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Abstract

Mercury is an environmental contaminant of concern, especially in northéongeghere human

exposure to mercury through fish consumption can be high. Mercury accumulation in northern lakes

has increased over the past 100 years, largely due to increased anthropogenic emissions of mercury to

the atmosphere and subsequent depositionercury on remote lakes and catchments. In this study, |
investigated approximately200 years of sediment history in Kluane Lake, a large, dynamic,

glacially-fed lake in the southwestern Yukon. This lake is an important traditional food source to

Kluane First Nation, and citizens have become concerned about environmental contaamdants

with recent changes in glacial meltwater feeding Kluane Lake. Previous research has described two
hydrological periods in Kluane Lakkiringthe past 200 years: th Duke River periodc@aCE 750

to CE 1650) and caGEl65AtoCE2015h Wsingaemyfiionyd  (

paleolimnological approach, | characterized the spatiotemporal variation in sediment mercury

dynamics in Kluane Lake with sediment cores calddtom several regior{(Southern, Middle,

Talbot Arm regions)n the lake. During the Duke River period, sediment accumulation and

composition appeared to be relatively stabteughout the lakeGlacial sediments transported via

the Duke River diluted mrcury delivered to the lake from catchment soils and bedrock. The
transition to the A4y Chu period, marked by a r
increased variability in sediment accumulation and composition, with numerous eagthquak

preserved irtore stratigraphies. In the Middle region of the lake, mercury accumulation rates and
concentrations did not differ between the two hydrologic periods, while in the Talbot Arm, mercury
accumulation rates and concentration were significanflyg h e r during the A’ dy Ch
delivered to Kluane Lake during the A>dy Chu per
particles, including organic matter, and the sec¢c

of the Kaskawulsilacier meltwaters by the Kaskawulsh River in spring 2016 has marked a new
iii



hydrological period in Kluane Lake: continued monitoring is necessary to determine the effects on

mercury cycling and bioavailability, and the implications for communities thabretiie lake.
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Chapter 1

Introduction

Northern North America is sparsely populated, with limited industrial development and few local
sources of contaminatiorlowever, many areas of the North have been contaminated with pollutants
that have arrived via lorginge atmospheric transport from temperate regions (e.g., AMAP 2011).
Among these pdlitants is mercury, a natunaetallic element that has become mobilibgd
anthropogenic activities globally, resulting in increased amounts of mercury being circulated in the
atmosphere (Schuster al.2002; AMAP 2011). Accumulation of mercury in lakes throughout Arctic
and subarctic regions has increased during the pastedds, due largely to anthropogenic emissions
of mercury to the atmosphere from industrial activities in temperate and tropical regions (e.g.,
Fitzgeraldet al. 1998 Lockhartet al.2005 Kirk et al.2011). Once in the atmosphere, mercury can

be transpded long distances from local point sources to remote lakes and watersheds. Mercury is
then deposited across the landscape and ultimately into aquatic ecosystems while undergoing
biogeochemicathangegsee Masort al. 1994;Selin 2009). In remote regisnmercury research has
focused primarily on thpathways of mercurgleliveryto lakesand the movement of mercury

through food webs. The organic form of mercury, methylmercury, is of particular interest because it
can bioaccumulate and biomagnify throwgjuatic food webs and may reach levels that pose risks to

human health (see Merglet al.2007 Dérea 2008).

Concentrations of mercury in biota in subarctic and Arctic lakes have incidharsegithe past 50
years, reflecting increased anthropogenic nmgrtaading (see Lockhadt al. 2005; e.g., Carriet al.
2010). Elevated mercury concentrations have been found idil@t predatory fishes (see Lockhart
et al.2005) that serve as subsistence food sources for northerners (seedBi@ub@99;Kuhnlein &
Chan 2000Van Oostdanet al.2005). Many remote communities, especially First Nations

communities, rely on lakes as subsistence food sources (e.g., Wein & Freeman 1995) and increases in
1



mercury loading to lakes place these communities at gresikelormercury exposure (e.g.,

Hermanson & Brozowski 2005; see Kuhnlein & Chan 200ih Oostdanet al.2003). There is

growing concern in northern communities and with regulators regarding increasing mercury levels in
subsistence food species in the Ndgly., KFN 2014; Receveet al. 1998), and an increased need

to strengththe ability to predict mercury in important fish species under future climate change

scenarios (see Reist al. 2006 Fickeet al.2007).

The biogeochemical cycle of mercury in freshwater ecosystems is complex (see Braht2®il4
Lehnerr 2014Chételatet al. 2015). Predicting mercury in fish requires information on trophic
ecology, food web structure, water chemistryg(,Ravichandan 2004), mercury loading (from both
the atmosphere and the catchment), and sediment chemistry (e.g., Gretafi€dd01, Carrieet al.
2010).The environmental factors which contrdi¢ biological and environmental mechanisms that
transform mercury it the highly toxic and bioaccumulative form, methylmercury, are not well
understood. However, the amount of methylmercury available to bioaccumulate in food webs
depends on the amount of mercury loading to the ecosystem, and the processes that reguitgite me
methylation and demethylation (sBeaaten et al. 2014 hételatet al. 2015 Paranjape & Hall 2037

In general, loading of mercury to remote lake ecosystems has incbga®ed! timessince the
Industrial Revolution (Drevnickt al.2012; Muiretal. 2009; Drevniclket al.2016), although

temporal patterns of mercury accumulation in lakes vary within and among northern regions (e.g.,
Sternet al.2009 Kirk et al.2011). Variation in mercury loading to northern lakes can be attributed to
numerousdctors, including catchment area to lake area ratio (e.g., Lutattel 995; Muir et al.
2009;Drevnicket al.2016), catchment soil composition (e.g., Johanssah 1991, Fitzgeraldet al.
2005;Luo et al.2015; see Grigal 200Zabriel & Williamson2004), abundance of wetlands and
peatlands within the catchment (e.g., St. Latial. 1994 Rydberget al.2010; see Rudd 1995), and

atmospheric deposition rates (e.g., Engstedal. 1994 Wieneret al.2006).
2



Sedimenimercury interactions are impontan determining the rate of mercury accumulation and the
bioavailability of mercury to organisms (Drisceli al. 1995; Ullrichet al.2001). These interactions

are complex, and are influenced by a variety of environmental factors. Sediment orgamic matte
including algalderived, dissolved, and particulate fractions, adsorbs mercury and can influence the
rate of mercury delivery to lakeottoms. Organic matter has been shown to have a high affinity for
mercury, forming complexes with both inorganic anglemic forms of mercury (Driscodt al. 1995;

El Bilali et al.2002; Ariaset al.2004; Liuet al.2012). While the organmercury complexes are
strong, high concentrations of labile carbon in sediments have been linked to increased microbial
reduction ofmercury, which releases the mercury from the sediogganic complexes and makes it

bioavailable (Brazeaet al.2013a).

Interactions between inorganic and organic fractions of sediment affect mobility and availability of
mercury in sediment. Clay paiies have a high capacity to adsorb mercury, which limits mercury
bioavailability (Desauzierst al. 1997; Ullrichet al.2001; Ariaset al.2004; Zhu & Zhong 2015).
This adsorption capacity increases with increasing DOC in lake wdtergo strong affity between
DOC and mercuryArias et al.2004; Zhu & Zhong 2015). Mercury also readily forms colloids with
metaloxides, hydroxides, and, particularly, sulphides (Desaueteak 1997; El Bilaliet al.2002;
Wolfendenet al.2005; Liuet al.2012). Sevel ions in lake water can interfere with mercury
complex formation, reducing mercury adsorption and forming metioargomplexes (Reimers &
Krenkel 1974; Liuet al.2012; Brazeaet al.2013a). Generally, it is believed that organic and
inorganic colloié are the dominant factors controlling the mobility, speciation, and availability of
mercury in lake sediments (Lat al.2012). Differences in the abundance of organic and inorganic
mercury ligands, sediment grain size and mineralogy, and water cheaflisian affect mercury

accumulation rates in sediments.



The scarcity of longerm environmental monitoring in northern regions has made it difficult to
determine the spatial extent and temporal variability of anthropogenic mercury pollution in northern
lakes. Lake sediments can provide a way of determining the extent of anthropogenic mercury
pollution in locations with little to no environmental monitoring (Adrétral. 2009), and can be used

to reconstruct past mercury delivery to sediments and theoenwémntal controls on that delivery
(Lockhartet al.2000; Biesteet al.2007; Goodsitet al.2013), including primary production,

catchment erosion, and sedimentation rates, as these sediment records represent the net effects of all
processes that inflmee mercury accumulation (Smol & Douglas 2007; Schindler 2009).
Paleolimnological studies habeen used teeconstruct mercury accumulation in lake sediments

across North America, ranging from temperate to High Arctic lake systems (e.getNMu2009,

Drevnicket al.2016).

1.1 Paleolimnological Studies of Mercury in northern North America

Many paleolimnological mercury studies have used mercury enrichment metrics in order to quantify

recent changes in sediment mercury concentration and accumulatiorlaties to pre

anthropogenic time periods (Landetsal. 1995; Lockharet al. 1995; Lockharet al. 1998;

Fitzgeraldet al.2005; Muiret al. 2009; Kirket al.2011; Kécket al.2012; Brazeaet al.2013b).

There are several mercury enrichment metrararoonly used in paleolimnological mercury studies:
enrichment factors (EF), flux ratios (FR), and an
focusc o r r e cf), sedimentatidn rate o r r e cad), @ntd bath/sédiment focuand

sedimentation rate o r r e cadjPefatms (saefMuiet al. 2009, Kirket al.2011). All of these

metrics use either mercury concentrations or accumulation rates frorirapséial period

(typically pre1850) and a poshdustrial or recent period (typically pe$950) Enrichment factors

(EF) determine the ratio of recent to fimelustrial sediment mercury concentrations. Flux ratios (FR)



are similar, except the ratio of recent to-preustrial mercury accumulation rates (or fluxes) is

determined. Anthropogenic flux€sAF) or excess f1l uxes-industigalandh e di f f

recent mercury accumulation rates: corrected forms account for differences in sedimentation rate
between pproodfo¢AFedi ment f ocus i m)gorbeoftfhgyg(tAsF at
seeMuir et al. 2009. These metrics allow for comparisons between lake systems, which differ in pre
industrial mercury dynamics, and provide indices of anthropogenic mercury pollution relative to lake

specific baseline or backgroundnditions.

Mercury enrichment metric valueary across northern North America, reflecting regional variations

in anthropogenic mercury loading to lakes and catchments. Flux ratios have been found to decline
from east to west, and are higher in subai®@titario than in the Yukon (Lockhaat al. 1995;

Lockhartetal.1 9 9 8 ) . F 1 u xgrareaalse negativalyncdrrelatdd with latitude (Metial.

2009). Lockharet al.(1995) concluded that lakes with mercury flux ratios less than 2 were more
influenced by geological or catchment sources of mercury, whereas lakes with flux ratios greater than
two were more influenced by lorrgnge atmospheric transport aticectdeposition of mercury.

These metrics indicate that anthropogenic mercury pollutiadisspread across the North,

regardless of direct or indirect sources of anthropogenic mercury to lakes.

While evidence for anthropogenic mercury pollution in Arctic and subarctic lakes is widespread,
spatial differences and trends in mercury pollutiovehaeen identified (Landeet al. 1995;

Lockhartet al. 1995; Lockhartet al. 1998; Muiret al.2009; Drevnicket al.2016). Similar to mercury

flux ratios, longitudinal decreases in the atmospheric deposition of mercury to lakes moving from east
to westhave been noted (Lockhat al. 1995; Lockharet al. 1998). Latitudinal trends in mercury
accumulation have also been observed in northern North American lakes, with decreasing rates of
mercury accumulation moving northward (Landetral. 1995; Muiretal. 2009; Drevnicket al.

2016). Drevniclet al.(2016) also identified a strong positive relationship between level of catchment
5
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disturbance and recent increases in mercury accumulation rates in lake sediments. This finding
highlights the compounding infénce of localized anthropogenic disturbance andtange

atmospheric transport on mercury accumulation rates in lake sediments, especially idistghbed
catchments. Point sources and anthropogenic disturbances are not common in the Northebut wher
they occur, they have also contributed to localized increases in mercury accumulation (Hermanson
1993, 1998; Hermanson & Brozowski 2005; Michelattal.2007; Laperrieret al.2009). However,

not all point sources have discernably affected mercunyragiation (Permaki & Stone 2007,
MacDonaldet al.2016). Mercury delivery to lake sediments depends on proximity to anthropogenic
sources, lake surface arsadiment accumulatiarates, and a variety of catchment characteristics.
Catchment contributiondf enercury vary among lakes, and will be greater when the ratio of
catchmat area to lake area is highdwhencatchment disturbances (e.g., flooding, mining, road

construction, permafrost thaw) enhance erosional inputs to nearby lakes.

Both allochthonouand autochthonous process affect mercury delivery to lakes sediments. Catchment
and geological weathering and erosion are the primary mechanism by which naturally occurring
mercury is delivered to lake sediments, although anthropogenitsgilyed mercuryhat has been

deposited on lake catchments from the atmosphere is also delivered to lakes via catchment erosion.
Numerous studies have noted the importance of catchment contributions of mercury to northern lakes,
and in ®me landscapes, including delta,untain glacial, and thermokarst environments, high

inputs of eroded sediments can dilute atmospheric mercury enrichmentGAllenal. 1997;

Permaki & Stone 2007; Deis@t al.2012; Kécket al.2012; MacDonalekt al.2016). However,

terrestrial orgam matter can serve as a transport vector, and increased organic matter export from the
catchment can increase mercury delivery to lakes (e.g., Ketrasi2015). Additionally, the erosion

of certain bedrock types and transport of ebchaterials to lakecan be aource of mercury to lake



sediments (Rytuba 2003; Outridgeal.2017), although this source is dependent on the bedrock

geology of a lake catchment.

While allochthonousputs of mercury to lakes from catchments can exert strong influence on
mercury accumulation rates, increaseprimary productivity in lakes can also increase mercury
delivery to sediments within subarctic and Arctic lakes. Mercury delivery to sediments that is driven
by primary producti on h aAlgalseaeenging iea proeeds by whichg a 1
algal organic matter, described as soluble organic matter (#@#includeslgatderived lipids and
pigments, binds and concertga mercuryMercuryis delivered tdhe sediment as the organic matter
settles to the lake bottom (Sanei & Goodarzi 2006). Clirdeten increases in algal productivity
result in increasethercuryscavengindy algal cdls or algal detritus, leading to increases in mercury
delivery rate to sediments (Outridgeal. 2005). Evidence foralgal scavenging has been found in
many subarctic and Arctic lakes across the North (e.g., Outeidgle2005; Sanei & Goodarzi 2006;
Outridgeet al.2007; Sterret al.2009; Carrieet al.2010; Cookeet al.2012; Saneet al.2012;

Brazeawet al. 2013b).However Kirk et al.(2011) found that, in several High Arctic lakes, there was
no relationship between mercury concentration and algal carbon. There was also no relationship
between mercury concentration and diatom abundance or comroamiposition. Of the lakes

where significant relationships between algal productivity and mercury concentration were found,
they were attributed to the diagenesis of algal organic matter following deposition observed in
collected cores (Kirlet al.2011). Agal scavenging appears to be driven by anthropogenic climate
changes, as this phenomenon has not been observedidpséial sediments from numerous lakes
(Cookeet al.2012; Outridgeet al.2017). The algal scavenging hypothesis has emerged as an
important yet controversial mechanism (see Outrielga. 2011) to explain recent increases in
sediment mercury concentration across the north, and has received much attention in the past 12

years.



Differing findingsamong studiesegarding controls of mercury delivery to lake sediments reflect an
incomplete understanding of the numerous factors that can contribute to mercury delivery to lake
sediments, and the spatial diversity in the importance of each factor to northern daleesarfple,

few studies have acknowledged catchment contributions of mercury and increases in algal production
together, despite the understanding that both processes influence sediment mercury dynamics.
Further, studies that claim no evidence of anthrepagmercury loading have rarely acknowledged
changes in sedimentation rate, erosion, or primary productivity. The relationship between mercury
and lake sediments is complex and this complexity should be further explored in order to better
understand env@inmental mercury dynamics in northern lakes, especially in light of continued global

climate change.

1.2 Glacial Lakes and Climate Change

Many of the factors that regulate mercury loading to lakes and mercury delivery to lake sediments are
expected to beltered by global climate chandgseeRydberget al.2010, Sterret al.2012).Climate

change is expected to alter the biogeochemical cycling of mercury by causing increases in global

mercury fluxes (see Selin 2009). In northern regions, it is likely thataeessin the expodf organic

matter, sedimentsnd nutrients from watersheds to lakes will result in increased mercury delivery to

lakes, due to higher decomptimn rates in terrestrial soiibsequently releasing mercury bound

with organic matter, aniticreased thaw of permafrost (see Stdral.2012). Increased glacial melt is

also expected to increase mercury loading to lakes, particularly at subpolar labfudsieasing

atmosphericalst r ans ported mer cury t ha tsurface(sece Starmtalmul at ed o1
2012). Increases in algal productivity in northern lakes have also been linked with increases in

mercury accumulation rates in sediments, due to the strong affinity between algal organic matter and



mercury in the water column (e,@utridgeet al.2005, Sanei & Goodarzi 2006, Outridgeal. 2007,

Sternet al.2009, Carrieet al.2010, Cookest al.2012, Saneét al.2012, Brazeaet al.2013b).

Paleolimnological studies have generally focused on smaller lakes with simplenoashometry.

These systems are abundant in northern environments, tend to respond more quickly to environmental
changes, such as climate or water temperature, and are therefore suitable for paleoenvironmental
reconstructions of change during recent decéebhen 2003; Schindler & Smol 2006; Adrianal.

2009) . Smaller lakes, however, can be highly ser
records, masking longerm trends (Adriart al.2009). Relatively few studies have investigated large

northern lakes (e.g., Stoermetral. 199Q Sternet al. 2009;Chakrabortyet al.201Q Kdck et al.

2012), which can more effectively integrate responses to environmental changes over time, reducing
‘noise’ (e .egal.201l0CAdraketab2009rLarge lakes can be more morphometrically
and hydrologically complex, which may reduce the ability to make strong and/or broad inferences
about lakespecific or regional responses to environmental changes. However, large lakes are of
considerable interéso commercial and subsistence fishers, as they are often home to important

subsistence fish species. Therefore, understanding the impacts of environmental changes, including

climate change, on these lake systems and on mercury cycling in these ldke#ic®bimportance.

Glacially-fed lakes are particularly vulnerable to climate change impacts, as glacial retreats have been
accompanied by marked changes in summer meltwater inflow, and with projected continued retreat,
increases in water temperatamed changes in suspended sediment loads are expected in glacial
streams, which will alter mercury dynamics in receiving lakes (Schindler & Smol 2006; ktcalre

2009). Contributions of glacial materials to lake sediments may sequester mercury frortethe wa
column due to the binding between fine grained sediments and mercury {Rofe®& Ottmann

1978; El Bilaliet al.2002), and thus reduce mercury bioaccumulation in lake food webs (Zhu &

Zhong 2015). Glacialied lakes are relatively abundant in vegatand northern North America, and
9



are important sources of subsistence foods for northern indigenous peoples, and recreational and/or
commercial fisheries (e.g., Northrepal.2010; Environment Yukon 2010). Mercury dynamics in
glacially-fed lakes arenderstudied, despite the vulnerability of these ecosystems to climate change
related impacts and thmportance of many glacialfed lakes to local communities. Thus, further

study is required to understand these dynamic systems.

1.3Kluane Lake

Kluane Lakethe largest lake in the Yukon, is located in the southwestern Yukon along the Alaska

Highway and adjacend Kluane National Park and Reserve. The lake is located within the Shakwak

Trench and bordered by the St. Elias and Ruby mountain ranges (Ramptb@ai&rSL978). Kluane

Lake was fed mainly by glacial meltwaters from th
Slims River, until recently (Figure 1; Rampton & Shearer 1978; Shaigdr2017). This deep

(maximum depth 80 m), cold lake receivestmater from many small, sometimes seasonal creeks,

which flow off the surrounding mountain ranges (Figure 1; Rampton & Shearer 1978; Dodds &

Campbell 1992).

Kluane Lake is part of the traditional territories of both the Kluane First Nation (KFN) and the
Champagne and Aishihik First Nations (CAFN), and provides an important source of traditional and
subsistence food fishes for these Southern Tutchone nations, as the closest grocery store is over 300
km away from their communities. The lake is also an ingmartestination for recreational fishing,

and has a commercial fishing quota for Lake Trout (Environment Yukon 2010). Despite the ease of
access and the presence of the Kluane Lake Research Station (Arctic Institute of North America) on
the southern shoma the lake for over 50 years (Danblyal.2014), the lake has received little

scientific attention. Minimal information is available concerning environmental contaminants in

Kluane Lake fish (however, see Lockhertal.2005), and the lake is not actiyenonitored by
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communities or government agencies. Relatively high concentrations of mercury and other organic
contaminants have been found in fish from several other Yukon lakes, including Atlin Lake, Fox
Lake, Lake Laberge, Kusawa Lake, Kloo Lake, and Sekulmun Lakd (séhartet al.2005, Stern
2013). Previous paleolimnological studies of mercury in Yukon lakes (Lake Laberge, Kusawa Lake,
Fox Lake, Little Atlin Lake) have found increases in sediment mercury concentration and
accumulation during the past 100 yearsditttartet al. 1995, 1998; Sterat al.2009). Many other

lakes in the Yukon remain darstudied with respect to monitoring of environment contaminants.
This leaves both the extent of anthropogenic impacts and possible risk of contaminant exposure to
northerners unquantified in many parts of the territory, including Kluane Lake. Levels of
environmental contaminants and the safety of traditional foods are growing concerns among Yukon

First Nations (e.g., KFN 2014; Recevatral. 1998).

There is growing carern over climate change and environmental contaminants, including mercury,

within the citizenry of Kluane First Nation. Community members are concerned that increased

melting of the Kaskawulsh Glacier, lomgnge transport of mercury, and climate charajaeted

environmental impacts may be increasing mercury loading to Kluane Lake and also increasing

mercury concentrations in fish found in the lake. In early 2016, an exponential decline in discharge

was observed in A’idy Ch eadwatets ofthe river (Shugetral. 2027y pi r acy
This river was fed primarily by meltwaters from the Kaskawulsh Glacier, which also fed the adjacent
Kaskawulsh River (Figure 1). Ice wall collapse at the toe of the glacier resulted in the complete
diversionofme 1 t wat er from A’ 4y Chu to the Kaskawulsh Ri
(Shugaretal.2 01 7). Only small creeks inbAngy tB@Blku Af dlyl €kiun
this diversion. The loss of this meltwater has resulted in record (comtarplow water levels

(Shugaret al.2017), and severely decreased water and sediment delivery to Kluane Lake. Even

12



before this dramatic hydrological event, community concabmait mercurandobserved declines in

lake water levels motivated an investiign into mercury dynamics in Kluane Lake.

Due to the large size of Kluane Lake, four major regiseaguGilbert & Desloges 2005) have been

identified, based on the relative influence of inflows and outflows, and sediment and limnological
characteristis (E. McKnight, unpublished data). The four major regions of Kluane Lake include the

Southern region, the Middle region, the Talbot Arm, and the Brooks Arm (Figure 1). Until 2016, the

cold and turbid Southern regi oala fefeivadiarge 1), whi c
amounts of water and sediment from A’ dy Chu. The
stratigraphy (Figure 1; Yukon Geological Survey 20This valley comprisesedimentary bedrock

primarily, including marble, gypsum, greywackdtsdone, and large formations of limestone, and

igneous bedrock, including gabbro and granodiorite (Yukon Geological Survey 2017). Impacts

resulting from the loss of most of these inflow waters on the limnological and ecological

characteristics of the Sddrn region have yet to be documented. The Middle region (Figure 1) forms

the main body of Kluane Lake, and receives water from the other regions, as well as meltwaters from
ephemeral creeks and streams that drain from the surrounding Kluane and Brayes, Réich

form the western and eastern borders of the lake, respectively. The Talbot Arm (Figure 1) is a narrow
northeastern valley region with waters that are warmer, clearer, and more productive than the more
southerly regions. Finally, the Brooks Arfrigure 1) is the warmest and shallowest region, and is

also relatively productive (E. McKnight, unpubl. data). The outflow of the lake, the Kluane River

(Figure 1), drains from the Brooks Arm.

During the past 2 200 years, other major hydrologic changes$, $iar t o t he recent 1o
have occurred several times to Kluane Lake, including changes in water supply and drainage outlets,
resulting in marked increases and decreases in water level (Bretraie3008a,b). Initially, ca. BCE

200, Kluane Lke was a closed basin and water levels were approximately 25 m lower than present,
13



and water drained southwards thi@ A > 4 y valldyiito the Alsek River (Brahnegt al.2008a,b).

Anoxia developed in the deep lake sediments by BCE 50, due tepsemauent stratification or

meromixis (Brahneyt al.2008a,b). The groundwater flowing into Kluane Lake was rich in solutes,
including sulphate, and may have caused the meromictic, and even possibly euxinic (anoxic and
sulphidic) conditions in sedimentue todifferences in density between groundwater and surface
water inflows (Brahnegt al.2008a,b). However, by CE 650, the Duke River (Figure 1) began to

flow back into Kluane Lake in the Brooks Arm, ending the anoxic and meromictic period, raising

lake leves approximately 10 to 15 m below current levels (Bratetat. 2008a,b). This glacialifyed

river drains the Kluane Ranges and St. Elias Mountains and originates from the Canada Peak glacier
(Yukon Geological Survey 2017). The Duke River valley is comegriimarily of sedimentary

bedrock, including greywacke & conglomerate, limestone, marble, gypsum, sandstone, and siltstone,
and igneous bedrock, including andesite, granodiorite, peridotite, and volcanic tuff (Figure 1; Yukon

Geological Survey 2017).

During the Little Ice Age (ca. CE 1200s to CE 1800s, Luckman 2000), the Kaskawulsh Glacier
advanced beginning ca. CE 1500, and readsedaximum extent ca. CE 1780ndseyet al. 1981;
Clagueet al.2006; Reyegt al.2006; Brahnet al.2008a,b). The adnce of the glacier blocked the
southern outflow and routed glacial meltwaters into the lake which caused the lake to deepen rapidly,
reaching more than 10 m above current lake levels (Bra¢inay2008b). The glacial advance was

also coincident with thivss of the Duke River inflow by CE 1650 (Brahretyal. 2008a,b). The high

water levels in Kluane Lake eroded through the Duke River sediment fan at the north end of Kluane
Lake and formed the Kluane River ca. CE 1690 (Figure 1), which drained the ladesént levels
(Lindseyet al.1981; Clagueet al.2006; Brahnet al.2008a,b; Brahnegt al.2010). The dynamic

history of Kluane Lake likely resulted in spatial and temporal variations in both sediment and

mercury dynamics. In order to predict pbésichanges to mercudynamicsin Kluane Lake as a

14



result of the recent loss of A>dy Chu inputs,

changes on mercury dynamics is necessary.

Sources of mercury to Kluane Lake are watershed contrilsytiociudingbedrockerosion and in

washing from catchment soils, dissolved mercury in catchment runoff, and direct deposition of
atmosphericalltransported mercury to the lake surface. Anthropogenic point source contributions of
mercury to the lake aré&ely minimal, as the communities along the lake (Figure 1) are small and
local placer mines operate infrequently (Van Loon & Bond 2014). The major changes in lake
hydrology during the late Holocene (see Braheegl.2008a,b, Brahnegt al.2010) have

undoubtedly affected sediment accumulation, whidliin has likely affected sedimentercury

dynamics

Mercury dynamics in lake sediments are complex due to a multitude of interacting processes that can
affect the form andioavailability of mercury in aquatic sediments, and these processes vary spatially
in large lakes like Kluane Lakd.hypothesized thatyarological processes, watershed inputs, and
primary production are the main controls of mercury deposition in Kluane Lake sedimbats. T
relative importance of hydrology, watershed inputs, and primary production in delivering mercury to
lake sediments likely differs throughout the history of Kluane Lake, since it is known that past
changes in hydrology have affected lake regions diffgréBrahneyet al.2008a,b; Brahnegt al.

2010). Primary production in Kluane Lake has not been formally studied. However, aauttih

trend has been observed with greater primary production in the Brooks and Talbot Arms (E.
McKnight, unpubl. data). Gen positive relationships between primary productivity and mercury in a
similar lake in the southwestern Yukon (Kusawa Lake, Steah.2009), it is possible that climate
changedriven increases in algal productivity have occurred in Kluane Lake, apaécithe

northern regions, and these increases in productivity may have increased mercury delivery to

sediments in the lake in recent times.
15
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The dynamic hydrological history of Kluane Lake has shaped sediment dynamics during the past 2
000 years, and kdikely resulted in spatiotemporal differences in the relative importance of
environmental controls on mercury deposition to Kluane Lake sediments. This research seeks to
characterize the spatiotemporal variation in sediment mercury accumulation ariong oddluane

Lake and investigate the importance of different environmental controls on mercury accumulation in
lake sediments. Further, this research will lend insight into mercury dynamics in géeuiliakes,

using Kluane Lake as a model system.

1.4 Study Objectives & Approach

The objectives of this study are to: (&)ate past hydrological changes to mercury accumulation, and
drivers of mercury accumulation, in seents of Kluane Lake, and (2pmpare mercury

accumulation in Kluane Lake to otherlghighed lake sediment work in the Yukon.

To address these objectives, | collected lake sediment cores from two regions in Kluane Lake that
capture variability in distance to current and past inflows and outflows. Using these cores, |
determined dry mass aemulation rates, sediment mercury concentrations, and sediment
characteristics that could affect mercury accumulation rates. Several proxies were used to investigate
controls on mercury delivery to, and accumulation in, lake sediments. Visible refectanc
spectroscopy (VRShferred chlorophyla was used as a proxy for autochthonous primary

production, carbonate content was used as a proxy for glacial inputs to the lake, due to the carbonate
rich bedrock in both the A’ dimagnalidsiusceptibiity wasiused Ri ve r
as a proxy for terrestrial inputs, includiagpded soils andedrockmaterials(see Oldfieldet al. 1983,
Sandgren & Snowball 2001). Sediment core stratigraphies were interpreted in the context of
previously reconstructehydrological changes and known history of atmospheric mercury. Mercury

accumulation rates and drivers of accumulation were compared among hydrological periods and core
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locations, and indices of anthropogenic mercury pollution were compared among coiestuer

lakes in Yukon.

Results from this research will lend insight into spatial and temporal variation in controls on
mercury accumulation in Kluane Lake, highlight landscape trends in mercury accumulation in the
southern Yukon, shed light onto sedithenercury dynamics in glacialed lakes, and provide a

basis for future predictions of mercury dynamics in Kluane Lake and other glacial lakes in the North.
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Chapter 2
Met hodol ogy

2.1 Lake Sediment Core Collection

Two sediment cores were collected at one site within each of two regions of Kluane Lake: the Middle
region and Talbot Arm (Figure 2). Cores were collected on Apr8,£2015, using a hammer gravity

corer (Glewet al.2001) operated through lake ice. Aftmllection, cores were transported to the

Kluane Lake Research Station, and sectioned into eithem®&r tcm sections (sitelependent)

using a vertical “push r @tdl200l)pSectionswete staredénithe ( G1 e w

dark at 4°C dung shipping and until analysis.

2.2 Loss-on-Ignition Analysis

Lossonrrignition (LOI) analysis is a sequential heating method used for determining water, organic,
carbonate, and mineral content of lake sediments (etedtl. 2001). LOI analysis was condudten

all cores, following a procedure published by Smith (2003), which includes lgmigon and

combustiortimes from 2 hourgo 2.5 hours) and hotter finabmbustiortemperature (to 1000°C)

than the standard method (Hedtial.2001). These modifations accommodated for the claynd

sit.r i ch sediments found in A’dy ChbondgdWaterri s 1990)
molecules (Smith 2003). Bound water can represent up to 13% of the weight of the total sample and

is not removed using the Hieet al.(2001) standard LOI procedure (Smith 2003).

For each sample, approximately 0.68 g (+ 0.17, SD; n = 403) of wet sediments were weighed, dried at
90°C for 24 hours, stored in a desiccator for 24 hours, and weighed again to determine water content
(% wet weight) The dried sediments were then ignited at 550°C for 2.5 hours, stored in a desiccator
for 24 hours, and weighed again to determine organic coftedty weight) Finally, the sediments

were combusted at 1000°C for 2.5 hours, stored iniaadsr for 24 hours, and weighed to

determine carbonate contéf dry weight) Mineral
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content(% dry weight)was determined using the residue after the final combustion. LOI data, core
section weight, and corer tube diameter were used to calculate sediment densityifgeanh

section.

For the two sites, one core was selected for further analysis: corerBhie Middle region and core
4A from the Talbot Arm. Losserignition data were used to determine similarity in stratigraphic
variations between core pa{see Appendix A)and for core selection for later analysis. LOI data,
along with additional analgs, were also used in identifying past events that altered sediment

composition, including hydrological changes and earthquakes.

2.3 Magnetic Susceptibility

Magneticsusceptibilitymeasures the degree to whicimateriaktan be magnetized when exposed to
a magnetic fieldOldfield et al. 1983; Thompson& Oldfield 1986) This susceptibility is a ratio of

the temporary magnetization induced in a sample by a magnetic field to the field itselftrarsd is
unitless (Verosub & Roles 1995).The majority of magnetimaterials in lake sediments originate
from catchmenmaterialshateroded from bedrock, subsoils, and topsdilkifield et al. 1983;
Sandgren & Snowball 2001)linor sourcef magnetic materialimclude dust transpat! by wind
storms, aiborne materials emitted during volcanic eruptions, and some patrticles prdguced
anthropogenic activity, such as fossil fuel combust@kfield et al. 1983;Sandgren & Snowball
2001).Magnetic susceptibility ithereforecommonlyused as a paleolimnological proxy for

catchment erosiorQ(dfield et al. 1983; Verosub & Roberts 199Sandgren & Snowball 2001).

Magnetic susceptibility was measured for everydirbor tcm (corespecific) section of each
selected core using a BartingtMS2E highresolution surface scanning sensor system at the

WATER Laboratory, University of Waterloo. Wet sediments, contained in Whirlpak® bags, were

compressed intoaminimumclm deep ‘bl ock’” and measured for
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and did mt interfere with sensor function, therefore no correction was needed. A calibration standard
was measured after every 10 samples to detect and correct for sensor drift. Peaks in magnetic
susceptibility were used to identify known historical events imsexli stratigraphies, including
earthquakes, the formation of the Kluane River, and the White River tephra layer (Bettahnd

2008; Brahnet al.2008h Bunbury & Gajewski 2009

2.4 Inferred Chlorophyll -a

Past variations in Hake primary productiowere tracked as VRBferred chlorophyHa

concentrations in cores 3B and 4A. In core 3B, the top 13 sections (surface to 6 cm depth) were

analyzed, followed by alternating samples (every 2 cm) to the bottom of the core. In core 4A, the top

10 sections (gtface to 4.5 cm depth) were analyzed, followed by every other section to 10 cm depth,
followed by every fourth section to the bottom of the core. Measurements were made at the
Paleoecological Environmental Asseswarsityht and Re s
Kingston, ON. The method provides an estimate of total primary production as it estimates the
concentration of chlorophyl and its derivatives, which accounts for any pigment diagenesis

(Michellutti et al.2010). Briefly, freezalried sediments/ere homogenized and sieved through a

125y m mesh to remove the influence of pareicle si
al. 2010). Sieved samples were analyzed using a FOSS NIRS (Near Infrared Spectrophotometer)

Model 6500 series Rapifontent Analyzer operating over the range of 400 to 2500 nm. See &Volfe

al. (2006) for calibration information for chlorophydlfamily pigment quantification.

2.5 Sediment Mercury Concentrations

Total mercury concentrations in sediment were measured o 88rand 4A. In core 3B, evety>
cmsection was measured from the surface terhGepth, followed by alternate sections (every 1

cm) down to 25cm depth, followed by alternate sections (every 2 cm) to the core bottom. In core 4A,
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every section was measd from surface to-m depth, followed by alternate sections (every 1 cm)

down to 25cm depth, followed by alternate sections (every fourth section) to the core bottom.

Total mercury concentration in sediments was determined uditigstone DMA-80 (direct

mercury analyzérn accordance with EPA method 7473 and I1ISO 17025 QA/QC at the Biotron
Experimental Climate Change Research Centre, Western University, London, ON. The calibration
detection limit was hg g*. Briefly, approximately 25 mg of freezkied, homogenized sediments

were weighed into tin boats and analyzed by the DMA. After eveéfygaple, a duplicate sample

was analyzed (mean % difference + SD: 3.82% + 4.04%, n = 37). A certified reference material
(MESS3 : 0. 09 1 +!dvo, Naidha RegegrchgCouncil of Canada) was analyzed every 10
samples (mean recovery + SD: 117.93% + 3.79%, n = 32). Blanks were analyzed at the start of each

run and after every 10 samples (mean + SD: 0.070 ng Hg £ 0.045 ng, n = 35).

2.6 Sediment Dating

To develop agdepth relations in recently deposited sediments (i.e., last 150 years), subsamples of

freezedried sediments were analyzed for a minimum of two days for radioisotope activittéRbof

222Ra (as?Bi and?*Pb together), ant?’Cs, using an Ortec eaxial HPGe Digital Gamma Ray

Spectrometer interfaced with Maestro 32 software, at the University of Waterloo Environmental

Change Research (WATER) laboratory. Weighed sediments were packednhtp@ypropylene

tubes to a standard height of 35 mm,andaAT Si 1l i cone Septum (Supelco™) w;:
The tubes were sealed with 1%oquick-cure epoxy resin (Devcon® product No. 14310), and allowed

to equilibrate for a minimum of 14 days prior to analysis. Core chronologies were developed using

the Constat Rate of Supply (CRS) model (Appleby 2001). Peaks observétCs) corresponding to

the 1963 maximum nuclear fallout in the Northern Hemisphere, were used to confirm sediment

chronologies (Jaakkokt al. 1983).

22



To determine sediment ages beyond timgeaof?!°Pb/3"Cs dating techniques, two wood fragments,
found in cores 3B (52 cm depth) and 4A (38 cm), were process&€fdating. The wood fragments

were pretreated at the University of Waterloo Environmental Isotope Laboratory-BU\WWusing

the aid-alkali-acid method to remove inorganic carbonates, adhered humates, and any atmospheric
carbon that may have been incorporated since deposition (Gupta & Polach 1985). Treated samples
were then combusted and the carbon dioxidieasedvas trapped in-8am OD Pyrex glass break

seal tubes. Breakeal tubes were analyzed using DirectAMS radiocarbon techniques at Accium
Biosciences Accelerator Mass Spectrometry Laboratory, Seattle, WA. A subsample of carbon dioxide

was evolved for stable carbon isotope asialyo correct‘C ages (Stenstréet al.2011).

The White River tephra, a widespread layer of volcanic ash that covered the southwestern Yukon at
approximately CE 803 * 60 years, was also used to defindegh relationships (Clagt al.

1995; Bunbun& Gajewski 2009). This layer was identified in core BAqualitative sediment
descriptions characterized during core sectioning and by a distinct maximum in magnetic
susceptibilityin the core stratigraphipllowing previous research (Brahney et al. 2008b; Bunbury &

Gajewski 2009)

2.7 Age-Depth Modelling

Preliminary analyses of dry density, magnetic susceptibility, and LOI data indicated the preservation
of several historical earthquake evemtfiomogenitdike layergClague 1981 Fig9; Bertrandet al.

2008; Lamontagnet al.2008) in Kluane Lake sediments. The known CE 1899 Yakutat Bay
earthquakeand two regional earthquakes in CE 1956 were identified in cores 3B and 4A, and were
used as chronological mams during agelepth model development. The formation of the Kluane

River (CE 1680- 1700; Claguest al.2006) was also identified in both sediment cores and used as an

additional marker. An error value was assigned for the Kluane River formation batbedrange
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provided by Claguet al.(2006), and earthquakes were assigned error values that reflect the core

section interval (0.5 or 1 cm) in which the earthquake was identified.

The White River tephrd/C agesand erro CRSmodelled®'®Pb/*'Cs agesad error, and historical
hydrological and earthquake events were pasdpplicablep develop agelepth models for both
cores using a Bayesian model 1implemented within t
2011). This software package, exeduathin the R statistical environment, combines multiple

methods of sediment dating and prior knowledge about accumulation rates in a lake to reconstruct
sediment accumulation rates (Blaauw & Christen 2011; R Core Team 2016). Radiocarbon ages were
convered to calendar ages distributions using the IntCall3 calibration curve durhdgpiipemodel
development (Reimert al.2013). Briefly, sediment cores are divided inteections 1f is user

defined) and the accumulation rate is estimated for each sastitmthe probability density function

for each age. The number of sections used irdegéh model development was selected to minimize
errors in ages and was cegpecific. For core 3B, 32 sectionsd@ each) were used, and for core

4A, 19 sections (@m each) were used. The resulting-algpth models combined the estimated
accumulation rates and their variability through millions of Markov Chain Monte Carlo (MCMC)
iterations. Sediment ages were determined using the weighted mean age for each sedivant in
(either Xcm or 0.5cm intervals). More information regarding the Bacon-dgpth model procedure

can be found in Blaauw & Christen (2011, 20&8) Appendix A

Weighted mean ages, dry density (g®nand vertical accumulation rate (cmtywereused to

calculate dry mass accumulation rates for each sediment core section
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2.8 Numerical and Statistical Analyses

All statistical analyses were conducted using the software R version 3.2.5. R packages used included
“Bacon’ v2.92, a‘nd etPRMBlaauad& Christen 2011; Juggins 2015; Harrell

2017).

To characterize the effect of past hydrological changes on mercury dynamics in Kluane Lake, periods

of hydrological influence were determinagriori following Brahneyet al.(2008a,b). Two periods

were determined within the past 1 200 years: the Duke River period (ca. CE 750 to CE 1650) and the
A4y Chu period (ca. CE 1650 to CE 2015). Perioc

rivers were the major source of watind sediment to Kluane Lake.

Mercury accumulation rates were calculated as the product of dry mass accumulation rates of

sediment and sediment mercury concentrations. Mean mercury accumulation rates, dry mass

accumulation rates, and sediment mercuryceatrations were compared between and within
hydrological periods withitresamd aDmoang gc oorhees AU siiyr
data were subdivided betweenmdustrial (CE 1700 to CE 1850) and recent (CE 1950 to CE 2015)

time blocksandempar ed within and among -testsidordertmt cores
determine the differences in these parameters prior to and during the height of anthropogenic mercury

release.

To determine whether dry mass accumulation rate or sediment meocwgntratiorwas more

important in determining mercury accumulation within lake regions duringaepgdbri hydrological
period, mercury accumulation rates were regressed against each of mercury concentration and dry
mass accumulation rati order to deermine the strongest predictor of mercury accumulation rate
The predictor that had a stronger relation with mercury accumulation rates, baseahonpRalues

from the linear regression, was then correlated with paleolimnological proxies from that core
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including organic content, carbonate content, magnetic susceptibility, aninféR®d chlorophyH

a. In the case where both predictors had strong relations with mercury accumulation rate, both

predictors were correlated with proxi&sual inspectiorof regression residual plots and the

ShapireWi 1 k test (a = 0.05) were bALedvasme'ds ttoe etvawaisat

to assess homogeneiforkneasrégressiomangdisjmces (a = 0. 05)

Prior to regression analysis, statisticatliers were removed from stratigraphic dateorder to

elucidate broad relationships in sediments without the influence of sediment disturbance events
Outliers were defined as being lessthlen: uw a v + 2 X IeQ,RrgreaterthaBrdq uar #i |l e
2 x I Q,Rvhere IQR is the interquartile range. Mercury accumulation rates, mercury concentration,

and dry mass accumulation rates were evaluated for outliers.

To place the results of this study in the broader context of the soitthkeon, mercury accumulation

rates, focusorrected mercury accumulation rates, sediment mercury concentrations, and dry mass
accumulation rates from Kluane Lake were compared to nine other southern Yukon lakes (data from
Drevnicket al.2016). Mercury endhment metrics were used to evaluate anthropogenic mercury
loading to these southern Yukon lakes and to compare among lakes. To do this, uncorrected

ant hropogenic accumulation rate (termed anthropog
anthropogeniclf u x ag);fdCHSc or r e ¢t e d a nt h)randfecgscomected anfdl ux ( AF
adjusted ant hiae fpreges fromKluahé Lake and atfier Yukon lakes were

calculated and comparegdalitatively, where possible, following mathematical methpdssented in

Muir et al.(2009). For these analyses, stratigraphic records were truncated at CE 1700- The pre
industrial period was defined as ranging from CE 1700 to CE 1850, and the recent period was defined

as ranging from CE 1950 to the top of a sesditrcore.
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To calculate the proportion of anthropogenicatyiched mercury relative to baselimecumulation
rate( ant hropogenic flux, AF), -industrialfluxesif ealcudated ¢ bet we

(Muir et al.2009):
A F Freeent- Fpreindustrial (1)

This metric assumes that the environmental baseline flux has not changed frormirticleigtréal

period to the recent period, and that the difference in fluxes must be the proportion of mercury flux

due to anthropogenic contrilborns (Muiret al.2009). However, as it is unlikely that sedimentation

rate remains constant, ajark falcylated td corracttfoh differenoegiani ¢ 1

sedimentation rate between inelustrial and recent periods (Peatyal. 2005;Muir et al.2009):
A EdjzA F—(Fpreindustrial' sedi me n—ﬂ:p’t’eiﬂiduitri@,n ratio (2)

where the sedimentation ratio is the ratio of recent sedimentation rateinalypsé&ial sedimentation
rate. This allows for the correction of mercury fifithe recent sedimentation rate is different from

the preindustrial sedimentation rate.

Lake sediments do not remain immobile once deposited on the lake bottom, and movement of

3

sediments within a lakdérom shallower to deeper parts of the lakec a1 1 ¢ d sediment fo
affect dry mass accumulation rates and therefore mercury accumulation rates (van Metre & Fuller
2009). In order to correct for sediment focusing, anthropogenic flux is divided by a sediment focus

factor determined during®Pb dating (Muiret al. 2009):
AE=AF / FF (3)

whereFF is the focusing factor (see Muét al.2009). This factor is calculated as the ratio of
observed®b accumulation rate (terZwd)dn aseflimancoretoi n t he

the predicted'Pb flux for the latitude of the core site (see Matial. 2009).
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Since inrlake sediment focusing and differences in sedimentation rates betweenitmgugtaal and
recent periods can both affect anthropogenic mercury fluxegotions for both can be combined to

produce a focusorrected adjusted anthropogenic flux value (Maial. 2009):

A Edj,FZA Edj/ FF. (4)
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Chapter 3
Res u’l tilsnterpretation

3.1 Core AgeDepth Models

3.1.1Core 3B
Total 22%Pb activity decreased with depfrom 7.92 dpm g at the surface to 1.64 dprrt gt 5 cm,

before increasing to 2.32 dprt gt 8.6cm depth (Figure 3A). Measured tot#Pb activity at 3.5cm
depth (1.98 dpm4+ 0.18, 1 SD) was within 1 standard deviation of the mean estimated ®gpport
219Pp activity (2.10 dpm-g+ 0.24, 1 SD), indicating that background was reached. However,
measured!®Pb activity exceeded background values-atdepth, before returning to background at
4.5cm depth (Figure 3A). The peak activity’8fCs (1.68 gm g* + 0.06, 1 SD) was measured at
2.75cm depth, corresponding with a CRS date of CE 1963 (+ 7.3 yr, 1 SD). The CRS model

produced a corbottom age of CE 732.

The normalized radiocarbon age of the twig recovered from core 3B was determined to be 1 108

radiocarbon YBP + 26 (1 SD). The White River tephra was identified in core 3A using magnetic

susceptibility, at a mean depth of 57.5 cm (SD: 0.5 cm), corresponding to 1147 YBP or CE 807 (SD:

60.5 years; Claguet al. 1995). Lossonrignition data were usei align cores 3A and 3B and allow

use of the White River tephra layer in adgpth modeling for core 3@&ee Appendix A)The tephra
layer was not identified in core 3B. The Yakutat Bay earthquake event, corresponding to CE 1899,
was identified in core 3@t 5.5cm depth (x 0.5 cm) using several proxies, including dry density,

magnetic susceptibility, and LOI data (Figures 4A & 5).

Radiocarbon age and standard deviation, @B& and standard deviations, and the depth of White
River tephra were used tow##op an agelepth model for core 3B using a Bayesian model

B

implemented in R (°“Bacon model ; Figure 4A).
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bottom weighted mean age of approximately CE 807 (95% confidence interval: CEC&9899;

Figure 4A).See Appendix A for further information.

3.1.2Core 4A
Total 22%Pb activity in core 4A increased from the surface (13.50 dpnog0.5cm depth (13.74 dpm

g') before declining with depth to 2.16 dpnt gt 7 cm depth, at which point background was
reached (Figur 3B). The peak activity df'Cs (2.22 dpm ¢ + 0.06, 1 SD) was measured at 3¢2b
depth, corresponding with a CRS date of CE 1963 (+ 16.7 yr, 1 SD). The CRS model produced a

corebottom age of CE 1262.

The normalized radiocarbon age of the twig recestdrom core 4A was determined to be 577

radiocarbon YBP * 25 (1 SD). The Yakutat Bay earthquake event, corresponding to CE 1899, was

identified at 10.£m depth (£ 1 cm) using several proxies mentioned above. Radiocarbon age and

standard deviation, and GrRages and standard deviations were used to develop ateptemodel

for core 4A using ‘“Bacon’ ( Hottgmweightetl Bganagddfi s mo de |
approximately CE 1009 (95% confidence interval: CEZZE 1220; Figure 4B)See Appendi@A

for further information.
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Figure 3. Radioisotope activities (dpm @) and standard deviation ¢3'Cs in orange,?®Pb in
blue, ?*Ra in grey) measured in core 3B (A), and core 4A (B) from Kluane Lake. Peaks 1#Cs

activities in cores 3B (B) and 4A (C) correspond with CE 1963.
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Figure 4. Age-depth relationsfor core 3B (A) and core 4A (B) from Kluane Lake developed
using Bacon Radiocarbon dates were calibrated using IntCal13 (Reimeet al.2013) and pbtted
in blue. CRS model dates and marker layers (including the CE 1899 Yakutat Earthquake and
formation of the Kluane River in CE 1690, and the White River tephra layer CE 803) are
plotted in teal. The weighted mean agdepth model is plotted with a red dshed line, the 95%
confidence intervals are plotted in a grey dotted line, and the MCMC iterations for each section
age are plotted as a black cloud: darker black represents a higher frequency of occurrence.
Ages are plotted as calendar years before prase(YBP, before CE 1950). See Blaauw &
Christen (2011, 2013) for more information on Bacon agdepth modelling.

3.2 Description of Sediment Stratigraphies

Age-depth relationships for the sediment cores indicated that cores 3B and 4A span two known and
previousy described periods of hydrological influence in Kluane Lake. Stratigraphic profiles in both
cores show increased variability and changing trends in sediment core stratigraphies after ca. CE
1650, which corresponds with hydrological changes that occatithik time (Brahnegt al.

2008a,b). The two hydrological periods are herein defined as the Duke River Period (CE 750 to CE

1650) and the A’dy Chu Per i oetlal.20@8&b).1 650 to CE 201

3.2.1The Duke River Period (CE 750 to CE 1650)

Duringthe Duke River period (shown in grey shading in Figures 5 & 6), distinct peaks in carbonate
content, magnetic susceptibility, dry density, dry mass accumulation rate, mercury concentration, and
mercury accumulation rate were observed in core 3B ca. CE(h68m red dashed line in Figure

5). Similar peaks were not observed in core 4A. These peaks may reflect effects of the Sheep
Mountain landslide, a large slofalure event in the Kluane Ranges, which occulretiveen caCE

49 (95% credible interval: BE 58— CE 179) and ca&CE 1426 (95% credible interval: CE 132LE
1515;Clague 1981). Core site 3 is much closer than core site 4 to Sheep Mountain (Figures 1 & 2),

which likely explains why this event was observed only in core 3B.
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In general, fewirends were evident in sediment stratigraphies during the Duke River period. Mercury
accumulation rates were similar between cores 3B and 4A, but showed no obvious temporal trends
(Figures 5 & 6). Sediment mercury concentrations ranged from 1.3 to 2slhigher in core 3B

than in core 4A, while dry mass accumulation ranged from similar (1.0) to 2.2 times higher in core
4A than 3B during this period (Figures 5 & 6). No trends were obvious in either variable in the cores
during this period. While somewhligher in core 4A than in 3B, carbonate content decreased slowly
in both cores during this period, indicating the slow decline of Duke River inflow and the carbonate
rich sediments it likely carried into Kluane Lake (Figures 5 & 6). Mif€8rred chlorophyta
concentrations were generally higher in core 4A than in core 3B, but chloragitylicentrations
increased steadily in core 3B during this period and resembled those in core 4a.&t€r1580.

The steady increase of chlorophgltoncentrationn core 3B may reflect increasing water clarity in

the Middle region as sediment influx from the Duke River decreaste end of this period

Temporal trends in other proxies were not evident in either core.

322The A’dy Chu Period (CE 1650 to CE 2015)

Followng the transition from the Duke River Period (
(unshaded in Figures 5 & 6; CE 1650 to CE 2015), increases in stratigraphic variability and the

occurrence of distinct peaks were noted in cores 3B and 4A (Figurés.38stinct peaks in

multiple proxies, including carbonate content, mineral content, magnetic susceptibility, dry density,

dry mass accumulation rate, mercury concentration, and mercury accumulation rate, were observed in

both cores ca. CE 1690, CE 19@8d CE 1955 (Figures 5 & 6). The largest of the identified peaks

occurred caCE 1690 (shown in blue on Figures 5 & 6) in magnetic susceptibility, dry density, dry

mass accumulation rate, mercury concentration, and mercury accumulation rate in bots coeds,

as carbonate content in core 4A only: these peaks conform with the formation of the Kluane River

(CE 1680- CE 1700; Claguet al.2006). This event was previous identified by Braheesl.
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(2008b) using similar proxies. Water levels rose quicklyCE 1630 until the formation of the

Kluane River, after which the lake drained rapidly (Brahetegl.2008b). This water level increase

and subsequent decrease is reflected in the structure of the observed peaks. The rising arm of the
peaks reflects #hrising water levels and the falling arm of the peaks reflects the draining of Kluane

Lake.

The second set of peaks.CE 1900 (middle red dashed line in Figure 5; bottom dashed red line in
Figure 6) were more distinct in core 3B than 4A, but includetkases in carbonate content,

magnetic susceptibility, dry density, dry mass accumulation rate, and mercury accumulation rate in
core 3B (Figure 5), as well as an increase in mineral content in core 4A (Figure 6). A similar layer of
dense, silty sedimentgas identified in a Kluane Lake sediment core around this time by Doig

(1998). These peaks conform with the CE 1899 Yakutat Bay, Alaska, earthquakes (Lamerndhgne
2008). This large earthquake event was likely more distinct in core 3B due to itsiprdaipprox.

20 km closer) to the epicenter compared with core 4A: the absolute increase in dry mass
accumulation rate was similar between core 3B and 4A but the scale of the stratigraphic plot differs
between cores, due to the magnitude of the effecttibat. CE 1955 earthquake had on the
stratigraphy of core 4A. The final series of pee&ksCE 1955 (top red dashed line in Figures 5 & 6)
were more distinct in core 4A than in core 3B, and includedikied increases in magnetic
susceptibility, dry dnsity, dry mass accumulation rate, and mercury accumulation rate in both cores
(Figure 5 & 6). These peaks conform with two regional earthquakes that occurred around Kluane
Lake in CE 1956 with epicenters near the south end of Kluane Lake and atjabentalbot Arm
(Clague 198Fig. 9), in close proximity to core site 4 (Figure 2). The CE 1899 and CE 1956
earthquake events were used as marker layers during iterative development of the Bayesian sediment

agedepth model.

35



Visual differences 1in stratigraphic profiles are
in Kluane Lake. The Duke River period was characterized by lower relative stratigraphic variability,

with similar mercury accumulatiarates observed between the Middle region and the Talbot Arm.
Generally, stratigraphic variability was higher i
period compared with the Duke River period, likely driven in part by the numerous earthquakes tha
occurred during the A’ 4y Chu period. Magnetic sus
during the A4y Chu period (Figuraisboticorg&s 6), and a
occurred during the early/mid 1900s (Figures 5 & 6xdre 3B, carbonate content and organic

content appear similar between hydrological periods with no temporal trends observed between

periods (Figure 5). In core 4A, mineral content appears to be similar between hydrological periods,

although becomesmorevda able during the A>d4y Chu period (Figh
dry density both decline during the A>dy Chu peri
beginning arounda.CE 1900 (Figure 6). After CE 1900, mercury accumulation ratdsddadn

both cores (Figures 5 & 6). Mean dry mass accumulation rate and mercury accumulation rate in both
cores during the A4y Chu period do not appear to
do become more variabl(Figuks5&6h While nheecurylcongentratioh t per i o
does not appear to differ between periods and shows no temporal trend throughout core 3B (Figure 5),
mercury concentrations increase in core 4A during
formation d the Kluane River, beginningca. CE 1750 (Figure 6). Mercury concentrations in core 4A

are approximately 1.2 times greater during this period than during the Duke River period
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Figure 5. Sediment stratigraphy for measured paleolimnological proxies in core 3B collected

from the Middle region of Kluane Lake. The Duke River period is shown with grey shading, the

A>3y Chu period is not shaded. idniofktheKlbaneeRiverol i d 1 i n
(CE 1690) and the blue shading represents the year range for the river's formation (CE 1680 to

1700; Clagueet al.2006). The dark red dashed lines represent major sediment disturbance

events: CE 1534, CE 1899, and CE 1956.
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Figure 6. Sediment stratigraphy for measured paleolimnological proxies in core 4A collected
from the Middle region of Kluane Lake. The Duke River period is shown with grey shading, the
A’ iy C hdis nptshadea. The blue solid line represents the formation of the Kluane River
(CE 1690) and the blue shading represents the year range for the river's formation (CE 1680 to
1700; Clagueet al.2006). The dark red dashed lines represent major sedimentsiurbance
events: CE 1899, and CE 1956.
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3.3 Spatiotemporal Differences in Mercury Dynamics

Table 1. Mean (SD) mercury concentration, mercury accumulation rate, and dry mass

accumulation rate in cores 3B and 4A in the Duke Riverperd and t he

including pre-industrial (pre -1850s) and recent (pos1950) mean values, and mean values for

the entire A’dy Chu period.

A’ dy

A>dy Chu Peri

Core Duke River Period

Entire Period Prelndustrial Recent

Mercury conceatwation (SD; pg

3B (Middle region) 0.113 (0.022) 0.113 (0.028) 0.101 (0.017) 0.105 (0.019)
4A (Talbot Arm) 0.069 (0.007) 0.083 (0.014) 0.075 (0.014) 0.094 (0.007)
Mercury accumul a?yri)on rate ( SD; pLg m
3B (Middle region) 36.92 (11.51) 34.32 (18.77) 30.48(10.86) 24.34 (5.23)
4A (Talbot Arm) 26.63 (3.33) 37.70 (22.61) 27.37 (5.91) 53.21 (38.49)
Dry mass accumulation rat8; g 2 yr?)

3B (Middle region) 324 (43) 301 (93) 317 (79) 231 (22)
4A (Talbot Arm) 388 (26) 476 (260) 374 (110)  627(441)

3.3.1The Duke River Period

During the Duke River period, mean mercury concentration and accumulation rate were significantly

higher in core 3B than core 4A4t 8.4910, p < 0.0001:¢= 3.8079, p = 0.0003, respectively).

However, mean dry mass accumulation rate was significantly higher in core 4A tha 3B (t

7.9713, p < 0.0001). The higher mercury accumulation rate in the Middle region (core 3B) was driven

by higher mercury conceattions in sediments in this region (Table 1).

Chau

Following statistical outlier removal, mercury accumulation rates were better predicted by mercury

concentration (3B: R=0.532, p < 0.0001; 4A: &= 0.490, p = 0.0018; Figure 7 top) than by dry

mass accumulation rate in both cores during the Duke River period. {38).R04, p < 0.0001; 4A:
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R2=0.400, p = 0.0065; Figure 7 bottom). Because both mercury concentration and dry mass
accumulation wersignificant predictors of mercury accumulation rate, both were correlated with

paleolimnological proxies to better understand ultimate drivers of sediment mercury accumulation in

the lake (Table 2).
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Figure 7. Linear regressionrelationships between mercury accumulation rates and mercury
concentrations (top) and dry mass accumulation rates (bottom) in cores 3B (left) and 4A (right)
during the Duke River period. Statistical outliers are plotted as hollow symbols but were not

included in the regression analysis.

43



In core 3B, mercury concentration was positively correlated with mineral content, which suggests an
inorganic or geologic source of mercury, and negatively correlated with carbonate content, indicating
possible dilution omercury by glacial sediment inputs (Table 2). Dry mass accumulation rate was
positively correlated with magnetic susceptibility, which suggests watershed erosion was an
important source of sediments to the Middle region (Table 2). In core 4A, mercurytatioa was

not significantly correlated with any other measured proxies (Table 2). Dry mass accumulation rate
was positively correlated with carbonate content, which suggesthétiacialinflow wasan

important source of sediments to the Talbot Aluming the Duke River period, and negatively
correlated with mineral content, which suggests geologic (andjlacral) contributions to sediments
were minimal (Table 2)

Table 2. Significant correlations between mercury concentrabn and paleolimnological

variables, and dry mass accumulation rate and paleolimnological proxies in cores 3B and 4A,
during the Duke River period in Kluane Lake.

Core Proxy Pearson R p-value

Mercury concentration

Carbonate content -0.430 0.0063
3B

Mineral content 0.400 0.0117
4A none

Dry mass accumulation rate

3B Magnetic susceptibility 0.329 0.0030
Mineral content -0.731 <0.0001
Carbonate content 0.644 0.0001

4A

Overall, the results of the correlations indicate that allochthonous inputs of mercury drive
accumulation rates in both regions during the Duke River period. However, different major sediment
sources to each region drive the intere differences. The Tabt Arm during this period was closer
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to the Duke River inflow and likely received more glacial sediments than the Middle region. As water
levels were much lower during this period in Kluane Lake, site 3 (Middle region) would have
received proportionally ore terrestrial inputs than glacial inputs because it would have been much

closer to the lake margins than the Duke River inflow (Figures 1 & 2).

3.3.2Differences Between Hydrological Periods

Temporal differences between hydrological periods in mercury accumulatesand driverof

mercury accumulatiowaried between sedint cores. In core 3B, there were significant

differencesin mean mercury concentration, mean mercury accumulatienaiamean dry mass
accumulation rate between t =e00P65pe0R724becr and A’ 3
1.8416, p = 0.0682;¢= 0.7092, p = 0.4807, respectively; Table 1). However, values became more
variable during t ab),indicatidby &Hhigher staadard dediatign TSamilar to

core 3B, mean dry mass accumulation rate did not differ between periods in core 4A, but the
variability increased during the A’ 4y Chu peri oc
accumulationat ¢ in core 4A were significantly higher d
Duke River period t = 4.1147, p = 0.00014:t= 2.1137, p = 0.0386, respectively; Table 1), and the

variability, as standard deviation, was also higher during thisg#ran the Duke River period

(Table 1). Increased seismic activity was noted
and these events likely resulted in peak values for mercury concentration, dry mass accumulation rate,

and mercury accumulationa t e i n both cores during the A’>dy Ch
Duke River period to the A4y Chu period was ass
in the Talbot Arm (core 4A) (ignoring the sediment disturbance events identifiedpsee & CE

1750 to CE 1850). This decrease in dry mass sedimentation rate also reduced the sediment dilution

effects of the Duke River iflow, which may have resulted in the increased mercury concentration

observed during the A’ 4y Chu period in core 4A.
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3.33TheA’ 4y Chu Period

During the A4y Chu period, mean mercury accumula
cores (p = 0.5174), but mean mercury concentration was significantly higher in core 3B than core 4A

(tso = 6.0131, p < 0.0001; Table 1), whimean dry mass accumulation rate was significantly higher

in core 4A than core 3B-{= 3.6946, p = 0.0004; Table 1). Mean dry mass accumulation rate was 2.8

times more variable in core 4A than core 3B during this period (Table 1).

When broken down intpre-industrial (CE 1700 to CE 1850) and recent (CE 1950 to CE 2015) time

blocks, mean dry mass accumulation and mercury accumulation rates did not differ significantly

between cores duringthepren d us t ri al port iasl7488 pAMI4ts€hu period
1.0194, p = 0.3168, respectively). However, mean mercury concentration was significantly higher in
core3Bthan4Aft= 4. 5117, p = 0.0001). During the recent
mercury concentration and accumulation ralidsnot differ significantly between cores (p = 0.0861,

p = 0.0686, respectively). But, variability in mercury accumulation rate was 7.4 times higher in core

4A than in core 3B. Also, mean dry mass accumulation rates were significantly higher in core 4A

than core 3B (t = 2.3468, p = 0.0313). Interestingly, the variability of dry mass accumulation rate
during the recent portion of the A4y Chu period
earthquake identified in core 4%.CE 1956 likely contributetb the high variability in dry mass

accumulation and mercury accumulation rate in core 4A during this period.

Within core 3B during the A>d4y Chu period, mean m
rate did not differ significantly between piredustrial and recent periodsdt 0.5459, p = 0.5927id

=1.3859, p = 0.1847, respectively). However, mean dry mass accumulation rate was significantly

higher during the prindustrial period than the recent periog € 2.8096, p = 0.0102), likely becse:

of high dry mass accumulation rates following the formation of the Kluane River (ca. CE 4680)

the subsequent lowering of Kluane Lakbserved in core 3B.
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In core 4Awithint he A’ 4y Chu period, mean mercury concen
rate, and mean mercury accumulation rate were all significantly higher during the recent period than

the preindustrial period Table 1;t2s = 4.2102, p = 0.00023¢= 2.4111, p = 0.0255;¢= 2.9038, p =

0.0071, respectively). The increased mercuryatdation rates in core 4A during the recent part of

the A>dy Chu period are being driven by parallel
sediments, possibly due to anthropogenic mercury pollution, and dry mass accumulation rates, driven

by the CE 956 earthquake near the Talbot Arm.

During the A4y Chu period, mercury accumulatior
accumulation rate (3B:3= 0.844, p < 0.0001; 4A: &= 0.817, p < 0.0001; Figure 8 bottom) than by

mercury concentration (3B:2R 0.761, p < 0.0001; 4A: = 0.017, p = 0.4123; Figure 8 top) in both

cores. Since both mercury concentration and dry mass accumulation were significant predictors of

mercury accumulation rate in core 3B, both predictors were then correlated with padéodjical

proxies (Table 3). Although mercury concentration was not significantly related to mercury
accumulation rates in core 4A in the A’ dy Chu pe
with proxies (Table 3) in order to better understand thise#or increasing trends in mercury

concentration in this core and to inform predictions.
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Figure 8. Linear regression relationships between mercury accumulation rates and mercury

concentrations (top) and dry mass accumulationates (bottom) in cores 3B (left) and 4A (right)

during ¢the

included during regression analysis.

In core 3B, dry mass accumulation rate was positively correlated with magumsteptibility and

A’ iy

Chu

period.

Statistical

outliers

organic content (Table 3), which suggests the importance of eroded terrestrial organic materials to

lake sediments. Dry mass accumulation rate was negatively correlated with mineral content (Table 3),

48



suggesting that necarbonate geofgic contributions to sediment accumulation are minimal to this
region during this period. During the Duke River period, there was no relationship between dry mass

accumulation rate and mineral content in core 3B.

Mercury concentration in core 3B during the A’ iy
content (Table 3), suggesting that organic madtacting as a vector for mercury delivery to lake

sediments. Mercury concentration was also positivelyetated with carbonate content, which

suggests that glacial materials may also be contributing mercury to Kluane Lake sediments in this

region. These findings contrast with relationships observed during the Duke River period, which

suggested glacial sedimedilution of mercuryAnthropogenic, atmosphericaltyansported mercury

deposited on the surface of the Kaskawulsh Glacier is released as the glacial ice melts, and is carried

to Kluane Lake via A’ 4y Chu dur i npgriodkdsCanadaer i od,
Pe& glacial icemelted(and other smaller alpine glaciers within the catchmeaaturally

accumulated mercury was released and transported to Kluane Lake via the Duke River. As the

magnitude of atmospheric mercury flux has increasgalfeiantly with anthropogenic activities, the

quantity of mercury delivered during the Duke River period via the Duke River would most likely be
lower than that which was delivered via A>dy Cht
period, it ispossible that the meltwaters from the Kaskawulsh Glacier are acting as both as source of

mercury and a diluting agent of mercury entering Kluane Lake.

In core 4A, dry mass accumulation rate was negatively correlated with organic content (Table 3),
suggeting that organic materials are not greatly contributing to lake sediments. Similar to what was
observed in core 3B, sediment mercury concentration in core 4A was positively correlated with
organic content (Table 3), which suggests that organic mattebenayector for mercury transport

to lake sediments, and negatively correlated with carbonate content (Table 3), suggesting a possible

dilution effect by carbonatgech sediments including glacial sediments. Mercury concentrations in
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core 4A were also netieely correlated with VRSnferred chlorophyHa (Table 3), which suggests

that algal scavenging is not an important mechanism delivering mercury to lake sediments and
supports an allochthonous origin for organic matter in lake sediments. Mercury catiocentias

also negatively correlated with magnetic susceptibility (Table 3). In this core, magnetic susceptibility
was positively correlated with carbonate content (Pearson R = 0.585, p = 0.0001), and negatively
correlated with organic content (Pearson R.330, p = 0.0431) and mineral content (PearsonR =
0.331, p = 0.0422), suggesting that increased magnetic susceptibility is related to either glacial
contributions or localized carbonate bedrock erosion. The negative relationship between magnetic
suscetibility and mercury concentration suggests a possible sediment dilution effect of mercury by
carbonateich sediments.

Table 3. Significant correlations between dry mass accumulation rate and paleolimnological

variables in cores B and 4A, and mercury concentration and paleolimnological proxies in core
3B, during the A’dy Chu period in Kluane Lake.

Core Proxy Pearson R p-value

Dry mass accumulation rate

Magnetic susceptibility 0.718 < 0.0001
3B Mineral content -0.459  0.0073
Organic content 0.362 0.0383
4A Organic content -0.331 0.0284
Mercury concentration
Mineral content -0.601  0.0009
3B Carbonate content 0.499 0.0080
Organic content 0.385 0.0472
Carbonate content -0.601 < 0.0001
VRS-inferred chlorophyHa -0.504 0.0102
A Magnetic susceptibility -0.442  0.0079
Organic content 0.376  0.0153
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Overall, the results suggest that there are differences in sediment sources to each region during the
A>4y Chu period. In the Middle region, dry mass
erosion, particularly organic sediments that origitfiadm the catchment. In the Talbot Arm, organic

content is not correlated with dry mass accumulation rates, which indicates that another sediment

source is important. The lack of additional significant correlations with dry mass accumulation rate

may be aesult of small sample size following statistical outlier remoNarcury in the sediments of

the Middle region is likely primarily terrestrial in origin and transported into the lake by terrestrial

organic matter. Further, glacial materials may alsodmributing mercury to lake sediments in the

Mi ddle region. Mercury concentration in the susrty
however, mercury concentrations in the river water are very low, indicating that mercury is bound to

the fine sednents carried by this glacial river (H. Swanson, unpubl. data). In the Talbot Arm,

sediment mercury also likely originates from terrestrial sources and is delivered to the lake with

organic matter acting as a transport vector. Glacial materials and/lizddozarbonate bedrock

erosion ardikely diluting the mercury being delivered to this region, in contrast to the Middle region.

3.4 Mercury Accumulation in southern Yukon Lakes

Recent (posi950 to ca. 1993) mercury accumulation rates and dry mass accomudadis in the

Middle region and Talbot Arm of Kluane Lake were within the ranges 620 . 4 0 Ew?’: Hg m
76— 2341 g nt yr, respectively) of other southern Yukon Lakes (Table 4). Mean dry mass
accumulation rate in the Southern region of Kluaakd . was 9 times higher than the next highest

lake, Lake Laberge (Table 4). Mean mercury accumulation rate in this region was 5.2 times higher
than the next highest lake, Little Atlin Lake (core 1; Table 4). Recent mercury concentration in the
Southern rgion and the Talbot Arm of Kluane Lake fell within the range (0:086. 0 9 5'dw) ef ¢
other southern Yukon lakes. Mercury concentrations in the Middle region (0.105dug gvere

similar to the highest southerrmYk on 1 a k e , F ogd dwlLTaldeed). Regentfodus g
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corrected mercury accumulation rates in all three regions of Kluane Lake fell within the range (6.50

2 6 4. 9 7yr}) of other southern Yukon Lakes (Table 4).

3.5Mercury Enrichment Metrics in southern Yukon Lakes

To determine whéter mercury concentration and/or accumulation rate increased since 1950
comparedwithpréd 8 50 i n K1 uane LajksolidlightbloelindFigwre 9asanus ¢ AF

index of anthropogenic mercury loading. However, to enable comparisons with therbiteagture,

I also calculated uncorrect e d-indugtrial[prei8b0and r i t hme t i ¢
recent [postL950] mercury accumulation rates), foeus r r e cg), and sedinfeftation rate

a dj us tgpadthrgpagE€nic mercury accumudat rates (termed anthropogenic mercury fluxes in

the literature) for Kluane Lake. These metrics were also calculated for other southern Yukon lakes, in

order to make comparisons among lakes in a standardized manner (Figure 9).

Anthropogenic mercury flwsein Kluane Lake differed among uncorrected and corrected forms
(Figure 9). In the Middle region, anthropogenic flux values ranged 8o to 5.61u ¢ H%yr'm
and in the Talbot Arm, values ranged fre®©3 to 25.221 ¢ H?yr'among corrected/agted
and uncorrected f agrvabiessuggestKdt anthropogedicaniercury loading
varies among regions and that there igndence ofinthropogenic mercury loading to the Talbot

Arm but there is to the Middle region (Figure 9).
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Table 4. Comparison of recent mercury concentrations and accumulation rates among southern

Yukon lakes. Values are calculated until only ca. CE 1993 to compare consistent time periods

between studies.

Recent Recent focuscorrected
mean dry Recent Recent mean Hg acc. rate
Lake mass mean [Hg]  Hg acc. rate ( p g?ymi)
acc.rate (pg) g (pg2ym)
(@nm2yr)

Southern rg. 8971 0.042 368.05 212.71

Kluane )
Lak Middle rg. 235 0.105 24.34 67.42

ake

Talbot Arm 716 0.094 53.21 67.52
Bennett Lake 1140 0.053 60.22 264.97
Fox Lake 119 0.095 11.28 11.28
Grayling Laké 2341 0.028 65.55 n/atl
Hanson Lake 76 0.082 6.20 8.67
277 0.036¢ 8.1 6.5C¢

Kusawa Laké?
378 0.038 9.5¢ 11.5G
Lake Laberge 999 0.026 25.81 36.13
Little Atlin  core 1 813 0.088 71.40 99.95
Lake! core 2 441 0.084 36.91 33.22
Marsh Lake 374 0.058 21.62 21.62
Watson Laké 239 0.087 20.73 62.20

All data for lakes other than Kluane Lake and Grayling Lake were retrieved from Drexratk2016) Supplemental

Table 2.

" Sediment core collected by N. Zabel, H. Swanson, R. Hall in winter 2015. Data are presented here for compari:
1. N. Zabel, unpublished data: sediments originally collected by J. Brahney (2004) and used with permission. Nc
focusing factor was available for this lake.
2. Core collected by Lockhaet al.(1998).

3. Mean values for both cores collected by Segral. (2009) in the same location in Kusawa Lake.
4. Two cores were collected in different parts of Little Atlin Lake by Lockétaai. (1998).

To compare

ant hropogenic

mercury

loading

(Table 4; solid dark blue in Figure 9), as this metric corrects for sediment focusing ianakess

among

able to be calculated for many previously studied southern Yukon l@ke®ction for differences in

sedimentation rate within a lake between the reand preindustrial period was not possible for
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many southern Yukon lakes, as a constant sedimentation rate was assumed for these lakes and this
constant was used to calculate mercury accumulation rate. Since a constant sedimentation rate was

used, the simentation ratio would equal 1, and provide no adjustment. However, since there are

known differences in sedimentation rates betweesinghastrial (CE 1700 to CE 1850) and recent

(CE 1950 to CE 2015) periods of Kluane Lake and there are likely differ@msedimentation rates

betweenpré ndustrial periods of other 1l akes,ajt his metr
used earlier. Focusorrected anthropogenic mercury fluxes in Kluane Lake differed between regions:

A E was negative in coreB3and relatively high in core 4A, compared with other southern Yukon

lakes (Figure 9). In core 4A, several earthquake events have affected the sediments of this region by
increasing dry mass accumulation rates and, therefore, mercury accumulation kaitscores, the

formation of the Kluane River resulted in increase of dry mass accumulation rates as Kluane Lake

drained, which increased mercury accumulation rates during thedustrial period. Correcting for

differences in sedimentation rates betw#ee preindustrial and recent periods in Kluane Lake is
important, as these past events harbetweeneaeul t ed i n

4A, core 3B, and other southern Yukon Lakes.
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Figure 9. Anthropogenic mercury fluxes in both regions of Kluane Lake and other southern

Yukon 1 akes. In Kluane Lake, four fluxes were cal
(grey striped), focuscorrected anthropogenic fluxA E (solid dark blue), sedimentation rate

adj us tgesadlid pelow), and focuscorrected, sedimentation rateadjusted anthropogenic
fluxirAFolid 1ight blue). In ot heovere calouktedhisee n Yu ko n |
text for further inform ation). *Focus-correction was not possible for Grayling Lake as no focus

factor was available.!Data for the core collected from Kusawa Lake from Lockhartet al.

(1998).2Mean values for both cores collected from Kusawa Lake by Steret al. (2009).
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Chapter 4

Di scussion

4.1 Trends in Mercury Accumulation in Southern Yukon Lakes

Lakes in the southern Yukon have large ranges in sediment mercury concentration, dry mass
accumulation rates, and mercury accumulation rates, and at least some afativappears to

reflect differences among lakes in inputs of glacial meltwater. Sediment mercury concentrations in
the southern Yukon lakes included in the comparative portion of this study are below the interim
Canadian Sediment Quality Guigde forb t a1l me r ¢ u r kg gt; CCMEL999);chowever, a |
over half of these lakes were above the Canadian mean total mercury sedimentration in lakes

( 0. 07 4 Hggt CEMEt199D), including the Middle and Talbot Arm regions of Kluane Lake,
Fox Lake, Hanson Lake, Little Atlin Lake, and Watson Lake. Many lakes that had relativedy high
sediment mercury concentrations have sediments with relatively high organic content (Hart 1982;
Rasmusseant al. 1998; Rawret al.2001; Kainzet al.2003). Thisrelationship between organic
sediments and sediment mercury concentration is not surprising, as catdemesd mercury is

often transported to lakes bound with organic matter (eg. Ket@i2015; Scherbastskat al.

1998 seeRavichandran 2004). Meury concentrations in southern Yukon lake sediments, aside from
Kluane Lake, decliremoving east to west. The relative proportion of glaciers within lake catchments
also increases moving east to west across the Yukon (Baalr2001). It is possiblenat high

sediment loads associated with glacial meltwater inputs dilute sediment mercury in more westerly
lakes southern Yukon lakes. In Kluane Lake, sediment mercury concentrations were highest in the
Middle region, which also had the lowest dry mass mecdation rate. The lowest mercury
concentrations were in sediments from the Southern region, which had the highest dry mass

accumulation rate among regions studied in Kluane Lake. Low sediment mercury concentrations in
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the Southern region appear to be suteof dilution by the glacially derived sediment load carried by

the A>d4y Chu and deposited in the Southern region

Generally, southern Yukon lakes with higher dry mass accumulation rates had lower mercury
concentrations than those with low dry mass andation rates, supporting the idea of sediment
dilution of mercury concentrations in southwestern Yukon lakes. However, higher dry mass
accumulation rates may result in higher mercury accumulation rates despite lower mercury
concentrations. It is thus al$mportant to understand the variation in dry mass accumulation among
lakes. Whereas the highest dry mass accumulation rates were observed in lakes fed by glacial
meltwater (the Southern and Talbot Arm regions of Kluane Lake, Bennett Lake) or larg€Liakers
Laberge), dry mass accumulation rates in Kusawa Lake were relatively low despite the highly
glacierized catchment of the lake (Gilbert & Desloges 2005). This may be due to the morphology of
Kusawa Lake, and the high spatial variation in sedimenramtjcs between regions of Kusawa Lake
(Gilbert & Desloges 2005). Unexpectedly high dry mass accumulation rates were observed in
Grayling Lake. This small, hydrologically closed kettle lake has no distinct inflows or outbods
small catchmeniBrahney2007). Grayling Lakés located in close proximity to Kluane Lake, and has
undergone similar changes in water level as Kluane Lake over the past approximately 3@ugears

to the groundwater and past surface water connectivity (Bradirady2008b).

The analysis of cores from Kluane Lake revealed that in some regions and hydrologic periods,
sediment mercury accumulation was more closely related to dry mass accumulation, whereas in other
regions and hydrologic periods, sediment mercury accumulation er@satosely related to mercury
concentration. This variability in relative importance of drivers appeared to extend to other lakes in
southern Yukon. Focusorrected mercury accumulation rates were high in some southern Yukon

Lakes with large glacial inpsitand correspondingly high dry mass accumulation rates (the Southern

region of Kluane Lake, Bennett Lake), but also high in someghamal lakes (Little Atlin Lake,
58



Watson Lake) with relatively high organic matter accumulation rates (and thus, mercury
concentration; Rawet al. 1999). Focusorrected mercury accumulation rates in Kluane Lake were
similar between the Middle and Talbot regions despite the hydrological and resulting sediment
accumulation rate differences between these regions. In the Sotgbam, mercury accumulation

rates were high due to high dry mass accumulation rates and setbmesihg at the coring site.

Anthropogenic mercury loading to southern Yukon lakes, as quantified bydooeted

anthropogenic accumulation rates (orfl ¢ sgp) , AFs r el at i ve?lyrf)inlalblakes( < 10 p
except for Kluane Lake, compared with temperate midlatitude lakes é¥1air2009). Generally,

A E appears to decline moving east to west across the Yukon, similar to other studies (laickdhar
1995; Lockharet al. 1998). While overall anthropogenic accumulation rates are low, the recent
increases observed in mercury loading to lake sediments may be due to increases in natural
weathering and watershed contributions, and possibly due to increases in algal productivity and
therefore algal scavenging of mercury in the water column. In Kluake, a positive relationship
between mercury concentration and organic content in both cores indicates that organic matter
contributions to Kluane Lake are also contributing mercury to the lake. Increases in autochthonous
organic matter have been shopneviouslyto increase mercury delivery to sediments in Kusawa

Lake (Sterret al.2009). Relationships between organic matter, whether allochthonous or

autochthonous, in other southern Yukon lakes has not been studied.

Focusc or rect ed AF Middleragiorgand high ia the Talbot Arne of Kluane Lake:
more than three times higher than other southern Yukon lakes. In both regions, differences in dry
mass accumulation rate between theipdeistrial (CE 1700 to 1850) baseline period and the recent
(postCE 1950) per i o ¢values ebsedvedi Tw addrgss dfiéctof varidble dry

mass accumulation (aka sedimentation) rate, sedimentation ¢ a drj W) wad AF
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calculated: these values indicate that anthropogenic mercury Idadiiigane Lake is low (Middle

region) or negligible (Talbot Arm).

The reconstruction of mercury dynamics is affected by the location a sediment core is taken,
especially in a large lake. The importance of coring location was demonstrated in this séudy. Th
were differences in mercury enrichment metrics between regions in Kluane Lake. To date, spatial
diversity in sediment stratigraphic records and assocgiteds on mercury reconstructions have

been poorly acknowledged. Sternal.(2009) used two sltiment cores collected from the same sitre

in Kusawa Lake, to reconstruct mercury dynamics for the entire lake. While good stratigraphic
agreement was found in mercury and algal matter concentrations between cores, two cores from one
collection site canrtaaccurately reconstruct mercury dynamics for all of Kusawa Lake, due to the
physical structure of the lake and previously noted distinct lake regions (Gilbert & Desloges 2005).
Kusawa Lake is similar to Kluane Lake: both are long and narrow lakes swEtbbypanountains,

and have spatial heterogeneity in sediment dynamics. Spatial differences in mercury accumulation
dynamics would therefore be expected. In Kluane Lake, significant differences in mercury
concentration, dry mass accumulation rates, and meaccumulation rates were found between
regions; relationships between environmental proxies and mercury accumulation dynamics also
differed. It is not unlikely that similar spatial differendeBuencemercury accumulation in other

large lakes in the shern Yukon and other mountainous lake systems.

Enrichment metrics such as those used in this study must be interpreted in the topographic and
hydrological context of the lake, and should be accompanied by additional analysis into the history
and controlof mercury accumulation within a given lake. | suggest that these metrics be employed
with caution. In the cores from Kluane Lake, these metrics changed in response to disturbance events
that caused sediment resuspension and/or large increases in dacowasslation rate, such as

earthquakes. Many previous paleolimnological studies have assumed and used a constant
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sedimentation rate (e.g., Lockhattal. 1998, Sterret al.2009) to determine mercury accumulation

rates in sediment cores, and have attéfiuncreases in mercury accumulation rates (often using a

form of AF) to anthropogenically induceta increas
1998). However, a linear sedimentation rate is a poorly founded assumption, especially for lakes

located in mountainous or seismically active terrain, where earthquakes, landslides, floods, or other
sediment disturbance events can cause large changes in sedimentation rate (e.g., Kusawa Lake, see
Gilbert & Desloges 2005). Some authors have assumedar [sedimentation rate despite evidence

for sediment disturbance events in radioisotope or sediment proxy stratigraphies (egt &tern

2009). Itis important to consider historical watershed influences when reconstructing mercury
accumulation dynamgécand evaluating anthropogenic mercury enrichment: Kluane Lake serves as an
important case study in this regard, given the ¢
sedimentation rate. It is therefore recommended that: 1) sedimentatioperaletermined for each

core section instead of assuming a constant sedimentation rate; and, 2) additional paleolimnological
variables, such as magnetic susceptibility, become common analyses conducted during

paleolimnological reconstructions of mercury dgmics; this will allow practitioners to better

understand the historical sediment dynamics and provide context for the reconstructions.

Mercury enrichment metrics are widely used in the paleolimnological literature (e.g.efNiir

2009, Brazeaet al.2013b, Goodsiteet al.2013), but can bmfluencedby core collection location

and historical sediment disturbance events, including landslides and earthquakes. These metrics may
be inaccurate indices of pollution especially in large, mraljion or multibasin lakes, in which

mercury accumulation or sediment accumulation dynamics may differ among regions, and/or when
lakes are subject to sediment disturbances. Given the topographic setting of many southern Yukon
lakes, particularly those in the southwdsits not unlikely that earthquake events (e.g., Cassidy &

Rogers 2004, Hyndmeet al. 2005, Lamontagnet al.2008) or other sediment disturbances (e.qg.,
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Lowey 2002) havaffectedsediment stratigraphies and dry mass accumulation rates. The extent of

sedment disturbance events and spatial heterogeneity in mercury dynamics in large lakes has not, to

date, been adequately considered in paleolimnological studies, especially those reliant on a single
core or site. Future studies should focus on increasegpatial coverage of studied lakes, analyzing
multiple cores from large or multegion lakes, and utilizing multiple lakes in close proximity to
quantify the legacy and characterize the spatial variability of anthropogenic mercury pollution in

western sharctic Canada.

4.2 Sediment Disturbance Events in Sediment Stratigraphies from Kluane Lake

Seismic events, such as earthquakes, are known to disturb the surrounding topography and alter the

characteristics of lake sediments. As such, lake sedimentshave beend as “nat ur al
to reconstruct historical and past earthquakes globally, especially given the lacktfrtong
seismographic records (e.g., Doig 1991, Doig 1998, Monet&k2004, Bertranet al. 2008,

Schwabet al.2009, Doughtyet al.2014, Peterseet al.2014). Anomalous layers of sediment formed
due to the effects of earthquake events have
the literature (Doig 1986, Schilts & Clague 1992, Monestkal. 2004, Bertranett al.2008, Schwab

et al.2009, von Guteet al.2009, Peterseet al. 2014; see Shanmugam 2016 for a discussion of
terminology). Earthquakes caifffectlake sediments in two major ways: by introducing additional
sediments from the catchment to the lake, anckbistributing previously deposited lake sediments;
generally, both sediment delivery mechanisms occur simultaneously (see Fig. 14, Bgraland

2008). Earthquakanduced sediment layers in lakes typically have one of two structures. The first
typeofs t r uct ur e, cserisd strictgBertrandet al:2008) & a lkayer’characterized by
continuous fining of sediments from the bottom (coarser) to the top (finer). The second type of
structure 1is call eetal2008 Petesanetale2dld)iHeniogeqitB deposits a n d

have a characteristic and distinct layered structure, gsetpof a coarsgrained (typically sand)
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layer on the bottom overlain by a thick and homogenous layer efifaired clay sediments capped
with a thin layerof fine silt sediment§Bertrandet al. 2008 Peterseret al.2014). These layers are
often characterized using several methods, including magnetic susceptibilitysigeain
geochemistry, xay imaging, and organic matter analysis; rapid identificatferacthquakenduced
sediment layers can be accomplished using only magnetic susceptibility, geochemistry, and/or
sediment density (Doig 198Bertrandet al.2008). Identification of earthquakes in sediment records
can be strengthened bgncomitant occuence of related deposits in multiple cores collected from
different region®f a lake (Bertranét al.2008). The magnitude of an earthquake and the proximity
of the epicenter to the lake in question affect the degree of allochthonous and autochttdinmaug se
delivery and redistribution in lakes (Ambraseys 1988; Monetla. 2004). Generally, a larger
magnitude earthquake event vdffecta greater area further from the epicenter than a smaller event

(Ambraseys 1988)

The earthquakes and other seditdisturbance events identified in Kluane Lake in this study were
previously identified by Doig (1998) and Brahretyal. (2008b). The Sheep Mountain landslide was
a large, catastrophic landslide @ssibly aseries of landslides) that occurred betwearCE 49

(95% credible interval: BCE 58CE 179) andta.CE 1426 (95% credible interval: CE 132€E

1515; Clague 1981). While the ultimate cause is unknown, Clague (1981) identified several factors
that may have contributed to the slope failure ultgtyatausing this landslide, including high seismic
activity in the Denali Fault and the occurrence of intense rainstorms. Doig (1998) identified a silt
layer in Kluane lake dated to CE 1425 which he attributed to this landslide. The Sheep Mountain
landslice was tentatively identified in the sediment core from Middle region, corresponding with a
weighted mean core section age of CE 1534 (95% confidence interval: CE C&9627); no

peaks were observed in the Talbot Arm which would correspond with thi§ &esvever it was not

expected to be identified in this region due to the distance between the Talbot Arm and the Sheep
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Mountain landslide site. This landslide event likely contributed a large amount of sediment to Kluane
Lake, which would have increassddimentation rate and mineral content in lake sediments. In the
Middle region, the inferred landslide event corresponded with increases in magnetic susceptibility,
dry density, and dry mass accumulation, as well as mercury concentration and mercuryaticcumu

rate. It is also possible, however, that the peaks observed in numerous proxies were caused by a yet
undescribed earthquake event. Further analysis and additional sediment cores are needed in order to

more accurately identify this landslide evend aetermine its effects on Kluane Lake sediments.

Major hydrological events were also preserved in the lake sediment records and were observed in

both sediment cores. The prominent peaks in both cores identified ca. CE 1690 correspond with the

previously dentified formation of the Kluane River (Clageteal.2006; Brahnet al.2008b). This

event resulted in important and rapid changes in the hydrology and sediment characteristics in Kluane

Lake (see Brahnegt al.2008a,b) that were wefireserved in the sediment cores used in this study.

The rapid increase inwaterlexd.CE 1650 due to the inception of thece
decreases in sediment mercury concentrations in Kluane Lake, with parallel increhyanass

accumulation rate and mercury accumulation rates. The erosion of the Duke River sediment in the

Brooks Arm and the formation of the Kluane RigarCE 1690 (CE 16806 1700; Claguest al.

2006) resulted in rapid draining of the lake and dess®én dry mass accumulation rates and mercury

accumulation rates with increases in mercury concentrations.

In addition to landslides and river formation events, several historical earthquakes were identified in

the sediment cores from Kluane Lake. Promtrpeaks observerh. CE 1900 in both cores

correspond well with the CE 1899 Yakutat Bay earthquakes, a series of earthhatdesurred

over a sixday period (Lamontaget al.2008), and prominent peaksda.CE 1955 in both cores
correspondwithtwd ocal i zed earthquakes (both 9deClagué) i n CE

1981 Fig. 9): one earthquake was centered near Sheep Mountain and the other was centered just north
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of the Gladstone Creek delta. This earthquake was more pronounced andididtedtalbot Arm

sediment core due to the proximity of this site to the epicenter of the northern earthquake. In both
cores, the CE 1899 and CE 1956 events resulted in deposition of a homogenite layer, as evidenced by
a threelayer structure where dry dsity declines immediately prior to a sharp increase in dry density
Bertrandet al.2008). Earthquakanduced sediment disturbance evantseased sediment mercury
concentrations in Kluane Lake, likely gdrén by the redistribution of sediments, and the

concentration of the fingrained sedimentsn top of the homogenite layer, sedimahts are often
associated with mercuryfenetRobin & Ottmann 1978; El Bilakt al.2002). Earthquake events

also increased mercury contributions from the catchmenké¢osiediments: concurrent increases in

organic matter content and mercury concentration observed in Kluane Lake sediment stratigraphies

likely reflect increased catchment contributions.

Over the past 150 years, several other earthquakes have occurred that nadtgtedtbe sediments

of Kluane Lake and some evidence of these events is present in the stratigraphic record, but these
other earthquakes were not identified distinctly in sedit cores. On 27 Decemb@E 1850, an

earthquake was felt at Fort Selkirk: this earthquake is suspected to be no greater than magnitude 6 and
did not originate nearby the fort but was attributed to the Denali Fault (Jackson 1990). A dense, silty
layer ofsediment was identified in a sediment core collected from Kluane Lake by Doig (1998) and
dated taca.CE 1865. It is possible that this earthquaKectedKluane Lake as well, which is

adjacent to the Denali Fault. There is some evidence in the sedaunerd for this earthquake,

particularly in the Middle region in magnetic susceptibility, dry density, dry mass accumulation,
mercury concentration, and mercury accumulation rate; however, a corresponding layer in the Talbot
Arm is mostly absent. To posigly identify this event, however, additional sediment analysis is
required, specifically increasing the sectioning intervals of collected sediment cores. In CE 1920, a

local earthquake (M > 5) occurred neaksAffheepee
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(Clague 1981 Fig. 9). This event also likaljectedKluane Lake sediments. It was not identified,

however, due to low sedimentation rates and thus low sediment core resolution and the relatively
largereffectof the CE 1899 earthquake onthesedimt recor d. Finally, an eart
occurred in CE 1940 just east of the Brooks Arm (Clague 1981 Fig. 9). There is some evidence for

this earthquake in the sediments collected in the Talbot Arm, however the absence of a corresponding

layer in the Mddle region and the relatiwefluenceof the CE 1956 earthquakes on Talbot Arm

sediments make it difficult to conclusively identify this event. In order to better identify these

historical earthquakes, additional sediment core analyses and the coléetdtfitional cores nearer

to the epicenters are needed. While other earthquakes were not identified distinctly in the collected

sediment cores, these events may tefeced thesediment stratigraphiesd therefore the analysis

presented.

4.3 Mercury in Kl uane Lake

Hydrological changes have shaped the paleolimnological histdfjuane Lake over the pasD0

years and resulted in spatiotemporal differences in mercury dynamics throughout the lake. The

transition from the Duke River period, when Kluane é akas supplied by the Duke River in the

north and drained via the A>dy Chu valley to the
was supplied glacial meltwater via A>dy Chu in th
north, resulted in méed differences in sediment characteristics and mercury dynamics within the

lake.

During the Duke River Periodd.CE 650- CE 1650), mercury accumulation rates in Kluane Lake
were driven by both mercury concentration and dry mass accumulation in ttie kéidion and the
Talbot Arm. Dry mass accumulation was controlled by glacial inputs to the lake and local catchment

erosion. During this period, glacial and terrestrial material entering Kluane Lake diluted the incoming
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mercury, which likely originateddm nonglacial, inorganic sourcesuch as the surrounding

bedrock based on the results of this stu@ymilar to controls of dry mass accumulation rate, mercury
concentration was controlled by allochthonous inorganic, mineral sediment contributions from the
surrounding catchment, and by carbon@th glacial sediment contributions from the Duke River
acting as diluting agents. Dilution of trace metals, including mercury, was also found in several lakes
by Yang & Rose (2005), who suggest that dilution occurs when sediment loading increases from
sources that are not contaminated with the trace metakstign. Given the findings of Yang &

Rose (2005and the results of this studsediment dilution is an important mechanism that controlled
mercury dynamics in Kluane Lake, and supports aglacial inorganic source of mercury to Kluane

Lake during the Dke River period.

Sources of mercury to Kluane Lake during the Duke River period likely included the streams
stemming from surrounding mountain ranges, such as Bocks, Nines, and Gladstone creeks, all of
which carry eroded materials from the bedrock of theaHe and Ruby ranges. Many of the streams
flowing off the Kluane ranges have channels that have worn through diverse bedrock formations:
deposits of gold, gypsum, and lignite have been noted within these mountain ranges (Bostock 1952;
Muller 1967), and mahave been important sources of mercury to the Middle region of Kluane Lake
during the Duke River period. While lignite tends to have lower concentrations of mercury than
highergrade coals, both lignite and gypsum have higher concentrations of meanumanyother
minerals (Chu & Porcella 1995; Rytuba 2003; Yudovich & Ketris 2005; &ioat 2010). Mercury in

the Talbot Arm during the Duke River period may have originated from erosion of thbagidg
gravels found along Gladstone Creek (LeBarg#6)9Gladstone Creek is underlain by the Yukon
Group formation, a mixture of metamorphic rocks punctuated bylgedding quartz veins (Snow

1936; Bostock 1952; Muller 1967). These veins were likely eroded by fluvial and glaciofluvial

processes during thdolocene, and materials were deposited along the creek bed as auriferous gravel
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materials (LeBarge 1996). Gold from similar Klondilegion deposits within the Yukon Group
formation contain mercury at conceattons ranging froni0 to 90 mg Hg/g AgKnight et al. 1999).
Erosion of other bedrock channel creeks that flow into the Talbot Arm may also have contributed

mercury to the sediments, as these channels are also underlain by Yukon Group formation bedrock.

The blockage of t he redaroundCRh 15620dwhighicauseg KluaneH aketo o ¢ ¢ u r
deepen gradually, corresponded with increased mercury concentrations in the core stratigraphy of the
Middle region (Brahnet al.2008b; Brahnet al.2010). Mercury concentrations were higher in

the Middleregion than the Talbot Arm following the blockage, likely owing to an increase in fine

glacial sediments being delivered to this region following the valley blockage (fRebat &

Ottmann 1978). Increases in magnetic susceptibility during the tramsitieriod indicated that

terrestrial erosion increased as the lake deepened and contributions of glacial meltwater increased

over time: both terrestrial and glacial materials likely contributed mercury along with sedimentary
materials. The erosionofgold,i gni te, and gypsum deposits present
Chu (Bostock 1952; Muller 1967) may have also contributed mercury to the lake after the southern

drainage was blocked (Rytuba 2003; Yudovich & Ketris 2005; ¥bat.2010).

DuringtheA” 4y Chu P e = CB2015) nekuryl aéesirdulation rates were driven primarily
by dry mass accumulation rates, which were controlled by the erosion of terrestrial organic matter as
well as by glacial contributions to Kluane Lake. Sediment mercurgesdration was also an

important factor in driving mercury accumulation dynamics in the lake. Evidence from correlations
with proxies, including carbonate content and magnetic susceptibility, indicated that mercury in the
sediments of the Middle regioniginates from terrestrial materials and possibly glacial meltwater.
Since glaciers accumulate airborne contaminants on their surface but melt at the ablation zone
transversely, atmosphericallsansported mercury that has accumulated on the surface of the

Kaskawulsh Glacier since the Industrial Revolution would be delivered to Kluane Lake, likely
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associated with fine sediments suspended in the glacial meltwater. However, glacial meltwater carries

an abundance of sediments that would dilute this incominguneas well.

Similar to the Middle region in the A’ 4y Chu Per
A>4y Chu Period originates from terrestrial mat e
carbonateaich material or erosion of tal carbonateich bedrock. In both lake regions, terrestrial

mercury is being delivered to the lake primarily in association with allochthonous organic matter, as

well as less inputs originating from the gold deposits along Gladstone Creek. The watigphekes

located along the southeastern shores of Kluane Lake may also be important mercury sources, as

border wetlands are rich in organic matter and can be important contributors of mercury to lakes

(Rudd 1995). However, further investigation into meydoading from the creeks and inflows

around Kluane Lake is required to better characterize the mercury mass balance for the lake.

In May 2016, Kluane Lake abruptly entered into a new hydrological period. The meltwaters of the
Kaskawulsh Glacier, whichpvei ously fed A>d4y Chu, were pirated
Consequently, flow of A’ iy et@h20l7)dBasedonthe eledationi gni f i
di fferences at the toe of the Kaskawulsh Glacier
diversion is expected to be a relatively permanent hydrological change (8haga017). The
diversion of Kaskawulsh Glacier meltwaters away
for mercury dynamics in Kluane Lake. First, the decreasedidis r ge of A’ 4y Chu will
overall mass of sediments entering Kluane Lake,imecréase the proportion of watend sediments
originating from the small t mDepbsitstohgold, gypsune,ankls al or
lignite coal have ben found within this valleyBostock 1952; Muller 197 and erosion of these

deposits may be a source of mercury to Kluane Lake (Rytuba 2088yich & Ketris 200%. An

increase in the influence of the tributary sediments relative to Kaskawulsh gkdiimlents may

result in increased sediment mercury concentrations in Kluane Lake as well as increased sediment
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particle size. The loss of fine glacial sediments

sediments, which may increase mercury bioaviitgbHowever, decreases in glacial contributions

will result in increased water clarity and temperature, particularly in the Southern region; the lack of a
major water and sediment source may also increase the heterogeeeityrafimental controls of
mercuryaccumulatioramong regions of Kluane Lake, as the relative importance of local

contributions will increase. The new hydrological period into which Kluane Lake is entering may be
similar to the Duke River period, as lake levels decline. As the akiinces to drain through the

Kluane River and water levels decrease, Kluane Lake may become a closed basingiSiiugar

2017).

Global climate changes and warming are increasing thedegeriod and water temperature in

arctic and subarctic lakes assoNorth America (Prowsst al.2006; Schindler & Smol 2006). The

Yukon Territory is warming more rapidly than other parts of Canada: winter temperatures have
increased 4°C over the past 50 years and are predicted to continue to increase (Streickidne2016).
ice-free season of many lakes has increased in duration, which has also increased lake water
temperatures (Prows# al.2006; Schindler & Smol 2006). In Kluane Lake, this regional warming
effect is compounded by the loss of the cold meltwaters frerK#skawulsh Glacier. It is expected

that as the lake level drops, water temperatures in Kluane Lake will increase. Warmer waters paired
with increases in terrestrial matter and nutrient export to the lake (Aetr&r2009), due to

increases terrestridiecomposition rates and an increased frequency and severity of precipitation

events (Streicker 2016), may result in increased primary production in the lake. Additionally, the

decrease in suspended sedi ment s tritythrogghpootr t ed by

Kluane Lake, further supporting increasedake production. Increased terrestrial export, especially
organic matterdue to climate changelated effectswill also increase the rate of mercury loading

from the catchment to Kluane Lakas a strong relationship between mercury accumulation and
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autochthonous organic matter was observed during
primary production may result in algal scavenging of mercury, which has been observed in other

Yukon lakeqe.g., Sterret al.2009). Further, decreased inputs of glacial meltwater will increase the
proportion of groundwater contributions to the lake. In the past, low surface water inputs and high
groundwater inputs in Kluane Lake have resulted in meromisg passibly anoxic or euxinic

(sulphurrich anoxic) conditions in the lake (Brahnetyal.2008a). Clearer, warmer, nutriemth

water, possible meromictic conditions, increased mercury loading, higher autochthonous primary
production, and possible anoxionditions in lakeébottom sediments will aBffectmercury cycling in

Kluane Lake, affecting both the biota of the lake and the communities which depend on them.

Brahneyet al.(2010) suggested that the Duke River could be redirected into Kluane Lthleeament

of the loss of the A 4y Chu inflow. The past anc
BCE - CE 350) were ended by the recapture of the Duke Rv&ZE 350 (Brahnegt al.2008a,

2010). This also resulted in an increase in watel levibe lake(Brahneyet al.2008b): however, the

Kluane River did not exist during this period. Paleochannels from previous flow paths of the Duke

River are evident northwest of Burwash Landing and near the current Duke River delta where it joins
the Kluane River. However, the comnity of Burwash Landing, the Burwash airport, the Alaska

Highway, and the Rocking Star Ranch are all located within the Duke River sediment fan, and would

be placed at risk if the Duke River were diverted by anthropogenic activities. It is unlikelyethat th
redirection of the Duke River would be a ceffiective and sustainable solution to the loss of

meltwater inputs. The Duke River has been shown to move across the landscape repeatedly in the past
5 000 years (Brahnest al.2008a), and maintenance coassociated with controlling this river

would likely be immense.
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Chapter 5

General Concl usi ons

5.1 Summary of Research

Using a multiproxy approach and multiple sediment cores, | investigated mercury accumulation
histories in several regions in Kluane Lake, Yukon, atated changes and spatiotemporal

variability in mercury accumulation dynamics over a 1-28@r period to previously characterized
hydrological changes. Trends in mercury accumulation dynamics were explored in southern Yukon
lakes, drawing on previous slies to elucidate spatial patterns in recent sediment mercury
enrichment. This study represeriis first investigation into regional differendeshistorical and

modern mercury accumulation in sediments in a large, gitezddbke.

The dynamic hydrologal history of Kluane Lake had markeffectson mercury accumulation in the

l ake: the loss of the Duke River inflow, the ince
the Kluane River all resulted in changes in sediment mercury accumulatiomainekLake.

Additionally, earthquakes in the catchment resulted in increases in sediment mercury concentration

and accumulation rate throughout the lake. Overall, sediment mercury concentrations and

accumulation rates are declining in much of the lakegghewe r , near the A’dy Chu de
concentrations and accumulation rates are increasing coincident with decreasing dry mass

accumulation rates. In general, mercury in Kluane Lake is derivedcimmment sources, including

soil and bedrockveatheringand erosion

Mercury dynamics in Kluane Lake varied between regions but were generally compatialoi#ner
southern Yukon lakeMercury accumulation rates and concentrations in Kluane Lake sediments were
relatively high but within the range of other lak®ry mass accumulation rates were also high in

Kluane Lake, which drove the high mercury accumulation rates. Differences in mercury accumulation
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rate, mercury concentration, and dry mass accumulation rate among lakes were attributed to
gualitativetopogiaphic differences among lakes and the influence of earthquake events on sediment

stratigraphies.

5.2 Significance & Implications of Research

This is one of three studies to reconstruct temporal mercury accumulation dynamics in a large,

glacially-fed lake in Mrth America (see Steet al.2009 & Kocket al.2012), and the only study to
investigateregionaldifferences in mercury dynamics in a large, glacifdly lake. Results have

provided insight into theffectsof hydrological and climatic changes, eartake events, and

anthropogenic activities on mercury dynamics. This study also contributes valuable baseline

information regarding sediment mercury in Kluane Lake, which will provide an important foundation

for future monitoring and studiesonthelakeeespi al 1y in 1ight of the rece

inflow (Shugaret al.2017).

In late May 2016, discharge of the A>dy Chu infl
minimum water level in Kluane Lake during the same month (Shugar et al R&Eoxd high river

flows in the Alsek River were also recorded during summer 2016 (SktighR017). Drone surveys

indicated that a catastrophic ice wall collapse at the toe of the Kaskawulsh Glacier had drained the

lake that f ed tltokthisAdlldpse, watkrivas divested into the headwater lake of

the Kaskawulsh River (Shugaral.2 0 1 7) . This resulted in the ‘pira
Kaskawulsh Glacier meltwater now drains via the Kaskawulsh River (ShtighR017). This

dranage change is considered to be permanent, due to the topographic gradient of the Kaskawulsh

Glacier terminus (Shugar et al 2017). While dramatic, similar events have occurred in the history of

Kluane Lake, with significant changes in drainage occurrurghd the mid and late Holocene

(Brahneyet al.2008b).
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Lower water levels have been observed in Kluane Lake since summer 2016 by local community
members and Shugat al.(2017). Without meltwaters from the Kaskawulsh Glacier feeding the

A’ &y C h i this fvér wilvdecline dramatically, as will the amount of sediment transported
into Kluane Lake. The A4y Chu will continue to f
streams that originate from the Kluane Ranges, such as Vulcan, Bullio@pandreeks will feed it.
Water levels in Kluane Lake will continue to fall, ultimately until the Kluane River outlet is lost and
the lake becomes a closed basin, which has occurred historically due to drainage shifts in the lake
(Brahneyet al.2008a; Braneyet al.2010). Previous closed basin periods in Kluane Lake have
resulted in sediment hypoxia or anoxia (Braheegl.2008a), which provide suitable conditions for
bacterial methylation of mercury (Pak & Bartha 1998). Inputs of sulpfateyroundwéer to Kluane
Lake may further foster increased bacterial mercury methylation (Gilet@ir1992), resulting in

increased concentrations of mercury in aguatic organisms.

Sediment accumulation rates in the southern region will decline sharply with the loss of inflowing
glacier meltwaters, while smaller declines in sediment accumulation the middle and northern regions
of the lake are likely. This decline in sediment accutiadawill likely be paired with an increase in
sediment mercury concentration (decreased sediment dilution), as an inverse relationship between
sediment accumulation and mercury concentration was found in this study. Further, water column
turbidity will decrease throughout the lake, and water temperatures will slowly increase, due to both
the loss of cold glacial meltwaters and regional climate warming, likely resulting in increases in algal
primary productivity (see Whitehea&d al. 2009). This increase jorimary production may result in
increased mercury scavenging by algal matter, and increased sediment mercury concentrations
throughout the lake (see Stexhal.2012). The loss of the fine glacial materials may also result in
higher mercury concentratie in aquatic organisms, as these fine sediments have a high affinity for

mercury (Desauzierst al.1997) and retain mercury in a relatively Aginavailable form (Ullrichet
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al. 2001) in the oxic sediments throughout Kluane Lake. Lower concentratifine sediment will
decrease this sorption, and increase the proportion of mercury that may be biologically accessible for

mercury methylation and bioaccumulation though the lake food chain (Wrieh2001).

Brahneyet al.(2010) suggested that the [River could be redirected into Kluane Lake to
compensate for the loss of the A4y Chu if it st
Kluane River approximately 4 km from Kluane Lake. However, the redirection of the Duke River is

an unlikelyand infeasible alternative, due to the sheer cost of a river diversion project, the dynamic

nature of glaciallyfed rivers making them difficult to manage, and the high level of uncertainty in

short and longterm effects of diversion on the aquatic comitias and hydrological regimes of

Kluane Lake, the Kluane River, and the Duke River.

It can be concluded that the 1o0ss of effactsofgl aci al
global climate change together will result in lower water lewessmer water temperatures, and
increased mercury concentrations 1in the aquatic
Chua may represent the beginning of a new hydrological period for Kluane Lake, if the loss of

Kaskawulsh Glacier inputs is indepdrmanent.

5.3 Future Directions

Future research on Kluane Lake should continue to investigate the spatiotemporal variation in
mercury accumulation dynamics among regions, expanding on both the spatial and temporal
dimensions of paleolimnological mercury reconstruction. The Talbot arakBerms differ from the
main regions of Kluane Lake in water temperature, turbidity, and algal productivity (E. McKnight,
personal communication), and have water sources that flow through lowland wetland complexes.
These factors are known to influence mgy accumulation, but to date, the Talbot and Brooks arms

of Kluane Lake have received little scientific study of any kind. While one core from this study was
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collected in the Talbot Arm, it was collected from the southern end of the arm where it fhitisewi

main region of Kluane Lake. The Talbot Arm is approximately 35 km long, and may have been a
separate lake in the past (Clagueal.2006). Additionally, the Brooks Arm has received no scientific
attention, despite the shallow, warm, and produdtisters found there (E. McKnight, unpubl. data).

This arm was where the Duke River historically flowed into Kluane Lake: the sediment fan deposited
by this river is evident in the bathymetric profile of Kluane Lake today. However, north of this
sediment fanthe Brooks Arms narrows and deepens. Additional core collection in the northern ends
of the Talbot and Brooks arms would provide additional insight into spatial variations in mercury
dynamics and help to better characterize the hydrological historyuahKILake. Due to the high
sedimentation rate in the southern end of Kluane Lake, the core collected for this study provided only
approximately 100 years of sediment accumulation history. A longer sediment core, perhaps collected
using a piston corer, wadibrovide greater historical insight into mercury accumulation dynamics in
the southern end of Kluane Lake, hopefully captur
Chu. This would allow for greater understanding of the spatial variability afungaccumulation in

Kluane Lake during the Duke River period. Finally, collecting a sediment core from a small lake,

such as the kettle lakes near Christmas Bay, would provide a clearer quantification of atmospheric

mercury loading to this region.

As was previously discussedisentangling geological and natural inputs of mercury, anthropogenic
mercury deposition, and influence of algal scavenging on recent increases of mercury delivery to
sediment is necessary to accurately understand the complexafangecury cycling in northern

lake ecosystems. Previous studies have used Ro@Eaahethodor characterizingrganic matter
using thermal devolatilization (see Sanei & Goodarzi 208],stable carbon isotopes to
characterize and classify sedimerganic matter, and to evaluate algarcuy scavenging as a

mechanism fomcreased mercury concentrations (e.g., Caakad. 2012, Outridgest al.2017).
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Trace metals, such as titanium, calcium, and aluminum, have been used as geochemical tracers for
geological mercury sources to lake sediments (e.g., Cairaé 2010, Outridgest al.2017). These

proxies and tracers would provide additional insight into sediment mercury dynamics in Kluane Lake

and help to determine the relative contribution of natamal anthropogenic mercury to the lake. To

compl ement these met hods, the inflows to Kluane
mercury, other trace metals, and sediments, which would allow for further quantification of relative
contributions ofgeologically and catchmerntlerived mercury with respect to the diverse topography

of the Kluane Lake catchment.

Future paleolimnological mercury reconstruction studies on lakes globally should incorporate
analysis to determine the occurrence and posiifileence of catchment disturbance events, such as
earthquakes, landslides, and human activities, on sediment stratigraphies. | showed that earthquake
events can affect mercury accumulation rates and mercury concentration, as well as other commonly
used pkeolimnological proxies, such as magnetic susceptibility and dry density, and thatffeetse

can confound the use and interpretation of mercury enrichment metrics, such as enrichment factors,
flux ratios, and anthropogenic mercury flux. Methods foridetification of these events include
sediment density determination, LOI, and magnetic susceptibility, which are affordable, quick, and
nontdestructive or require very small sediment subsamples-tdiggiution sediment sectioning and
analysis, as wels multimethod agdepth models can help identify these possible disturbances,

which may be frequent in seismicalygtive or montane areas, such as Kluane Lake, and contribute to

more accurate reconstructions of mercury accumulation dynamics in lak€o(dexet al.2010).

The loss of the A>day Chu glacial meltwaters and
environmental monitoring of Kluane Lake. Annual or biannual monitoring of aquatic organisms and
sediment mercury concentrations thghout the lake will help track ecological and biogeochemical

changes as they occur in the lake. As the anticipated effects of inflow loss and climate change are
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expected to increase mercury concentrations in aquatic organisms, which may increaseothe risk t
communities that harvest fish from Kluane Lake, monitoring of mercury is essential to quantifying

the risk, if it exists, of consuming fish from Kluane Lake. Lake surface sediment monitoring

throughout the lake will also provide insight into the charnlgasmay occur in the lake in light of

recent hydrological changes, and provide insight into spatial variability of anticgfétet. As

climate change is considered to be the root cause
have continuedftects on the ecosystem of Kluane Lake, environmental monitoring of Kluane Lake

is essential to quantify futuedffectsof climate change on the lake. Kluane Lake is also an ideal

model ecosystem for predicting effects of climate chamtptedeffectson other subarctic lakes,

especiallyin light of the loss of theprimarywater and sediment source to the lake.
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Appendix A
Age-Depth Model Development using BACON

Age-depth models were developed for cores used in this study using a Bayesian approach, which
allows for the combination of multiple dating proxies in order to depth a more robust model. These
models incorporated radioisotope datifigRb,**'Cs,“C) as well as known marker layers (White

River Tephra, Yakutat Bay earthquakes) identified within pdisediment cores from each site.

Al. ‘Wiggle Matching’

First, sediment core pairs were aligned usingtoss gni t i on (LOI) data by ‘ wigg
order to use dating information from both cores. This matching process is conducted by using a

constam modifier of depth for one sediment core, in order to achieve parallel stratigraphic trends in

LOI data with respect to the other core of the pair. Due to the variable nature of sedimentation rates in

Kluane Lake, multiple, deptbpecific constants weresed in some cases, in order to better align

sediment cores. Presented below are the ‘wiggle m

4A & 4B (Figures A.1, A.2, A.3).
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Figure A.1. Water and carbonate content stratigraphies for cores collected atte 1 used in
‘wiggle matching’. These cores were aligned by s

solid) down by 1 cm with respect to core 1B (light grey dashed), as the surface sediment section

was lost during core collection.
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Figure A.2. Losson-ignition stratigraphies for cores collected at site 3. These cores were aligned using one multiplicative constant: core
3B (light blue solid) was matched with respect to core 3A (dark blue dashed) using the foliogy formula: d3, 8= 0.9 7 % d3 4 whered3 8

is the ‘wiggle matched’ section dd3pisthesécoondepthoforecoreBB8 with respect to
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Figure A.3. Losson-ignition stratigraphies for cores collected at site 4. Core 4A (dark orange

dashed) was aligned with core 4B (light orange solid) using several depthecific constants due

to the notable differences in sedimentation rates throughout th core. For depths 0.0 to 22.5 cm

(in core 4B), the ‘di'=st0d’d*Biwharendpi a thed waggle
matched’” section depth for d%PisthesécNondapthforcore s pe c't
4B.Fordepths22S to 39.0 c¢cm (in core 4B)i$‘4n:t(b;‘,‘vé‘n_1‘-l-wi ggle’
0.6 4 'Z\E!heredﬁ“lni s the ‘wiggle match erﬂofcore%candilﬁp"nl_ll depth f
is the ‘wiggle matched’ s e EFordepths 39d0doph4.thcmdgirfcore he pr e

4B), the ‘wiggldyif-odifmy¥@9 used was:

A2. Radioisotope Chronologies

Initial sediment chronologies were developed usifigb and*’Cs radioisotope dating. Cores 1B,

3B, and 4A were usdor radioisotope analysis. The radioisotope activity stratigraphies were used in
the CRS model to develop sediment chronologies. The chronologies and measured radioisotope
activities are presented for core 1B (Table A.1), core 3B (Table A.2), and cof@aBie A.3). These

data were used in the development of Bayesiardegéh models.
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Table A.1. Radioisotope activities and CRS model sediment chronology for core 1B. (Nate

represents values below the detection limit, which were treated as zero).

Sectin Top 219Pp Activity 131Cs Activity 226Ra Activity

Depth Year (SD) (SD) (SD) (SD)*

(cm) (dpm g?) (dpm g?) (dpm g?)
0.0 2015 (n/a) 3.1913 (0.2760 nd 2.0845 (0.1635
2.0 2012 (1.05)  3.0946 (0.2625) nd 2.2472 (0.1611
4.0 2010 (1.46)  2.6608 (0.2409) nd 1.9287 (0.1498)
6.0 2007 (1.91)  3.0044 (0.2349 nd 2.0439 (0.1458)
8.0 2004 (2.44)  2.8347 (0.2411  0.0543 (0.0276,  1.9455 (0.1468
10.0 2001 (3.06)  2.3447 (0.2142]  0.0499 (0.0254  1.9293 (0.1393
12.0 1999 (3.54)  2.6659 (0.2271,  0.0447 (0.0247,  1.8484(0.1451)
14.0 1996 (4.21)  2.3499 (0.2263,  0.0548 (0.02800  2.0893 (0.1505
16.0 1995 (4.62) 2.3543 (0.2072) 0.0602 (0.0254  1.8586 (0.1379
18.0 1992 (5.27)  2.3833 (0.2010  0.0459 (0.0238  1.9834 (0.1450)
20.0 1990 (5.96) 2.4714 (0.2152 0.0557(0.0265) 1.9367 (0.1426

* calculated as the weighted mear?¥Bi and?'“Pb
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Table A.2. Radioisotope activities and CRS model sediment chronology for core 3B. (Nate:

represents values below the detection limit, which were treated as zero).

Section Top 219Pp Activity 131Cs Activity 226Ra Activity

Depth Year (SD) (SD) (SD) (SD)*

(cm) (dpm g?) (dpm g?) (dpm g?)
0.0 2015 (n/a)  7.8994 (0.4869)  0.0858 (0.0475  2.4309 (0.2387
0.5 2004 (1.43)  5.6510 (0.4706)  0.1650 (0.0610,  2.4015 (0.2506
1.0 1995 (2.35)  5.0046 (0.3828]  0.3520 (0.0562]  2.2020 (0.2090)
1.5 1985 (3.71)  4.0390 (0.3416,  0.7983 (0.0633  2.1839 (0.2055
2.0 1973 (5.41)  3.6546 (0.3337)  1.2237 (0.0730°  2.3131 (0.2266
2.5 1963 (7.29)  3.1503 (0.2583)  1.6719 (0.0594  2.0070(0.1766)
3.0 1949 (10.96) 2.4651 (0.2136) 1.3697 (0.0497 1.9742 (0.1656
35 1938 (13.89)  1.9559 (0.1929)  0.4433 (0.0420  1.9123 (0.1740
4.0 1937 (12.20)  2.4627 (0.2029)  0.2551 (0.0357  2.0051 (0.1661
4.5 1920 (15.68) 1.8583 (0.1825 0.0190 (0.0312 1.7405 (0.1556
5.0 1916 (n/a)  1.6402 (0.1691) nd 1.8249 (0.1564)
6.0 1887 (n/fa)  1.9459 (0.1972) nd 1.8553 (0.1683)
8.0 1850 (n/a)  2.3180 (0.2137) nd 2.2034 (0.1692)

* calculated as the weighted mear?¥Bi and?'4Pb
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Table A.3. Radioisotope activities and CRS model sediment chronology for core 4A. (Noet

represents values below the detection limit, which were treated as zero).

Section Top 2%Pp Activity 137Cs Activity ?Ra Activity
Depth Year (SD) (SD) (SD) (SD)*
(cm) (dpm g*) (dpm g*) (dpm g?)
0.0 2015 (n/a) 13.5144 (0.6909  0.3776 (0.0667  2.3716 (0.2557)
0.5 2011 (0.38) 13.7330 (0.7924  0.3454 (0.0771,  2.0478 (0.2385
1.0 2001 (1.04) 8.3621 (0.4877, 0.6094 (0.0570,  2.0803 (0.1880
1.5 1995 (1.45)  5.3523(0.4040)  1.0504 (0.0667)  2.1001 (0.1862)
2.0 1990 (1.84) 5.7896 (0.3971  1.4339 (0.0698  1.9694 (0.1769
25 1983 (2.49)  5.2849 (0.3527)  2.2053 (0.0715  1.6252 (0.1596)
3.0 1975 (3.38)  3.5661 (0.3156, 2.2132 (0.0764  2.4293 (0.2004
35 1971 (3.83) 2.2897 (0.2347,  0.7267 (0.0473)  1.7055 (0.1531
4.0 1968 (4.09)  2.5135(0.2346) 0.2474 (0.03900  2.2568 (0.1707
4.5 1968 (4.14)  2.6261(0.2322) 0.0789 (0.0317,  1.9753 (0.1605
5.0 1965 (4.44) 2.6705 (0.2217,  0.0659 (0.0280; 1.7190 (0.1497,
55 1960(5.12)  2.4992 (0.2289) nd 2.4072 (0.1715)
6.0 1960 (5.05)  2.4435 (0.2350) nd 1.3942 (0.1438)
6.5 1951 (6.41)  2.5229 (0.2374) nd 2.0244 (0.1675)
7.0 1948 (6.83)  2.1385 (0.1960) nd 1.9494 (0.1577)
75 1947 (6.89)  2.4642 (0.2228) nd 1.8352 (0.1594)
8.5 1935 (8.25)  2.2738 (0.2073) nd 1.7786 (0.1486
9.5 1916 (9.85)  2.1563 (0.2080) nd 1.4610 (0.1313)

* calculated as the weighted mear?¥Bi and?*“Pb
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A3. Radiocarbon Dating

Two wood fragments were recovered during core sectioning from cores 3B\arespectively.

These samples were used for carlidrdating analysis. Table A.4 (below) presents radiocarbon ages
for the samples as well as calibrated ages and credible intervals. Uncalibrated ages were calibrated
during agedepth model developmentlibrated ages are presented as additional information for the

reader.

Table A.4. Radiocarbon and calibrated ages for wood fragments recovered from cores 3B and
4A, respectively. Radiocarbon ages were calibrated using IntCall3 in Bacon. Adepth model
development utilized the!*C ages, as radiocarbon age calibration is buiiin to the modeling

function.

Calibrated Age

1
‘C Age (SD) (95% Credible Interval)

Core Depth (cm) Material (“C years BP)

(Year CE)
3B 52.0 Wood 1108.43 (25.83] 938 (890- 986)
4A 38.0 Wood 576.67 (25.06) 1356 (1308- 1412)

A4. Sediment Marker Layers

Sediment marker layers have been previously used iwdegé® model development in Kluane Lake
(see Brahnewt al, 2008a,b and Brahneyt al.2010). The White River Tephra (Clagetal.1995)

and the 1899 Yakutat Bay Earthquakes (Lamontagia& 2008) were identified in several sediment
cores. The formation of the Kluane River had been previous shown to be a marker layer in Kluane
Lake sediment stratigraphies (Brahrayal. 2008) and was also used in adepth model

development. The occurrence of these events in collected sediment cores is presentedhib.Table

105



Table A.5. Sediment marker layers used in agdepth model development for select sediment
cores in Kluane Lake. Error was assigned based on previous literature (White River Tephra:
Clagueet al.1995; Kluane River formation: Brahney et al. 2008b) or based on the epth span in
which the event was identified (Yakutat Bay earthquakes). If an event spanned several sediment

sections, the mean depth was used in model development.

Event Year Core: Depth (cm)
3B: 5.5
Yakutat Bay Earthquake 1899
4A: 10.5

1690 3B: 14.25
(1680-1700) 4A:21.0
803

White River Tephra 3A: 60.5
(1 SD: 60.5)

Kluane River Fomation

A5. Bayesian AgeDepth Modeling

The radioisotope chronologies, radiocarbon samples, and sediment marker layers were all used to

develop Bayesian agiepth modelsising BaconBayesianACcumulatON; Blaauw & Christen

2011) in R statistical language (R Core Team 2016).

A5.1 User-supplied dating information

Forcoresinwhichagg e pt h i nformation was characterized fron
ma t ¢ h ehlwas used in model development. For cores that had chronologies developed directly

and/or marker layers identified within the core, true sediment depths were used. Presented below are

the input data, including radioisotope chronologies, radiocarbon datorghation, and marker

sediment layers, used to develop-dgpth models for core 1A (Tabke6), core 3B (Tablé\.7), and

core 4A (TableA.8).
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Table A.6. Input data used in Bacon for Bayesian agdepth model development for core 1A.
datedIDis a unique identifier for dating information, and ccis a binary operator for
radiocarbon age calibration. Age is supplied as years before CE 1950 (ybp). As radioisotope
chronologies were developed using core 1B, tkatelD and Depthvalues were labelled and

adjusted accordingly.

datelD (ﬁk?; Error (SD) D(srlc:)h c
surface -65.33 010 -10 O
1bl -64.05 0.43 00 O
1b2 -62.33 1.05 10 O
1b3 -61.22 1.22 20 0
1b4 -60.12 1.46 30 0
1b5 -58.99 1.65 40 O
1b6 -57.66 1.91 50 0
1b7 -56.36 2.13 6.0 0
1b8 -54.83 2.44 70 0
1b9 -53.06 2.79 80 O
1b10  -51.83 3.06 90 O
1b11  -50.85 328 100 O
1b12  -49.73 354 110 O
1b13  -47.95 395 120 O
1bl4  -46.90 421 130 O
1bl5  -46.27 437 140 O
1b16 -45.27 4.62 150 O
1bl17  -44.05 494 160 O
1b18  -42.82 527 170 O
1b19 -41.69 558 18.0 O
1b20  -40.32 596 19.0 O
1b21  -39.14 6.31 200 O
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Table A.7. Input data used in Bacon for Bayesian agdepth model development for core 3B.
datedIDis a unigue identifier for dating information, and ccis a binary operator for

radiocarbon age calibration. Age is input as years before CE 1950 (ybp).

datelD (ng) Error (SD) D(::ar[;t)h cc
surface -65.33 0.10 00 O
3b1 -56.11 1.00 05 0
3b2 -45.33 2.52 10 O
3b3 -34.55 4.04 1.5 0
3b4 -23.76 5.57 20 0
3b5 -12.98 7.09 25 0
3b6 -2.20 8.61 30 O
3b7 8.58 10.13 35 0
3b8 19.37 11.66 40 O
3b9 30.15 13.18 45 0
earthquakel899  51.00 1.00 55 0
14G52 1108.00 26.00 520 1
WR-tephra 1147.00 60.50 59.0 O
KLR-form 260.00 500 143 O
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Table A.8. Input data used in Bacon for Bayesian agdepth model development for core 4A.
datedIDis a unique identifier for dating information, and ccis a binary operator for

radiocarbon age calibration. Age is input as years before CE 1950 (ybp).

datelD (CSS) Error (SD) D(::ar[;t)h cc
surface -65.33 0.10 00 O
4A1 -59.93 0.48 05 0
4A2 -47.46 1.46 10 O
4A3 -39.37 2.22 15 0
4A4 -32.25 3.03 20 0
4A5 -20.84 4.74 25 0
4A6 -6.07 8.11 30 0
4A7 3.99 10.94 35 0
4A8 11.07 13.41 40 O
4A9 13.82 14.32 45 0
4A10 22.70 18.67 50 O
4A11 28.30 20.40 55 0
4A12 29.97 20.72 6.0 O
4A13 38.26 20.46 6.5 0
4A14 49.96 28.33 70 0
earthquakel899 51.00 200 105 O
KLR-form 260.00 200 210 O
14CG38 577.00 25.00 380 1

A5.2 User-defined Priors

Users aralso able to determine the number of sections in which a core should be divided in Bacon in
order to model accumulation rates, which are used to then determine interval ages (interval size is
userdefined). The number of sections used indgpth model deslopment was selected to

minimize error in ages and was ca@ecific: for core 1A, 44 sections-¢n each) were used; for

core 3B, 32 sections {@n each) were used; and for core 4A, 19 sectiomsn(@ach) were used.
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Prior information can be incorporat@éto Bayesian agdepth models, based on existing
knowledge about the lake. In Bacon, this prior information can be input as accumulation rates (as
acc.mearandacc.shapgand accumulation rate memory or cohergjasenem.meaand
mem.strength The shape of the accumulation rate prior determines how much influence
accumulation rate will have on the model: a lower shape value allows for freedom for-theptige
model to adapt to supplied data. Accumulation rate priors were based on thetapkois
chronologies and previous literature (Braheewl.2008b). Memory is a parameter which based on
the dependence of the accumulation rate in a particular section on the previous section. Accumulation
rate memory in lake sediments tends to be lowan th other systems, such as peat bogs (Graah
2015). Memory priors used were relatively low, in order to accommodate for variability in sediment
accumulation rates previously noted (Braheegl. 2008b). Priors used for agmodel development
for each sediment core are presented in Tabi

Table A.9. Accumulation rate and accumulation memory priors used in ageepth model
development for cores 1A, 3B, and 4A from Kluane Lake.

Accumulation Rate Memory
Core acc.mean acc.shape mem.mear mem.strengtt
1A 1 15 0.2 4
3B 25 15 0.2 10
4A 20 15 0.4 4

A5.3 Model Output
Using millions of Markov Chain Monte Carlo iterations, BACON generates adegth model,

outputting median section ages and weighted mean ages with 95% confidence intervals. This program
produces agéepth plots, which identifying the input data as-timensional distributions
(radiocarbon data in blue and other data in teal), as well as MCMC iteration plots, and prior and

posterior distributions for accumulation rate and memory, two parameters used when developing the
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models. These plots are presentadcbre 1A (Figuré.4), core 3B (Figuréd\.5), and core 4B
(FigureA.6). The weighted mean aglepth model is plotted with a red dashed line, 95% confidence
intervals are plotted in grey dotted lines, and the density of MCMC iterations are plottedds a bla
cloud about the mean adepth relationship. Weighted mean section ages were selected and used

during all analysis
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Figure A.4. The Bayesian agelepth model for core 1A. The lower plot depicts the agdepth
model: user-supplied data are shown as a distribution in teal, the weighted mean agepth
relationship is shown with a red dotted line, the 95% confidence intervals are shown in grey
dashed lines, and the MCMC iterations are shown as densities in black. The uppgleft plot
depicts the MCMC iterations. The uppermiddle and upper-right plots depict the prior and
posterior distributions for accumulation rate (middle) and memory (right). See Blaauw &

Christen (2013) for further information.
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Figure A.5. TheBayesian agedepth model for core 3B. The lower plot depicts the agéepth
model: usersupplied data are shown as a distribution in teal, radiocarbon dates are shown as a
blue distribution, the weighted mean agealepth relationship is shown with a red dotte line, the
95% confidence intervals are shown in grey dashed lines, and the MCMC iterations are shown
as densities in black. The uppeteft plot depicts the MCMC iterations. The uppermiddle and
upper-right plots depict the prior and posterior distributio ns for accumulation rate (middle)

and memory (right). See Blaauw & Christen (2013) for further information.
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Figure A.6. The Bayesian agalepth model for core 4A. The lower plot depicts the agdepth
model: usersupplied data are shown as a distributiorin teal, radiocarbon dates are shown as a
blue distribution, the weighted mean agealepth relationship is shown with a red dotted line, the
95% confidence intervals are shown in grey dashed lines, and the MCMC iterations are shown
as densities in black. Theipper-left plot depicts the MCMC iterations. The uppermiddle and
upper-right plots depict the prior and posterior distributions for accumulation rate (middle)

and memory (right). See Blaauw & Christen (2013) for further information.
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Appendix B

Raw Data

Included n this appendix is the raw core data and associated information used for analysis.

Core Collection Locations

Latitude | Longitude

Site 1| 61.0341| -138.4242

Site 3| 61.2176| -138.6225

Site 4| 61.3831| -138.7119

Core 1A Raw Data
Sﬁ_((:)tri)on % % % Dry Dry Mass Magnetic [THg] Hgggo.
Depth Water | Organic | Carbonate | Density Acc.zRaj[le Susceptibility (ppm (ng?
oy | ww) | (dw) (w) | (gemd) | (@mZyry aw) |

0.0 36.25 3.83 20.62 1.05 5240.99 3.58 0.088 462.67
1.0 46.11 4.25 19.04 0.79 3966.17 231 0.100 397.82
2.0 45.51 4.70 19.91 0.76 6373.36 211 0.063 400.35
3.0 41.89 4.12 19.90 0.86 7854.77 2.67 0.050 393.18
4.0 42.73 4.79 2191 0.90 7494.85 2.16 0.045 341.01
5.0 42.02 3.63 24.74 0.77 5934.00 2.20 0.042 251.45
6.0 42.23 4.98 23.56 0.77 5483.29 2.59 0.042 229.68
7.0 42.87 3.61 25.15 0.87 6190.92 2.09 0.038 234.61
8.0 40.97 4.24 22.92 0.83 6880.18 2.16 0.046 314.76
9.0 41.08 3.92 22.78 0.83 6894.01 2.61 0.049 338.98
10.0 39.77 2.61 24.30 0.85 7105.15 2.20 0.037 265.15
11.0 37.13 2.88 24.11 0.96 8038.02 2.88 0.041 326.72
12.0 42.08 3.67 23.63 0.85 7758.58 2.16 0.037 283.37
13.0 32.31 4.14 21.68 1.05 9541.11 3.36 0.038 365.67
14.0 39.18 3.46 23.32 0.86 8617.80 0.93 0.051 435.26
15.0 41.38 3.57 23.23 0.94 8569.72 1.88 0.042 359.55
16.0 35.88 2.89 22.59 0.81 8149.46 2.73 0.042 340.04
17.0 38.36 3.51 24.95 0.92 8407.33 2.46 0.042 354.81
18.0 37.59 3.44 25.16 0.93 9310.63 2.82 0.038 357.89
19.0 40.48 0.90 30.43 0.93 9305.22 2.35 0.044 407.34
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20.0| 40.46 3.32 23.61 0.81 8085.56 2.85| 0.040 322.80
21.0| 34.62 4.36 20.85 0.98 9754.49 2.55
22.0| 40.97 4.26 23.48 0.88 8770.76 1.73| 0.037 326.07
23.0| 3945 2.95 25.32 0.86 8633.78 3.33
240| 36.44 2.20 25.50 0.96 9641.46 295| 0.033 321.84
25.0| 38.46 2.29 25.48 0.85 7713.36 1.77
26.0| 43.65 3.37 24.03 0.88 8768.94 2.49| 0.036 316.60
27.0| 42.07 4.97 21.16 0.80 8898.92 2.18
28.0| 41.93 4.17 19.43 0.91 8245.99 2.31| 0.056 465.55
29.0| 38.60 4.12 21.76 0.90 9972.17 2.47
30.0| 36.57 4.58 22.64 0.94 9352.54 2.86| 0.033 305.15
31.0| 37.34 3.48 23.76 0.94 9360.33 2.711
32.0| 45.13 2.65 25.13 0.82 8169.89 2.55| 0.037 301.60
33.0] 37.93 3.97 21.22 0.96 9559.22 1.99
34.0| 36.66 3.87 23.77 0.97 9744.22 2.56| 0.038 369.20
35.0| 36.21 3.37 24.40 0.95 9506.69 2.61
36.0| 34.26 3.49 21.90 1.02 9244.83 3.27| 0.037 337.90
37.0| 4331 2.17 25.58 0.88 8805.63 1.72
38.0| 41.43 4.87 21.66 0.86 8627.39 2.16| 0.039 332.52
39.0| 34.92 3.28 23.98 1.01 10083.34 2.63
40.0| 37.01 3.40 24.11 0.97 8814.99 2.00| 0.036 320.46
41.0| 41.72 3.68 22.88 0.89 8874.14 3.69
42.0| 43.66 3.49 20.95 0.83 8263.93 2.55| 0.044 362.30
43.0| 4353 3.26 23.33 0.87 8692.87 2.82
440| 4450 3.02 23.22 0.81 8102.26 2.82| 0.042 343.12
45.0| 38.85 3.89 22.45 0.93 9303.90 2.70
46.0| 46.22 3.41 23.43 0.78 7128.14 1.42| 0.041 289.36
47.0| 40.96 3.33 23.68 0.82 8231.97 2.81
48.0| 40.44 3.11 22.98 0.94 9445.85 2.63| 0.038 356.02
49.0| 42.76 3.25 22.17 0.89 8944.31 2.86
50.0| 43.74 3.68 25.35 0.82 8177.45 1.83| 0.041 331.66
51.0| 39.69 3.91 21.46 0.95 9507.86 2.24
52.0| 39.11 3.32 23.80 0.94 9398.99 3.52| 0.038 355.47
53.0| 30.22 3.88 21.61 1.10 10964.53 2.64
54.0| 40.98 4.20 20.87 0.89 8884.88 2.71| 0.039 342.21
55.0| 39.09 3.63 22.58 0.89 8876.74 2.94
56.0| 42.12 2.33 22.77 0.89 8931.82 3.56| 0.039 348.17
57.0| 4334 4.79 16.95 0.87 8711.20 2.82
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58.0 41.66 5.00 14.94 0.92 8320.27 241 0.106 880.68
59.0 39.26 4.42 19.95 0.90 9009.91 2.94
60.0| 38.16 3.82 20.72 0.96 9607.86 3.06| 0.039 371.34
61.0| 35.88 4.02 22.73 0.99 9899.72 3.15
62.0 39.39 4.50 19.13 0.97 9667.63 4.32 0.063 613.74
63.0 35.01 4.39 18.77 0.98 8947.50 2.33
64.0| 37.45 5.39 17.26 1.00 9980.70 2.11| 0.107| 1068.86
65.0| 38.97 4.55 18.13 0.90 9012.36 2.55
66.0| 33.69 6.26 16.79 0.97 9707.59 256| 0.123| 1195.27
67.0 37.95 4.91 19.49 1.04 10402.81 3.36
68.0| 36.77 5.48 20.53 0.85 8533.03 3.00| 0.070 598.12
69.0| 41.65 4.68 18.40 0.84 7664.53 3.42
70.0| 35.73 3.48 23.45 0.91 9123.41 2.22| 0.041 372.22
71.0 39.02 3.86 21.71 0.91 9065.40 2.64
72.0| 39.17 3.69 21.83 0.90 8968.84 2.65| 0.042 373.93
73.0| 44.22 3.12 22.22 0.86 8563.29 2.60
74.0| 38.19 2.91 24.76 0.92 9180.87 1.59| 0.046 419.72
75.0 40.57 3.22 23.36 0.84 8371.26 2.81
76.0| 34.04 2.96 25.36 0.97 8787.52 2.68| 0.045 394.65
77.0| 38.30 4.70 20.91 0.92 9207.96 2.14
78.0 38.35 4.26 22.83 0.97 10771.02 0.052 559.67
79.0| 35.59 3.65 21.84 1.09 10923.90 2.63
80.0| 38.82 3.61 20.18 0.96 9585.74 3.00| 0.061 582.81
81.0 4412 4.27 17.97 0.85 8492.75 2.54
82.0 38.52 3.84 22.04 0.95 8610.01 2.49 0.050 426.54
83.0 36.54 4.78 18.01 0.96 9601.97 2.28
84.0| 38.68 3.65 22.35 0.90 9025.96 2.43| 0.041 371.29
85.0| 41.81 4.30 21.37 0.89 8062.60 2.76
86.0 37.66 3.82 21.44 0.96 2.57 0.040
Core 1B Raw Data
Section Top Depth| % Water | % Organic | % Carbonate
(cm) (ww) (dw) (dw)

0.0 42.55 3.29 21.62

1.0 39.83 3.48 21.08

2.0 45.76 3.63 19.63

3.0 46.20 3.25 21.56
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Core 3A Raw Data

4.0 42.31 3.30 22.29
5.0 46.87 3.15 23.99
6.0 44.09 2.95 25.63
7.0 45.39 291 25.95
8.0 38.89 2.82 25.35
9.0 43.19 2.92 25.31
10.0 36.74 2.88 24.46
11.0 45.25 3.00 24.34
12.0 39.94 2.96 24.19
13.0 46.58 2.81 25.50
14.0 37.90 2.87 23.14
15.0 39.89 2.80 25.10
16.0 40.60 3.01 24.13
17.0 40.03 2.97 25.36
18.0 40.81 2.81 25.40
19.0 42.89 3.00 24.96
20.0 37.73 2.89 25.49
Section Top Depth| % Water | % Organic | % Carbonate
(cm) (ww) (dw) (dw)

0.0 57.76 4.59 7.74
0.5 51.41 4.62 7.49
1.0 52.56 5.60 5.69
1.5 61.27 4.45 6.98
2.0 53.66 4.56 5.66
25 49.25 4.10 6.63
3.0 47.77 4.56 7.16
35 52.40 4.60 7.54
4.0 49.35 4.26 7.54
45 43.68 4.57 6.19
5.0 44.02 5.44 5.97
55 42.59 4.73 6.31
6.0 52.52 4.86 5.94
6.5 61.64 5.12 4.58
7.0 49.09 3.70 6.71
7.5 54.13 4.77 4.36
8.0 57.84 3.60 5.95
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8.5 52.23 4.48 5.13

9.0 55.30 3.95 5.40

9.5 51.33 3.49 5.66
10.0 48.78 4.62 3.86
10.5 54.80 3.74 6.23
11.0 52.23 3.78 5.61
115 48.42 4.75 4.86
12.0 43.22 5.15 5.43
125 45.37 4.61 5.85
13.0 32.16 3.69 5.38
13.5 43.65 5.60 5.43
14.0 48.59 5.83 8.29
14.5 55.49 4.23 6.62
15.0 51.16 4.46 6.43
155 51.57 5.49 5.25
16.0 53.42 4.16 6.27
16.5 57.63 3.66 5.78
17.0 54.86 4.90 4.55
175 51.14 4.51 4.55
18.0 59.88 3.77 5.63
18.5 49.12 4.50 3.88
19.0 46.46 5.03 4.54
19.5 45.66 4.38 5.48
20.0 52.18 4.50 4.85
20.5 47.47 5.02 4.23
21.0 44.33 4.94 4.47
215 48.25 5.74 5.04
22.0 47.37 3.97 5.60
22.5 52.09 5.05 411
23.0 54.82 4.03 4.73
235 51.27 4.76 4.09
24.0 47.84 4.09 5.17
245 50.88 4.92 4.60
25.0 48.36 4.96 5.10
255 53.56 4.01 5.17
26.0 51.75 4.54 4.15
26.5 51.20 4.05 5.72
27.0 48.12 4.10 4.61
275 45.81 4.02 5.32
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28.0 51.14 3.72 6.19
28.5 55.39 4.84 5.24
29.0 56.07 5.64 4.37
295 57.57 4.39 4.89
30.0 63.70 4.48 5.36
30.5 53.81 4.79 5.33
31.0 56.04 4.15 6.24
31.5 53.11 4.92 4.95
32.0 57.24 4.44 5.16
325 59.74 5.25 4.91
33.0 57.43 4.69 6.15
335 53.77 3.24 6.07
34.0 49.63 4.37 6.62
345 52.95 4.69 5.26
35.0 55.80 4.83 3.14
355 59.49 4.57 5.22
36.0 55.68 3.59 6.05
36.5 54.59 4.93 6.11
37.0 49.27 4.82 5.14
37.5 60.11 3.85 5.54
38.0 53.99 3.64 5.72
38.5 54.86 4.13 5.84
39.0 53.17 3.82 5.90
39.5 48.73 4.01 6.42
40.0 50.91 4.25 5.92
40.5 54.39 4.90 4.58
41.0 56.36 4.53 4.33
41.5 51.77 4.62 5.07
42.0 53.26 4.80 4.53
42.5 53.13 3.64 5.75
43.0 53.74 3.92 5.55
43.5 48.73 4.14 5.46
44.0 52.62 5.05 4.55
44.5 52.47 4.35 5.20
45.0 58.16 4.90 4.80
45.5 51.09 4.28 5.07
46.0 55.47 4.48 5.33
46.5 53.23 5.02 4.49
47.0 57.45 5.12 4.37
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47.5 49.33 4.33 5.62
48.0 56.00 4.90 5.18
48.5 49.28 4.93 4.32
49.0 49.10 491 4.67
49.5 48.23 3.88 6.76
50.0 49.91 4.00 5.87
50.5 54.76 4.40 6.02
51.0

51.5 50.86 5.42 7.95
52.0 53.12 5.50 6.69
52.5 54.52 5.01 6.23
53.0 58.93 5.15 5.56
53.5 54.44 4.94 5.55
54.0 59.05 5.84 4.72
54.5 51.22 4.20 6.80
55.0 52.15 4.55 6.49
55.5 55.17 4.68 6.32
56.0 54.80 4.20 6.17
56.5 50.36 4.22 5.47
57.0 39.26 2.98 4.66
57.5 34.56 2.38 3.19
58.0 47.10 3.33 4.16
58.5 43.12 2.34 2.72
59.0 51.93 3.94 412
59.5 47.48 4.64 4.73
60.0 47.55 4.63 4.00
60.5 52.54 4.46 4.38
61.0 56.78 3.81 5.66
61.5

62.0 50.22 4.60 5.51
62.5 54.00 4.23 4.94
63.0 51.08 4.60 5.35
63.5 53.61 4.82 4.59
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Core 3B Raw Data

) Dry Hg
S_e}cc;)t;)on W% % . % Dry_ '\,ﬂiis Magnetic in\f/eFirSe-d [THa] Qgge
Depth (V?J:‘)r Ozg\?vrglc Cazz\?vr)late ([;eQ:T'%/ Rate Susceptibility Chl-a (S\?VT (peg
(cm) (@ m? (ne) m

yr) yr)

0.0| 68.18 4.62 6.40 0.45 223.32 6.05 0.66| 0.084| 18.83

0.5 60.71 4.83 5.94 0.43 214.10 5.53 0.20| 0.088| 18.83

1.0| 60.66 3.83 6.97 0.48| 236.80 7.16 0.07| 0.093| 21.94

1.5 55.53 4.30 7.02 0.53 262.52 5.86 -0.01| 0.099| 26.02

20| 57.48 4.42 6.78 0.49| 204.13 6.58 -0.26| 0.118| 24.08

2.5 57.77 4.67 6.55 0.53 216.95 8.23 -0.44 | 0.124| 26.96

3.0| 54.05 4.49 6.82 0.62| 258.09 7.25 -0.86| 0.131| 33.70

35| 5272 4.48 6.12 0.65| 266.91 7.94 -0.75| 0.146| 39.09

40| 47.64 4.40 6.82 0.67 364.37 7.25 -0.73| 0.131| 4791

45| 4355 4.47 6.65 0.77| 415.40 8.90 -0.30| 0.167| 69.23

5.0| 40.78 5.26 6.36 0.78 417.99 0.12| 0.177| 74.15

55| 45.65 4.92 7.05 1.01 541.98 16.05 1.22| 0.159| 85.96

6.0 50.13 4.21 6.99 0.85 348.86 16.14 1.40| 0.154| 53.57

6.5 54.99 4.37 6.42 0.33 136.65 11.13 0.111| 15.18

70| 57.01 4.29 5.43 0.50| 205.17 4.28 0.083| 16.99

7.5 57.32 4.62 4.61 0.54 221.30 5.74 0.085| 18.89

8.0| 54.42 3.77 491 0.57 230.84 7.36 2.24| 0.091| 21.05

8.5 52.41 441 4.88 0.62 250.38 9.82 0.092| 23.13

9.0| 5247 4.34 4.83 0.60 242.87 7.97 0.085| 20.58

9.5 62.73 4.80 5.09 0.49 202.61 7.76 0.084| 17.11

10.0| 49.79 3.64 5.98 0.62 252.83 6.45 2.08| 0.084| 21.27

10.5| 48.29 3.88 5.97 0.66 268.51 6.37

11.0| 49.89 3.61 5.15 0.62 254.44 6.16 0.103| 26.18

115 48091 4.01 6.02 0.68 279.34 8.16

12.0| 4759 4.63 5.61 0.75 321.54 15.55 2.06| 0.130| 41.78

125| 41.68 4.81 5.29 0.91 385.77 23.62

13.0| 39.46 4.72 5.93 0.91 371.58 24.04 0.128| 47.64

135 4214 4.72 5.21 1.14 469.95 26.24

140| 43.83 4.88 5.97 0.86 397.75 25.93 1.52| 0.094| 37.42

145 39.32 4.62 6.39 0.92 416.14 28.59

15.0| 39.62 4.12 7.27 0.88 421.05 30.83 0.102| 42.85

155| 49.29 3.92 7.34 0.65 311.24 17.58

16.0| 5251 4.20 6.54 0.63 319.49 13.20 2.32| 0.113| 36.24
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16.5| 52.73 4.28 5.98 0.53| 270.58 12.75
17.0| 54.22 4.75 4.56 0.62| 317.05 6.23 0.094| 29.66
175| 52.85 3.62 5.46 0.60| 315.03 5.54
18.0| 53.16 4.46 4.34 0.59| 291.04 4.45 2.05| 0.090| 26.30
185 | 49.64 3.73 4.44 0.64| 315.56 6.37
19.0| 51.16 3.69 5.20 0.65| 324.24 7.85 0.096| 31.26
195| 4781 4.50 4.23 0.68| 345.41 10.10
20.0| 4571 411 5.06 0.74| 374.30 18.92 236 | 0.104| 38.98
20.5| 46.68 3.93 4.97 0.77| 388.58 17.61
21.0| 44.98 4.45 4.86 0.72| 371.98 10.99 0.161| 59.94
215| 4473 3.70 4.89 0.77| 402.30 10.63
22.0| 43.73 4.89 5.48 0.97| 482.17 8.60 1.95| 0.180| 86.82
225| 46.44 4.15 6.51 0.71| 353.28 9.33
23.0| 54.90 4.37 411 0.57| 281.86 8.69 0.151| 42.68
235 | 48.74 4.69 3.47 0.62| 306.69 8.22
24.0| 48.62 3.28 5.83 0.68| 330.47 8.33 1.91| 0.115| 38.00
245| 4885 4.08 4.88 0.68| 329.17 7.72
25.0| 49381 3.44 511 0.69| 338.95 0.130| 44.03
255| 44.18 3.56 5.75 0.68| 326.21 9.94
26.0| 48.87 4.05 4.57 0.74| 371.05 10.56 1.81| 0.148| 54.78
26.5| 51.23 4.35 4.66 0.68| 343.04 9.18
27.0| 50.40 4.00 5.09 0.65| 327.02 8.88 0.113| 36.82
275| 48.92 3.80 5.12 0.68| 337.75 8.88
28.0| 46.70 4.55 4.06 0.68| 345.05 11.18 1.35| 0.101| 34.75
285| 47.33 3.40 5.10 0.74| 379.97 11.29
29.0| 48.77 3.97 4.75 0.70| 365.14 10.15 0.095| 34.53
29.5| 50.38 4.20 4.77 0.68| 352.44 9.61
30.0| 49.26 3.80 5.06 0.68| 331.79 8.74 1.06| 0.115| 38.15
30.5| 54.26 3.39 5.30 0.57 | 284.30 8.64
31.0| 5251 3.90 5.31 0.59| 290.35 9.15 0.109| 31.59
31.5| 54.75 4.77 3.70 0.54| 267.06 8.63
32.0| 48.20 4.37 4.61 0.67| 326.32 11.23 1.20| 0.122| 39.76
325| 5245 3.52 5.44 0.60| 292.89 11.62
33.0| 54.91 4.17 4.26 0.60 | 292.30 10.61 0.094| 27.47
33.5| 50.83 4.56 3.42 0.61| 30241 9.35
34.0| 47.18 3.33 5.44 0.71| 353.60 9.16 1.28| 0.106| 37.52
345| 55.56 4.25 4.37 0.57| 285.96 6.81
35.0| 51.18 4.28 4.71 0.65| 326.21 10.02 0.125| 40.73
35.5| 4945 4.54 3.99 0.64| 319.48 8.77
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36.0| 56.35 3.87 5.00 0.57| 284.41 8.31 1.48| 0.120| 34.08
36.5| 52.64 3.94 4.61 0.62| 307.51 7.43

37.0| 53.36 4.05 5.23 0.60| 295.44 8.45 0.110| 32.56
375| 5851 3.31 6.91 0.50| 249.25 8.45

38.0| 52.98 4.05 5.10 0.59| 295.84 8.05 1.52| 0.116| 34.43
38.5| 49.27 3.72 5.15 0.62| 308.10 6.63

39.0| 50.20 3.98 5.03 0.64| 321.57 8.46 0.113| 36.22
39.5| 56.96 4.01 4.70 0.56| 272.54 7.38

40.0| 50.62 3.98 4.67 0.63| 317.33 7.88 1.39| 0.122| 38.69
40.5| 49.77 3.90 5.13 0.64| 32221 8.57

41.0| 48.15 4.20 4.16 0.73| 360.29 8.09 0.110| 39.79
415| 47.96 4.18 4.17 0.67| 336.70 9.84

42.0| 46.28 4.08 4.61 0.65| 159.49 8.78 1.39| 0.129| 20.51
43.0| 50.76 3.46 5.03 0.60| 291.01 7.55 0.116| 33.86
435| 51.46 3.85 5.56 0.66| 326.16 8.34

44.0| 4453 4.12 5.30 0.72| 367.58 11.10 1.48| 0.145| 53.14
445| 4854 3.52 6.25 0.67| 344.30 9.96

45.0| 48.32 3.68 5.75 0.69| 355.20 15.05 0.111| 39.58
455| 50.92 3.80 5.61 0.69| 353.36 10.34

46.0| 49.53 3.88 5.55 0.61| 294.21 3.91 1.00| 0.103| 30.32
46.5| 49.00 3.68 6.19 0.67| 326.61 9.72

47.0| 48.06 4.05 5.54 0.65| 311.29 9.26 0.113| 35.12
475| 4951 3.98 5.52 0.64| 310.35 8.41

48.0| 48.90 3.61 6.26 0.70 | 348.07 9.16 1.12| 0.091| 31.62
485| 4791 4.13 5.97 0.71| 353.04 9.94

49.0| 53.07 3.47 5.98 0.62| 310.66 8.42 0.097| 30.09
49.5| 55.15 4.20 5.71 0.57| 280.57 9.72

50.0| 47.28 4.11 5.72 0.69| 352.48 6.64 1.26| 0.129| 45.52
50.5| 52.99 4.12 6.24 0.64| 314.39 7.25

51.0| 45.05 4.16 5.74 0.75| 372.76 7.45 0.106| 39.65
515| 4298 3.62 6.79 0.91| 450.29 10.48

52.0| 50.58 3.89 7.74 0.61| 31297 10.76 1.36| 0.083| 25.97
52.5| 46.66 4.16 7.31 0.64| 329.09 9.57

53.0| 46.94 4.49 6.85 0.72| 360.23 9.52 0.109| 39.42
53.5| 49.87 4.25 6.87 0.63| 313.93 9.47

54.0| 51.70 4.30 7.08 0.71| 328.08 12.50 0.92| 0.081| 26.42
545| 49.38 3.86 8.07 0.62| 286.49

55.0| 49.86 4.15 6.82 0.69| 320.33 7.21 0.080| 25.58
55.5| 46.98 3.50 8.26 0.73| 346.01 9.61
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56.0| 54.85 3.92 6.17 0.59 284.28 10.19 0.80| 0.075| 21.35
56.5| 49.14 3.85 5.79 0.64| 308.27 9.85
57.0| 46.59 4.54 4.12 0.53| 257.23 10.38 0.101| 26.01
575| 51.65 3.85 5.02 0.58 288.91 9.40
58.0| 49.97 4.14 511 0.58 7.02 1.42| 0.131
Core 4A Raw Data
. Dry Hg
Secton | g % % Dry Mass Magnei VRS tHg) | Ace,
p . . cc. agnetic inferred
Depth \/(Vvss\t:.)r Ozg\?vglc Car(kc)j\?vr)\ate 832:1'% Rate Susceptibility Chl-a (5\%{] ( Rjtg_z
(cm) (}glrfgz (ng) yr-t)
0.0| 8271 6.28 5.55 0.22 127.63 0.095 12.09
0.5| 69.02 6.47 4.53 0.37 219.51 -0.78 | 0.099 21.75
10| 67.52 5.46 5.46 0.32 191.63 -1.42| 0.099 18.94
15| 63.25 4.78 5.31 0.43 256.58 -1.47| 0.094 24.15
20| 61.01 5.05 4.67 0.44 260.05 -2.24| 0.105 27.28
25| 63.96 4.93 5.08 0.40 237.46 -3.06| 0.100 23.63
3.0| 5591 4.65 5.57 0.59| 1135.68 4.07 -3.32| 0.099| 112.27
35| 57.98 5.27 3.84 0.62| 1235.87 7.18 -1.13| 0.088| 108.90
4.0| 59.60 4.39 4.03 0.47 902.40 7.72 -2.23| 0.085 76.72
45| 61.06 4.69 4.55 0.50 958.17 5.99 -1.11| 0.086 82.13
5.0| 54.17 3.73 4.68 0.57| 1098.64 10.42
55| 59.06 4.26 4.95 0.47 906.32 8.23 -1.43 | 0.085 77.43
6.0| 58.60 4.47 4.75 0.77 697.59 5.09
6.5| 59.92 4.21 3.93 0.38 355.62 4.71 1.68| 0.077 27.35
7.0| 6152 4.19 4.10 0.52 473.44 6.52
75| 60.19 3.67 4.13 0.52 469.66 5.72 1.78| 0.083 39.14
8.0| 54.49 4.31 4.76 0.63 578.73 7.59 1.36| 0.084| 48.75
8.5| 55.39 4.62 4.32 0.56 513.09 7.17 1.28 | 0.083 42.77
9.0| 49.80 4.00 4.85 0.70 607.31 5.93 1.48| 0.110 66.88
9.5| 56.70 4.30 4.19 0.55 462.96 9.82 1.68| 0.096 44.39
10.0| 53.39 3.35 4.64 0.67 580.05 9.11 1.77| 0.073 42.62
10.5| 52.92 3.74 4.28 0.59 507.21 15.70 0.079 40.00
11.0| 49.84 3.40 4.04 0.72 616.82 13.29 1.52| 0.084 51.80
11.5| 4293 2.88 4.17 0.75 645.02 14.42 0.063 40.47
12.0| 48.94 3.81 4.30 0.64 307.43 13.25 1.95| 0.078 2411
12.5| 53.97 3.54 4.66 0.64 306.86 10.20 0.089 27.24
13.0| 55.60 4.21 4.32 0.57 274.78 9.45 1.77| 0.091 24.92
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13.5| 45.25 3.57 4.58 0.67 329.43 9.91 0.100 32.83
14.0| 52.47 3.74 4.46 0.69 335.89 10.66 1.61| 0.094 31.55
145| 50.95 4.24 4.73 0.68 334.39 9.27 0.096 32.16
15.0| 48.05 3.28 5.42 0.67 287.26 13.76 1.12| 0.089 25.53
155| 50.84 3.76 4.48 0.70 302.38 9.39 0.087 26.25
16.0| 46.68 3.73 4.27 0.75 318.62 6.55 2.13| 0.089 28.22
16.5| 46.67 3.89 4.42 0.72 313.42 9.01 0.073 2291
17.0| 49.99 3.86 4.98 0.85 365.22 7.33 1.57| 0.079 28.69
17.5| 51.98 3.38 541 0.64 277.57 9.05 0.083 22.92
18.0| 49.19 4.05 411 0.71 367.81 8.56 2.19| 0.086 31.76
185| 46.68 4.61 4.34 0.76 391.36 9.50 0.087 33.91
19.0| 55.82 3.78 6.47 0.64 32541 8.15 2.23| 0.071 23.24
19.5| 43.68 4.01 7.96 0.90 464.35 9.87 0.059 27.53
20.0| 37.22 4.26 8.08 0.80 405.64 12.65 1.97| 0.054 22.06
20.5| 38.37 3.55 10.61 1.18 608.12 16.77 0.050 30.32
21.0| 35.49 4.18 10.84 1.37 690.47 20.43 0.064 44.00
215| 47.02 4.60 7.19 0.48 245.24 10.99 0.068 16.78
22.0| 50.12 4.79 5.16 0.68 351.81 9.29 1.89| 0.073 25.72
225| 5343 3.91 5.63 0.66 340.56 11.87 0.067 22.68
23.0| 47.49 4.11 5.67 0.72 377.17 7.59 0.063 23.86
235| 51.97 3.98 4.80 0.69 357.64 7.91 0.064 22.95
240 5157 3.94 5.37 0.67 345.15 8.30 1.56| 0.068 23.33
245| 4831 4.24 5.51 0.74 386.00 8.05 0.058 22.42
25.0| 4458 4.55 6.39 0.74 386.71 8.65 0.064 24.73
26.0| 48.08 4.84 4.58 0.76 395.55 10.15 1.53| 0.070 27.64
27.0| 46.76 4.49 5.61 0.72 377.67 8.90

28.0| 49.22 4.69 5.05 0.75 391.14 7.99 1.61| 0.064 24.89
29.0| 46.94 3.86 5.93 0.76 397.40 8.89

30.0| 49.15 4.22 5.49 0.72 374.73 7.92 1.62| 0.065 24.36
31.0| 45.07 3.75 6.21 0.76 399.48 8.87

32.0| 51.45 4.18 5.69 0.69 357.36 8.23 1.92| 0.062 22.33
33.0| 48.42 3.70 6.04 0.72 380.55 7.51

34.0| 44.40 5.15 5.21 0.78 410.48 6.59 151 | 0.070 28.65
35.0| 50.82 3.84 6.68 0.73 384.81 7.22

36.0| 49.06 4.43 6.26 0.72 382.87 6.57 1.66| 0.087 33.33
37.0| 51.74 4.77 452 0.70 368.45 6.10

38.0| 46.36 4.76 6.85 0.76 402.27 5.83 1.91| 0.083 33.38
39.0| 4753 4.99 5.05 0.76 378.56 7.82

40.0| 50.49 431 5.72 0.69 357.12 8.24 1.96| 0.070 24.92
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41.0| 49.61 4.40 5.64 0.70 363.77 6.69
42.0| 52.06 4.01 4.60 0.71 355.80 7.70 1.90| 0.080 28.29
43.0| 46.82 4.46 4.88 0.74 374.65 6.54
44.0| 47.50 3.75 6.22 0.69 361.67 7.78 1.95| 0.070 25.19
45.0| 46.95 4.27 7.07 0.80 409.48 7.81
46.0| 46.89 4.94 6.11 0.80 414.63 7.75 2.13| 0.070 28.97
470 44.14 4.65 6.68 0.81 415.86 7.38
48.0| 45.26 4.49 5.54 0.76 376.72 7.89 1.89| 0.070 26.42
49.0| 4561 5.29 4.97 0.76 379.76 7.62
50.0| 42.72 4.73 6.32 0.83 404.89 6.92 191 0.075 30.38
51.0| 43.99 4.37 7.92 0.95 466.72 7.66
52.0| 45.03 4.12 7.64 0.82 396.77 8.95 2.09| 0.064 25.46
53.0| 43.40 3.96 7.70 0.86 413.59 7.19
54.0| 40.62 3.93 8.47 0.89 444.81 8.17 1.95| 0.064 28.36
55.0| 44.17 5.49 6.00 0.74 7.51
Core 4B Raw Data
Section Top Depth| % Water | % Organic | % Carbonate
(cm) (ww) (dw) (dw)
0.0 72.89 5.27 5.50
0.5 64.87 4.96 5.47
1.0 58.50 4.71 4.74
1.5 61.31 4.76 5.19
2.0 57.90 4.43 4.70
25 57.72 4.44 3.97
3.0 52.22 4.25 4.67
35 51.40 3.74 4.87
4.0 53.05 4.04 4.42
45 55.01 3.51 2.53
5.0 53.97 3.71 4.92
55 54.63 4.14 5.39
6.0 57.01 3.50 4.66
6.5 55.84 4.37 3.23
7.0 55.97 3.78 4.55
7.5 50.77 3.93 3.80
8.0 57.15 4.03 3.88
8.5 53.48 4.29 4.54
9.0 58.69 4.05 3.81
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9.5 53.96 3.63 3.35
10.0 52.29 3.88 2.711
10.5 50.16 3.25 3.14
11.0 42.81 2.46 3.94
115 51.74 2.95 4.36
12.0 56.71 3.65 4.64
12.5 47.74 3.16 4.29
13.0 51.33 3.79 4.25
135 51.44 4.03 3.68
14.0 51.19 3.55 4.54
14.5 49.85 3.84 3.68
15.0 53.98 3.63 4.54
15.5 54.66 3.52 4.30
16.0 48.37 3.95 4.63
16.5 47.05 3.98 4.06
17.0 44.79 3.26 4.90
175 49.36 3.51 5.04
18.0 52.76 3.77 5.70
18.5 48.53 3.79 5.91
19.0 46.98 3.26 7.04
19.5 39.75 3.50 8.17
20.0 42.35 3.45 9.13
20.5 36.72 3.27 11.20
21.0 39.56 3.08 11.77
215 46.19 3.52 9.83
22.0 51.45 3.75 7.85
22.5 51.24 3.57 6.10
23.0 53.46 3.56 5.71
235 50.95 3.77 5.49
24.0 54.17 3.83 5.06
245 46.53 3.74 6.55
25.0 49.18 3.58 7.36
26.0 49.74 3.78 6.55
27.0 49.75 3.84 5.38
28.0 49.35 3.43 6.83
29.0 42.23 4.01 6.05
30.0 48.18 3.79 6.91
31.0 48.60 3.66 6.70
32.0 51.44 271 7.19
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33.0 51.27 3.29 7.47
34.0 47.87 3.53 6.71
35.0 46.32 3.71 7.19
36.0 45.03 3.95 7.53
37.0 47.92 3.71 7.95
38.0 45.62 3.88 7.27
39.0 47.54 3.87 7.52
40.0 45.72 3.61 7.63
41.0 48.96 3.78 8.02
42.0 42.75 4.08 5.52
43.0 51.12 4.08 7.20
44.0 46.26 3.85 6.69
45.0 53.27 4.18 4.24
46.0 51.35 3.83 6.13
47.0 48.46 3.93 5.70
48.0 46.37 4.21 6.48
49.0 43.76 3.18 8.59
50.0 46.42 3.61 8.52
51.0 41.78 2.75 7.28
52.0 47.79 3.58 7.58
53.0 47.56 3.62 8.37
54.0 43.54 3.89 7.46
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