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A B S T R A C T   

Examining paleoclimate-driven changes of elemental contaminants, such as Arsenic (As), increases the under-
standing of the mobility and fate of elements under a warming climate scenario. To characterize the variability in 
As sequestration in the sediments of a freshwater system in response to decadal- to centennial-scale climate 
oscillations, a freeze-core (CON01) was recovered from Control Lake, Northwest Territories. Radiocarbon dating 
of 13 bulk-organic samples provided temporal reference to core depth. Sediment geochemistry was determined 
using Itrax X-ray fluorescence core-scanning (Itrax-XRF). Elemental concentrations were measured on a sub-set 
of samples using ICP-MS after multi-acid (MA) digestion to assess the accuracy of Itrax-XRF results through a 
multivariate log-ratio (MLC) calibration. Comparison of Itrax-XRF to ICP-MS using the MLC in ItraXelerate 
software show Pearson’s R2 values >0.75, with the exception of As (R2 = 0.44). MLC-calibrated Itrax-XRF 
elemental data were centered log-ratio (CLR) transformed to eliminate issues related to data closure. During the 
ca. 3300-yr sedimentary record, moderate-strength negative correlations between AsCLR and KCLR (Spearman’s ρ 
= − 0.38, p-value < 0.001, n = 785), and AsCLR and TiCLR, (Spearman’s ρ = − 0.52, p-value < 0.001, n = 785) 
suggest that As is primarily sequestered in sediments during intervals of warmer temperatures and higher pro-
ductivity. Proxies for sediment particle size (TiCLR, KCLR) and As concentration (AsCLR) were examined for 
response to quasi-periodic climate oscillations using spectral analysis. Significant periodicities were observed 
with approximately 4–13, 30–60, 90–120, and 160–280 yr periods in TiCLR, KCLR, and AsCLR records. These 
frequencies are interpreted as corresponding to the North Atlantic Oscillation and/or 8–14-yr Schwabe sunspot 
cycles, 30–60-yr Pacific Decadal Oscillation, and centennial-scale solar cycles (e.g., 90-yr Gleissberg cycle; 205-yr 
Suess cycle). Coeval occurrence of these periodicities revealed through wavelet analysis of Control Lake 
geochemistry data suggests that these climate cycles only impact Control Lake when they occur concurrently.   

1. Introduction 

Lacustrine systems serve as semi-permanent storage for metal(loid) 
contaminants (Becker et al., 2001; Keimowitz et al., 2005; Macdonald 
et al., 2005; Bai et al., 2010; Bing et al., 2011; Bowell et al., 2014). 
Changes in redox state, pH, or availability of adsorbents in these envi-
ronmental systems can induce the release of previously sequestered 
contaminants (Martin and Pedersen, 2002; Keimowitz et al., 2005; Bai 
et al., 2010; Miller et al., 2019, 2020). Climate can be a major control of 
the redox conditions of lacustrine systems by climate-driven mediation 
of temperature and precipitation that, in turn, affect nutrient delivery 

and surface water temperature, and thus primary production and redox 
setting. These changes lead to increased autochthonous productivity, 
shifts in the duration and stability of seasonal thermal stratification, and 
the duration of winter ice cover during which degradation of organic 
matter (OM) consumes oxygen in the system (e.g., Wetzel, 2001; 
Quesada et al., 2006; Snortheim et al., 2017; Palmer et al., 2019). In 
reducing environments, redox-sensitive elements, such as arsenic (As), 
can be released from sediments to overlying waters through the reduc-
tive dissolution of minerals, particularly Fe-oxy(hydro)oxides, in the 
lake sediments (Schuh et al., 2018; Palmer et al., 2019). Conversely, As 
can be incorporated into sulfides in shallow sediments under reducing 
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conditions (Schuh et al. 2018; Miller et al., 2020). These processes are 
likely mediated by organic matter (Galloway et al., 2018). Future 
climate variability is predicted to impact primary production, and thus, 
will impact chemical stability, transportation, and sequestration of 
metal(loids) (Macdonald et al., 2005; Galloway et al., 2018; Miller et al., 
2019, 2020). It is imperative for effective environmental stewardship to 
better quantify the potential impact of paleoclimate on the mobility of 
elemental contaminants to understand their responses to on-going and 
future climate change. 

Quasi-periodic shifts in sea surface temperature (SST) and sea-level 
pressure (SLP), and the resultant re-organization of global atmospheric 
circulation patterns through atmospheric teleconnections, control 
regional temperature and precipitation 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, climate 
oscillations can directly or indirectly impact contaminant mobility, 
transport, and bioavailability. Although the possible changes in the 
concentration of chemical contaminants in response to climate change 
have been posited previously (see Macdonald et al., 2005 for a review of 
probable mechanisms), few studies have attempted to quantify this 
possible relationship. Most of the literature concerning this topic has 
focused on the response of mercury to climate oscillations (Outridge 
et al., 2007; Gratz et al., 2009; Rydberg et al., 2010; Loseto et al., 2015; 
Slemr et al., 2016), 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, centennial-scale records that prevent recognition of the influence 
of multi-decadal to centennial climate oscillations. Millennial-scale 
paleoclimate records are needed to understand the response of ele-
ments of potential concern to sub-decadal to centennial-scale climate 
oscillations that affect the climate of much of North America. 

Arsenic (As) is a contaminant of concern in the Northwest Territories 
(NT), where it naturally occurs in the mineralized shear zones of the 
Slave Geological Province and derived surficial materials. Previous work 
in the NT has shown that there is a strong relationship between lake 
productivity and As mobility between modern lake sediments and sur-
face waters (Galloway et al., 2018; Van den Berghe et al., 2018; Palmer 
et al., 2019). Paleoclimate studies of NT lakes using sediment cores 
observed a similar relationship between productivity, temperature var-
iations, sediment input into lacustrine systems, and As sequestration on 
centennial to millennial timescales (Gregory et al., 2019a; Miller et al., 
2020). We posit that quasi-periodic climate oscillations that control 
temperature in the NT will impact lake productivity and sediment input 
into lacustrine systems, and that corresponding shifts in the geochem-
istry of lake sediment will impact As sequestration in these systems. To 
test these hypotheses, a freeze-core was recovered from Control Lake, 
NT, near geogenic sources of As. Control Lake is a small lake found 
within the mineralized shear zone of the Courageous Lake Greenstone 
Belt (CLGB) near the modern boreal-forest-tundra transition. Control 
Lake was chosen for detailed study because it occurs in a mineralized 
region where As concentrations are high relative to the Canadian 
Council of Ministers of the Environment Probable Effect Limit for As of 
17 ppm (CCME, 2001; median [As] 123 ppm in Control Lake sediments). 
Near-total geochemical variations in sediment were determined using 
Itrax high-resolution core scanning x-ray fluorescence (Itrax-XRF) at 
sub-decadal resolution (median = 3.32 yr per datapoint). The relative 
geochemical change measured by Itrax-XRF analysis was converted to 
an estimate of actual geochemical variations through multivariate log- 
ratio calibration to ICP-MS data following 4-acid digestion after the 
methods recommended by Gregory et al. (2019b). Examination of the 
prominent frequencies in time series of KCLR, TiCLR, and AsCLR are 
examined below using spectral analyses to characterize (1) whether 
known semi-periodic climate oscillations impact sediment geochemistry 
and (2) if the resultant change in sediment geochemistry impacts As 
sequestration in lake sediment. 

2. Background 

2.1. Climate variability in northern Canada 

Documented climate variability in subarctic and Arctic Canada in the 
historical record corresponds to quasi-periodic oscillations in coupled 
ocean-atmosphere systems of the Atlantic, Pacific, and Arctic oceans. 
The North Atlantic Oscillation (NAO) and Arctic oscillation (AO) impact 
temperature and precipitation 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). The NAO is defined by a significant difference in 
sea level pressure (SLP) between the Icelandic Low and the Azores high 
(Van Loon and Rogers, 1978). The AO is defined by persistent SLP 
anomalies across the entire Arctic (Thompson and Wallace, 1998). 
Because of the strong correspondence between the phase of NAO and 
AO, 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 are also 
influenced by Pacific Ocean oscillations including: El Niño/the Southern 
Oscillation (ENSO), and the Pacific Decadal Oscillation (PDO). El Niño/ 
the Southern Oscillation is a fluctuation in SLP and sea surface tem-
perature (SST) in the equatorial Pacific between Tahiti and South 
America (Wang and Picaut, 2004). The PDO is a variation in the position 
and strength of the Aleutian low and corresponding SST anomalies in the 
NE Pacific (Mantua and Hare, 2002). Both PDO and ENSO affect modern 
climate (Buermann et al., 2003; Déry and Wood, 2005; Bonsal et al., 
2006; Fauria and Johnson, 2006; Bonsal and Shabbar, 2011; Sarmiento 
and Palanisami, 2011) and are documented in paleoecological records 
(Patterson et al., 2004a, 2004b; Chang and Patterson, 2005; Patterson 
et al., 2007; Babalola et al., 2013; Galloway et al., 2013; Patterson et al., 
2013). 

The periodicity and strength of climate oscillations are impacted by 
internal processes inherent to the ocean-atmosphere system, as well as 
external forcing from solar activity (Gray et al., 2016; Newman et al., 
2016). Several authors have observed variations in prevailing patterns 
of AO/NAO, PDO, and ENSO in response to short term cycles in total 
solar irradiance that correspond to 8–14-yr cycles (Schwabe cycle) in 
sunspot frequency and longer-term variation in the intensity of this cycle 
at ca. 88-yr period (Gleissberg cycle) and ca. 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 W m− 2 at the top of the atmosphere in 
the tropics; Lean et al., 2005) to alter oceanic and atmospheric circu-
lation patterns, modeling efforts suggest that solar insolation plays a role 
in altering oceanic and atmospheric systems (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 temper-
ature and precipitation within the study area may thus be expected to 
respond to solar forcing, ocean-atmospheric oscillations, or a combina-
tion of internal and external forcing. These climate-oscillation induced 
variations in temperature and precipitation have been observed to 
impact environmental systems indirectly through modifying forest fire 
frequency, river and lake hydrology, lake productivity, and freeze-up 
and break-up dates of lakes/rivers (Bonsal et al., 2001; Dickson et al., 
2002; Buermann et al., 2003; Déry and Wood, 2005; Bonsal et al., 2006; 
Fauria and Johnson 2006; Sarmiento and Palanisami, 2011; Galloway 
et al., 2013; Patterson et al., 2013; Vincent et al., 2015; Dalton et al., 
2018). 
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2.2. Previous work on Control Lake 

Previous paleolimnological research was conducted by Miller et al. 
(2020) on a 44 cm (ca. 2100 calibrated years BP [cal yr BP]) Glew core 
recovered from Control Lake in winter, 2016. Miller et al. (2020) 
analyzed As speciation in pore water and sediments, bulk sediment 
geochemistry, sediment particle size, type of organic matter in sediment 
based on Rock-Eval Pyrolysis, and detailed mineralogical examination 
of sediment using SEM mineralogical liberation analysis, electron 
microprobe analysis, and bulk X-ray absorption near-edge spectrometry. 
Miller et al. (2020) observed that As is predominantly associated with 
Fe-oxy(hydr)oxides in the lake sediment, with minor proportions of As 
found in authigenic framboidal pyrite, and trace amounts associated 
with allogenic arseno-sulphides eroded and transported into the lake. 
Based on the comparison of As concentration and mineralogy to varia-
tions in particle size and organic matter type, Miller et al. (2020) 
inferred that warmer conditions resulted in greater autochthonous 

productivity, increasing labile organic material available for degrada-
tion and promoting dysoxic/anoxic conditions near the lake bed. The 
low-oxygen conditions induced the reductive dissolution of As-bearing 
minerals, resulting in the incorporation of As into pyrite formed in 
reducing the sediment. 

Further paleolimnological study of Control Lake was conducted by 
Gregory et al. (2019a) who examined changes in ICP-MS-derived As 
concentrations in lake sediment and the corresponding response of 
micro-organisms (Arcellinida) on a ca. 133 cm (ca. 4500 cal yr BP) 
freeze core (CON02) recovered during winter 2016 alongside Miller 
et al. (2020). Arcellinida is a group of amoebae that build a shell from 
mineral particles in the environment. Previous work in the NT has 
shown that Arcellinida respond strongly to variations in As concentra-
tion in lake sediment and can be used to re-create down-core variations 
in As concentration (Gavel et al., 2018; Nasser et al., 2020), particularly 
useful as As is diagenetically mobile. Comparison of As concentration to 
shifts in the Arcellinida community of Control Lake showed that As was 

Fig. 1. Study area showing (A) location of Control Lake in the Northwest Territories (NT), Canada, (B) Control Lake in the context of the Tundra/Salmita Mine and 
surrounding lake systems, and (C) the Control Lake watershed and outflow to adjacent lakes. 
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likely post-depositionally mobile, or else not a primary stressor on 
Arcellinida during the Holocene (Gregory et al., 2019a). The extended 
paleoclimate archive recorded a major change in sediment geochemistry 
at ca. 2500 cal yr BP interpreted to be a shift from boreal forest to tundra 
setting (Gregory et al., 2019a). 

2.3. Study area 

Control Lake is located approximately 240 km NE of Yellowknife, 
NT. Modern vegetation surrounding Control Lake consists of grasses and 
low tundra shrubs (Seabridge Gold Inc., 2010; AANDC, 2013). The re-
gion is characterized by gradually undulating topography consisting of 
glacially-scoured bedrock hummocks and glacial-till filled swales 
(McCurdy and McNeil, 2014). Control Lake is underlain by a veneer of 
glacial till 2–10 m thick resting on ca. 2.6 Ga low-grade phyllite and slate 
of the Yellowknife Supergroup (Moore, 1986; Padgham, 1992; Thomp-
son and Kerswill, 1994; Tetra Tech Wardrop, 2012; McCurdy and 
McNeil, 2014). Gold deposits were recognized near Courageous Lake in 
1939, and the Tundra/Salmita mine was soon after established adjacent 
to Matthews Lake and west of Control Lake (Fig. 1B). Extraction and 
processing of ores occurred on-site between 1964 and 68 and again from 
1983 to 86 (Silke, 2009; AANDC, 2013). Recent monitoring of the 
Tundra/Salmita mine property showed Control Lake does not contain 
anomalously high metal concentrations relative to other lakes on the 
property, suggesting it has not been impacted by mining in the region 
(AANDC, 2013; Miller et al., 2019). It is, therefore, a suitable system for 
assessing the possible impact of natural climate variations on geogenic 
As sequestration in a climatically sensitive area with geogenic sources of 
As and a site of concern for future As mobility. 

Control Lake is relatively small (surface area = 23.4 Ha) and shallow 
(Zmax = 5 m). Recent monitoring of Control Lake during open-water 
seasons showed circum-neutral pH (6.10–7.62) and conductivity 
values ranging from 11.4 to 18.3 SpC. Hydrological modeling of Control 
Lake has revealed a small watershed that drains the surrounding 
glacially-scoured hollow with two stream outflows to the west and 
south-east (Fig. 1C). Hydrological monitoring at the Tundra/Salmita 
mine property indicates that the region receives a relatively low yearly 
average precipitation (213 mm) (Seabridge Gold Inc., 2010). The sub-
arctic 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 ice-cover occurring in June (AANDC, 2013). The 
average daily temperature is − 9.2 ◦C in the region, but can vary between 
− 43 to 6 ◦C yearly (Seabridge Gold, 2010). 

3. Methods 

Core CON01 (length = 103 cm) was collected in March 2016, 
through the ice at the approximate Zmax of Control Lake using a single- 
faced freeze corer (64.07771◦N, − 111.13493◦W, 429 m above sea level; 
Fig. 1). Frozen sediment was removed from the freeze cores, wrapped in 
clingfilm in the field and shipped frozen to Carleton University, where it 
was stored at − 25 ◦C. Upon arrival at Carleton University, freeze cores 
were cleaned, photographed, and sediment stratigraphy was described. 

3.1. Radiocarbon dating 

Radiocarbon dating of lake sediment provided temporal reference to 
core depth. Thirteen bulk sediment sub-samples of approximately 2 mL 
were collected using ceramic and stainless-steel instruments from 
CON01. Samples were analyzed at the A.E. Lalonde AMS facility at the 
University of Ottawa following a triple acid wash (Table 1). Radiocarbon 
dates were calibrated to years before present (cal yr BP) using the 
terrestrial radiocarbon curve IntCal13 (Reimer et al., 2013). An age- 
depth model was generated using the Bayesian Age Calibration 
(BACON) package for R statistical software (Blaauw and Christen, 2019; 
R Core Team, 2019) based on the calibrated radiocarbon dates (Fig. 2). 

3.2. Geochemical analysis 

Core CON01 was prepared for Itrax-XRF analysis following proced-
ures 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. After sub-sectioning, core slabs were cleaned by 
gently warming the surface and removing the melted sediment by 
scraping the surface with clean glass microscope slides parallel to 
bedding direction. Core slabs were analyzed at the McMaster Core- 
Scanning facility using purpose-designed, insulated boxes (Gregory 
et al., 2019b). The sediment slabs were analyzed at 1 mm resolution 
using a Mo-anode for 25 s per interval at 25 kV and 22 mA. Sediment 

Table 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  

Fig. 2. Age-depth relationships for the Control Lake sediment core CON01 
based on 13 AMS radiocarbon dates on bulk organic material, modelled using 
BACON. Radiocarbon dates and error are shown in blue, and inferred age in 
gray – darker areas suggest greater likelihood of age at a given depth. The 
dashed black line shows the linear age model used for wavelet analysis. The 
bottom panel shows the age difference (cal. yr. BP) between the Bayesian age 
model (gray) and linear age model (red dashed line) with increasing depth in 
the core. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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cores were scanned in triplicate, initially at 1 mm resolution and sub-
sequently at coarser resolution (every 5 mm). Sediment core slabs had to 
be returned to the freezer in between replicate scans to ensure core 
integrity. 

3.3. Itrax-XRF data processing and comparison 

Triplicate Itrax-XRF scans of CON01 were screened to remove invalid 
data, then loaded into the ItraXelerate software (v.1.0; Weltje et al., 
2015). ItraXelerate was used to merge the triplicate scans, and auto-
matically replace zeros (non-detects) with half of the lowest observed 
values for each given element; only elements with <30% non-detects 
were considered for analysis (Supplementary Table 1). 

To ensure Itrax-XRF adequately detected elements of interest, ICP- 
MS analysis was conducted on the core slabs used for Itrax-XRF anal-
ysis. Nine elements of interest were selected from the dataset for com-
parison, including redox-sensitive elements (As, Fe, Mn, S), indicators of 
minerogenic input into the system (Ti, K), and elements abundant in 
surrounding glacial till (Ca, Cr, Cu). 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 automated 
sample selection algorithm. Six samples were analyzed in triplicate by 
ICP-MS to provide a measure of absolute geochemical error. Triplicate 
samples were taken from 3-cm long sub-samples due to limited material 
remaining in freeze core slabs. Sub-sampled material was sent to Acme/ 
Bureau Veritas, Vancouver, for ICP-MS analysis following near-total 
multi-acid digestion (MA-ICP-MS; Supplementary Table 2). The 
average Relative Percent Difference (RPD) across the six triplicates for 
the nine elements selected for comparison in this study (As, Ca, Cr, Cu, 
Fe, K, Mn, Ti, S) ranged from 1.0 to 9.5% (n = 27). Titanium had the 
highest maximum RPD (17.1%), followed by Mn (14.5%); all remaining 
elements have maximum RPDs <10%. Two pulp duplicates of material 
analyzed by Bureau Veritas had an RPD of <7.4% (range = 0–7.4%) 
across all elements of interest. Two internal standards, OREAS25A-4A 
and OREAS45E, were analyzed in duplicate as a measure of the accu-
racy of the ICP-MS analysis. For standard OREAS25A-4A, all elements of 
interest were < 10% Relative Percent Error (RPE) of expected values 
(range = 0.9–9.4%). For OREAS45E standard, RPE for elements of in-
terest ranged from 0.2% to 16.6% (n = 18). Arsenic exhibited the highest 
RPE (16.6%), followed by K (14.2%), and Fe (9.8%). After MA-ICP-MS 
analysis, the ItraXelerate software was used to compare MA-ICP-MS to 
Itrax-XRF results using the Multivariate log-ratio Calibration (MLC) 
method proposed by Weltje et al. (2015). The depth tolerance of the 
MLC calibration was set to 15 mm in the ItraXelerate software to account 
for 3-cm-long subsamples analyzed in triplicate using in MA-ICP-MS. 

3.4. Spectral and wavelet analysis 

Following recommendations by Weltje et al. (2015), as well as others 
(Aitchison, 1999; Aitchison et al., 2000; Egozcue and Pawlowsky-Glahn, 
2008; Filzmoser et al., 2009), geochemical data were interpreted using 
centered log-ratios (CLR). All elements in the calibrated dataset were 
normalized to the geometric mean of elemental concentrations at a 
given point, followed by taking the logarithm of the data (Supplemen-
tary Table 3). This transformation “opens” the 

dataset to ensure none of the observed variations in elemental 
geochemistry were impacted by closed-sum effects. Additionally, CLR 
transformation minimizes the influence of specimen effects in Itrax-XRF 
data as data is normalized to the geometric mean of elemental concen-
tration for a given point before log-transformation. 

Prior to wavelet and spectral analyses, select elements were exam-
ined for paleoenvironmental significance. Common lithogenic elements 
were compared to coarse resolution particle size measured in the Glew 
core studied by Miller et al. (2020) that extends back to ca. 2100 cal yr 
BP. After CLR transformation of Itrax-XRF and particle size datasets, and 
removal of an outlier at 24 cm depth in the particle size dataset, both 

KCLR and TiCLR are positively correlated with clay (Pearson’s RTi-clay =

0.28, p-value = 0.06, n = 46; Pearson’s RK-clay = 0.27, p-value = 0.07, n =
46) and silt (Pearson’s RTi-silt = 0.33, p-value = 0.03, n = 46; Pearson’s 
RK-silt = 0.35, p-value = 0.012, n = 46) and negatively correlated to sand 
(Pearson’s RTi-sand = − 0.31, p-value = 0.03, n = 46; Pearson’s RK-sand =

− 0.30, p-value = 0.05, n = 46). 
Prior to carrying out wavelet and spectral analysis, CLR data were 

detrended by subtracting the loess-smoothed (α = 0.3) trend. The un-
even spacing of the age model necessitated the use of the REDFIT pro-
cedure 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 spectrogram generated representing the average of the 
overlapping spectrograms. The significance of the spectrogram was 
assessed by comparing data to a null-model generated by 1000 Monte 
Carlo simulations of an AR(1) model; 99%, 95% and 90% confidence 
levels (CL) are provided as a measure of confidence in spectral signals. A 
Hanning window was used to reduce spectral leakage during Fourier 
transformation. 

Wavelet transform of the data was used to examine shifts in peri-
odicity over time (Torrence and Compo, 1998). Wavelet analysis was 
performed using the R-package Morlet (Bunn et al., 2018) that enables 
wavelet analysis of unevenly spaced data. Data were detrended by 
subtracting the loess-smoothed (α = 0.3) trend from CLR data to 
emphasize the shorter-term oscillations that were of interest to this 
study and eliminate long-term variations that may have been influenced 
by edge effects. The Morlet wavelet was used as it represents a good 
compromise between frequency and time resolution. Statistical signifi-
cance of the wavelet power was tested against 1000 Monte Carlo sim-
ulations of a red-noise model (AR(1)). 

4. Results 

4.1. Age model 

The Control Lake sediment core (CON01) records 3271 +/− 263 cal 
yr BP of deposition. In this study, only the last 82 cm (2536 +/− 119 cal 
yr BP) was examined using spectral and wavelet analyses as a shift from 
boreal forest to tundra conditions occurred at ca. 2500 cal yr BP, with 
tundra conditions lasting until present day (Gregory et al., 2019a). 
Radiocarbon ages have an error of 21–38 years (Table 1). The age-depth 
model indicates that there was a nearly steady rate of sedimentation 
during deposition of CON01, with a slower sedimentation rate of ca. 0.1 
mm/yr in the upper 10 cm of the core (10 yr/mm), followed by a rela-
tively steady rate of ca. 0.44 mm/yr (2.23 yr/mm) for the remainder of 
the core (Table 1, Fig. 2). The 95% confidence interval of the age model 
based on monte carlo simulations ranges from 73 to 273 yr (median 113 
yr, n = 1001). The median difference between datapoints in the time 
series is 9.7 r (mode = 10 yr, n = 100) years in the upper 10 cm were 
sedimentation rate is higher, and 2.7 yr (mode = 2 yr, n = 900) years for 
the remainder of the core that exhibits slower sedimentation rate. 

4.2. Itrax-XRF calibration 

Calibration of the Itrax-XRF data based on ICP-MS using a multi-
variate CLR calibration using the ItraXelerate software package showed 
strong correlations for most elements (Fig. 3). Calcium, Cr, Fe, K, Mn, 
and Ti had Pearson’s R2 values of >0.9. Copper and S showed weaker 
Pearson’s R2 values of 0.78 and 0.75, respectively. Arsenic exhibited the 
weakest correlation between the XRF and ICP-MS data at R2 = 0.44. 
Comparison of the Itrax-XRF results, ICP-MS results carried out after 
multi-acid digestion (MA-ICP-MS; Supplementary Table 2) on core 
CON01 used in this study, and ICP-MS results following an aqua-regia 
digestion (AQ-ICP-MS) from adjacent core CON02 (Gregory et al., 
2019a) indicate that volatilization of As was likely. However, AsCLR in 
CON01 exhibits similar trend to concentrations measured using AQ-ICP- 
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MS on CON02 (Spearman’s ρ = 0.67, p-value <0.001, n = 75; Supple-
mentary Fig. 1). The MA-ICP-MS shows lower As concentrations in 
sediment than the concentrations measured using AQ-ICP-MS for the 
adjacent and time equivalent core (meanMA = 75 ppm, n = 46; meanAQ 
= 121 ppm, n = 75). Calibrated Itrax-XRF results are also comparable 
between the cores, but lower concentrations of As occur in CON01 
throughout the record. We thus have confidence that AsCLR reasonably 
accurately recreates As trends with the caveat that the magnitude of 
these oscillations may be an under-estimation of actual concentration 
changes. 

Itrax-XRF AsCLR values show moderate strength, statistically signifi-
cant, negative correlations to KCLR (Spearman’s ρ = − 0.38, p-value < 
0.001, n = 785) and TiCLR, (Spearman’s ρ = − 0.52, p-value < 0.001, n =
785). TiCLR and KCLR show strong correlation to each other in core 
(Spearman’s ρ = 0.90, p-value < 0.001, n = 785). These correlations are 
apparent in the trends in the three CLR-normalized elements in core 
CON01 (Fig. 4). There is a decreasing trend in AsCLR from ca. 2600 to ca. 
2200 cal yr BP, followed by a highly variable, but overall increasing 
trend, from ca. 2200 to − 66 cal yr BP (Fig. 4). Both TiCLR and KCLR 
exhibit an increasing trend from ca. 2600 to ca. 2200 cal yr BP, followed 
by relatively high and variable values from ca. 2200 cal yr BP until ca. 
1000 cal yr BP, then a gradual decrease from 1000 cal yr BP until 
modern day. 

4.3. Spectral and wavelet analysis 

Spectral analysis of CLR elements (KCLR, TiCLR, AsCLR) shows peaks 
above the 99% CL. For AsCLR, periods at ca. 10 yr, ca. 87 yr, ca. 106–121 
yr, and a broad peak from ca. 150 to 280 yr (max spectral power at 216 
yr) were above the 99% CL (Fig. 5). An additional peak with a period of 
ca. 7 yr surpasses the 95% CL for AsCLR. Spectral analysis of KCLR reveals 
frequencies of ca. 9 yr, ca. 12 yr, ca. 99–118 yr, ca. 140–150 yr, and ca. 
216–243 yr above the 99% CL (Fig. 5). Two KCLR spectral power peaks at 
ca. 11 yr and ca. 7 yr surpass the 95% CL. The spectrogram for TiCLR 
shows peaks in spectral power above the 99% CL with periods of ca. 9 yr, 
ca. 111–120 yr, ca. 140–170 yr, and ca. 205–280 yr as well as peaks with 
periods of ca. 7 yr, ca. 8.7 yr, ca. 11 yr, and ca. 12 yr that surpass the 95% 
CL. 

Wavelet analysis of centered log-ratio data proxies indicates that 
periodicities are non-stationary throughout the sediment record of 
CON01. Wavelet analysis of AsCLR shows intermittent increases in 
spectral power with periods of 4–13 yr and ca. 16–30 yr that surpass the 
95% CL (Fig. 6). Periods of ca. 28–44 yr and ca. 100–160 yr surpass the 
95% CL threshold throughout the majority of the sedimentary record. 
From ca. 900–1350 cal yr BP and ca. 1770–2600 cal yr BP, regions of 
spectral power surpassing the 95% CL occur with periods of ca. 55–140 
yr. In the intervening years (ca. 1350–1750 cal yr BP), the peak in 

Fig. 3. Comparison of reference (MA-ICP-MS) and predicted concentrations (calibrated Itrax-XRF) results after calibration using multivariate centered log-ratio 
calibration. 
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spectral power with a periodicity of 55–140 yr diverges on the scalo-
gram into two regions of high spectral power above the CL with periods 
of ca. 28–50 yr and ca. 130–160 yr, respectively. 

The wavelet scalogram of KCLR shows intervals of increased spectral 
power with periods of ca. 4–24 yr throughout the paleoclimate record 
(Fig. 7). Intervals of spectral power that surpass the 95% CL occur with 
periods of ca. 30–60 yr and ca. 70–165 yr throughout the record. As is 
observed in the wavelet scalogram of AsCLR, there is a broad region of 
high spectral power above the 95% CL with period of ca. 50–160 yr that 
occurs from ca. 850–1275 cal yr BP and ca. 1780–2300 cal yr BP. In the 
intervening interval (ca. 1275–1780 cal yr BP), the ca. 50–160 yr period 
signal diverges into two areas of high spectral power above the CL with 
periods of 30–60 yr and ca. 120–165 yr. 

The TiCLR shows similar intervals of sporadic high spectral power at 
lower periods (ca. 4–13 yr). Intervals of high spectral power with pe-
riods of 28–55 yr and ca. 60–165 yr surpass the 95% CL throughout the 
majority of the paleoclimate record (Fig. 8). Between ca. 820–1320 cal 
yr BP and ca. 1790–2200 cal yr BP, high spectral power occurs with 
period of ca. 65–165 yr. From ca. 1320–1790 cal yr BP, high spectral 
power above the 95% CL occurs with period of ca. 28–60 yr and ca. 
128–165 yr. 

In the wavelet analysis of TiCLR, KCLR, and AsCLR, there is an apparent 
stacking of significant periodicities wherein intervals of significance at 
lower-periods (e.g., ca. 4–8 yr) are coeval with intervals of significance 
at higher periods (ca. 16–20 yr, ca. 28–60 yr, ca. 60–100 yr; Figs. 6–8). 
Intervals of stacked periodicities occur at ca. 755–1010, ca. 1133–1249, 
ca. 1417–1590, ca. 1880–2040, and ca. 2250–2360 cal yr BP. Spectral 
analysis of these intervals corroborates the observations in wavelet 
analysis, with spectral peaks surpassing the 90% CL at ca. 4–13 yr, ca. 
30 yr, 50 yr, and a broad peak in power encompassing ca. 100–300 yr 
(Fig. 9, Supplementary Fig. 2). The “stacking” intervals last an average 
of 146 yr (range = 84–256 yr, n = 16) and returned, on average, every 
206 yr (range = 102–309, n = 13) between re-occurrence across for 
TiCLR, KCLR, and AsCLR time series. Intervals that exhibit coeval occur-
rences of periodicities are more prominent in the KCLR and TiCLR than in 

the AsCLR record. 

5. Discussion 

Prominent frequencies are discussed below using approximate ages. 
Despite the high resolution of radiocarbon dates in core CON01 (13 
dates for 100 cm), there is inherent age-related uncertainties associated 
with the measurement of 14C in sediment samples, the calibration of 14C 
ages to cal yr BP, and in the creation of age models. The linear accu-
mulation rate throughout the majority of CON01 provides confidence 
that the age model offers a reliable estimate of the actual age of sedi-
ments. Throughout most of CON01, there is a 2-yr difference between 
measured data points. Spectral signals are therefore pre-disposed to 
have even-numbered periods. 

Throughout the record, the uneven spacing of the time series results 
in a variable Nyquist number, or the shortest possible spectral signal that 
can be reliably detected (Nyquist # = 2 x sample spacing). Between ca. 
-66 and 900 cal yr BP, a combination of rapid sedimentation rate 
(Nyquist number = 20 yr) and influence of edge effects limits the 
interpretability of wavelet analysis. During this interval, the relatively 
rapid sedimentation rate is likely caused by increased erosion in the 
catchment during this period as indicated by an increased proportion of 
sand-sized particles after ca. 1000 cal yr BP observed in Control Lake by 
Miller et al. (2020). From 2600 to 900 cal yr BP, a slower sedimentation 
rate allows for the interpretation of shorter periods <7 yrs. (Nyquist 
number = 4–6 yr). 

Analysis of KCLR and TiCLR time series revealed that there are sig-
nificant periodicities in the window of ca. 200–240 yr, ca. 130–170 yr, 
ca. 99–120 yr, ca. 30–60 yr, and ca. 4–13 yr in both records. The AsCLR 
time series shares periodicities that overlap with those in the TiCLR and 
KCLR records of ca. 150–280 yr, ca. 90–121 yr, ca. 30–55 yr, and ca. 
4–13 yr TiCLR and KCLR are inferred here to represent sediment delivery 
to Control Lake. AsCLR reflects changes As sequestration driven by shifts 
in the redox setting of lake waters and shallow sediments, or shifts in 
total As driven by increased sediment transport into Control Lake. Both 

Fig. 4. Variations in TiCLR (red), KCLR (yellow), and AsCLR (blue) trends during the last ca. 2500 cal. BP at Control Lake. Lines represent a 10-pt running mean of 
calibrated Itrax-XRF data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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sediment delivery and redox setting can be influenced by temperature 
and precipitation. The length of winter ice coverage, snowpack thick-
ness, and rate of spring melt are the primary controls on particle size and 
accumulation rate in tundra lake systems (Cuven et al., 2011; Amann 
et al., 2017; Macumber et al., 2018; Gregory et al., 2019a). Increases in 
air temperature and precipitation are therefore expected to impact the 
amount and coarseness of sediment transported into Control Lake. 
Temperature and precipitation may impact As secondarily through 
changes to lake depth and seasonal stratification regime, in-situ pro-
ductivity, and/or the length of the open-water season. Together, these 
variables influence the redox conditions of the waters and shallow 
sediments (Wetzel, 2001; Quesada et al., 2006; MacDonald et al., 2009; 
Kraemer et al., 2017; Sinha et al., 2017; Snortheim et al., 2017) and can 
specifically affect As cycling in northern lakes whereby anoxic condi-
tions develop under ice, stimulating reductive dissolution of As from 
shallow sediments (Palmer et al., 2019). 

5.1. Comparison of paleoclimate periodicities to known climate 
oscillations 

The AsCLR, TiCLR, and KCLR time series show significant periodicities 
of ca. 4–13 yr in spectral analysis (Fig. 5). A ca. 4–16 yr periodicity is 
observed intermittently in the wavelet analyses of AsCLR, TiCLR, and KCLR 
during the last ca. 2500 cal yr BP (Figs. 6–8). This short-period signal 
could correspond to several shorter-term climate oscillations with pe-
riods ranging from 2 to 14 yr (i.e., ENSO, NAO/AO, Schwabe sunspot 
cycles), or a combination of these phenomena. The lower margin of the 
ca. 4–13 yr. oscillations observed in spectral and wavelet analysis of 
Control Lake data approaches the upper limit of the typically observed 
range of ENSO periodicity of 2–7 yr. (Wang and Picaut, 2004). Paleo- 
proxy records of ENSO variability indicate that the length of this peri-
odicity may have been variable during the Holocene, with period length 
ranging up to 12 yrs. (Moy et al., 2002; McGregor and Gagan, 2004). The 
AO/NAO exhibits generally irregular periodicity over the historical re-
cord; however, some studies have suggested a prominent 2–10 yr peri-
odicity in the AO/NAO indices (Hurrel and Loon, 1997; Rossi et al., 
2011; Massei et al., 2007; Wanner et al., 2001; Ólafsdóttir et al., 2013). 
The Schwabe sunspot cycle exhibits a periodicity ranging from 8 to 14 yr 
(Solanki et al., 2004), overlapping with the observed period of ca. 4–13 
yr. 

Although changes in solar insolation due to Schwabe sunspot cycles 
are relatively minor, historical observations have shown that small-scale 
shifts in solar activity affect global climate (Meehl et al., 2009; Gray 
et al., 2010). A response to minor changes in solar insolation has also 
been observed in global climate models (Kodera and Kuroda, 2002; 
Meehl et al., 2008; Simpson et al., 2009; Misios et al., 2016, 2019). The 
response of climate to minor changes in solar insolation is posited to be 
the result of an increase in shallow-SST in cloud-free regions in the 
tropical Pacific that strengthens atmospheric circulation at the inter-
tropical convergence zone/South Pacific convergence zone (Meehl et al., 
2008; Misios et al., 2016, 2019). Alternatively, increases in solar UV- 
radiation impact stratospheric temperature profiles, ozone production, 
and the strength of Brewer-Dobson circulation that ultimately alters 
tropospheric and ocean temperature/circulation patterns (Kodera and 
Kuroda, 2002; Simpson et al., 2009). Variations in insolation induced by 
sunspot activity could impact the temperature and precipitation in the 
study area by altering global-scale atmospheric and oceanic circulation 
patterns. 

It is possible that the ca. 4–13 yr period observed at Control Lake 
represents the combined effects of ENSO, AO/NAO and Schwabe cycles. 
Modeling and observational records have shown that the Schwabe 
sunspot cycle influences the AO/NAO such that stronger effects are felt 
when the oscillations 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 circum-arctic SLP and SST anomalies are 
only present when the oscillation is in phase with the Schwabe sunspot 

Fig. 5. Spectral analysis of AsCLR, TiCLR and KCLR using redfit. Spectral power is 
shown in blue and confidence level (CL) based on red-noise models are shown 
in red (90%), orange (95%) and yellow (99%). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 

B.R.B. Gregory et al.                                                                                                                                                                                                                           



Palaeogeography, Palaeoclimatology, Palaeoecology 565 (2021) 110189

9

cycle (Kodera, 2002; Kodera and Kuroda, 2005; Hood and Soukharev, 
2012). Bonsal et al. (2006) also observed changes in the extent of AO/ 
NAO-forced low-pressure excursions into north-central Canada during 
ENSO+ phases, which suggests that ENSO-induced ocean-atmospheric 
changes alter the extent to which the AO/NAO influences climate in 
western North America, including the continental NT. The short-period 
oscillations observed in the sediment geochemical record of the Control 

Lake record thus likely reflect a complex interplay of signal amplifica-
tion and suppression between ENSO, AO/NAO and solar forcing at the 
Schwabe cycle temperature and precipitation of the central NT. 

Wavelet analysis shows peaks in spectral power above the 95% CL, 
with periods of ca. 30–60 yr that are observed intermittently throughout 
the last ca. 2500 cal yr BP as concentration changes in the AsCLR, TiCLR 
and KCLR records (Figs. 6–8). The observed ca. 30–60 yr period is 

Fig. 6. The transformed AsCLR signal subject to wavelet transformation (top box) and the wavelet scalogram of AsCLR (bottom box). Areas that are significantly 
different (<95% CL) from a red noise model are indicated by thick black lines. The cone of influence (COI) is shown by black hatched area. Areas below the Nyquist 
number are indicated by translucent white overlay. Warm (cool) colors indicate higher (lower) power of the wavelet transformation. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. The transformed KCLR signal subject to wavelet transformation (top box) and the wavelet scalogram of KCLR (bottom box). Areas that are significantly different 
(<95% CL) from a red noise model are indicated by thick black lines. The cone of influence (COI) is shown by black hatched area. Areas below the Nyquist number 
are indicated by translucent white overlay. Warm (cold) colors indicate higher(lower) power of the wavelet transformation. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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interpreted to reflect the influence of the PDO on regional climate and 
geochemical change. The positive phase of the PDO is associated with 
warmer SST in the NE Pacific Ocean, a stronger 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 the north-
ward 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 (Klein, 1949; Bonsal et al., 2001; Lapointe et al., 
2017; Kren et al., 2016; Dalton et al., 2018). Warmer air temperature 
would result in shorter duration of winter ice cover and, in turn, 
increased autochthonous productivity during the lengthened open water 
season. A longer open-water season could impact sediment geochem-
istry by reducing the duration or intensity of dysoxia near the sediment- 
water interface. Warmer temperatures and drier conditions would result 
in more rapid spring-melt and delivery of relatively fine sediment to 
Control Lake or reduced sediment transport into the system (Cuven 
et al., 2011; Amann et al., 2017; Macumber et al., 2018). 

Centennial and multi-centennial periodicities are present in the 
AsCLR, TiCLR, and KCLR time series during the ca. 2500-yr sedimentary 
recorded at Control Lake. Spectral analysis of elemental time series 
shows prominent periodicities ca. 90–120 yr and ca. 150–280 yr (Fig. 5). 
Wavelet analysis shows peaks in spectral power above the CL with 
period of ca. 60–150 yr (Figs. 6–8). The ca. 90–120 yr periodicity 
observed in the Control Lake record may be related to the Gleissberg 
solar cycle, a long-term variation in the intensity of the Schwabe sunspot 
cycle (Gleissberg, 1971). Ogurtsov et al. (2002) observed ca. 50–80 yr 
and ca. 90–140 yr periodicities in this cycle based on an analysis of 
cosmogenic isotope records, direct observations (sunspots and auroral 
measurements), and paleoclimate proxies. The ca. 150–280 yr period 
present in spectral analysis of AsCLR and KCLR corresponds to the Suess/ 
De Vries cycle, a centennial-scale oscillation in solar intensity first 
observed in records of cosmogenic isotopes (14C, 10Be) and tree-ring 
thickness with a period of ca. 160–270 yr posited to be a modulation 
of 11-yr Schwabe cycles (Suess, 1980, 1986). 

The Gleissberg and Suess solar cycles have been observed in paleo-
climate records worldwide (Hodell et al., 2001; Wang et al., 2005; 

Raspopov et al., 2008; Pena et al., 2015; Liu et al., 2019), and paleo-
climate records from NW North America. For example, the Gleissberg 
and Suess solar cycles were inferred to have influenced productivity and 
hydrology in a coastal fiord of mainland British Columbia with a period 
of ca. 82–89 yr and ca. 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 (Dalton et al., 
2018), and Arolick Lake, Alaska (Hu et al., 2003). 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 changes in total solar irradiance over 
centennial timescales. Widespread recognition of cycles in paleoclimate 
data on Gleissberg- and Suess frequencies across NW North America 
suggests these that periodic changes in solar intensity are an important 
control on climate. 

Gleissberg and Suess solar cycles likely influence the climate of the 
central NT through altering the prevailing ocean-atmospheric patterns 
and thus the regional influence of the AO/NAO and PDO. Recent ex-
aminations of historical SST and SLP trends provided evidence of 
Gleissberg cycles impacting the intensity of the PDO (Meehl et al., 2008; 
Van Loon and Meehl, 2016). Similarly, Shen et al. (2006) observed a 
50–80 yr period in the oscillatory pattern of the PDO index. Several 
researchers have observed variations in the oceanic and atmospheric 
patterns induced by the PDO caused by 11-yr sunspot cycles within the 
historical record (Kren et al., 2016) or a 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 influence 
on the 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 the at-
mospheric 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) documented variations in the 
influence of Schwabe solar cycles on the NAO depending on the phase of 
the Gleissberg cycle. 

Fig. 8. The transformed TiCLR signal subject to wavelet transformation (top box) and the wavelet scalogram of TiCLR (bottom box). Areas that are significantly 
different (<95% CL) from a red noise model are indicated by thick black lines. The cone of influence (COI) is shown by black hatched area. Areas below the Nyquist 
number are indicated by translucent white overlay. Warm (cold) colors indicate higher(lower) power of the wavelet transformation. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Sub- to multi-decadal periodicities in the AsCLR, TiCLR and KCLR time 
series occur coeval with each other during several intervals in the 
CON01 record creating a stacking pattern in the wavelet scalograms 
(Figs. 6–8). The coeval occurrence of multiple signals during a given 
time interval in wavelet scalograms of paleoclimate records influenced 
by solar variability has been previously observed in records of diatom 

productivity in NT (Dalton et al., 2018), in productivity and sedimen-
tation records from coastal British Colombia (Galloway et al., 2013; 
Patterson et al., 2013), in pollen spectra from east Asia (Xu et al., 2015; 
Park, 2017) and in precipitation records from China (Chu et al., 2014; 
Zhang et al., 2018). The stacking of signals suggests that the cumulative 
effect of multiple solar or internal climate phenomena is only sufficient 
to influence the environment of Control Lake when multiple oscillatory 
climate patterns are in-phase. 

5.2. Paleoclimate controls on As sequestration at Control Lake 

Late Holocene climate change impacted the sedimentology of Con-
trol Lake through changes in the hydrology of the catchment. Negative 
correlations between KCLR, TiCLR, and AsCLR suggests that processes that 
increased delivery of fine sediment into the lake basin resulted in 
reduced As sequestration at Control Lake. Studies of varved Arctic lakes 
have shown that higher K and Fe concentrations correspond to intervals 
of gradual sedimentary deposition during winter ice-coverage and that 
elevated Ti concentrations are generally associated with increased silt 
deposition during spring snowmelt (Cuven et al., 2010; Amann et al., 
2017). Furthermore, an increase in snowpack thickness and cooler 
conditions during snowpack melt correspond to increased sediment 
accumulation in Arctic lakes (Cockburn and Lamoureux, 2008; Cuven 
et al., 2011; Amann et al., 2017). Elevated values of TiCLR and KCLR may 
thus represent thicker winter snowpack, prolonged snowpack melt 
driven by cooler temperatures, or extended ice coverage during winter. 
An increase in sediment transport into Control Lake may be expected to 
increase transportation of detrital As minerals into the lake, especially 
considering As is commonly associated with fine-grained Fe-oxy(hydr) 
oxides. However, the negative correlation between K and Ti and As 
suggests that variations in sediment input into Control Lake is not the 
primary mechanism controlling As sequestration. It is possible that 
extended periods of winter ice coverage during cooler intervals (higher 
KCLR) increased the duration of reducing conditions in the shallow 
sediment and overlaying water column (Palmer et al., 2019). Anoxic 
conditions would release As sequestered in shallow sediment through 
reductive dissolution of Fe and Mn-oxy(hydr)oxides. Conditions that 
increase transport of geogenic As into Control Lake are thus also con-
ditions that discourage the sequestration of As in shallow lake sediment. 

Previous work in the NT has shown that increased labile organic 
matter in lake sediment can increase As sequestration because the labile 
organic matter encourages the microbial activity that mediates miner-
alization of As- and Fe-sulphides, and because the labile organic matter 
offers greater surface area for metal(loid) complexation (Galloway et al., 
2018; Miller et al., 2020). During intervals of warmer temperatures and 
extended open-water season (Lower KCLR, TiCLR), higher authigenic 
productivity would encourage As sequestration in shallow sediment 
through increasing the proportion of labile organic matter in the sedi-
ment. Furthermore, shorter duration of seasonal ice-cover (lower KCLR) 
would minimize As loss through the reductive dissolution of Fe/Mn-oxy 
(hydr)oxides by reducing the length of, or degree of dysoxia in the 
shallow sediment. The combination of decreased As cycling in shallow 
sediment through reduced reductive dissolution of Fe-oxy(hydr)oxides, 
and the increase in labile organic matter together encourage As 
sequestration in Control Lake. 

It is difficult to ascertain whether variations in sedimentary As 
concentrations at Control Lake represent depositional signals or early 
diagenesis. Miller et al. (2020) observed that Fe-oxy(hydr)oxides were 
the predominant hosts of As in Control Lake sediment, with minor 
proportions of As associated with framboidal pyrites. Typically, Fe-oxy 
(hydr)oxides are only stable under oxidizing conditions and are, there-
fore, not expected to be stable at depth in the sediment column under 
anoxic conditions (Schuh et al. 2018; Miller et al., 2020). The prevalence 
of As sorbed to Fe-oxy(hydr)oxides may be indicative of at least partial 
in-situ preservation of an As signal, however, the presence of authigenic 
framboidal pyrites indicates that redox conditions resulted in the 

Fig. 9. Spectral analysis a subset of the entire AsCLR, TiCLR and KCLR time series 
using redfit. Spectral power is shown in blue and confidence level based on red- 
noise models are shown in red (90%), orange (95%) and yellow (99%). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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dissolution and re-precipitation of As minerals to some degree. Although 
temperature-induced variations in autochthonous productivity could 
influence As concentrations in lake sediment, it is unclear whether these 
trends represent a primary response to climate or whether shallow 
sediment horizons with grater concentrations of labile organic matter 
are more conducive to authigenic mineralization of As during early 
diagenesis. Regardless, our results indicate that warmer conditions with 
extended open-water seasons results in higher sequestration of As in 
shallow Arctic lakes, either during deposition or early diagenesis. 

6. Conclusions 

A sediment core collected from Control Lake, NT, was analyzed at 
sub-decadal resolution using Itrax-XRF to reconstruct the impact of 
quasi-periodic ocean-atmospheric oscillations on lacustrine geochem-
istry during the last ca. 2500 cal yr BP. Spectral and wavelet analysis of 
TiCLR, KCLR, and AsCLR show that there was a response of lake sedi-
mentation and hydrology to climate oscillations with periods of ca. 
4–13 yr, ca. 30–60 yr, ca. 90–120 yr, and ca. 150–280 yr, corresponding 
to ENSO, AO/NAO, PDO, and solar cycles (Schwabe, Gleissberg, Suess). 
The geochemical response to climate oscillations was stronger when 
several periodicities occurred coevally. Variations in AsCLR show 
decadal- and centennial-scale oscillations that negatively correlate to 
changes in proxies for sedimentary input into Control Lake (KCLR and 
TiCLR), suggesting a link between temperature-dependent shifts in hy-
drology and productivity, and long-term sequestration of As in sediment 
of shallow Arctic lakes. Although previous work found As was pre-
dominantly hosted in Fe-oxy(hydr)oxides, possibly representing depo-
sitional of As in oxic settings, it is unclear if shifts in As sequestration 
represent changes in As input or organic mediated mineralization of As 
during early diagenesis in the sedimentary record. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2020.110189. 
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