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Abstract
The biogeochemical cycle of mercury will be influenced by climate change, particularly at higher latitudes. Investigations 
of historical mercury accumulation in lake sediments inform future predictions as to how climate change might affect 
mercury biogeochemistry; however, in regions with a paucity of data, such as the thermokarst-rich Arctic Coastal Plain 
of Alaska (ACP), the trajectory of mercury accumulation in lake sediments is particularly uncertain. Sediment cores from 
three thermokarst lakes on the ACP were analyzed to understand changes in, and drivers of, Hg accumulation over the past 
~ 100 years. Mercury accumulation in two of the three lakes was variable and high over the past century (91.96 and 78.6 µg/
m2/year), and largely controlled by sedimentation rate. Mercury accumulation in the third lake was lower (14.2 µg/m2/year), 
more temporally uniform, and was more strongly related to sediment Hg concentration than sedimentation rate. Sediment 
mercury concentrations were quantitatively related to measures of sediment composition and VRS-inferred chlorophyll a, 
and sedimentation rates were related to various catchment characteristics. These results were compared to data from 37 pre-
viously studied Arctic and Alaskan lakes. Results from the meta-analysis indicate that thermokarst lakes have significantly 
higher and more variable Hg accumulation rates than non-thermokarst lakes, suggesting that certain properties (e.g., thermal 
erosion, thaw slumping, low hydraulic conductivity) likely make lakes prone to high and variable Hg accumulation rates. 
Differences and high variability in Hg accumulation among high latitude lakes highlight the complexity of predicting future 
climate-related change impacts on mercury cycling in these environments.
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Introduction

Mercury (Hg), in an organic, methylated form (monometh-
ylmercury; MeHg), is a neurotoxicant that bioaccumulates 
and biomagnifies through aquatic food webs (see Kidd et al. 
1995; Atwell et al. 1998; Lockhart et al. 2005), and can 
reach concentrations in fish that are harmful to fish-eating 
wildlife and humans. Post-industrial (ca.1850) increases in 
Hg emitted to the atmosphere can largely be attributed to the 
combustion of coal (Driscoll et al. 2013). In North America, 
Hg emissions from the power sector have decreased from 
their peak in the 1980s due to emissions controls (Slemr 
et al. 2003); however, there have been recent increases in 
coal combustion (and thus, Hg emissions) for electricity 
production in other regions, including Asia. In addition, 
other industrial activities, such as artisanal gold mining, are 
emerging as significant contributors to the global atmos-
pheric pool of Hg (see UNEP, 2013), thus making the future 
of Hg emissions unclear. Changes in Hg deposition, and the 
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degree to which anthropogenic emissions have contributed 
to the pool of Hg in aquatic ecosystems, are often assessed 
using paleolimnological approaches, as lake sediments can 
act as a natural archive in the absence of an instrumental 
record.

In combination with sedimentation rates, mercury con-
centrations in dated lake sediment cores are used to produce 
reliable records of historical Hg accumulation rates (e.g., 
Biester et al. 2007). Numerous studies have reconstructed 
historical Hg accumulation rates in lake sediments (e.g., 
Yang and Rose 2003; Fitzgerald et al. 2005; Drevnick et al. 
2012), and found near ubiquitous increases in Hg accumula-
tion rates from pre-industry (pre ca. 1850) to present. Ratios 
of modern to pre-industry Hg concentrations (termed enrich-
ment factors), or Hg accumulation rates (termed flux ratios), 
are often used to assess anthropogenically driven changes 
in lake sediment Hg (e.g., Landers et al. 1998; Bindler 
et al. 2001). Studies conducted at temperate latitudes have 
reported a large range of Hg flux ratios in lake sediments; 
2.1–6.9 in Vermont and New Hampshire (Kamman and Eng-
strom 2002), 3.6–9.8 in Minnesota (Engstrom et al. 2007), 
and 1.6–5.7 (Lorey and Driscoll 1999) and 3–30 (Bookman 
et al. 2008) in New York. Variability in flux ratios among 
these temperate lakes can largely be explained by distance 
from point sources of Hg emissions.

Results from studies conducted on sediment cores from 
Arctic lakes indicate that increases in Hg flux have occurred 
from ~ 1850 to modern times, and that these increases are 
in general more modest (a mean flux ratio of 3) than many 
of those observed in temperate systems (see Landers et al. 
1998)—reflecting greater distance from point sources. 
Increases in Hg flux from pre-industry to modern times (a 
flux ratio > 1) have been described for 53 of 56 Arctic lakes 
reported in eight different primary and synthesis publica-
tions (Hermanson 1998; Landers et al. 1998; Bindler et al. 
2001; Outridge et al. 2007; Muir et al. 2009; Drevnick et al. 
2012, 2016; Deison et al. 2012). Reported modern Hg fluxes 
for lakes in the aforementioned studies varied by ~ 30-fold 
(mean of 14 µg/m2/year), while Hg concentrations for these 
same lakes varied ~ threefold (mean of 150 ng/g).

Although increases in the global atmospheric pool of Hg 
since pre-industry have resulted in increases in Hg accumu-
lation in the vast majority of lakes studied, the degree of 
increase varies, and some of this variation is due to among-
lake differences in physical and biological characteristics of 
lakes and catchments. Relative catchment size affects the 
rate at which atmospherically derived Hg is delivered to both 
Arctic (see Drevnick et al. 2012) and temperate (Grigal et al. 
2002) lakes. Lakes that have greater catchment to lake area 
ratios (relative catchment sizes) have been found to respond 
to changes in atmospheric Hg emissions more slowly than 
those with smaller catchment to surface area ratios, due to 
the storage and gradual release of “legacy” Hg in catchment 

vegetation, litter, soil and groundwater (see Grigal 2002; 
Harris et al. 2007). Catchment soil composition also affects 
delivery of Hg to lakes and lake sediments. Mercury (either 
anthropogenic or natural) that is retained in catchment soils 
is often strongly sorbed to organic matter (OM), and thus the 
amount of OM and the rate of OM decomposition can affect 
the magnitude and timing of release of Hg from catchments 
to downstream lakes (see Grigal 2002). In thermokarst lakes 
that receive drainage from OM-rich peats, Hg delivery to 
lakes can also be affected by degradation of permafrost.

The potential contribution of legacy Hg (stored in the 
catchment) to lake sediments is particularly large for Arc-
tic thermokarst lakes. ‘Thermokarst’ refers to the process 
by which ice-rich permafrost soils degrade, causing land 
subsidence, water impoundment, and the formation and 
expansion of surface water bodies, such as lakes. Over 20% 
(3.6 × 106km2) of the northern permafrost region is char-
acterized as thermokarst landscape (Olefeldt et al. 2016). 
Recently, Olefeldt et al. (2016) delineated the areal extent 
of three different categories of thermokarst landscape—
hillslope, lake, and wetland—using a conceptual modeling 
framework that accounted for presence of distinct thermo-
karst landforms and other landscape characteristics, such 
as ground ice content, terrestrial ecoregion, and presences 
of permafrost peat soils (histels). ‘Lake thermokarst’ land-
scapes are characterized by lake initiation, expansion, drain-
age, and drainage basin formation (Olefeldt et al. 2016). 
‘Wetland thermokarst’ landscapes are characterized by land-
forms such as thermokarst bogs, fens, and shore fens, and 
‘hillslope thermokarst’ landscapes by active layer detach-
ment slides, retrogressive thaw slumps, thermal erosion gul-
lies, beaded streams, and thermokarst water tracks (Olefeldt 
et al. 2016).

Rising temperatures resulting from climate change affect 
the frequency and magnitude of thermokarstic processes 
(e.g., thermal erosion, catastrophic drainages, and retrogres-
sive thaw slumps; see Grosse et al. 2013), and thus Hg deliv-
ery to lakes. Thermokarst lakes are formed through degrada-
tion of ground ice, and once a thermokarst lake is formed, 
it tends to grow laterally through thermal and mechanical 
erosion into adjacent ice-rich permafrost deposits and soils, 
which can lead to shoreline collapse (Jorgenson and Shur 
2007; see; Grosse et al. 2013). When a lake expands via 
thermal erosion, large amounts of soil or sediment, which 
contain bound Hg, are mobilized and deposited into the lake 
(see Grosse et al. 2013). The amount of Hg deposited is 
largely dependent on soil and sediment characteristics, and 
the degree of interaction with atmospherically-deposited Hg 
over time (Oswald et al. 2014). Thermokarstic events that 
affect catchments with soils rich in organic matter (OM) 
may result in relatively high Hg delivery to lakes, as soil 
OM generally has higher Total Hg (Oswald et al. 2014) and a 
greater proportion as MeHg (see Bravo et al. 2017), whereas 
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thermokarstic events that affect catchments with soils rich in 
minerogenic matter could result in Hg concentrations being 
diluted in lake sediments (Deison et al. 2012).

Rising temperatures can also influence the delivery of 
Hg to lake sediments by increasing lake primary production 
(Outridge et al. 2007). In previous studies, a large portion 
of post-industrial increases in Hg in Arctic lake sediments 
has been attributed to increases in autochthonous primary 
production and algal scavenging (Outridge et al. 2007; Stern 
et al. 2009). The ‘algal-scavenging hypothesis’ originated 
from observed positive relationships between sediment Hg 
concentration and S2 carbon (the algal-derived component 
of organic carbon). Kirk et al. (2011) found, however, that in 
7 of 14 Arctic lakes, the relationship between sediment Hg 
concentration and algal S2 carbon content was not signifi-
cant, suggesting that changes in sediment Hg concentrations 
and fluxes could not be attributed to changes in primary 
production alone.

The Arctic Coastal Plain of Alaska is a ‘lake thermokarst’ 
region that stretches from the Brooks Range (68°N) to the 
Arctic Ocean (71°N), and covers an area of approximately 
300,000 km2. There is a paucity of information (i.e., no 
down-core studies) on Hg accumulation in sediments for 
lakes on the Arctic Coastal Plain compared to other regions 
in Alaska and the Arctic. Studies of temporal patterns in Hg 
accumulation have been completed on higher relief lakes 
further south in Alaska that are not formed or affected by 
thermokarst processes (e.g., Allen-Gil et al. 1997; Engstrom 
and Swain 1997; Landers et al. 1998; Fitzgerald et al. 2005). 
Fitzgerald et al. (2005) found that Hg accumulation rates in 
foothills lakes near the Brooks Range (64°N, 147°W) had 
increased three-fold since ca. 1850, indicating anthropogeni-
cally driven increases in Hg delivery to these lakes. Based 
on the finding that pre-industrial Hg accumulation rates in 
sediment were higher than those found in other Arctic lakes, 
Fitzgerald et al. (2005) also concluded that erosional inputs 
of Hg to lakes in the Brooks Range were relatively more 
important than in other Arctic lakes. Concentrations of Hg 
and other metals have been found to be naturally elevated 
in sediments of Arctic Alaskan lakes relative to uncontami-
nated lakes in other Arctic and temperate regions, due to 
mineral rich soils (Allen-Gil et al. 1997). The importance 
of erosional inputs of naturally derived Hg to thermokarst 
lakes on the Arctic Coastal Plain is unknown.

Our overall objective was to consider dominant con-
trols on, and variability among, sediment Hg accumulation 
rates in Arctic and subarctic lakes. Specifically, we aimed 
to: (1) characterize patterns of Hg accumulation over the 
past ~ 100 years in sediments of three Arctic Coastal Plain 
lakes in Alaska; (2) identify factors (e.g. chl a concentra-
tion, organic matter content, sedimentation rate) that influ-
enced patterns of sediment Hg accumulation, and com-
pare results among the three study lakes; and, (3) collate 

mercury accumulation and other sediment proxy data from 
previously-published studies on Arctic and sub-Arctic lakes 
(n = 37), and interpret sediment Hg accumulation rates in the 
context of thermokarst landscape types. Results were inter-
preted in the context of evaluating how changing climate 
could affect Hg accumulation rates in Arctic thermokarst 
lakes.

Materials and methods

Study area

The three lakes for which primary data were collected for 
this study are located on the Arctic Coastal Plain of Alaska, 
an area that extends north from the foothills of the Brooks 
Range (68°N) to the Chukchi and Beaufort Seas (71°N). 
The lakes are located on low-relief tussock Tundra within 
a zone of continuous permafrost, and span a distance of 
three degrees of latitude. Selected from a larger set of lakes 
monitored by the Circum-Arctic Lakes Observation Network 
(http://arcticlakes.org), the lakes are (north to south) Bar-
row 100 (BRW100), Atqasuk 206 (ATQ206), and Reindeer 
Camp 312 (RDC312; Fig. 1). These lakes are representative 
of other thermokarst lakes in the northern permafrost region, 
as they occupy depressions formed by the degradation of 
ground ice and rely on snowmelt and summer rainfall to 
maintain a water balance (Grosse et al. 2013). Specific loca-
tion and physiographic information about the study lakes is 
in Table 1.

Sample collection and preparation

In August 2014, sediment cores were collected in duplicate 
(to provide sufficient mass for future analyses) from each 
of the three lakes, using a Glew gravity corer fitted with 
10 cm diameter Lexan® tubes. Sediments were extruded into 
0.5 cm segments with a Glew extruder, placed in 4 oz Whirl-
pak® bags, and kept in the dark at 4 °C while in transit to the 
laboratory at the University of Waterloo (Waterloo, Ontario, 
Canada). Samples were then stored in the dark at 4 °C before 
~ 0.5 g subsamples of each core segment were analyzed for 
loss on ignition (LOI) to quantify percent organic matter 
(%OM) and percent mineral matter (%MM). LOI analy-
ses were completed at the WATER lab at the University of 
Waterloo, following methods from Dean (1974).

Sediment dating and sedimentation rates

Freeze-dried subsamples of sediment from 1 cm intervals 
were analyzed from one core from each lake to deter-
mine total and supported 210Pb activity using an Ortec 
co-axial HPGe Digital Gamma Ray (Ortec GWL-120-15) 

http://arcticlakes.org
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Fig. 1   Study lakes on the Arctic Coastal Plain of Alaska (BRW 100, ATQ 206, RDC 312) and other lakes with published sediment Hg accumu-
lation data; circles represent lakes in this study, crosses represent comparison lakes
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Spectrometer interfaced with Maestro 32 software (version 
5.32; Ortec, 2006) at the University of Waterloo’s WATER 
Lab.

Chronologies for each sediment core were developed 
using the constant rate of supply model (Appleby and Old-
field 1978), which assumes that the flux of 210Pb from the 
atmosphere is constant and adjusts for variations in sedi-
mentation rate. Sedimentation rates were calculated using 
210Pb dates and cumulative dry mass. All subsequent analy-
ses were completed on sediment from the one core in each 
lake for which chronologies were developed.

Total mercury analysis

Total mercury analysis was completed on homogenized 
freeze-dried sediment at 1  cm intervals (beginning at 
0.5 cm) at the Biotron Centre for Experimental Climate 
Change Research at Western University (London, Ontario, 
Canada). Sample sizes were approximately 50 mg. Analyses 
were completed on a Milestone® DMA-80 Direct Mercury 
Analyzer in accordance with U.S. EPA method 7473 (U.S. 
EPA, 2007). A certified reference material (MESS-3; Marine 
Sediment Certified Reference Materials from the National 
Research Council, Ottawa, Ontario) was analyzed at the 
start of each run and after every 10 samples (mean recov-
ery: 109.9% ± 15.3 SD, n = 9). Blanks were analyzed at the 
start of each run and after every 10 samples (n = 4). All Hg 
concentrations are expressed as ng/g dry weight.

VRS‑inferred chlorophyll a analysis

Chlorophyll a (Chl a) concentrations were inferred using 
visual reflectance spectroscopy (VRS) at the Paleoecologi-
cal Environmental Assessment and Research Lab (PEARL) 
at Queen’s University (Kingston, Ontario, Canada). The 
VRS method provides a means to infer changes in whole 
lake primary production, as it detects chlorophyll a and 

its derivatives, which negates the need to account for pig-
ment diagenesis (Michelutti et al. 2010). Briefly, sediments 
(from intervals alternate to those used for Hg analyses) were 
freeze-dried and sieved to 125 µm to homogenize the sam-
ples and improve replication. Following this, sediment from 
each interval was analyzed using a FOSS NIRS (Near Infra-
red Spectrophotometer) system Model 6500 rapid content 
analyzer to obtain sediment reflectance. For each interval, 
chlorophyll a concentrations were inferred based on the 
measured amplitude of a trough in percent reflectance at 
650–700 nm wavelengths (the red portion of the spectrum; 
Wolfe et al. 2006).

Aerial imagery analysis

Historical aerial imagery was obtained from the United 
States Geological Survey EarthExplorer https://earthex-
plorer.usgs.gov/ (USGS 2016). These images were geo-ref-
erenced using the ArcGIS™World Imagery Basemap (ESRI 
2016). The geo-referenced lakes were manually converted 
into polygons, and surface areas were calculated to quan-
tify changes in lake surface area over time. Surface area 
of Arctic Coastal Plain lakes tends to increase in spring 
and early summer due to snow melt. We therefore chose to 
quantify and compare lake surface areas between 1948 and 
2005, as images in these years were captured on Aug 2nd 
and Aug 1st, respectively. Obvious physical changes within 
the catchment were also noted using all images. All aerial 
imagery analyses were completed using ArcMap™10.2.2 
(ESRI 2016).

Comparisons with other Arctic and subarctic lakes

To provide further context for results, and to compare Hg 
accumulation rates from our study to other studies, a lit-
erature search for available published down-core data from 
other Alaskan and Arctic lakes was conducted. Overall, 

Table 1   Physical characteristics 
and summary Hg accumulation 
results of the three study lakes 
(BRW100, ATQ206, RDC312) 
on the Arctic Coastal Plain of 
Alaska; Hg accumulation trends 
were assessed using Mann–
Kendall tests (a p value < 0.05 
denotes a significant temporal 
trend and the Kendall’s tau 
denotes the direction and 
magnitude of the relationship); 
McLeod (2011); catchments 
were delineated, and percent 
growth was calculated using 
ArcMap™10.2.2 (ESRI 2016)

BRW100 ATQ206 RDC312

Latitude (decimal degrees) 71.24163 70.41557 69.95348
Longitude (decimal degrees) − 156.77391 − 156.98128 − 156.63817
Surface area (km2) 17.6 16.8 6.6
Catchment area (km2) 236.6 209.9 265.2
Catchment to surface area ratio 13.4 12.5 40.4
Growth since 1948 (%) 12.7 − 0.3 5.4
Landscape type Lake thermokarst Lake thermokarst Lake thermokarst
Mean Hg accumulation (µg/m2/year) 92.0 14.2 78.7
Standard deviation 36.1 3.6 68.5
Hg accumulation trend No trend Positive No trend
Kendall’s tau (τ) 0.28 0.42 0.61
Mann–Kendall p value 0.17 0.04 0.84

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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data were compiled for 37 additional lakes (33 Arctic, 4 
Alaskan subarctic; Fig. 1; Table 2; see Online Resource 1). 
If accumulation rates were not reported, sedimentation rate 
and mercury concentration were used to calculate them. 
Where raw or tabular data were not available, values were 
extracted from published figures using WebPlotDigitizer 
v3.10 (Rohatgi 2016). To account for in-lake matter trans-
fer and to strengthen among-lake comparisons, focus-cor-
rected accumulation rates were used when focusing factors 

were available. Uncorrected rates were used when focusing 
factors were not available. All lakes, including the three 
lakes sampled, were assigned a landscape type (hillslope 
thermokarst, lake thermokarst, non-thermokarst) based on 
their coordinates and the maps generated by Olefeldt et al. 
(2016); a lake was assigned a designation if the dominant 
landscape type had moderate (10–30%) or high (30–60%) 
coverage of a particular landscape type. All data and meta-
data are located in the Online Resource 1.

Table 2   Mean Hg accumulation 
and Mann–Kendall results for 
thirty-seven previously studied 
Arctic and subarctic lakes; 
landscape types were designated 
using the maps generated by 
Olefeldt et al. 2016; further lake 
information available in the 
Supplemental Materials

Lake Country Landscape type Mean Hg 
Accum
(µg/m2/year)

σ Trend τ p

2-A Canada Lake 62.23 18.04 neg − 0.71 0.019
2-B Canada Lake 23.88 13.58 pos 0.91 0.007
Amituk Canada Non-thermokarst 17.98 7.48 pos 0.70 0.02
AX-AJ Canada Hillslope 9.85 4.17 pos 0.94 < 0.001
BI-02 Canada Hillslope 4.94 1.40 pos 0.39 0.047
BK-AH Canada Hillslope 4.54 0.98 n/a − 0.39 0.062
Brady USA Non-thermokarst 8.36 1.62 pos 0.46 0.033
Burial USA Hillslope 4.40 1.12 pos 0.71 0.019
CF-11 Canada Non-thermokarst 2.56 1.47 pos 1.00 0.009
Char Canada Non-thermokarst 14.38 6.04 pos 0.89 0.0001
Daglet USA Non-thermokarst 8.29 1.61 pos 0.78 0.002
Daltjørna Norway Non-thermokarst 22.70 4.81 pos 0.78 0.0001
DV-E Canada Hillslope 0.89 0.15 n/a 0.67 0.308
Efficient USA Hillslope 8.71 3.26 pos 0.64 < 0.0001
Forgetful USA Hillslope 10.13 2.66 pos 0.49 0.013
Hazen Canada Hillslope 31.55 3.30 n/a − 0.10 0.442
Lake 53 Greenland Non-thermokarst 3.69 1.32 pos 0.86 < 0.0001
Lake 70 Greenland Non-thermokarst 6.23 3.00 n/a 0.41 0.127
Matacharak USA Non-thermokarst 3.64 1.52 pos 0.83 0.002
MB-AC Canada Hillslope 6.15 1.25 pos 0.84 < 0.0001
MB-S Canada Hillslope 2.44 0.14 n/a 0.00 1
Mcleod USA Hillslope 17.93 4.73 pos 0.48 0.006
North Canada Hillslope 53.96 20.98 pos 0.82 0.0003
Nunatak Greenland Non-thermokarst 8.24 1.62 pos 0.81 0.016
Ossian Sarsfjellet Norway Non-thermokarst 4.00 1.86 pos 0.72 0.009
Perfect USA Hillslope 7.07 1.94 pos 0.88 < 0.0001
Relaxing USA Hillslope 2.43 0.97 pos 0.85 < 0.0001
Rocky Basin Canada Non-thermokarst 1.26 0.53 pos 1.00 0.03
Romulus Canada Hillslope 198.19 67.70 pos 0.78 0.002
Rummy Canada Hillslope 13.19 1.83 n/a 0.62 0.072
SHI-L4 Canada Non-thermokarst 20.00 9.39 pos 0.82 < 0.0001
SHI-L7 Canada Non-thermokarst 2.64 0.73 n/a 0.17 0.602
Surprise USA Hillslope 20.98 11.47 pos 0.90 < 0.0001
Vassauga Norway Non-thermokarst 7.30 3.35 pos 0.93 0.002
West Canada hillslope 23.44 11.79 pos 0.76 0.006
Wonder USA hillslope 31.50 15.31 pos 0.93 0.002
Yterjørna Norway non-thermokarst 12.21 9.69 pos 0.84 < 0.0001
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Data analysis

Statistical tests were completed using R Studio v 1.0.136 
with the core packages in addition to ‘Kendall’ (McLeod 
2011). Figures were generated using either SigmaPlot v11.0 
(Systat, 2008) or ArcMap™10.2.2 (ESRI 2016). To deter-
mine if there were significant temporal monotonic trends 
in Hg accumulation, Hg concentration, and chlorophyll a, 
Mann–Kendall tests were completed for the entire core of 
each of the three study lakes. Mann–Kendall tests were also 
completed on Hg accumulation rates for each of the 37 lakes 
for which data were compiled from the literature. Mercury 
accumulation rates were calculated as the product of sedi-
mentation rate and Hg concentration. To determine which 
variable accounted for more of the variability in Hg accu-
mulation rate, Hg accumulation rates were related to each of 
sedimentation rate and Hg concentration using simple linear 
regressions. To determine if chlorophyll a concentrations 
and/or %OM explained variability in Hg concentrations, 
sediment Hg concentrations from each lake were related to 
VRS-inferred chlorophyll a concentrations and %OM using 
simple linear regressions. Finally, to assess how Hg accu-
mulation rates varied among thermokarst landscape types, 
mean Hg accumulation rates for all 40 lakes (3 sampled in 
this study, 37 from literature) were compared among lake 
thermokarst, hillslope thermokarst, and non-thermokarst, 

landscapes (determined from Olefeldt et al. 2016) with an 
ANOVA and post-hoc Tukey’s test.

Results

Historical changes in lake sediment mercury 
and primary production

The sediment core used in this study from BRW100, the 
northernmost study lake, was 16 cm long. The bottom of 
the core was dated to 1942, suggesting a relatively high 
rate of sediment accumulation (mean 0.10 ± 0.06 g/cm2/
year). Mercury concentrations ([Hg]) in the BRW 100 core 
decreased from 101 ng/g to 81 ng/g between 1942 and 2014, 
and this trend was significant (Fig. 2; Mann–Kendall: S 
= − 61, τ = − 0.58, p = 0.002). A significant increase in 
VRS-inferred Chl a also occurred between 1942 and 2014 
(Fig. 2; Mann–Kendall: S = 117, τ = 0.77, p = 0.0001), sug-
gesting that primary production has increased in BRW 
100 since 1942. Mercury accumulation rates were vari-
able (mean = 91.96 ± 36.1 µg/m2/year), and no significant 
monotonic trend was detected (Mann–Kendall: S = − 29.0, 
τ = − 0.28, p = 0.17); however, episodic increases in Hg 
accumulation occurred in ca. 1972, 1983, and 1995, with 
concomitant increases in sedimentation rate (Fig. 2).

Fig. 2   Temporal profiles of sediment mercury concentration, accumulation rate, sedimentation rate, percent organic matter, percent mineral mat-
ter, and VRS-inferred chlorophyll a for lake BRW100 on the Arctic Coastal Plain of Alaska sampled in August 2014
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The sediment core collected from the latitudinally inter-
mediate lake, ATQ206, was longer than the core from 
BRW100; the deepest section was 23.5 cm from the sur-
face, and dated to 1878. Sedimentation rate was lower than 
that observed in BRW100 (mean 0.03 ± 0.01 g/cm2/year). In 
contrast to the significant and gradual decrease in sediment 
[Hg] observed in BRW100, a gradual increase in [Hg] from 
28 to 81 ng/g was observed between the early 1880s and the 
early 1990s, followed by a subsequent decrease to 61 ng/g 
by 2013; a significant positive trend overall was detected 
(Fig. 3; Mann–Kendall: S = 136, τ = − 0.648, p < 0.001). 
Similar to BRW100, a significant increase in VRS-inferred 
Chl a occurred between 1878 and 2014 in ATQ206 (Fig. 2; 
Mann–Kendall: S = 125, τ = 0.47, p = 0.001). Mercury accu-
mulation rates (mean 14.2 ± 3.6 µg/m2/year) increased sig-
nificantly between the 1880s and 2014, more than doubling 
from 7.0 to 15 µg/m2/year (Fig. 3; Mann–Kendall: S = 107, τ 
= − 0.42, p = 0.04). Although there were overall increases in 
both [Hg] and Hg accumulation between the top and bottom 
of the core, sedimentation and accumulation rates inferred 
from the ATQ206 core were less variable and appreciably 
lower (sedimentation rates ~ 3–4-fold lower, Hg accumu-
lation rates ~ 5.5–6.5-fold lower) than those from either 
BRW100 or RDC312 (Figs. 2, 3, 4).

The southernmost lake, RDC312, was dated to 1912 at 
the bottom of the 12.5  cm core, indicating a sediment 

accumulation rate (mean 0.13 ± 0.12 g/m2/year) of similar 
magnitude to BRW100 and > fourfold higher than ATQ206. 
Mercury concentration increased significantly between 
the early 1900s and 2014, from 41 to 60  ng/g (Fig.  4; 
Mann–Kendall: S = 46, τ = − 0.70, p < 0.001). Unlike 
the other two lakes, there was not a significant monotonic 
increase in Chl a over time in RDC312 (Mann–Kendall: 
S = 38, τ = 0.36, p = 0.07). Mean mercury accumulation 
rate (78.6 ± 68.5 µg/m2/year) was more similar to BRW100 
(91.96 µg/m2/year) than to ATQ206 (mean 14.2 µg/m2/year), 
and similar to BRW100, Hg accumulation was variable with 
no significant monotonic trend (Mann–Kendall: S = 4.0, 
τ = 0.61, p = 0.84). A periodic increase in Hg accumulation 
in ca. 1943, along with smaller increases in ca. 1971 and 
ca. 1986, were coincident with increases in sedimentation 
rate (Fig. 4). The smaller increases in Hg accumulation in 
RDC312 occurred at similar times as two of the events iden-
tified in BRW100 (ca. 1972 and ca. 1983).

Controls on mercury accumulation 
and concentration

Mercury accumulation rate (µg/m2/year) is the product of 
sedimentation rate and Hg concentration. To determine 
which of these variables was the dominant control, Hg accu-
mulation rates were related to both sedimentation rate and 

Fig. 3   Temporal profiles of sediment mercury concentration, accumulation rate, sedimentation rate, percent organic matter, percent mineral mat-
ter, and VRS-inferred chlorophyll a for lake ATQ206 on the Arctic Coastal Plain of Alaska sampled in August 2014



Patterns and controls of mercury accumulation in sediments from three thermokarst lakes on…

1 3

Page 9 of 15  1

[Hg] using linear regressions applied to data from each of 
the three lakes. In both BRW100 and RDC312, nearly all 
(97% and 99%, respectively) of the variability in Hg accu-
mulation rate was explained by sedimentation rate (sim-
ple linear regression, F1,13=400.75, p < 0.001, r2 = 0.97; 
Fig. 2 (BRW 100); F1,10=1628, p < 0.001, r2 = 0.99; Fig. 4 
(RDC312). In ATQ 206, Hg concentration explained more 
of the variability in Hg accumulation (F1,21=8.75,p < 0.001, 
r2 = 0.29; Fig.  3) than sedimentation rate (F1,21=1.47, 
p = 0.24, r2 = 0.07).

Controls on Hg concentration varied among lakes. In 
ATQ206, where Hg accumulation was more strongly related 
to [Hg] than sedimentation rate, there were significant posi-
tive relationships between [Hg] and both %OM (r2 = 0.70) 
and Chl a (r2 = 0.28) (simple linear regression, F > 1,20 ≥ 
16.52, p < 0.001). These positive relationships indicate that 
Hg delivered to ATQ206 is primarily bound to allochthonous 
and/or autochthonous organic matter; while we can clearly 
identify the contribution of autochthonous OM-bound Hg 
via the relationship between [Hg] and Chl a, %OM rep-
resents both authochthonous (quantifiable) and alloch-
thonous (not quantifiable with these data) contributions. 
In RDC312, where Hg accumulation was more strongly 
related to sedimentation rate, [Hg] concentration was also 
significantly and positively related to %OM (r2 = 0.66) and 
Chl a (r2 = 0.87) (F > 1,10 ≥ 19.14, p ≤ 0.001). In contrast, 

there were significant negative relationships between [Hg] 
and both %OM (r2 = 0.50) and Chl a (r2 = 0.40) in BRW100 
(F > 1,13 ≥ 13.18, p ≤ 0.003), but a significant and positive 
relationship between %MM and [Hg] (r2 = 0.47, F1,13=13.18, 
p = 0.003). These results indicate that Hg in BRW100 sedi-
ments is likely associated more with mineral matter than 
with organic matter. The negative relationships between pri-
mary production and [Hg] were likely driven by increases 
in Chl a and OM from ~ 1999–2014, and indeed when 
these years were excluded from the analysis, no significant 
relationship existed between [Hg] and %OM (F1,10=4.03, 
p = 0.07, r2 = 0.29). The negative relationship between [Hg] 
and Chl a was weaker, although still significant (F1,20=5.27, 
p = 0.03, r2 = 0.21).

To identify potential causes of episodic sedimentation 
events (with associated increases in Hg accumulation) in 
BRW100 and RDC312, historical aerial images were ana-
lyzed. It appears that there were increases in lake surface 
area in both lakes between 1948 and 2005; surface areas 
of BRW100 and RDC 312 increased by 12.7% and 5.4%, 
respectively, during this time period (Fig. 5; Table 1). In 
contrast, there was a negligible change in the surface area 
of ATQ206 (0.3%) during this same time period (Fig. 5; 
Table 1). Other notable changes in lake morphometry and 
catchment characteristics can be discerned from the aerial 
imagery series. In BRW100, an access road was constructed 

Fig. 4   Temporal profiles of sediment mercury concentration, accumulation rate, sedimentation rate, percent organic matter, percent mineral mat-
ter, and VRS-inferred chlorophyll a for lake RDC312 on the Arctic Coastal Plain of Alaska sampled in August 2014



	 S. M. Burke et al.

1 3

1  Page 10 of 15

at some point between 1955 and 1973 (Fig. 5). An article 
outlining a funding proposal for this road narrows the win-
dow of road construction to between 1967 and 1973 (Tundra 
Times 1966), which is coincident with a sedimentation event 
that occurred in ca. 1972 (Fig. 2).

Visual interpretation of aerial imagery suggests that 
catchment hydrology could have contributed to the sedimen-
tation events observed in the sediment profile for RDC3012. 
RDC312 has the largest relative catchment size of the three 
lakes (Table 1), and unique hydrological features, includ-
ing an up-gradient lake complex to the south and southeast 
(Fig. 5). It is also evident that a shoreline collapse occurred 
along the eastern bank of the lake at some point (Fig. 5); 
however, this event predates available aerial imagery.

Comparison of mercury accumulation with other 
Arctic and subarctic lakes

Of the eleven additional Alaskan lakes for which data were 
available, the majority (8) had mean Hg accumulation 

rates that were most similar to that observed for ATQ206 
(14.2 ± 3.60 µg/m2/year); that is, much lower (mean Hg 
accumulation = 11.2 ± 8.8 µg/m2/year) and more uniform 
(mean temporal standard deviation = 4.2 ± 4.7) than what 
we observed in either BRW100 (92.0 ± 36.1 µg/m2/year) 
or RDC312 (78.6 ± 69.5 µg/m2/year; Table 2). When the 
additional 33 Arctic lakes with available data, including the 
seven aforementioned Alaskan lakes, and lakes from Canada, 
Greenland, and Norway (Fig. 1; Table 2) were separated by 
landscape type (lake thermokarst, hillslope thermokarst, and 
non-thermokarst), significant differences were found in both 
mean Hg accumulation (ANOVA, F2,37=3.66, p = 0.036) and 
temporal variability (standard error, ANOVA, F2,37=16.64, 
p < 0.0001; Fig. 6). Post-hoc Tukey’s tests indicated that 
lakes in lake thermokarst landscapes had significantly higher 
mean Hg accumulation than lakes in non-thermokarst land-
scapes (p = 0.03), and that Hg accumulation in lakes from 
lake thermokarst landscapes was significantly more tempo-
rally variable than that in hillslope thermokarst landscapes 
(< 0.0001) or non-thermokarst landscapes (p < 0.0001). The 

Fig. 5   Historical aerial images from 1948, 1955, 1971, 1982, and 2005 of three study lakes (BRW100, ATQ206, and RDC312) on the Arctic 
Coastal Plain of Alaska; the imagery is property of the United States Geological Survey (USGS 2016)
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lakes that fall in the lake thermokarst landscape category 
include the three lakes from this study and two lakes (2A 
and 2B) in the Mackenzie Delta Uplands from Deison et al. 
(2012). Similar to BRW100 and RDC312, sedimentation 
rate in these two Deison et al. (2012) lakes explained almost 
all of the variability in Hg accumulation rate (simple linear 
regression r2 ≥ 0.94, F > 1,5 ≥ 97.75, p < 0.002).

Mercury accumulation rates increased significantly 
(similar to ATQ 206) in 28 of the 37 lakes for which data 
were acquired from the literature (Mann–Kendall, Table 2). 
No significant monotonic trends were observed in 7 of the 
lakes (Mann–Kendall, Table 2.), and a significant decrease 
was observed in one lake in the Mackenzie River delta 
(Mann–Kendall, Table 2). Including the lakes from this 
study, 14 of 16 (88%) non-thermokarst lakes displayed a 
significant increase in Hg accumulation, whereas Hg accu-
mulation increased in 14 of 19 (74%) ‘hillslope thermokarst’ 
lakes and 2 of 5 (40%) ‘lake thermokarst’ lakes (see Online 
Resource 1).

Discussion

Controls on Hg accumulation

Of the three lakes sampled for this study, two had variable 
and non-directional temporal trends in Hg accumulation 
(BRW100 and RDC312) rates that were driven by sedi-
mentation rate, and one lake (ATQ206) had a significant 

(2.4-fold) temporal increase in Hg accumulation rate that 
was driven by Hg concentration. Analyses conducted on 
additional data collated from 37 subarctic and Arctic lakes 
revealed that two to three-fold increases in Hg accumula-
tion since preindustrial times have been widely observed 
in lakes in the Northwest Territories (see Muir et al. 2009), 
Nunavut (Hermanson 1998), Norway (Drevnick et al. 2012), 
Greenland (Bindler et al. 2001), and Alaska (Fitzgerald et al. 
2005). Observations of no directional change (see Muir et al. 
2009) and/or decreases (Deison et al. 2012) in Hg accumu-
lation were less common. Several features of BRW100 and 
RDC312 and their catchments may explain the relatively 
high and variable sedimentation rates observed, and the lack 
of temporal trend in Hg accumulation rate. These interpreta-
tions may be applicable to the similar trends in sedimenta-
tion and Hg accumulation rates observed for lakes 2A and 
2B from Deison et al. (2012), and allow for more informed 
predictions and understanding of Hg accumulation rates in 
lakes in lake thermokarst regions (Olefeldt et al. 2016) that 
have similar physical characteristics.

BRW100 is a typical example of a thermokarst lake on 
the Arctic Coastal Plain; it is elliptical in shape, and ori-
ented to the northwest (see Grosse et al. 2013). An access 
road was constructed to BRW100 between 1967 and 1973, 
which aligns with one of the major sedimentation events (ca 
1972). Aside from possible land use change-related sediment 
inputs, the high and variable sedimentation rate may also 
reflect thermokarstic activity or surface runoff events associ-
ated with low soil hydraulic conductivity. Thermokarst lakes 
are subject to several shoreline erosive processes, including 
thermal erosion and mechanical erosion via wave action (see 
Grosse et al. 2013). The silty, ice-rich catchment sediments 
of the thermokarst lakes of the Arctic Coastal Plain make 
them prone to enhanced shoreline erosion (see Grosse et al. 
2013), which likely contributed to lateral growth in BRW100 
(12.7% since 1948), and sedimentation events not related to 
road construction. Sedimentation events could also reflect 
pulses of material delivered to BRW100 during spring snow-
melt or large precipitation events; previous data indicate that 
the catchment soils of BRW100 are poorly drained (Jor-
gensen and Grunblat, 2013), and thus more prone to pulses 
rather than gradual and continuous sediment delivery.

While visual analysis of aerial imagery indicates that ther-
mal shoreline erosion could have contributed to the variable 
and high sedimentation rate in RDC312, as it too appears 
to have expanded (to a lesser extent, 5.4% since 1948), it is 
likely that erosive processes related to terrestrial catchment 
hydrology (i.e., relative catchment size and presence of up-
gradient lake complex) had a greater influence on sedimenta-
tion rate and thus Hg accumulation. RDC312 is not a typi-
cal thermokarst lake; although it is in a zone of continuous 
permafrost and in a lake thermokarst region, lake morphol-
ogy and catchment composition are distinctly different from 

Fig. 6   Box and whisker plots for mercury accumulation rates for 37 
circumarctic and 4 subarctic Alaskan lakes on different landscape 
types, as defined in Olefeldt et (2016). The range bars are 95% con-
fidence intervals; boxes show the inter-quartile ranges (25–75%), the 
horizontal line indicates the median. The lakes in ‘lake thermokarst’ 
panel represent, in order: BRW100, ATQ206, and RDC312 (this 
study), and lakes 2A, and 2B (data from Deison et al. 2012). Accu-
mulation rates are significantly higher and more variable in Lake 
Thermokarst lakes than Non-thermokarst lakes. Accumulation rates 
are focus-corrected when data were available (see Online Resource 1)
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BRW100. For example, BRW100 is surrounded by polyg-
onal ground indicative of degrading ground ice, which is 
absent from the area surrounding RDC312. RDC312 is also 
at a higher elevation than low-relief BRW100 (as it borders 
Brooks Range), and has a smaller area, but larger relative 
catchment size. Its proximity to Brooks Range exposes it 
to higher storm intensities than are typical near the coast 
(Miller, 1963). Finally, RDC312 is located in the Arctic silty 
lowland, where soils are silty with a thick organic-rich sur-
face layer. Previous data indicate that these soils likely have 
an even lower hydraulic conductivity than the catchment 
soils of BRW100 (Jorgensen and Grunblat, 2013). Large 
relative catchment size (compared to BRW100), and low 
hydraulic conductivity could facilitate overland flow and 
pulses of sediment (and Hg) from surface erosion. Since 
two of the major sedimentation events in each of BRW100 
and RDC312 occurred around the same time (early 1970s 
and mid 1980s) it is possible that they were triggered by 
regional weather events (e.g., high precipitation, abnormally 
warm or windy year), although the 1972 BRW100 event was 
almost certainly driven by the road construction. BRW100 
and RDC312 had variable and high sedimentation and Hg 
accumulation rates, and we suggest that this is largely due to 
a combination of thermokarst activity and runoff over catch-
ment soils with low hydraulic conductivity. We suspect that 
similar factors explain the variable and high sedimentation 
and Hg accumulation rates in lakes 2A and 2B from Deison 
et al. (2012).

Compared to the other four lakes located within a lake 
thermokarst region, ATQ206 had relatively low and consist-
ent Hg accumulation rates that were more similar to those 
observed further south in Arctic Alaska. There was a sig-
nificant increase over time in Hg accumulation in ATQ206, 
and the magnitude of this increase was similar to what was 
observed in the five Alaskan lakes near the Toolik Field 
Station originally investigated by Fitzgerald et al. (2005). 
These five lakes collectively showed a ~ 2.5-fold increase 
in Hg accumulation rates since preindustrial times (before 
ca.1850), which the authors attributed to a combination of 
increases in atmospheric deposition and enhanced erosion 
of soils (Fitzgerald et al. 2005). While the sediment core 
from ATQ206 did not quite extend to pre-industrial times 
(pre-1850), a similar 2.4-fold increase was observed in Hg 
accumulation between 1883 and 2013. Although the lakes 
studied by Fitzgerald et al. (2005) are much smaller in sur-
face area than ATQ206, the Fitzgerald et al. (2005) lakes 
have several physical attributes that are similar to ATQ206 
(e.g. relatively small catchment to surface area ratio, coarse 
catchment sediments) and that could explain why sedimenta-
tion and Hg accumulation rates in these lakes were dissimi-
lar to those observed in BRW100 and RDC312.

Relatively high hydraulic conductivity in ATQ206 and 
in the Fitzgerald et al. (2005) lakes may partially explain 

the relatively low and invariable sedimentation rates and 
the relatively low Hg accumulation rates in these lakes. The 
Fitzgerald et al. (2005) lakes and ATQ206 have catchment 
soils with a greater fraction of sands (Fitzgerald et al. 2005; 
Jorgensen and Grunblat, 2013). These coarse catchment sed-
iments likely have higher hydraulic conductivity; hydraulic 
conductivity tests on soils near ATQ206 in the Arctic sandy 
lowland, and on soils near RDC312 in the Arctic silty low-
land, indicated that soils near ATQ206 were twice as con-
ductive as those near RDC312 (J. Koch, unpublished data). 
While conductivity tests were not performed near BRW100, 
catchment conductivity is likely low (relative to ATQ206), 
since it is located in the Arctic peaty-sandy lowland, where 
soils in swales are poorly drained (Jorgenson and Grunblatt 
2013). We suggest that the relatively low sedimentation and 
Hg accumulation rates in ATQ206 and the Fitzgerald lakes 
(when compared to BRW100 and RDC312) can be explained 
by a combination of high hydraulic conductivity, small rela-
tive catchment sizes, and an absence of catchment land-use 
disturbance and appreciable thermokarst activity (e.g., ther-
mal erosion/lateral expansion, or slumping).

Mercury accumulation rates were more strongly related 
to Hg concentration than sedimentation rates in ATQ206, 
and Hg concentration was positively related with both %OM 
and VRS-inferred Chl a in both ATQ206 and RDC312. 
In BRW100, Hg concentration was negatively related to 
both %OM and VRS-inferred Chl a. Positive relationships 
between Hg concentration and indicators of lake primary 
production (%OM and VRS-inferred Chl a) in ATQ206 and 
RDC312 can be explained by the affinity of the oxidized 
Hg species, Hg(II), for reduced complexes in organic matter 
(e.g., thiols; see Ravichandran 2003). This complexation can 
occur in (but is not restricted to) the lake or in the catchment, 
and as such the transfer of OM from the terrestrial catchment 
can be an important source of Hg. Since we did not quan-
tify the proportion of OM originating from the terrestrial 
catchment (allochthony) versus the lake (autochthony) it is 
difficult to disentangle the positive relationships between 
Hg concentration and %OM; however it is likely that both 
allochthonous and authochonous sources contributed to the 
OM in each of the lakes. Many researchers have attributed 
post-industrial increases in Hg accumulation to a form of 
autochthonous complexation termed “algal scavenging” 
(Outridge et al. 2007; Stern et al. 2009). Algal scavenging 
could explain the positive relationship between Hg concen-
tration and Chl a observed in ATQ206 and RDC312. The 
negative relationship between Hg concentration and pri-
mary production in BRW100 is less straightforward. Unlike 
ATQ206, RDC312, and many temperate lakes, the Hg in this 
lake is not primarily associated with organic, but rather min-
erogenic matter, as evidenced by the significant positive rela-
tionship with %MM. Although Hg can be deposited directly 
onto lakes, it is clear from the strong relationship between 
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sedimentation rate and Hg accumulation that catchment con-
tributions have historically been important in Hg delivery 
to BRW100. The negative relationship between %OM and 
Hg concentration was driven by samples that represent the 
time period 1999–2014, when an increase in autochthonous 
primary production (indicated by Chl a) was observed. Since 
Hg is more closely associated with minerogenic matter in 
this lake, it is possible that the increase in number of algal 
cells resulting from greater primary production decreased 
the Hg concentration in each algal cell (and consequently the 
sediment), via a similar mechanism to bloom dilution (Pick-
hardt et al. 2002). This inference is supported by the fact that 
when the years 1999–2014 (when a noticeable increase in 
Chl a was observed) are excluded from the analysis, there is 
no relationship between [Hg] and %OM.

The future of Hg accumulation in thermokarst lakes

Results from this study allow for some predictions about 
future trends in Hg concentration and accumulation in 
thermokarst lakes. As temperatures continue to rise, growing 
seasons will lengthen, and there will likely be a continued 
increase in autochthonous primary production (i.e., more 
algal cells) in Arctic lakes (Prowse et al. 2006). Addition-
ally, rising temperatures are expected to result in increases in 
thermokarstic activity (e.g., thermal erosion, thaw slumping; 
see Grosse et al. 2013), and enhanced runoff (Barnett et al. 
2005), which could increase the amount of terrestrial organic 
matter entering lakes from catchment sources. As the data 
from this study indicate, each of these climate-affected 
processes could have disparate effects on sediment Hg con-
centration depending on the fraction (i.e., organic matter or 
minerogenic matter) with which the Hg in a given lake is 
most closely associated, and the composition/conductivity 
of catchment soils. Our results suggest that an increase in 
primary production could lead to an increase in sediment Hg 
concentration in both ATQ206 and RDC312 due to compl-
exation with organic matter (i.e., algal scavenging), and a 
decrease in sediment Hg concentration in BRW100 due to 
dilution of minerogenic sediments. There is also potential for 
an increase in sediment Hg concentration in RDC312 due 
to either increased runoff or enhanced thermokarstic activ-
ity, as its catchment has a thick organic surface layer. Since 
Hg concentration was the dominant driver of Hg accumula-
tion in ATQ206, if sedimentation rates in this lake remain 
low and steady, an increase in Hg accumulation could be 
expected with increased primary productivity. Conversely, 
if sedimentation rates in BRW100 and RDC312 remain 
high and variable, an increase in primary production (and 
concomitant increases and decreases in Hg concentration in 
RDC312 and BRW100, respectively) would likely not have a 
notable impact on Hg accumulation in these lakes, since sed-
imentation rate is the dominant driver of Hg accumulation.

Predicted temperature-driven increases in primary pro-
duction and thermokarstic activity in Arctic regions are well 
documented; however, these processes are not always col-
linear. Longer ice-free seasons should lead to an increase in 
phytoplankton production, as seen in BRW100 and ATQ206 
in this study (e.g., Prowse et al. 2002); however, thermo-
karstic events such as retrogressive thaw slumps (promi-
nent in hillslope thermokarst landcapes) have been found to 
decrease phytoplankton production (Thienpont et al. 2013). 
Although the temporal scale and resolution of aerial pho-
tograph coverage precluded the direct assessment of thaw 
slump activity in this study, it is important to consider the 
potential mechanisms thaw slumping could drive. A thaw 
slump results in a massive amount of permafrost soil enter-
ing a lake. Permafrost soils have comparatively higher ionic 
concentration than the overlying active layer due to persis-
tent leaching, so concentrated solutes enter the system with 
the sediment (Kokelj and Lewkowicz 1999; Kokelj and Burn 
2003). Base cations facilitate the absorption and flocculation 
of humic substances (coloured dissolved organic matter), 
and although the inundation of ion-rich minerogenic soils 
from a thaw slump may temporarily limit light, it can lead 
to greater water clarity in the long term (Thompson et al. 
2008). This increased clarity can lead to increased mac-
rophyte growth, and potentially a shift away from phyto-
plankton dominance (Thompson et al. 2008), which could 
decrease sediment [Hg] by reducing the capacity for “algal-
scavenging”. Of the three study lakes, RDC312 is the only 
lake that is currently macrophyte-dominated; however, it 
is unclear how long it has been in this state. Additionally, 
thaw slumping itself can lead to a dilution of Hg in sur-
face sediments (Deison et al. 2012). Thus, effects of ris-
ing temperatures on Hg accumulation and concentration in 
thermokarstic lake sediments will depend on catchment size 
and catchment sediment composition, as well as a variety of 
variables that control primary productivity, and frequency 
and magnitude of thermokarstic events.

Future Hg accumulation rates in the study lakes could 
also reflect changes in atmospheric deposition (Fitzgerald 
et al. 2005). Although the lakes studied here have not histori-
cally displayed a distinct atmospheric Hg signal (increase to 
peak Hg concentrations in 1970s followed by recent decrease 
(e.g., Engstrom and Swain 1997)), it is possible that this 
could change. Legislation has led to a decrease in Hg emis-
sions by the power sector in North America since the 1980s 
(Slemr et al. 2003); however, since this legislation is not 
globally applicable and Arctic Alaska receives considerable 
Hg inputs from Asia and Russia (see AMAP 2011), future 
emissions are unpredictable. If emissions were to continue 
to decline, it could have an impact on Hg concentration and 
accumulation in the Arctic Coastal Plain lakes. Changes in 
emissions would likely be detected first in lakes with small 
relative catchment sizes, like ATQ206 and BRW100, before 
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lakes with large relative catchment sizes, like RDC312, due 
to the important and longer-term influence of Hg (both 
anthropogenic and natural) stored in catchment soils (see 
Grigal 2002; Fitzgerald et al. 2005; Harris et al. 2007). Fur-
ther research is required to effectively predict the timeframe 
and magnitude of the impact of reduced atmospheric emis-
sions on Hg in lake sediments.

Thermokarst landscapes cover more than 20% of the 
northern permafrost region (Olefeldt et al. 2016), and avail-
able data from this study and previously published work 
suggest that the highest and most variable Hg accumula-
tion rates occur in lakes in thermokarst regions. We suggest 
that low hydraulic conductivity and thermokarstic processes 
(e.g., thermal erosion, retrogressive thaw slumps) lead to 
high and variable Hg accumulation rates. Available data 
cover only a fraction of the global thermokarst landscape 
(i.e., lake thermokarst and hillslope thermokarst); however, 
the vast majority of this landscape is located in Arctic Rus-
sia, where presumably lakes with variable and high Hg accu-
mulation rates also exist.

Conclusions

Results of this study demonstrate that lakes on the Arctic 
Coastal Plain of Alaska have variable Hg accumulation his-
tories with different underlying controls. Sedimentation rate 
drove Hg accumulation in the lakes where it was found to be 
high and variable, and high and variable sediment and Hg 
accumulation rates were more prevalent in lakes on thermo-
karst landscapes than on non-thermokarst landscapes. It can 
be inferred that Hg accumulation in other lakes with simi-
lar characteristics (i.e., ice rich catchment sediments, large 
relative catchment size, and low hydraulic conductivity) on 
‘lake thermokarst’ or ‘hillslope thermokarst’ landscapes 
could also be driven by sedimentation rate. Conversely, Hg 
accumulation rates in lakes with small relative catchment 
sizes and conductive catchment soils could be driven more 
by factors that control Hg concentration, such as primary 
production and organic matter inputs. It is imperative that 
variability in landscape setting and lake physical character-
istics, such as relative catchment size, catchment soil com-
position (grain size, ice content), and hydraulic conductivity, 
are reflected in predictions of future Hg accumulation in 
Arctic lakes.
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