant elements in 
sediment determined through ICP-MS.  
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and varied land use around the periphery (natural, recreational, residential and formerly 

industrial). It is thus an ideal site for testing calibration methods. 

3.5 Methods 

3.5.1 Study Area and Sample Collection 

Harvey Lake (45°43′45″ N, 67°00′25″ W) is irregularly shaped, has a surface area of 6.9 

km2, was non-thermally stratified during late summer sample collection, and has a 

maximum depth of 11 m (Figure 3.1). Water flows into this lake from one stream in the 

south-western cove of the lake, and from another stream in the middle of the eastern 

shore. There is a small outflow on the middle of the western shore where water flows to 

the adjacent Mud Lake (Figure 3.1). Harvey lake is surrounding by wetlands and forest 

on the western, northern and eastern shores, with a strip of cottages running the length 

of the eastern shore. The Village of Harvey Station is just south of the lake adjacent to 

Cherry Mountain, a ~100 m topographic high at the southern end of the lake. The northern 

portion of Harvey Lake is underlain by Silurian- to Devonian-aged sedimentary rocks 

including red sandstones, conglomerates and shales (Bottomley1984; Payette and Martin 

1986). The southern end of the lake is underlain by Mississippian volcanic rocks including 

rhyolitic lava flows, and ash-fall/ash-flow tuffs that outcrop on Cherry Mountain (Bottomley 

1984; Payette and Martin 1986). One hundred samples (HV-01 too HV-100) were 

collected from the sediment-water interface using an Ekman grab sampler in September, 

2016. Sample locations were recorded using a Garmin GPSMAP 76CSx GPS. The upper 

0.5 cm of sediment collected was sampled into plastic bags using a plastic spoon. 

Sediment samples were stored in coolers for transport to Carleton University for 

subsequent analysis. 

3.5.2 Laboratory methods 

The Harvey Lake samples were divided into sub-samples for laboratory analysis. For ICP-

MS analysis, sediment was homogenized with a spatula, then ~10 mL of sediment were 

subsampled into 50 mL falcon centrifuge tubes and sent to Bureau Veritas, Vancouver, 

BC, where the sediment was dried, ground to a homogenous powder and digested using 

a multi-acid wash before analysis (DYAIR, PULCB, and MA250 packages). Bureau 

Veritas measured 10 % of samples in triplicate as well as two quality control standards 
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OREAS45E and OREAS25A-4A, to ensure accurate analysis. All elements studied were 

within two standard deviations of certified elemental concentrations. The use of multi-acid 

wash ensured that the results of this analysis best represent whole rock geochemistry 

measured by XRF-CS (Parsons et al. 2012). A total of 48 samples were analyzed using 

ICP-MS, of which 28 were unique sediment samples, with 10 being analyzed as blind 

triplicates for statistical control purposes. Sub-samples selected for ICP-MS evenly 

covered the area sampled, and included all sediment lithologies observed in samples. 

Sediment was typically dark-brown, organic-rich gyttja, with only a few samples collected 

nearer the periphery and the south-east corner of the lake showing slight increases in silt 

and sand content. Full results from ICP-MS analysis are available in Gregory et al. 

(2018a).  

Preparation of subsamples for XRF-CS followed Gregory et al. (2017). Sediment 

was stirred using a spatula to homogenize material, then approximately 20 mL of wet 

sediment (more for watery samples) was subsampled into 50 mL falcon tubes, centrifuged 

at 4000 rpm for 4 minutes and the supernatant decanted; if time allows, samples can be 

dried at room temperature to the required consistency to ensure no material is lost during 

decanting of samples. Each sample was covered to minimize the possibility of 

contamination, and then left at room temperature to dry until sediment samples reached 

a paste-like consistency that enables easy loading and reduces the risk of cross 

contamination (Gregory et al. 2017). The dried samples were transported to the McMaster 

University Core Scanning Facility, homogenized by stirring with a spatula, loaded into an 

acrylic SSR (1 x 1 x 1.5 cm = 1.5 cc), and analyzed using a Cox Analytics Itrax core 

scanning X-ray fluorescence (Itrax-XRF-CS) device. Some sediment samples did not 

completely fill sediment reservoirs in the SSR. In these cases, the excess lateral volume 

was filled with phenolic plastic foam (Oasis Floral Foam) to ensure that the sediment 

surface did not subside during scanning as this can cause inaccuracies in the XRF-CS 

analysis. Samples were analyzed using a Mo-anode X-ray tube at 30 kV and 19 mA at 

0.2 mm resolution for 15 seconds per interval. These parameters were selected as they 

represent the typical settings for Itrax-XRF-CS analysis of lacustrine material. Although 

count time, scanning resolution, or XRF voltage/amperage may be modified if 

experimental design has a specific goal (e.g. detection of rare earth elements [Hennekam 
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et al. 2018]), the results presented here are meant to inform typical XRF-CS researchers 

as to the best methods for calibration under normal conditions. Subsequent to analysis, 

the Itrax-XRF-CS results were batch analyzed using RediCore software created by Cox 

Analytical Solutions. The ICP-MS analysis results in conjunction with known XRF-CS 

elemental detection limits were used to inform the selection of elements for batch analysis 

using RediCore. Processed XRF-CS results are available in Gregory et al. (2018b). 

Once the non-destructive XRF-CS analysis was complete, sample water content 

was measured. Material was extracted from the SSR, placed into pre-weighed crucibles, 

and the wet weight of sediment was measured using a Sartorius BP 121 S scale. Material 

was placed in a 110 °C oven for 24 hours then weighed again to determine the dry weight. 

The difference between wet and dry weight was considered to be the weight % water 

content of the sample (Heiri et al. 2001). The organic matter content in each sample was 

derived using loss on ignition (LOI; after Heiri et al. 2001). Approximately 5 cm3 of 

sediment was placed into a weighed crucible, dried in an oven at 110 °C, and then 

combusted at 550 °C for four hours, with the sample being weighed between each step. 

The difference between dry weight and weight after combustion was considered to be the 

weight % of organic matter in the sample. Data regarding water and organic content in 

sediment are available in Gregory et al. (2018c). 

3.5.3 Analytical methods 

XRF-CS sediment data were isolated from the extraneous measurements of the SSR 

acrylic reservoir dividers and floral foam before calibration attempts. Gregory et al. (2017) 

were able to easily discriminate acrylic dividers from sediment on the basis of the abrupt 

shifts in the ratio of coherent to incoherent X-ray scatter (CIR), known width of the acrylic 

compartment walls, total counts per second (kcps), and abundance of the elements (Fe 

and Ca) in sediment. Subsequent to removal of the non-sediment XRF-CS data points, 

at least 15 and up to 67 discrete sample measurements remained for each sample 

depending on whether or not floral foam had been required to fill excess space in sample 

reservoirs. The median XRF elemental values obtained for each sample were taken as a 

measure of central tendency because several elements, notably those nearer instrument 

detection limits, showed non-normal distributions. The relative standard deviation (RSD), 
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expressed as percent relative to them mean value of an elements, was calculated after 

the formula:   

(1) % RSDjn = 
𝜎𝑗

𝜇𝑗
× 100 

Where σ is the standard deviation of element j for sample n, and µ is the mean of element 

j for sample n. To express the relative standard deviation of elements in the XRF-CS 

dataset, the mean of the relative standard deviation across all samples was used.  

The standard deviation for triplicate measurements of elemental concentration 

using ICP-MS was calculated using the following equation (Mccurdy and Garrett 2016): 

(2)  𝜎𝑗 = √(
∑ (𝑥𝑖𝑗𝑛−𝜇𝑗𝑛)

23
𝑖=1

3𝑁
) 

where x represents replicate measurement i for element j in triplicate set n, µ represents 

the mean concentration of element j in a triplicate set n, and N equals the total number of 

triplicate sets measured. The RSD of elements for ICP-MS data was calculated following 

equation (1); µj was considered the mean of all triplicate measurements for element j.  

3.5.3.1 Simple Linear Calibration 

All 28 unique ICP-MS sample measurements were compared to Itrax-XRF values and a 

linear equation was derived on an element-by-element basis after the formula: 

(3)  Wij = aj+IijBj 

where Wij represent the weight proportion of element j at interval i, Iij represents the XRF-

CS-measured concentration of element i at interval j, aj represents the y intercept of 

element j, and Bj the slope of the regression line for element j. Correlation between ICP-

MS and XRF-CS data was examined using Kendall’s Tau (τ) as data were non-normally 

distributed. 

3.5.3.2 Cox Analytics Q-Spec Calibration  

Cox Analytics Qspec software was used for the batch evaluation of XRF-CS results and 

to calculate absolute concentrations (ppm or weight %) of analyzed XRF-CS data based 
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on results of previous XRF-CS analysis of geological standards. To test the accuracy of 

this automated calibration in comparison to other recommended methods, the XRF-CS 

data from the Harvey Lake samples were calibrated using Qspec software. Whereas 

typical calibration methods (e.g. Jansen et al. 1998; Boyle et al. 2015; Weltje et al. 2015; 

Chen et al. 2016) require analysis of sediment using conventional geochemical 

techniques as well as XRF-CS, calibration using Qspec software requires no additional 

analysis for conversion of XRF-CS results to absolute concentrations as it bases 

calibration equations on elemental standards previously measured using XRF-CS. The 

XRF-CS results were converted to absolute concentrations using the Green River Shale 

standard (USGS SGR-1). The median value of each element in each sample was taken 

as a measure of central tendency. The results were then compared to the ICP-MS values 

using linear regression and Kendall’s τ; no calibration equation was derived. Qspec-

calibrated XRF-CS results are available in Gregory et al. (2018d). 

3.5.3.3 Normalized Calibrations 

It is common practice to normalize XRF core-scanner data to a conservative element (Wei 

et al. 2004; Guyard et al. 2007; Turner et al. 2010; Löwemark et al. 2011; Chawchai et al. 

2016), or other variables measured by Itrax-XRF-CS, such as total counts per second 

(kcps; Turner et al. 2010; Bouchard et al. 2011; Cuven et al. 2011; Haenssler et al. 2013), 

or X-ray scatter (Kylander et al. 2011; Marshall et al. 2011; Berntsson et al. 2014). In 

theory, such normalization procedures should minimize the influence of matrix and 

specimen effects that are known to affect XRF-CS measurements, as both the element 

of interest and the normalization variable should be subject to similar matrix/specimen 

effects at every measured point. Thus, normalized XRF-CS data should better 

approximate actual sediment geochemical concentrations measured by conventional 

geochemical analysis than raw XRF-CS data. Itrax-XRF-CS data were normalized to 

variables commonly used in XRF-CS research (Si, Ca, kcps and CIR). Silicon and Ca 

were selected for calibration over other elemental denominators as they are relatively 

insensitive to redox changes, are abundant in most lacustrine settings, and have been 

shown in other studies to be ideal denominators for calibration (Weltje and Tjallingii 2008). 

Normalized XRF-CS results were compared to ICP-MS data to derive linear equations 

using a formula similar to (3) above: 
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(4)  Wij = aj+(Iij/Iki)Bj 

where Ikj represents the value of normalization factor k at interval i. Correlation coefficients 

between normalized XRF-CS data and ICP-MS were calculated using Kendall’s τ. 

3.5.3.4 Water Content Correction 

Several authors have recognized the problem of water content in a sample resulting in 

the attenuation of the XRF signal, both due to interstitial water, and a thin film of water 

that occurs between the sediment surface and the thin mylar film placed on the core 

before scanning (Kido et al. 2006; Tjallingii et al. 2007; Boyle et al. 2015). Studies have 

shown that accounting for water content improves the relationship between the XRF-CS 

and conventional geochemical data (Kido et al. 2006; Tjallingii et al. 2007; Hennekam 

and de Lange 2012; Boyle et al. 2015; Chen et al. 2016). Following Boyle et al. (2015), 

we derived an equation for determining the water content observed at each point by 

comparing the water content of the surface samples post XRF-CS-analysis to median 

values of CIR for all samples. Although Boyle et al. (2015) converted geochemical values 

to wet percent and then compared these wet values to XRF-CS data to derive calibration 

equations, we alternatively converted the XRF-CS values to dry mass concentrations for 

comparison to dry mass ICP-MS data. The procedure was carried out using the equation 

provided by Boyle et al. (2015) 

(5)  Dji = Iji(100/100- ωi) 

where Dji represents the dry mass concentration of a given element j at interval i as 

measured by XRF-CS, and ωi represents the percent dry mass at interval i. At each 

interval measured by XRF-CS, ω was calculated based on linear regression between 

median values of CIR for each surface sample and the weight % water content as 

measured in the lab following the formula: 

(6)  ω = aij+(CIRi)Bij 

where CIR is the ratio of coherent to incoherent X-ray scatter measured by the Itrax-XRF-

CS at interval i. After raw XRF-CS data was corrected for water content using formula (5), 

median values of sediment were taken from the wet-corrected XRF-CS data and 
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compared to ICP-MS data to create elemental calibration equations using formula (3) 

above. Kendall’s τ was used to exam correlation the two datasets. 

3.5.3.5 Multivariate Log-ratio Calibration 

Wetlje et al. (2015) developed a multivariate method of calibrating XRF-CS data based 

on the use of log ratios. Alongside recommendations on how to best approach this new 

multivariate log-ratio calibration (MLC) method, Weltje et al. (2015) created the program 

ItraXelerate to automatically perform the calibration.  The ItraXelerate software uses data 

from replicate measurements of sediment analyzed using XRF-CS and conventional 

geochemical methods to calculate absolute geochemical concentrations of select 

elements. As the XRF-CS data from the Harvey Lake samples represents multiple 

measurements of the same sample, and as Weltje et al. (2015) recommend at least 

triplicate scans of several intervals throughout the core, three new XRF-CS datasets were 

created based on the original XRF-CS data. Three measurements were randomly 

sampled (with replacement) from each sediment sample output and placed into a new 

XRF-CS dataset. This process was repeated three times to create triplicate datasets for 

each discrete sample. As ItraXelerate was designed for use with XRF-CS core data and 

not discrete samples, each data point within the triplicate datasets was by necessity 

assigned an arbitrary depth starting at 0 mm for the first point in the dataset and increasing 

by an interval of 10 mm for each subsequent data point. For example, the triplicate data 

from HV-01 were assigned the depths 0, 10, and 20 mm, and data from HV-02 were 

assigned depths of 30, 40 and 50 mm. These three XRF-CS datasets were compared to 

the ICP-MS dataset containing triplicate analysis of roughly 30 % of samples. Each ICP-

MS sample was assigned a depth corresponding to the centroid of the depths for the 

same sediment sample in the XRF-CS datasets (i.e. the ICP-MS depth of HV-02 would 

be 40 mm). An additional alteration to ICP-MS data was necessitated prior to loading the 

Harvey Lake ICP-MS data into the ItraXelerate software. The ItraXelerate software will 

not load geochemical data that are missing elements always observed in conventional 

XRF analysis as it was originally designed for comparison of ED or WD-XRF to XRF-CS. 

As ICP-MS does not detect silicon, and because this element is so ubiquitous as to almost 

always be found in XRF analysis of sediment, ItraXelerate would not load the ICP-MS 

dataset from Harvey Lake with zero values for SiO2. Therefore, an arbitrary value of 
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0.00001 ppm SiO2 was substituted into our ICP-MS dataset for all sediment samples 

analyzed.  

ItraXelerate measures the accuracy of calibrations using a goodness-of-fit 

measurement (R) that uses the mean squared Euclidean distance between predicted and 

measured compositions (i.e. distance of a given point from the regression line; Weltje et 

al. 2015). Based on the recommendations of Weltje et al. (2015) the number of elements 

calibrated should equal roughly one third the number of ICP-MS samples analyzed, 

rounded down. Nine elements can therefore be calibrated from our 28 ICP-MS samples. 

As this study is meant to act as a foundation for future paleolimnological work, common 

elements used as paleolimnological proxies were select for calibration (Al, Ca, Ti, Mn, Fe, 

Zn, K) alongside an element of interest for Harvey Lake (As). Copper was also added as, 

in spite of the fact that it occurred in concentrations much higher than the detection limit 

of Itrax-XRF-CS, it performed poorly in initial experimental calibrations using the MLC 

method. ItraXelerate automatically calculated elemental concentrations in proportions 

that summed to unity. The actual proportion of sediment that the nine selected elements 

comprised was near to 9.8 % on average. As such, XRF-CS concentrations output by 

ItraXelerate where multiplied by the mean proportion of sediment samples comprised by 

the nine selected elements (0.098) to facilitate comparison with ICP-MS data.  

3.6 Results 

Analysis of sediment using ICP-MS detected 44 elements representing a median value 

of 11.6 weight percentage of sediment (Gregory et al. 2018a). Of this ~11 %, Al, Fe, K, 

Na, Mg, Ca, Ti, P, Mn, and S comprised a median proportion of 99.1 % of the measured 

distribution of elements. Samples were consistently co-dominated by Al (median = 4.75 

%) and Fe (median = 2.86 %), followed by K (median = 1.38 %), Na (median = 1.23 %), 

Mg (median = 0.51 %), Ca (median = 0.44 %), Ti (median = 0.25 %), P (median = 0.11 

%), Mn (median = 0.09 %) and S (median = 0.06 %; Figure 3.1D). Elemental composition 

of samples remained relatively stable, with similar elemental dominance structure 

observed in all samples across the basin. The relative standard deviation of elemental 

concentrations within samples showed a median of 21. 9 %, although S and Al were 

notable exceptions with a relative standard deviation of 91.3 % and 4.92 %, respectively. 
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Based on comparison of Itrax-XRF-CS detection limits and ICP-MS results, as well 

as working to maximize the fit between observed and predicted XRF spectra, 28 elements 

were detected in Harvey Lake sediment using XRF-CS, including Al, Si, P, Cl, Ar, K, Ca, 

Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Rb, Sr, Y, Zr, Ce, Sm, Tm, Yb, Ta, W, and Pb 

(Gregory et al. 2018b). The parameters set in preliminary analysis of the sum spectra 

where applied to each interval analyzed and re-evaluated using QSpec software, which 

automatically determined ideal XRF parameters for each interval through 10 iterations of 

a pre-programmed wiggle-fitting procedure. The MSE value for the resultant dataset after 

plastic sections were removed ranged from 0.92 to 2.42 (median = 1.12, n = 4270). Of 

the 28 elements detected in the sum spectra, 12 were selected for discussion to represent 

elements with low detectability and high abundance (Al), moderate- to high-detectability 

and high abundance (K, Ca, Ti, Fe, Mn, Zn), and moderate- to high-detectability and low 

abundance (Cu, Ni, Zr, As, Ce; Table 3.1).  

3.6.1 Raw XRF-CS  

Comparison of raw-XRF-CS data to ICP-MS values (n = 28) showed weak to moderate 

positive Kendall’s τ (0.3 < τ < 0.6) for most elements (Table 3.2). Copper and Ce were 

the only two elements that showed negative correlations. Arsenic showed the strongest 

correlation observed (τ = 0.69), followed by K, Ca, and Fe (τK = 0.59, τCa = 0.55, τFe = 

0.52; n = 28). Aluminum had a weak positive correlation (τ = 0.26). Despite moderate 

correlations, several elements showed considerable deviation from inferred linear 

relationships (Figure 3.2, A1.1).  

3.6.2 Qspec Calibration 

In comparison to the raw-XRF-CS data, Qspec-corrected data show slightly weaker 

correlations to ICP-MS results (n = 28), although the observed decrease in correlation 

was often minor (Table 3.2, Figure 3.2, A1.2; Gregory et al. 2018d). For example, Ca 

decreased from τ = 0.55 to 0.51 and Al from τ = 0.26 to 0.24 from the raw-XRF-CS data 

to Qspec-Calibrated data, respectively. Kendall’s τ for a select few of the elements (As, 

Ni, and K) did increase, but this change was minor. Almost one third of all the elements 

analyzed, including Cu, Ti, and Ce, showed negative correlations.  
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Table 3.1: Depiction of the ability of Itrax-XRF-CS to detect elements versus their concentration in sediment 
based on median ICP-MS concentrations for all elements included in XRF-CS analysis. Elements included 
for the comparison of different calibration methods are shown in bold. Argon, Si and Cl are excluded from 
the table as they were not included in the suite of elements analyzed using ICP-MS 

 

3.6.3 Water Content Correction 

Comparison of the coherent/incoherent X-ray scatter ratio (CIR) to percent dry mass 

measured immediately after XRF-CS analysis showed a strong, positive correlation (τ = 

0.79, n = 66), with little scatter about the regression line (Figure 3.3). Although Boyle et 

al. (2015) used X-ray scatter as a proxy for water content, several authors have suggested 

that X-ray scatter can be used as a proxy for organic content (Brown et al. 2007; Sáez et 

al. 2009; Burnett et al. 2011; Giralt et al. 2011). Comparison of LOI-derived organic 

content to CIR (the inverse of more commonly used Incoherent/Coherent ratio) showed 

a moderate strength negative correlation (τ = - 0.43, n = 61), suggesting a weaker 

influence of organic matter on X-ray scatter in samples (Figure 3.3; Gregory et al. 2018d). 

Organic matter comprises a much smaller proportion of sediment than water content. 

Based on the aj and Bj values derived from comparison of percent dry mass to CIR, the 

raw Itrax-XRF-CS data were adjusted at each measured interval to account for variations 

in water content. After correction for changes in water content within samples, Kendall’s 

τ correlations for all elements became much stronger, with half of the samples showing  
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Figure 3.2: Linear regressions comparing raw XRF-CS data (left column), data calibrated using Qspec 

software (middle column) and data corrected for water content after Boyle et al., (2015; right column) to 

ICP-MS-derived elemental concentrations. Regression lines are represented by blue lines surrounded 

by darker grey shaded area indicating 95 % confidence interval of regression. Only select elements (Al, 

Fe, As) are compared here, see Supplementary Figures A1.1–1.3 for regression of all elements included 

in XRF-CS analysis.  
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Table 3.2: Kendall’s τ correlations between raw, Q-spec calibrated, and wet-corrected XRF-CS data and 
ICP-MS results. Mean elemental abundances were calculated using ICP-MS data. Blue values indicate an 
increase in Kendall’s τ value from raw-XRF-CS data, red values indicate a decrease in Kendall’s τ value. 
Detection limits shown are based on analysis of USGS standard SGR-1. 

Element 

Detection 

Limit  

(ppm) 

Mean 

Elemental 

Abundance 
Atomic 

Number Raw XRF-CS 
Qspec XRF-

CS 
Wet-Corrected 

XRF-CS 

Al 7704 4.8 % 13 0.26 0.24 0.25 

K 43 1.5 % 19 0.59 0.64 -0.15 

Ca 27 0.43 % 20 0.55 0.51 0.39 

Ti 13 0.26 % 22 0.06 -0.03 0.44 

Mn 7 940 ppm 25 0.35 0.29 0.82 

Fe 6 2.7 % 26 0.52 0.44 0.80 

Ni 5 26 ppm 28 0.49 0.53 0.62 

Cu 5 14 ppm 29 -0.04 -0.50 0.78 

Zn 5 110 ppm 30 0.27 0.19 0.86 

As 5 25 ppm 33 0.69 0.72 0.81 

Zr 
27 

80 ppm 40 
0.31 0.27 0.54 

Ce 28 51 ppm 58 -0.40 -0.41 0.04 

 

correlations above τ = 0.60 (n = 28; Table 3.2, Figure 3.2, A1.3). Only Al, K, and Ce had 

correlation coefficients below τ = 0.3. Potassium exhibited the only negative correlation 

of all elements analyzed. 

3.6.4 Normalization of Itrax-XRF data 

Normalization of XRF-CS data to Ca proved moderately successful (Table 3.3, Figure 

3.4, A1.4). On average, Kendall’s τ for comparison of Ca-normalized XRF-CS data to 

ICP-MS data (n = 28) increased by 0.06 points compared to raw XRF-CS data, with Cu 

and Zn showing an increase of at least 0.25 points and only two elements (As, and K) 

showing decreased correlations. Only Ce showed a negative correlation. Normalization 

of data to Ca also reduced the spread about the regression line for many elements (e.g. 

Fe; Figure 4).  
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Normalization of XRF-CS data 

to Si showed similar improvements as 

were observed for normalization to Ca 

(Table 3.3, Figure 3.4, A1.5). Only two 

elements had negative correlations in 

the Si-normalized data, K and Ca. 

Many elements showed large 

improvements in Kendall’s τ, including 

improvements of over 0.5 points for 

Cu, and Ce. Kendall’s τ for Si-

normalized data was, on average, 0.04 

points greater than the raw XRF-CS 

correlations. Six of the elements in the 

Si-normalized data did not show 

improved correlations in comparison to 

raw-XRF-CS data.  

In comparison to the raw-XRF-CS 

data, normalization of data to the total 

counts per second (kcps) showed an 

overall decrease in correlation to the 

observed ICP-MS data (n = 28; Table 

3.3, Figure 3.4, A1.6). Cerium, and K 

showed minor increases in Kendall’s 

τ, while all other elements showed a 

decrease in τ by an average of 0.05. 

Titanium, Cu, and Ce had negative 

correlations.  

 

 

Figure 3.3: Comparison of wt % dry mass and wt % 
organic material measured using LOI to 
coherent/incoherent X-ray scatter. The median value of 
the CIR was used for comparison of x-ray scatter in a 
sample to water and organic content. Regression lines 
are shown in blue bordered by 95 % confidence interval 
indicated by darker grey area. 
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Table 3.3: Kendall’s τ correlations for comparison of ICP-MS data to Ca-, Si-, kcps- and CIR-normalized 
XRF-CS data. Mean elemental abundances are based on ICP-MS results. Blue values indicate an increase 
in Kendall’s τ values from raw-XRF-CS data, red values indicate a decrease in Kendall’s τ values. Detection 
limits shown are based on analysis of USGS standard SGR-1. 

Element 

Detection 
Limit 
(ppm) 

Mean 
Elemental 

Abundance 
Atomic 
Number 

Raw 
XRF-CS Ca-norm Si-norm kcps-norm CIR-norm 

Al 7704 4.8 % 13 0.26 0.27 0.21 0.18 0.35 

K 43 1.5 % 19 0.59 0.32 -0.18 0.62 0.65 

Ca 27 0.43 % 20 0.55 - -0.11 0.54 0.65 

Ti 13 0.26 % 22 0.06 0.16 0.30 -0.04 0.25 

Mn 7 940 ppm 25 0.35 0.51 0.54 0.25 0.70 

Fe 6 2.7 % 26 0.52 0.70 0.48 0.37 0.82 

Ni 5 26 ppm 28 0.49 0.52 0.51 0.36 0.70 

Cu 5 14 ppm 29 -0.04 0.49 0.61 -0.21 0.43 

Zn 5 110 ppm 30 0.27 0.57 0.63 0.14 0.69 

As 5 25 ppm 33 0.69 0.65 0.64 0.69 0.83 

Zr 27 80 ppm 40 0.31 0.32 0.30 0.29 0.53 

Ce 28 51 ppm 58 -0.40 -0.19 0.23 -0.38 -0.42 

 

Several elements showed spread far from regression lines with little discernable trend 

(Figure 3.4, A1.6). 

 Normalization of elements to the CIR showed improvement in Kendall’s τ values 

in comparison to raw XRF-CS (Table 3.3, Figure 3.4, and A1.7). Some elements 

showed as much as 0.47-point increase in Kendall’s τ (mean 0.219-point increase, n = 

28). All elements showed positive correlations except for Ce (τ = -0.42, n = 28). Seven 

of 13 elements considered had correlation coefficients greater than τ = 0.5, with As (τ = 

0.83) and Fe (τ = 0.82) showing the highest correlations. There was a reduced spread  
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Figure 3.4: From left to right, graphs represent comparison of the ICP-MS data to raw-XRF-CS data, XRF-CS data normalized to Ca, XRF-CS 
data normalized to Si, XRF-CS data normalized to the total counts per second (kcps) and XRF-CS data normalized to Coherent/Incoherent X-
ray scatter (CIR). Regression lines are shown in blue.  The dark-grey shaded areas represent the 95 % confidence interval of the regression. 
Only select elements (Al, Fe, As) are compared here, see Figures A1.1 and A1.4–A1.7 for regression of all elements included in XRF-CS 
analysis.  
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of data points about the regression line for abundant, well detectable elements and 

moderate improvement in poorly detectable, yet abundant Al (Figure 3.4).  

3.6.5 Multivariate Log-ratio Calibration 

Correlations for eight out of nine elements using MLC showed moderate to strong positive 

R values (R > 0.6, n = 28; Figure 3.5). Aluminum, As, Mn, Ti and Zr had moderate R 

values > 0.64, and Fe, Ca, and K showed strong correlations with R > 0.8. Copper showed 

a weaker correlation with an R = 0.47. Most values plotted near the regression line for all 

elements, and all regression lines passed through the origin. There were no negative 

correlations.  

3.6.6 Comparison of Calibrated XRF-CS to ICP-MS data 

To assess the accuracy of each method, the ICP-MS-derived elemental concentrations 

were compared to the elemental concentrations for all samples predicted by the three 

XRF-CS calibration methods with that showed strong, positive correlations. The selected 

methods were: conversion of XRF-CS data to dry mass concentrations after Boyle et al. 

(2015); CIR-Normalization of XRF-CS data; and the MLC after Weltje et al. (2015). The 

raw XRF-CS data were included as a baseline for comparison to other methods of 

calibration.  The precision values of the three best Itrax-XRF-CS methods were compared 

to values observed in a multi-laboratory study by the United States Environmental 

Protection Agency (USEPA) of the accuracy and precision of ICP-MS analysis of 

sediment (USEPA 1998), as well as a more recent analysis of the precision and accuracy 

of handheld-XRF geochemical analysis of sediment (USEPA 2007; Table 3.4).  

The raw XRF-CS data showed a moderate degree of overlap with the ICP-MS 

concentrations of sediment samples (Figure 3.6, A1.8). The concentration of Ni, As, Al 

and Zr were the only elements of the 12 examined that showed ICP-MS concentrations 

within 1 SD of the median XRF-CS data for 75 % of samples compared. Potassium, Ca, 

Mn and Ce showed overlap between ICP-MS and XRF-CS in 50% of sediment samples 

compared, whereas the remaining 4 elements examined (Cu, Zn, Ti and Fe) showed 

agreement in less than 50% of samples. For some elements, notably Al, the variations  
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Figure 3.5: Comparison of MLC-XRF-CS (predicted) and ICP-MS derived (actual) geochemical 
concentrations of nine elements selected for the multivariate log-ratio calibration (MLC) using logarithmic 
graphs. The dashed lines represent linear regression of the data. This plot was generated using 
ItraXelerate software. 
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in ICP-MS results barely exceeded the observed XRF-CS standard deviation. For Cu and 

Ti, the XRF-CS results greatly underestimated the variability of ICP-MS results. 

 Normalization of the raw XRF-CS data to CIR showed good agreement between 

the transformed XRF-CS and ICP-MS data. Aluminum, Fe, Cu, Zr and As concentrations 

showed overlap between ICP-MS and CIR-normalized XRF-CS in 75 % of samples 

compared. Only Zn showed agreement between the two geochemical methods in less 

than 50% of samples; K, Ca, Ti, Mn and Ce all showed agreement between ICP-MS and 

CIR-normalized XRF-CS within 1 SD in over 50 % of samples (Figure 3.6, A1.9). The 

variability of ICP-MS-measured Al and Cu was lower than standard deviation of CIR-

normalized XRF-CS results (e.g. CIR-normalized Cu concentrations in Figure 3.6). In the 

case of several elements where extreme highs in elemental concentrations occurred in 

ICP-MS results, notably Mn, Fe and Ca concentrations in sample HV-46, the high values 

were underestimated by CIR-normalized XRF-CS data. However, there did not appear to 

be a systematic over- or underestimation of values in this dataset. The RSD of CIR-

normalized XRF-CS results was generally slightly higher than the relative standard 

deviation of Harvey Lake ICP-MS results, and comparable to ICP-MS and handheld-XRF 

measures of precision as determined by the USEPA (Table 3.4) 

 Correction of the XRF-CS data for water content (hereafter termed wet-corrected 

data) also showed good agreement between ICP-MS and XRF-CS data (Figure 3.6, 

A3.10). Aluminum, Mn, Cu and As showed agreement between CIR-normalized XRF-CS 

and ICP-MS data in over 75 % of samples compared; Fe, Ti and Zn showed similar 

concentrations in both datasets for more than 50 % of samples compared, whereas K, Ni, 

Ca, and Ce showed agreement below this threshold (Figure 3.6, A1.9). Copper 

concentrations for wet-corrected XRF-CS data show low precision, with almost the entire 

range of ICP-MS-measured Cu concentrations falling within 1 SD of XRF-CS results. For 

some elements, notably Ce, K and to a lesser degree Al, the CIR-normalized XRF-CS 

data underestimated the variability of ICP-MS results. However, the wet-corrected data 

successfully approximated most extreme highs in elemental concentrations. The relative 

standard deviation of wet-corrected XRF-CS data generally remained below 10 % with 

the except of Cu (56 %) and As (36 %). The precision of the wet-corrected data within the    
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Figure 3.6: Comparison of median elemental concentrations predicted by calibrated XRF-CS data +/- the standard deviation of data (black boxes) 
and ICP-MS concentrations (red dots). Red crossbars show two relative standard deviations for elements calculated based on triplicate ICP-MS 
measurements. From left to right, graphs show comparison of ICP-MS data to raw-XRF-CS data, wet-corrected XRF-CS data after Boyle et al. 
(2015), CIR-normalized XRF-CS data, and data corrected using the MLC method after Weltje et al. (2015). Only select elements (Al, Fe, Cu) are 
shown here, see Figures A1.8–A1.11 for all the elements included in the calibration.  
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the range of observed precision values for handheld-XRF and ICP-MS, and were similar 

to the precision of ICP-MS replicate samples from Harvey Lake with the exception of As 

and Cu (Table 3.4). 

The MLC-XRF-CS data showed good agreement with ICP-MS results, with Mn, 

Fe, Cu, As and Zr showing overlapping concentrations in 75 % of samples compared 

between the two methods. K, Ca, Ti showed good agreement between MLC-XRF-CS 

data in more than 50 % of samples compared, with Al being the only element that did not 

show a high degree of overlap between ICP-MS and MLC-XRF-CS data (Figure 3.6). The 

MLC-XRF-CS data has a low relative standard deviation, with values lower than the 

relative standard deviation measured using ICP-MS for all elements except for potassium 

and copper; precision tended to be greater than the ranges provided by the USEPA for 

handheld XRF and ICP-MS (Table 3.4).  

3.7 Discussion 

The 2nd generation Itrax is capable of analyzing a range of elements with moderate 

atomic weight ranging from Al to Rb, although the detection limit for Al is generally only 

reliable at concentrations of > 22,000 ppm (2.2 %; Croudace et al. 2016). Attempts to 

calibrate lighter elements have been met with success when they are present in higher 

concentrations (Chéron et al. 2016; Huang et al. 2016; Theden-Ringl and Gadd 2017). It 

is expected that a successful calibration should have strong positive correlations for most 

elements with moderate to high atomic weight that are present in higher concentrations, 

and that those with lower concentration, lower atomic weight, or both, may show weaker 

positive correlations due to “noise” induced by various matrix and specimen effects 

interfering with elemental detection. In addition to strong correlations across a range of 

values, an ideal linear regression of XRF-CS data and conventional geochemical data 

should have a regression line that passes through the origin, or else through the minimum 

detection limit of both techniques. Below, the merits of each calibration method are 

discussed further in light of the aforementioned criteria regarding optimal characteristics 

of calibrated data. 
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Table 3.4: Comparison of relative standard deviation for the best calibration methods and an inter-
laboratory study on ICP-MS conducted by the USEPA (USEPA, 1998), and results from a study of 
handheld-XRF results (USEPA, 2007). The range of data for handheld-XRF results represent the range 
RSD calculated for analysis of dried, ground sediments (lower range) and unprocessed samples (higher 
range). Detection limits shown are based on analysis of USGS standard SGR-1. 

Element 

 
Detection 

Limit 
(ppm) 

Itrax Relative Standard Deviation 
Harvey 
Lake 

ICP-MS 
(%) 

USEPA 
ICP-MS 

(%) 

USEPA 
handheld-

XRF 
(%) 

Wet-corrected 
XRF-CS 

(%) 

CIR-normalized 
XRF-CS 

(%) 

MLC 
XRF-CS 

(%) 

Al 7704 6.7 10 1.6 3.6 11 - 39 - 

K 43 2.4 5.8 5.6 5.4 11 - 62 2.6 - 18.6 

Ca 27 3.4 6.3 5.4 4.2 4.1 - 27 1.2 - 17.5 

Ti 13 3.1 2.1 5.4 7.5 - 3.74 - 13.3 

Mn 7 12 8.3 12 17.0 11- 40 12.3 - 40.5 

Fe 6 8.1 8.8 4.5 9.4 6.7 - 21 1.6 - 10.3 

Ni 5 7.9 16 - 3.2 9.2 - 29 18.2 - 29.8 

Cu 5 56 51 12 12.5 9.0 - 25 7.9 - 26.4 

Zn 5 11 10 - 5.0 14 - 42 11.1 - 26.6 

Zr 27 8.6 8.5 9.0 15.3 - 5.18 - 20.2 

As 5 36 36 9.8 19.3 12 - 23 3.8 - 22.5 

Ce 28 1.7 14 - 11.9 - - 

 

3.7.1 XRF-CS Calibration 

3.7.1.1 Raw XRF-CS Calibration 

The raw XRF-CS analyses showed a moderate degree of success. There were moderate-

strength positive correlations (τ > 0.35) for most elements considered to be well 

detectable with Itrax XRF-CS using a Mo-tube. Lighter elements, such as Al, had weak 

positive correlations as expected. Several heavier elements showed weak negative or 

weak positive correlations in this calibration method in spite of their atomic weight and the 

moderate abundance, notably Zn, Cu and Ce. ICP-MS showed that Ce had a mean 

concentration of 51 ppm, Cu a mean concentration of 14 ppm and Zn a mean 

concentration of 100 ppm. The mean concentrations of Cu and Ce are close to the lower 

detection limits of Itrax-XRF-CS for Cu and Ce, which are 6 ppm and 36 ppm, respectively 
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(Table 3.2). It is possible that the poor correlations are a result of poor elemental detection 

by Itrax-XRF-CS as the elemental detection limits for Itrax XRF-CS were tested on ideal 

samples for exposures times much greater than the average XRF-CS runs (100 second 

exposure time). The lower count time and composition of sediment may have resulted in 

higher than expected minimum detection limit for several elements. However, Cu and Ce 

were still fairly well detected by Itrax XRF-CS, with average count rates of 184 cps and 

72 cps (n = 4270), respectively, and < 5 % non-detect values (4.1 % for Cu and 0.81 % 

for Ce). These values are comparable to As, which had a mean count rate of 129 cps (n 

=4270), a higher proportion of non-detect values (36 %), a low mean concentration (25 

ppm) that approached the detection limit of Itrax-XRF-CS (5 ppm), and the highest 

correlation observed in this dataset (τ = 0.68). Furthermore, Zn had a weak correlation, 

but a mean concentration much higher than the stated detection limit. It is therefore 

unlikely that the weak correlations are the result of either imprecise or inaccurate 

detection of elements due to elemental concentrations near detection limits as similar 

effects would be observed in As, but not in Zn. The weak correlations could be the result 

of sampling issues. ICP-MS was measured on larger sample volumes, nearer to 3 cm3, 

whereas even the multiple measurements of XRF-CS likely constituted less than 1 cm3 

(0.2 mm x 0.2 mm x critical depth of a given element). However, we would expect that the 

same sampling bias effect would similarly be present in As, Cu and Ce due to similarly 

low concentrations in the ICP-MS dataset, which was not observed. Another possible 

explanation for the lower τ correlations in heavier elements is that overlapping X-ray 

escape lines may have interfered with accurate detection of select elemental 

concentrations. We reject this hypothesis as both As and Pb are known to have 

overlapping X-ray escape lines (Bearden 1967) and the inclusion of lead in our data did 

not reduce the correlation for As. It is also possible that absorption of the XRF signal by 

water could produce spurious correlations, but water should affect lighter elements to a 

greater degree than heavier elements (Kido et al. 2006; Tjallingii et al. 2007), which is not 

observed in the Harvey Lake data XRF-CS data. In all likelihood, an unpredictable 

combination of matrix and specimen effects, dilution effects, variations in actual elemental 

concentration, and limitations of Itrax-XRF-CS itself combined to create unexpected 

results that deviated from actual geochemical concentrations in difficult to predict ways. 
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Better correlation co-efficient for these select elements may have possible with 

experimental variation of Itrax-XRF settings during analysis or if a greater emphasis was 

placed on these energies during signal processing.  

3.7.1.2 Qspec XRF-CS Calibration 

Weaker and more often negative correlations were observed in the Qspec-calibrated 

XRF-CS data in comparison to raw-XRF-CS, although these decreases were often minor. 

The calibrated standards the Qspec software uses for calibration are based on analysis 

of solid materials, which would reduce errors associated with matrix/specimen effects. 

Analysis of wet sediment from Harvey Lake inherently showed deviations from actual 

geochemistry because of these effects, possibly resulting in negative or weak 

correlations. The Green River Shale standard selected for calibration may also not have 

had a similar enough sedimentary composition to that of the Harvey Lake sediment 

samples to allow for adequate comparison. Improvements may have been possible if 

additional standards were added based on analysis of powdered sediment, or if sediment 

standards were analyzed alongside sediment samples and these results use for 

calibration. It is also possible that variations in exposure time between analysis of 

standards (100 s) and the Harvey Lake samples (15 s) may also have contributed to the 

generation of less precise data, negatively influencing correlations. However, Huang et 

al. (2016) found that there was no appreciable improvement in correlations between 

actual and XRF-CS-derived elemental concentrations for most elements of moderate to 

high atomic number when exposure time was increased from 15 seconds to 100 seconds, 

and decreases where observed in the dataset even for well detectable, abundant 

elements, such as Fe, Mn, and Ca. Ultimately, the similarity in correlations observed in 

both the Qspec-XRF-CS and raw-XRF-CS results is likely due to lack of any 

transformation of the data. All matrix, or specimen present in the raw-XRF-CS dataset 

where still present in the Qspec-XRF-CS as the data was not transformed before 

calibration attempted. This suggests that data transformation or normalization, either 

before or after calibration, is required for XRF-CS results to accurately reproduce 

geochemical trends in sediment.  
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3.7.1.3 Wet-corrected XRF-CS calibration 

Boyle et al. (2015) showed that water content is well approximated by the CIR if water 

content is the most significant influence on mean atomic number in the sediment. 

Considering that the dominant elements in sediment that comprised ~91 % of the element 

composition remained fairly stable, varying by only ~20 % of their median values, it is 

likely that variations in the proportion of water or organic content would exert greater 

control on the CIR. Comparison of dry mass percentage to CIR showed strong positive 

correlation, with a τ = 0.79 (n = 66), indicating that the CIR approximated variations in 

water content within the Harvey Lake sediment samples analyzed (Figure 3). Elsewhere, 

researchers have used X-ray scatter as a proxy for organic content since organic material 

comprises predominantly lighter elements (C, H, O and N) not detected by XRF-CS 

methods that would decrease the mean atomic number and thus alter the X-ray scatter 

(Brown et al. 2007; Sáez et al. 2009; Burnett et al. 2011; Giralt et al. 2011). Comparison 

of wt % organic matter to Coh/Inc scatter from the Harvey Lake samples did not show a 

strong correlation (τ = -0.43, n = 61; Figure 3.3). Other researchers have shown that there 

is negligible impact on the XRF-CS signal if water content or large sediment grains 

constitute < 25 wt % of a sample (Maclachlan et al. 2015). It is possible that a similar 

relationship is true for organic content, although this was not quantified by Maclachlan et 

al. (2015). However, recent research has shown that a ratio of Inc/Coh X-ray scatter 

poorly approximates variations in organic content in sediment with higher organic content, 

but provides a good approximation organic content when present in lower proportions 

(Chawchai et al. 2016). The substantially larger proportion (mean = 52 wt %, n = 66) and 

the greater variability (range 22.7–73.8 %) of water than organic content (mean = 15 wt 

%, n = 61) in samples analyzed in this study likely resulted in water having a greater 

impact on X-ray scatter than organic matter. More organic-rich sediment needs to be 

tested to fully understand how well X-ray scatter approximates water or organic content 

for a variety of sedimentary compositions, or how various types of organic matter may 

alter sediment porosity and thus both interstitial water and organic content.  

 Using the CIR to convert raw XRF-CS data to dry weight concentrations (wet-

corrected dataset) improved the observed correlations between ICP-MS and XRF-CS 

results. The wet-corrected data performed poorly for some lighter elements, including a 
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significant decrease in the correlations in the values for K and Ca relative to raw XRF-CS 

data. The decrease in K and Ca correlations was unexpected as both these elements 

would be expected to suffer to a greater degree than heavier elements from bias induced 

by high water content, and thus correction of water content should better improve the 

accuracy of lighter elements. After correction for water content by Tjalingii et al. (2007) 

and Boyle et al. (2015) both observed minor increases in Pearson’s R value between 

XRF-CS and ED-XRF of Ca, whereas in Maclachlan et al. (2015) and this study, Ca 

correlation coefficients decreased slightly after water content correction. Carbonate 

content in cores examined by Tjalingii et al. (2007) was high at 30–65 wt %, whereas 

cores examined by Boyle et al. (2015) and Maclachlan et al. (2015) generally ranged from 

about 5–15 wt % and carbonate content in Harvey Lake was < 1 wt %. Standards 

analyzed by Bureau Veritas showed that ICP-MS-measured Ca concentrations are 

accurate to actual concentrations within the 90% confidence interval, indicating ICP-MS 

accurately reproduced Ca trends in sediment. There are apparent issues with accurately 

recreating Ca values when correcting XRF-CS for water content when Ca is present in 

lower proportions. It is unclear why this relationship exists; some research has shown a 

negative correlation between Ca and water content (R2 = 0.85; Maclachlan et al. 2017). 

It is possible that water content influences Ca detection by XRF-CS to such a degree that, 

below a certain concentration of Ca, a simple shift in absolute concentrations to account 

for water content does not properly account for the issues induced by changes in 

sediment water content. 

The low K correlation may have been the result of variations in Mg, as Mg can 

absorb XRF emitted from K (Kido et al. 2006), thus inducing noise in the XRF-CS signal 

not reproduced by ICP-MS. However, it is unclear whether this would have had a 

substantial effect as ICP-MS results show Mg is not particularly abundant in sediment 

(mean = 0.52 %, n = 28), even in comparison to K (mean = 1.47 %, n = 28). Potassium 

may also be carried to the surface of the material undergoing analysis by the movement 

of interstitial water towards the sediment surface where the water forms a thin film 

between the sediment and the mylar covering used to protect the sediment from 

desiccation during analysis (Tjallingii et al. 2007). This may result in the XRF-CS 
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instrument providing an over-estimation of K concentrations, as well as altering actual 

variations in K in an unpredictable fashion, resulting in spurious correlations. 

Tjallingii et al. (2007) observed that only elements lighter than Si are significantly 

influenced by dilution of water content, yet in this study and elsewhere (Hennekam and 

de Lange 2012; Chen et al. 2016), correction for water content was shown to improve the 

relationship between the heavier elements analyzed with XRF-CS. In this study, elements 

heavier than Ca showed substantial improvements in τ in comparison to raw XRF-CS 

data. It is apparent that, although water content may not substantially impact the detection 

of these heavier elements, correction for water content is still able to improve the 

correspondence between XRF-CS and results from conventional geochemical analyses. 

3.7.1.4 Normalized XRF-CS Calibration 

Normalization of data to Si or Ca showed an overall increase in τ correlations by 0.04 and 

0.06 for Si and Ca, respectively. Decreases in Kendall’s τ in comparison to raw XRF-CS 

data were more frequent Si-normalized dataset than were seen in the Ca-normalized 

XRF-CS data. Although elemental normalization did increase observed correlations, in 

most cases the increases were minor, with only Cu and Zn showing an increase in τ > 

0.2. Both normalization techniques reduced the spread of data points about the 

regression lines of multiple elements, although this influence was clearly more prevalent 

for heavier elements, like Fe, than lighter elements, like Al (Figure 3.4). Weltje and 

Tjallingii (2008) found that lighter elements, or those with low abundance, were not 

suitable as elemental denominators during calibration. In their study, elements lighter than 

Si were suggested to be unsuitable for elemental denominators in log-ratio calibrations, 

with Ca being considered the ideal denominator. For the Harvey Lake sediments, Ca 

barely performed better than Si. This result emphasizes the need for consideration of 

multiple possible elemental denominators before any calibration attempts are made. 

 In XRF-CS, normalization to an element can help to reduce the influence of 

matrix/specimen effects under the assumption that both elements will be affected by said 

effects to the same degree. Although it is expected that correction for these effects would 

substantially increase correlations for all elements, the minor improvements observed for 

the normalization of XRF-CS data to Si and Ca may have been caused by subtle 
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variations in how elements respond to matrix and specimen effects. Absorption of emitted 

X-radiation occurs predominantly at lower energies, and energy emitted by atoms 

increases with atomic number (Potts 1987), thus resulting in a greater influence of 

absorption effects on lighter elements. Furthermore, lighter elements have a smaller 

critical depth and should be more strongly influenced by a small water film forming 

between mylar covering samples and the sediment surfaces being analyzed (Kido et al. 

2006; Tjallingii et al. 2007). Therefore, using a lighter element as the denominator in 

elemental ratios may induce larger errors into heavy element concentrations. The 

samples from Harvey Lake show a slight decrease in correlations for As, and Zr. Similar 

results were observed in Hennekam and de Lange (2012), where only log ratios of 

elements with similar atomic number (Ca/K and Ca/Ti ratio) showed a strong correlation 

between XRF-CS data and weak correlation to water content proxies. We observed a 

smaller increase in the correlation coefficients for XRF-CS data normalized to Si than to 

Ca. This may be caused by Si suffering from greater water-induced error. Normalization 

issues may also arise because elemental denominators respond not just to variations in 

matrix and specimen effects, but to environmental parameters that change over time and 

across a study area. Normalization to conservative elements, especially lighter elements 

susceptible to water content variations, is not ideal for calibration of heavier elements. 

Furthermore, use of elemental ratios with disparate atomic numbers may induce water-

related errors, influencing paleoenvironmental interpretations using elemental ratios even 

in datasets where calibration is not attempted. Finally, application of elemental ratios to 

calibration attempts may suffer from comparison of normalized elements to un-normalized 

elements. Elemental ratios may remove some of the variability associated with 

matrix/specimen effects, but inherently introduces variability associated with 

environmental parameters influencing the denominator element, creating unpredictable 

and possibly incorrect calibrations. The success of the calibrations in this paper indicates 

calibration using elemental ratios may be possible when sediment geochemistry remains 

stable. However, in samples where major changes in sediment geochemistry occur (e.g. 

a shift from carbonate to silicate dominated system), calibration attempts using elemental 

ratios may not be as successful.  
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Several researchers have normalized XRF-CS data to the total counts per second 

(kcps) measured by Itrax-XRF-CS (Turner et al. 2010; Bouchard et al. 2011; Cuven et al. 

2011) under the assumption that the kcps approximates the overall density of sediment. 

This effect is regularly observed, and was used here and previously (Gregory et al. 2017) 

in the analysis of discrete sediment samples to distinguish lighter acrylic-reservoir walls 

from denser sediment. By normalizing XRF-CS data to variations in density, density-

related matrix effects should be minimized and XRF-CS data should better approximate 

dry-mass concentrations recorded in the ICP-MS data. This is especially true if 

components of the sample that cannot be measured by XRF-CS, like water and organic 

content, have a significant impact on overall sediment density. Correlations between 

kcps-normalized XRF-CS data and ICP-MS for the Harvey Lake samples decreased for 

almost all elements, and more negative correlations occurred. This may suggest that kcps 

poorly approximates major changes in sediment density in sediment samples from 

Harvey Lake. The low variability of kcps (RSD of only 8 %) may have resulted from 

relatively minor variations in the elemental composition of sediment across samples. Iron 

comprised ~85 % of the signal recorded by XRF-CS, and did not substantially change 

between samples (SD = 2 %). The method of densely packing the sediment into 

reservoirs prior to analysis may have contributed to relatively uniform kcps readings 

observed. If sediment density and packing remained relatively uniform, kcps may have 

been approximating variations in other variables, such as minute variations in the distance 

between the XRF detector and the sediment surface (Croudace and Rothwell 2015), or 

sample heterogeneity. If sediment density is not approximated by kcps, then 

normalization to this variable likely induced additional noise into the dataset independent 

of geochemical variability, resulting in the decrease in correlations observed for this 

method. 

 Boyle et al. (2015) used a ratio of Compton (incoherent) to Rayleigh (coherent) X-

ray scatter to correct for water content in sediment as this ratio is proportional to the mean 

atomic mass of material analyzed (Duvauchelle et al. 1999). Assuming that use of 

elemental ratios eliminates matrix effects for a given sample, and that matrix effects are 

predominantly caused by variations in water content, sediment density, elemental 

composition of sediment, or other variables controlled by the mean atomic mass of 
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sediment, normalizing elemental ratios to CIR values should improve the observed 

relation between XRF-CS data and dry-mass ICP-MS concentrations. Normalization to 

X-ray scatter proved to be one of the best methods to approximate quantitative 

geochemical results. All elements showed positive correlations, commonly with 

correlation coefficients > 0.5. However, Ce had moderate-strength negative correlation (τ 

= -0.42).  Cerium was an element that commonly had weak correlations between XRF-

CS and ICP-MS data across all calibration methods, suggesting possible issues 

associated with detection of the element rather than issues with the calibration methods. 

ICP-MS showed a mean Ce concentration of 51 ppm, higher than the stated detection 

limit of Itrax-XRF-CS of 36 ppm. Although similar issues are not uniformly observed in 

elements with concentrations that approach the detection limits of XRF-CS, it seems that 

lower concentration elements are more susceptible to inconsistencies at lower 

concentrations. It may be possible to better replicate actual Ce concentrations in sediment 

by refining XRF-CS parameters during scanning or post processing (e.g. longer exposure 

times, a different combination of elements or further refining XRF-CS parameters during 

batch evaluation) or possibly performing additional sample preparation, such as freeze-

drying samples or embedding them in epoxy. As this study is meant to test ability of XRF-

CS to be calibrated under typical conditions, additional preparations or optimization of 

XRF peak fitting for lower concentration elements were not undertaken. 

 Both the CIR-normalized data and the wet-corrected data showed similar 

increases in the correlations between corrected XRF-CS data and ICP-MS values, 

however, the CIR-normalized data shows higher correlations for elements from Fe to Zn 

(Atomic numbers 26–40) as well as Ca and K. The improved τ values of the CIR-

normalized data indicates that, for heavier elements where water content may have less 

of an effect, or where water content may induce detection errors (e.g. K), CIR-

normalization better approximates actual geochemical values. This may be caused by 

shifts in sediment composition of a given interval exerting stronger influence on matrix 

effects than interstitial water content alone, or else from reduced influence of the water 

film that forms between the sediment surface and the protective mylar film covering the 

sediment as the critical depth of X-ray increases with increasing atomic number (Tjallingi 

et al. 2007).  
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3.7.1.5 Multivariate Log-ratio Calibration (MLC) 

The MLC-XRF-CS data was generated from ItraXelerate software. The output from 

ItraXelerate assumes that the elements used in calibration sum to unity, however, the 

nine elements use in our calibration constitute an average of 9.8 wt % of sediment (n = 

28). To account for this discrepancy, the Harvey Lake geochemical data were adjusted 

both by the actual proportion of sediment accounted for by the nine elements calibrated, 

as well as by the mean proportion of sediment accounted for by the nine elements 

calibrated (Figure 3.7). When adjusting MLC-output by the actual proportion of sediment 

represented by the nine elements selected for calibration, the XRF-CS results fell within 

1 SD of median ICP-MS concentrations most of the time for all elements calibrated. 

However, as the purpose of these methods is to calibrate larger datasets, the mean 

proportion of sediment represented by the nine elements used for calibration must be 

used for application to the entire dataset.  

Direct comparison between MLC and other methods of calibration presented in this paper 

were difficult as only nine elements were calibrated using the MLC. The correlation 

coefficients observed in MLC-calibrated data were comparable with those in most 

successful calibration techniques tested, notably wet-corrected data or CIR-normalized 

data. However, the ItraXelerate using a goodness-of-fit R values as the log-ratios better 

approximate a normal distribution, while other methods discussed in this paper use 

Kendall’s τ as raw XRF-CS data had non-normal distributions. The lower correlation 

coefficients in the MLC dataset than observed for wet-corrected and CIR-normalized data 

for select elements may also have been due to water content remaining an influence on 

MLC-XRF-CS data. Previous work has shown that correction for water content before 

MLC can improve correlations in XRF-CS analysis of sediment cores (Chen et al. 2016).  

In spite of some lower correlation coefficients, graphs of linear regression showed little 

spread about the regression line.  Copper, for example, had a R value of 0.47, yet showed 

little spread about the regression line. Furthermore, the regression line for all elements 

calibrated using the MLC passed through origin not observed for any element the other 

calibration methods. This suggests that the MLC method is the soundest method for 

calibrating XRF-CS data. 
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3.7.2 Accuracy and Precision of Calibration Methods 

For a calibrated XRF-CS data point to be considered “accurate” the median value of the 

calibrated dataset had to fall within 1 SD of measured ICP-MS data for a given sediment 

sample. Comparison of CIR-normalization, wet-corrected data and the MLC elemental 

concentrations to ICP-MS data showed improved calibration accuracy across all three 

methods compared to raw XRF-CS data (Figure 3.6). Wet-corrected data was accurate 

for more elements than the CIR-normalized data, however, the wet-corrected data had a 

greater tendency to underestimate actual variability of elemental concentrations in 

sediment. The elements that showed less variability in wet-corrected XRF-CS data than 

in the ICP-MS data were elements that had moderate detectability and abundance with 

low correlations (K, Ca), or had high detectability, but had low abundance (Ce). For the 

CIR-normalized data, elements that underestimated variability were those that were 

poorly detected or had low abundance and weak correlations across all methods (e.g. Ti). 

Elements with high abundance and poor detectability remained problematic. For example, 

 

Figure 3.7: Comparison of MLC-derived median elemental concentrations +/- one standard deviation 
(black and blue boxes) to ICP-MS data (red dots) based on average and actual correction of MLC data. 
Black boxes represent XRF-CS data transformed to represent the actual proportion of sediment that 
the nine elements selected for MLC constitute. Blue boxes represent XRF-CS data adjusted to 
represent the average proportion of the nine elements represented in sediment.  
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calibrated Itrax-XRF results for Al exhibited a higher error than the variability than the ICP-

MS data (Figure 3.6). This suggests that in spite of concentration well above the detection 

limit of Itrax-XRF, Al data may be too noisy to reliably recreate actual geochemical trends. 

Both the CIR-normalized and the wet-corrected XRF-CS data underestimated some 

extreme ICP-MS values, although the wet-corrected data was generally closer to extreme 

values than the CIR-normalized data. For those elements where regressions were 

observed to be driven by a few anomalously high values, notably As and Mn, ICP-MS 

trends were still well replicated for both CIR-normalized and wet-corrected data. These 

results suggested that these were not spurious correlations in spite of being driven by 

relatively few data points, and that these calibration methods are applicable to 

contaminated sites that have skewed distributions that are inherently have extremely high 

values alongside lower background concentrations. Both CIR-normalization and wet-

correction before calibration provided reliable results for elements with moderate- to 

good-detection by the Itrax-XRF-CS using a Mo-tube, although issues may arise when 

attempting to calibrate elements with lower detection and abundance. 

The MLC substantially out-performed both the CIR-normalized and the wet-

corrected data when the MLC results were shifted by the average proportion of nine 

elements used in the calibration. It is clear that the MLC better approximated elemental 

trends, even for elements with poorer detection, such as Al. In spite of the low R value for 

Cu (0.47), MLC was able to accurately predict Cu concentrations. For the MLC-XRF-CS, 

the deviation about the median was substantially smaller, yet MLC-XRF-CS data still 

showed greater overlap with ICP-MS than other methods. The higher precision of this 

method may be due to the artificial creation of triplicate datasets wherein there are only 

nine replicate measurements compared to > 15 measurements for the other calibration 

methods. In select cases, the MLC-XRF-CS underestimated extreme values. This was 

likely caused by shifting MLC results by the average proportion of elements in sediment; 

the samples that strongly deviate from this mean proportion of elements had reduced 

accuracy. For example, XRF-CS data overestimated the elemental concentrations for 

most elements for sample HV-54 (Figure 3.6, A1.8-A1.11). The proportion of the nine 

selected elements in this sample was 8.45 %, lower than the average proportion of 9.8 

%. This issue impacted all elements, and correction for the actual proportion of 9-element 
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concentrations in sediment instead of the average brings these anomalous results into 

line with ICP-MS concentrations (Figure 3.7). For most elements analyzed and most 

samples, the influence of this effect is minimal, and ICP-MS results fell within 1 SD of 

MLC-XRF-CS results.  

Comparison of ICP-MS to MLC-XRF-CS data showed that ICP-MS values fell 

within 1 SD of MLC-XRF-CS data most of the time for all elements, indicating that it was 

possible to perform MLC on XRF-CS scans of discrete samples by randomly sampling 

each sample to produce replicate scans attempted for the first time in this paper. 

Furthermore, it appears that substitution of Si values into our dataset did not substantially 

alter results, even though Si might have been more abundant than Al, based on XRF-CS 

results.   

The precision of all three XRF-CS calibration methods was comparable to USEPA 

ICP-MS inter-laboratory comparison (USEPA 1998). The recorded range of the RSD in 

USEPA-ICP-MS methods is quite outdated, however, and modern ICP-MS provides 

much higher degrees of precision. This partially explains why the RSD of triplicate ICP-

MS measurements of Harvey Lake sediment surpassed the highest precision in the 

USEPA multi-laboratory study for all elements except Cu, As, Pb and Ca. The more recent 

review of handheld-XRF by the USEPA (USEPA 2007) showed smaller RSD more 

comparable to Harvey Lake ICP-MS. Reported RSD in Table 3.4 for USEPA handheld 

XRF represent the range observed in samples that have undergone no preparation as 

well as those that had been dried and ground to homogeneous texture. The RSD of Itrax-

XRF-CS calibrated data is more often near the upper limit of handheld-XRF RSD 

commonly associated with analysis of unprepared samples, as is expected, whereas RSD 

of Harvey Lake ICP-MS results were commonly nearer the lower limit of handheld-XRF 

RSD measured on prepared sediment samples. The mean RSD of Harvey Lake ICP-MS 

results was 9.5 % for the 12 elements examined considered in this study, whereas the 

mean RSD for the three ideal calibration methods were 13 %, 15 % and 7.2 % for the 

wet-corrected, CIR-normalized and MLC XRF-CS data, respectively. In most cases, XRF-

CS RSD was only slightly less precise than the Harvey Lake ICP-MS results. Major issues 

were present in the As and Cu data, with RSD > 35 % in the CIR-normalized and wet-
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corrected datasets. Although both ICP-MS and calibrated XRF-CS data show increase in 

RSD for these elements, possibly driven by a broader range of concentrations across the 

lake basin than other elements, the magnitude of the RSD increase is much larger for the 

calibrated XRF-CS data than the ICP-MS data. The low precision of As and Cu may have 

been be caused by errors in the XRF quantification of these elements caused by 

overlapping escape lines. It is unclear as to the cause of high RSD in Cu values. 

Regardless, the low precision of these low-concentration elements could likely have been 

improved through refining the XRF spectral fit, or else through longer exposure times. 

Although increasing exposure has shown little influence on the ability of XRF-CS to 

accurately recreate the concentration of elements that are readily detected and present 

in high concentration, minor improvements have been observed for elements present in 

lower concentrations (Huang et al., 2016). If the goal of a study is to assess rarer 

elements, in contaminations studies for example, than longer exposure times may help 

increase the accuracy and precision of data.  

3.7.3 Recommended Method for Calibration of Surface Samples 

Analysis of sediments using XRF core scanners offers increases in attainable sampling 

resolution and speed of analysis, as well as a decrease in analytical costs in exchange 

for providing semi-quantitative data when uncalibrated. An ideal XRF-CS calibration 

methodology not only preserves the high-resolution, rapid, cost-effective nature of XRF-

CS data, but results in accurate and precise measurement of geochemical concentrations 

from XRF-CS data. In this study, we observed improved relationships between XRF-CS 

and ICP-MS data using three methods of post-analysis calibration: normalization of XRF-

CS data to CIR; transforming data to dry-weight proportions using methods of water 

content correction modified from Boyle et al. (2015); and using the Multivariate Log-ratio 

Calibration method with the ItraXelerate software outlined in Weltje et al. (2015). Although 

all three methods provided precision comparable to USEPA ICP-MS and handheld-XRF, 

the accuracy of the three calibration methods varied. For our samples, CIR-normalization 

and correction for water content provided good correlations for most well detectable 

elements in each analysis that had higher concentrations in sediment. Light elements with 

higher concentration in sediment (Al) performed poorly for these methods. However, 

some studies have been able to reliably estimate trends of lighter elements in sediment 
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using XRF-CS (Chéron et al. 2016; Theden-Ringl and Gadd 2017), suggesting it may be 

an issue with abundance or possibly XRF-CS parameters. Heavier elements that were 

less abundant provided mixed results depending on the method used. For example, Ce 

was heavy, and well above the detection limit for both methods, but was poorly predicted 

by the wet-corrected method and well approximated by the CIR-normalized data. If either 

of these methods were used in, for example, analysis of heavy metal pollutants in 

sediment, relationships between observed and actual values should be examined 

carefully before undertaking an interpretation of the results. It is likely that additional 

processing of the data, or modification of analytical procedures (e.g. longer count times) 

may improve the precision or accuracy of said elements. 

 The MLC method is the method that performed the best of all those tested (Weltje 

et al. 2015). This method showed the most accurate results after adjusting the 

ItraXelerate output to account for the average proportion of the calibrated elements in 

sediment as measured using ICP-MS. However, this accuracy comes with an increased 

temporal and monetary cost, somewhat diminishing the advantages provided by XRF-

CS. This diminished advantage is further emphasized by the inherent issues associated 

with analysis of discrete samples using XRF-CS that remove the advantage of improved 

resolution, unless the purpose of a study is to better understand the homogeneity of 

sediment samples themselves. For analysis of relatively few discrete samples using XRF-

CS (n < 30), the MLC would thus offer no substantial improvement over conventional 

geochemical methods as most samples would need to be analyzed to calibrate a 

reasonable number of elements. However, for projects involving a larger numbers of 

surface samples (n > 100), the MLC offers substantial advantages over conventional 

geochemical analysis. Furthermore, if a study requires more reliable results for analysis 

of pollutants in a system, the MLC method offers clear advantages over the other XRF-

CS calibration methods considered here. If a research project is investigatory in nature, 

or is interested in sedimentary processes or trends vs measuring pollutants, XRF-CS with 

CIR-normalization or wet-correction methods allow sufficient data correction to profit from 

the time/resolution/cost advantages of the instrumentation.  
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3.8 Conclusions 

In this study, 100 surface sediment samples were analyzed with XRF-CS and ICP-MS, 

and multiple methods of calibrating XRF-CS data were tested to determine which would 

provide the highest accuracy, highest precision and most cost-effective results. Linear 

regression of raw-XRF-CS results showed moderate strength correlations for heavier 

elements with good detection. Calibration using Qspec software designed by Cox 

Analytics resulted in decreased correlations, possibly due to disparities between 

geochemical composition of standards and sediment analyzed, or the material analyzed 

(pressed pellet vs wet sediment). Normalization of XRF-CS data to Si and Ca showed 

slight improvement in correlation coefficients for most elements, but was out-performed 

by normalization to the CIR. Of the normalization methods, only normalization to kcps did 

not show substantial improvement in correlation coefficients. Correction of XRF-CS data 

for water content based on the ratio of coherent to incoherent X-ray scatter showed 

substantial improvement on a similar scale as CIR-normalized data, likely due to the 

correction being based on the same parameter. Of the simple linear calibration methods, 

CIR-normalization and water-content correction performed best, recreating trends in 

elements with good detection. These two methods, however, had minor issues when used 

to recreate observed geochemical trends in elements that were well detected by XRF-CS 

but had low concentration in sediment, or those that were poorly detected by XRF-CS. 

The multivariate log-ratio calibration method performed the best of all tested methods 

after results were adjusted to account for the proportion of elements in a sample. The 

MLC reliably recreated trends for elements with lower detection or low concentration, 

such as Al and Cu. Calibration of XRF-CS data after normalization to CIR or conversion 

to dry mass concentrations took full advantage of the speed and cost advantages XRF-

CS offers, and are ideal for preliminary investigation of study areas, or studies that do not 

require rigorous quantification of absolute values. Although the MLC method reduced the 

advantages of XRF-CS by increasing cost and time required for analysis, it greatly out-

performed the other methods of calibration in terms of accurately recreating observed 

ICP-MS trends. Itrax-XRF-CS of discrete samples enables rapid characterization and 

comparison within or between environmental systems. Although the calibration of data in 

this study showed precision comparable to other commonly used methods of 
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geochemical determination used by the USEPA, calibration does not yet show the 

accuracy that may be required in some contamination studies that have to withstand legal 

or regulatory scrutiny.  The results of the calibration experiments presented here indicate 

that properly calibrated XRF-CS analyses can be used even in cases where regulatory or 

planning policy is under consideration to provide high resolution and inexpensive 

reconnaissance or pilot results to inform subsequent sampling protocols, or to provide 

approximate elemental concentrations that can later be verified with quantitative analysis. 
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4.2 Foreword 

This contribution details the equipment and methodologies employed to all analysis of 

freeze core sediment with Itrax-XRF. Freeze cores can reliably capture recent sediments 

that may be too soupy to be captured by traditional gravity coring without risk of 

homogenizing climate signals. In environments where sedimentation rate is low, freeze 

coring and high-resolution analysis can be used to understand near-modern geochemical 

variations and possible recent anthropogenic impact from the past 100s of years. Using 

easy-to-assemble Styrofoam boxes, were we able to scan sections of freeze core up to 

13-cm-long using Itrax-XRF analysis. This contribution represents the first attempts of 

scanning freeze cores using Itrax-XRF. This manuscript was originally published in 

Quaternary International in a core-scanning special issue of the journal. The manuscript 

has been modified slightly to meet the formatting requirements of Carleton University, but 

is otherwise unchanged.  

Dr. R.T. Patterson, Dr. E.G. Reinhardt, and I designed the freeze core boxes. Dr. 

Reinhardt provided equipment for analysis and provided free analysis time during testing 

of freeze core boxes. I tested the iBoxes, wrote the manuscript, and prepared figures. All 

co-authors provided feedback on the manuscript to help refine it. This research was 

funded by a Polar Knowledge Canada grant to Dr. Patterson and Dr. Galloway and a 

Canadian Foundation for Innovation grant to Dr. Reinhart. It should be cited as follows:  

Gregory BRB, Patterson RT, Reinhardt EG, Galloway JM. (2018). The iBox-FC: A new 

containment vessel for Itrax X-ray fluorescence core-scanning of freeze cores. 

Quaternary International.  
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4.3 Abstract 

High-resolution paleoclimate records are vital for understanding high-frequency climate 

events and recent anthropogenic alteration to environmental systems. A combination of 

Itrax x-ray fluorescence core scanning (XRF-CS) and freeze coring can facilitate the 

development of high-resolution (e.g. sub-decadal) paleoclimate records in lacustrine 

systems where low sedimentation rates and poorly consolidated “colloidal soup” at the 

sediment/water interface precludes coring and Itrax-XRF-CS using conventional gravity 

corers. The iBox-FC containment vessel described here delays thawing of highly 

perishable frozen sediments obtained using a freeze corer for up to two hours, adequate 

time to carry out high-resolution Itrax-XRF-CS analysis. The iBox-FC is comprised of an 

open-topped Styrofoam box divided into chambers using high-density polyethylene 

(HDPE) that are filled with freeze pack gel. When the vessel is frozen, core slabs up to 

13 cm long may be positioned into a central chamber and then scanned following normal 

XRF-CS methodology. To test the reliability of XRF-CS analysis obtained from frozen 

sediments, a freeze core recovered from Control Lake, Northwest Territories, Canada, 

was sub-sectioned and analyzed using Itrax-XRF-CS. Subsequent to XRF-CS analysis, 

the freeze core slabs were subsampled and analyzed by ICP-MS following near-total acid 

digestion. Comparison of XRF-CS and ICP-MS results showed strong correlations 

(R2>0.8) for six of nine elements calibrated, and moderate correlations (R2>0.3) for the 

remaining three.  Minor edge effects consistently observed through the last ~5 mm of 

each core slab did not significantly influence analytical reliability, resulting in the loss of 

only ~4% of normalized data.   
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4.4 Introduction 

Developing robust high-resolution paleo-climate records is important for understanding 

climate trends and cycles (e.g. El Niño/Southern Oscillation, Pacific Decadal Oscillation, 

North Atlantic Oscillation). The weather patterns associated with these climate drivers 

impact global economies by influencing agricultural productivity (D’arrigo and Wilson 

2008; Deng et al. 2010; Iizumi et al. 2014), alter the frequency and prevailing regional 

occurrence of natural disasters (Donnelly and Woodruff 2007; Ezer and Atkinson 2014; 

Kitzberger et al. 2001) and impact terrestrial and oceanic ecosystems (Holmgren et al. 

2001; Kilduff et al. 2015; Stenseth et al. 2003). Furthermore, high-resolution paleoclimate 

and paleoenvironmental reconstructions can be used to discriminate signals of 

anthropogenic impacts or contamination from the baseline natural variability, which 

characterizes lacustrine environmental systems (Andrade et al. 2010; Cobelo-Garcia and 

Prego 2003; Roulet et al. 2000). In regions with poorly developed ground cover, such as 

the Canadian Arctic or the Yucatan Peninsula, low sedimentation rates preclude high-

resolution paleoclimate or anthropogenic impact studies in many lacustrine systems due 

to difficulty attaining minimum sample weights required for conventional geochemical 

analysis. Recent advances in analytical techniques, notably the development of high-

resolution x-ray fluorescence core-scanners (XRF-CS), has drastically reduced the cost, 

volume of material, and time required for analysis of sediment. Geochemical data can be 

generated for sediment cores at sub-mm scale through the use of XRF-CS, and thus 

permits study of paleoclimate and anthropogenic impacts in these extreme environments 

at a temporal resolution relevant to land use decision makers and planners. 

Sediment near the surface-water interface is poorly consolidated in many 

lacustrine environments. When using conventional gravity coring, material in the upper 

few centimetres of the core may be homogenized due to its soupy nature if the core is not 

kept perfectly still during transport and subsequent sub-sampling. Furthermore, this 

poorly consolidated material may not be cohesive enough for XRF-CS, creating difficulty 

when attempting to analyze the environmentally critical uppermost part of gravity cores. 

Freeze coring freezes sediments in situ to the outside of a hollow metal rectangular prism 

filled with a slurry of dry ice and ethanol (Figure 4.1A, B). Freeze coring offers the 

advantages of preserving the stratigraphy of the sediment-water interface without risk of 
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homogenization (Figure 4.1C). Because of this, freeze coring is ideal for examining 

sedimentary records where material near the sediment-water interface is of particular 

interest.  

Combining XRF-CS with freeze-coring methods can provide high-resolution data 

within sedimentary records, enabling researchers to better examine recent anthropogenic 

influences on lacustrine systems, study Holocene climate cycles, and bridge the gap 

between the observed and inferred paleoclimate records. As of yet, analyzing freeze 

cores with XRF-CS has not been attempted due to the logistical difficulties in maintaining 

freeze core integrity during analysis, which takes place at room temperature for up to 7 

hours per metre, assuming 0.1 mm resolution and 25 second exposure time per 

measured interval. This paper describes the construction and application of methods for 

analyzing freeze cores using the Itrax-XRF-CS, and provides an example of the analysis 

and successful calibration of freeze core data using a freeze core recovered from Control 

Lake, the Northwest Territories (NWT), Canada. 

 

Figure 4.1: (A) Cross section of freeze core in sediment. (B) Freeze core recovered from Control Lake, 
NWT, Canada, and (C) the preserved sediment-water interface of a freeze core retrieved from Control 
Lake 
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4.5 Construction of the Ice-box 

In order to maintain the integrity of freeze core slabs during Itrax-XRF-CS scanning, the 

sediment must remain frozen. To this end, a small ice box freeze core holder, henceforth 

the iBox-FC, was designed to keep cores cold for the duration of analysis (Figure 4.2). 

The iBox-FC consists of an open-topped Styrofoam box separated into chambers by high-

density polyethylene (HDPE) sheets that are filled with freeze pack gel (e.g. hydroxyethyl 

cellulose (Cellusize), sodium polyacrylate, or vinyl-coated silica gel). Freeze core slabs 

placed within the central chamber of the iBox-FC show minimal melting (~1 mm of surface 

melted) after two hours at room temperature, enough time to scan a 12.5 cm core at 1 

mm resolution using a 25 second exposure time per measured interval. Detailed 

dimensions and instructions for construction of the iBox-FC follow. Water can cause 

significant damage to the x-ray detector located below where cores are analyzed. Care 

should be taken at all steps during construction of the iBox-FC to minimize any possibility 

of leaks in the unlikely event that the Itrax-XRF-CS malfunctions and the iBox-FC 

becomes trapped inside of the central analysis chamber. 

The open-topped insulating box is made using 1.3 cm (1/2”) thick Styrofoam wall 

insulation. Two longitudinal Styrofoam walls 23 cm long by 3.7 cm high, and two lateral 

Styrofoam walls 8.4 cm long by 3.7 cm high are affixed to a Styrofoam base 11 cm wide, 

 

 

Figure 4.2:(A) Cross section (top) and aerial view (bottom) of iBox-FC. Blue fill represents Styrofoam 
insulation, hatched areas indicate areas filled with freeze pack gel. (B) Exploded view of different pieces 
of the iBox-FC including the insulating box, the HDPE sheets used to divide the insulating box into 9 
chambers, the lid enclosing the freeze pack gel, and the polystyrene box holding a freeze core slab. 
(C) A fully assembled iBox-FC loaded into the Itrax-XRF-CS and ready for analysis  
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23 cm long, and 1.3 cm thick using gorilla glue (Figure 4.2A, B). These vessel dimensions 

place the core surface at an ideal height for the Itrax XRF detector when the box is placed 

on the tracks of an Itrax-XRF-CS at the lowest setting (Figure 4.2C). To ensure no liquid 

leaks out of the box, the joints of the insulating box are sealed with silicon, and a cling 

film lining adhered to the inside of the box, again using silicon. Once the glue holding 

together the insulating box dries, the outside of the box is wrapped in duct tape to further 

minimize the risk of leaks.  

Once assembled, the insulating box is divided into chambers using thin HDPE 

sheets that will be filled subsequently with freeze-pack gel (Figure 4.2). Although HDPE 

is not a good conductor of heat, use of other materials can risk contamination (metals), 

or are difficult to work with and prohibitively expensive (glass, other plastics). To increase 

transfer of cold directly to the core, thin HDPE are used. Two-mm-thick HDPE is a good 

compromise between facilitating heat transfer and remaining robust enough to maintain 

its shape when the freeze pack gel expands. Four rectangles of HDPE, two longitudinal 

rectangles 20.4 cm long by 3.5 cm high and two latitudinal rectangles 8.4 cm wide by 3.5 

cm high, divide the inner chamber of the insulating box into 9 chambers. Slots the same 

width of the HDPE (2 mm) are cut halfway down the height of the HDPE rectangles 

centered 3.2 cm from the end of longitudinal rectangles, and centered 2 cm from the 

latitudinal rectangles; these allow the rectangles to be connected using halved cross lap 

slot joints. Once the joints are cut, the pieces can be slotted together as illustrated in 

Figure 4.2B. Once pieced together this frame is placed in the insulating box, which is now 

divided into nine separate chambers. The outer chambers are then filled with freeze pack 

gel. Effort should be made to ensure that the gel reaches as close as possible to level 

with the top of the internal chambers without going over. The central chamber should be 

approximately half filled with enough freeze pack gel so that when a freeze core slab is 

eventually placed in it, the slab surface will be level, or just emerging above the surface 

of the insulating box.  

A HDPE lid is then fabricated to cover all chambers except the central opening to 

minimize possibility of freeze pack gel falling out of the iBox-FC. The lid is shaped like a 

rectangular donut, 20.4 cm long by 8.4 cm wide with the cut out centre of the lid being 



Climate’s Impact on As  86 

13.7 cm long by 4.4 cm wide (Figure 4.2B).  The central cut-out from the HDPE is saved 

and later placed in the central chamber above the freeze pack gel to separate freeze core 

material from the freeze pack gel. 

It is recommended that the freeze core subsample to be scanned be placed in a 

separate container sized to fit within the central chamber of the iBox-FC (Figure 4.2B). 

This facilitates easy removal of freeze core material from the iBox-FC after scanning and 

protects the subsample from possible contamination associated with coming into contact 

with freeze pack gel or the HDPE walls of the inner chamber. The dimensions of the iBox-

FC as described above was designed to fit polypropylene boxes purchased from US 

Plastics Corp. (20 dram flextop box, product #201214) with outer dimensions of 13.4 cm 

long, 4.1 cm wide and 1.8 cm tall.  

4.6 Preparing freeze cores for Analysis 

Freeze corers used in our field work collect sediment cores 13 cm wide with a maximum 

length of 2 m.  To obtain subsample slabs correctly sized for use with the iBox-FC, freeze 

cores must be longitudinally and latitudinally sub-sectioned.  After an initial cleaning of 

the freeze core surface, freeze cores are sectioned into small slabs using typical freeze 

core cleaning implements (chisels, hacksaws, etc.). Hacksaws are ideal for making 

latitudinal core cuts as they minimize material lost during sectioning. A saw with larger 

teeth, such as a rip saw, should be used for longitudinal cuts as it is much more efficient 

at slicing through the frozen mud. The utmost care should be taken during sectioning of 

freeze cores as any cracks during the sectioning process may result in production of 

invalid data during XRF scanning. If the original freeze core was sectioned in the field for 

transportation, it is best to use these breaks when preparing subsections for iBox-FC 

scanning. Alternative equipment, such as ceramic knives, may be used if the purpose of 

the research is trace element analysis. Between cuts, slicing implements need to be 

thoroughly cleaned to minimize possible contamination issues.  

Once sectioned, freeze core slabs cannot be trimmed in the longitudinal orientation 

if they are too long without losing data. It is thus recommended that the freeze core slabs 

be cut slightly shorter than the dimensions of the central chamber. For the iBox-FC vessel 

described here core slabs are generally cut to 12.5 cm long and 3.6 cm wide, slightly 
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smaller than the internal dimensions of the inset box. It is vital to keep a thorough record 

of all slicing procedures, including notes of relative slab lengths and absolute position of 

slabs within the greater core. It is also useful to manufacture several iBoxes that can be 

loaded at the same time to increase analysis throughput.  Before freeze core material is 

placed in the iBox-FC, the iBox-FC should be completely frozen. Adding Freeze core 

material to the iBox-FC before it is completely frozen will cause freeze core section to 

melt.  

As metal implements are used during sub-sectioning of freeze cores, freeze cores 

should always be cleaned again before analysis with Itrax-XRF-CS. For Itrax-XRF-CS 

analysis, core slab surfaces need to be made as level as possible to minimize issues 

caused by surface roughness or analysis of uneven surfaces.  If the core surface is 

uneven due to, for example, an increase in freeze core thickness downcore, HDPE shims 

can be used to level the core. It is preferable to level the core without the use of shims, 

however, as the shims reduce the contact of the freeze core slab to the iBox-FC, reducing 

the ability of the iBox-FC to keep the core cold.   A cleaned glass microscope slide can 

be used to scrape the surface of the core smooth. When cleaning it is important that 

cleaning be only carried out laterally across the face of the slab to be scanned, to avoid 

smearing, which may result in false geochemical signals.  

4.7 Recommended procedures during analysis 

In preparation for analysis, the iBox-FC with contained freeze core slab is removed from 

the freezer and following standard XRF-CS procedure, a thin mylar sheet is affixed to the 

surface to ensure that no water is lost due to evaporation during scanning, and to protect 

the X-ray detector from possible contamination. This film will not adhere to ice, or any 

core with water content lower than 35% without difficulty (Kido et al., 2006). To ensure 

the film adheres to the core, the surface of the freeze core slab must be slightly melted. 

This is accomplished by either leaving the freeze core slab at room temperature for 

roughly half an hour, or by applying heat to the surface of the core using a heat source 

for a short period of time.  Initial testing and development of the Ice Box took place during 

humid summer months in southern Ontario. As the room housing the Itrax-XRF-CS at 

McMaster University does not have humidity control, days with high humidity encouraged 
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the formation of small water droplets on the core surface. When freeze cores were re -

analyzed during the subsequent winter in low-humidity conditions, little condensation was 

observed on the core surface. As condensation on the surface of the mylar can impact 

the quality of results, it is recommended that freeze core analysis with Itrax-XRF-CS be 

conducted under low humidity conditions. 

The iBox-FC is then slotted into the Itrax-XRF-CS with the rails lowered to the 

lowest setting (Figure 4.2C). Afterwards, analysis proceeds following standard Itrax 

analytical procedures (Croudace et al. 2006).  Although X-ray imaging of the freeze core 

sediments can be performed, however, the iBox-FC may interfere with proper detection 

of the X-ray signal. Although not performed during initial development of the iBox-FC, X-

ray imaging of cores is likely possible. If X-ray imaging is to be carried out in addition to 

XRF analysis, it is recommended that the analyses are carried out in two separate runs, 

with freeze core slabs returned to the freezer in between to avoid possible melting of 

sediments.  

Depending on the thickness of the freeze core slab and the ambient temperature, 

freeze core slabs will remain cohesive for at least 2 hours. The Itrax settings can be 

altered to accommodate this timing, as well as desired resolution of analysis. As such, 

higher resolutions necessitate shorter exposure times, or alternatively analysis of shorter 

core slabs. For a 12.5 cm core, it is possible at room temperature to scan a core segment 

in an iBox-FC at 1 mm resolution for 25 seconds per interval without sediment melting 

occurring. To ensure the entire core is scanned, it is sometimes advisable to “over-scan” 

the core by scanning an additional few mm on either end of the core. This ensures no 

information is lost at either end of the freeze-core record. Analysis of freeze cores using 

the Ice-Box generally requires analysis of multiple subsampled slabs. In order to maintain 

optimal XRF-CS counts between scans, researchers can choose to either adjust XRF 

parameters to maintain approximately 50 kcps between sections, the recommended 

value by Cox Analytical Systems, or else keep XRF parameters the same across all core 

sections. In studies of long sediment cores (100s of metres), it is recommended to adjust 

XRF parameters before scanning to maintain approximately 50 kcps due to gradual 

degradation of the x-ray source resulting in decreasing total counts per second over time  
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(Ohlendorf et al. 2015). As most freeze cores do not exceed 2 m, this issue is of less 

concern for subsamples to be analyzed with the iBox-FC. However, subtle differences in 

freeze core slab height relative to the X-ray source between difference iBox-FC runs may 

influence absolute elemental counts, resulting in shifts in the absolute elemental counts 

between core sections. In any case normalization is almost certainly necessary to account 

for possible amplitude changes before interpretation of results. 

 

 

 

Figure 4.3: Comparison of CON01-1FRF1 Section 1 core image to various parameters of practical use 
to determine start and end point of a core section. The light grey area denotes a cracked portion of the 
core that resulted in unusable data. 
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4.8 Post-Analysis Data Processing 

Once core scanning and batch re-evaluation is complete, core data must be extracted 

from the dataset for subsequent analysis. To ensure that no geochemical measurements 

of non-core material are present in the data, the dataset should be examined for abrupt 

changes in major elements, total counts per second, sample position, sample validity and 

using the known total length of core slabs recorded during freeze core sectioning (Figure 

4.3). However, when taking these variables into consideration, it can be difficult to discern 

the absolute edge of a core. Reviewing core data using the Redicore software provided 

by Cox Analytics helps better discriminate core edges from non-core material as it 

overlays results directly on an image of the core. When the iBox-FC is used for XRF-CS 

analysis, the geochemical records begin at roughly 220 mm if using the dimensions for 

the vessel presented here. Two columns in the XRF-CS dataset for absolute and relative 

depths help combine all core sections into one record, as well as the subsequent data 

analysis and interpretation. Assigning absolute and relative core depths is best performed 

before removal of invalid samples or those with high mean square error (MSE) as poor 

data for the first and last few mm of XRF-CS results can cause erroneous assignment of 

depth if removed beforehand.  

Analysis of our iBox-FC XRF-CS results show that minor edge effects regularly 

occur through the lowermost ~5 mm of slabs analyzed (Figure 4.4). These irregularities 

take the form of an increase in incoherent and coherent x-ray backscatter, which is 

concurrent with a decrease in total counts per second (kcps) and concentration of 

abundant elements (Fe in Control Lake core; Figure 4.4B). Although the decrease in 

incoherent and coherent backscatter may represent an increase in lighter elements 

(Boyle et al. 2015; Duvauchelle et al. 1999), there was no visible change in sedimentology 

in our testing to suggest that the results may have been caused by an increase in organic 

matter or water content in the core slab. The higher x-ray backscatter values may have 

been due to an increase in the thickness of a layer of water between the core surface and 

mylar that originated as the core surface slowly melted. If this was the cause, it would be 

expected that there would have been a gradual increase in x-ray backscatter during 

scanning, which was not observed (Figure 4.4B). Furthermore, the effect was also 

observed across multiple cores of varying length, suggesting this phenomenon was not  
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due to the melting of core material (Figure 4.4A). An increase in the distance between 

core surface and detector, possibly due to formation of a fine layer of condensation, is 

another possible explanation for a decrease in observed kcps. This option was rejected 

as examination of the Ar record showed no apparent increase coeval with abrupt increase 

in x-ray backscatter (Figure 4.4B). The most probably explanation for the observed results 

was that a change in slope through the lowermost few mm of the core slab caused by 

preferential melting of the edges of the core during slicing, cleaning, and handling, 

resulted in deflection of X-ray signal. To test this assumption, freeze cores were scanned 

freeze first forwards (top-down), then in reverse (bottom-up). Incoherent and coherent x-

ray back scatter in the reversed core showed that the inverse trend as was observed in 

freeze core slabs scanned forwards: a sharp decrease in incoherent and coherent x-ray 

scatter (Figure 4.4C). The inverse trend was not, however, similarly observed in the 

concentration of major elements, such as Fe, the most abundant element in the tested 

cores.  The impact of this potential  

 

Figure 4.4: (A) Several core sections from CON01-1FRF1 showing an abrupt increase in incoherent x-
ray backscatter in the last 5 mm of XRF-CS core scanning. (B) Comparison of the influence of edge 
effects as indicated by incoherent backscatter to shifts in Fe concentration, Ar concentration, and the 
surface of the freeze core sample CON01-1FRF1 Section 1. (C) Comparison of Incoherent backscatter, 
Fe (kcps) and Fe/Ti in cores scanned forwards (turquoise line) and in reverse (yellow line). 
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signal degradation on analytical 

results was tested on a freeze core 

from a Northwest Territories, 

Canada. As described in section 6.0 

below, these minor edge effects 

proved to be relatively insignificant, 

meaning that measured XRF results 

obtained from these intervals are 

reliable. 

4.9 Application of the equipment  

In March, 2016, a 103 cm long 

freeze core (CON01-1FRF1) was 

recovered from Control Lake, NWT, 

Canada (64.07771° N, -111.13493° 

W; Figure 4.5). Control Lake is a 5 m 

deep lake with roughly oval shape located ~240 km NW of Yellowknife and just north of 

the latitudinal treeline in subarctic Canada. Control Lake served as a control lake for an 

environmental study carried out to evaluate the environmental impact of tailings from the 

nearby historical Tundra-Salmita gold mine. Control Lake is hydrologically isolated from 

the flow path that travels from the tailings pond through several small lakes and ponds 

before connecting to the larger Courageous Lake to the north. In April, 2017, CON01-

1FRF1 was sub-sectioned into nine freeze core slabs and transported to McMaster 

University, Hamilton, ON, Canada, for analysis using Itrax-XRF-CS. CON01-1FRF1 

sections one through eight (S1-S8) were analyzed using a Mo-anode at 1 mm resolution, 

25 s exposure time, and current and voltage of 22 mA and 25 kV, respectively. Freeze 

core slabs were analyzed in triplicate, first forwards (top-bottom), then twice in reverse 

(bottom-top), once at 1 mm resolution and again at 5 mm resolution. The two reverse 

scans were carried out on only a part of the core to provide triplicate analysis of core 

material. Freeze core slabs were returned to the freezer and allowed to re-freeze between 

the first scan and the second/third scan. There was no need to return the iBox-FC to the 

 

Figure 4.5: Map showing the location of CON01-1FRF1 
in Control Lake and nearby Tundra Salmita Mine; Inset 
shows location of Control Lake in NWT, Canada. 
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freezer between the second and third core scans as the multiple scans took less than 2 

hours to analyze collectively. 

Results from Itrax-XRF-CS were prepared following the methods described above, 

and then imported into the ItraXelerate software following the recommendations of Weltje 

et al. (2015). Following the Itrax-XRF-CS analysis, the freeze core slabs were re-cleaned, 

and 1 cm long sub-samples were selected for ICP-MS analysis using the results from 

ItraXelerate calibration analysis as a guideline. Six samples were analyzed in triplicate to 

provide a measure of absolute geochemical error. Due to the limited material remaining 

from the freeze core slab, three 1-cm subsamples were combined, allowed to melt, and 

then homogenized for triplicate analysis of samples. Freeze core subsamples were then 

submitted to Acme Bureau Veritas, Vancouver, BC, Canada, for ICP-MS analysis. A near 

total, four-acid digestion was used prior to analysis. Values less than the detection limit 

in the ICP-MS dataset were converted to 0 values. The standard deviation for elements 

in the ICP-MS dataset was calculated using the following equation (after Mccurdy and 

Garrett 2016) 

𝜎 = √(
∑ (𝑥𝑖𝑗𝑛 − 𝜇𝑗𝑛)

23
𝑖=1

3𝑁
) 

where x represents replicate measurement i of element j in triplicate set n, µ represents 

the mean concentration of element j in a replicate set n, and N equals the total number of 

triplicate sets measured. Because data cannot be loaded into ItraXelerate without SiO2 

values, and because MA-ICP-MS cannot detect silicon, a value of 1 ppm Si was added 

in order to load the ICP-MS dataset. 

To test the influence of edge effects on the ability of Itrax-XRF-CS to recreate 

actual geochemical values, two Itrax-XRF-CS datasets were prepared for calibration. The 

first, or “original”, dataset represented the entirety of data collect from analysis of freeze 

core slabs. For the second, or “trimmed”, dataset, analysis results for the lowermost 5 

mm from all core scans was removed to eliminate any influence from edge effects. Both 

datasets were calibrated using the multivariate log-ratio calibration (MLC) method using 

ItraXelerate software (Weltje et al. 2015). The default sample tolerance in the ItraXelerate  
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software is set to 10 mm. As the 

triplicate ICP-MS values were 

comprised of 3 cm of sediment, and 

because the mean sample depth 

was used to represent depth of 

geochemical samples, the sample 

tolerance was increased to 15 mm 

before calibration was attempted. 

Nine elements were selected for 

calibration that spanned a range of 

poor too excellent detection, and that 

are of general interest to 

paleolimnologists as they represent 

the lithogenic fraction of the 

sediment, redox-sensitive elements, 

and variations in carbonate 

deposition: As, Ca, Cu, Fe, K, Mn, Ni, Ti, and Zn. Relationships between observed and 

predicted values were measured by a goodness-of-fit R2 value (Table 4.1). As the 

calibrated output from ItraXelerate assumed that all calibrated elements sum to unity, and 

because the nine elements calibrated comprise, on average 8.51 % of the total sample 

based on ICP-MS results, calibrated results output from the ItraXelerate were converted 

to proportions of this average percentage.  

4.9.1 Comparison of the Original and Trimmed datasets 

For both the original and trimmed datasets, R2 values showed strong relationships 

between observed and predicted results (R2 >0.81) for six of the nine elements calibrated 

(Table 4.1). Arsenic, Ni and Zn exhibit relatively low R2 values in both original and trimmed 

datasets. The R2 values for both original and untrimmed dataset were within 0.1 point of 

each other, with the exception of As that increases from R2 =0.36 to R2 =0.41 from the 

original to the trimmed dataset, respectively. This similarity is expected as removal of the 

last 5 mm represented a loss of only 4% of the dataset, making both original and trimmed 

datasets very similar. Comparison of the Itrax-XRF-CS results with ICP-MS results for 

Table 4.1: Comparison of R2 predicted Itrax-XRF-CS results 

using a multivariate log-ratio calibration to ICP-MS results 

using the original dataset and a dataset with values influenced 

by edge effects removed (trimmed dataset). 

 

Element Goodness-of-fit R2 

Trimmed 

dataset 

Original 

 dataset 

As 0.36 0.41 

Ca 0.95 0.95 

Cu 0.82 0.81 

Fe 0.95 0.95 

K 0.95 0.94 

Mn 0.9 0.91 

Ni 0.52 0.53 

Ti 0.95 0.94 

Zn 0.51 0.53 
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both the original and trimmed datasets showed little difference, and the agreement 

between XRF-CS and ICP-MS results were increased in both cases through use of 

elemental ratios (Figure 4.6). These results suggest that inclusion of data obtained from 

intervals of core segments subtly influenced by edge effects is accurate, and normalized 

data can be reliably use for interpretation of XRF-CS results, calibration and critically in 

applications where elemental ratios are used.  

4.9.2 Comparison of Original dataset to ICP-MS data 

The Itrax-XRF-CS results show strong correlations for most elements included in the 

calibration, with the exception of As, Ni, and Zn with R2 values of 0.36, .0.52 and 0.51 

respectively (Table 4.1, Figure 4.7). The poor correlation of As to Itrax-XRF-CS data may 

have been caused by the tendency of multi-acid digestion to volatilize As (Parsons et al.  

 

Figure 4.6: Comparison of Itrax-XRF-CS data (light green line) to ICP-MS data (orange circles) for raw 
Fe and Fe/Ti for CON01-1FRF1-S1 to S9. Graphs in the left column where created using the original 
dataset and the graphs in the right column where created using a dataset with all points influenced by 
edge effects removed. The dark green line represents a 10-point moving average of Itrax-XRF-CS 
data. Orange error bars represent two standard deviations of ICP-MS data. 
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2012). The combination of geochemical error due to As volatilization in the ICP-MS 

dataset, and possible attenuation of the XRF-CS signal associated with high water 

content and organic matter in the freeze core likely resulted in weaker correlations. Nickel 

and Zn results, however, were comparable to Cu in terms of atomic size, mass, and 

detection using Itrax-XRF-CS, yet had much lower R2 values than Cu. Both Ni and Zn 

had relatively low abundant in the ICP-MS dataset (mean <100 ppm), yet Cu had an 

average abundance of ~66 ppm and higher R2 (0.82). Furthermore, Cu, Ni and Zn do not 

have any apparent overlapping X-ray emission lines with other elements included in this  

 

Figure 4.7: Output from Itraxelerate multivariate log-ratio calibration of Itrax-XRF-CS data using ICP-MS 
data from CON01-1FRF1-S1 to S9. Graphs represent the ability of Itrax-XRF-CS concentrations 
predicted using MLC (y-axis [%]) to recreate ICP-MS results (x-axis [%]) 
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Itrax-XRF-CS analysis. Sixteen percent of Zn measurements were below detection, 

possibly explaining the poor correlations, yet, there are no non-detect values in the Ni 

data, and less than 1 % non-detect values for Cu Data. Copper data in the ICP-MS 

dataset has a lower relative standard error (3%) in comparison to Ni (10.5 %) and Zn (~6 

%). Nickel and Zn show weak to moderate positive correlations (Pearson’s rNi = 0.41, rZn 

= 0.33) to the ratio of incoherent/coherent x-ray backscatter, whereas Cu shows a weak 

negative correlation (Pearson’s rCu = -0.41). It is possible scatter or absorption effects 

were influencing XRF-CS detection of Zn and Ni to a greater degree than Cu. However, 

as signal attenuation preferentially affects elements with weaker fluorescent energies 

 

Figure 4.8: Comparison of Itrax-XRF-CS data (light green) to ICP-MS results (orange circles) from 

CON01-1FRF1-S1 to S9. Two elements, Arsenic (left column) and Cu (right column), and ratios of As 

and Cu to Ti are shown for comparison. The dark green line represents a 10-point running mean of 

Itrax-XRF-CS results. Orange error bars represent two standard deviations about ICP-MS results. 
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(Kido et al., 2006), and as fluorescence energies are related to the atomic mass of 

elements, it is expected that Cu, Zn and Ni should all be affected similarly due to the 

similarity of their atomic mass. Furthermore, this weak correlation may additionally be 

related to variations in core composition rather than signal attenuation, as the 

incoherent/coherent backscatter ratio is commonly used as a proxy for water or organic 

content (Boyle et al. 2015; Löwemark et al. 2011). It seems likely that the ICP-MS dataset 

better captured the full variability of Cu in sediment than Ni and Zn, and thus better 

predicts Cu concentration based on XRF-CS data.  

 Comparison of predicted absolute elemental concentrations from ICP-MS results 

to XRF-CS trends showed moderate correspondence for elements with weak or high R2 

values (Figure 4.8). The ICP-MS results followed trends similar to that provided by the 

XRF-CS data, although in several cases the XRF-CS data did not fall within two standard 

deviations of the ICP-MS results. In all datasets, there appeared to be a deviation of XRF-

CS data from ICP-MS data near the base of the dataset, where ICP-MS data showed a 

drastic increase in As and Cu concentrations. This suggested that XRF-CS calibration 

may not be able to fully capture data that exhibit large variability throughout sedimentary 

cores. Normalizing elemental concentrations to a conservative element, in this case Ti, 

greatly increased the correspondence between the two disparate geochemical methods, 

likely because both elements suffered from similar specimen effects during analysis. For 

the elemental-normalized data, most ICP-MS results fell within the 10-point running mean 

of the XRF-CS data. 

4.10 Conclusions 

The iBox-FC containment vessel delays thawing of highly perishable frozen sediments 

for up to two hours, adequate time to carry out high resolution Itrax-XRF-CS analysis. The 

iBox-FC is particularly useful for analyzing cores in environments where conventional 

gravity corers are difficult to deploy (e.g. low sedimentation rate environments, lakes 

where the uppermost sediments are poorly consolidated). Calibration of XRF-CS values 

to absolute concentrations based on multi-acid ICP-MS results using the MLC method 

provided accurate results, with most correlations showing R2>0.81. Predicted XRF-CS 

values showed moderate agreement with ICP-MS results when using raw elemental 
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counts. Elemental normalization of XRF-CS data greatly improved the concordance 

between results obtained using the two geochemical methods. Minor edge effects that 

were observed to occur through the last ~5 mm of freeze core slabs were demonstrated 

to have an insignificant impact on derived SRF-CS results, at worse resulting in a loss of 

~4 % of overall data from the impacted interval when normalization procedures were used 

on the data.  
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Chapter 5: Climate-induced variations in sedimentary arsenic 

sequestration in Northern Canada during the Mid- to Late-Holocene 
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5.2 Foreword 

This contribution represents an examination of the controls on As concentration in lake 

sediment at coarse temporal resolution (centennial to millennial). Arsenic stability in lake 

sediment is heavily dependent on the redox state of a lake. Because temperature and 

precipitation can alter oxygen removal from the water column, As stability is expected to 

be impacted by climate variability. This relationship has been observed in recent 

sediments, but has rarely been quantified during the Holocene. Here we examine a freeze 

core recovered from Control Lake, Northwest Territories, using ICP-MS following aqua 

regia digestion at near-contiguous cm-scale resolution and Arcellinida counts every 5 cm. 

Together, sediment geochemistry and changes in Arcellinidan communities were used to 

characterize possible post-depositional mobility of As, and understand the impact of 

regional climate change on As stability in Control Lake sediment. This manuscript has 

been prepared for submission to Science of the Total Environment pending the addition 

of Rock Eval pyrolysis results still forthcoming.   

I collected core material in the field, sub-sampled cores for radiocarbon, ICP-MS, 

Rock Eval pyrolysis and Arcellinida analysis, and enumerated Arcellinida in sediment 

samples. I wrote the manuscript and drafted the figures. I completed statistical analyses 

with helpful comments and recommendations by N.A. Nasser. Dr. R.T. Patterson and Dr. 

J.M. Galloway helped to conceptualize this project. All authors provided feedback that 

helped to refine the manuscript. This research was funded by a Polar Knowledge Canada 

grant to Dr. Patterson and Dr. Galloway. 

 

 

 

 

 

 

 



Gregory et al 2019  105 
 

5.3 Abstract 

High latitudes are projected to experience disproportionate effects from modern climate 

change relative to lower latitude regions. Characterizing the response of metal(loid) 

contaminants to climate change is necessary for the management of northern 

environmental systems. In the Northwest Territories, Canada, arsenic (As) contamination 

from gold mining and naturally elevated geogenic sources of this metalloid has resulted 

in As concentration in lake sediments that are above levels recommended by the 

Canadian Council of Ministers of the Environment. To understand the impact of climate 

change on sedimentary As concentrations, a 135-cm long freeze core (CON02) was 

recovered from Control Lake (64.07771°N, -111.13493°W) ~240 km north of Yellowknife 

at a site considered to be unimpacted by As contamination from gold mining. Sediment 

geochemistry was analyzed at near contiguous 1-cm resolution by ICP-MS following aqua 

regia digestion. Arcellinida (testate lobose amoeba), micro-organisms that have been 

shown to respond to As concentration, were enumerated downcore at 5-cm intervals to 

assess post-depositional movement of As. Radiocarbon dating was used to provide 

temporal reference to core depth. Arcellinida indicate a generally healthy system, with 

oligo- to mesotrophic conditions. Redundancy analysis (RDA) comparing Arcellinida and 

ICP-MS geochemical determinations, and stratigraphic comparison of As and Arcellinida 

variations suggests stress indicator taxa were not strongly related to As concentrations in 

the core, possibly indicating post-depositional movement of As. Examination of ICP-MS 

results using CONISS cluster analysis showed three phases of deposition. Phase 1: ca. 

4100–3250 cal. BP contains sediment with relatively low As concentration (50–100 ppm), 

low concentration of minerogenic indicators (K, Rb), and elevated Ca/Rb indicative of and 

higher productivity associated with the relatively warm temperatures and more northern-

positioned treeline. Phase 2: ca. 3250–2150 cal. BP exhibited the highest concentrations 

of As (116–258 ppm) associated with a reduced terrestrial organic matter (OM) and a 

shift in sedimentation towards increased minerogenic input. Arsenic was sequestered in 

sediment only after major changes in minerogenic content, suggesting reduced OM may 

have induced sequestration of As in sediment. Phase 3: ca. 2150–0 cal yr. BP 

corresponded to a shift to tundra vegetation in the catchment and establishment of near-

modern climate conditions. Within Phase 3 two major shifts in As concentration occur that 
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we interpret to be in response to temperature change. Shifts in temperature caused by 

the MWP and LIA impacted As sequestration through increased autochthonous OM 

production. This process in turn led to increased As stability in sediments due to prevailing 

reducing bottom water and sediment porewater conditions. Both temperature and 

sedimentary processes acted as important controls on As concentration and long-term 

stability in Control Lake over the late Holocene. 
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5.4 Introduction 

The Arctic is projected to experience greater impacts associated with changing climate 

than lower latitudes due to unique climate feedback loops (Overpeck et al. 1997; SWIPA, 

2017). In response to recent climate change, there has been an observed decrease in 

permafrost (Payette et al. 2004; Smith et al. 2005; Coleman et al. 2015), longer ice-free 

seasons (Michelutti et al. 2003; Duguay et al. 2006; Arp et al. 2010; Šmejkalová et al. 

2016), reduction of the extent and volume of sea ice (Stroeve et al. 2007; Kwok and 

Rothrock 2009), changes to the hydrological cycle (Jacques and Sauchyn 2009) and 

alterations to forest fire regimes (Hu et al. 2010; Chipman and Hu 2017) in subarctic and 

Arctic environments. These climate-induced environmental changes impact chemical 

cycling in the environment through alteration of the rate of weathering, movement of 

chemicals through environmental systems, or mechanisms of chemical sequestration 

(MacDonald et al. 2005; Spence et al. 2014). The cumulative effects of these mechanisms 

may cause the release of previously stored chemical contaminants, that may have a 

deleterious effect on northern ecosystems. It is imperative that the impact of climate 

change on geochemical cycling be characterized to predict the influence of future climate 

change on ecosystems in northern environments.  

Arsenic (As) is a metal(loid) naturally found in environmental systems. 

Concentrations of As may be elevated locally due to bedrock geology and derived surficial 

materials, particularly in association with hydrothermal gold ores, or otherwise through 

anthropogenic contamination as a by-product of ore extraction, agricultural practices, or 

treatment of lumber (Smedley and Kinniburgh 2000; Bowell et al., 2014). Arsenic is a 

major element of concern in the Northwest Territories (NT), Canada due to a legacy of 

mining and local geogenic sources.  Elevated natural background concentrations of As in 

lake sediments of the Yellowknife area (> 20 ppm As; Galloway et al. 2015) are higher 

than the CCME Interim Sediment Quality Guideline and the Probable Effect Level for the 

protection of aquatic life (5.9 ppm and 17 ppm, respectively; CCME 2001). Elevated 

background As concentrations in the region are partially due to weathering of bedrock 

that host elevated As concentration. This geogenic source is overprinted by substantial 

As contamination in the area associated with gold ore processing. The Giant Mine (1948–

2002) extracted and processed refractory gold from arsenopyrite through roasting 
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followed by density separation (Silke 2009). The roasting of ores before density 

separation volatilized As, and ultimately released ~20,000 tonnes of arsenic trioxide 

directly into the environment, most of which occurred during the early operation of mines 

in the region (Galloway et al. 2012, 2015, 2018). Dissemination of this As into the 

atmosphere resulted in widespread contamination of the landscape along the direction of 

prevailing winds. As a result of legacy mining activities, median As concentration in lake 

sediments within an immediate zone of contamination (~20 km) of 600 ppm, with some 

lakes exhibiting sedimentary As concentrations greater than the analytical detection limit 

used in previous studies (> 10,000 ppm; Galloway et al. 2012, 2015, 2018; Palmer et al. 

2015; Nasser et al. 2016). Continued interest in the extraction of gold from similar deposits 

in the mineral-rich Yellowknife region raises concerns about additional contamination. 

Environmental regulations have since been enacted that require remediation of impacted 

environmental systems to natural conditions after mine closure. A major factor that needs 

to be considered for reliable remediation of environmental systems and sustainable future 

resource development is the long-term impact of climate change on As concentrations in 

lake sediments and the conditions that may induce sequestration or release of As in 

environmental reservoirs.  

  Due to the redox-sensitivity of As and post-depositional mobility, reconstructing 

As concentrations over time using sediment geochemistry alone is difficult. Several 

studies examining past As contamination in the Yellowknife region document two As 

peaks; a deep peak associated with initial contamination; and, a secondary peak in 

shallower sediments caused by post-depositional migration (Andrade et al. 2010; Gavel 

et al. 2018; Van Den Berghe et al. 2018; Schuh et al. 2019). Although the presence of 

the double peak in As concentrations observed in the aforementioned studies suggests 

that variations in As can be preserved over centennial timescales, but that the absolute 

magnitude may be diluted by subsequent cycling of As in the system, or may be lost all 

together over extended periods of anoxia present after burial of sediment. Paleo-As 

signals may be further complicated by variations in the environmental system. Studies 

have shown that changes in lake productivity, and thus the oxygenation of sediment, can 

alter the amount of As retained in sediment (Martin and Pedersen 2002; Galloway et al. 

2018). Variations in sedimentary As downcore may therefore be associated with changes 
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in As input into environmental systems, or variations in the long-term stability of As signal 

as controlled by productivity or sediment compositional changes. Although it is difficult to 

characterize past controls on absolute As concentrations, it should be possible to 

understand climate controls on ultimate sequestration of As in environmental systems. 

Moreover, non-geochemical proxies for As concentration, where available, make it 

possible to characterize initial increases in As and their subsequent sequestration under 

unique environmental conditions. 

 Arcellinida are generally immobile in the sediment column (Patterson and Kumar 

2000a) and preserve a snapshot of environmental conditions at the time of sedimentary 

deposition. Arcellinida (testate lobose amoeba), are a group of protists that agglutinate a 

test from surrounding minerogenic material or scavenged skeletal material (Patterson and 

Kumar 2000a). Arcellinida are ubiquitous in freshwater (Patterson and Kumar 2000a; 

Nasser et al. 2016; Steele et al. 2018) to brackish water environments (Collins et al. 2015; 

Van Hengstum et al. 2015; Peros et al. 2017), and have been used previously as 

indicators of lake trophic state (Roe et al. 2010; Patterson and Roe 2012; Drljepan et al. 

2014; Prentice et al. 2018), salinization of lake systems (Roe and Patterson 2014; 

Cockburn et al. in press), land-use change (Patterson et al. 2002), ecosystem health 

(Neville et al. 2011), and metal contamination (Kauppila et al. 2006; Reinhardt et al. 2006; 

Kihlman and Kauppila 2009; Nasser et al. 2016; Gavel et al. 2018). Recent work in the 

Yellowknife area indicates that testate amoeba communities are highly sensitive to 

variations in sediment As concentrations, with assemblages dominated by stress indicator 

taxa (Difflugia elegans, Centropyxis constricta “constricta”, C. constricta “aerophila”) 

found in lakes with high (>360 ppm) to extreme (>760 ppm) As concentrations (Nasser et 

al. 2016; Nasser et al. in press). Examination of testate amoeba communities for key As-

indicating taxa may thus inform whether an observed change in As concentration in 

sediment is the result of new deposition of arsenic into the system, or remobilization of 

As in the sediment column due to shifts in environmental parameters within the lake 

systems.  

 To understand the impact of climate on transport and long-term stability of As in 

lake sediment, two cores were recovered from Control Lake, NT, a site un-impacted by 
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legacy mining. Elemental geochemistry was determined through inductively coupled 

plasma mass spectrometry (ICP-MS) following aqua regia digestion. Bulk geochemistry 

was compared to shifts in relatively immobile Arcellinida communities to elucidate 

whether observed signals in sediment cores were associated with in situ increases in As 

in the environment, or secondary sequestration of As through redox pathways and As-

movement through the sediment. 

5.5 Background – As mobility in lake sediments 

In lacustrine sediments, As is commonly found as inorganic arsenate (As(V)) in oxidizing 

environments, arsenite (As(III)) in reduced environments, or as organic methylated 

arsenic species (Campbell and Nordstrom 2019). The mobility of As is dictated by the 

availability of Fe and Mn oxides and (oxy)hydroxides, sulfides and organic matter to which 

As readily sorbs to or complexes with (Figure 5.1A; La Force et al. 2000; Du Laing et al. 

2009; Guénet et al. 2016; Campbell and Nordstrom 2019). Stability of these phases, as 

well as the stability of As in the system, is controlled by the pH and redox state of the 

system (Smedley and Kinniburgh 2000; Campbell and Nordstrom 2019). Under 

oxygenated conditions in sediment, As is typically present as As(V) sorbed onto Fe and 

Mn (oxy)hydroxides (Torres et al. 2015; Guénet et al. 2016; Lock et al. 2018). Under 

reducing conditions, reductive dissolution of metal-(oxy)hydroxides (e.g. FeO(OH)) 

releases As(III) into sediment porewaters or into the overlying water column. If conditions 

in the shallow sediment become euxinic (no oxygen, high sulfide), precipitation of FeS 

can occur, typically as amorphous mackinawite, which again acts as a sink for As (Bostick 

and Fendorf 2003; Xu et al. 2011; Burton et al. 2013; Torres et al. 2015). If reducing 

conditions persist, and pending the availability of elemental sulfur or sulfide, FeS may be 

oxidized by sulfur species to framboidal pyrite (FeS2) (Benning et al. 2000; Butler and 

Rickard 2000; Burton et al. 2013; Schuh et al. 2019; Thiel et al. 2019). Pyrite is typically 

assumed to be the stable end-member of the iron-sulphur pathway under reducing 

conditions with adequate sulfate availability, and acts as a key sink for As that readily 

sorbs to pyrite or partially replaces S in pyrite and iron mono-sulfides (Burton et al. 2013; 

Neumann et al. 2013; Torres et al. 2015; Schuh et al. 2019). Although it is possible for 

other As-sulfides, such as realgar or orpiment, to form, their precipitation typically only  
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Figure 5.1: The arsenic cycle in lacustrine systems and its relation to Fe and S in sediment porewater 
of lakes. (1A) General model for As movement in a lake. (1B) Expected As concentrations in porewaters 
under oxygenated bottom waters. (1C) Expected As concentrations in porewaters under anoxic 
conditions. 

occurs where lower iron concentrations result in greater availability of sulfide in sediment 

porewater (Wilkin and Ford 2006). 

Arsenic movement in sediment is cyclical under typically assumed dimictic 

lacustrine progression (Figure 5.1). Seasonal turnover of lake waters results in 

oxygenation of the water column and creates a redoxicline in the sediment column. The 

depth of redoxiclines in lake sediments can vary drastically depending on the time of year, 

the organic content in sediment, and the stratification of lakes. Several studies have 

observed redoxiclines at depths from 0.5 to 10 cm in sediment columns (Spliethoff et al. 

1995; Torres et al. 2015; Lock et al. 2018; Van Den Berghe et al. 2018), with an extreme 
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example of > 45 cm deep in intertidal systems where sediment is exposed to oxygen 

during low tide (Masuda et al. 2005; Noël et al. 2017). In the sediment column, the 

consumption of oxygen during the decomposition of (OM) gradually depletes oxygen in 

the sediment, resulting in reducing conditions at depth. The location of the redoxicline 

within or above the sediment column is a major control on the sequestration of As in 

sediment. Arsenic is transferred to porewater at the redoxicline through reductive or 

oxidative dissolution of minerals, a process that typically occurs in days to weeks (Burton 

et al. 2006; Polizzotto et al. 2006; Burton et al. 2013; Meng et al. 2016; Choppala et al. 

2017).  Once dissolved, As diffuses away from its source until it reaches a zone conducive 

to re-adsorption or re-precipitation of minerals, either under more reducing conditions 

where sulfide availability promotes precipitation of FeS, or under oxidizing conditions 

where it will be sorbed to FeO(OH). If the redoxicline is above the sediment-water 

interface, As diffuses into the overlying waters (Figure 5.1C). A thick oxidized layer within 

the sediment acts to reduce As release into overlying lake systems by trapping upward 

diffusing As on FeO(OH) (Figure 5.1B). Arsenic will cycle through sorption onto Fe-O(OH) 

and FeS until sedimentation results in the sequestration of As into the permanently anoxic 

zone below the oscillating redoxicline in the lake sediment.  

5.6 Study Area 

Control Lake is located ~240 km NE of Yellowknife on the former Tundra/Salmita Mine 

property. The region is within the Courageous Lake Greenstone Belt that is composed of 

ca. 2.6 Ga metamorphosed volcanic and sedimentary rocks that belong to the Yellowknife 

Supergroup (Moore, 1956; Padgham 1992; Tetra Tech Wardrop 2012). The landscape 

consists of hummocks of bedrock outcrops and swales filled with till (McCurdy and Mcneil 

2014); lakes dot the landscape filling topographic lows left by glaciated terrain. 

Geochemical analysis of till in the region showed the <0.002 mm fraction to be dominated 

by Fe, Na, Mg, and Ca, with minor concentrations of As, Pb, Hg, and other heavy 

metal(loid)s (Moore, 1986). The study area is ~80 km north of the modern treeline and is 

characterized by low, shrub-like tundra vegetation (Seabridge Gold Inc. 2010; Aboriginal 

Affairs and Northern Development Canada 2013). The region exhibits a tundra-desert 

climate, with an average yearly precipitation of 213 mm) most of which occurs from July  
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Figure 5.2: Location of Control Lake and core CON02 in the context of (A) Canada, and (B) the Northwest 
Territories and location of various paleoclimate records discussed in this paper. (C) Control Lake and 
location of CON02. The grey polygon indicates the watershed delineated for Control Lake based on 2-m 
DEM of the location; black lines indicate flow paths towards the lake. 

to September (125 mm, 2007–2010 data; Seabridge Gold Inc. 2010). The average daily 

temperature is -9.2 °C with a range from -43.1 to 26 °C (Seabridge Gold Inc. 2010). The 

region experiences long winters and short summers, with typical freeze-up of lakes 

occurring in late September and break-up occurring in June (Aboriginal Affairs and 

Northern Development Canada 2013). Typical ice thickness on lakes can reach up to 2-

m-thick (Aboriginal Affairs and Northern Development Canada 2013) and varied from 1.0 

to 1.3 m on lakes sampled during field work in March, 2016.  
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Gold deposits were first recognized near Courageous Lake in 1939. Claims were 

staked after subsequent exploration in 1946 by Territories Exploration Limited (Moore 

1986). Ore extraction and processing on site occurred between 1964-1968 and again 

from 1983-1986 (Silke 2009; Aboriginal Affairs and Northern Development Canada 2013). 

After production ceased in 1986, there was concern for seepage of mine tailings from a 

tailings containment pond through a series of small lakes that ultimately drain into 

Courageous Lake. Subsequent studies suggest that widespread metal(loid) 

contamination from the tailings containment pond has resulted in elevated metal(loid) 

concentrations in several lakes along this flow path from the tailings pond towards 

Courageous Lake (Miller et al. 2019; Aboriginal Affairs and Northern Development 

Canada, 2013). Control Lake is upstream of this flow path and was not observed to show 

anomalously high metal(loid) concentrations during recent water monitoring (Aboriginal 

Affairs and Northern Development Canada 2013).  

Control Lake is a shallow lake with a surface area of 23.4 ha and depth of ~5 m 

where sediment cores were recovered (Figure 5.2). Water monitoring during the open 

water season in 2010 showed pH in the lake was circum-neutral (x̄ = 7.05), conductivity 

measurements were low (x̄ = 13.34 SpC) and lake temperature was cool during the 

summer (x̄ = 12.09 °C; Aboriginal Affairs and Northern Development Canada 2013). 

Although no oxygen or temperature profiles have been taken at Control Lake, shallow 

subarctic lakes rarely stratify during the summer due to cooler temperatures, with only 

those >7 m depth typically showing summer stratification (Galloway et al. 2015; Palmer 

et al. 2015, 2019). However, Palmer et al. (2019) found oxygen stratification does occur 

in subarctic lakes during the winter, particularly in shallower, low-volume lakes. Although 

Control Lake is north of the treeline, it may be expected to experience similar winter 

oxygen stratification, but to be well mixed during the open-water season as Arctic lakes 

are typically associated with reduced productivity and available organic matter (Pienitz 

1997). Geological maps of the region indicate Control Lake is underlain by low grade 

phyllite and slate, with a possible dioritic to granitic intrusive pluton underlying the north-

western end of the lake (Thompson and Kerswill 1994). Hydrological modelling based on 

2-m-DEM of the region shows Control Lake has a small watershed that collects water via 

overland or sub-surface flow from the surrounding area (Figure 5.2C). The hydrological 
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model shows Control Lake has two outflows, one to the west and one to the south-east. 

The lake is directly underlain by 2–10 m of till with no bedrock outcrops within the 

delineated watershed (Kremer et al. 2014).  

Previous work was conducted on Control Lake on a short (~43 cm) gravity core 

recovered by Miller et al. (in press). Miller et al. (in press) found that, based on Scanning 

Electron Microscopy coupled with automated mineralogy and integrated Energy-

Dispersive X-ray Spectroscopy, As was predominantly associated with FeO(OH) in 

sediment, with only a minor fraction (<20%) associated with framboidal pyrites and 

scorodite. Interpretation of trends in aqua regia (AQ)-ICP-MS, particle size data, organic 

petrography and Rock Eval pyrolysis by Miller et al. (in press) suggested that As may 

have been post-depositionally mobile, that labile OM (S2) was a dominant control on As 

concentrations in sediment, and that weathering changes in the system may have altered 

As input into Control Lake. In this study, we examine microfossil evidence to examine the 

possibility of post-depositional movement of As in Control Lake sediments and examine 

an extended record to explore whether the Miller et al. (2019)’s posited controls on As 

sequestration hold true for earlier in the Holocene when Control Lake was exposed to 

different environmental stressors.  

5.7 Methods 

Core CON02 (length = 136 cm) was collected in March, 2016, using a single-faced freeze-

corer from Control Lake, NT (64.07771 °N, -111.13493 °W; Figure 5.1C). CON02 was 

cleaned onsite and wrapped in clingfilm for transport to Carleton University. Upon arrival, 

approximately 2 mm of material was removed from all faces of the freeze core to minimize 

risk of on-site contamination, the core was photographed, and the sedimentology was 

recorded. The core was subsequently sub-sampled for radiocarbon, ICP-MS, and 

Arcellinida analysis. 

5.7.1 Radiocarbon Chronology 

Radiocarbon dating was used to provide temporal reference to core depth. As large 

organic fragments were not observed in the core, approximately 2 mL subsamples of bulk 

organic material were collected at 6 regular intervals from CON02 for analysis. Material 

was subsampled using ceramic and stainless-steel instruments that were  
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Table 5.1: Radiocarbon analysis conducted at the Lalonde AMS laboratory at University of Ottawa, 
Canada 

Lab ID 
Depth 
(cm) Material 14C yr BP  error F14C error cal. BP 

UOC-3564 13 Bulk OM 1525 46 0.8271 0.0047 1529 - 1328 (95.4 %) 

UOC-3565 35 Bulk OM 1489 38 0.8308 0.0039 1518 - 1461 (10.7 %) 

        1419 - 1303 (85.7 %) 

UOC-3566 67 Bulk OM 2206 38 0.7599 0.0036 2328 - 2131 (95.4%) 

UOC-3567 92 Bulk OM 2833 38 0.7028 0.0033 3060 - 2855 (95.4 %) 

UOC-3568 112 Bulk OM 3909 38 0.6147 0.0029 4438 - 4235 (95.2 %) 

UOC-3569 134 Bulk OM 3959 38 0.6109 0.0029 4522 - 4292 (95.4 %) 

 

sterilized with isopropyl alcohol and distilled water between subsamples. Samples were 

analyzed at the Lalonde AMS facility at University of Ottawa following a triple acid wash 

(Table 5.1).  

The age model for CON02 was created using the Bayesian Age CalibratiON 

(BACON) package for R statistical software v. 3.5.1 (R Core Team, 2019; Blaauw and 

Christen, 2011). Ages were calibrated in BACON before creation of age models using the 

terrestrial radiocarbon curve IntCal13 after Reimer et al. (2013). Radiocarbon dating of 

the adjacent core CON01 showed modern dates at 1 cm depth (Supplementary Figure 

A1.12, Supplementary Table A2.1), suggesting no age-offset should be applied. An 

additional date of -66 calibrated years before present (cal. BP) was added at 0 cm depth 

to represent modern sedimentation in calibrated years before present (cal. BP). The 

model is based on six calibrated radiocarbon ages (Figure 5.3). 

5.7.2 Arcellinida analysis 

Subsamples of approximately 3 cc were recovered from CON02 at 5 cm intervals for 

Arcellinida analysis. Material was allowed to melt, then was gently washed for 10 minutes 

using 297 µm and 37 µm sieves to remove coarse and fine material. Sieved sediment 

was split into 6 aliquots using a wet splitter modelled after Scott et al. (1993). Arcellinida 

were enumerated wet on a gridded petri dish under an Olympus SZH10 stereo 

microscope (70x magnification) until at least 200 specimens were identified following key 

references that contained illustrated specimens (Supplementary Table A2.2; Medioli and 

Scott 1988; Reinhardt et al. 2006; Roe et al. 2010; Patterson et al. 2012; Nasser et al. 
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2016). In two samples at depths 1.5 and 100.5 cm, only 100 and 148 specimens could 

be counted, respectively. Arcellinida display phenotypic plasticity, with ecophenotypes of 

identified species representing environmental niches important for paleoenvironmental 

interpretations (Asioli et al. 1996; Patterson and Kumar 2002; Kauppila et al. 2006; 

Macumber et al. 2014; Nasser et al. 2016). Specimens were therefore identified to the 

strain/phenotype level that, although not a formally recognized taxonomic distinction 

within the International Code of Zoological Nomenclature (ICZN), allows for more detailed 

ecological characterization of past environments. Standard error was calculated for 

testate amoeba following Patterson and Fishbein (1989). Identified species whose 

abundance was less than the standard error in >70% of samples were removed from 

subsequent statistical analysis. The Shannon-Wiener index was used as a measure of 

diversity of Arcellinida (Spellerberg and Fedor 2003). 

5.7.3 Inductively Coupled Plasma Mass Spectrometry 

Bulk sediment samples (n =133) were analyzed for major and trace elements by ICP-MS 

following aqua regia digestion at Bureau Veritas Ltd., Vancouver (Gregory et al. 2019). 

Two subsamples of GSC standard stream mud (GSC-STSD-3) and replicate subsamples 

from core material were submitted for quality control in addition to analytical replicates 

run by Acme – Bureau Veritas. GSC standards were within 10% of expected values for 

partial extraction of elements. Analytical replicates run by Acme – Bureau Veritas showed 

an average relative standard deviation of 5% of the mean elemental concentration across 

all elements (max = 25 %, min = 0.42 %, n = 41). Sample replicates showed a similar 

relative standard deviation of 8% of mean elemental concentration.  

5.7.4 Statistical analysis 

Arcellinidan data were Hellinger transformed in order to minimize the influence of rare 

taxa on the analysis prior to statistical analyses. To visualize changes in the community 

of testate amoeba, Hellinger-transformed data were subjected to Q-mode and R-mode 

cluster analysis using Ward’s method (Figure 5.4). Q-mode clusters were separated into 

four distinct assemblages. Assemblages were also explored using non-metric multi-

dimensional scaling (NMDS). Assemblage groups identified using Q-mode cluster 
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analysis and NMDS were carried forward for stratigraphic interpretation and in 

subsequent multivariate analysis.  

To understand the impact of environmental variables on Arcellinida communities, 

redundancy analysis (RDA) of Arcellinida data and sediment geochemistry was 

performed. Prior to multivariate and subsequent statistical analyses, elements with >30 

% non-detects in the bulk sediment geochemistry dataset were removed. Values where 

concentrations were below the minimum detection limit of the instrument were replaced 

by half the stated minimum detection limit for the purpose of statistical analysis (Lubin et 

al. 2004; Reimann et al., 2008). For RDA analysis, several samples in the AQ-ICP-MS 

dataset were missing concentrations at concurrent depths as Arcellinida samples due to 

limited core material and high proportion of water in sediment samples. Data for missing 

intervals were interpolated by calculating the mean concentration of elements in samples 

above and below the missing interval. For RDA, select elements of environmental 

importance, including minerogenic indicators (Rb), redox sensitive elements (Mn, Fe, As, 

S) and a proxy for increased authigenic productivity (Ca/Rb) were examined (Figure 5.6). 

Although AQ-ICP-MS is a partial digestion method that does not dissolve silicate minerals 

(Chao 1984; Church et al. 1987; Schilling et al. 2014), Rb showed strong correlations 

between Itrax X-ray fluorescence data (ρ = 0.59, p < 0.001, n = 81) and ICP-MS results 

following a four acid digestion (HCl, HNO3, HF, HClO4; ρ = 0.63, p < 0.001, n = 45) 

analyzed on the adjacent core CON01 (Supplementary Figure A1.13). The strong, 

statistically significant correlation between XRF, multi-acid ICP-MS and aqua regia-ICP-

MS suggests Rb trends were reliably identified using AQ-ICP-MS. Calcium normalized to 

lithogenic input increases with increased precipitation of authigenic carbonate, either due 

to increasing evaporative pressure, or changes to the partial pressure of CO2 in the 

system caused by increased authigenic productivity during the open-water season 

(Wetzel 2001; Davies et al. 2015). Raw geochemical data were log-transformed to 

improve normality before multivariate analysis. Shapiro-Wilk tests of log-normalized 

elements considered for RDA analysis suggested data approach a normal distribution. 

Variance partition based on ANOVA was used to characterize variance explained by 

environmental variables and their statistical significance (Figure 5.6). For stratigraphic 

interpretation of ICP-MS results, constrained incremental sum of squares (CONISS)  
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cluster analysis was applied to 

elemental variables of environmental 

importance (Rb, K, Ca/Rb, As, Mn, 

Fe, S) to assist in delineation of 

major geochemical phases (Figure 

5.7). Subsets of geochemical 

variables based on CONISS analysis 

were used to assist in understanding 

the impact of variable climate change 

on Control Lake sediment (Figure 

5.8). Although the original data 

approached normality, subsets of the 

elemental variables showed non-

normal distribution. As such, 

Spearman’s Rho (ρ) was used as a measure of correlation between elements in sediment 

geochemistry. All statistical analyses and figures were created using R Statistical 

Software (version 3.5.1) and RStudio including the packages vegan, rioja, MASS, 

analogue and zoo (Zeileis and Grothendieck, 2005; Juggins, 2017; Simpson and 

Okansen, 2018; Oksanen et al., 2019). 

5.8 Results 

5.8.1 Radiometric data 

Core CON02 recorded 4100 +/- 200 years of deposition over the 134-cm-long core (Table 

5.1, Figure 5.3). Radiocarbon analysis showed 2 minor age reversals: one at 13.5 cm and 

another at 111.5 cm, owing to anomalously old ages, possibly from re-working of 

sediment or deposition of old carbon from erosion of the catchment. CON02 was 

homogenously dark brown, with no apparent stratigraphic variability visible in the core. 

Bayesian age-depth modelling indicates CON02 had a stable accumulation rate, with a 

median of 3 mm/yr (max = 3.9 mm/yr, min = 2.5 mm/yr). The mean age error of the age-

depth model is 314 years, with maximum errors of 435 and 455 years centered at 15 and 

41 cm, respectively; age error remains below median values from 32 to 96 cm with a 

minimum age range of 236 cal. BP (Figure 5.3).  

 

Figure 5.3: Age-depth model for CON02 constructed in 
BACON based on radiocarbon dates of bulk organic 
matter. A date at -66 +/- 40 cal. BP was used to represent 
modern conditions. 
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5.8.2 Testate amoeba 

A total of 25 species and strains of arcellinida were identified in CON02, of which 16 were 

present in statistically significant numbers in >70% of samples, including: Difflugia 

oblonga “oblonga”, D. protaeiformis “acuminata", D. acutissima, D. elegans, D. glans 

“glans”, D. glans “distenda”, D. glans “pulex”, D. globulosa, D. minuta, Centropyxis 

constricta “constricta”, C. constricta “aerophila”, C. constricta “spinosa”, C. aculeata 

“aculeata”, C. aculeata “discoides”, Cucurbitella tricuspis, Pontigulasia compressa, 

Lesqueresia spiralis, and Lagenodifflugia vas (Supplementary Table A2.2). Q-mode 

cluster analysis and NMDS show four distinct arcellinida assemblages (Figure 5.4).  

Assemblage 1 (69 cm, 97 cm, 111-130 cm, n = 7) exhibited the highest observed 

concentrations of D. oblonga of any assemblage (x̄ = 44%, σ = 7.6%; Figure 5.5). 

Centropyxis constricta “aerophila” was moderately abundant (x̄ = 10%, σ = 3.1%) with 

similarly higher proportions of D. protaeformis “acuminata” (x̄ = 8.7%, σ = 2.3%), D. glans 

“glans” (x̄ = 6.0%, σ = 1.75%), D. elegans (x̄ = 5.8%, σ = 2.2%), and P. compressa (x̄ = 

5.5%, σ = 0.75%). The proportion of Cucurbitella tricuspis, a species often used as a 

proxy for trophic state in lake systems (Roe et al. 2010; Drljepan et al. 2014; Roe and 

Patterson 2014), exhibited low average abundance of 1.27 % (σ = 0.52%). The SDI was 

the lowest observed in core (1.97) alongside relatively low tests/cc (142 tests/cc). 

In Assemblage 2 (81–86 cm, 91–106 cm, n = 5), D. oblonga population decreased 

to the lowest observed of all assemblages (x̄ =25% σ = 7.7%), although it remained the 

dominant taxon in all samples belonging to this assemblage (Figure 5.5). Stress indicating 

taxa D. elegans (x̄ = 11%, σ = 2.8%), C. constricta “aerophila” (x̄ = 19%, σ = 4.3%) and 

C. constricta “constricta” (x̄ = 9.1%, σ = 2.9%) reached their highest abundance in core. 

Pontigulasia compressa (x̄ = 6.7%, σ = 1.9%), D. protaeiformis “acuminata” (x̄ = 6.3%, σ 

= 2.9%) and D. glans “glans” (x̄ = 4.6%, σ = 2.1%) were present in low proportions. The 

SDI increased slightly (x̄ = 2.21) alongside a decrease in the Arcellinida population (x̄ = 

136 sp/cc). 

Assemblage 3 (40–65, 75 cm, n = 5) was dominated by D. oblonga, although in 

slightly lower proportions than were observed in Assemblage 1 (x̄ = 30%, σ = 3.8%;   
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Figure 5.4: Two-way cluster analysis of Hellinger-transformed Arcellinida data using Ward’s method. 
NMDS of Hellinger-transformed data recovers the same groupings as R-mode cluster analysis. For two-
way cluster analysis, warm colors represent higher Hellinger-transformed abundances, cooler colors 
represent lower abundances. For NMDS, colored samples represent distinct A1 (red squares), A2 (yellow 
circles), A3 (green diamonds), A4 (blue hexagons). DOB = Difflugia oblonga “oblonga”, DPA = D. 
protaeiformis “acuminata", DA = D. acutissima, DE = D. elegans, DGG = D. glans “glans”, DGD = D. 
glans “distenda”, DGP = D. glans “pulex”, DG = D. globulosa, DM = D. minuta, CCC = Centropyxis 
constricta “constricta”, CCA = C. constricta “aerophila”, CAA = C. aculeata “aculeata”, CAD = C. aculeata 
“discoides”, CT = Cucurbitella tricuspis, PC = Pontigulasia compressa, LS = Lesqueresia spiralis 

Figure 5.5). Centropyxis constricta “aerophila” (x̄ =11%, σ = 0.98%), D. protaeiformis 

“acuminata” (x̄ = 9.7%, σ = 1.5%) and D. glans “glans” (x̄ = 10%, σ = 2.0%) were relatively 

abundant in samples, followed by D. globulosa (x̄ = 8.6 %, σ = 2.1%), P. compressa (x̄ = 

6.5 %, σ = 1.1%), D. elegans (x̄ = 5.2 %, σ = 1.7%) and C. constricta “constricta” (x̄ = 

4.6%, σ = 0.61%). The SDI remained moderate in this assemblage (x̄ = 2.21). There was 

a minor increase Arcellinida population from in this assemblage up to 201 tests/cc.  

In Assemblage 4 (0–40 cm, n = 9), D. oblonga remained the dominant species (x̄ 

= 34.29%), followed by P. compressa (x̄ = 12%, σ = 4.7%), D. globulosa (x̄ = 11%, σ = 

2.1%), and minor proportions of Centropyxis constricta “aerophila” (x̄ = 7.1%, , σ = 1.1%), 

D. protaeformis “acuminata” (x̄ = 6.54 %, σ = 1.8%), D. glans “glans” (x̄ = 5.0%, σ = 1.2%),  
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Figure 5.5: Stratigraphic representation of arcellinida relative to age of sediment. Shown on the right are 
results from Ward’s Q-mode cluster analysis alongside CONISS results. Assemblage 4 is shown in red, 
Assemblage 3 in yellow, Assemblage 2 in green and Assemblage 1 in blue. 

and D. elegans (x̄ = 4.4%, σ = 0.93%; Figure 5.5). Cucurbitella tricuspis showed the 

highest concentrations observed in core (x̄ = 1.96 %, σ = 1.1%). In Assemblage 1, the 

SDI is indicative of transitional to healthy environments (x̄ = 2.14) and arcellinida test/cc 

are the highest observed in core (x̄ = 312 tests/cc).   

5.8.3 Redundancy analysis 

The RDA indicates that Rb, As, Mn, Fe, S and Ca/Rb explained 55 % of the variability in 

the species dataset (r2
adj = 0.39), with Axis 1 and Axis 2 explaining 27% and 12% of the 

species variability, respectively (Figure 5.6). ANOVA of RDA results showed that Axis 1, 

2 and 3 statistically significant at the 0.95 level. Variance partitioning of RDA results 

indicates that S, Fe Mn and As explain most of the variability within the species data set 

(S = 22.1%, Fe = 10.5%, Mn = 8.4%, As = 5.4%), and have p-values <0.05. Manganese, 

S, and Ca/Rb are strongly positively associated with Axis 1 while K and Rb shows strong 

negative scores along this axis. Arsenic and Fe show strong positive association to Axis 

2, with almost no association to Axis 1.  
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Figure 5.6: Redundancy analysis comparing Arcellinida shifts to changes in key geochemical indicators. 
Triplot shows first two significant axes. Arcellinida assemablges are indicated on the triplot using red 
squares (A1), yellow circles (A2), green diamonds (A3) and blue hexagons (A4). Inset shows variance 
partitioning of environmental variables indicating the proportion of variance explained. DOB = Difflugia 
oblonga “oblonga”, DPA = D. protaeiformis “acuminata", DA = D. acutissima, DE = D. elegans, DGG = 
D. glans “glans”, DGD = D. glans “distenda”, DGP = D. glans “pulex”, DG = D. globulosa, DM = D. minuta, 
CCC = Centropyxis constricta “constricta”, CCA = C. constricta “aerophila”, CAA = C. aculeata “aculeata”, 
CAD = C. aculeata “discoides”, CT = Cucurbitella tricuspis, PC = Pontigulasia compressa, LS = 
Lesqueresia spiralis. 

Samples from Assemblage 1 (ca. 1250 to -66 cal. BP; Figure 5.6) show strong 

negative association on Axis 1 and weak positive associated to Axis 2. Assemblage 2 

(ca. 2200–1250 cal. BP) clustered around the origin of the triplot, indicating there was 

little variance in the selected elements during this phase of deposition. Assemblage 3 (ca. 

3200–2200 cal. BP) showed strong positive associated with both Axis 1 and 2, whereas 

Assemblage 4 (ca. 4000–3200 cal. BP) showed weak positive associated with Axis 1 and 

a stronger negative association with respect to Axis 2. Centropyxis constricta “aerophila”, 

C. constricta “constricta”, and D. elegans exhibited strong, positive association with Axis 
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1, with little variation along Axis 2 (Figure 5.6). Difflugia minuta and C. aculeata 

“discoides” were weakly associated with Axis 2 and showed little variation along Axis 1. 

Pontigulasia compressa and D. globulosa were negative associated with Axis 1. The 

remaining species clustered near the origin, with a slight negative association along Axis 

2.  

5.8.4 Sediment geochemistry 

Shifts in elements (K, Rb, Fe, Mn, S, As, Ca/Rb) over the last ca. 4100 cal. BP are shown 

in Figure 5.7. Cluster analysis using CONISS based on the select elements above was 

used to delineate three major zones based on major shifts in the concentration of these 

elements in CON02. The earliest phase of deposition, Phase 1, occurred from ca. 4100 

to 3250 cal. BP (n = 21). Sediments of this interval had lower K and Rb concentrations 

(x̄K = 719 ppm, σK = 87 ppm; x̄Rb = 5.6 ppm, σRb = 0.75 ppm) than overlying material. 

During Phase 1, Ca/Rb, S and Mn were at the highest concentrations observed in 

sediment (x̄S = 0.6%, σS = 0.005%; x̄Mn = 178 ppm, σMn = 12 ppm) relative to younger 

sediments, whereas Fe and As exhibited the lowest concentrations observed in core (x̄Fe 

= 3.0%, σFe = 0.05%; x̄As = 64 ppm, σAs = 6.6 ppm). Ca/Rb gradually decreased through 

Phase 1. In this phase, As was strongly positively correlated to Fe (ρ = 0.81, p-value < 

0.001), weakly positively correlated to Mn (ρ = 0.51, p-value = 0.02) and weakly negatively 

correlated to both S and Rb (Table 5. 2; Figure 5.8). Sulfur exhibited a strong negative 

correlation to both Mn (ρ = -0.72, p-value < 0.001) and Fe (ρ = -0.72, p-value < 0.001). 

Minerogenic indicators Rb and K did not correlate well with the other elements considered 

during Phase 1. 

Phase 2 occurred from ca. 3250 to 2150 cal. BP (n = 27; Figure 5.7). Minerogenic 

indicators K and Rb increase sharply during this interval at ca 2700 cal. BP. Arsenic and 

Fe reach peak concentrations (maxAs = 258 ppm, maxFe = 12 %, n = 27). Manganese and 

S show decreasing trends concurrent with the changes in Rb and K. The productivity 

indicator Ca/Rb continues to decrease throughout this period reaching a minimum by the 

end of Phase 2. There were strong positive correlations between As and Fe and Mn (ρ > 

0.63, p-value < 0.001; Table 5. 2, Figure 5.8) during Phase 2 of deposition. The correlation 

between As to S becomes positive during this interval (ρ = 0.41, p-value =0.03). Redox   
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Figure 5.7: Stratigraphic shifts in sediment geochemistry relative to age of sediment. Phases of deposition are based on CONISS cluster analysis 
using select elements of environmental importance.  The Little Ice Age (LIA) and Medieval Warm Period (MWP) are indicated by shaded blue and 
red intervals, respectively. Shifts in testate amoeba assemblage are indicated by color bars (A4 = red; A3 = yellow; A2 = green; A1 = blue) 
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sensitive elements (As, Mn, Fe, S) exhibited strong negative relationships to minerogenic 

indicators Rb and K (ρ > 0.54, p-values < 0.01) and moderate to strong positive 

relationships to Ca/Rb (0.38 < ρ < 0.77, p-values <0.05).  

During Phase 3 (ca. 2150 to -66 cal. BP, n = 32), Control Lake sediment 

geochemistry remained relatively stable. Phase 3 is broken up into two sub-phases 

characterized by minor shifts in sediment geochemistry. In Phase 3A (ca. 2150 and 1250 

cal. BP) As, and Fe decreased (x̄Fe = 4.6%, σFe = 0.76%; x̄As = 100 ppm, σAs = 17 ppm), 

and Rb and K are slightly higher relative to Phase 3B (x̄K = 1047 ppm, σK = 57 ppm; x̄Rb 

= 7.5 ppm, σRb = 0.39 ppm; n = 32). Manganese and S remained low throughout Phase 

3A and Phase 3B. In Phase 3A (ca. 2150 to 1250 cal. BP), As exhibited the strongest 

correlation to Fe observed in sediment (ρ = 0.94, p-value < 0.001; Table 5. 2 Figure 5.8). 

There is a decrease in the correlation between Mn and Fe as well as Mn and As relative 

to earlier intervals of sedimentation. Sulfur remains positively correlated to As, Fe, and 

Mn, albeit with a weaker correlation (ρ = 0.17, p-value = 0.34). Rubidium and K were 

negatively correlated to redox-sensitive elements (Fe, Mn, As, S) but with weaker 

correlations than observed in Phase 2. There was a moderate positive correlation 

between S and Ca/Rb (ρ = 0.47, p-value = 0.01).  

In Phase 3B (ca. 1250 cal. BP until present, n = 39), there were increases in As 

and Fe (x̄Fe = 5.9%, σFe = 0.71%; x̄As = 142 ppm, σAs = 21 ppm), and minor decreases in 

Rb and K concentrations (x̄K = 1017 ppm, σK = 51 ppm; x̄Rb = 7.1 ppm, σRb = 0.31 ppm; 

n = 39). In Phase 3B, all redox sensitive elements exhibited strong, positive (ρ > 0.59), 

statistically significant (p-value < 0.001) correlations with each other (Table 5. 2, Figure 

5.8). Ca/Rb is positively correlated with the redox-sensitive elements (ρ > 0.17, p-value < 

0.1). There are weak negative correlations between redox sensitive elements and 

indicators of minerogenic indicators (K, Rb). 
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Figure 5.8: Correlations for elements of interest during different phases of deposition. Histograms of data are shown along the diagonal. Below 
the diagonal, Spearman correlations are shown, with size corresponding to strength of correlation; p-values are indicated using red symbols (p < 

0.001 = ***; p < 0.01 = **, p < 0.05 = *, p < 0.1 =  .) 
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5.9 Discussion 

5.9.1 Impact of Arsenic on testate amoeba 

Arcellinida assemblages in the CON02 sediment core are typical of those observed in 

oligo- to mesotrophic systems, with an abundance of D. oblonga, P. compressa, and D. 

glans “glans” (Figure 5.5) that are commonly observed in lower-trophic state systems 

(Roe et al. 2010; Drljepan et al. 2014; Roe and Patterson 2014). An oligo- to mesotrophic 

state is supported by low proportion of other eutrophic indicators, such as C. tricuspis that 

is ubiquitous in lakes with high algal population (Reinhardt et al. 2005; Roe et al. 2010; 

Drljepan et al. 2014b; Roe and Patterson 2014). Assemblages are either co-dominated 

by As-tolerant species C. constricta “aerophila”, C constricta “constricta”, and D. elegans, 

or these stress indicator taxa are present in relatively high abundances (>5%). Nasser et 

al., (2016) found C. constrica “aerophila”, C. constricta “constricta”, and D. elegans 

dominating the high arsenic samples (x̄ > 1400 ppm) in a survey of surface samples from 

lakes in the Yellowknife region. A subsequent expansion of this dataset and re-analysis 

to determine tolerance limits of Arcellinida strains showed that most testate amoeba are 

capable of tolerating As in concentrations up to 360 ppm, and Conicocassis 

pontigulasiformis, D. bidens, D. elegans, C. constricta “constrica”, C. aculeata “discoides”, 

C. constricta “aerophila”, and C. constricta “spinosa” can tolerate extreme As in 

concentrations >760 ppm (Nasser et al., in press). Although As concentrations in the 

sediment core studied are below this lower threshold of 360 ppm, we may expect to see 

a response of Arcellinida to As variations in As is the primary stressor on the Arcellinida 

communities, or if possible diagenetic alteration of As concentrations may underestimate 

environmental As concentrations in the environment during deposition of Arcellinida. The 

low concentration of As in core does not preclude the application of micro-fossil 

techniques a priori, but may cloud interpretation during paleoclimate reconstructions. 

Redundancy analysis on Control Lake Arcellinida showed the S and Fe and Mn 

explained the largest proportion of Arcellinida variability in the Control Lake record. Stress 

indicating Arcellinida strains that can withstand the highest levels As are closely 

associated to Axis 1, which correlates positively with S, Mn, and Ca/Rb, and negatively 

correlated to Rb and K. Arsenic-indicating taxa do not show much variability along Axis 2 

that strongly corresponds to As and Fe concentrations in sediment (Figure 5.6). This 



Gregory et al 2019  129 
 

indicates that either As was not the dominant stressor on testate amoeba, or else As has 

moved post-depositionally. The correspondence between Axis 1 and stress indicator 

taxa, and the strong relation between Axis 1 and environmental variables associated with 

reducing conditions (S), higher OM content (Rb), and higher productivity (Ca/Rb),  may 

indicate that redox state and bottom-water oxygenation is inducing greater stress on  

Arcellinidan communities. Reducing conditions induced by increased productivity (Ca/Rb) 

would result in greater preservation of S and reductive dissolution of As-Fe/Mn 

(oxy)hydroxides in the sediments.  

There is disagreement between As-indicating testate amoeba and As 

concentrations in the sediment core, which supports post-depositional mobility of As in 

the sediment column. The As concentrations preserved in the core during Phase 1 and 3 

are lower than suggested lower tolerance limits of <360 ppm As (Nasser et al. 2016; in 

press). Although this may be caused by post-depositional mobility, arcellinida fauna 

indicate generally healthy conditions in Phase 1 and Phase 3, supporting the fact that 

geogenic As levels remained low enough that they did not induce major stress on 

Arcellinida communities. Stress indicating taxa were most abundant during Phase 2 of 

deposition where the highest As concentrations are measured (range = 113–258 ppm, 

x̄As = 161 ppm, n = 25), suggesting an increase in stress on the system during this period 

of higher overall As concentration (Figure 5.7). However, two prominent increases in As 

concentration occur from ca. 3100 to 2700 cal BP (258 ppm) and ca. 2300 to 2100 cal. 

BP (150 ppm), immediately after increases in stress indicators (Centropyxids, D. elegans) 

and coeval with peaks in D. oblonga. The assemblage preserved in the CON02 core may 

have responded to one or some of these other variables. It is possible that stressed taxa 

are recording initially elevated As concentrations, but these As concentrations were not 

preserved until later due to changes in OM availability or changes in minerogenic content. 

Unfortunately, low As concentrations relative to As-tolerance limits (>760 ppm; Nasser et 

al. 2016; Nasser et al. in press), likely post-depositional movement of As, and additional 

stressors on the system, such as the major depositional change during this interval based 

on sharp increases in minerogenic indicators (K, Rb), clouds the relationship between As 

and Arcellinida down core. Regardless, it is apparent that As has either moved in the 

sediment of CON02 following its deposition, or that arcellinida communities did not 
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respond to sedimentary As concentrations because As concentrations may have been 

too low to elicit a threshold response.  

5.9.2 Environmental evolution of Control Lake  

5.9.2.1 Phase 1 – Forest or forest-tundra lake 

The earliest phase of deposition recorded at Control Lake occurs ca. 4100–3250 cal. BP. 

Arcellinida during this phase of deposition are indicative of transitional conditions (SDI = 

1.97; Patterson and Kumar 2000b), with co-dominance of D. oblonga and stress 

indicating C. constricta “aerophila”. It is unclear what is inducing this stress; As 

concentrations are low in core, but it is unclear whether the signal represents in situ 

deposition of As. Productivity appears to be relatively high based on elevated Ca/Rb 

concentrations in core. However, the lack of C. tricuspis, a taxon ubiquitous in eutrophic 

environments (Reinhardt et al. 1998; Roe et al. 2010; Drljepan et al. 2014), suggests that 

the lake remained meso- to oligotrophic during this interval.  

Phase 1 corresponds to the end of the Holocene hypsithermal in the region (ca. 

4300 cal. BP; Kaufman et al. 2004; Upiter et al. 2014). A decrease in regional temperature 

of 2–3°C occurred from ca. 4000 to 1500 cal. BP, with ~1°C cooling occurring during 

Phase 1 of deposition at Control Lake (Upiter et al. 2014). This decrease in temperature 

resulted in treeline retreat across the subarctic. Local records from Toronto, Danny’s and 

Queen’s Lake suggest this occurred near the end of Phase 1 between ca. 3500 to 3000 

cal. BP (Moser and MacDonald 1990; MacDonald et al. 1993; Pienitz et al. 1999; Sulphur 

et al. 2016). Sediment geochemistry during this phase may indicate lower minerogenic 

content based on low concentrations of Rb and K. Alternatively, Rb and K may indicate 

input of finer sediment as these elements have a strong correspondence to intervals of 

fine sediment deposition in lakes (Daas and Haake, 2003; Guyard et al. 2007; Cuven et 

al. 2010; Kylander et al. 2011; Davies et al. 2015; Amann et al. 2017). Studies of snowmelt 

rate across the subarctic have shown that forested areas melt slower than surrounding 

tundra or shrub-tundra (Rouse et al. 1984; Lundberg and Beringer 2005). Slower 

snowmelt during spring thaw has been linked to increased particle size and thicker varves 

as gradual snowmelt results in the pooling of melt water followed by a higher-energy 

deluge of meltwater pools that carries a greater volume of coarser sediment into the lake  
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Figure 5.9: Paleoclimate reconstructions for Northern Canada. Temperatures reconstructions are based 
on chironomid head capsules (Upiter et al. 2014); and palynology (Viao and Gajewski 2004; Gajewski 
2015). Paylnology from Waite’s Lake, Danny’s Lake (Sulphur et al., 2016) and UCLA Lake (Huang et al. 
2004) are included to provide information on relative wetness above and below the treeline. Total organic 
content (TOC) and labile organic fraction (S2) are based on a short core from Control Lake studied by 
Miller et al. (in press). 
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basins (Cockburn and Lamoureux 2008a,b; Tomkins et al. 2010; Lapointe et al. 2012; 

Amann et al. 2017). The lower proportion of Rb and K relative to shallower sediments 

may thus represent a reduced input of fine material (coarser sediment in the system) or 

reduced minerogenic input into control lake (same particle size, more OM). However, 

without data on organic content or ICP-MS following total digestion, it is not possible to 

quantify what degree variations in minerogenic content and coarse particles play in low 

Rb and K concentrations. 

 Sediment geochemistry showed relatively high Ca/Rb during Phase 1 (ca. 4100 to 

3250 cal. BP), suggesting increased authigenic precipitation of carbonate content, 

possibly due to increased productivity in the lake system (Davies et al. 2015; Wetzel, 

2001). Previous research characterizing differences between tundra and forest lakes in 

the sub-Arctic have shown that forested lakes have higher DOC, higher ionic 

concentrations and higher P and N concentrations in lake water (Pienitz et al. 1997, 2011; 

Ruhland and Smol 1998). These nutrients encourage higher lake productivity. Both S and 

Mn are higher during this interval in CON02 and show strong negative correlations to one 

another. Such a relationship is expected as reducing conditions are typically associated 

with higher S concentrations (Smedley and Kinniburgh 2000; Wetzel, 2001) and oxidizing 

conditions with higher Mn preservation (Thamdrup et al. 1994; Calvert and Pedersen 

1996). Higher S and Mn concentrations may also be caused by increased sedimentary 

input into Control Lake or by higher proportions of OM in the region at this time, as has 

been observed at several lakes near the treeline (Moser and MacDonald 1990; 

MacDonald et al. 1993; Huang et al. 2004), that in turn modified redox conditions in 

CON02 during winter stratification.  

 Arsenic concentrations during Phase 1 are low and show little variability (62 +/- 6.7 

ppm). There are strong positive correlations between As and Fe, a moderate positive 

correlation between Mn and As, and moderate negative correlation to S during this 

interval of deposition, (Figure 5.8, Table 5. 2). These relationships may indicate that most 

of the As deposited during this phase is still preserved in FeO(OH) and Scorodite 

(FeAsO). Although under reducing conditions found deep in the sediment column, 
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reduced iron-sulfides (e.g. mackinawite, pyrite, goethite) are expected to be more stable 

than FeO(OH), Miller et al (in press) found that much of the As in a shallow sediment core 

collected the Control Lake was preserved predominantly in FeO(OH), with only a 

subordinate amount of total sedimentary As associated with FeS2. The moderate negative 

correlation between As and S suggests that even at maximum core depths (up to 135 

cm), As may still be associated with FeO(OH). Mineralogy is needed to explore this 

hypothesis. 

 Low concentrations of As during Phase 1 may be associated with As release into 

shallow sediment during oscillating redox conditions through cyclic reductive dissolution 

under reducing conditions or sorption of As with Fe/Mn (oxy)hydroxides under oxic 

conditions. Palmer et al (2019) observed in several shallow Boreal lakes near Yellowknife 

that during prolonged ice coverage degradation of OM consumed oxygen and resulted in 

anoxic conditions in bottom waters. These conditions promoted a release of As from 

Fe/Mn (oxy)hydroxides into lake waters as As(III). Higher autochthonous productivity and 

delivery of terrigenous OM from a vegetated catchment would increase the likelihood of 

development of winter under-ice anoxia. Seasonal cycling would result in perpetual 

enrichment of As in near-surface sediment and would not result in preservation of As in 

the long-term sediment record. Although As can also sorb to FeS or precipitate as As-

sulfides under reducing conditions, poor correlations between Fe and S suggest that 

precipitation of As-iron-sulfides was not a dominant process in Control Lake.  

5.9.2.2 Phase 2 – Transition to tundra environment 

A marked change in sediment geochemistry and Arcellinida assemblages mark the 

initiation Phase 2 of sediment deposition at Control Lake (ca. 3250–2150 cal. BP). 

Arcellinida during this phase showed the highest proportion of stress indicators in the 

core, associated with highly elevated sedimentary As concentrations of up to 258 ppm. 

There are two major peaks in As concentration that occur in sediment, however, peaks in 

stress indicating taxa predate As peaks by ca. 200–300 years, and peaks in healthy 

indicator taxa (i.e. D. oblonga, D. glans “glans”, D. protaeformis “acuminata”) postdate As 

increases ca. 100 years, with some degree in overlap between decreasing in As and 

increasing in healthy indicators. As discussed above, it may be that initial peaks in As 
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concentration resulted in stress to Arcellinida taxa, but As was not preserved in sediment 

until ideal conditions for sequestration occurred.  

During Phase 2 (ca. ~3250 to 2150 cal. BP) S and Ca/Rb decrease in sediment 

coeval with an increase in Rb, and K (Figure 5.7). This change in sediment geochemistry 

may corresponds treeline retreat that occurred between ca. 4000 and 3000 cal. BP based 

on abundance of Picea pollen and decreased in sedimentary OM and DOC at McMaster 

Lake, Queen’s Lake, Waterloo Lake, Danny’s Lake and UCLA lake (Moser and 

MacDonald 1990; Larsen and MacDonald 1993; Pienitz et al. 1999; Huang et al. 2004; 

Sulphur et al. 2016). Minerogenic indicators (Rb, K) increased at ca. 2700 cal. BP 

indicating either an increase in minerogenic content or an increase in deposition of fine 

particle in Control Lake. The shift towards Tundra vegetation would have caused a fining 

of sediment as tundra or shrub-tundra vegetation that typically result in more rapid melting 

of snow pack (Rouse et al. 1984; Lundberg and Beringer 2005), and thus an increase in 

the delivery of finer particles to the lake (Forbes and Lamoureux 2005; Cockburn and 

Lamoureux 2008a). The shift minerogenic indicators from Phase 1 to Phase 2 shows 

vegetation may be a first order control on sedimentation in subarctic lacustrine systems 

due to the impact of vegetation on melt rate and snow pack volume.  

 During Phase 2 of deposition, redox-sensitive elements (As, Mn, S, Fe) exhibited 

strong positive correlations with one another. A higher correlation between As and S may 

suggest increased sequestration of As in FeS, FeS2 or As-sulfides. However, there is a 

weak correlation between Fe and S (ρ = 0.28, p-value = 0.15, n = 27), suggesting As may 

be preserved as As-sulfides, in spite of the fact that As-sulfides generally only form when 

available Fe is limited compared to As concentrations (Wilkin and Ford 2006). There is a 

positive correlation between Mn, S and Ca/Rb. This is somewhat unexpected as Mn is 

commonly assumed to be preserved in oxygenated conditions (Thamdrup et al. 1994; 

Calvert and Pedersen 1996) and S is more stable as sulfide minerals that form under 

reducing conditions (Smedley and Kinniburgh 2000; Wetzel, 2001). During this interval, 

Mn decreases similar to S, but variations on this trend correspond better to variations in 

As and Fe. It seems likely that shifts in the sedimentary system are creating a first-order 
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control and Mn and S and redox-related controls impose second-order variations on this 

decreasing trend.  

There is a moderate positive correlation between As and Ca/Rb. A shift towards a 

tundra setting would result in decreased input of terrestrial OM. Lake-oxygen stratification 

in a tundra setting would thus be more dependent on in-lake productivity as the digestion 

of OM drives de-oxygenation of lacustrine systems during winter. The strongest 

correlation between Ca/Rb and redox-indicating elements during this phase of deposition 

suggests that in-lake productivity is important to the redox state of the lake. An additional 

proxy for productivity would be helpful for confirming the impact of in-lake productivity, 

such as biogenic silica, or Rock Eval pyrolysis (e.g., S2 carbon), on As sequestration 

during this interval.  

The large peaks in As concentration during Phase 2 of deposition (ca. 3250 to 

2150 cal. BP) may be associated with gradual increased preservation of As during a major 

change in sedimentary system. Palmer et al. (2019) found that As in Boreal lakes 

repeatedly cycled between lake water and lake sediment due to seasonal anoxia. In the 

winter, extended periods of ice coverage restricted mixing of lake water, which allows the 

degradation of OM to reduce oxygen near the sediment-water interface, inducing release 

of As from sediment. During Phase 2 of deposition, lower proportion of OM based on 

increases in lithogenic indicators during the transition from boreal forest to tundra 

vegetation may decrease the likelihood of Control Lake experiencing anoxic conditions 

during winter. Reduced productivity caused by cooler temperatures, and as recorded by 

Ca/Rb at Control Lake, would further decrease OM availability, decreasing the period of 

winter anoxia and possibly reduced the As released into the overlying water column.  

Changes in minerogenic content in the lake may also be impacted preservation of 

the As signal. The largest peak of As concentration at ca. 2700 cal. BP occurred before 

sharp increase in minerogenic indicators (Figure 5.7). There is also a strong, negative, 

statistically significant correlation between As and minerogenic indicators (ρAs-Rb = -0.77, 

p-values <0.001; ρK-As =-0.61, p-values <0.001) during this interval. The increased As 

sequestration may be related to reduced periods of anoxia and increased depth of the 
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redoxcline in sediment year round due to OM-poor sediment limiting the use of oxygen 

by bacteria for degradation of OM.   

5.9.2.3 Phase 3a – Cool Tundra conditions 

Phase 3 (ca. 2150–1250 cal. BP) exhibited relatively stable sediment geochemistry, 

representing the establishment of near-modern tundra conditions surrounding Control 

Lake after a sharp decline in temperature following the end of the Holocene hypsithermal. 

Testate amoeba during this interval are indicative of healthy conditions, with high 

proportions of D. oblonga and lower proportions of Centropyxids than were previously 

observed. An increase in the proportion of D. glans “glans” during this interval from 5% to 

10% may indicate deeper lake conditions (Nasser et al., 2016; Reinhardt et al., 1998), 

possibly associated with widespread cool conditions and reduced evaporative pressure 

during this phase of deposition. However, Neville et al. (2010) also observed an increase 

in D. glans “glans” during cooler lake temperatures in late winter/early spring, suggesting 

the earlier observed depth-dependence may be a function of cooler temperatures below 

the thermocline, and an increase in D. glans “glans” during this interval may be the result 

of overall cooler temperatures observed in chironomid and palynological records (Viau 

and Gajewski, 2004; Upiter et al., 2014). A higher concentration of Arcellinida tests/cc 

may be indicative of higher biomass and healthier conditions as the age model does not 

suggest substantial change in deposition rate during this interval.  

During Phase 3A, Rb and K values exhibited the highest concentrations observed 

in core (7.5 +/- 0.40 ppm and 1047 +/- 57 ppm, respectively), with a gradual increasing 

trend towards the end of this phase. The gradual increase in proportion of minerogenic 

material may be indicative of increased winter snow pack. Huang et al (2004) observed 

an increase in Betula and Alnus pollen in nearby UCLA lake from ca. 1500–1000 cal. BP. 

As there is typically thicker snowpack in shrub-tundra environments than in full tundra 

settings, and because shrub-tundra melts faster than either forested or tundra systems 

(Lundberg and Beringer 2005; Pomeroy et al. 2006; Charman et al. 2010), the high 

proportion of fine, minerogenic indicators be a response to subtle shifts in vegetation 

affecting snowpack.  
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Phase 3A corresponds to a period of lower concentration in Mn, Fe, and As, and 

generally low concentrations of S, although not as low as S concentration in subsequent 

Phase 3B. Miller et al. (in press) observed decreased TOC and labile organic matter in a 

short gravity core collected from Control Lake during this interval, suggesting a possible 

association between organic content and Mn, Fe, and As. A decrease in organic content 

may result in reduced periods of anoxia in sediment and increased sequestration of As in 

minerals stable under oxidizing conditions (Fe- and Mn-oxyhydroxides). Strong 

correlations between As, Mn, and Fe and weak negative correlations to S support this 

interpretation. Alternatively, labile organic matter may have promoted As sequestration 

through direct sorption (Redman et al. 2002; Meunier et al. 2011), or through providing 

increased surface area for nucleation/growth of minerals (Sanei et al. 2005), encouraging 

the precipitation of Fe-oxyhydroxides, As-sulphides, or ferrous-As minerals (Weber et al. 

2006; Du Laing et al. 2009; Root et al. 2009; Thiel et al. 2019). Increased labile organic 

matter acting to increase As sequestration has previously been observed in the 

Yellowknife region by Galloway et al. (2018), and was posited by Miller et al. (in press) as 

the method As sequestration in Control Lake during this interval. However, Ca/Rb in our 

sediment cores shows a weak negative relationship to As during Phase 3A (ρ = -0.29, p-

value >0.1, n = 32). It may be that long-term (multi-centennial) shifts in As are control by 

overall decreased labile OM, as observed by Miller et al (in. press), but cm-scale (multi-

decadal) variations in As are controlled through different mechanisms.  

Increases in As concentration from approximately 80 ppm to 120 ppm were 

observed between ca. 1700 to 1550 cal. BP and ca. 1900 to 1800 cal BP. Both of these 

intervals are proceeded by abrupt increases in K and Rb concentrations. Similarly, an 

increase in As concentration from ca. 2300 to 2100 cal BP during the transition from 

Phase 2 to Phase 3A is proceeded by three abrupt peaks in Rb and K. It is possible that 

rapid deposition of minerogenic material associated with summer storm activity caused 

increased preservation of As by depositing relatively thick, labile-OM-poor sediment that 

pushes the redoxicline deeper into sediment. Confirmation of this hypothesis, however, 

would require additional grain-size data or quantification of organic content in core.  
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5.9.2.4 Phase 3B – Tundra high-As concentrations 

The final phase of deposition at Control Lake (ca. 1250–0 cal. BP) exhibited Arcellinida 

community indicative of low stress similar to those observed in Phase 3A. This interval is 

again dominated by D. oblonga, with further decreases in proportion of Centropyxids in 

sample. Although there is a slight decrease in SDI during this interval, an increase to the 

highest observed Arcellinida tests/cc indicates generally healthy conditions. A minor 

increase in C. tricuspis suggests a slight increase in productivity as may be expected by 

generally warmer conditions reconstructed across the arctic during this interval (Viau and 

Gajewski 2004; Upiter et al., 2014; Gajewski 2015). There is a decrease in the proportion 

of D. glans “glans” suggesting a possible return to lower lake levels, although again this 

may be increased temperatures as Neville et al. (2010) suggests this relationship may be 

temperature-dependent. There is an increase in the proportion of P. compressa such that 

it co-dominates the assemblage during this final phase of deposition. Scott and Medioli 

(1983) found high concentrations of P. compressa nearer the shores of Lake Erie up to 

depths of 50 feet. Research on road-adjacent ponds and lakes in Ontario, Canada, by 

Roe et al. (2010) found that P. compressa and Lagenodifflugia vas, another arcellinida 

species that constructs an internal diaphragm, were tolerant to high levels of phosphorous 

and high-pH. Murray (1967) found P. compressa were able to tolerate low salinity 

conditions to a similar degree as centropyxids, and thrived in temperatures ranging from 

11–20°C. Qin et al., (2013) found elevated concentrations of P. compressa alongside D. 

oblonga in higher pH, higher chlorophyll a, and higher depth lakes. Neville et al., 2010 

observed an increase in P. compressa during the late summer and fall in northern 

Albertan lakes, suggesting a possible preference towards lower oxygen conditions. This 

increase in P. compressa may therefore indicate generally higher pH in the system, or 

possibly increased late-season anoxia. However, it is still unclear what environments P. 

compressa thrives in or the advantage of the internal diaphragm.  

Sediment geochemistry changes slightly during this interval of deposition. There is 

a minor decrease in Rb and K concentration in CON02 sediments deposited between ca. 

1200 and 600 cal. BP followed by a subsequent increase in Rb and K from ca. 600 to 250 

cal. BP. There is a minor increase in Fe, and As concentrations, between ca. 1100 and 

600 cal. BP. Arsenic, and Fe are slightly lower between ca. 600 and 250 cal. BP. Similar 
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to Phase 3A, there is strong positive correlations of Fe, As and Mn (p > 0.89, p-value < 

0.001, n = 39) and a notable shift to positive correlations between S and other redox-

sensitive elements (p >0.59, p-value < 0.001, n = 39). Although the positive correlation 

between As, Fe and S may indicate an increase in the proportion of Fe and As forming 

solid phases with sulfides, Miller et al (in press) observed As was predominantly sorbed 

to FeO(OH) during this interval at Control Lake, with only minor contributions from FeS2 

in similar proportion to those observed in previous intervals  

The cause of step-change towards high As concentration (~50 ppm difference in 

mean) is likely caused by increased labile OM deposition during this interval as was 

observed in Miller et al. (in press). Increased labile OM may directly increase As sorption 

in sediment, or indirectly increase the possibility of As sorption by encouraging formation 

of FeO(OH) (Redman et al. 2002; Weber et al. 2006; Galloway et al., 2018; Miller et al. in 

press). During Phase 3B, the weak negative correlation between As and minerogenic 

indicators (Rb, K), and weak, positive, statistically significant correlation to Ca/Rb 

indicates that productivity may have been more important for As sequestration than 

processes impacted minerogenic content. 

The Little Ice Age (LIA; ca. 500–250 cal. ry BP) and Medieval Warm Period (MWP; 

ca. 1000–700 cal. BP) are globally documented temperature anomalies. An increase in 

C:N and δ13C at Danny’s Lake from ca. 1500–1000 cal. BP may suggest increased 

productivity associated with increased warm temperatures (Sulphur et al. 2016); this is 

followed by substantial decreases in C:N after 700 cal. BP likely representative of recent 

climate warming in the subarctic. Macumber et al (2018) observed an increase in coarse 

sediment end members at Danny’s Lake and Waite Lake ca. 1100 cal. BP until 250 cal. 

BP indicative of possibly cooler summer temperatures. Palynological and microfossil 

temperature reconstructions suggest generally warmer temperatures from ca. 1100 to 

700 cal. BP and cooler temperatures from ca. 500 to 200 cal. BP in the subarctic 

(Gajewski and Viau, 2009; Upiter et al. 2014; Gajewski 2015).   

At Control Lake, a brief period of elevated sedimentary As concentration is 

preserved between ca. 1200 and 600 cal. BP, alongside minor decreases in Rb and K. A 

minor decrease in Rb and K occurs between ca. 600 and 250 cal. BP coeval with increase 
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in the preservation of As in sediment. The increase in the concentration of Rb and K 

between ca. 600–250 cal. BP may have been caused by cooler conditions encouraging 

prolonged snowmelt period, increasing transport of minerogenic material into the basin 

during the LIA (Cockburn and Lamoureux 2008a; Tomkins et al. 2010; Amann et al. 2017). 

Decrease in Rb and K between ca. 1200-600 cal. BP would have been caused by warmer 

temperatures that would have induced a rapid snowmelt period during the MWP. 

Increased temperatures between ca. 1200–600 may have encouraged productivity, 

increasing As sequestration, as is observed during this period. The opposite is true of the 

inferred conditions between ca. 600–250 cal. BP, when cooler temperatures prevailed 

and would have decreased productivity, and thus As sequestration in sediment. It is 

apparent that during periods of stable environmental conditions, temperature may be 

affecting Control Lake As sequestration by influencing autochthonous productivity. 

5.10 Conclusions 

The sedimentary record at Control Lake recorded the last ca. 4100 cal. BP of 

environmental change in the central NT. Throughout this interval, Arcellinida indicate a 

generally healthy, oligo- to mesotrophic lake. Control Lake transitioned through 4 phases 

of deposition corresponding to (1) forested catchment and reduced input of minerogenic 

material or possibly finer particle size; (2) a transition towards tundra dominated system 

and sedimentation dominated by increased input of minerogenic material; (3A) a period 

of increased minerogenic content and low As concentrations driven by cool temperatures 

and reduced productivity; and (3B), a period of reduced minerogenic input and greater As 

concentrations driven by warmer temperatures and increased productivity. Subtle 

changes in sedimentation from ca. 1200–600 and 600–250 cal. BP may record the LIA 

and MWP at Control Lake. As sequestration during early phases of deposition was nearly 

non-existent, possibly because of abundant OM and reduced minerogenic input resulting 

in seasonal anoxia. When the surrounding catchment shifted towards a tundra 

environment, As concentrations increased possibly due to lower OM content available for 

digestion, and thus shorter intervals of anoxia. Arsenic peaks occur below major changes 

in Rb and K, suggesting shift to high-minerogenic sediment may have result in 

preservation of increase As concentration due to reduced intervals of anoxia. Once tundra 

vegetation was established, longer-term variations in sedimentary As concentration were 
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controlled by shifts in regional temperature and resulting changes in productivity. 

Although minerogenic input may have played some part in transport of As into the system, 

or altering sequestration through rapid burial during summer storms that can rapidly 

deposit centimeters of OM-poor sediment (Amann et al. 2017), there were weak 

correlations between As and Rb, indicating this was a secondary control on As 

concentrations in sediment. Regional vegetation and temperature, and local sedimentary 

processes controlled As concentrations in sediment during the studied deposition 

sequence at Control Lake. 
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6.2: Foreword 

This contribution represents an examination of the response of As and other sediment 

geochemistry paleo-proxies to quasi-periodic oscillations in ocean-atmosphere system. 

Shifts in temperature and precipitation in response to quasi-periodic climate phenomena, 

such as, the Pacific Decadal Oscillation, El niño/Southern Oscillation or the Arctic 

oscillation, have recently been identified in historical records in northern Canada. As of 

yet, there is little literature concerning whether these climate oscillations similarly 

impacted climate during the Holocene, or how these phenomena might impact metal(loid) 

sequestration. Although oscillations corresponding to the period of cyclic climate 

phenomena have been observed in other metal(loid) contaminants – Hg for example – 

As has not yet examined for response to climate oscillations. Here we examine Itrax-XRF 

results from core CON01 recovered from Control Lake, NT, using spectral and wavelet 

analyses to explore our data for oscillatory signals. This manuscript has been prepared 

for submission to PeerJ.   

I collected core material in the field, sub-sampled cores for radiocarbon analysis, 

ICP-MS analysis following multi-acid digestion, analyzed cores using Itrax-XRF at the 

McMaster University Core Scanning Facility, completed post-processing and statistical 

analysis of the data, drafted the figures and wrote the manuscript. Dr. Reinhardt offered 

expert assistance during Itrax-XRF analysis. Dr. R.T. Patterson, Dr. J.M. Galloway, and 

Dr. E.G. Reinhardt helped in conceptualizing the project and provided feedback to help 

refine the manuscript. This research was funded by a Polar Knowledge Canada grant to 

Dr. Patterson and Dr. Galloway and a Canadian Foundation for Innovation grant to Dr. 

Reinhart.  
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6.3 Abstract 

Lacustrine systems can act as both sink and source of metal(loid) contaminants. The 

transport and fate of metal(loids) with and to the lake system can be influenced by regional 

climate. Examining paleoclimate-driven changes in elemental contaminants, such as 

Arsenic (As), increases our understanding of biogeochemical cycling of this element, and 

its potential response to future climate change. To examine variability in As sequestration 

in lake sediments in response to decadal- to centennial-scale climate oscillations, a 

freeze-core was recovered from Control Lake, Northwest Territories, (CON01: 64.07°N, -

111.13°W). Freeze core CON01 was analyzed using Itrax X-ray Fluorescence core-

scanning (Itrax-XRF). Bulk organic samples (n = 13) analyzed for radiocarbon content 

provided a basal age of ca. 3300 cal. BP. Sediment subsamples were analyzed for ICP-

MS after multi-acid (MA) digestion to provide a measure of accuracy of changes observed 

in Itrax-XRF results. ItraXelerate software was used to convert Itrax-XRF to quantitative 

values based on MA-ICP-MS using a multivariate log-ratio calibration. All elements 

showed R2 values > 0.8 with the exception of As; the weak correlation was likely caused 

by volatilization of As during MA digestion. Proxies for in-lake productivity [log(Ca/Ti)], 

sediment particle size [log(Zr/Ti)] and As concentration [log(As/Ti)] were examined for 

response to quasi-periodic climate oscillations using spectral and wavelet techniques. 

Significant oscillations were observed with ca. 8–15, 30–60, 90–130, and 170–300 yr 

periods across all geochemical proxies, corresponding to the North Atlantic 

Oscillation/11-yr sunspot cycles, the 30–60-yr Pacific Decadal Oscillation, and 

centennial-scale solar cycles (90-yr Gleissberg; 205-yr Suess cycle). The co-occurrence 

of these periods observed in the wavelet analysis results suggests that these oscillations 

only impact Control Lake when oscillations are in-phase with one another. Cross-wavelet 

analysis of paleo-proxies with TSI revealed good correspondence, but poor coherence 

with TSI throughout the Holocene. Cross-wavelet analysis of Itrax-XRF proxies showed 

log(As/Ti) variations may be preserved at sub-cm resolution (ca. 8¬–15 yr period), and 

that mechanisms of As sequestration may be related  to in-lake productivity and 

temperature. Unaccounted for variations in the relationship between proxies suggest that 

additional drivers also influence the As signal in lake sediments.  
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6.4 Introduction 

Lacustrine systems serve as a semi-permanent storage for metal(loid) contaminants 

(Becker et al. 2001; Keimowitz et al. 2005; Bai et al. 2010; Bing et al. 2011; Bowell et al., 

2014). Changes in the redox state, pH or availability of adsorbents in these environmental 

systems can induce the release of previously sequestered contaminants (Martin and 

Pedersen 2002; Keimowitz et al. 2005; MacDonald et al., 2005; Bai et al. 2010). The 

redox state of lake bottom waters and near-surface sediments is controlled partially by 

the presence or absence of lake stratification, which impacts the mobility of oxygen 

throughout the water column. Degradation of organic matter (OM) consumes oxygen in 

the system, and in seasonally thermally stratified lakes, sufficient productivity and 

subsequent degradation of OM will result in dysoxic to anoxic bottom waters over the 

summer season until fall overturn re-mixes surface and bottom waters (Wetzel, 2001). In 

high northern latitude lakes where summer temperatures may be insufficiently high for a 

duration long enough to induce thermal stratification, shallow basins will instead develop 

anoxia in winter under ice (Palmer et al., 2019). Temperature and precipitation will thus 

indirectly affect lake redox state by modifying in-lake productivity, and OM consumption 

of oxygen under ice or in the hypolimnion of a stratified lake (Wetzel, 2001; MacDonald 

et al. 2009; Kraemer et al. 2017; Sinha et al. 2017), or lake stratification by changing lake 

depth, morphology, exposure to wind, and duration of ice cover, (Wetzel, 2001; Quesada 

et al. 2006; Snortheim et al. 2017). Future climate variability will therefore impact the 

stability, transportation and sequestration of elements (e.g., Macdonald et al. 2005; 

Galloway et al. 2018; Miller et al. in press). It is thus imperative to better understand the 

impact of climate on the mobility and fate of contaminants of potential concern to predict 

their response to future climate change.  

Quasi-periodic shifts in sea surface temperature (SST) and sea-level pressure 

(SLP), and the resulting re-organization of global atmosphere through teleconnections, 

control regional temperature and precipitation trends worldwide (Bonsal et al. 2006; 

Skinner et al. 2006; Sheffield and Wood 2008; Deser et al. 2009; Zhang et al. 2010). By 

altering precipitation and temperature regimes, and the frequency and severity of storms, 

climate oscillations may directly or indirectly impact contaminant mobility, transport, and 
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bioavailability. Although the possible changes in chemical contaminants in response to 

climate oscillations have been posited (see MacDonald et al. 2005 for a review of possible 

mechanisms), few studies have attempted to quantify this relationship. Most of the 

literature concerning this topic has focused on the response of mercury to climate 

oscillations (Gratz et al. 2009; Rydberg et al. 2010; Loseto et al. 2015; Slemr et al. 2016; 

Outridge et al. 2017), or the response of other non-metalloid contaminants (Eckhardt et 

al. 2003; Hung et al. 2005; Christoudias et al. 2012; Rigét et al. 2013). These studies are, 

however, limited by their relatively short records that prevent recognition of multi-decadal 

climate oscillations. Extended paleoclimate records are thus needed to address an 

important knowledge gap to understand the response of contaminants to sub-decadal to 

centennial climate oscillations.  

Arsenic (As) is a contaminant of concern in the environmental systems of the 

Northwest Territories (NT) due to high geogenic concentrations in mineralized bedrock of 

the Slave Geological Province. Elevated As concentrations are also due to a legacy of 

contamination associated with historical gold mining. For example, Giant Mine near the 

City of Yellowknife, produced >13.5 million ounces of gold while releasing >20,000 tonnes 

of arsenic trioxide into the environment (Palmer et al. 2015; Galloway et al. 2018). 

Previous work in the region has shown that OM in lake sediments impacts As 

sequestration (Galloway et al., 2018) and an apparent link between productivity, 

temperature variations, and As sequestration on centennial to millennial timescales is 

emerging (Miller et al. in press; Gregory et al. 2019a). It is possible that As would respond 

to environmental changes induced by climate oscillations as temperature and 

precipitation in northwestern Canada are impacted by climate oscillations (Bonsal et al. 

2006; Fauria and Johnson 2006; Skinner et al. 2006; Pisaric et al. 2009; Bonsal and 

Shabbar 2011; Prowse et al. 2011; Patterson et al. 2013; Galloway et al. 2013; Dalton et 

al. 2018). 

To evaluate if quasi-periodic climate oscillations can be related to As concentration 

in lake sediments of the NT, a freeze-core was recovered from Control Lake, NT, a small 

lake within the Courageous Lake Greenstone Belt (CLGB) near the present boreal-forest-

tundra transition. This site was chosen for detailed study because it occurs in a 
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mineralized region where As concentrations are high relative to most of the country. This 

site is also ideal for paleoclimate study as it occurs at the transition zone between forest 

and tundra, and has experienced dramatic environmental change expected to impact OM 

over the past ca. 8000 years (e.g. Sulphur et al. 2016). The freeze core was analyzed for 

near total geochemical determination using Itrax high-resolution core scanning x-ray 

fluorescence (Itrax-XRF). Itrax-XRF data were calibrated to near total concentrations of 

elements determined by ICP-MS following 4-acid digestion to provide quantitative scale 

to the measure of relative change provided by Itrax-XRF (Gregory et al. 2019b). Spectral 

and wavelet analysis were used to evaluate cyclicities in geochemical concentrations in 

the sediment.  

6.5 Study Area 

Control Lake is located approximately 240 km NE of Yellowknife, NT, within the transition 

from boreal forest to tundra vegetation. Modern vegetation surrounding Control Lake 

consists of grasses and low tundra shrubs (Seabridge Gold Inc. 2010; AANDC 2013). 

The region exhibits gradually undulating topography, with hummocks comprised of 

glacially-scoured or frost-heaved bedrock outcrops and swales filled with till >30 m thick 

in some locations (McCurdy and McNeil, 2014). Regional bedrock is composed of 2.6 Ga 

metamorphosed volcanic and sedimentary rocks of the CLGB, an extension of the 

Yellowknife Supergroup (Moore 1986; Padgham 1992; Tetra Tech Wardrop 2012). 

Control Lake is underlain by low-grade phyllite and slate underneath 2–10 m of till 

(Thompson and Kerswill 1994; Mccurdy and Mcneil 2014). Gold deposits were first 

recognized near Courageous Lake in 1939, and the Tundra/Salmita mine was established 

adjacent to Matthews Lake, located west of Control Lake (Figure 6.1B). Extraction and 

processing of ores occurred on site between 1964–68 and again from 1983–86 (Silke 

2009; AANDC 2013). Mine tailings were stored in a tailings pond adjacent to Matthews 

Lake. Seepage from the containment pond resulted in the contamination of a series of 

lakes along the flow-path from the tailings pond northward to Courageous Lake (AANDC 

2013; Miller et al., in press). Control Lake is upstream of this flow path, and has been 

used as a Control site for environmental monitoring (AANDC 2013). Control Lake has not 

been observed to contain anomalously high metal concentrations during recent  
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Figure 6.1: Study area showing (A) location of Control Lake in Canada, (B) Control Lake in the context 
of the Tundra/Salmita Mine and surrounding lake systems, including the suspected flow path of 
contaminants from the tailings pond north toward Courageous Lake (red dashed line), and (C) the 
Control Lake watershed and outflows to adjacent lakes. 

 
monitoring of this site (AANDC, 2013; Miller et al., in press). As such, it is a suitable 

system for assessing the possible impact of natural climate variations on naturally derived 

As sequestration in an climatically sensitive area and a site of concern for As mobility. 

Control Lake is relatively small (surface area = 23.4 Ha) and shallow (depth = 5 

m). Water monitoring during summer seasons indicate that Control Lake has a circum-

neutral pH (x̄ = 7.1), low conductivity (x̄ = 13.3 SpC) and cool lake temperature (x̄ = 12.1 

°C; AANDC, 2013). Hydrological modelling of Control Lake has revealed a small 

watershed that drains the surrounding glacially-scoured hollow (Figure 6.1C). Although 
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no dissolved oxygen measurements were taken on site during recovery of core material, 

Control Lake has similar surface area and depth as lakes in the Yellowknife area that 

Palmer et al. (2019) found exhibited winter oxygen stratification. There are two stream 

outflows located on the west and the south-east margins of the lake. No bedrock outcrops 

occur within the small watershed of Control Lake. 

Hydrological monitoring at the Tundra/Salmita mine property indicates that the 

region receives a relatively low yearly average precipitation (213 mm), most of which 

occurs between July and September (125 mm) based on data collected from 2007–2010 

(Seabridge Gold Inc, 2010). The subarctic tundra experiences short summers and long 

winters, with typical freeze-up of lakes near Control Lake occurring in late September, 

and spring break-up of lakes occurring in June (AANDC, 2013). The average daily 

temperature is -9.2 °C, but can vary between -43 to 6 °C yearly (Seabridge Gold, 2010). 

The combined North Atlantic Oscillation (NAO), represented by a difference in SLP 

between the Icelandic Low and the Azores high (van Loon and Rogers 1978), and Arctic 

Oscillation (AO), defined as persistent SLP anomalies across the entire Arctic (Thompson 

and Wallace 1998), impact temperature and hydrology in the Canadian Arctic and 

Northeastern Canada (Buermann et al. 2003; Déry and Wood 2005; Bonsal et al. 2006; 

Fauria and Johnson 2006; Bonsal and Shabbar 2011; Sarmiento and Palanisami 2011). 

Because of the strong correspondence between NAO and AO phases, and the possibility 

that the NAO may be a spatially limited expression of the hemispherical AO (Deser 2000; 

Dickson et al. 2002), the two oscillations will be discussed together hereafter. 

Temperature and precipitation patterns in Western and Central Canada show greater 

influence from Pacific Ocean oscillations including: the El Niño/Southern Oscillation 

(ENSO), a fluctuation in SLP and SST in equatorial Pacific between Tahiti and South 

America (Wang and Picaut 2004), and the longer-lived Pacific Decadal Oscillation (PDO; 

Mantua and Hare 2002), a variation in the position and strength of the Aleutian Low 

pressure system and corresponding SST anomalies in the NE Pacific (Buermann et al. 

2003; Patterson et al. 2004ab; Déry and Wood 2005; Chang et al. 2005;  Bonsal et al. 

2006; Fauria and Johnson 2006; Patterson et al. 2007; Bonsal and Shabbar 2011; 

Sarmiento and Palanisami 2011; Galloway et al., 2013; Babalola et al. 2013; Patterson 

et al. 2013).  
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The periodicity and strength of these climate oscillations are impacted by internal 

processes inherent to the ocean-atmosphere system, as well as external forcing from 

volcanic and solar activity (Gray et al. 2016; Newman et al. 2016). Several authors have 

observed modulations of AO/NAO, PDO and ENSO in response to short term cycles in 

total solar irradiance that correspond to 11-yr cycles (Schwabe cycle) in sunspot 

frequency and longer-term modulations of this trend with 88-yr period (Gleissberg cycle) 

and 205-yr period (Suess/De Vreis cycle; Christoforou and Hameed 1997; Patterson et 

al. 2004a, 2005, 2013; Meehl et al. 2008; Van Loon et al. 2012; Galloway et al. 2013; 

Gray et al. 2013, 2016; Scaife et al. 2013; Ólafsdóttir et al. 2013; Dalton et al. 2018; 

Veretenenko and Ogurtsov 2019). Although there is controversy regarding the 

mechanisms that allow relatively minor changes in solar insolation (1–2 Wm-2 at the top 

of the atmosphere in the tropics; Lean et al. 2005) to alter oceanic and atmospheric 

circulation patterns, modelling efforts suggest that solar insolation nonetheless plays a 

role in altering oceanic and atmospheric systems (Shen et al. 2006; Velasco and 

Mendoza 2008; Meehl et al. 2008, 2009; Gray et al. 2010). Moreover, typical SST and 

SLP anomalies associated with oceanic-atmospheric oscillations are observed to change 

when examining periods in-phase with peaks in solar variability (e.g. Roy and Haigh 2010, 

2012; van Loon and Meehl 2016). Variations in temperature and precipitation within the 

study area may thus be expected to respond to solar forcing, ocean-atmospheric 

oscillations, or, most likely, a combination of internal and external forcing. These 

oscillation-induced variations in temperature and precipitation secondarily impact 

environmental systems, including forest fire frequency, river and lake hydrology, lake 

productivity, and freeze-up and break-up dates of lakes/rivers (Derry and Wood 2005; 

Bonsal et al. 2001; Dickson et al. 2002; Buermann et al. 2003; Bonsal et al. 2006; Fauria 

and Johnson, 2011; Sariemento and Palanisami 2011; Galloway et al. 2013; Patterson et 

al. 2013; Vincent et al. 2015; Dalton et al. 2019). 

6.6 Methods 

Core CON01 (length = 103 cm) was collected in March, 2016, through the ice at the 

approximate z-max of Control Lake using a single-faced freeze corer (64.07771 °N, -

111.13493 °W; Figure 6.1). The freeze core was cleaned onsite and wrapped in clingfilm 
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for transport to Carleton University. To minimize possible risk of geochemical 

contamination in the field an approximately 2-mm thickness of material was removed from 

the surface the faces of all the freeze cores by melting the upper surface and removing 

the melted material using glass slides. This study will focus on analysis of CON01. 

6.6.1 Radiocarbon Dating 

Radiocarbon dating was used to provide temporal reference to core depth.  Bulk sediment 

samples were collected at even intervals throughout the core length for radiocarbon 

dating (Table 6.1). Subsamples of approximately 2 mL of material were collected using 

ceramic and stainless-steel sampling instruments. Samples were analyzed at the A.E. 

Lalonde AMS facility at the University of Ottawa following a triple acid wash (Table 6.1). 

An age-depth model was generated using the Bayesian Age Calibration (BACON) 

package for R statistical software (R Core Team, 2019; Blaauw and Christen, 2011) after 

calibration of radiocarbon dates using the terrestrial radiocarbon curve IntCal13 (Reimer 

et al., 2013) (Figure 6.2). As shallow dates (1.5 and 3 cm depth) returned “modern” ages, 

no freshwater reservoir correction was applied to the core.   

6.6.2 Geochemical analysis 

The core was prepared for Itrax-XRF analysis following procedures outlined by Gregory 

et al (2019b). Core CON01 was cut length-wise using a ripsaw into an approximately 3-

cm-wide section, then subdivided into nine approximately 12.5-cm-long slabs using a fine-

bladed hacksaw so as to minimize loss of information; cores were subsequently re-

cleaned to eliminate contamination that may have occurred during slabbing. Core slabs 

were stored wrapped in clingfilm for transport to McMaster University where they were 

analyzed at the McMaster Core-Scanning facility using purpose-designed insulated 

boxes capable of keeping core material frozen for up to 2 hours (Gregory et al. 2019b). 

Material was analyzed at 1 mm resolution using a Mo-anode for 25 seconds per interval 

at 25 kV and 22 mA. As scanning small freeze core slabs can induce minor edge effects 

in the last few mm of cores (Gregory et al. 2019b), cores were scanned once forward 

(top-to-bottom), then rotated 180 degrees and scanned in reverse (bottom-to-top) twice 

more, once at high resolution (1 mm), and again at coarse resolution (5 mm) using the 

same settings as initial scans. These reverse scans, when combined with the initial scan,  
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Table 6.1: Radiocarbon results for analysis of bulk organic sediment from Control Lake core CON01 
showing uncalibrated age (14C yr BP) and the fraction of modern carbon (F14C) 

Lab ID Core Depth 
(cm) 

14C yr BP Error F14C Error 

UOC-3555 1 – 2 Modern 38 1.0386 0.0049 
UOC-2107 2 – 4 Modern 21 1.0109 0.0026 
UOC-3556 10 – 11 1276 38 0.8531 0.0040 
UOC-3557 18 – 19 1336 38 0.8468 0.0040 
UOC-2108 27 – 27.5 1304 21 0.8505 0.0022 
UOC-3558 37 – 38 1868 38 0.7926 0.0038 
UOC-3559 47 – 48 1942 38 0.7852 0.0037 
UOC-3560 56 – 57 2529 38 0.7299 0.0034 
UOC-2109 65 – 65.5 2252 22 0.7561 0.0020 
UOC-3561 73.5 – 74.5 2489 38 0.7336 0.0035 
UOC-3562 83.5 – 84.5 3020 38 0.6866 0.0032 
UOC-3563 91.5 – 92.5 2879 38 0.6988 0.0033 
UOC-2110 97 – 97.5 3297 21 0.6640 0.0017 

 

minimize edge effects caused by un-accounted for refraction of the X-ray beam on the 

semi-curved surface of the core near the core slabs’ edge (Gregory et al. 2019b). 

6.6.3 Itrax-XRF data processing and Calibration 

Scanned core sections were batch evaluated using the RediCore software provided by 

Cox Analytical Solutions to optimize the fit between observed and predicted elemental 

concentrations. After batch analysis, datasets from multiple slabs and scans were 

concatenated and data were screened to remove samples deemed invalid by the Itrax-

XRF device. The ItraXelerate software (v.1.0; Weltje et al. 2015) was used to merge the 

three scans, provide error estimates based on replicate measurements, and replaced all 

0 values (non-detects) with half of the lowest observed values for each given element; 

only elements with <30 % non-detects were considered for subsequent analysis.  

In order to assign an estimation of absolute elemental concentrations to the relative 

changes in elemental concentrations output by the Itrax-XRF, ICP-MS analysis was 

conducted on the core slabs used for Itrax-XRF analysis. Core slabs were re-cleaned 

after Itrax analysis and 1-cm long sub-samples were selected for analysis based on 

recommendations provided by the ItraXelerate software, which has internal protocols 

designed to suggest sample selection to optimize the variability captured for geochemical 
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analysis. Six samples were analyzed in triplicate by ICP-MS to provide a measure of 

absolute geochemical error, which resulted in 3-cm long sub-samples used for the 

triplicate analysis due to limited material remaining in freeze core slabs. Sub-sampled 

material was sent to Acme/ Bureau Veritas, Vancouver, for ICP-MS analysis following a 

near-total multi-acid digestion (MA-ICP-MS; Gregory et al. 2019d). After analysis, MA-

ICP-MS results were used to calibrate Itrax-XRF results in the ItraXelerate software using 

the Multivariate log-ratio Calibration method proposed by Weltje et al. (2015). To account 

for 3-cm subsamples, tolerance of the MLC calibration in the ItraXelerate software was 

set to 15 mm before calibration was attempted. Wetlje et al. (2015) recommends that the 

number of elements calibrated using the MLC be less than one third of the number of 

geochemical samples analyzed (n = 28 in our study). Based on this recommendation, 

nine elements of interest were selected from the dataset for calibration, including redox-

sensitive elements (As, Fe, Mn, S), indicators of minerogenic input into the system (Zr, 

Ti, Rb, K), and Ca, which acts a proxy for carbonate precipitation when normalized to 

sedimentation in the system (Figure 6.3; Gregory et al. 2019c). Because MA digestion 

can volatilize As during boiling with HF (Parsons et al. 2012), MA-ICP-MS and Itrax-XRF 

results were compared to ICP-MS results following aqua regia (AQ) analysis of CON01, 

a core recovered adjacent to CON02 in Control Lake during the same field season (Figure 

6.4). 

6.6.4 Spectral and Wavelet Analyses 

Modern tundra vegetation was established in near Control Lake ca. 2700 calibrated years 

before present (cal. BP) (82 cm depth in CON01 based on the age model; Gregory et al. 

2019a). The transition from forest to tundra can be expected to have resulted in a change 

in organic and elemental geochemical and sedimentological processes at Control Lake. 

Spectral and wavelet analyses was therefore restricted to post-2700 cal. BP sediments 

of the Control Lake core when near modern climate conditions had become established. 

Following recommendations by Weltje et al. (2015), log-normalized elemental ratios are 

herein employed to reduce the impact of changes in XRF-scanning environment that can 

induce spurious elemental variations (matrix and specimen effects; Gregory et al. 2019b), 

and to negate issues related to analysis of closed datasets. Common lithogenic elements 
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were examined for possible relation to particle size. Log(Zr/Ti) showed strong 

correspondence to % sand in the particle size data analyzed on a short core recovered 

adjacent to CON01 analyzed by Miller et al. in press (Spearman’s ρ = 0.43, p-value = 

0.006, n = 40; Supplementary Figure A1.14). This relationship has been observed 

extensively in Arctic lakes, with Zr corresponding strongly to sand and coarse silts, and 

Ti corresponding to fine-silt to clay (Guyard et al. 2007; Cuven et al. 2010; Davies et al. 

2015; Amann et al. 2017). Arsenic was normalized to Ti to allow for understanding of As 

variations in core separate from those caused by changes in minerogenic input into 

Control Lake (log(As/Ti). Log(Ca/Ti) is used as a proxy for authigenic production of 

calcium carbonate, which has been linked to increases in productivity (Davies et al. 2015; 

Wetzel 2001). Comparison to Rock Eval results from a short core recovered adjacent to 

CON01 shows good correspondence between trends observed in S3 and log(Ca/Ti) and 

is statistically significant at the 90 % level (Spearman’s p = 0.29, p-value = 0.06, n = 40; 

Supplementary Figure A1.14).  

 Before carrying out wavelet and spectral analyses, data were detrended by 

subtracting the loess-smoothed trend for the elemental ratios. The uneven spacing of the 

age model necessitated use of the REDFIT procedure for spectral analysis of data. As 

outlined by Schulz and Mudelsee (2002), a Lomb-Scargle Fourier Transformation was 

applied to a series of segments generated from the time series that overlap by 50%, with 

the penultimate scalogram generated representing the average of the overlapping 

scalograms (see Figure 6.5). The significance of the scalogram was assessed by 

comparing data to a null-model generated by Monte Carlo simulations of an AR(1) model. 

For analysis, the dataset was divided into four overlapping segments and the Monte Carlo 

null model was generated using 1000 simulations. A Hanning window was used to reduce 

spectral leakage during Fourier transformation. It is recommended that the confidence 

interval used to base interpretation of significant peaks vs random correlations be equal 

to 1 - (1/n) x 100 where n is the number of datapoints in the overlapping segments (after 

Thomson, 1990). Four overlapping sections across the dataset yielded 305 datapoints 

per section, indicating a confidence interval of 99.7 % be used for analysis; we have also 

included the 95 % confidence interval as background noise does not approach the 95 % 

confidence interval throughout most of the record.  
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Wavelet transform of the data was used to examine shifts in periodicity over time 

(Torrence and Compo 1998). As wavelet analysis requires evenly spaced data, and 

because most of the age model showed an approximately linear trend, Itrax-XRF results 

were assumed to represent evenly spaced intervals of 3.32 years, which is the average 

resolution of the un-smoothed age model (3.32 years/mm). The continuous wavelet 

transform was computed using the WaveletComp package in R (Roesch and 

Schmidbauer 2018). The Morlet wavelet was used as it represented a good compromise 

between frequency and time resolution. Statistical significance of the wavelet power was 

tested against 1000 Monte Carlo simulations of a red-noise model (AR(1)). Significant 

periodicities possibly related to solar-activity were observed during exploratory data 

analysis. For this reason, cross wavelet transformation was also used to compare 

periodicities observed in the paleo-proxy record of Control Lake to the total solar 

irradiance (TSI) reconstruction of Steinhilber et al. (2009), which was based on 10Be 

measurements that represent a 40-year running mean over the past 9300 years. Cross-

wavelet analysis was applied using the biwavelet package in R (Gouheir et al. 2017) with 

the Morlet wavelet being used for the cross-wavelet transform, and the wavelet power 

tested for significance against a red-noise model. The TSI data was extracted at a 

resolution of 5-years. To account for differences in step-resolution between TSI and 

paleo-proxies, the data from TSI were interpolated to 3.32-year resolution using linear 

interpolation. As no signals were preserved near the Nyquist frequency limit of either 

sampling resolution (10 years for TSI, 6.65 years for Itrax-XRF data), we do not consider 

this interpolation an issue for interpretation of the data.  

6.7 Results 

6.7.1 Age Model 

The age-depth model indicates that there was a nearly-linear rate of sedimentation during 

much of the depositional history of CON01. A slower sedimentation rate of ~0.1 mm/yr 

prevailed through the upper 10 cm of the core (10 yr/mm), followed by a relatively steady 

rate of 0.44 mm/yr (2.23 yr/mm) for the remainder of the core (Figure 6.2). The average 

age-error for the age-depth model was ca. 128 cal. BP. The maximum modelled age-error 

of ca. 282 cal. BP occurred near the bottom of the core. 
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6.7.2 Itrax-XRF Calibration 

Calibration of the Itrax-XRF 

data based on ICP-MS using 

a multivariate log-ratio 

calibration in the ItraXelerate 

software package showed 

strong correlations for most 

elements (Figure 6.3). 

Calcium, Fe, K, Mn, Rb, Ti, 

and Zr had Pearson’s R2 

values of > 0.9. Manganese 

and S exhibited slightly 

weaker R2 values of 0.89 and 

0.76, respectively. Arsenic 

exhibited a weak correlation 

between datasets, with R2 = 

0.36. Comparison of the Itrax-

XRF results, ICP-MS results 

carried out after a multi-acid digestion (MA-ICP-MS), and ICP-MS results following an 

aqua-regia digestion (AQ-ICP-MS) from adjacent core CON02 (Gregory et al. 2019b) 

indicate that volatilization of As was likely, but Itrax-XRF results exhibit similar trend as 

AQ-ICP-MS (Spearman’s ρ = 0.56, p-value < 0.001, n = 75; Figure 6.4). The MA-ICP-MS 

shows lower As concentrations in sediment than AQ-ICP-MS (meanMA = 75 ppm, n = 46; 

meanAQ = 121, n =  117). Calibrated Itrax-XRF results based on MA-ICP-MS show similar 

trends as AQ-ICP-MS, but exhibit lower concentrations throughout the record. We thus 

use Log(As/Ti) as a proxy for As concentration to understand periodic oscillations in As 

concentrations with the caveat that the magnitude of these oscillations may be an under-

estimation of actual trends.   

 

 
 
Figure 6.2: Age-depth model for Control Lake sediment core 
CON01 based on 13 radiocarbon dates created using BACON. 
Radiocarbon dates are shown in blue, and inferred age in grey – 
darker areas suggest greater likelihood of age at a given depth.  
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6.7.3 Spectral Analysis and Wavelet Analyses 

The spectra of elemental log-ratios demonstrate peaks in power above the 95% 

confidence interval. For log(As/Ti), periods of ca. 6.7, 9.6, 86, 105-120 and 150-300 yr 

surpassed the 95% confidence interval (Figure 6.5). Spectral analysis of log(Ca/Ti) shows 

periodicities of ca. 8.8, 9.0, 56, 89–140, and 230–300 yr statistically significant above the 

95% confidence interval. The spectrogram for log(Zr/Ti) shows five peaks in power at  

 

 
 

Figure 6.3: Comparison of center log-ratio-calibrated Itrax-XRF results (predicted concentration) to 
reference MA-ICP-MS results (reference concentration). 
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periods of ca. 8.1, 8.8, 9.0, 95–150, and 215–300 yr that surpass the 95% confidence 

interval (Figure 6.5). 

Wavelet analysis of additive log-ratio data shows that spectral peaks were non-

stationary. The log(As/Ti) scalogram shows intermittent peaks with periods ranging from 

ca. 8–16 yr (Figure 6.6). A broad peak at ca. 100–130 yr was observed from ca. 1250 cal. 

BP to present day. The low-frequency ca. 200–500-yr period is observed throughout the 

duration of the record at Control Lake, with greater power and significance from ca. 2600–

1200 cal. BP. The wavelet scalogram of log(Zr/Ti) shows similar trends, with spectral 

peaks of power ca. 8–16 yr and ca. 30–80 yr intermittently through the duration of the 

core (Figure 6.6). Significant periods of ca. 100–130 yr occur from ca. 2250–250 cal. BP. 

A ca. 250–500 yr period was observed from throughout the duration of the record. The 

log(Ca/Ti) results showed significant, but intermittent spectral peaks at periods of ca. 8–

16 yr and ca. 30–70 yr throughout the core (Figure 6.6). The log(Ca/Ti) scalogram shows  

 
Figure 6.4: Comparison of MA-ICP-MS (red), calibrated Itrax-XRF As concentrations (purple), and a 
10-point running mean of calibrated Itrax-XRF-based As (~1 cm resolution; yellow) from core 
CON01 to AQ-ICP-MS from core CON02 recovered adjacent to CON01. 
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periodicities in the ca. 100-yr band 

between ca. 500–100 cal. BP, ca. 

1500–1000 cal. BP, and ca. 2200–

1800 cal. BP. A long period (ca. 200–

400 yr) signal is present in the 

log(Ca/Ti) scalogram from ca. 2600–

1500 cal. BP. Across all three 

records, there was a co-occurrence 

of periodicities at increasing 

frequency from 8 up to 130 yr. 

Intervals of co-occurrence or 

“stacking” of periodicities occurs for 

durations of ca. 130 +/- 63 yr with ca. 

250 +/- 67 yr in between (length of 

signal 440 +/- 140 yr).  

Cross-wavelet transformation 

of the TSI versus elemental proxies 

showed intervals of significance with 

a period of 30–60 yr throughout the 

Control Lake record (Figure 6.7). 

Significant periods were also 

observed at the ca. 100–130 yr and 

ca. 200–300 yr frequencies in all 

proxies, albeit with decreased power 

and areas of significance in the TSI 

vs log(Zr/Ti) cross-wavelet 

scalogram.  

Comparison of the log(As/Ti) 

to log(Zr/Ti) and log(Ca/Ti) results 

using cross-wavelet analysis  

  
Figure 6.5: Spectral analysis of log(As/Ti), log(Zr/Ti), 
and log(Ca/Ti) using Redfit. Spectral power is shown in 
grey and confidence intervals based on red-noise model 
shown in red (90 %), orange (95 %) and yellow (99 %). 
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revealed intervals of significant 

discontinuous oscillations at a ca. 8–

16 yr, ca. 100-130 yr, ca. 200-500 yr 

and rarely ca. 30-60 year periods. 

The ca. 100-130 ys periods is more 

significant from ca. 1500 to -66 cal. 

BP and ca. 200–500 yr period more 

significant ca. 2600–1500 cal. BP 

(Figure 6.8). Oscillations with shorter 

periods observed in the log(As/Ti) 

scalogram tend to be in phase with, 

or lag behind log(Zr/Ti) and 

log(Ca/Ti). 

Significant periods observed 

in the ca. 200–500 yr band indicate 

that log(As/Ti) leads geochemical 

proxies from ca. 1500 to -66 cal. BP, 

but lags or is out-of-phase with 

sediment geochemistry from ca. 

2600 to 1500 cal. BP. At all periods 

throughout the record, log(Ca/Ti) and 

log(Zr/Ti) are in–phase, or deviate 

slightly from this relationship (<45°). 

6.8 Discussion 

6.8.1 Periodicities observed in the 

paleo-proxy records 

Variations in temperature and 

precipitation in Canada are impacted 

by quasi-periodic climate oscillations 

and solar variability (Bonsal and 

Shabbar 2011). Increases in air 

 
Figure 6.6: Wavelet scalogram of log(As/Ti), log(Zr/Ti), 
log(Ca/Ti) and total solar irradiance (TSI) using a morlet 
wavelet. Areas that are significantly different from a red 
noise model are indicated by black lines. The cone of 
influence is show by light grey. Warm (cold) colors 
indicate higher (lower) power of the wavelet 
transformation. Shown also is As concentrations from 
core CON02, and TSI deviations from mean TSI 
concentrations (grey) and a 100-year running mean 
(yellow) 



Gregory et al 2019  175 
 

temperature impact lake productivity either directly by increasing water temperature 

(Morin et al. 1999), or indirectly by altering the length of the ice-free season as ice freeze-

up and break-up are controlled in large part by air temperature (Livingstone 1999; 

Patterson and Swindles, 2015). Warmer temperatures also impact the coarseness of 

sediment transported into Control Lake as the rate of spring melt, driven by spring air 

temperatures, is a primary driver on particle size in tundra lake systems (Cuven et al. 

2011; Amann et al. 2017; Macumber et al. 2018; Gregory et al. 2019a). Changes in 

precipitation can similarly alter productivity as catchment runoff influences nutrient 

availability in the lake during the open water growing season (Wetzel 2001). By altering 

the productivity and the length of the open-water season, temperature and precipitation 

alter oxygen availability in lake systems (Wetzel 2001; Quesada et al. 2006; MacDonald 

et al. 2009; Kraemer et al. 2017; Sinha et al. 2017; Snortheim et al. 2017; Palmer et al. 

2019). Arsenic mobility in lake sediments is driven primarily through variations in shallow-

sediment oxygen availability (Smedley and Kinniburgh 2000; Martin and Pedersen 2002; 

MacDonald et al. 2005; Palmer et al. 2019). Arsenic mobility is also influenced by the 

amount and quality of OM in lake sediments (Galloway et al. 2018; Miller et al. in press). 

Variations in As concentration in sediment can therefore be affected by prevailing climate 

through processes influencing of the production of labile OM in the system and redox 

conditions in near-surface sediment.  

Spectral analysis of Itrax-XRF geochemical data shows significant frequencies of 

ca. 8–12 yr in log(As/Ti), log(Ca/Ti), and (Zr/Ti) (Figure 6.5). An oscillation of ca. 8–12 yr 

is observed in the wavelet scalogram at irregular intervals during the last ca. 2500 cal. 

BP, although the records for these proxies are also occasionally characterized by 

oscillations with period approaching ca. 20 yr (Figure 6.6). The ca. 8–12 yr oscillations 

observed in spectral and wavelet analysis of Control Lake data are broadly consistent 

with the upper limit of the typically observed range of ENSO quasi-periodicity of 2–7 yr 

(Wang and Picaut 2004). However, paleo-proxy records of ENSO variability indicate that 

ENSO period length may have been variable during the Holocene, with periods ranging 

from 2–12 yr in the proxy record (Moy et al. 2002; McGregor and Gagan 2004). The 

AO/NAO also tends to exhibit irregular variability over the historical record, with studies 

documenting an oscillation with a period of 2–10 yr (Hurrel and Loon 1997; Rossi et al. 



Climate’s Impact on As  176 

2011; Massei et al. 2007; Wanner et al. 2002; Olafsdottier. 2013). Most literature that has 

documented the extent of AO/NAO influence on climate show a strong influence in the 

high Arctic and in eastern Canada (Bonsal et al. 2001, 2006; Déry and Wood 2005; 

Bonsal and Shabbar 2011; Vincent et al. 2015). The ENSO and the AO/NAO may both 

affect the climate of the central NT, and be represented by the high frequency oscillations 

observed in the geochemical data preserved in the Control Lake core.  

The well-known Schwabe sunspot cycle has a periodicity ranging from 8–14 yr in 

the observational record (Solanki et al. 2004; Brauer et al. 2018) and is well documented 

in the geological record (see Patterson et al. 2013). Although there is controversy 

regarding the manifestation of minor changes in solar insolation into changes in large-

scale oceanic and atmospheric circulation that affect climate, historical observations 

demonstrate that solar insolation affects global climate (Meehl et al. 2008, 2009; Gray et 

al. 2010). Modelling of climate variations has shown that even minor changes in solar 

insolation at the Earth’s surface can impact global climate, either driven by increased 

shallow-SST in cloud free regions in the tropical Pacific and associated strengthening of 

the intertropical convergence zone/South Pacific convergence zone (Meehl et al. 2008; 

Misios et al. 2016, 2019), or by increased solar UV-radiation impacting stratospheric 

temperature profiles, ozone production, and the strength of Brewer-Dobson circulation 

that ultimately impacts tropospheric and oceanic temperature/circulation patterns (Kodera 

and Kuroda 2002; Simpson et al. 2009). Recent examination of climate models controlling 

for internal ocean variability and volcanic feedback suggested that both of these 

processes may affect atmospheric circulation (Misios et al. 2019). The ca. 8–12 yr period 

observed in sediment geochemistry at Control Lake may be caused by a combination of 

the Schwabe sunspot cycle and the AO/NAO and/or ENSO. Several modelling and 

observational records have shown that the Schwabe sunspot cycle acts to modulate the 

AO/NAO such that stronger effects are felt when the oscillation are in phase (Van Loon 

et al. 2012; Osterberg et al. 2014; Thiéblemont et al. 2015; van Loon and Meehl 2016). 

Some studies have found AO/NAO shows circum-arctic SLP and SST anomalies only 

when the oscillation is in phase with sunspot cycles (Kodera 2002; Kodera and Kuroda 

2005; Hood and Soukharev 2012). Bonsal and Shabbar (2006) observed changes in the 

extent of AO/NAO-forced low-pressure excursions into north-central Canada during  
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ENSO+ phases, and suggested that 

ENSO modulates the impact of AO/NAO 

and Schwabe cycles on the climate of the 

continental NT. The high frequency 

oscillations observed in the sediment 

geochemistry of the Control Lake record 

thus likely reflect the complex interplay of 

signal amplification and suppression 

between AO/NAO and solar forcing 

altering regional temperature and 

precipitation, which further impacts in-

lake productivity, transport of sediment 

into the system, and ultimately oxygen 

stratification and As stability in lake 

sediment. 

Spectral analysis results for both 

log(Ca/Ti) and log(Zr/Ti) are 

characterized by 30–60 yr period 

oscillations (Figure 6.5). Results from the 

wavelet analysis shows that these 

periodicities are prominent in log(Zr/Ti), 

log(Ca/Ti) before ca. 1300 cal. BP, 

although this signal is weaker from ca. 

2600–1300 cal. BP (Figure 6.6). Peaks in 

spectral power of ca. 30-yr are also 

observed in the wavelet scalogram of 

log(As/Ti) (Figure 6.6). The observed ca. 

30–60 yr period is interpreted to reflect 

the influence of the PDO, which has been 

 
Figure 6.7: Cross-wavelet transformation of total 
solar irradiance vs log(As/Ti), log(Zr/Ti), log(Ca/Ti) 
using a morlet wavelet. Areas that are significantly 
different from a red noise model are indicated by 
black lines. The cone of influence is show by light 
grey. Warm (cold) colors indicate higher (lower) 
power of the wavelet transformation. Arrows indicate 
phase difference between x (TSI) and y (Itrax-XRF 
results). Arrows pointing to the right indicate the two 
signals are in phase, and arrows pointing to the left 
indicate they are out-of-phase. Arrows pointing up 
indicate x leads and arrows pointing down shown y 
leads. The bottom panel shows TSI deviations from 
mean TSI intensity (blue) and a 100-year running 
mean of TSI deviations (yellow). 
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demonstrated to have a major impact on temperature in precipitation patterns in 

northwestern Canada (e.g. Bonsal et al. 2001, 2006; Dickson et al. 2002; Dery and Wood 

2005; Pisaric et al. 2009; Fauria and Johnson 2011; Bonsal and Shabbar 2011; Galloway 

et al. 2013; Vincent et al. 2015; Dalton et al. 2018). The positive phase of the PDO is 

associated with warmer SST in the NE Pacific Ocean, a more intense and south-western 

positioned Aleutian Low-pressure system, and a more intense high-pressure system over 

much of the NT (Bonsal et al. 2001; Lapointe et al. 2017; Kren et al. 2016). These 

pressure cells result in northward displacement of the polar jet, and a weakening of the 

stratospheric polar vortex, resulting in warmer, drier conditions in the central NT during a 

+PDO phase (Bonsal et al. 2001; Lapointe et al. 2017; Kren et al. 2016). Warmer 

temperatures would result in a shorter length of ice coverage during winter, and 

increasing productivity, which could impact sediment geochemistry by modifying winter 

oxygen stratification. Warmer temperatures and drier conditions would result more rapid 

spring-melt and deposition of finer sediment (Cuven et al. 2011; Amann et al. 2017; 

Macumber et al. 2018), or possibly reduced sediment transport into the system, altering 

the amount of As transported into Control Lake. 

 Periodicities are observed in log(As/Ti), log(Zr/Ti) and log(Ca/Ti), with frequencies 

of ca. 90–120 yr and ca. 150–280 yr (Figure 6.5). Low-frequency oscillations with ca. 90–

130 yr and ca. 200–500 yr period are observed in all wavelet scalograms of all proxies 

examined. The ca. 90–130-yr periodicity observed at Control Lake may be related to the 

Gleissberg solar cycle, a long-term modulation in the intensity of the Schwabe sunspot 

cycle (Gleissberg 1971). Ogurtsov et al. (2002) observed a ca. 50–80 yr and ca. 90–140 

yr periodicity in this cycle based on an analysis of cosmogenic isotope records, direct 

observations (sunspots and auroral measurements), and paleoclimate proxies. TSI data 

also shows this signal (Fig. 5). The ca. 200–300 yr period likely corresponds to the 

Suess/De Vries cycle, a modulation of solar cycle first observed in records of cosmogenic 

isotopes (14C, 10Be) and tree-ring thickness with a period of ca. 160–270 yr (Suess 1980, 

1986).  
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Gleissberg and Suess solar 

cycles have been observed in 

climate records worldwide (Hodell 

et al. 2001; Wang et al. 2005; 

Raspopov et al. 2008; Pena et al. 

2015; Liu et al. 2019). Oscillations 

with similar periodicities as the 

Gleissberg and Suess cycles have 

been observed throughout NW 

North America. For example, the 

Gleissberg and Suess solar cycles 

were inferred to have influenced 

productivity and hydrology in the 

Seymour Belize Inlet Complex of 

coastal mainland British Columbia 

at a frequency of 82–89 and 241–

243 yr (Galloway et al. 2013). 

Gleissberg and Suess-like 

oscillations were also observed in 

the diatom-based productivity 

records of Danny’s Lake, in the 

central NT, and Arolick Lake, 

Alaska (Hu et al. 2003; Dalton et al. 

2018). Timoney et al. (1997) 

observed centennial-scale 

oscillations in the flood-history of 

the Peace-Athabasca flood plain in 

Northern Alberta that are attributable to Gleissberg cycles. Wiles et al. (2004) observed 

shifts in glacial extent corresponding to variations in TSI over centennial timescales.  

 
Figure 6.8: Cross-wavelet transformation of log(As/Ti) vs 
log(Zr/Ti) and log(Ca/Ti) as well as log(Zr/Ti) vs log(Ca/Ti) 
using a morlet wavelet. Areas that are significantly different 
from a red noise model are indicated by black lines. The 
cone of influence is show by light grey. Warm (cold) colors 
indicate higher(lower) power of the wavelet transformation. 
Arrows indicate phase difference between x (log(As/Ti) and 
log(Zr/Ti)) and y (log(Zr/Ti) or log(Ca/Ti)). Arrows pointing 
to the right indicate the two signals are in phase, and arrows 
pointing to the left indicate they are out-of-phase. Arrows 
pointing up indicate x leads and arrows pointing down 
shown y leads. 
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Gleissberg and Suess cycles may be influencing the climate of the central NT 

through modulation of AO/NAO and PDO climate oscillations. Recent examination of 

historical SST and SLP trends provided evidence of modulation of the PDO by Gleissberg 

cycles (Meehl et al. 2008; van Loon and Meehl 2016). Similarly, Shen et al. (2006) 

observed an apparent 50–80-yr period in the oscillatory pattern of the PDO index. Several 

researchers have observed modulation of the PDO associated with 11-yr sunspot cycles 

within the historical record (Kren et al. 2016) or PDO-like response to solar forcing (van 

Loon and Meehl 2008, 2011). Hood and Soukharev (2012) observed AO-like response in 

global climate models in response to 11-yr solar cycles, and several studies have noted 

an apparent solar modulation of AO/NAO on 11-yr timescales (Boberg and Lundstedt 

2002; Van Loon et al. 2012; Scaife et al. 2013; Gray et al. 2016; Smith et al. 2016; van 

Loon and Meehl 2016). Examination of modern trends in atmospheric response to solar 

cycles showed statistically significant AO/NAO-like variations only during intervals of 

increased solar irradiance (Hood et al. 2013). Van Loon et al. (2012) also noted more 

significant modulation of NAO by the solar cycle depending on the phase of the 

Gleissberg cycle. It is apparent that lower-frequency oscillations likely corresponding to a 

11-yr modulation of PDO, ENSO or AO/NAO are further impacted by amplitude shifts in 

TSI caused by Gleissberg and Suess cycles.  

Intervals that exhibit co-occurrence of oscillations with periods increasing from 8–

130 yr (“stacked” periodicities) in the geochemical data at Control Lake have been 

previously been observed in climate records, including records of diatom productivity in 

NT (Dalton et al. 2018), in productivity and sedimentation northern British Colombia 

(Galloway et al. 2013; Patterson et al. 2013), in pollen signals from east Asia (Xu et al. 

2015; Park 2017) and precipitation proxies from China (Chu et al. 2014; Zhang et al. 

2018). Stacked periodicities were observed in all the examined paleo-proxies with an 

average return interval of 440 +/- 67 yr. This period likely corresponds to the lower end of 

an unnamed 400-600 yr cycle preserved in the record of 14C production in the 

atmosphere (Stuiver and Braziunas 1993). Although originally suggested to be related to 

ocean circulation (Stuiver and Braziunas 1993), more recent comparison of 10Be and 

14C production records suggests that cosmic radiation is a more likely driver of 14C 

production (Muscheler et al. 2000). This 500-yr cycle has been observed in climate 
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records in diatom productivity in Lake Arolik, Alaska (Hu et al, 2003), in ostracod 

abundance and magnetic susceptibility of paleo-lake Pannon in Austria (Kern et al. 2012), 

pollen from laminated shales of Eocene age associated with a paleo-lake in Germany 

(Lenz et al. 2016), and pollen data from a Xiaolongwan Lake in China spanning the last 

ca. 5000 cal. BP (Xu et al. 2015). This 500-year cycle was not observed in the wavelet 

analysis of the subset of TSI data used herein (Figure 6.5), but was present in analysis 

of 14C and 10Be datasets that extend throughout the length of the Holocene (Roth and 

Joos, 2013). The intervals of stacked signal may be partially driven by this 500-yr cycle 

observed in lake productivity and paleoclimate records worldwide. The apparent stacking 

of signals throughout the record may suggest that only when several climate cycles are 

in-phase is there significant enough alteration of temperature and precipitation to alter 

lake productivity/lake sedimentation and As concentrations in sediment. 

Comparison of the TSI reconstruction of Steinhilber et al. (2009) and sediment 

geochemistry of Control Lake was evaluated using cross-wavelet transformation (Figure 

6.6.7). Results show that statistically significant intervals occur in the ca. 30–60, 100–

130, and 200–300 yr bands throughout the entire record. The phase relationships 

between TSI and paleo-proxies is variable, likely reflecting the complex and indirect 

processes involved in TSI influence on sediment geochemistry.  

6.8.2 Climate Oscillations and As 

Previous coarse-resolution analysis of Control Lake and the microfossils therein revealed 

that there likely was post-depositional mobilization of As (Gregory et al. 2019a). In spite 

of likely post-deposition movement of As, variations in sedimentary As concentrations 

were observed to broadly correspond to long-term changes in temperature and 

productivity in the lake. Increased temperature results in higher production of OM. 

Organic matter may influence biological activity that increases the likelihood of As 

precipitation either as As-sulphides (realgar, pararealgar, orpiment) or ferrous-As 

minerals (arsenian pyrite, arsenopyrite) in lake sediments (Du Laing et al. 2009; Root et 

al. 2009; Galloway et al., 2018; Thiel et al. 2019). Organic matter may further sequester 

As through acting as an adsorbent (Meunier et al. 2011). This relationship has been 

observed previously by Galloway et al. (2018) and Miller et al (in press) in subarctic 
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environments. Here we examine the possibility of these mechanisms acting on finer 

timescales.  

 Comparison of log(Zr/Ti) and log(Ca/Ti) are almost always in phase, with only 

minor deviations across all periods in the paleo-record, suggesting that both proxies are 

responding to similar forcing throughout the Holocene. Log(As/Ti) is generally in-phase 

or lags behind both paleo-proxies at 8–16 year periods, indicating, at least during select 

intervals of particularly strong climate oscillation, log(As/Ti) might preserve some of the 

original signal of As input into Control Lake before subsequent post-depositional 

remobilization. Alternatively, post-depositional mobility of As and subsequent authigenic 

mineralization in sediments with high labile organic content may result in the observed 

phase relationships. Log(As/Ti) tends to lag both proxies at ca 90–130 yr periods, but 

leads both proxies at ca. 200–500 yr periods. The ca. 300–500 yr phase relationships 

may be due to post-depositional movement of As and subsequent sequestration during 

the next period of oscillatory climate pressure. The observed lag at ca. 90–130 yr 

periodicities may be induced by increased OM or fine particulate matter trapping As 

mobile in the sediment column as it migrants upwards. Variations in phase of log(As/Ti) 

and log(Ca/Ti) suggest that, during select time periods increased OM may act to increase 

As sequestration by acting as a substrate for mineral formation, although this mechanism 

is not stable over time. Based on this analysis, centennial to multi-centennial variations in 

climate were more important controls on As sequestration during the Holocene than 

lower-period oscillations.  

6.9 Conclusions 

Sediment cores collected from Control Lake, NT, were analyzed at mm-resolution using 

Itrax-XRF to understand the impact of quasi-periodic ocean-atmospheric oscillations on 

lacustrine sediment geochemistry. Spectral and wavelet analyses showed there was a 

response in geochemical proxies of in-lake productivity and sedimentation to climate 

oscillations with periods of ca. 8–11, 30–60, 90–130 and 200–300 yr, corresponding to 

ENSO, AO/NAO, PDO and solar cycles (Schwabe, Gleissberg, Suess). A geochemical 

response was only observed in Control Lake sediments when several periodicities were 

in phase. Periods of variability corresponding to solar cycles are apparent in the climate 
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record. Variations in log(As/Ti) showed decadal- and centennial-scale oscillations. Short-

period oscillations may correspond to the original variability in As concentration related to 

in situ depositional conditions, but could equally represent a tendency of post-depositional 

mobile As to mineralize in areas of increased labile OM.  
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Chapter 7: Conclusions  
 

To characterize the influence of long-term (millennial) and short-term (sub- to multi-

decadal) climate changes on As mobility, transportation and sequestration in lake 

sediments, we analyzed sediment cores extracted from Control Lake, central NT, using 

newly developed equipment and examined trends based on optimal calibration 

methodologies. Development of the Sequential Sample Reservoir (SSR) enabled Itrax-

XRF rapid analysis of discrete sediment samples collected from spatial surveys (Chapter 

2). The SSR allowed for higher sample numbers to develop rigorous assessment of 

methodologies to calibrate semi-quantitative Itrax-XRF data to approximate sediment 

geochemical concentrations through comparison of Itrax-XRF to MA-ICP-MS results 

(Chapter 3). In an effort to minimize matrix and specimen effects that could impact the 

accuracy and precision of Itrax-XRF data, several methods of data transformation were 

conducted before calibration, including normalization to lithogenic indicators, 

normalization to coherent/incoherent x-ray backscatter, adjustment of samples to account 

for variations in water content, and multivariate log-ratio calibration using the ItraXelerate 

software. Based on our results, the multivariate log-ratio approach provided the best 

approximation of sediment geochemistry. However, adjustment for variations in water 

content and normalization to x-ray backscatter also performed well and required less 

post-analytical processes of data. Using these methods, Itrax-XRF can provide a high-

resolution estimate of geochemical change in sediment cores that can identify sub-mm 

response to natural or anthropogenic metal(loid) enrichment. 

 After testing calibration methods to ensure Itrax-XRF results could be converted to 

geochemical concentrations results, we also first had to develop technology that would 

enable analysis of freeze core sediment. The iBox-FC enables analysis of short slabs of 

frozen sediment using high-resolution Itrax-XRF. During the testing of the iBox-FC, issues 

relating to edge effects were observed. It is posited that these edge effects are associated 

with a change in the incident angle that X-radiation strikes the sediment surface, which 

alters assumed values in the calculation of XRF spectra, and thus Itrax-XRF-inferred 

sediment geochemistry. To account for this drawback, sediment cores were scanned first 

top-down (forewords), then again from bottom-up (reverse), and the multiple records 
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averaged to provide one cohesive record of sediment geochemistry that minimized edge 

effects. Based on comparison to results of ICP-MS analysis following a multi-acid 

digestion, this methodology was able to reliably identifies trends in sediment 

geochemistry in the cores (R2 >0.81). The iBox-FC enables sub-mm analysis of short 

cores, and could be particularly useful for identification of recent contamination. Future 

advancements on the iBox-FC should focus on increasing the length of time a core can 

remain frozen, possibly through a refrigerated unit that could fit within the Itrax-XRF. This 

would enable both higher resolution analysis (sub-mm) and the analysis of longer cores, 

which would minimize issues relating to edge effects. 

Following development of equipment and testing of methodologies, paleo-

environmental analysis of freeze cores recovered from Control Lake, NT, Canada was 

conducted. Control Lake is an un-impacted lake that should preserve variations in As 

concentration responding to primarily to environmental forcing. Its location in the central 

NT near treeline makes it highly sensitive to climate change. This site is also of interest 

to the Federal Government of Canada, who own and are remediating the former Tundra 

Mine site, in which Control Lake is situation, and to Seabridge Gold, who own an adjacent 

property (Courageous Lake). Analysis of arcellinida counts and sediment geochemistry 

using redundancy analysis and comparison of stratigraphic trends suggested that As had 

been post-depositionally mobile in Control Lake sediments. Sediment geochemical 

results showed major changes in catchment weathering, in-lake productivity and overland 

hydrology in response to the treeline retreat from the region ca. 2700 cal. BP. 

Sedimentary As concentrations were lower before treeline retreat (ca. 4300–2700 cal. 

BP), likely related to cycling of As in shallow sediment due to annual winter anoxia that 

would be promoted by OM delivery from the vegetated landscape and autochthonous 

production under warmer temperatures. Peaks in As concentration occurred during the 

transition from boreal forest to tundra vegetation, possibly related to changes in the type 

or availability of OM. After treeline retreat, sedimentary As concentrations exhibited 

millennial-scale variations of up to ~50 ppm that corresponded to changes in regional 

temperature. This is substantially higher than the probable effect limit of As in lake 

sediments of 17 ppm (CCME 2002). Contemporaneous changes in TOC and S2 from an 

adjacent sediment core suggests OM type and availability influenced As sequestration. 
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This research supports the hypothesis of Galloway et al. (2018) and others (e.g., 

MacDonald et al., 2005) that the type and amount of organic carbon impacts As mobility 

in lake sediments over millennial to centennial timescales. Rock Eval pyrolysis data from 

Control Lake sediment cores (currently pending) will help develop these ideas further.  

Following coarse-resolution examination of Control Lake sediments, we conducted 

spectral analyses on a proxy of sediment particle size (log(Zr/Ti)), a productivity proxy 

(log(Ca/Ti)), and a proxy for As preservation relative to sedimentary input into Control 

Lake (log(As/Ti)). All proxies exhibited quasi-periodic oscillations with ca. 8-15, 30-70, 90-

130, and 180-280 yr periods. Several climate oscillations impact modern temperature and 

precipitation in the NT with similar periodicities They are: ENSO/AO/Schwabe cycles (ca. 

8-15 yr), the Pacific Decadal Oscillation (ca. 30-70 yr), Gleissberg cycles (ca. 90-130 yr) 

and Suess cycles (ca. 180-280 yr). Throughout the sedimentary record, there were short 

intervals of co-occurrence of significant oscillations in sediment geochemistry with 

increasing period from 8–130 years. This co-occurrence suggests that only when several 

climate oscillations are in-phase is there a significant enough response of the climate in 

the NT to elicit a response in Control Lake sediment geochemistry. The significant periods 

corresponding to known solar cycles suggest variations in solar insolation play a 

significant part controlling regional climate in the NT. This was supported by cross-

wavelet analysis of TSI and sediment geochemical proxies preserved in the sediment 

cores of Control Lake. Cross-wavelet analysis of log(As/Ti) to log(Zr/Ti) and log(Ca/Ti) 

showed convoluted phase-relationships. Phase relationships indicated that As 

preservation is generally in-phase with proxies for increased particle size and productivity 

during intervals of short-period oscillations (ca. 8–15 yr), which supports the hypothesis 

of productivity controlling As sequestration. However, deviations from this observed 

relationship occurred during intervals where longer periods were significant (ca. 60–300 

yr), indicating that other mechanisms un-accounted for in this work contribute to variations 

in As preservation in sediment. To our knowledge, this represents the first attempt to 

quantify the response of As to short-term, quasi-periodic climate oscillations. Although it 

has been suggested previously that short-term As variations would not be preserved due 

to redox cycling obscuring past geochemical signals, the results presented herein suggest 

that lake archives do preserve an As signal, and that lake sediments can be used to 
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examine variations in As at high temporal resolution during the Holocene. Furthermore, 

the response of As concentrations to variations at multi-decadal to centennial climate 

phenomena suggests that changes in predominant state of multi-decadal oscillatory 

ocean-atmosphere phenomena should be considered when assessing possible future 

health of environmental systems.  
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Appendix 1: Supplementary Figures 
 

 

Figure A1.1: Comparison of Raw-XRF-CS to ICP-MS results. The blue line represents linear 
interpolation between raw XRF-CS and ICP-MS results. The dark grey shaded area represents the 95 
% confidence interval for the linear regression. 
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Figure A1.1 (cont’d): Comparison of Raw-XRF-CS to ICP-MS results. The blue line represents linear 
interpolation between raw XRF-CS and ICP-MS results. The dark grey shaded area represents the 95 
% confidence interval for the linear regression 
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 Figure A1.2: Comparison of Qspec-calibrated XRF-CS to ICP-MS results. The blue line represents 
linear interpolation between Qspec XRF-CS and ICP-MS results. The dark grey shaded area represents 
the 95 % confidence interval for the linear regression. 
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Figure A1.2 (cont’d): Comparison of Qspec-calibrated XRF-CS to ICP-MS results. The blue line 
represents linear interpolation between Qspec XRF-CS and ICP-MS results. The dark grey shaded area 
represents the 95 % confidence interval for the linear regression. 
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Figure A1.3: Comparison of Wet-corrected XRF-CS to ICP-MS results. The blue line represents linear 
interpolation between wet-corrected XRF-CS and ICP-MS results. The dark grey shaded area represents 
the 95 % confidence interval for the linear regression. 
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Figure A1.3 (cont’d): Comparison of Wet-corrected XRF-CS to ICP-MS results. The blue line represents 
linear interpolation between wet-corrected XRF-CS and ICP-MS results. The dark grey shaded area 
represents the 95 % confidence interval for the linear regression. 
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Figure A1.4: Comparison of Ca-normalized XRF-CS to ICP-MS results. The blue line represents linear 
interpolation between Ca-normalized XRF-CS and ICP-MS results. The dark grey shaded area 
represents the 95 % confidence interval for the linear regression. 
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Figure A1.4 (cont’d): Comparison of Ca-normalized XRF-CS to ICP-MS results. The blue line 
represents linear interpolation between Ca-normalized XRF-CS and ICP-MS results. The dark grey 
shaded area represents the 95 % confidence interval for the linear regression. 
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Figure A1.5: Comparison of Si-normalized XRF-CS to ICP-MS results. The blue line represents linear 
interpolation between Si-normalized XRF-CS and ICP-MS results. The dark grey shaded area represents 
the 95 % confidence interval for the linear regressions. 
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Figure A1.5 (cont’d): Comparison of Si-normalized XRF-CS to ICP-MS results. The blue line represents 
linear interpolation between Si-normalized XRF-CS and ICP-MS results. The dark grey shaded area 
represents the 95 % confidence interval for the linear regressions. 
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Figure A1.6: Comparison of kcps-normalized XRF-CS to ICP-MS results. The blue line represents linear 
interpolation between kcps-normalized XRF-CS and ICP-MS results. The dark grey shaded area 
represents the 95 % confidence interval for the regression. 
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Figure A1.6 (cont’d): Comparison of kcps-normalized XRF-CS to ICP-MS results. The blue line 
represents linear interpolation between kcps-normalized XRF-CS and ICP-MS results. The dark grey 
shaded area represents the 95 % confidence interval for the regression. 
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Figure A1.7: Comparison of CIR-normalized XRF-CS to ICP-MS results. The blue line represents linear 
interpolation between CIR-normalized XRF-CS and ICP-MS results. The dark grey shaded area 
represents the 95 % confidence interval for the linear regression.   
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Figure A1.7 (cont’d): Comparison of CIR-normalized XRF-CS to ICP-MS results. The blue line 
represents linear interpolation between CIR-normalized XRF-CS and ICP-MS results. The dark grey 
shaded area represents the 95 % confidence interval for the linear regression. 
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Figure A1.8: Comparison or predicted concentrations based on raw-XRF-CS data and ICP-MS results. The black boxes show median 
elemental concentrations predicted by calibrated XRF-CS data +/- the standard deviation of data. ICP-MS measurements are show 
with the red dots; the red crossbars show two relative standard deviations for elements calculated based on triplicate ICP-MS 
measurements. 
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Figure A1.8 (cont’d): Comparison or predicted concentrations based on raw-XRF-CS data and ICP-MS results. The black boxes 
show median elemental concentrations predicted by calibrated XRF-CS data +/- the standard deviation of data. ICP-MS 
measurements are show with the red dots; the red crossbars show two relative standard deviations for elements calculated based on 
triplicate ICP-MS measurements. 

 

 

 

 

 



Gregory et al 2019  219 
 

 
Figure A1.9: Comparison or predicted concentrations based on wet-corrected XRF-CS data and ICP-MS results. The black boxes show median 
elemental concentrations predicted by calibrated XRF-CS data +/- the standard deviation of data. ICP-MS measurements are show with the red 
dots; the red crossbars show two relative standard deviations for elements calculated based on triplicate ICP-MS measurements. 
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Figure A1.9 (cont’d): Comparison or predicted concentrations based on wet-corrected XRF-CS data and ICP-MS results. The black boxes show 
median elemental concentrations predicted by calibrated XRF-CS data +/- the standard deviation of data. ICP-MS measurements are show with 
the red dots; the red crossbars show two relative standard deviations for elements calculated based on triplicate ICP-MS measurements. 
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Figure A1.10: Comparison or predicted concentrations based on CIR-normalized XRF-CS data and ICP-MS results. The black boxes show 
median elemental concentrations predicted by calibrated XRF-CS data +/- the standard deviation of data. ICP-MS measurements are show with 
the red dots; the red crossbars show two relative standard deviations for elements calculated based on triplicate ICP-MS measurements. 
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Figure A1.10 (cont’d): Comparison or predicted concentrations based on CIR-normalized XRF-CS data and ICP-MS results. The black boxes 
show median elemental concentrations predicted by calibrated XRF-CS data +/- the standard deviation of data. ICP-MS measurements are show 
with the red dots; the red crossbars show two relative standard deviations for elements calculated based on triplicate ICP-MS measurements. 
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Figure A1.11: Comparison or predicted concentrations based on MLC-XRF-CS data and ICP-MS results. The black boxes show median elemental 
concentrations predicted by calibrated XRF-CS data +/- the standard deviation of data. ICP-MS measurements are show with the red dots; the red 
crossbars show two relative standard deviations for elements calculated based on triplicate ICP-MS measurement.
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Figure A1.12: Age-depth model for Control Lake sediment core CON01 based on 13 radiocarbon dates 
created using BACON. Radiocarbon dates are shown in blue, and inferred age in grey – darker areas 
suggest greater likelihood of age at a given depth.  
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Figure A1.13: Comparison between Itrax-XRF results (Yellow) and ICP-MS results following multi-acid 
digestion (Red; MA-ICP-MS) from core CON01, and ICP-MS results following aqua regia digestion (Blue; 
AQ-ICP-MS) from core CON02 for the element Rb. Both cores are compared relative to depth (mm). Similar 
trend is apparent in both cores, although AQ-ICP-MS show lower concentration. This suggests that trends 
in RB are reliably captured by AQ digestion. 
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Figure A1. 14: Comparison of Itrax-XRF results from core CON01 to particle size and Rock Eval results 
from a 46-cm-long glew core from Control Lake studied by Miller et al. (in press). % Sand determine through 
laser-diffraction particle size analysis (Yellow) is compared to Itrax-XRF proxies for particle size (log(Zr/Rb) 
and log(Zr/Ti)) in black. Total organic carbon (TOC; blue) and S2 (labile organic matter; green) based on 
Rock Eval Pyrolysis results are compared to a proxy for in-lake productivity (log(Ca/Ti)). 
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Appendix 2: Supplementary Tables 
 

Table A2.1: Radiocarbon results for analysis of bulk organic sediment from Control Lake core CON01 
showing uncalibrated age (14C yr BP) and the fraction of modern carbon (F14C) 

Lab ID Core Depth 
(cm) 

14C yr BP Error F14C Error 

UOC-3555 1 – 2 Modern 38 1.0386 0.0049 
UOC-2107 2 – 4 Modern 21 1.0109 0.0026 
UOC-3556 10 – 11 1276 38 0.8531 0.0040 
UOC-3557 18 – 19 1336 38 0.8468 0.0040 
UOC-2108 27 – 27.5 1304 21 0.8505 0.0022 
UOC-3558 37 – 38 1868 38 0.7926 0.0038 
UOC-3559 47 – 48 1942 38 0.7852 0.0037 
UOC-3560 56 – 57 2529 38 0.7299 0.0034 
UOC-2109 65 – 65.5 2252 22 0.7561 0.0020 
UOC-3561 73.5 – 74.5 2489 38 0.7336 0.0035 
UOC-3562 83.5 – 84.5 3020 38 0.6866 0.0032 
UOC-3563 91.5 – 92.5 2879 38 0.6988 0.0033 
UOC-2110 97 – 97.5 3297 21 0.6640 0.0017 
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Table A2.2: Fractional abundance of testate amoeba in samples identified to strain. Also included are total counts per samples and counts per cc. 

Depth 
(cm) 

Volume 
(cc) 

D. 
oblonga 

P. 
compressa 

D. 
protaeiformis 
"acuminata" 

D. glans 
"distenda" 

D. 
elegans 

D. 
glans 

"pulex" 

D. 
glans 

"glans" 
D. 

minuta 
D. 

globulosa 

C. 
constricta 

"constricta" 

C. 
constricta 
"aerophila" 

1.5 0.38 37.1 11.4 6.7 2.9 4.8 1.9 5.7 2.9 7.6 1.0 5.7 

5.5 0.95 26.3 23.9 3.6 0.0 3.2 2.8 4.4 4.8 12.4 2.4 5.2 

9.5 2.29 37.0 12.8 5.3 2.4 5.3 2.1 4.0 1.9 9.6 4.5 7.4 

16.5 2.29 35.2 12.6 10.4 2.1 5.0 1.8 3.9 2.1 10.5 2.1 7.8 

20.5 2.67 40.8 11.9 6.9 2.0 2.7 1.9 4.7 1.7 12.0 3.7 6.2 

25.5 2.48 27.2 13.0 7.7 2.4 4.8 4.2 5.7 4.4 15.5 2.6 6.9 

30.5 2.67 35.5 11.3 6.3 0.5 4.5 4.7 5.8 2.6 10.1 3.9 8.8 

35.5 2.86 38.3 13.2 7.2 1.2 3.8 2.7 3.4 2.8 11.7 3.6 7.8 

40.5 2.67 31.3 10.5 4.8 4.5 5.6 5.1 7.3 2.4 10.0 4.8 7.8 

45.5 2.48 27.0 4.9 10.2 3.4 6.1 2.4 10.2 3.7 11.9 4.4 11.2 

50.5 2.67 35.4 7.2 7.6 2.0 2.5 4.0 12.7 1.7 6.6 5.2 9.3 

55.5 3.05 32.9 5.2 10.4 2.1 7.8 2.1 7.8 0.5 9.3 4.7 12.2 

60.5 3.05 31.5 6.8 8.3 1.5 4.3 4.3 12.1 2.3 5.7 4.7 11.3 

65.5 2.86 24.0 7.9 12.0 2.5 4.9 2.2 11.4 0.8 10.1 3.5 12.0 

69.5 1.91 48.5 5.3 8.0 1.3 5.6 1.6 6.1 1.9 4.3 2.9 7.2 

75.5 3.05 31.0 7.5 10.2 3.1 6.1 2.9 7.7 1.0 8.2 5.5 11.9 

81.5 1.15 25.5 6.7 11.4 2.0 10.7 0.7 5.4 2.7 4.7 6.7 15.4 

86.5 1.53 18.0 3.5 6.0 3.5 8.8 1.6 4.4 1.6 5.7 13.6 26.8 

90.5 1.53 47.7 6.0 4.9 2.1 3.9 2.1 4.2 1.4 4.2 6.7 12.0 

95.5 4.20 38.9 8.4 2.7 1.8 6.6 2.7 6.6 4.9 0.9 7.1 15.5 

100.5 0.95 24.3 6.1 4.7 2.0 14.9 0.7 0.7 6.1 1.4 11.5 19.6 

105.5 2.29 17.7 8.7 6.8 3.5 11.6 3.5 5.8 2.6 4.8 6.8 16.1 

111.5 3.63 44.1 5.2 12.7 2.3 6.5 2.3 7.2 1.0 1.6 2.9 7.8 

115.5 2.86 49.5 6.4 9.8 2.2 4.4 2.8 3.9 0.6 2.6 3.1 6.6 

120.5 2.86 52.7 5.4 6.6 1.5 4.8 2.7 5.1 0.9 3.0 2.7 9.9 

125.5 2.86 34.7 4.0 8.7 4.7 10.8 3.5 6.1 0.9 2.8 4.0 12.0 

130.5 4.96 30.7 6.1 10.2 0.6 4.7 4.7 9.4 0.3 1.7 5.3 16.1 
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Table A2.2 (cont’d): Fractional abundance of testate amoeba in samples identified to strain. Also included are total counts per samples and counts 

per cc. 

Depth Volume 

C. 
aculeata 

"discoides" 

C. 
aculeata 

"aculeata" 

C. 
constricta 
"spinosa" 

Cucurbitella 
tricuspis 

D. 
acutissima 

Lesqueresia 
spiralis Total Total/cc 

1.5 0.38 1.0 0.0 1.0 4.8 0.0 2.9 105 275 

5.5 0.95 2.4 0.0 0.4 2.8 1.6 1.6 251 263 

9.5 2.29 2.1 0.3 0.3 1.3 0.5 1.3 376 164 

16.5 2.29 2.5 0.1 0.5 1.2 0.6 0.2 856 374 

20.5 2.67 1.2 0.3 0.3 1.3 0.6 0.5 936 350 

25.5 2.48 2.6 0.1 0.0 1.5 0.2 0.3 880 355 

30.5 2.67 2.0 0.0 0.1 1.7 1.0 0.5 764 286 

35.5 2.86 1.9 0.2 0.2 1.2 0.3 0.2 1453 508 

40.5 2.67 1.4 0.3 0.6 1.9 0.5 0.5 627 235 

45.5 2.48 1.7 0.2 0.2 1.2 0.2 0.0 589 237 

50.5 2.67 2.8 0.4 0.5 0.9 0.3 0.0 754 282 

55.5 3.05 2.3 0.5 0.0 1.0 0.0 0.3 386 126 

60.5 3.05 3.2 0.1 0.0 1.1 1.3 0.1 750 246 

65.5 2.86 1.9 1.4 0.0 2.2 0.3 0.8 367 128 

69.5 1.91 0.0 4.5 0.0 1.1 0.8 0.0 375 196 

75.5 3.05 2.0 0.2 0.0 0.7 1.2 0.0 587 192 

81.5 1.15 0.7 2.7 0.0 0.7 0.0 0.7 149 130 

86.5 1.53 2.2 0.9 0.0 1.9 1.3 0.3 317 208 

90.5 1.53 3.5 0.0 0.0 0.4 0.4 0.0 283 185 

95.5 4.20 1.8 0.9 0.0 0.4 0.0 0.4 226 54 

100.5 0.95 3.4 0.0 0.0 0.0 0.0 0.7 148 155 

105.5 2.29 2.6 1.6 0.3 1.6 1.6 1.9 310 135 

111.5 3.63 1.0 0.3 0.0 1.0 0.7 1.3 306 84 

115.5 2.86 2.6 0.9 0.0 0.9 1.7 0.9 543 190 

120.5 2.86 0.9 0.0 0.0 2.1 0.3 0.3 334 117 

125.5 2.86 1.4 1.2 0.2 1.4 1.2 0.9 426 149 

130.5 4.96 3.6 1.9 0.0 1.7 1.4 1.1 361 73 

 


