
 

National Park Service 

U.S. Department of the Interior 

Natural Resource Stewardship and Science  

Historical Trends in Mercury Deposition as Recorded in 

Lake Cores near Glacier Bay National Park and  

Preserve, Alaska 

Natural Resource Report NPS/SEAN/NRR—2019/1928   

 



 

 

 

ON THIS PAGE 

Cliff Lake 

Photo credit: UAS/ SONIA NAGORSKI 

 

ON THE COVER 

Rectangle Lake 

Photo credit: UAS/ SONIA NAGORSKI 



 

 

 

Historical Trends in Mercury Deposition as Recorded 

in Lake Cores near Glacier Bay National Park and 

Preserve, Alaska 

Natural Resource Report NPS/SEAN/NRR—2019/1928 

Authors: Sonia A. Nagorski1, Daniel R. Engstrom2, David P. Krabbenhoft3, Ryan F. Lepak3, William 

F. Fitzgerald4 

1University of Alaska Southeast 

Environmental Science Program 

11120 Glacier Hwy 

Juneau, AK 99801 

 
2St. Croix Watershed Research Station 

Science Museum of Minnesota 

Marine on St. Croix, MN 55047  

 
3Wisconsin Water Science Center 

U.S. Geological Survey 

8505 Research Way 

Middleton, WI 53562 

 
4University of Connecticut 

Department of Marine Sciences 

1080 Shennecossett Rd 

Groton, CT 06340 

 

 

 

 

May 2019 

 

U.S. Department of the Interior 

National Park Service 

Natural Resource Stewardship and Science  

Fort Collins, Colorado 



 

ii 

 

The National Park Service, Natural Resource Stewardship and Science office in Fort Collins, 

Colorado, publishes a range of reports that address natural resource topics. These reports are of 

interest and applicability to a broad audience in the National Park Service and others in natural 

resource management, including scientists, conservation and environmental constituencies, and the 

public. 

The Natural Resource Report Series is used to disseminate comprehensive information and analysis 

about natural resources and related topics concerning lands managed by the National Park Service. 

The series supports the advancement of science, informed decision-making, and the achievement of 

the National Park Service mission. The series also provides a forum for presenting more lengthy 

results that may not be accepted by publications with page limitations.  

All manuscripts in the series receive the appropriate level of peer review to ensure that the 

information is scientifically credible, technically accurate, appropriately written for the intended 

audience, and designed and published in a professional manner.  

This report received formal peer review by subject-matter experts who were not directly involved in 

the collection, analysis, or reporting of the data, and whose background and expertise put them on par 

technically and scientifically with the authors of the information.  

Views, statements, findings, conclusions, recommendations, and data in this report do not necessarily 

reflect views and policies of the National Park Service, U.S. Department of the Interior. Mention of 

trade names or commercial products does not constitute endorsement or recommendation for use by 

the U.S. Government.  

This report is available in digital format from the Southeast Alaska Inventory and Monitoring 

Network website and the Natural Resource Publications Management website. If you have difficulty 

accessing information in this publication, particularly if using assistive technology, please 

email irma@nps.gov. 

Please cite this publication as: 

Nagorski, S. A., D. R. Engstrom, D. P. Krabbenhoft, R. F. Lepak, and W. F. Fitzgerald. 2019. 

Historical trends in mercury deposition as recorded in lake cores near Glacier Bay National Park and 

Preserve, Alaska. Natural Resource Report NPS/SEAN/NRR—2019/1928. National Park Service, 

Fort Collins, Colorado. 

  

NPS 132/153006, May 2019 

https://www.nps.gov/im/sean/index.htm
https://www.nps.gov/im/sean/index.htm
https://www.nps.gov/im/publication-series.htm
mailto:irma@nps.gov?subject=irma@nps.gov


 

iii 

 

Contents  

Page 

Figures................................................................................................................................................... iv 

Tables ..................................................................................................................................................... v 

Abstract ................................................................................................................................................. vi 

Acknowledgments ...............................................................................................................................viii 

List of Terms .......................................................................................................................................viii 

Introduction ............................................................................................................................................ 1 

Methods .................................................................................................................................................. 3 

Results and Discussion .......................................................................................................................... 9 

Loss on ignition .............................................................................................................................. 9 

Age dating and sediment accumulation rates ............................................................................... 11 

Total mercury concentrations and accumulation .......................................................................... 19 

Conclusions .......................................................................................................................................... 28 

Literature Cited .................................................................................................................................... 29 

 

 



 

iv 

 

Figures 

Page 

Figure 1. Location of the four unofficially named lakes sampled near Point Adolphus on 

Chichagof Island, Southeast Alaska, across from the southern end of Glacier Bay 

National Park and Preserve. ................................................................................................................. vii 

Figure 2. Map of Rectangle Lake with coring locations from 2003 and 2015. .................................... 4 

Figure 3. Map of Sapsucker Lake with coring locations from 2003 and 2015. .................................... 5 

Figure 4. Map of Goldeneye Lake with coring locations from 2003 and 2015. ................................... 6 

Figure 5. Map of Cliff Lake with coring locations from 2003 and 2015. ............................................. 7 

Figure 6: Percent organic content and dry density profiles in the two lake cores collected 

from Rectangle Lake, shown overlain with the Rectangle Lake core profile from 2003. ..................... 9 

Figure 7: Percent organic content and dry density profiles in the lake cores collected 

from Sapsucker Lake, shown overlain with the Sapsucker Lake core profile from 2003. .................. 10 

Figure 8: Percent organic content and dry density profiles in the lake cores collected 

from Goldeneye Lake, shown overlain with the Goldeneye core profile from 2003. ......................... 10 

Figure 9: Percent organic content and dry density profiles in the lake cores collected 

from Cliff Lake, shown overlain with the Cliff core profile from 2003. ............................................. 11 

Figure 10:  Profiles of total 210Pb activity vs. core depth for the four study lakes. The 

depth at which 210Pb activity becomes constant represents supported 210Pb and the limit of 
210Pb dating. ......................................................................................................................................... 12 

Figure 11:  Age-depth profile of the core sections as calculated using 210Pb; error bars 

represent ±1 s.d. determined by first-order propagation of analytical uncertainty. ............................. 13 

Figure 12. Sediment accumulation rate with 210Pb age in the four lake cores; error bars 

represent ±1 s.d. determined by first-order propagation of analytical uncertainty. ............................. 14 

Figure 13. Lake core profiles of total mercury concentrations in Rectangle, Sapsucker, 

and Goldeneye Lakes over the past 7-10 centuries. Error bars in Hg concentration are 

based on the 7% average difference between the sediment digestion duplicates, the 

largest source of analytical variability. ................................................................................................ 19 

Figure 14. Lake core profiles of total mercury flux to Rectangle, Sapsucker, and 

Goldeneye Lakes over the past 7-10 centuries. The most recent datapoint is in red. .......................... 20 

 



 

v 

 

Tables  

Page 

Table 1. Locations of the sampling sites at the four study lakes. AC/AL indicates the 

ratio of catchment area: lake area. ......................................................................................................... 3 

Table 2. Rectangle Lake core intervals with corresponding 210Pb age dates, error values, 

and corresponding age dates (and errors) for interval midsections and bases, and dry mass 

accumulation rates (DMAR). ............................................................................................................... 15 

Table 3. Sapsucker Lake core intervals with corresponding 210Pb age dates, error values, 

and corresponding age dates for interval midsections and bases, and dry mass 

accumulation rates (DMAR). ............................................................................................................... 16 

Table 4. Goldeneye Lake core intervals with corresponding 210Pb age dates, error values, 

and corresponding age dates for interval midsections and bases, and dry mass 

accumulation rates (DMAR). ............................................................................................................... 17 

Table 5. Cliff Lake core intervals with corresponding 210Pb age dates, error values, and 

corresponding age dates for interval midsections and bases, and dry mass accumulation 

rates (DMAR). ..................................................................................................................................... 18 

Table 6. Age dates (calculated using 210Pb and extrapolations via the constant rate of 

supply model), total Hg concentrations, total Hg deposition, and Hg isotope 

concentrations along depth intervals of the Rectangle Lake core. ....................................................... 21 

Table 7. Age dates (calculated using 210Pb and extrapolations via the constant rate of 

supply model), total Hg concentrations, total Hg deposition, and Hg isotope 

concentrations along depth intervals of the Sapsucker Lake core. ...................................................... 22 

Table 8. Age dates (calculated using 210Pb and extrapolations via the constant rate of 

supply model), total Hg concentrations, total Hg deposition, and Hg isotope 

concentrations along depth intervals of the Goldeneye Lake core. ..................................................... 24 

Table 9. Grouped time intervals from the Rectangle, Sapsucker, and Goldeneye sediment 

cores, with averaged values of percent organic matter, Hg concentration, Hg flux, and Hg 

isotopes. ............................................................................................................................................... 25 

 

 



 

vi 

 

Abstract  

Sediment cores were collected from four lakes on Chichagof Island in southeast Alaska in May, 2015 

for the purpose of obtaining profiles of total mercury deposition over multiple centuries. Core 

sections were analyzed for organic content and dry density, age dated using 210Pb isotopes and 

constant rate of supply dating models, and for three of the cores, analyzed for total mercury (Hg) and 

stable isotopes of mercury (∆199Hg and δ202Hg). The three cores with full analyses (single cores from 

Rectangle, Sapsucker, and Goldeneye Lakes (unofficial names)) were age dated as far back as the 

11th century. Total mercury fluxes to each lake were fairly constant prior to the 18th century, followed 

by sharp increases in two of the lakes (Rectangle and Goldeneye) in the mid-19th centuries, at the 

start of the Industrial Revolution. Rectangle and Sapsucker Lakes then show their strongest 

deposition increases in the mid-20th centuries, with peak flux values during 1990s-2000, perhaps 

reflecting increased coal burning in Asia and global small scale gold mining operations. Modern 

fluxes of Hg to the lakes are 2-4 times higher than during preanthropogenic (pre-year 1500) times. 

Mercury flux profiles also track closely with those in a regional ice core that exhibits sharp increases 

late in the 20th century. Differences in profiles between the lakes, as well as some incongruence of 

profiles from the same lakes in 2003, highlight the need to obtain multiple cores per lake and 

multiple lakes in order to track fine-scale local changes in sediment accumulation rates and 

atmospheric mercury deposition. Variations among cores and lakes are likely attributable to 

heterogeneous timing of release and sourcing in the watershed from geogenic and atmospheric 

sources. Lake cores such as these, especially if augmented by larger sample sizes, are excellent 

archives of long term Hg wet and dry deposition to remote areas such as those in the Southeast 

Alaska Network of National Park units. 
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Figure 1. Location of the four unofficially named lakes sampled near Point Adolphus on Chichagof Island, 

Southeast Alaska, across from the southern end of Glacier Bay National Park and Preserve. Base map 

derived from https://www.nps.gov/glba/planyourvisit/maps.htm. 

https://www.nps.gov/glba/planyourvisit/maps.htm
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Introduction  

Lake sediments provide reliable archives for long-term global mercury (Hg) deposition trends and 

rates (Biester et al., 2007). Dated lake sediment cores in the northern hemisphere have yielded 

detailed profiles of Hg deposition over multiple centuries and track a sharp rise, leading to a ~3-5 

fold increase, in Hg deposition since the beginning of the Industrial Revolution (Bindler et al., 2001; 

Engstrom et al., 2014; Fitzgerald et al., 2005). Moreover, lake sediment cores in the Midwestern U.S. 

record a decline in Hg deposition since the 1970s, corresponding to regional reductions in Hg 

emissions (Engstrom et al., 2007). Yet unlike the Hg profiles in lake sediments in the Midwest, the 

few cores that exist from Alaska show continued increases in Hg deposition through the end of the 

20th century, indicating that Hg deposition to Alaska went unabated at least until then (Engstrom and 

Swain, 1997; Engstrom et al., 2014). 

The recorded increased Hg loading through the end of the 20th century (Engstrom et al., 2014), 

coupled with the recent acceleration of coal-burning activity in Asia (Pacyna et al., 2010), and the 

onset of mercury fish consumption advisories in Alaska in the last decade (Hamade, 2014), have 

motivated the question of whether transport and deposition to the region has continued to climb since 

the retrieval of the most recent lake sediment cores (in 2003, by Engstrom et al (2014)).The 

industrialization of Asia—primarily China and India--in the past 1-2 decades has been rising sharply, 

fueled largely by energy from coal-burning power plants that can emit significant mercury without 

proper abatement technology (Pacyna et al., 2010).  However, while marked increase in mercury 

emissions are evident in Asia and India (Zhang et al., 2016), globally this increase is largely balanced 

by notable decreases in the developed regions of North America and Europe where steady declines in 

emissions and atmospheric total gaseous mercury are observed.  These recent observations of 

diverging trends in atmospheric mercury concentrations bring into question some of the long-held 

assumptions about a mixed global pool of mercury in the atmosphere and expected responses to local 

and regional emission rules.  Much of the mercury emissions from Asia are carried atmospherically 

to the north coast of North America, as indicated by atmospheric models and west coast 

measurements (Durnford et al., 2010; Jaffe et al., 2005; Kirk et al., 2012). Mercury pollution is also 

sourced from chlor-alkali  plants, cement production, and large and small scale mining of both 

mercury and gold and silver, and other currently active industrial activities (UNEP, 2013). 

Mercury is a volatile metal that travels as an uncharged gaseous element once released into the 

atmosphere, and is subsequently deposited by wet or dry deposition (Schroeder and Munthe, 1998). 

Mercury deposition to Alaska appears to be similar in magnitude to that in temperate latitudes 

although local sources are minimal and scarce (Fitzgerald et al., 2005; Lamborg et al., 2013) 

Deposited inorganic mercury can become methylated (converted to CH3Hg+) in marine and 

freshwater environments and bioaccumulated in fish, wildlife, and ultimately humans (Gilmour et al., 

1992; Ullrich et al., 2001; Wolfe et al., 1998). Mercury in northern latitudes shows significant 

concentration increases over the last few decades, as shown in that mercury in the bodies of otters, 

whales, seals, bears, eagles, and indigenous people who rely on subsistence harvests show increasing 

trends over the last few decades (Braune et al., 2014; Dietz et al., 2013) 
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Placing current and recent Hg deposition to southeastern Alaska into historical and geographic 

contexts is of interest to the National Park Service (NPS) Southeast Alaska Network’s monitoring of 

the “Freshwater Contaminants” vital sign, one of their indicators of park land health, in order to 

inform the design of an environmental contaminants monitoring program. Mercury pollution has 

been identified as an issue of concern to the network (Eckert et al., 2006). With this project, the NPS 

cooperated with the St. Croix Watershed Research Station, the USGS Mercury Research Laboratory, 

and University of Alaska Southeast to revisit sites in 2015 on Chichagof Island that were last cored, 

dated, and measured for mercury in 2003. The goal of this work was to obtain the most recent record 

of mercury deposition in order to evaluate the magnitude of deposition in the context of previous 

decades and centuries. In addition, recent discoveries of mercury isotopic signatures (e.g. coal vs. 

geogenic) and advances in analytical capabilities have opened new opportunities to provide 

information on the geographic source of mercury contamination (Sonke and Blum, 2013). In this 

report, we present the mercury profiles in cores collected from three lakes in 2015. Isotopic Hg 

interpretations are being prepared in a separate journal manuscript, as these results are meaningful in 

the context of isotopic profiles from other cores from around the world (Engstrom et al., 2017). 
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Methods 

Sediment cores were collected in May, 2015, from the same four lakes sampled in 2003 (Engstrom et 

al. 2014). The study lakes are located near Point Adolphus on Chichagof Island in southeastern 

Alaska.  (Table 1 and Figure 1).  

Table 1. Locations of the sampling sites at the four study lakes. AC/AL indicates the ratio of catchment 

area: lake area. 

Lake  

Elevation 

(m) Latitude Longitude 

Area 

(km2) AC/AL 

Depth (m) of lake at coring 

location (+/- 0.2 m) 

Rectangle 240 N 58.23584 W 135.87704 8.7 16.0 10.8 

Goldeneye 329 N 58.24701 W 135.83340 15.1 17.8 11.3 

Sapsucker 266 N 58.23287 W 135.82262 4.3 9.5 6.1 

Cliff 336 N 58.24015 W 135.84224 11.6 17.1 14.4 

 

The selected lakes (all names unofficial) occur in a relatively tight cluster, within three kilometers of 

one another. The sites were selected by the researchers conducting the 2003 coring due to their 

location within a close distance (25 km) of precipitation mercury and 210Pb precipitation collectors 

that were set up at the time in Bartlett Cove, Glacier Bay National Park and Preserve headquarters 

(Lamborg et al., 2013).  The lakes were also chosen due their relatively small watershed sizes, which 

was favored in order to maximize the direct atmospheric Hg signal relative to watershed inputs of 

Hginitially deposited to vegetation and soils. This location contains no permafrost, which has been 

recently discovered to be a large source of atmospheric mercury in arctic Alaska. (Schuster et al., 

2018). 

Local vegetation around the lakes is comprised of undisturbed coastal rainforest (Sitka spruce, 

western hemlock) and open muskeg (peatlands) on more gently sloping surfaces.  GIS analyses were 

used to determine precise surface areas, bathymetry, and catchment characteristics. Watershed maps 

for the four lakes are provided, along with coring locations from both the 2003 and 2015 sampling 

campaigns (Figures 2-5). 
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Figure 2. Map of Rectangle Lake with coring locations from 2003 and 2015. 
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Figure 3. Map of Sapsucker Lake with coring locations from 2003 and 2015. 
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Figure 4. Map of Goldeneye Lake with coring locations from 2003 and 2015. 

 



 

7 

 

 

Figure 5. Map of Cliff Lake with coring locations from 2003 and 2015. 
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The coring was accomplished from a small Zodiac inflatable boat powered by an electric trolling 

motor.  Two sediment cores were obtained from closely spaced locations in the deeper region of each 

lake by means of a HTH-Teknik gravity corer equipped with 7-cm polycarbonate core tubes.  Tubes 

were kept upright and undisturbed during transport.  

At the University of Alaska Southeast (UAS) Natural Science Laboratory, the cores were sectioned 

into 0.5-1 cm increments into polypropylene plastic cups within two days of collection. Within two 

weeks, water content, bulk density, and loss-on-ignition (LOI) were measured at the UAS. Briefly, a 

well-mixed ~1 cm3 subsamples of each core segment were heated progressively at 105° C (for 12 

hours) and 550° C (for 1.25 hours) in crucibles to sequentially drive off their water and organic 

content. Samples were weighed at each stage of the sequential ignition to 0.1 mg in order to obtain 

precise profiles of the density, water content, and organic content of the core sections.  

Core sections were shipped to the St. Croix Watershed Research Station (SCWRS) labs (MN), where 

additional subsamples they were freeze-dried and then analyzed for 210Pb dating. Age dating was 

conducted using 210Pb isotope-dilution, alpha spectrometry, and the constant rate of supply dating 

model (Appleby, 2002; Eakins and Morrison, 1978).  

Subsamples of freeze-dried sediment samples were analyzed for total mercury (HgT) and Hg stable 

isotopes by high-throughput methods at the USGS Mercury Research Lab in Middleton, WI. Samples 

were acid digested overnight at 90° C with HgT analysis of the solution using reduction, Au 

amalgamation and CVAFS detection (USEPA, 2002). Reference materials for HgT were within 95-

100% (average 98.1%, standard deviation 0.9%) of the reported values. Spike recovery for HgT 

concentrations averaged 98.9% (std dev=6.4%). Each water sample was run in duplicate for HgT, and 

the average difference between runs was 6.3%. Sediment digest duplicates (n=7) were between 2-

10% (average 7%) of each other.  

Hg isotopes were measured directly on the digests with a custom gas liquid separator, connected to 

an Apex Q (Tl generator) set to free flow mode. Detection of the isotope ratios were performed on a 

Neptune Plus MC-ICPMS. Analytical Q/A included: secondary standards (UM-Almaden), triplicate 

digests when possible, standard reference material IAEA SL1 and delta determination followed 

standard sample bracketing using NIST–sample–NIST. More thorough descriptions of the instrument 

setup and QA/QC protocols can be found elsewhere (Lepak et al., 2015; USGS-MRL, 2016; Yin et 

al., 2016).  
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Results and Discussion 

Loss on ignition 

Lake sediment profiles show a general increase in bulk density and decrease in percent organic 

matter with depth, particularly within the first 0-10 cm of the core, likely due to compaction and 

corresponding decreasing pore space and decomposition of organic matter (Figures 6-9). Profile 

trends in the 2015 cores were compared to those from the 2003 cores and matched up very closely 

(Figures 6-9). One pronounced anomaly in the otherwise smooth trend included a sharp and discrete 

drop in % organic matter and spike in bulk density in the 20-21cm zone of the Sapsucker core. A 

distinct light colored silt layer was clearly visible at this core depth, explaining the drop in organic 

matter.  

 

Figure 6: Percent organic content and dry density profiles in the two lake cores collected from Rectangle 

Lake, shown overlain with the Rectangle Lake core profile from 2003. 
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Figure 7: Percent organic content and dry density profiles in the lake cores collected from Sapsucker 

Lake, shown overlain with the Sapsucker Lake core profile from 2003. 

 

Figure 8: Percent organic content and dry density profiles in the lake cores collected from Goldeneye 

Lake, shown overlain with the Goldeneye core profile from 2003. 



 

11 

 

 

Figure 9: Percent organic content and dry density profiles in the lake cores collected from Cliff Lake, 

shown overlain with the Cliff core profile from 2003. 

Age dating and sediment accumulation rates 

It was possible to age-date the lake core sections using 210Pb over the uppermost 6.0-11.5 cm of the 

cores (Figure 10), and results show ages in those intervals extending back to the early 1800s, just 

prior to the beginning of the Industrial Revolution (Figure 11, Tables 2-5). Sediment chronologies 

prior to the oldest 210Pb dates were extrapolated based on cumulative dry mass (g cm-2) and mean 

mass accumulation rate (g cm-2 yr-1) for each core (see Engstrom et al., 2014). 

The lowest sections of the cores are calculated to represent the years approximately 1300, 1100, and 

1040 for Rectangle, Sapsucker, and Goldeneye, respectively. (The core from Cliff Lake was age 

dated using 210Pb to the year 1829 at 6 cm depth. Further calculations were not done on this core, as it 

was not included in total Hg and Hg isotopic analyses.)  The uppermost sample slice of each core, 0.5 

cm thick, represent about 4-7 years of deposition. Hence, the top 1-2 sample intervals encompass the 

new record added since the 2003 cores. 

Sediment accumulation rates (Figure 12) were relatively uniform (except Cliff), as indicated by the 

near-exponential activity profiles for 210Pb and the near-constant mercury concentrations prior to the 

year ~1800 (see next section). The determination of near-constant sediment accumulation rates allow 

for the reliable extrapolation of dates prior to the oldest explicit 210Pb date. Dating uncertainly for an 

extrapolated date of 1500 averaged +63/-44 years (± 1 σ).  
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Figure 10:  Profiles of total 210Pb activity vs. core depth for the four study lakes. The depth at which 210Pb 

activity becomes constant represents supported 210Pb and the limit of 210Pb dating. 

 



 

13 

 

 

Figure 11:  Age-depth profile of the core sections as calculated using 210Pb; error bars represent ±1 s.d. 

determined by first-order propagation of analytical uncertainty. 
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Figure 12. Sediment accumulation rate with 210Pb age in the four lake cores; error bars represent ±1 s.d. 

determined by first-order propagation of analytical uncertainty. 
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Table 2. Rectangle Lake core intervals with corresponding 210Pb age dates, error values, and corresponding age dates (and errors) for interval 

midsections and bases, and dry mass accumulation rates (DMAR).   

Top of 

Interval 

(cm) 

Base 

of 

Interval 

(cm) 

Mid of 

Interval 

(cm) 

Total 
210Pb 

(pCi/g) 

Error 

of 

Total 

Pb 

(±s.d.) 

Cum. 

Dry 

Mass 

(g/cm2) 

Unsup. 
210Pb 

(pCi/g) 

Error of 

Unsup 

Pb 

(±s.d.) 

Age: 

Base 

of Int. 

(yr) 

Error 

of  

Age 

(±s.d.) 

Date: 

Base 

A.D.  

Date: 

Mid 

A.D.  

Sediment 

DMAR 

(g/cm2 yr) 

Error of 

DMAR 

(±s.d.) 

0 0.5 0.25 105.625 3.349 0.015 104.954 3.349 5.76 0.65 2009.6 2012.5 0.0026 0.0001 

0.5 1 0.75 54.185 1.870 0.040 53.513 1.870 11.61 0.69 2003.8 2006.7 0.0043 0.0002 

1 1.5 1.25 34.699 1.166 0.079 34.028 1.166 18.56 0.75 1996.8 2000.3 0.0055 0.0002 

1.5 2 1.75 28.064 1.039 0.120 27.393 1.040 26.00 0.83 1989.4 1993.1 0.0055 0.0002 

2 2.5 2.25 24.396 0.884 0.164 23.724 0.885 34.95 0.95 1980.4 1984.9 0.0049 0.0002 

2.5 3 2.75 18.763 0.640 0.213 18.092 0.641 45.14 1.17 1970.2 1975.3 0.0048 0.0002 

3 3.5 3.25 13.147 0.489 0.261 12.476 0.490 54.60 1.45 1960.8 1965.5 0.0051 0.0003 

3.5 4 3.75 10.225 0.324 0.310 9.554 0.326 64.41 1.89 1951.0 1955.9 0.0050 0.0003 

4 4.5 4.25 8.141 0.190 0.361 7.469 0.193 75.64 2.62 1939.7 1945.4 0.0046 0.0003 

4.5 5 4.75 6.154 0.216 0.416 5.482 0.219 88.38 3.82 1927.0 1933.4 0.0043 0.0004 

5.5 6 5.75 3.160 0.105 0.515 2.488 0.111 110.76 2.18 1904.6 1909.9 0.0045 0.0003 

6 6.5 6.25 2.245 0.071 0.559 1.574 0.079 118.97 2.76 1896.4 1900.5 0.0054 0.0005 

7 7.5 7.25 1.705 0.056 0.634 1.033 0.066 133.88 3.64 1881.5 1885.1 0.0050 0.0006 

8 8.5 8.25 1.482 0.048 0.706 0.810 0.059 150.97 5.90 1864.4 1869.0 0.0039 0.0007 

9 9.5 9.25 1.118 0.031 0.773 0.446 0.047 167.92 9.15 1847.5 1851.5 0.0041 0.0011 
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Table 3. Sapsucker Lake core intervals with corresponding 210Pb age dates, error values, and corresponding age dates for interval midsections 

and bases, and dry mass accumulation rates (DMAR). 

Top of 

Interval 

(cm) 

Base 

of 

Interval 

(cm) 

Mid of 

Interval 

(cm) 

Total 
210Pb 

(pCi/g) 

Error 

of 

Total 

Pb 

(±s.d.) 

Cum. 

Dry 

Mass 

(g/cm2) 

Unsup. 
210Pb 

(pCi/g) 

Error 

of 

Unsup 

Pb 

(±s.d.) 

Age: 

Base 

of Int. 

(yr) 

Error 

of  

Age 

(±s.d.) 

Date: 

Base 

A.D.  

Date: 

Mid 

A.D.  

Sediment 

DMAR 

(g/cm2 

yr) 

Error 

of 

DMAR 

(±s.d.) 

0 0.5 0.25 47.974 1.667 0.023 46.826 1.671 4.24 1.18 2011.1 2013.3 0.0054 0.0002 

1 1.5 1.25 43.521 1.462 0.072 42.373 1.466 14.88 1.39 2000.5 2003.4 0.0044 0.0002 

1.5 2 1.75 35.437 1.381 0.098 34.289 1.386 20.50 1.56 1994.9 1997.7 0.0046 0.0003 

2.5 3 2.75 25.074 0.808 0.151 23.926 0.816 32.03 1.60 1983.3 1986.3 0.0046 0.0002 

3.5 4 3.75 20.474 0.804 0.205 19.326 0.812 45.73 2.03 1969.6 1973.3 0.0038 0.0002 

4.5 5 4.75 13.320 0.406 0.260 12.172 0.422 60.00 2.04 1955.4 1959.0 0.0038 0.0002 

5.5 6 5.75 9.464 0.331 0.311 8.316 0.350 73.95 2.35 1941.4 1944.9 0.0036 0.0003 

6.5 7 6.75 6.636 0.163 0.365 5.488 0.200 89.55 2.97 1925.8 1929.9 0.0034 0.0003 

7.5 8 7.75 4.455 0.116 0.424 3.307 0.163 106.71 3.78 1908.7 1913.1 0.0034 0.0004 

8.5 9 8.75 3.634 0.096 0.483 2.486 0.150 129.60 7.03 1885.8 1892.1 0.0024 0.0005 

9.5 10 9.75 1.951 0.058 0.547 0.803 0.129 150.29 8.79 1865.1 1869.6 0.0036 0.0010 

10.5 11 10.75 1.684 0.054 0.613 0.536 0.127 172.23 16.36 1843.1 1849.0 0.0029 0.0014 

11.5 12 11.75 1.421 0.044 0.682 0.273 0.123 199.34 35.48 1816.0 1823.0 0.0025 0.0024 
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Table 4. Goldeneye Lake core intervals with corresponding 210Pb age dates, error values, and corresponding age dates for interval midsections 

and bases, and dry mass accumulation rates (DMAR). 

Top of 

Interval 

(cm) 

Base 

of 

Interval 

(cm) 

Mid of 

Interval 

(cm) 

Total 
210Pb 

(pCi/g) 

Error 

of 

Total 

Pb 

(±s.d.) 

Cum. 

Dry 

Mass 

(g/cm2) 

Unsup. 
210Pb 

(pCi/g) 

Error 

of 

Unsup 

Pb 

(±s.d.) 

Age: 

Base 

of Int. 

(yr) 

Error 

of  

Age 

(±s.d.) 

Date: 

Base 

A.D.  

Date: 

Mid 

A.D.  

Sediment 

DMAR 

(g/cm2 

yr) 

Error 

of 

DMAR 

(±s.d.) 

0 0.5 0.25 127.736 3.713 0.013 126.789 3.713 6.64 0.43 2008.7 2012.1 0.0019 0.0001 

0.5 1 0.75 110.797 2.324 0.025 109.850 2.325 13.11 0.46 2002.3 2005.5 0.0018 0.0000 

1 1.5 1.25 92.588 1.834 0.042 91.641 1.835 23.59 0.51 1991.8 1997.1 0.0017 0.0000 

1.5 2 1.75 58.504 0.963 0.066 57.557 0.966 36.40 0.63 1979.0 1985.4 0.0019 0.0000 

2 2.5 2.25 36.028 1.293 0.094 35.081 1.295 50.06 0.64 1965.3 1972.2 0.0020 0.0001 

2.5 3 2.75 22.665 0.396 0.124 21.718 0.402 63.83 0.86 1951.5 1958.4 0.0021 0.0001 

3 3.5 3.25 11.855 0.228 0.158 10.908 0.238 75.72 1.15 1939.7 1945.6 0.0029 0.0001 

3.5 4 3.75 8.232 0.180 0.194 7.286 0.193 88.25 1.62 1927.1 1933.4 0.0029 0.0001 

4 4.5 4.25 5.945 0.188 0.235 4.999 0.200 102.53 2.40 1912.8 1920.0 0.0028 0.0002 

4.5 5 4.75 3.786 0.095 0.279 2.840 0.117 116.26 3.59 1899.1 1906.0 0.0032 0.0003 

5 5.5 5.25 2.849 0.082 0.325 1.903 0.107 131.65 5.68 1883.7 1891.4 0.0030 0.0004 

5.5 6 5.75 1.789 0.052 0.374 0.842 0.087 142.26 7.79 1873.1 1878.4 0.0046 0.0010 

6 6.5 6.25 1.437 0.037 0.431 0.491 0.079 152.35 10.50 1863.0 1868.1 0.0057 0.0018 

6.5 7 6.75 1.282 0.035 0.483 0.335 0.078 160.74 13.45 1854.6 1858.8 0.0062 0.0026 

7 7.5 7.25 1.334 0.037 0.532 0.388 0.079 173.24 19.60 1842.1 1848.4 0.0039 0.0021 

7.5 8 7.75 1.353 0.035 0.576 0.406 0.078 192.49 35.34 1822.9 1832.5 0.0023 0.0019 

8 8.5 8.25 1.238 0.040 0.622 0.292 0.080 223.89 92.81 1791.5 1807.2 0.0015 0.0028 
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Table 5. Cliff Lake core intervals with corresponding 210Pb age dates, error values, and corresponding age dates for interval midsections and 

bases, and dry mass accumulation rates (DMAR). 

Top of 

Interval 

(cm) 

Base 

of 

Interval 

(cm) 

Mid of 

Interval 

(cm) 

Total 
210Pb 

(pCi/g) 

Error 

of 

Total 

Pb 

(±s.d.) 

Cum. 

Dry 

Mass 

(g/cm2) 

Unsup. 
210Pb 

(pCi/g) 

Error 

of 

Unsup 

Pb 

(±s.d.) 

Age: 

Base 

of Int. 

(yr) 

Error 

of  

Age 

(±s.d.) 

Date: 

Base 

A.D.  

Date: 

Mid 

A.D.  

Sediment 

DMAR 

(g/cm2 

yr) 

Error 

of 

DMAR 

(±s.d.) 

0 0.5 0.25 80.374 2.255 0.030 78.740 2.256 6.97 0.62 2008.4 2011.9 0.0044 0.0001 

0.5 1 0.75 34.284 1.357 0.080 32.650 1.359 12.68 0.64 2002.7 2005.6 0.0086 0.0004 

1 1.5 1.25 27.844 0.929 0.135 26.210 0.931 18.85 0.68 1996.5 1999.6 0.0090 0.0003 

1.5 2 1.75 27.695 1.068 0.195 26.062 1.070 27.13 0.72 1988.2 1992.4 0.0072 0.0003 

2 2.5 2.25 23.906 0.894 0.257 22.272 0.897 36.91 0.77 1978.5 1983.4 0.0064 0.0003 

2.5 3 2.75 19.130 0.740 0.323 17.497 0.743 48.16 0.83 1967.2 1972.9 0.0059 0.0002 

3 3.5 3.25 14.383 0.577 0.390 12.749 0.581 60.12 0.90 1955.3 1961.3 0.0056 0.0002 

3.5 4 3.75 11.058 0.416 0.458 9.425 0.422 73.54 1.05 1941.8 1948.6 0.0051 0.0002 

4 4.5 4.25 9.348 0.332 0.527 7.714 0.339 91.35 1.37 1924.0 1932.9 0.0039 0.0002 

4.5 5 4.75 6.506 0.249 0.595 4.872 0.258 111.56 2.00 1903.8 1913.9 0.0034 0.0002 

5 5.5 5.25 4.949 0.195 0.665 3.315 0.206 141.38 3.91 1874.0 1888.9 0.0023 0.0002 

5.5 6 5.75 2.904 0.101 0.739 1.270 0.122 173.19 9.09 1842.2 1858.1 0.0023 0.0004 

6 6.5 6.25 2.005 0.051 0.823 0.372 0.086 199.16 18.20 1816.2 1829.2 0.0032 0.0013 
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Total mercury concentrations and accumulation 

Concentrations of mercury in the core sections (Table 6, Figure 13) were multiplied by the DMAR to 

yield total mercury fluxes to each lake (Figure 14, Tables 6-8).  

 

Figure 13. Lake core profiles of total mercury concentrations in Rectangle, Sapsucker, and Goldeneye 

Lakes over the past 7-10 centuries. Error bars in Hg concentration are based on the 7% average 

difference between the sediment digestion duplicates, the largest source of analytical variability.  
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Figure 14. Lake core profiles of total mercury flux to Rectangle, Sapsucker, and Goldeneye Lakes over 

the past 7-10 centuries. The most recent datapoint is in red.  
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Table 6. Age dates (calculated using 210Pb and extrapolations via the constant rate of supply model), total 

Hg concentrations, total Hg deposition, and Hg isotope concentrations along depth intervals of the 

Rectangle Lake core. 

  

Top 

(cm) 

  

Base 

(cm) 

  

Mid- 

Date 

Organic 

content 

(%) 

Sediment 

DMAR 

(g/cm2 yr) 

  

Hg conc. 

 (ng/g) 

  

Hg dep. 

µg/m2/yr 

  

Isotopes 

δ202Hg 

  

Δ199Hg 

0.0 0.5 2012.5 55.08 0.0049 276.0 13.52 -1.550 -0.130 

0.5 1.0 2006.7 48.52 0.0043 270.5 11.63 -1.840 -0.250 

1.0 1.5 2000.3 43.08 0.0055 279.6 15.38 -1.920 -0.250 

1.5 2.0 1993.1 41.57 0.0055 232.6 12.79 -1.980 -0.240 

3.0 3.5 1965.5 40.15 0.0049 206.0 10.09 -2.210 -0.330 

3.5 4.0 1955.9 39.22 0.0048 201.6 9.68 -2.040 -0.320 

4.0 4.5 1945.4 40.13 0.0051 182.7 9.32 -1.850 -0.310 

4.5 5.0 1933.4 39.23 0.005 174.7 8.74 -2.010 -0.370 

5.0 5.5 1921.6 39.20 0.0046 163.8 7.53 -1.780 -0.350 

5.5 6.0 1909.9 41.37 0.0043 171.1 7.36 -2.040 -0.380 

6.0 6.5 1900.5 39.97 0.0043 143.9 6.19 -2.100 -0.390 

6.5 7.0 1892.8 37.68 0.0045 154.1 6.93 -2.040 -0.440 

7.0 7.5 1885.1 43.57 0.0054 143.0 7.72 -1.760 -0.250 

7.5 8.0 1877.0 41.28 0.0051 196.4 10.02 -1.870 -0.350 

9.0 9.5 1851.5 43.22 0.005 140.3 7.02 -2.020 -0.430 

9.5 10.0 1845 41.03 0.0045 133.8 6.02 -1.900 -0.420 

10.0 10.5 1836 – 0.0039 134.0 5.23 -1.900 -0.340 

10.5 11.0 1828 39.58 0.0039 141.6 5.52 -2.040 -0.380 

11.0 11.5 1817 – 0.0041 125.1 5.13 -2.000 -0.330 

11.5 12.0 1807 35.00 0.0041 133.0 5.45 -2.070 -0.410 

12.0 12.5 1798 – 0.0041 132.9 5.45 -1.850 -0.320 

12.5 13.0 1789 35.05 0.0041 137.8 5.65 -2.010 -0.380 

13.0 13.5 1779 – 0.0041 126.3 5.18 -1.920 -0.400 

13.5 14.0 1770 36.71 0.0041 145.8 5.98 -2.180 -0.410 

14.5 15.0 1750 32.35 0.0041 121.1 4.97 -1.920 -0.350 

15.0 16.0 1725 – 0.0041 118.5 4.86 -1.970 -0.490 

16.0 17.0 1699 27.97 0.0041 115.2 4.72 -2.030 -0.410 

17.0 18.0 1676 – 0.0041 124.0 5.08 -1.950 -0.480 

18.0 19.0 1654 32.31 0.0041 121.7 4.99 -1.970 -0.390 

19.0 20.0 1631 – 0.0041 126.8 5.20 -2.010 -0.390 
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Table 6 (continued). Age dates (calculated using 210Pb and extrapolations via the constant rate of supply 

model), total Hg concentrations, total Hg deposition, and Hg isotope concentrations along depth intervals 

of the Rectangle Lake core. 

  

Top 

(cm) 

  

Base 

(cm) 

  

Mid- 

Date 

Organic 

content 

(%) 

Sediment 

DMAR 

(g/cm2 yr) 

  

Hg conc. 

 (ng/g) 

  

Hg dep. 

µg/m2/yr 

  

Isotopes 

δ202Hg 

  

Δ199Hg 

20.0 21.0 1609 32.57 0.0041 108.2 4.44 -2.180 -0.400 

21.0 22.0 1588 – 0.0041 93.3 3.83 -2.050 -0.370 

22.0 23.0 1567 33.57 0.0041 102.4 4.20 -2.160 -0.440 

23.0 24.0 1543 – 0.0041 101.3 4.15 -2.110 -0.430 

24.0 25.0 1520 34.00 0.0041 116.2 4.76 -2.110 -0.400 

25.0 26.0 1493 – 0.0041 91.0 3.73 -2.120 -0.400 

26.0 27.0 1467 32.84 0.0041 91.9 3.77 -2.020 -0.420 

28.0 29.0 1412 30.08 0.0041 89.5 3.67 -1.860 -0.330 

29.0 30.0 1384 – 0.0041 92.4 3.79 -2.020 -0.450 

30.0 31.0 1355 32.53 0.0041 98.2 4.03 -2.090 -0.370 

31.0 32.0 1329 – 0.0041 93.4 3.83 -2.170 -0.400 

32.0 33.0 1303 38.49 0.0041 91.0 3.73 -2.020 -0.360 

 

Table 7. Age dates (calculated using 210Pb and extrapolations via the constant rate of supply model), total 

Hg concentrations, total Hg deposition, and Hg isotope concentrations along depth intervals of the 

Sapsucker Lake core. 

Top 

(cm) 

Base 

(cm) 

Mid- 

Date 

Organic 

content 

(%) 

Sediment 

DMAR 

(g/cm2 yr) 

Hg conc. 

 (ng/g) 

Hg dep. 

µg/m2/yr 

Isotopes 

δ202Hg Δ199Hg 

0 0.5 2013.3 56.35 0.0054 140.2 7.57 -1.518 -0.314 

0.5 1 2008.7 55.38 0.0049 190.0 9.31 -1.509 -0.266 

1 1.5 2003.4 53.43 0.0044 216.0 9.50 -1.546 -0.260 

1.5 2 1997.7 50.85 0.0046 232.0 10.67 -1.571 -0.182 

2 2.5 1992.1 48.31 0.0046 236.8 10.89 -1.629 -0.201 

2.5 3 1986.3 47.31 0.0046 220.0 10.12 -1.559 -0.164 

3 3.5 1980.1 44.96 0.0042 174.0 7.31 -1.555 -0.229 

3.5 4 1973.3 44.50 0.0038 215.8 8.20 -1.663 -0.298 

4 4.5 1966.1 43.69 0.0038 212.0 8.06 -1.531 -0.215 

4.5 5 1959.0 43.08 0.0038 157.7 5.99 -1.469 -0.299 

5 5.5 1951.9 43.19 0.0037 148.7 5.50 -1.406 -0.305 

5.5 6 1944.9 40.53 0.0036 160.7 5.78 -1.596 -0.358 
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Table 7 (continued). Age dates (calculated using 210Pb and extrapolations via the constant rate of supply 

model), total Hg concentrations, total Hg deposition, and Hg isotope concentrations along depth intervals 

of the Sapsucker Lake core. 

Top 

(cm) 

Base 

(cm) 

Mid- 

Date 

Organic 

content 

(%) 

Sediment 

DMAR 

(g/cm2 yr) 

Hg conc. 

 (ng/g) 

Hg dep. 

µg/m2/yr 

Isotopes 

δ202Hg Δ199Hg 

6 6.5 1937.7 35.25 0.0036 162.9 5.86 -1.521 -0.352 

6.5 7 1929.9 37.22 0.0034 161.1 5.48 -1.643 -0.438 

7 7.5 1921.6 34.47 0.0034 146.6 4.98 -1.599 -0.367 

7.5 8 1913.1 38.03 0.0034 145.7 4.95 -1.245 -0.220 

8 8.5 1903.6 39.31 0.0029 141.9 4.12 -1.653 -0.379 

8.5 9 1892.1 40.57 0.0024 147.8 3.55 -1.693 -0.405 

9 9.5 1879.9 37.61 0.0026 147.0 3.82 -1.653 -0.405 

9.5 10 1869.6 34.53 0.0036 118.0 4.25 -1.779 -0.455 

10 10.5 1860.0 – 0.0032 134.0 4.29 -1.742 -0.474 

10.5 11 1849.0 37.12 0.0029 126.0 3.65 -1.819 -0.513 

11 11.5 1836.6 – 0.0026 132.3 3.44 -1.751 -0.504 

11.5 12 1823 39.90 0.0025 161.9 4.05 -1.768 -0.540 

12.5 13 1796 38.51 0.0028 175.3 4.91 -1.735 -0.431 

13.5 14 1771 38.13 0.0028 199.9 5.60 -1.745 -0.255 

14.5 15 1744 36.62 0.0028 231.7 6.49 -1.648 -0.393 

15 16 1717 – 0.0028 142.4 3.99 – – 

17 18 1656 39.99 0.0028 111.9 3.13 -1.867 -0.421 

19 20 1584 39.74 0.0028 127.7 3.58 -1.529 -0.337 

20 21 1445 44.34 0.0028 78.7 2.20 -1.381 -0.392 

21 22 1411 40.53 0.0028 140.4 3.93 -1.801 -0.377 

23 24 1352 41.22 0.0028 114.2 3.20 -1.821 -0.407 

25 26 1290 39.36 0.0028 88.5 2.48 -1.681 -0.455 

27 28 1224 39.75 0.0028 103.1 2.89 -1.787 -0.389 

29 30 1159 37.36 0.0028 91.2 2.55 -1.510 -0.366 

31 32 1095 37.32 0.0028 104.8 2.93 -1.793 -0.523 
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Table 8. Age dates (calculated using 210Pb and extrapolations via the constant rate of supply model), total 

Hg concentrations, total Hg deposition, and Hg isotope concentrations along depth intervals of the 

Goldeneye Lake core. 

  

Top 

(cm) 

  

Base 

(cm) 

  

Mid- 

Date 

Organic 

content 

(%) 

Sediment 

DMAR 

(g/cm2 yr) 

  

Hg conc. 

 (ng/g) 

  

Hg dep. 

µg/m2/yr 

  

Isotopes 

δ202Hg 

  

Δ199Hg 

0 0.5 2012.1 45.48 0.0019 226.2 4.3 -1.204 -0.187 

0.5 1 2005.5 46.37 0.0018 194.2 3.5 -1.047 -0.111 

1 1.5 1997.1 48.54 0.0017 259.0 4.4 -1.252 -0.145 

1.5 2 1985.4 49.79 0.0019 295.1 5.6 -1.445 -0.114 

2 2.5 1972.2 48.94 0.0020 287.6 5.8 – – 

2.5 3 1958.4 45.25 0.0021 254.6 5.3 -1.593 -0.195 

3 3.5 1945.6 45.58 0.0029 274.6 8.0 -1.518 -0.200 

3.5 4 1933.4 46.29 0.0029 255.8 7.4 -1.566 -0.226 

4 4.5 1920.0 46.17 0.0028 259.1 7.3 -1.577 -0.263 

4.5 5 1906.0 40.27 0.0032 249.9 8.0 -1.535 -0.343 

5 5.5 1891.4 41.62 0.0030 221.1 6.6 -1.524 -0.231 

5.5 6 1878.4 43.66 0.0046 178.5 8.2 -1.342 -0.135 

6 6.5 1868.1 47.17 0.0057 173.1 9.9 – – 

6.5 7 1858.8 45.62 0.0062 152.8 9.5 -1.081 -0.350 

7 7.5 1848.4 45.58 0.0039 123.7 4.8 -1.150 -0.250 

7.5 8 1832.5 45.64 0.0023 107.0 2.5 -1.240 -0.343 

8 8.5 1807.2 45.80 0.0015 126.5 1.9 -1.361 -0.310 

8.5 9 1789 45.60 0.0020 134.0 2.7 -1.538 -0.326 

9 9.5 1770 47.66 0.0020 124.7 2.5 -1.577 -0.340 

9.5 10 1749 46.08 0.0020 108.9 2.2 -1.473 -0.260 

10.5 11 1707 45.09 0.0020 144.0 2.9 -1.719 -0.299 

11.5 12 1668 42.03 0.0020 134.0 2.7 -1.540 -0.263 

12.5 13 1629 40.39 0.0020 102.0 2.0 -1.451 -0.323 

13.5 14 1590 42.91 0.0020 97.3 1.9 -1.332 -0.314 

14.5 15 1558 43.34 0.0020 89.4 1.8 -1.327 -0.339 

16 17 1488 40.92 0.0020 99.6 2.0 -1.268 -0.298 

18 19 1415 36.85 0.0020 93.4 1.9 -1.282 -0.336 

20 21 1344 43.51 0.0020 124.6 2.5 -1.242 -0.372 

22 23 1279 45.69 0.0020 87.5 1.8 -1.240 -0.331 
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Table 8 (continued). Age dates (calculated using 210Pb and extrapolations via the constant rate of supply 

model), total Hg concentrations, total Hg deposition, and Hg isotope concentrations along depth intervals 

of the Goldeneye Lake core. 

  

Top 

(cm) 

  

Base 

(cm) 

  

Mid- 

Date 

Organic 

content 

(%) 

Sediment 

DMAR 

(g/cm2 yr) 

  

Hg conc. 

 (ng/g) 

  

Hg dep. 

µg/m2/yr 

  

Isotopes 

δ202Hg 

  

Δ199Hg 

24 25 1190 42.43 0.0020 148.3 3.0 -1.619 -0.339 

26 27 1121 44.10 0.0020 84.6 1.7 -1.179 -0.335 

28 29 1042 41.05 0.0020 86.4 1.7 -1.362 -0.374 

 

Grouping of core intervals into 25-100+ year averages (Table 9) reveals that flux values doubled in 

Goldeneye and tripled in Rectangle and Sapsucker Lakes, between the pre-1500 period and the most 

recent time interval (1990-2015). (Pre-1500 is designated as pre-anthropogenic because large scale 

use of mercury began in the late 1500s in colonial South American silver mines (Cooke et al., 2009; 

Guerrero, 2016). Assuming that pre-1500 age Hg fluxes to the lake are due to natural geogenic 

sources in the watershed and natural atmospheric deposition, the increase during the recent three 

centuries above background can be attributed to enhanced deposition from anthropogenic activity 

such as coal combustion, metal smelting, and industrial processes within the air shed of these lakes.  

Table 9. Grouped time intervals from the Rectangle, Sapsucker, and Goldeneye sediment cores, with 

averaged values of percent organic matter, Hg concentration, Hg flux, and Hg isotopes. 

Lake 

Time interval 

(year) %Org 

Hg 

conc. 

ng/g 

Hg flux 

µg/m2/yr 

Hg 

isotopes 

δ202Hg  Δ199Hg 

Hg flux 

ratio* 

m/p 

Rectangle 1990-2015 47.1 265 13.3 -1.82 -0.22 3.5 

1950-1990 39.7 204 9.9 -2.13 -0.33 – 

1900-1950 40.0 167 7.8 -1.96 -0.36 – 

1850-1900 41.4 158 7.9 -1.92 -0.37 – 

1800-1850 38.5 134 5.5 -1.98 -0.38 – 

1700-1800 34.7 130 5.3 -1.98 -0.39 – 

1500-1700 32.1 112 4.6 -2.06 -0.41 – 

pre-1500 33.5 92 3.8 -2.04 -0.39 – 

Sapsucker 1990-2015 52.9 203 9.6 -1.55 -0.24 3.3 

1950-1990 44.5 188 7.5 -1.53 -0.25 – 

1900-1950 37.5 153 5.2 -1.54 -0.35 – 

1850-1900 37.6 137 4.0 -1.72 -0.43 – 

1800-1850 38.5 140 3.7 -1.78 -0.52 – 

1700-1800 37.8 187 5.2 -1.71 -0.36 – 

*m/p= modern to pre-anthropogenic (pre-1500) Hg flux ratio 
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Table 9 (continued). Grouped time intervals from the Rectangle, Sapsucker, and Goldeneye sediment 

cores, with averaged values of percent organic matter, Hg concentration, Hg flux, and Hg isotopes. 

Lake 

Time interval 

(year) %Org 

Hg conc. 

ng/g 

Hg flux 

µg/m2/yr 

Hg 

isotopes 

δ202Hg  Δ199Hg 

Hg flux 

ratio* 

m/p 

Sapsucker 

(cont.) 

1500-1700 39.9 120 3.4 -1.70 -0.38 – 

pre-1500 40.0 103.0 2.9 -1.7 -0.42 – 

Goldeneye  1990-2015 46.8 226 4.1 -1.17 -0.15 2.0 

1950-1990 48.0 279 5.6 -1.52 -0.15 – 

1900-1950 44.6 260 7.7 -1.55 -0.26 – 

1850-1900 44.5 181 8.5 -1.32 -0.24 – 

1800-1850 45.7 119 3.1 -1.25 -0.30 – 

1700-1800 46.1 128 2.6 -1.58 -0.31 – 

1500-1700 42.2 106 2.1 -1.41 -0.31 – 

pre-1500 42.1 103 2.1 -1.3 -0.34 – 

*m/p= modern to pre-anthropogenic (pre-1500) Hg flux ratio 

 

The 2.0-3.5 fold increases in mercury flux to the lake sediments between pre-anthropogenic and 

modern periods in these Chichagof lakes matches well with flux ratios revealed in lakes from Arctic 

Alaska, Newfoundland, and other regions remote from emission sources (Engstrom et al. 2014). Pre-

anthropogenic to modern flux ratios are higher (6-20 fold) in areas closer to local sources such as in 

near Hg-mining districts in South America and in urban areas of the US (Engstrom et al., 2007). 

In Rectangle Lake, Hg flux increased with each progressive grouped time interval shown (Table 9), 

with the largest relative increase in the 1990-2015 section relative to 1950-1990 (flux increase from 

9.9 to 13.3 µg m-2 yr-1).  In both Rectangle and Sapsucker Lakes, the highest average Hg flux was in 

the most recent sections (1990-2015).  Although not analyzed for Hg in this study, Cliff Lake’s 

sediment cores collected in 2003 showed a similar sharp and unabated rise in Hg fluxes in the late 

20th century (Engstrom et al. 2014). In Goldeneye, peak Hg flux occurred much earlier—in the 1850-

1900 core section, with declines since then but with the most recent (1990-2015) section’s average 

flux still doubling the pre-1500 value.  It is notable that all three cores show increases in Hg flux 

starting around 1850 and then declining toward about 1900, but the magnitude of this increase and 

the time period over which it is sustained is different (least for Sapsucker and greatest for 

Goldeneye).  Whether this is due to known large mercury uses associated with the Gold Rush in 

North America is not certain, but it is well timed with that event.  Differences among lakes in 

absolute mercury flux are likely due to variations in sediment focusing within each, as well as 

differences in the export of atmospherically derived Hg from catchment vegetation and soils. 

In Rectangle and Goldeneye, the most recent sediment layer (core section mid-date 2012 and 2015, 

respectively) show 15-20%  increases in calculated flux values compared with the second most 

recent interval (core section mid-date 2005 and 2007), reversing a downward trend in Hg flux in 
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these cores. In Rectangle, the highest Hg deposition was in year 2000 (core section mid-date), with 

15.4 µg m-2 yr-1, which is 4.1 times higher than the pre-1500 background (Table 6). The sample 

above that (core section mid-date 2007) had a lower flux (11.6 µg m-2 yr-1), but the most recent 

segment (top 0.5 cm of the core, section mid-date 2012) has a flux of 13.5 µg m-2 yr-1.  Although 20th 

century Hg flux to Goldeneye was highest in 1945 and has generally (with some fluctuation) declined 

since then, it shows an increase in Hg flux (3.5 to 4.3 µg/m2/yr, or 20%) between the 2005 to 2012 

intervals (Table 8). In contrast, the uppermost core section from Sapsucker Lake follows a trend of 

consistent decrease in Hg flux since the peak in the mid-1990s, when the maximum value was 3.7-

fold higher than the pre-1500 background level (Table 7). 

Profiles from Rectangle and Sapsucker closely match profiles obtained in the same lakes in 2003 

(Engstrom et al. 2014). However, the profile in the Goldeneye core is substantially different from 

those from cores taken in 2003, in that it shows an earlier Hg flux peak (around 1850-1900) rather 

than in the late-20th century. A likely reason for the discrepancy is that in the current study, only a 

single core per lake was analyzed, whereas the 2003 study integrated 6 widely-spaced individual 

cores from each lake. This indicates that within-site variability in lakes may be substantial and 

therefore multiple cores/lake are needed in order to accurately track decadal-scale temporal trends. 

The general trend in the 2015 Chichagof lake cores follows closely the Hg temporal profiles shown 

in a Mt Logan (Yukon, Canada) ice core collected in 2002, the only other published long-term Hg 

archive in the region (Beal et al., 2015). In that core, the first major rise in Hg fluxes is seen in the 

late 19th century and is attributed to activities associated with North American silver and gold mining 

and European Hg production during that time. Late 19th century increases in Hg fluxes are also seen 

in the Rectangle and Goldeneye (but not Sapsucker) lake sediment profiles. In both the Mt Logan ice 

core and in the Rectangle Lake sediment core, however, this Gold Rush signal is small and brief 

compared with the late-20th century rise. However, Goldeneye’s maximum Hg flux during the late 

1900s is more pronounced, illustrating the between-lake heterogeneity and the importance of 

obtaining cores from multiple lakes in order to obtain more certain regional trends. In Beal et al. 

(2015) ice core, Hg fluxes rise well above background levels from about 1940-1975 (maximum in 

1960), followed by a decline in the 1980s and then a rise through the 1990s. Beal et al. (2015) also 

suggest that the most recent rise in Hg deposition is may reflect recent growth in Asian coal burning.  

Stable isotopes of mercury may be informative for delineating sources of mercury, elucidating 

regional differences in mercury deposition and cycling, and site-specific controls on mercury inputs 

to lakes. The results of the mercury stable isotopes measurements on the Chichagof lake core will be 

reported and interpreted in a separate manuscript in the context of data from multiple other lake core 

sites around the world.  Generally, however, the patterns apparent from the Chichagof data indicate a 

slight positive trending of ∆199Hg with inputs of anthropogenic Hg over time, as well as 

asynchronous variations (among cores) in δ202 Hg, which may be attributable to variable mechanisms 

of Hg fractionation in the watersheds and inputs to the lakes (Engstrom et al., 2017).  
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Conclusions 

Cores obtained from lakes on north Chichagof Island are excellent archives of historical mercury 

deposition to the region over multiple centuries and help place modern fluxes in the context of 

historical background levels. The mercury flux data indicate a relatively steady level of Hg 

deposition (average 2.1-3.8 µg m-2 yr-1) to the lakes prior to the 17th century, with some higher fluxes 

in the 18th and 19th centuries, and in two of the cores, a 3- to 4-fold increase over pre-anthropogenic 

values in the most recent couple of decades. In two of the lakes (Rectangle and Goldeneye), the 

uppermost core interval (top 0.5 cm of the cores), representing the most recent 5-8 years, shows a 

reversal (15-20% increase over the next older interval) of a prior, short duration downward trend of 

Hg flux to the lakes at the end of the 20th century. Recoring the lakes in a few decades would help 

elucidate if this trend holds as a reflection of recently elevated emissions from industrial Asian 

nations, (despite global declines otherwise), or if it is only a temporary variation of mercury 

deposition rates or export from the catchment. Differences among the lakes need to be considered in 

that the lake catchment areas may be routing, storing, and releasing mercury to the lakes by different 

processes that may include heterogeneous mercury storage and release, non-uniform contributions by 

geologic sources in the catchments, and heterogeneous isotopic fractionation of the stable mercury 

isotopes as a result of in situ processes, resulting in profile variations within and among cores. For 

the purpose of planning future monitoring of mercury deposition to the region, it is advisable that 

multiple cores be collected at each of the four lakes. Any additional information on the timing, 

magnitude, and fractionation of mercury as it is routed through the catchments into the lakes would 

also help explain variations in the profiles. Overall, these cores provide valuable information on 

long-term mercury deposition to the region, and their coastal, remote location make them appropriate 

surrogates for atmospheric deposition from global sources to the SE Alaska region in general. 
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