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ABSTRACT 

 

A MULTI-PROXY RECORD OF HOLOCENE PALEOENVIRONMENTAL AND 

PALEOCLIMATE CHANGE AT LAKE TOKUN, SOUTH-CENTRAL ALASKA 

 

JONATHAN G. GRIFFITH 

  

 Sediment cores from Lake Tokun were used to reconstruct paleoenvironmental 

and paleoclimate changes in the Copper River delta area, Alaska.  A 4.2-m-long sediment 

sequence was analyzed for organic matter, chlorophyll-a, magnetic susceptibility, and 

bulk density.  The chronology was based on radiocarbon ages and short-lived isotopes.  

Distinct changes in the sedimentary succession record major paleoenvironmental changes 

during the Holocene.  Prior to 8.8 ka, Lake Tokun received meltwater from the Martin 

River Glacier at a time when sea level had transgressed at least 6 km inland of the present 

shoreline likely due to isostatic depression upon deglaciation.  From 8.8 to 0.7 ka, Lake 

Tokun was a shallow lake receiving sporadic pulses of rock flour when Martin River 

overtopped its channels.  At ~735-1215 AD, rock flour deposited in Lake Tokun 

represents an aggrading outwash plain as the Martin River Glacier expanded and then 

deposited its terminal moraine.  The proximal end of the associated outwash plain 

dammed Lake Tokun, deepening the lake and enhancing sediment deposition.  The lake 

attained its present depth about 1215 AD and rock flour has not reentered the lake since 

then.  The uppermost sedimentary unit (150 cm thick) was analyzed at 0.5 cm resolution 

(average of 3 year per sample) using VNIR reflectance spectroscopy to infer the 
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concentration of chlorophyll-a (chl-a).  Instrumental weather data from Cordova (1917 to 

2009) show a strong inverse correlation (r2 = 0.49; p = 0.03) between August 

precipitation and sedimentary chl-a content in Lake Tokun.  Storms beginning in the late 

summer and persisting through the fall are important in controlling peak discharges and 

the subsequent transport of allochthonous material into Lake Tokun.  Winter (DJF) 

temperature is also inversely correlated with chl-a content (r2 = 0.33; p = 0.04), indicating 

that warm winters, which tend to be wet, also lead to enhanced runoff, which carries 

mineral matter that dilutes the chl-a content of the lake sediment.  Decreased chl-a values 

suggest increased runoff during the early to middle Little Ice Age (LIA; 1215-1650 AD).  

Increased chl-a values during the late LIA (1650-1850 AD) are suggestive of decreased 

runoff.  This study demonstrates that multi-proxy analysis of lake sediments is an 

effective method for inferring past paleoenvironmental and paleoclimate change. 
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PREFACE 

This thesis is built around two manuscripts intended for submission to scientific 

journals, while conforming to the requirements of the Graduate College. Chapter 1 is a 

comprehensive literature review, with background information pertinent to both 

manuscripts.  Chapter 2 includes descriptions of the study site, the geochronology of 

Lake Tokun sediments, and also interprets distinct changes in the Lake Tokun 

sedimentary sequence in terms of changing depositional environments.  Chapter 3 

presents a multi-proxy study of Lake Tokun sediments to infer changes in the Aleutian 

Low over the past 800 years, the period since Lake Tokun attained its current form. Both 

chapters are written for the journal of Quaternary Research.  A summary of findings for 

each study is included in the conclusion sections of Chapters 2 and 3. The Appendix 

contains supplementary discussions of methods and comparisons of results too detailed 

for journal publication but appropriate for an MS thesis.  The Appendix also includes 

carbon and nitrogen isotope results and interpretations that may be useful for future 

studies.  Large datasets are in Excel file titled “Appendix”, and are referenced in the text.  
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 CHAPTER 1 – INTRODUCTION 

Coastal southern Alaska is in a dynamic environment that responds to interactions 

between climate change, ice sheet history, tectonics, and relative sea-level change.   

Glacier ice currently covers about 74,700 km2 (5%) of Alaska (Post and Meier, 1980; 

Kaufman et al., 2011) with more than half of this area persisting in the Kenai, Chugach, 

and St. Elias Mountains around the margins of the Gulf of Alaska, south-central Alaska. 

Land-terminating glaciers in Alaska are sensitive indicators of climate change, growing 

and shrinking in response to changes in temperature and precipitation (Benn and Evans, 

1998; Wiles et al., 2004, 2008).  Furthermore, changes in glacier ice volumes in southern 

Alaska have been large enough to influence eustatic sea level (Arendt et al., 2002) and to 

cause local glacioisostatic depression and rebound (Motyka, 2003).   

Until recently, Holocene glacial records have been largely based on glacial 

forefield deposits such as moraines, or glacially damaged or killed trees (Ten Brink, 

1983; Wiles and Calkin, 1994).  While these deposits provide indirect measures of glacial 

extent, they are discontinuous and typically provide ages of maximum glacial extent 

because successive advances that are less extensive are subsequently destroyed by each 

more extensive advance (Seltzer et al., 1995).  More recent studies have interpreted 

variations in glacial extent from proglacial lake sediments suggesting that they might be 

used as indicators of upvalley glacial activity capable of providing continuous records of 

Holocene glaciations, recording advances, retreats, and maximum ice extents (Levy et al., 

2004; Daigle and Kaufman, 2008; McKay and Kaufman, 2008).  Interpreting downvalley 

lacustrine sediments is difficult because of a lack of understanding of the relationship 

between glacial activity and downvalley sedimentation.  Glacial sediments can at times 
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be sequestered subglacially and at other times be flushed from storage by high runoff 

events (Rosenbaum and Reynolds, 2004).  Fluvial reworking of surficial deposits can also 

influence sediment availability for about 100 years after maximum ice stands (Leonard, 

1985).  Such paraglacial processes are thought to limit the resolution of glacial 

chronologies to about a century (Church and Ryder, 1972). Outwash plain dynamics 

further complicate our understanding of glacial activity and downvalley sedimentation.  

Zander et al. (2013) determined that the input of glaciogenic material in Cabin Lake, 

south-central Alaska was a function of both glacial activity and outwash plain dynamics. 

 Despite potential issues reconstructing glacial records based on proglacial 

sediments, many studies throughout Alaska have found the timing of maximum glacial 

extent to be coeval based on glaciogenic material in lake sediments (McKay and 

Kaufman, 2009; Kathan, 2006; Levy et al., 2004).  These along with other records of 

glaciation in Alaska during the Holocene are summarized in the following section titled, 

“Holocene glacier fluctuations in Alaska”.  

 

Holocene glacier fluctuations in Alaska  

Early to middle Holocene 

The timing and extent of advances in land terminating glaciers in the early to middle 

Holocene is poorly constrained.  Advances of the Yanert and Capps glaciers, in the 

central and southwestern Alaska Range have been constrained by minimum radiocarbon 

ages of 6.67 and 8.60 ka (Ten Brink, 1983; Yehle et al., 1983).  Thorson and Hamilton 

(1986) constrained both maximum and minimum ages of the Russell Creek drift, 

Aleutian Range between 12.33 and 7.57 ka.  Schmoll et al. (1999) suggested that end 
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moraines associated with the Winner Creek drift, western Chugach Mountains, were 

deposited in the early Holocene; however, this interpretation was based on the position of 

these deposits between moraines of late Pleistocene to late Holocene age.  The Hubbard 

Glacier, Yakutat Bay, made several expansions during the early to middle Holocene 

beginning by 6850 BP (Calkin et al., 2001). 

In contrast, several studies from southern Alaska suggest that land-terminating 

glaciers were in retracted positions (relative to their current terminal positions) or entirely 

absent during the early to middle Holocene.  Lacustrine sediment cores from four glacier-

fed lakes including Waskey Lake and Cascade Lake (Ahklun Mountains) and Hallet and 

Greyling Lakes in the central Chugach Mountains record reduced glacier activity from 

~9.1 to 4.5 ka. 

 

Neoglaciation 

Sediment cores from Hallet and Greyling Lakes, central Chugach Mountains, document 

the onset of increased glacier activity between 4.5 and 4.0 ka (McKay and Kaufman, 

2009).  Cores from lower elevation Waskey and Cascade Lakes in southwestern Alaska 

show evidence of increased glacier activity after 3.1 ka and 3.0 ka, respectively.  Other 

major glacier advances in southern Alaska during the early Neoglacial have been 

constrained between 3.27-2.93 ka for glaciers in the Saint Elias, Chugach, and Coast 

Mountains based on radiocarbon ages from organics in terminal moraines (Tuthill et al., 

1968; Denton and Karlen, 1977; Rothlisberger, 1986; Wiles et al., 2002; Viens, 2005).  

Additionally, palynological studies document a distinct change in climate at ~3500 BP 
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characterized by a dramatic cooling and increase in storminess in the Gulf of Alaska and 

likely stimulating glacial activity (Ager, 1983; Heusser, 1995).   

 A later interval of early Neoglacial advance (2.21-1.99 ka) has been documented 

at the Nabesna Glacier, Wrangell Mountains (Wiles et al., 2002) and the Battle, Herbert, 

and Mendenhall glaciers in the Coast Mountains (Rothlisberger, 1986).  These advances 

were followed shortly thereafter by period of recession and decreased glacial activity 

~2000 BP throughout the Gulf of Alaska. 

 A subsequent period of glacial expansion occurred ~550 AD at the Sheridan 

Glacier on the coastal side of the Chugach Mountains as shown by the aggrading outwash 

plain on the Sheridan forefield (Wiles and Calkin, 1994).Radiocarbon ages (570-710 AD) 

document several glacier advances coeval with the Sheridan Glacier advance from Beare, 

Bartlett, Grewingk, Dinglestadt, Tebenkof and Hebert glaciers, southern Alaska 

(Karlstom, 1964; Rothlisberger, 1986; Wiles and Calkin, 1994; Reyes et al., 2006). 

 

Medieval Warm Period 

The onset of tree growth by ~950 AD on the Tebenkof and Sheridan forefields is 

evidence for a period of glacier recession during the Medieval Warm Period.  Similar 

estimates were developed at Beare, Herbert, and Mendenhall glaciers (Rothlisberger, 

1986; Wiles and Calkin, 2002) based on radiocarbon-dated material from remnant 

forests. 
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Little Ice Age  

The glacial forefield records from the Kenai, Chugach, and Coast mountains document a 

spatially coherent pattern of ice expansion during the LIA.  Cross-dated tree-ring logs 

record three distinct periods of glacier advances.  The early advances occurred from 

about 1180-1320 AD, the middle LIA advances from about 1540-1710 AD, and the latest 

or most recent advances from about 1810-1880 AD (Barclay et al., 2009).  During the 

period of 1180-1880 AD, most Alaskan glaciers reached their Holocene maximum 

extensions (Calkin et al., 2001). 

 

Martin River Glacier 

 This study uses sediment cores from Lake Tokun, south-central Alaska to 

understand paleoenvironmental conditions related to changes in the extent of the Martin 

River Glacier, ~7 km north of Lake Tokun. The Martin River Glacier discharges from 

the Bagley Ice Field and covers an area of ~145 km2. Two prominent moraines, a 

terminal and an end moraine, mark the position of the glacier in the past.  The end 

moraine dates to ~1650 AD; however, there is considerable debate regarding the age of 

the terminal moraine. 

 Tinker (1967) and Reid (1970a) collaborated to provide a relative age for the 

terminal moraine based on soil analyses conducted on 21 lateral moraines deposited by 

the Martin River Glacier.  Tinker (1967) investigated the soils on these moraines and 

found that the 14 highest moraines were capped by a mature humic podzol soil (B-

horizon) that was absent from the seven lowest moraines.  The B-horizon is characterized 

by decayed pebbles, a well-developed clay skins on sand, pebble, and cobble particles, 
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and high clay concentrations. Tinker (1967) used these results to suggest that the highest 

moraines were deposited during the late Wisconsin. Reid (1970b) traced the terminal 

moraine into the upper 14 lateral moraines, thus interpreting it as a late Wisconsin aged 

feature. 

 The terminal moraine is heavily vegetated and covered by a climax hemlock 

forest, with several individual trees exceeding 1.5 m in diameter (Reid, 1970b). 

Kachadoorian (1960) attempted to date the terminal moraine as well as the end moraine 

marked by the dead-ice area, by dating the trees growing on the moraine.  Kachadoorian 

(1960) concluded that the terminal moraine was deposited between 500 and 900 AD. 

 There is also considerable debate about whether or not the terminal moraine 

represents the Martin River Glaciers actual maximum extent.  Coulter et al. (1965) 

suggest that the area downvalley from the exposed “terminal moraine” of the Martin 

River Glacier was glaciated in late Wisconsin time.  Reid (1970b) argues that because all 

lateral moraines converge at or upglacier from the Martin River Glacier terminal 

moraine, the glacier could not have extended beyond this terminal moraine.  Reid 

(1970b) postulates that submergence via tectonic or eustatic changes may be responsible 

for restricting the Martin River Glacier during maximum glaciation. 

 In Chapter 2 of this study, I will use sediments from Lake Tokun, south-central 

Alaska, to provide an additional record of the Martin River Glacier’s history.  I will 

attempt to constrain the timing of glacial expansion and retreat through the analysis of 

glacially-derived sediments deposited in Lake Tokun, and provide a different age for the 

development of the terminal moraine. 
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Climate setting 

The maritime climate of the Gulf of Alaska region, characterized by cool summers, mild 

winters, and year-round precipitation, makes it a favorable environment for glaciers.  In 

winter temperature and precipitation variability in the Gulf of Alaska are largely 

controlled by the strength and position of the Aleutian Low, a semi-permanent low 

pressure system with decadal scale variability (Rodionov et al., 2005a).  Such variability 

has been documented from the analysis of instrumental data and has been described by 

various climate indices including the North Pacific Index (NPI) and the Pacific Decadal 

Oscillation (PDO).   

The NPI is the area-averaged sea level pressure between 30o-65oN and 160o-

140oW (Trenberth and Hurrell, 1994).  Negative NPI values are associated with a 

stronger Aleutian Low characterized by a deepening of the low pressure system and 

enhanced westerly winds across the central North Pacific coupled with strengthened 

northerly flow over the eastern North Pacific.  A positive NPI is associated with a weak 

Aleutian Low (Deser et al., 2004). 

The PDO takes into account monthly residual (difference between observed 

anomalies and the monthly mean global average sea surface temperature anomalies) 

North Pacific sea surface temperature, poleward of 20°N (Mantua et al., 1997; Mantua 

and Hare, 2002). The PDO is directly related to NPI values; however, the amplitude of 

negative (cold) phases, associated with a weaker Aleutian Low, is greater for PDO than 

NPI (Mantua et al., 1997).  Cold phases of the PDO are related to a westward shift in the 

AL resulting in decreased meridional moisture transport along the northwest Pacific coast 

thus facilitating increased moisture flow from the west and into interior Alaska.  In 
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contrast, warm phases of the PDO are associated with an eastward shift in the AL, which 

advects warm moist air along the northwest Pacific coast and increased coastal 

precipitation (Anderson et al., 2005). These indices are correlated with tree-rings, salmon 

abundance, coral, snow accumulation data, as well records tracking various aspects of 

Pacific marine ecosystems (Vandenbosch, 2000; Anderson and Piatt, 1999).   

Each of these proxy-based climate reconstructions suggest significant variability 

in the position of the AL at a range of time scales; however, there are important and 

major differences between different proxy reconstructions, especially those extending 

beyond 1600 AD (Mantua and Hare, 2002).  For example, dendrochronology studies 

completed by Biondi et al. (2001) and Gedalof and Smith (2001) correlate well with the 

instrumental PDO indices of Mantua et al. (1997); however, the two reconstructions also 

exhibit periods with little similarity (Mantua and Hare, 2002).  

Despite these differences, most reconstructions have found evidence for two full 

PDO cycles in the past century defined by periods of high sea level pressure (“cool” PDO 

regimes) over the North Pacific (1890-1924 and 1947-1976) and periods of low pressure 

(“warm” PDO regimes) predominating from 1925-1947 and again from 1977-1997 

(Deser et al., 2004; Mantua and Hare, 2002).  Warm (positive) phases of the PDO are 

characterized by anomalously wet periods in the coastal Gulf of Alaska, the southwest 

US and Mexico, and throughout much of South America, while the opposite it true during 

cool (negative) phases.   

The uncertainty of pre-instrumental PDO and Aleutian Low reconstructions, 

especially those generated with the same proxy, warrants further investigation and 

highlights the importance of multi-proxy reconstructions.  In Chapter 3 of this study, I 



! 19!

provide a qualitative record of climate for the Gulf of Alaska region over the past 800 

years based on indicators of primary productivity preserved in sediments from Lake 

Tokun, south-central Alaska. 

 

Paleoclimate proxies in lake sediments 

This record of climate and environmental change during the Holocene is based on the 

analysis of multiple proxies from Lake Tokun sediments.  Magnetic susceptibility is a 

function of the composition and concentration of magnetic minerals, and, to a lesser 

extent, grain size.  Magnetic minerals in lake sediments are primarily detrital; therefore, 

their abundance can be diagnostic of the relative contribution of lithogenic versus 

biogenic contributions to the sediment (Cohen, 2003).  Peaks in magnetic susceptibility 

may be indicative of high glacial flour concentrations, and reflect periods of increased 

glacial extent (Leonard, 1986). De Fontaine et al. (2007) demonstrated the usefulness of 

MS in identifying tephra, especially cryptotephra (Lowe, 2008), which may be present in 

lake sediments in such small concentrations they are not visible within the core profile.  

However, peaks in MS may not always correlate with the presence of cryptotephra 

(Sulpizio et al., 2010) and/or glacially-derived sediments; therefore, additional proxies 

must be used to interpret any MS variability.   

The abundance of chlorophyll-a preserved in lake sediments is often used as a 

proxy to infer changes in whole-lake productivity specific to photosynthesizing 

organisms and has been successfully correlated with various climate parameters over 

decadal and millennial timescales.  Chlorophyll-a concentrations were derived using 

visible-near infrared reflectance (VNIR) spectroscopy, which analyzes the energetic 
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interactions between the energy emitted from a known source, and the amount of energy 

reflected off an object in the 350-750 nm electromagnetic spectrum.  The difference 

between emission and reflection is attributed to absorption of energy by the material.  

Plant pigments, such as chlorophyll-a, have strong absorptions in the 650-750 nm range.  

Rein and Sirocko (2002) developed several algorithms to extract proxy data from the 

spectra, such as the relative absorption band depth at 660-670 (RABD660-670), which is a 

proxy for total sedimentary chlorin (referred to herein as RABD), and the ratio of 

reflectance at 660-670 nm (R660-R670), which is a proxy for the degree of photopigment 

diagenesis (von Gunten et al., 2012a).  Using the algorithms defined by Rein and Sirocko 

(2002), von Gunten et al. (2012a) successfully correlated RABD with summer and annual 

temperature, while Elbert et al. (2012) found an inverse relationship between the RABD 

and precipitation.  The sedimentary chlorophyll-a concentration is controlled by three 

factors: 1) aquatic production, 2) proportion of clastic to chlorophyll-based organic input, 

and 3) the pre-depositional degradation of pigments.  Aquatic primary productivity is 

influenced by water temperature, light and nutrient availability, and predation (Wetzel, 

2001), while residence time in the water column is directly related to rates of pigment 

degradation.  Because aquatic production and subsequent deterioration respond to so 

many variables, chlorophyll-a may record lake- and catchment-specific effects rather than 

a direct climatic signal.   

A common supplement to chlorophyll-a in multi-proxy studies is total organic-

matter content (OM) (Corbett and Munroe, 2010; Balascio and Bradley, 2012; Munroe, 

2012).  Like chlorophyll-a, changes in OM may reflect changes in primary production 

when the preservation potential is high (Battarbee et al., 2001).  OM can also be derived 
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from terrestrial sources, perhaps reflecting increased soil erosion from surrounding 

landscapes (Geirsdottir et al., 2009).  Despite this complication, changes in OM are most 

often attributable to aquatic and/or terrestrial productivity and has been shown to vary in 

response to climatic forcing (Camill et al., 2012). 

 Miller et al. (2005) found decreased OM concentrations in five coastal lakes from 

Baffin Island, Canada during the Younger Dryas.  Oswald et al. (2012) identified a 

relationship between OM content and fluctuating fluvial overbank deposition from a lake 

located within the braided plain of Okpilak River, Brooks Range, Alaska.  Korhola et al. 

(2002) linked OM fluctuations to changes in primary productivity in a study documenting 

the anthropogenic effects associated with 20th century development at a subarctic lake in 

Finland. Karlen (1981) identified an inverse relationship between clastic sedimentation 

rate and organic content of sediments and interpreted changes in organic content as 

indicators for changes in upvalley glacier extent suggesting that an increase of glacial 

debris in the water column results in lower organic production. 
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CHAPTER 2: HOLOCENE EVOLUTION OF LAKE TOKUN, ALASKA 

 
Abstract 

Detailed analyses of physical, biogeochemical, and biological properties of a 4.2-m-long 

sedimentary sequence from Lake Tokun (60.41° N, 144.30° W), south-central Alaska, 

record major paleoenvironmental changes during the Holocene.  The sequence was dated 

based on the age of the sediment/water interface, activity profiles of 239+240Pu and 210Pb, 

and nine 14C ages on macrofossils.  The basal unit is >8.8 cal ka and is interpreted as 

glacial-lacustrine sediment, as indicated by high magnetic susceptibility, high clay 

content, and a lack of diatoms.  Most of the Holocene (8.8 – 0.7 cal ka) is represented by 

sediment that accumulated at a low rate (0.01 cm yr-1) in an aquatic environment 

interpreted as a shallow lake. The core site received rock flour intermittently during this 

period when the Martin River overtopped its meltwater channel.  The deposition of some 

glacially derived beds in Lake Tokun sediments coincide with periods of glacial 

expansion documented elsewhere in southern Alaska. Increased sedimentation rates from 

750 to 1215 AD reflect a progressive deepening of Lake Tokun attributable to an advance 

of the Martin River Glacier during the early Little Ice Age, which formed a terminal 

moraine with an outwash head that dammed Lake Tokun to its current depth.  The rapid 

deposition of organic-rich sediments beginning around 1215 AD is related to the 

enhanced sediment-trapping function of Lake Tokun in response to its impoundment.  

Reconstructing the geomorphic history of the Lake Tokun area contributes to 

understanding the interactions between glaciers, climate, tectonics, and sea-level change.  
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Introduction 

Holocene paleoenvironmental reconstructions provide important information on the 

natural variability of the climate system, and subsequent geomorphic responses.  

Lacustrine systems are useful in Holocene paleoenvironmental studies because of their 

sensitivity to climatic and environmental changes, and the continuous record they can 

provide.  This study presents a record of paleoenvironmental change inferred from lake 

sediment at Lake Tokun in the Copper River Delta area, south-central Alaska (Figure 1).  

The lake is adjacent to the eastern edge of the present-day outwash plain of the Martin 

River Glacier and marked changes in physical and biological properties of sediment that 

accumulated in Lake Tokun reveal changes in the nearby glacier and other landscape 

processes through the Holocene.  Comparison of the sedimentary succession from Lake 

Tokun with other paleoenvironmental reconstructions from the region reveals the 

complexity of outwash plain geomorphology and its relation to climate, relative sea level, 

and tectonism.  

 

Study area 

Lake Tokun (60.41° N, 144.30° W) is located 72 km east of Cordova, Alaska, at an 

elevation of 54 m a.s.l (Figure 1).  The lake is ~7 km south of the present terminus of the 

Martin River Glacier.  Plafker (1967) traced the Chugach-St. Elias Fault beneath the 

lower part of the Martin River Glacier (Figure 2).  This fault separates Mesozoic and 

older volcanics on the north side (greenstone and slightly metamorphosed greywacke) 

from Eocene and Oligocene marine and terrestrial sedimentary rocks on the south 

(siltstones, sandstones, and coal) (Plafker, 1967; Reid, 1970a).  A second unnamed fault 
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parallels the Chugach-St. Elias fault 2 to 20 km north, and separates the volcanics to the 

south from the highly metamorphosed crystalline rocks to the north (granitics, schists, 

gneiss, amphibolites, and some marble; Reid, 1970a).  The Aleutian megathrust, which 

was uplifted ~2 m during the 1964 Alaska earthquake, is within 150 km of the study area 

(Plafker, 1969).  Tectonic activity has likely influenced the stability of fluvial channels 

migrating over the outwash plain of the Martin River Glacier.   

 The Martin River Glacier originates at an elevation of 1200 m along the western 

margin of the Bagley Ice Field in the Chugach Mountains.  It covers about 145 km2 and 

flows 64 km south from the mountains terminating at about 120 m a.s.l.  Two prominent 

moraines, a terminal and an end moraine, mark the position of the glacier in the past.  The 

end moraine is ~2 km downvalley from the 1978 AD terminus of the Martin River 

Glacier (Figure 3).  The moraine is forested with abundant depressions and kettle lakes 

and it impounds a lake that feeds the modern outwash channel to the northwest. The 

terminal moraine is about 7 km downvalley from the debris-covered terminus of the 

Martin River Glacier, and 1.4 km northwest of Lake Tokun.  The prominent forest-

covered moraine terminates in a sharp outer edge and is kettled along the inner margins.  

North of the terminal moraine, a conspicuously flat area with deeply entrenched channels 

could represent a former lake bottom, suggesting that the moraine once impounded a 

lake, perhaps similar to the lake now dammed by the end moraine near the present 

terminus.  The moraine is marked by sharp, continuous ridges along its southern margin 

where the Martin River Glacier formerly terminated along the bedrock hills.    

 A broad outwash plain extends from the terminal moraine and is marked by 

distinct terrace levels (Figure 3). The upper terrace (T2) extends 10 m above the modern 
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alluvium and is densely forested. The proximal edge of the terrace grades upvalley into 

the terminal moraine and the two were likely formed concurrently. The lower terrace (T1) 

is about 4 m above the modern alluvium and is marked by abandoned braided channels 

on its treeless surface.  It was probably formed concurrently with the end moraine that is 

located 1 km downvalley from the present debris-covered ice.  The modern alluvium 

(Ma) and its braided outwash channels cuts through the northwest portion of the terminal 

moraine (Figure 4). 

 Lake Tokun is bound to the west by the upper terrace (T2) deposit, which rises 

more than 10 m above the lake.  The lake is fed by Tokun Creek from the east, and drains 

westward into the Martin River.  It has an area of ~1.8 km2, a mean depth of 21 m, and a 

catchment area of ~19.4 km2.  Koenings et al. (1985) estimated the annual discharge to 

the lake at 39.0 x 106 m3, and a water residence time of about 1.0 year.  The lake has one 

central basin and is flanked by steep-sided valley walls along the northern and southern 

shores.  

 

Glacial history  

Tinker (1967) studied the lateral moraines along Charlotte Ridge (Figure 5) and 

attempted to date the ridges based on the degree of soil development.  He identified 21 

lateral moraine ridges and used the tree-ring ages of the oldest trees as minimum ages on 

the three youngest moraines (>1200, 1650, and 1910 AD).  Based on soil descriptions 

and analyses, Tinker (1967) identified a break in the extent of soil development between 

the 14 highest ridges and the seven lower ridges. Soil profiles formed into the highest and 

oldest lateral ridges show a distinct B-horizon, which is absent in soils from the lower, 
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younger ridges.  The defining characteristics of the B-horizon include: 1) decayed 

pebbles, 2) well-developed clay skins on sand, pebble, and cobble particles, and 3) 

maximum values of clay accumulation ranging from 1-5%. The B-horizon is composed 

of two or more sub-horizons, which were distinguished based on color and are related to 

the type of illuviated material.  

 Reid (1970b) interpreted this break in the degree of soil formation to represent the 

break between Late-Wisconsin-age moraines (above) and Neoglacial moraines (below).  

Additionally, he determined that the lateral moraine ridges all converged upvalley from 

terminal moraine, and therefore correlated the terminal moraine with the lateral ridges 

that were deposited during the Late Wisconsin.  No soil pit was dug on the terminal 

moraine to confirm this interpretation, nor were Tinker (1967) and Reid (1970b) able to 

otherwise date the terminal moraine, other than noting that the moraine is probably 

10,000 to 15,000 years old (Reid, 1970b). In contrast, Kachadoorian (1960) assumed that 

the terminal moraine was deposited during the late Holocene and used tree rings from the 

terminal moraine to define a minimum age between 500 and 900 AD.  

Heusser (1960) identified a ridge adjacent to Martin Lake, which he interpreted to 

represent an ancient shoreline, and used a radiocarbon age of 7.6 ka from the basal peat to 

calculate an average rate of marine regression since 7.6 ka of 0.3 m yr-1.  However, 

Plafker and Rubin (1961) argued that the landform dated by Heusser (1960) was instead 

formed by glaciers. If the peat dated by Heusser (1960) underlies a glacial deposit as 

suggested by Plafker and Rubin (1967), then the Martin River Glacier expanded beyond 

the late Holocene moraines during the Pleistocene.  Coulter et al. (1965) suggested that 

ice may have coalesced on the continental shelf along the west side of the Gulf of Alaska 
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during the Late Wisconsin.  However, Molnia (1986) highlighted the lack of dated 

Pleistocene deposits in the region that precluded an accurate determination of the extent 

of Late Wisconsin ice in the region.  No moraines are present downvalley of the terminal 

moraine deposited by the Martin River Glacier.  This could be attributed to the emptying 

of massive proglacial lakes in the Copper River basin, which eroded late Pleistocene 

sediment in the Cooper River delta region (Ferrians, 1963).  Subsequent alluviation has 

apparently buried both the Pleistocene moraines and proglacial lake deposits in the river 

delta (Reimnitz, 1966; Sirkin and Tuthill, 1987).   

 

Methods 

Core recovery and geochronology  

Sediment cores were extracted from Lake Tokun in July 2011. Prior to coring, the 

bathymetry of the lake was mapped using a GPS-enabled sonar depth recorder (Figure 6). 

Coring locations were selected based on lake depth, and proximity to inlets and their 

deltas. Cores from four sites at Lake Tokun were collected with a gravity surface corer 

and a percussion corer from a floating platform (Table 1).  Surface cores 11-TK-3A/3B 

and long percussion core 11-TK-3 were selected for laboratory analyses based on length 

and stratigraphic integrity. Together, the recovered sedimentary sequence from core site 3 

is 420 cm long. 

An age model was developed using downcore profiles of short-lived isotopes 

(239+240Pu and 210Pb), and radiocarbon ages.  A profile of 239+240Pu activity was measured 

on contiguous 0.5-cm-thick samples from 0-8 cm, from core 3A and analyzed on an ICP-

MS at Northern Arizona University, following the procedures of Ketterer et al. (2004).  
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Core 3A was sampled in 1 cm intervals from 0-27 cm for 210Pb dating using alpha 

counting of the granddaughter radionuclide 210Po (Eakins and Morrison, 1978) at Flett 

Research Ltd, Winnipeg, Manitoba.  The 210Pb age profile was based on a constant-rate-

of-supply model after Appleby and Oldfield (1978) and validated with the 239+240Pu peak.  

Radiocarbon samples were collected from cores 3 and 3A.  Twelve sediment samples, 

ranging from 1- to 3-cm thick, were wet-sieved to isolate organic fragments, which were 

handpicked under a binocular microscope to collect a minimum of 2 mg of vegetation 

macrofossils and other organic material.  Samples were analyzed at the Keck Carbon 

Cycle AMS Facility, University of California, Irvine for radiocarbon analysis by 

accelerator mass spectrometry.   

Magnetic susceptibility (MS) was measured at 0.5 cm intervals with the 

Bartington MS meter and surface probe at Northern Arizona University and the 

University of Minnesota Limnological Research Center (LRC).  MS data from the LRC 

was used in this study.  Appendix 1.1 compares the two MS datasets.  MS detects iron-

bearing minerals often associated with tephra in lake sediment (e.g. de Fontaine et al., 

2007). 

The organic-matter content (OM) was determined using a loss-on-ignition 

procedure in which dried samples of sediment were weighed before and after combustion 

at 550°C.  Dry bulk density was calculated from pre-ignition weights.  In addition, 

gamma-ray attenuation density representing wet bulk density (WBD) at the LRC in 2012 

using a Geotek Multi Sensor Core Logger (MSCL).  Because WBD was measured at a 

higher resolution than DBD, these values are reported in this study (Appendix 1.2).   



! 29!

 Reflectance spectroscopy was used to infer chlorophyll-a (chl-a) content of 

sediment.  Spectral analyses were conducted at 0.5 cm intervals on split core surfaces at 

LRC using a Geotek MSCL-XYZ split-core logger fitted with a Minolta CM-2600d color 

reflectance spectrophotometer.  This instrument analyzes spectral reflectance in the 

visible and near-infrared spectrum.  The relative concentration of chl-a was inferred from 

reflectance data using the relative absorption band depth at 660-670 nm (RABD660-670) 

algorithm defined by Rein and Sirocko (2002) (Appendix 1.3). 

 

Results 

Core chronology 

Plutonium (239+240Pu) is first detected at 5.25 cm depth, increasing upward to a distinct 

maximum at 2.75 cm (Tables 2, A1; Figure 7).  The Pu peak at 2.75 cm (14.20 Bq kg-1) is 

interpreted to represent the period of maximum plutonium fallout associated with nuclear 

weapons testing in 1963/1964 (Ketterer et al., 2004).  Pu activity decreases above the 

peak, remaining at low but detectable levels to the top of the core.  The 210Pb activity 

profile in core 3A shows an irregular, but approximately linear decrease with depth 

(Table 3; Table A2).  The constant-rate-of-supply (CRS) model (Eakins and Morrison, 

1978) suggests a relatively linear sedimentation rate over the past two centuries of 

approximately 0.09 cm yr-1.  The Pu peak corresponds to a 210Pb age of 1979, a difference 

of <16 years, and both were included in the curve-fitting routine. 

 Radiocarbon samples comprised insect chitin, various bryophyte, leaf and spore 

fragments, planktonic crustaceans, and other non-specific organic fragments (Table 4).  

All radiocarbon ages were converted to calendar years with Calib 6.0 using the IntCal09 
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calibration dataset (Reimer et al., 2009), and are reported as calendar years prior to 1950 

(yr BP).  Errors are reported as ± one half of the 1σ calibrated age range. 

 Downcore ages were modeled using Clam v2.0 software for the statistical 

package ‘R’ (Blaauw, 2010).  The routine uses a Monte Carlo technique to determine the 

best-fit line to the probability functions of the calibrated ages downcore and its associated 

uncertainties.  The best-fit age-depth curve was calculated from the weighted average of 

10,000 iterations and 95% confidence intervals are calculated as the 2σ range of the mean 

of the iterations.  Model input data included the age of the core top (2011), nine 14C ages 

(out of 12 analyzed), the 1963 plutonium peak (2.75 cm below lake floor (blf)), and nine 

210Pb ages with their uncertainties (Appendix 1.4).  Three 14C ages were determined to be 

outliers and excluded because they fall off the trend defined by the 210Pb profile and the 

remaining ages.  The ages were fit with a locally weighted spline (smoothing value = 0.3) 

that intersects nearly all of the 2σ calibrated age ranges of the accepted ages.  The locally 

weighted spline function does not allow the model to extrapolate ages beyond the input 

data.  Therefore, the age model was extrapolated below the lowermost 14C age (depth = 

309 cm) using the linear rate determined between 309-300 cm.  Ages were extrapolated 

down to 318 cm (= 8.8 ka) where a major shift in sediment type precludes the further 

downward extrapolation of the sedimentation rate.  The 95% confidence intervals for the 

age model range from ±1 to 325 years and average ±145 years, as evaluated every 0.1 cm 

(Table A3).  

 The lower half of core TK-3 (below about 2.0 m blf) contains all but the last 1200 

years of the >8.8 ka sequence.  The sedimentation rate defined by 14C ages over the last 

1200 years averages 0.3 cm yr-1, versus the previous 7600 years when the average 
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sedimentation rate was 0.02 cm yr-1.  Near-surface sedimentation rates determined by the 

Pb profile and 14C ages are 0.1 and 0.2 cm yr-1, respectively.  Differences between the 14C 

and 210Pb sedimentation rates might be attributed to minor shrinkage in upper part of core 

TK-3A (Appendix 1.5).  

 Five intervals marked by peaks in magnetic susceptibility (MS) were sampled for 

possible disseminated tephra grains, and the presence of tephra was confirmed using a 

microscope.  Based on the age model, two of these tephras are candidates for correlatives 

of tephras found in Cabin Lake (Zander et al., 2013) and Upper Whitshed Lake 

(unpublished data), located about 80 km west of Lake Tokun. Although the correlations 

await further analyses, they add confidence to the age model (Table 5).   

 

Sediment description 

Sediment cores were extracted at four sites from Lake Tokun. Only the upper unit was 

recovered from site 1.  The sediment in cores from site 2 was severely deformed during 

coring, whereas the sediment recovered from site 3 was entirely undeformed.  Site 4 was 

located near the inlet and the core did not penetrate all major units present in cores from 

sites 2 and 3.  In this study, I focus on the cores from site 3; however, major beds can be 

correlated with those from sites 1 and 2, and the stratigraphy is consistent with that of the 

other core sites (Figure 8). 

 The two surface cores (11-TK-3A and -3B were correlated visually and using 

peaks in MS with the surface of the longer percussion core (11-TK-3) to create the 

composite sequence that extends upward to the sediment-water interface.  On the basis of 

this correlation, 1.5 cm was determined to be missing from the top of the percussion core 
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and depths were adjusted to below lake floor (blf).  The composite sedimentary secession 

can be divided into four distinct units based on color, MS, OM, chl-a, and sedimentation 

rates (Figure 9). 

 Unit 1 extends from the base of the core (419 cm; unknown age) to 318 cm (8800 

cal yr BP).  It comprises laminated, gray (10YR 5/1), inorganic clayey silt.  MS values 

and wet bulk density values are high, averaging 53 SI and 1.8 g cm-3, respectively.  Chl-a 

and OM content values are low, averaging 1.0 and 3.0%, respectively.   

 Unit 2 (318-201 cm = 8800-1231 cal yr BP) comprises seven beds of alternating 

dark and light sediment.  Dark beds (318-300, 272-252, 208-205, and 202-201 cm) are 

massive, very dark grayish brown (10YR 3/2) silt.  MS values are generally low (≤10 SI) 

except for a peak at 313 cm, which coincides with a tephra.  Bulk density values are also 

low (≤1.5 g cm-3).  Chl-a and OM content average 1.06 and 7.5%, respectively.  Light 

beds (299-273, 251-236, 224-209, and 204-203 cm) are light brownish gray (10YR 6/2) 

silt with some laminations.  MS values average 25 SI and bulk density values average 

1.75 g cm-3 in light beds.  Chl-a and OM content average 1.04 and 3%, respectively.   

 Unit 3 (201-150 cm = 744-1215 AD) is light brownish gray (10YR 6/2) silt.  MS 

and BD values average 24 SI and 1.6 g cm-3, respectively, increasing up section.  Chl-a 

values are consistently low at ~1.00 and OM values average 4%.  Sedimentation rates 

average about 0.12 cm yr-1 in Unit 3 compared with 0.02 cm yr-1 in unit 2. 

 Unit 4 (150-0 cm = 1216-2011 AD) is very dark grayish brown (10YR 3/2) 

organic-rich silt.  MS values are low (~8 SI, excluding two tephra beds).  Disseminated 

tephras are present at 70.6 cm (707 AD) and 41 cm (1857 AD). BD values increase from 

151-105 cm, then level off at about 1.6 g cm-3 before decreasing from 50 cm to the lake 
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floor.  Both chl-a and OM content increase from 151 cm to the lake floor.  The average 

sedimentation rate in Unit 4 is about 0.1 cm yr-1. 

 

Discussion 

Depositional environments  

The sediment of Lake Tokun is marked by distinctive changes that represent major 

changes in the depositional environment.  Unit 1 (>8800 cal yr BP) is interpreted as rock 

flour that was deposited in Lake Tokun when meltwater from the Martin River Glacier 

entered the lake.  Unit 1 is likely not marine sediment because diatoms are absent 

(Edmund Garrett, personal communication, September 2013) and bulk organic matter is 

depleted in 15N (Table A7), which is uncharacteristic of marine sediments (Sharp, 2007). 

MS values in Unit 1 are much higher than those in overlying units, which might indicate 

that the Martin River Glacier was at that time eroding the crystalline rocks north of the 

Chugach-St. Elias fault.  This result coupled with low chl-a and OM values suggests that 

sediment-rich glacial meltwater entered the lake and limited productivity by increasing 

the turbidity.  The absence of dropstones suggests that the lake was not ice proximal or 

even directly connected by a meltwater channel during the deposition of Unit 1.  The fine 

texture might indicate overflow from the outwash channel during flood stages.  Unit 1 is 

older than 8.8 ka, which is consistent with the limited age control for deglaciation in the 

region (Heusser, 1960; Sirkin and Tuthill, 1987). 

Unit 2 (8800-1231 cal yr BP) is interpreted primarily as non-glacially influenced 

sediment interrupted by layers of glacially influenced sediment.  The non-glacial beds are 

clearly distinguished by their very dark grayish brown (10YR 3/2) color, low MS and 
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BD, and OM content as high as 8% compared with 3% or less in the glacially influenced 

sediment. Diatoms are present, but the assemblage is not characteristic of other lakes in 

the region, which suggests that Unit 2 is not lacustrine (Edmund Garrett, personal 

communication, September 2013).    

 The low sedimentation rate (average = 0.02 cm yr-1) indicates a through-flowing 

aquatic system rather than a basin enclosed by an effective trap, like the present-day lake. 

The sediment might have accumulated in shallow lake adjacent to the outwash plain, like 

the one in the Martin Lake valley presently.  Sedimentation rates of this magnitude are 

unexpectedly low for glacially-fed lakes.  Additionally, Unit 2 does not contain 

dropstones, which suggests that meltwater channels never migrated into the lake. 

Therefore, Lake Tokun may have been part of the floodplain thus receiving periodic 

overbank deposits from the Martin River.  The low sedimentation rate of Unit 2 might 

indicate an unconformity or hiatuses in deposition, which is consistent with the 

interpretation of a shallow lake setting, where the accumulation rate can be episodic.  No 

preserved soils or erosional surfaces were found in Lake Tokun sediments to support this 

hypothesis.  However, Zander et al. (2013) identified an unconformity in Cabin Lake 

from 8.8 to 3.4 ka and attributed it to desiccation sometime prior to 3.4 ka. 

 The Martin Lake valley, located 13 km southwest of Lake Tokun, represents what 

the Lake Tokun valley might have looked like during the deposition of Unit 2 and before 

the emplacement of the late Holocene terminal moraine of the Martin River Glacier that 

built the deeper impoundment. Like Lake Tokun, Martin Lake drains westward, has a 

small catchment and is flanked by steep-sided valley walls (Figure 10).  Aerial images 

show abandoned channels within 2 km of Martin Lake associated with the Martin River’s 
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braided system. When abandoned channels were active, Martin Lake likely received 

intermittent, rock-flour-charged overbank sediment.  

 Unit 3 (744-1215 AD) is glacial flour with low chl-a values.  I interpret this unit 

to have been deposited during two advances of the Martin River Glacier, the first 

millennium advance and the earliest Little Ice Age (LIA) advance when the terminal 

moraine was formed and the associated outwash plain aggraded.  Unit 3 was deposited in 

a depositional setting similar to that of Unit 1; however, the physical and biological 

properties of the sediment (color, MS, BD) are different.  These differences may be 

attributed to a larger Martin River Glacier that tapped a more distant source area during 

the deposition of Unit 1 compared to Unit 3, which was deposited when the glacier was 

smaller.  Tinker (1967) determined that older lateral moraines contain crystalline rocks 

and metavolcanics, whereas the younger moraines do not. 

 Unit 4 (1215-2011 AD) is lacustrine sediment with high chl-a and low MS and 

BD values, with an average sedimentation rate of 0.1 cm yr-1.  The emplacement of the 

terminal moraine and associated damming of Lake Tokun drastically changed the 

limnologic conditions and sedimentation rates.  Following the abandonment of the 

meltwater input at 1215 AD, the sedimentation rate increased from 1215 to 1327 AD 

reaching a maximum of about 1.3 cm yr-1.  This increase is attributable to the enhanced 

sediment-trapping function of Lake Tokun in response to the impoundment of the lake.  

However, the very high sedimentation rate from 150-115 cm may be an artifact of the 

vagaries of curve fitting.  The absence of rock flour in Unit 4 suggests that glacier 

meltwater has not entered the lake since 1215 AD.   

!
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Martin River Glacier history 

The inorganic grey silt layers in Units 1, 2, and 3 are interpreted as rock flour that was 

deposited in Lake Tokun when meltwater from the Martin River Glacier entered the lake.  

The ages of some glacially influenced beds coincide with the ages of advances elsewhere 

in southern Alaska, whereas others do not.  This discrepancy might be attributed to the 

migration of meltwater channels in response to differential aggradation rates across the 

outwash plain.  Glacial meltwater entered Lake Tokun six times: once during 

deglaciation, and five times during the Holocene. 

 The largest glaciers along the Gulf of Alaska coast reached the continental shelf 

and began retreating as early as 19-17 ka (Mann and Hamilton, 1995).  South of Lake 

Tokun, the Katalla Valley has been ice-free since 14 ka (Sirkin and Tuthill, 1987).  

Evidence from Lake Tokun sediments limits the timing of deglaciation to prior to 8.8 ka.  

This finding is consistent with deglacial ages of ~9 ka interpreted from sediments from 

Goat Lake and Emerald Lake, south-central Alaska (Daigle and Kaufman, 2009; 

LaBrecque, unpublished data).  There is no evidence for an 8.2 ka readvance in Lake 

Tokun, nor are there previous reports of an 8.2 ka readvance in Alaska.  

 Rock flour was deposited in Lake Tokun from 7.0-4.9 ka (Figure 11). In contrast, 

evidence from glacier-fed lakes elsewhere in southern Alaska (Figure 1), including 

Waskey Lake (Levy et al., 2004) and Cascade Lake (Kathan, 2006) in the Ahklun 

Mountains, and Greyling Lake in the central Chugach Mountains (McKay and Kaufman, 

2009) indicate reduced glacier size from about 9.1 to 4.5 ka.  Based on these regional 

records, the Martin River Glacier had likely retreated upvalley from 7.0-4.9 ka , and the 
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rock flour in Lake Tokun was deposited when floodwaters from the outwash plain 

entered the lake.  

Other layers of glacial flour in Unit 2 date to 3.2-2.4, 2.0-1.6, and 1.4-1.3 ka.  

Glacial records from elsewhere in southern Alaska document glacial advances during 

similar time intervals.  Sediment cores from Waskey and Cascade Lakes show evidence 

of glacial advances after 3.1 and 3.0 ka, respectively (Levy et al., 2004; Kathan, 2006). 

Similarly, radiocarbon ages of organics in terminal moraines constrain the timing of 

glacier advances in southern Alaska to older than 3.27-2.93 ka for glaciers in the Saint 

Elias, Chugach, and Coast Mountain (Tuthill et al., 1968; Denton and Karlen, 1977; 

Rothlisberger, 1986; Wiles et al., 2002).  These expansions might be coincident with the 

glacially influence bed at 3.2-2.4 ka in Unit 2 from Lake Tokun.  Similarly, rock flour in 

Lake Tokun at 2.0-1.6 ka (-50 to 350 AD) and 1.4-1.3 ka (550 to 650 AD) coincide with 

Neoglacial advances documented throughout southern Alaska (Karlstom, 1964; 

Rothlisberger, 1986; Wiles and Calkin, 1994; Wiles et al., 2002; Reyes et al., 2006). 

Most Alaskan glaciers reached their Holocene maximum extent during the LIA 

(Calkin et al., 2001). The proximity of the terminal moraine relative to the outwash plain 

that impounds Lake Tokun suggests that the two are syndepositional and implies that the 

Martin River Glacier reached its maximum extent and deposited the terminal moraine 

during the earliest LIA advance.  Increased sedimentation rates during the deposition of 

Unit 3 (744-1215 AD) reflect a progressive deepening of Lake Tokun as the outwash 

plain continued to aggrade and meltwater channels delivered rock flour to the lake.  

Previous age estimates of the terminal moraine are contradictory (Kachadoorian, 

1960; Tinker, 1967).  Kachadoorian (1960) believed that the moraine was deposited 
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during the late Holocene and assumed that the ages of the oldest trees on the moraine 

provided closely limiting minimum ages. According to this assumption, the terminal 

moraine was deposited between 500 and 900 AD.  In contrast, the advanced degree of 

soil development indicated to Reid (1970b) that the oldest lateral moraine ridges were 

Pleistocene, and they applied this age to the terminal moraine, which they thought was 

correlative with the oldest lateral ridges.  However, based on the well-preserved ridges 

and kettles adjacent to the glacier coupled with the evidence from Lake Tokun sediments, 

it seems more likely that the terminal moraine of the Martin River Glacier was deposited 

in the late Holocene.   

The absence of rock flour in Unit 4 suggests that a meltwater has not entered the 

lake since 1215 AD.  In contrast, substantial evidence from the region documents two 

subsequent glacial advances during the middle and late LIA from 1540-1710, and 1810-

1880 AD (Wiles et al., 2006; Daigle and Kaufman, 2009; McKay and Kaufman, 2009; 

Zander et al., 2013). Tinker (1967) determined the two youngest lateral moraine ridges 

were deposited by the Martin River Glacier at ~1650 and ~1910 AD.  These periods of 

ice growth are not recorded in Lake Tokun sediments probably because meltwater was 

restricted to the western side of the outwash plain and the channel never avulsed into 

Lake Tokun. 

 

Tectonics and relative sea level 

Aleutian megathrust earthquakes, like that which occurred in south-central Alaska in 

1964, have important implications for changes in relative sea level and perhaps even the 

growth of regional glaciers.  Geologic investigations around the upper Cook Inlet yielded 
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evidence for seven Aleutian megathrust earthquakes during the last 4000 years (Hamilton 

and Shennan, 2005a,b; Hamilton et al., 2005; Shennan and Hamilton, 2006; Shennan et 

al., 2008).  These earthquakes (Mw ≥ 8) are capable of  >4 m of uplift (Plafker, 1969), 

and may have promoted glacier growth during the Neoglacial, although it seems more 

likely that tectonics would influence glacier growth over many millennia.   

 Uplift can also lower the effective base level, which has important implications 

for sediment transport.  The low sedimentation rates observed in Lake Tokun during the 

middle Holocene might be related to uplift events, which steepened the gradient of the 

Martin River and its tributaries, thus maintaining a through-flowing system. Sirkin et al. 

(1971) determined that the beach ridges in the Katalla Valley record 11 uplift events and 

favored rapid tectonic uplift as the driving mechanism preserving uplifted ridges as 

marine waters regressed southward. A regressive sequence of beach ridges was deposited 

in Katalla Valley from 14-11 ka during which marine sediment containing foraminifera 

and ostracodes was deposited >6 km upvalley.  Based on shoreline ridges from the 

Katalla Valley, relative sea level was at least 20 m above present, but not as high as Lake 

Tokun because the deglacial unit does not contain marine diatoms.   

 Relative sea-level changes in southern Alaska may also be related to glacial 

isostatic adjustments.  The lithosphere is especially thin at the boundary between the 

Pacific and North American plates, which permits a more rapid response to loading and 

unloading from advances and retreats of glaciers (Sauber and Molnia, 2004).  I interpret 

Unit 1 in Lake Tokun sediments to represent the deglacial phase of the Martin River 

Glacier. Evidence from the Katalla Valley during the late Pleistocene suggests relative 
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sea level was higher than present, which is expected for isostatic depression upon 

deglaciation. 

 
Conclusions 

The Lake Tokun sedimentary sequence contains distinct changes that have been 

interpreted in terms of changing depositional environments (Figure 12).  Prior to 8.8 ka, 

Lake Tokun received meltwater from the Martin River Glacier at a time when its 

accumulation area expanded into the crystalline rocks north of the Chugach-St. Elias 

fault. Sea level transgressed at least 6 km inland of the present shoreline at this time as 

documented by emergent beach ridges in neighboring Katalla Valley (Shennan, 2009). 

The higher relative sea level was likely due to isostatic depression by the time of 

deglaciation. 

From 8.8 to 0.7 ka, Lake Tokun was a shallow lake receiving sporadic pulses of 

rock flour when Martin River overtopped its channels.  The absence of dropstones 

suggests meltwater channels never migrated into the lake.  Uplift events during this 

period may have contributed to changes in relative sea level and glacier growth.   

At ~735-1215 AD, rock flour deposited in Lake Tokun represents an aggrading 

outwash plain as the Martin River Glacier expanded and then deposited its terminal 

moraine.  The proximal end of the associated outwash plain dammed Lake Tokun causing 

a progressive deepening of the lake and enhancing sediment deposition.  The terminal 

moraine and outwash head are syndepositional implying that the Martin River Glacier 

reached its maximum extent early during the LIA. 

From ~1215-2011 AD, rock flour has been absent from Lake Tokun. Despite two 

well-documented periods of glacier expansion in the region during the LIA (1540-1710 
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and 1810-1880 AD), these periods of ice growth are not recorded in Lake Tokun 

sediments because meltwater was restricted to the western side of the outwash plain and 

the channel never avulsed into Lake Tokun. 
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CHAPTER 3: LATE HOLOCENE PALEOCLIMATE CHANGE FROM LAKE 

TOKUN, SOUTH-CENTRAL ALASKA 

 

Abstract 

Changes in the concentration of sedimentary chlorophyll-a (chl-a) in Lake Tokun, south-

central Alaska, can be attributed to changes in runoff due to natural climate variability. 

The concentration of chl-a preserved in Lake Tokun sediments was approximated using 

VIS-RS reflectance.  Over the instrumental period (1917 to 2009), chl-a content is 

inversely correlated with August precipitation (r2 = 0.49, p = 0.03) and winter (DJF) 

temperatures (r2 = 0.33; p = 0.04) at Cordova.  Decreases in chl-a content are attributable 

to increased dilution by mineral matter during warm winters (which tend to be wet) and 

wet summers.  High chl-a content likely indicates decreased input of mineral matter 

following cold, dry winters and dry summers.  This inference is supported by the 

correlation (albeit weak; p = 0.06) between chl-a content and annual North Pacific Index 

(NPI, a measure a sea-surface pressure) and the Pacific Decadal Oscillation (PDO) over 

the instrumental record.  Based on these interpretations, I used downcore changes in 

sedimentary chl-a to infer changes in the Aleutian Low over the past 800 years, the time 

since Lake Tokun attained its modern configuration.  Between ~1215-1650 AD, low chl-

a values are associated with a positive phase of the PDO and strengthening of the 

Aleutian Low.  From 1650 to 1850 AD, high chl-a values indicate a negative phase of the 

PDO and weakening of the Aleutian Low.  These findings are consistent with results 

from similar studies in southern Alaska.  This study adds to the understanding of inter-
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decadal climate variability over the North Pacific region.  Reconstructing long-term 

natural climate variability is critical to understanding atmospheric circulation and surface 

ocean fluctuations under different climate conditions.  

  

Introduction 

The Aleutian Low, the semi-permanent low-pressure system located over the Gulf of 

Alaska, has a major influence on northwest Pacific climate and is the dominant feature of 

the atmospheric circulation in the north Pacific during winter (Rodionov et al., 2005b).  

When the Aleutian Low is strong, warm sea surface temperatures (SST) and low sea-

level pressure (SLP) in the eastern Pacific bring warmer temperatures and increased 

precipitation to the Gulf of Alaska during winter (Figure 14).  When the Aleutian Low is 

weak, low SST and increased SLP in the eastern Pacific decrease winter temperature and 

precipitation in the Gulf of Alaska.  Changes in the strength and position of the Aleutian 

Low have been documented in long-term weather patterns (e.g. Trenberth and Hurrell, 

1994; Allan and Ansell, 2006; Rodionov et al., 2007), and biologic community shifts 

(Adkison et al., 1996; Mantua et al., 1997).  Meteorological and oceanic observations 

have allowed scientists to statistically characterize and understand modern changes in the 

Aleutian Low related to North Pacific atmospheric circulation and surface ocean 

variability (e.g. Rodionov et al., 2007).  However, these records are too short to assess the 

frequency of longer-term fluctuations in the Aleutian Low.  Proxy records from 

geological archives are needed to understand how the Aleutian Low has fluctuated on 

longer timescales.  
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 In this study, I analyzed the relative concentration of chlorophyll-a (chl-a) in lake 

sediment at Lake Tokun, located in south-central Alaska (Figure 1).  The concentration of 

chl-a preserved in lake sediments can be approximated using visible-near infrared 

reflectance (VNIR) spectroscopy (Rein and Sirocko, 2002; Wolfe et al., 2006).  Recent 

studies have shown the effectiveness of using chl-a in lake sediment as a proxy to 

reconstruct past climatic changes, particularly changes related to summer temperatures 

(von Gunten et al., 2009, 2012b; Elbert et al., 2013).  For example, von Gunten et al. 

(2009) used VNIR spectroscopy on a sediment core from Laguna Aculeo, Chile and 

concluded that chl-a content represents primary productivity, which is limited by the 

availability of light, and in turn is related to temperature.  In contrast, the concentration of 

sedimentary chl-a in some lakes reflects its dilution by mineral-matter input.  The input 

of mineral matter to lakes is controlled by river discharge and overland flow into the lake, 

and is therefore inversely related to precipitation (Elbert et al., 2012; Saunders et al., 

2012; Kraweic, 2013).  

 High-resolution (average = 4 years between 1903 and 1999) sampling near the top 

of the Lake Tokun core demonstrate that chl-a content is linked to winter temperatures 

and various NPI and Pacific Decadal Oscillation (PDO) indices during the instrumental 

period.  These relations can be used to infer changes in the Aleutian Low and compared 

with other paleoclimate records from the north Pacific over the last 800 years.  This 

procedure is only effective assuming the processes that control chl-a content remain 

constant downcore (von Gunten et al., 2012b).  As the record length increases, the 

confidence in extrapolations diminishes based on this ‘calibration-in-time’ technique.  In 

Lake Tokun sediments, such stationarity can be assumed only over the uppermost 151 cm 
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of sediment (Unit 4 = 1215 to 2011 AD), because the depositional setting was much 

different for the older units (see Chapter 2 for discussion of the Holocene evolution of 

Tokun Lake).  

!
Study area 

The present-day geography of Lake Tokun was formed ~1200 AD when it was 

impounded by outwash of the Martin River Glacier as it reached its early LIA maximum 

position (Figure 3).  The outwash plain extends from the terminal moraine and rises more 

than 10 m above Lake Tokun. The lake is fed by Tokun Creek from the east and drains 

westward to the Martin River.  It has an area of ~1.8 km2 and a mean depth of 21 m.  The 

lake has one central basin reaching a maximum depth of ~32 m. Refer to Chapter 2 for a 

more detailed description of the study site.   

 

Modern climate 

Daily meteorological data are available from several stations in the Copper River Delta 

area (Alaska Climate Research Center, 2010).  The first weather station was established 

in 1909 at 60.5° N, 145.5° W at an elevation of 9.1 m.  Changes in the location and 

instrumentation resulted in a discontinuous dataset, especially prior to 1942 when the 

station moved to its present location.  To fill gaps in the dataset, monthly temperature and 

precipitation data from Cordova were compared with those from the more continuous 

time series from Valdez, 75 km northwest of Cordova. The relation between Cordova and 

Valdez monthly temperature and precipitation was quantified using least-squares 

regression for 1917-1941 (Figure 14).  Gaps in the Cordova dataset were in-filled by 
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applying the data from Valdez to these regression equations (in-filled data are indicated 

by blue text in Tables A9, A10). 

 From 1917-1941, monthly air temperatures at Cordova were 1.0°C lower than at 

Valdez. In contrast, from 1942-2010 air temperatures at Cordova were 3.0°C lower than 

at Valdez.  Air temperatures measured after 1942 are more precise because the station 

continuity improved thereafter.  I believe that the shift in the measured air temperature at 

1942 was caused by the station move.  To account for this shift, I added 2°C to each 

temperature value prior to 1942.  Average monthly precipitation at Cordova also shifted 

after the station move in 1942.  Prior to the move, it was about 20 cm greater at Cordova 

than at Valdez, whereas following the move it was only about 6 cm greater.  This 14 cm 

difference between these two time periods varies from year to year and represents only 

about 5% of the mean annual precipitation at Cordova, and was not subtracted from the 

1917-1941 dataset.  

Based on these data, average annual precipitation and temperature at the Cordova 

Airport are 263 cm and 3.4°C, respectively, with most of the precipitation falling during 

the fall and winter months (Figure 15).  Inter-annual variability at Cordova is linked to 

conditions over the North Pacific (Table 6).  Annual and winter (DJF) temperatures are 

correlated with the NPI and but not with PDO.  Precipitation does not correlate with the 

either climate index.  

NPI measures sea-level pressure whereas the PDO accounts for North Pacific sea 

surface temperature variability.  Both the NPI and PDO respond to similar forcings; 

however, the PDO exhibits a greater proportion of interdecadal compared to interannual 

variability because of the enormous thermal inertia associated with the Pacific Ocean’s 
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deep winter mixed layer (Deser et al., 2004). Cold phases of the PDO are commonly 

related to a westward shift in the Aleutian Low resulting in decreased meridional 

moisture transport along the northwest Pacific coast thus facilitating increased moisture 

flow from the west and into interior Alaska.  In contrast, warm phases of the PDO are 

associated with an eastward shift in the Aleutian Low, which advects warm moist air 

along the northwest Pacific coast and increased coastal precipitation (Anderson et al., 

2005).  

In general, the Aleutian Low is strongest over the North Pacific during the winter 

(Trenberth and Hurrell, 1994); however, in the eastern Gulf of Alaska, the influence of 

the Aleutian Low begins in late summer and can be observed in the precipitation record, 

as August, September, and October are the wettest months on average (Figure 15).  In 

this study, I consider increased late summer and fall precipitation, especially in August, 

to represent the influence of a locally strong Aleutian Low, whereas a locally weak 

Aleutian Low is represented by decreased late summer and fall precipitation. 

 

Methods 

Core recovery and geochronology 

Sediment cores from four sites at Lake Tokun were extracted in July 2011.  Cores from 

site 3, surface core 11-TK-3A/3B and long percussion core 11-TK-3, were selected for 

laboratory analyses based on stratigraphic integrity.  Only the uppermost unit (Unit 4) 

was analyzed in this study because it is the only unit formed after the lake attained its 

modern condition. The chronology for Unit 4 was developed using short-lived isotopes 

(239+240Pu and 210Pb), and three radiocarbon ages.  These ages were assigned based on a 
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model that includes the entire recovered sequence.  Samples for radiocarbon, 239+240Pu 

and 210Pb were collected from the same surface core.  Refer to Chapter 2 for details.  

 

Sedimentary and biological proxies 

Chlorophyll-a (chl-a) and organic-matter content (OM) were analyzed to determine the 

abundance of these organic constituents relative to mineral matter in Lake Tokun 

sediments.  Reflectance spectroscopy was used to infer the concentration of chl-a.  

Spectral analyses were conducted at 0.5 cm intervals (sub-decadal resolution) at the 

University of Minnesota Limnological Research Center (LRC) using a Geotek Multi 

Sensor Core Logger (MSCL)-XYZ split-core logger fitted with a Minolta CM-2600d 

color reflectance spectrophotometer. The spectrophotometer acquired data in 10 nm 

bands.  Using algorithms defined by Rein and Sirocko (2002) and Trachsel et al. (2010), 

three variables were extracted from the spectra: 1) the relative absorption band depth at 

660-670 nm (RABD660-670), which is a proxy for total sedimentary pigment; 2) the 

lithogenic content (R570/R630), specifically illite, chlorite, and mica; and 3) the degree of 

photopigment diagenesis (R660/R670).  OM was measured by loss on ignition for 76 

samples by heating 0.4-1.0 g of dry sediment at 550°C for 5 hours.  Dry bulk density 

(DBD) was calculated from pre-ignition weights.  In addition, gamma-ray attenuation 

density representing wet bulk density (WBD) was measured at 0.5 cm intervals at the 

LRC in 2012 using a Geotek MSCL.  Because WBD was measured at a higher resolution 

than BDB, WBD values are reported in this study.  A comparison of DBD and WBD is 

included in Appendix 1.2.  
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Results 

Geochronology 

This study focuses exclusively on Unit 4, which is 151 cm thick and dates back to 1215 

AD. Sedimentation rates inferred from the age-depth model show a sharp increase at 

1215 AD, reaching a maximum rate of 1.3 cm yr-1 in 1327 AD.  From 1327 AD to the 

present, sedimentation rate decreased.  The average sediment rate in Unit 4 is about 0.1 

cm yr-1. The Pu peak at 2.75 cm depth (14.20 Bq kg-1), interpreted to represent the years 

1963/1964 (Ketterer et al., 2004), corresponds to a 210Pb age of 1979, a difference of <16 

years (see Chapter 2 for details). 

 

Sedimentary and biological proxies 

The sediment of Unit 4 is dominantly very dark grayish brown (10YR 3/2) massive silt 

(Figure 16).  Chl-a and OM increase upcore, while density decreases.  From about 150 to 

106 cm, chl-a and OM values average 1.04 and 8.0%, respectively.  A sharp decrease in 

both chl-a and OM at 105 cm is followed by an overall increase to the present.  WBD 

values increase from 150 to 106 cm, then level off at about 1.6 g cm-3.  From 106 to 33 

cm, WBD values average 1.6 g cm-3 before decreasing to about 0.6 g cm-3 at the surface.  

Chl-a content correlates weakly with OM in Unit 4 (r2 = 0.37, p = 0.08), but not with 

WBD (r2 = 0.05, p = 0.51); OM and WBD do correlate downcore (r2 = 0.30, p < 0.01).  

 

Correlations with the instrumental climate record 

I compared the available instrumental weather data from Cordova and several Pacific 

climate indices to chl-a content from Unit 4 to assess the extent to which the two 
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correlate.  Gaps in the Cordova weather data were in-filled using the procedure described 

in the “Modern Climate” section to create a homogenous time series that extends from 

1917 to 2009.  I used Analyseries (Paillard et al., 1996) to resample the meteorological 

data to match the temporal resolution of the chl-a samples (1-8 years, average 4 years per 

sample) by linear integration.  The comparison between the chl-a results and averaged 

meteorological data included 19 samples. Correlations were assessed for significance by 

calculating p-values with respect to the effective sample (Bretherton et al., 1999) in order 

to account for lag-1 autocorrelation.   

Chl-a concentrations track several climatic parameters, most significantly (p < 

0.05) with winter (DJF) temperatures, August precipitation, and summer (JJA) 

precipitation, and less strongly (p = 0.06) with annual values of the North Pacific Index 

(NPI), and the Pacific Decadal Oscillation (PDO) (Figure 17; Table 7).  Both seasonal 

and annual values are inversely related to chl-a content, although few correlations are 

statistically significant (p < 0.05) when adjusted for autocorrelation.  The correlation 

between chl-a is stronger for August precipitation (r2 = 0.49, p = 0.03, n = 19) than for 

any other climate variable tested. 

 

Discussion! 
 
Controls on chlorophyll-a content 

I focused on chl-a because it is resolved at a finer scale than other proxies over the 

instrumental period. Sedimentary chl-a concentration is primarily controlled by three 

factors: 1) preservation of pigments, 2) aquatic and terrestrial production, and 3) clastic 

sedimentation rate. 
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 Chl-a in lake sediment can be influenced by pre- and post-depositional 

preservation through photo-oxidation (von Gunten et al., 2012a).  The degree of 

photopigment diagenesis, which is indicated by R660/R670 (Rein and Sirocko, 2002), 

remains relatively constant throughout Unit 4 (Table A5) suggesting that photopigment 

diagenesis is not a major factor controlling chl-a concentrations in Lake Tokun 

sediments.  

 Aquatic primary production typically responds to nutrient availability, water 

temperature, and sunlight (Wetzel, 2001).  Temperature can affect aquatic primary 

productivity through its influence on ice-cover thickness and duration.  Previous studies 

have attributed changes in chl-a to the length of the growing season, or the ice-free 

season (Anderson, 2000; Smol and Cumming, 2000; von Gunten et al., 2012b). The 

inverse correlation between winter (DJF) temperature and chl-a (r2 = 0.33) suggests that 

ice-cover duration is not the dominant control on sedimentary chl-a content in Lake 

Tokun.  Nutrient availability can be an important control on aquatic primary productivity.  

However, annual salmon spawns, frequent storms, and strong winds supply and re-

suspend nutrients, thereby limiting the degree to which nutrient supply controls primary 

productivity.  Sunlight is the primary control on photosynthesis.  The correlation between 

chl-a and summer (JJA) precipitation (r2 = 0.35, p = 0.03) suggests that sunlight is not an 

important control on sedimentary chl-a content at Lake Tokun (Table 7). 

 Because spectroscopy measures the concentration of chl-a rather than its absolute 

abundance, the values are influenced by the input of other constituents that dilute the 

biogenic matter.  Allochthonous material could enter Lake Tokun in several ways and 

decrease chl-a concentrations through dilution and increased turbidity.  Runoff generated 
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from precipitation and snowmelt likely generates high discharges in rivers capable of 

transporting abundant sediment.  This interpretation is supported by the correlation 

between precipitation at Cordova and discharge at Dick Creek (60.342° N 144.303° W), 

which drains an adjacent catchment (Figure 5) and was gauged from 1971-1980 (USGS 

15195000).  The hydrograph shows some influence of spring snowmelt followed by peak 

annual flows associated with high-intensity precipitation events during the late summer 

and fall (Figure 18).  I used the total annual discharge because it integrates the seasonal 

variability in precipitation as well as snowmelt.  Annual discharge is significantly 

correlated with annual precipitation (r2 = 0.41, p = 0.05, n = 10) and with winter (DJF) 

precipitation alone (r2 = 0.51, p = 0.04, n = 10).  These results clearly demonstrate a 

relationship between local discharge and precipitation, as expected (Table 8). 

 At Lake Tokun, downcore changes in chl-a are inversely related to the lithogenic 

content as defined by the spectra (r2 = 0.45; p < 0.007), indicating that increased input of 

mineral matter into Lake Tokun is associated with decreased chl-a content (Figure 19).  

The data also demonstrate an inverse correlation between chl-a and photopigment 

diagenesis (Figure 19).  Carpenter et al. (1986) identified a similar relation and suggested 

that material produced and deposited under low-light intensity would escape 

photodegradation, whereas detritus material remaining on the landscape or in the 

epilimnion for periods longer than three days lose nearly all detectable pigments.  

Therefore, I would expect most terrestrial-derived photopigments entering Lake Tokun 

from the surrounding landscape be highly degraded. The inverse relation between chl-a 

and R660/670 suggests that chl-a decreases with increased photopigment degradation, 

perhaps the result of increased input of terrestrial material.  I would expect that the input 



! 53!

of mineral matter and other terrestrial material to Lake Tokun would increase together 

with increased precipitation and discharge, thereby diluting the concentration of chl-a. 

 Correlations between chl-a and various weather parameters at Cordova show that 

sedimentary chl-a content in Tokun Lake is most strongly associated with changes in 

August precipitation and winter (DJF) temperature (Figure 20, Table 7).  Although 

insignificant individually, the correlations all show an inverse relation between chl-a 

content and temperature and precipitation.   

 In general, the Aleutian Low is strongest in the North Pacific during winter, but 

for the eastern Gulf of Alaska, the influence of the Aleutian Low begins at the end of the 

summer and continues throughout the winter.  Storms beginning in the late summer and 

persisting through the fall are important in controlling peak discharges and the 

subsequent transport of allochthonous material in the eastern Prince William Sound area.  

This mechanism is consistent with the strong inverse correlation between chl-a and 

August precipitation, which affects discharge and thus mineral-matter flux into Lake 

Tokun.  In addition, winter (DJF) temperature and precipitation are strongly correlated in 

the region (r2 = 0.34; p = 0.04), and in turn, DJF temperature is inversely correlated with 

sedimentary chl-a content in Lake Tokun implying that warm and wet winter storms are 

associated with increased runoff and dilution of chl-a content by allochthonous material.  

Insignificant correlations between chl-a and fall or winter precipitation are unexpected, 

but might be attributed to poor record quality and locally variable precipitation, which 

has hampered previous attempts to correlate proxy data with regional precipitation 

records (Bitz and Battisti, 1999; Rupper et al., 2004).  
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 Based on the relationship between annual precipitation and local discharge 

together with evidence suggesting that the concentration of chl-a is inversely related to 

the input of allochthonous material, I interpret changes in chl-a content to reflect dilution 

associated with the input of mineral matter rather than changes in productivity.  

Decreases in chl-a content are attributable to increased dilution by mineral matter during 

warm winters (which tend to be wet) and wet summers when the discharge is high at 

Dick Creek and presumably other rivers in the region.  High chl-a values likely indicate 

decreased input of mineral matter following cold, dry winters and dry summers when the 

discharge entering Lake Tokun is low.  This inference is supported by the correlation 

(albeit weak; p = 0.06) between chl-a content and annual NPI and PDO over the 

instrumental record. 

 If dilution by mineral matter is the primary control, then I would expect chl-a to 

be inversely related to sedimentation rate.  However, chl-a is not correlated with the 

sedimentation rate from 1215 AD to the present based on the age model which is 

insufficient to resolve interannual variability.  Chl-a flux (g/cm2/yr) largely parallels 

changes in sedimentation rate, which has the highest variability and lowest resolution of 

the three parameters used in the flux calculation (Figure 21). 

 

Climate since 1215 AD 

Trends in chl-a content of Lake Tokun sediment can be compared with other regional 

studies to provide a more comprehensive understanding of climate shifts since 1215 AD.  

During the first half of the record, which encompasses the early part of the LIA, from 

~1215-1650 AD, low chl-a values in Lake Tokun sediments suggest an increase in winter 
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precipitation relative to the late LIA, indicative of a stronger Aleutian Low.  This is 

consistent with previous PDO and Aleutian Low reconstructions, which show a 

strengthening of the PDO (MacDonald and Case, 2005) and the Aleutian Low (Schiff et 

al., 2009; Vaillencourt, 2013) between 1400 and 1550 AD.  Likewise, McKay and 

Kaufman (2009) concluded the combination of higher summer temperatures and glacial 

expansion in the Chugach Mountains from 1400 to 1550 AD was likely driven by an 

increase in winter precipitation related to a stronger Aleutian Low.  

 Anderson et al. (2005) analyzed the δ18O values of sedimentary calcite from 

Jellybean Lake, Yukon Territory, Canada, and found a correlation with changes in the 

NPI over the instrumental period.  In contrast to other records, Anderson et al. (2005) 

interpreted an increase in δ18Oca from ~1100-1700 AD to reflect a weakening of the 

Aleutian Low.  This interpretation is supported by the annual ice accumulation measured 

in ice cores from Mount Logan, ~250 km west of Jellybean Lake (Rupper et al., 2004).  

Because Jellybean Lake and Mount Logan are inland and thus more removed from the 

marine influence, and considering the complex topography and resultant rain shadow 

effect (Anderson et al., 2011), I suggest that the influence of the Aleutian Low at 

Jellybean Lake and other Yukon sites is less prominent than at the coastal sites. 

 Temperature and precipitation reconstructions from the northeastern Pacific are 

less coherent spatially during the second part of the LIA.  From 1650-1850 AD, increased 

chl-a values at Lake Tokun are interpreted to reflect decreased precipitation, consistent 

with many records from southern Alaska, which also indicate colder, drier winters related 

to a weaker Aleutian Low (Gonyo et al., 2012; McKay and Kaufman, 2009; Schiff et al., 

2009).  Daigle and Kaufman (2009) provide strong evidence of a weakened Aleutian Low 
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around 1800 AD from a multi-proxy study of lake sediment, tree rings, and glacier-

geomorphic features from the Kenai Mountains in south-central Alaska.  Decadal-scale 

fluctuations in tree-ring records from the Gulf of Alaska correlate with changes in the 

intensity of the Aleutian Low and document a period of cold spring temperatures from 

the late 17th to mid-19th centuries (Wiles et al., 1998), which is consistent with glacier 

expansions from the late 17th to mid 18th centuries (Wiles and Calkin, 1994).  MacDonald 

and Case (2005) infer a weakening in the PDO from 1500 to 1800 AD based on tree rings 

from California and Alberta.  In contrast, δ18O values from inland lakes in the Yukon 

Territory suggest a decrease in effective moisture, which has been attributed to a 

strengthened Aleutian Low since 1750 AD (Anderson et al., 2005, 2007, 2011).!!

Furthermore, a tree-ring-based reconstruction of the NPI suggests several shifts between 

strong and weak Aleutian Low (D’Arrigo et al., 2005) that have not been identified in 

other climate records from the northeast Pacific (Figure 22, 23).  

 

Summary 

 Chlorophyll-a content in Lake Tokun sediment was calibrated against a time 

series of meteorological observations (1917-2009) to determine the extent to which 

climate controls the concentration of sedimentary chl-a.  Results from this study 

demonstrate that chl-a content is linked to August precipitation, winter temperatures and 

various NPI and Pacific Decadal Oscillation (PDO) indices during the instrumental 

period.  These relations were used to infer changes in the Aleutian Low and compared 

with other paleoclimate records from the north Pacific over the last 800 years.  This 

procedure is only effective assuming the processes that control chl-a content remain 
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constant downcore (von Gunten et al., 2012b).  In Lake Tokun sediments, such 

stationarity can be assumed only over the uppermost 151 cm of sediment (1215 to 2011 

AD), because the depositional setting was much different for the older units. 

 The influence of the Aleutian Low in the eastern Gulf of Alaska begins at the end 

of the summer and continues through the winter.  Results from this study suggest that 

changes in winter temperature and August precipitation, associated with strength of the 

Aleutian Low, control the amount of allochthonous material entering Lake Tokun and 

thus the degree to which sedimentary chl-a is diluted. Decreases in chl-a content are 

attributable to increased dilution by mineral matter during warm winters (which tend to 

be wet) and wet summers when the discharge entering Lake Tokun is high.  Increased 

chl-a values are due to a decreased contribution of mineral matter following cold, dry 

winters and dry summers when the discharge entering Lake Tokun is low.  This inference 

is supported by the correlation (albeit weak; p = 0.06) between chl-a content and annual 

NPI and PDO over the instrumental record. Decreased chl-a values suggest that the 

winter climate was wetter in the eastern Prince William Sound area during the early to 

middle LIA (1215-1650 AD) and became drier during the late LIA (1650-1850 AD).  

These findings are consistent with other records from southern Alaska.  
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APPENDIX 

1. Magnetic susceptibility analyses  

Magnetic susceptibility (MS) was analyzed for Tokun Lake cores both at Northern 

Arizona University (NAU) in 2012 and the University of Minnesota Limnological 

Research Center (LRC) in 2012.  The profiles agree well for both cores; however, on 

average, MS values from LRC are slightly lower than those from NAU (Figure A1). LRC 

data range from 1 to 124 SI with an average of 25 SI.  The NAU data range from 1 to 124 

SI with an average of 28 SI.  Both datasets document changes that can be visually 

correlated with stratigraphic changes associated with tephra beds and sediment color. MS 

data collected from the LRC was used in this study (Tables A4, A5). 

 

2. Bulk density analyses 

Dry bulk density (DBD) measured during the loss-on-ignition (LOI) procedure at NAU 

averages about 0.7 g/cm3!lower than gamma-ray attenuation (wet) bulk density (WBD) 

values analyzed at LRC.  Both DBD and WBD show similar trends (Figure A1).  DBD 

data are in Table A6.  The WBD data from LRC displayed anomalously low values at the 

ends of each core section; these values were excluded from the dataset.  Excluded values 

are listed in Table A8.  WBD data are used in this study because they were measured at a 

higher resolution.  

 
3. Rational for choosing TK-3B reflectance spectroscopy data 

Lake Tokun cores TK-3A (archive) and TK-3B (working) were analyzed for reflectance 

spectroscopy at the LRC.  The RABD660-670 values for TK-3A (archive) were much lower 

in the upper 20 cm than the underlying 20 cm (Figure A2).  I attribute this difference to 
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the recessed mud in the upper part that prevented the sensor to properly seat onto the mud 

in the upper 20 cm.  The RABD values from TK-3B (working) are consistent throughout 

the core and similar to the RABD values from TK-3-1. 

 

4. Age model justification 

Samples for 210Pb and 239+240Pu analyses were taken from core TK-3A (working).  

Months later, the working half was measured to be about 1.5 cm shorter than the archive 

half.  When first opened, the two halves were the same length.  A similar offset was 

observed in the two halves of core TK-3B.  I attribute the offset in TK-3A to minor 

shrinkage in the upper part of the core because the major markers line up, including a 

black band and major MS peak (Figure A3). Due to a lack of stratigraphic or analytic 

markers, it was unclear how to partition the shrinkage across the core.  To reduce the risk 

of adding more uncertainty, the age model was transferred directly onto TK-3A archive 

and subsequently to TK-3B.  The resulting chronology was applied to the proxy data and 

subsequently used to qualitatively interpret climate controls on chl-a content.  

Additionally, it was difficult to identify the sediment-zorbitrol gel contact at the surface.  

Therefore, a small amount of surface sediment was removed to reduce the amount of gel 

in the uppermost sample and likely contributed to the offset between the working and 

archive halves of core TK-3A.  

 

5. Uncertainty in 210Pb ages and 239+240Pu activity 

Binford (1990) quantified the uncertainty associated with individual 210Pb ages by 

comparing the ages derived from 210Pb profiles to known ages within sediment cores 
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from several lakes.  The result of this comparison was an exponential relation between 

the Pb age and the error (Figure A4).  In this study, the midpoint of the error range 

defined by Binford (1990) was used to infer the relation between the sample age and the 

realistic error.  Following this procedure, the results yielded 210Pb uncertainty values that 

increase from ± 1 year at 1991 AD to ± 48 at 1834 AD.  The result is a good 

approximation that accounts for larger uncertainties with increasing depth as the limits of 

radioactive decay detection are reached.  

 The 210Pb profile suggests that the age of the initial occurrence of Pu is 

approximately 1920 rather than to 1953 AD, the onset of nuclear weapons testing 

(Ketterer et al., 2004).  This result suggests that either the 210Pb age is too old, or that the 

Pu has migrated within the sediment.  There is a clear peak in Pu at 2.75 cm depth 

documenting the position of peak atmospheric bomb testing at 1963 AD.  However, the 

Pu peak corresponds to a 210Pb age of 1979, a difference of about 16 years.  The 

disagreement between the two techniques is likely the result of uncertainty in the position 

of sediment surface and the amount of differential shrinkage over the upper 15 cm. 

 

6. Distinguishing organic matter sources through sedimentary carbon and nitrogen 

concentration and isotope analyses 

6.1 Indicators of organic matter sources 

Organic matter (OM) continued in lacustrine sediments accumulates from both aquatic 

and terrestrial sources.  Aquatic and terrestrial sources of OM may be distinguished by 

analysis of bulk ratios of carbon to nitrogen (C/N) in lacustrine sediments.  Typical C/N 

values for aquatic and terrestrial OM are <10 and >20, respectively (Selbie et al., 2009).  
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Lower C/N values in aqueous plants are related to the absence of cellulose and lignin in 

their cell structures.  In contrast, terrestrial plants build rigid carbon structures to fight the 

effects of gravity (Sharp, 2007).   

 Distinguishing sources of OM through the analysis of stable carbon isotopes is 

more difficult because organic matter from algae, phytoplankton, and C3 plants all derive 

their carbon from atmospheric CO2.  However, Sharp (2007) suggests δ13C values can be 

used to distinguish source material as terrestrial plants following the C3 photosynthetic 

pathway and have an average δ13C value of -27 to -26‰ while the δ13C values in aquatic 

plants are more positive ranging from -22 to -10‰ for algae and -31 to -18‰ for 

plankton.  

Qui et al. (1993) illustrated the power of using C/N in combination with δ13C to 

determine provenance in a lacustrine core from Lake Baikal in southern Siberia.  They 

found that sediment type, C/N, and δ13C values all change synchronously at ~6.5 

thousand years ago and attributed this dramatic transition to a reduction in the 

contribution of glacial flour and the subsequent increase in lake algal production. 

 

6.2 Methods 

Total C and N concentration and isotope composition of 231 bulk-sediment samples was 

determined using an NC 2100 elemental analyzer connected to a Thermo-Finnigan Delta 

plus XL isotope ratio mass spectrometer at the Colorado Plateau Stable Isotope 

Laboratory, NAU. The δ13C and δ15N values were calculated using standard notations. 
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6.3 Results 

Total C and N concentration and isotope composition data are listed in Table A7.  δ13C 

values average -27.6‰, reaching a maximum value of  -20.0‰ and a minimum value of -

30.2‰, while δ15N values average 3.54‰, reaching a maximum value of 6.68‰ and a 

minimum value of 1.93‰.  δ13C and δ15N values are poorly correlated (r2 = 0.37, n = 

231, p = 0.261), although δ13C values generally increase while δ15N values decrease 

downcore. δ15N values show similar trends with C and N. 

 

6.4 Discussion and conclusions 

Downcore changes in C/N and δ13C document changes that can be visually correlated 

with stratigraphic changes associated with sediment color (Figure A5).  Decreased C/N 

values and more positive δ13C values are characteristic of grey sedimentary layers in 

Units 1, 2, and 3.  Grey sediment in these units has been interpreted as rock flour derived 

from the Martin River Glacier.  Rock flour increases the turbidity thereby decreasing 

algal productivity in the lake, consistent with more positive δ13C values.     

 From 1215 AD to present (Unit 4), C/N and δ13C are strongly correlated (r2 = 

0.47, n = 132, p < 0.008).  Lower C/N values are associated with aquatic organic matter 

production.  These findings suggest that aquatic sources of organic matter are depleted in 

13C relative to terrestrial sources; however, samples from Lake Tokun and its catchment 

should be analyzed to evaluate this hypothesis. 

 Chlorophyll-a and C/N are not correlated from 1215 AD to the present (r2 = 0.04); 

however, chl-a and C/N are weakly correlated from 1546 AD to the present (Figure A6).  

Based on these results, C/N cannot be used to distinguish source material, aquatic versus 
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terrestrial, in chl-a throughout Unit 4.  However, the inverse correlation between C/N and 

chl-a from 1546 AD to the present suggests that increased C/N values, attributable to the 

input of terrestrial material, are associated with decreased chl-a values.  

 Based on these results, aquatic and terrestrial sources of OM cannot be 

distinguished in Lake Tokun sediments through the analysis of sedimentary total C and N 

concentration and isotope composition.  Chlorophyll-a does not correlate with either δ13C 

or C/N values over the entire record; however, during select periods, chl-a is significantly 

correlated with C/N values. 

 

7. Usefulness of sedimentary δ15N in reconstructing salmon abundance at Lake 

Tokun 

7.1 Introduction 

Climatic fluctuations significantly affect ocean productivity (Gargett, 1997; Mantua et 

al., 1997), which is an important control on salmon abundance.  Information on past 

changes in Alaskan salmon abundance prior to that gathered by harvest data would 

enhance our understanding of the relation between climate and salmon abundance.  Such 

a dataset would offer insight on variability in salmon abundance prior to anthropogenic 

influences such as harvest, habitat alteration, and hatchery production (Finney, 1998).  

Previous work suggests that increases in salmon production coincide with interdecadal 

climate fluctuations in the Pacific Basin (Mantua et al., 1997).  The combined effects of 

climate variability and recent human activities are affecting salmon populations in ways 

that are difficult to understand, largely because salmon catch and escapement data are 
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limited to the past few decades (Holtham et al., 2004).  Therefore, understanding past 

changes in salmon abundance may have important climate and management implications. 

 More than 95% of the body mass of a Pacific salmon is accumulated in the marine 

environment (Groot and Margolis, 1991) where they accrue substantial amounts of 

nutrients.  These nutrients are transported to and deposited in freshwater systems during 

and after spawning (Naiman et al., 2001).  Nitrogen derived from spawning salmon is 

enriched in 15N due to the trophic level effect relative to terrestrially derived nitrogen 

(Sharp, 2007; Finney, 1998).  The average δ15N value of adult salmon is ~11-12‰ (Kline 

et al., 1993).  Other sources of nitrogen to freshwater systems include plants and soil, 

which have δ15N values that range from 2 to 5‰ and -10 to +15‰, respectively (Kendall, 

1998).  Additionally, nitrogen-fixing plants have δ15N values close to zero (Sharp, 2007).  

These large differences between marine and terrestrial δ15N values allows for salmon-

derived nitrogen to be traced and quantified in lake sediments (Finney, 1998).  

  Sedimentary δ15N values in salmon-rearing lakes have been used as a proxy for 

salmon abundance (Finney, 1998; Finney et al., 2000).  Previous work has shown that in 

some lakes, periods of high salmon abundance result in an increase of sedimentary δ15N 

and periods of low salmon abundance result in the deposition of sediments with low δ15N.  

I tested the feasibility of using this approach at Lake Tokun, Alaska by comparing down-

core δ15N values to salmon escapement counts conducted by the Alaska Department of 

Fish and Game. 
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7.2 Methods 

An age model was developed based on the age of the sediment/water interface (2011), 

239+240Pu (plutonium) activity, a 210Pb activity profile, and nine radiocarbon ages on 

macrofossils (Figure 7, Table 2, 3, 4).  Surface core 11-TK-3A was sampled at 2 mm 

resolution (< 4 years).  Samples were analyzed for nitrogen isotopic composition at the 

Colorado Plateau Stable Isotope Laboratory, NAU.  

 I compared sedimentary δ15N from TK-3A with salmon escapement counts from 

1961-2010 in Lake Tokun (Alaska Department of Fish and Game, 2011; Table A12) to 

assess the extent to which the two correlate. To compare the δ15N values (whose time 

scale is a function of sedimentation rate) to Lake Tokun salmon escapement, I used 

Analyseries (Paillard et al., 1996) to resample the escapement data to match the temporal 

resolution of the δ15N samples (~1-4 years per sample) by linear integration.  

 
7.3 Results and discussion 

Sedimentary δ15N and salmon escapement are not related (Figure A7) indicating that 15N 

values cannot be used to reconstruct past salmon population in Lake Tokun.  Other 

studies have also shown that Pacific salmon abundance and sedimentary δ15N are 

unrelated in nursery lakes (Holtham et al., 2004).  These studies attributed the lack of 

correlation to several factors including limited salmon-derived nutrient (SDN) loading 

due to small salmon runs, fast flushing rates, and the dilution of sedimentary salmon-

derived nitrogen through deposition of isotopically light inorganic nitrogen (Holtham et 

al., 2004). 

Given a water residence time of 1 year in Lake Tokun (Koenings, 1985), it is 

possible that SDN flushed from Lake Tokun and is therefore not preserved in the 
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sedimentary record.   Finney (1998) demonstrated a relation between sedimentary-

nitrogen δ15N values and salmon escapement at Karluk Lake, Alaska.  Annual 

escapement counts at Karluk Lake are 55 times greater than at Lake Tokun, but when 

adjusted for lake volume, the two lakes have nearly identical salmon escapement to 

salmon escapement ratios.  Lake Tokun is surrounded by alder, a nitrogen-fixing tree.  

Alder that is flushed into the lake would dilute the SDN.  Therefore, dilution rather than 

salmon escapement is the mechanism inhibiting a correlation between δ15N values of 

sedimentary nitrogen and salmon populations at Lake Tokun.  

 In sum, δ15N values of sedimentary nitrogen and salmon escapement at Lake 

Tokun do not correlate; therefore, past salmon populations cannot be estimated based on 

δ15N in Lake Tokun sediments. Low residence times and dilution from isotopically light 

nitrogen are likely preventing a correlation between δ15N values of sedimentary nitrogen 

and salmon populations at Lake Tokun.  
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APPENDIX TABLES: Age model and proxy data 

Please see attached excel file.



Table 1. Location, water depth, length, and notes for cores from Lake Tokun.  
 

 
	  
	  
	  

Core ID 
(11-TK) Latitude (°N) Longitude (°W)

Water depth 
(m)

Core length 
(m) Corer type Notes

3A 60.40365 144.28754 22.0 0.38 gravity
3B 60.40365 144.28754 22.0 0.37 gravity
1 60.40764 144.29689 28.4 2.3 percussion 1 section, short record
2 60.40764 144.29689

28.4
3.2 percussion 3 sections, lots of water in core, did not maintain 

stratigraphic integrity when split
3 60.40365 144.28754

22.0
4.2 percussion 3 sections, long record, maintained stratigraphic 

integrity
4 60.40089 144.28105 13.3 2.8 percussion 2 sections, core intact, close to delta
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Table 2. 239+240Pu activity from surface core 11-TK-3A 
 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

Mid-point depth 
(cm blf)

239+240Pu activity 
(Bq/kg) 

0.25 3.43126 ± 0.01
0.75 4.98559 ± 0.06
1.25 7.71599 ± 0.05
1.75 9.80297 ± 0.08
2.25 12.6121 ± 0.16
2.75 14.1986 ± 0.04
3.25 9.30387 ± 0.15
3.75 6.26715 ± 0.09
4.25 4.85078 ± 0.16
4.75 1.51377 ± 0.05
5.25 0.37211 ± 0.01
5.75 0.09669 ± 0.03
6.25 0.06194 ± 0.01
6.75 < 0.05 
7.25 0.07601 ± 0.01
7.75 < 0.05 
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Table 3. 210Pb age profile from surface core 11-TK-3A. 
!

!
 

a Extrapolated depths based on dry bulk density were used to model the 210Pb ages 
because the sections analyzed for 210Pb were discontinuous. Depths were extrapolated 
between sections because dry bulk density and 210Po activity was not known for all 
sections of the core.  
b 210Po is the granddaughter isotope emitted by alpha decay of 210Pb and is secular 
equilibrium with 210Pb. 
cAges are based on constant-rate-of-supply model. 
! !

Extrapolated 
bottom depth      
(cm blf)a

210Po unsupported 
activity (DPM/g)b

Age 
(AD)c

1.5 27.38 ± 0.68 1990
3.5 8.20 ± 0.45 1976
5.5 6.13 ± 0.35 1959
7.5 3.35 ± 0.28 1944
9.5 2.34 ± 0.26 1924
11.5 1.53 ± 0.21 1904
13.5 0.79 ± 0.19 1882
15.5 0.40 ± 0.15 1858
18.5 0.14 ± 0.16 1835

226Ra activity
8.5 0.92  ± 0.05

26.5 0.95  ± 0.05



Table 4.  Radiocarbon and calibrated ages from Lake Tokun, core 11-TK-3/3A. 
	  

	  
	  
a UCIAMS identifier, Keck Carbon Cycle AMS Facility, University of California, Irvine. 
b Mid-point of the sample depth ± half of the sample thickness. 
c Median probability and ± half of the 1σ range as calibrated using Calib 6.0 (Stuiver et al., 2005) and the IntCal09 calibration  
dataset (Reimer et al., 2009). 
d Samples omitted from the age model. 
	  

UCI Lab 
IDa

Depth blf 
(cm)b

Age          
(14C yr BP)

Age                 
(cal yr BP)c Material

104765 26.5 ± 0.5 200 ± 15 168 ± 144 bryophyte twigs, chitin, seed wing, seed
104766 44.5 ± 1 320 ± 20 387 ± 57 Picea twig
104767 94.5 ± 0.5 635 ± 20 594 ± 45 Picea needle, resting eggs (spherical), insect chitin, small wood fragments
107542 109.5 ± 1 1780 ± 60 1704 ± 96d resting eggs (spherical), non-specific plant fragments, insect chitin
104768 123 ± 0.5 1555 ± 20 1467 ± 54d woody-twig fragment
104785 148 ± 0.5 760 ± 20 687 ± 12 wood fragments
107543 200 ± 1.5 3485 ± 20 3764 ± 60d resting eggs (spherical), non-specific organics, 2 Picea needles, degraded fruit from Betulaceae
104769 230.5 ± 1 1625 ± 30 1519 ± 69 terrestrial leaf fragments, small roots, insect chitin, najas seed (aquatic)
107544 251 ± 1.5 3145 ± 50 3373 ± 84 resting eggs (spherical), bryophyte twig, insect chitin
104770 258 ± 0.5 2915 ± 25 3057 ± 70 bryophytes, unknown plant leaves
107545 273 ± 1 5200 ± 60 5967 ± 135 resting eggs (spherical), Betulaceae fruit (Betula), non-specific plant fragments
107546 309 ± 1.5 7030 ± 30 7877 ± 45 Daphnia ephippia, resting eggs (spherical), small leaf fragments
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Table 5. Ages and depths of tephras in Lake Tokun core 11-TK-3, with possible 
correlations based on similar ages of tephras in lakes near Cordova. 
 

 
 
a Ages for Upper Whitshed Lake are from P. Zander, unpublished data. 
b Ages from Cabin Lake are from Zander et al., in press. 
 
 
 
 
 
 
 
Table 6. Correlations between climate indices and meteorological data from Cordova 
(1917 to 2009). 
 

 
Note: p values are adjusted for autocorrelation according to the procedure of Bretherton 
et al. (1999). Red text indicates negative and blue text indicates positive regression value. 
1 Annual NPI values from Allan and Ansell (2006) 
2 Annual PDO values from Biondi et al. (2001) 
3 Annual PDO values from Rayner et al. (2003) 
	  

MS peak 
depth blf 
(cm)

Age of Lake Tokun 
tephras

Tephrostratigraphic 
correlation

Age of correlated 
tephras

Probable 
Source

15.7 1857 ± 38 AD Upper Whitshed Lakea 1793 ± 20 AD ?
146.2 707 ± 261 AD Cabin Lakeb 647 ± 55 AD Redoubt

Weather parameter Season Climate index
NPI1 E PDO2 PDO3

r2 p r2 p r2 p
Temperature (°C) Annual 0.41 <0.01 0.05 0.31 0.26 <0.01

DJF 0.43 <0.01 0.07 0.07 0.23 0.05
Precipitation (cm) Annual 0.01 0.49 0.03 0.58 0.13 0.10

DJF 0.11 0.02 0.06 0.11 0.13 0.03
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Table 7. Correlations between inferred chlorophyll-a content and meteorological data 
from Cordova (1917 to 2009). 
 

 
 
Note: p values are adjusted for autocorrelation according to the procedure of Bretherton 
et al. (1999). Red text indicates negative and blue text indicates positive regression 
values. 
1 NDJFM NPI values from Trenberth and Hurrell (1994) 
2 Annual NPI values from Allan and Ansell (2006) 
3 Annual PDO values from Biondi et al. (2001) 
4 Annual PDO values from Rayner et al. (2003) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Weather parameter Season Chlorophyll-a
r2 p

Temperature (°C) Annual 0.14 0.22
DJF 0.33 0.04
MAM < 0.01 0.89
JJA < 0.01 0.91
SON 0.04 0.30
NDJFM 0.27 0.06
ONDJFM 0.26 0.06

Precipitation (cm) Annual 0.13 0.25
DJF 0.26 0.13
MAM < 0.01 0.83
JJA 0.35 0.03
SON 0.05 0.46
NDJFM 0.16 0.24
ONDJFM < 0.01 0.28

NPI NDJFM1 < 0.01 0.93
Annual2 0.24 0.06

PDO Annual3 0.30 0.06
Annual4 0.24 0.07
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Table 8. Correlations between annual discharge at Dick Creek and meteorological data at 
Cordova (1971-1980). 
 

 
 
Note: p values are adjusted for autocorrelation according to the procedure of Bretherton 
et al. (1999). Red text indicates negative and blue text indicates positive regression 
values. 
1 Annual NPI values normalized from Allan and Ansell (2006) 
2 Annual PDO values normalized from Rayner et al. (2003) 
 

Weather 
parameter     Discharge 

r2 p
Temperature (°C) 0.66 < 0.01
Precipitation (cm) 0.41 0.05
NPI1 0.37 0.17
PDO2 0.55 0.22
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Figure 1. Location map of Lake Tokun with respect to the Martin River Glacier and the 
state of Alaska (inset).  In inset, abbreviations correspond to lakes (black squares) and 
locations (red circles) referenced in this study. CK = Cascade Lake, WL = Waskey Lake, 
HL = Hallet Lake, GL = Greyling Lake, CD = Cordova, LT = Lake Tokun, CL = Cabin 
Lake. The base map is from a 1/9 arc-second (30m/pixel) USGS digital elevation model. 
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Figure 2. Tectonic setting of Alaska showing the location of the study site with respect to 
various faults. Adapted from Barlow (2010). 
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Figure 3. Geomorphic features including the terminal and end moraines, outwash plain 
terraces (T1 and T2), modern alluvium (Ma) and Lake Tokun in the Martin River valley. 
On the basis of correlation with stratigraphic units in Lake Tokun, the terminal moraine 
and T2 are inferred to have been formed around 1215 AD and the end moraine and T1 
dates to 1650 AD. Location shown in Figure 1. 
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Figure 4. Aerial view of the Martin River dissecting the terminal moraine deposited 
by the Martin River Glacier. View is to the north Lake Tokun is located off the right 
side of the image.   
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Figure 5.  Lower Copper River Delta showing the location of features described in the 
text. Location shown in Figure 1. Image from Google Earth. 
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Figure 6.  Bathymetry and surrounding topography for Lake Tokun. Topographic base 
map from 1/9 arc-second (30m/pixel) USGS digital elevation model. 
	  



 
 
 
Figure 7. Age model for Lake Tokun site 3.  Inset shows 210Pb age profile and Pu activity. Age model is based on clam v2 (Blaauw, 
2010). Errors on 14C ages are 1-sigma calibrated range; errors on Pb ages are ± 1 standard deviation.  See Table 2 for Pu activity, 
Table 3 for Pb activity, and Table 4 for 14C data.	   
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Figure 8.  Stratigraphic correlation among the four core sites.  Cores 1 and 2 were taken 
from the same location.  Beds of glacial lacustrine sediment can be correlated from cores 
11-TK-1,2 and 11-TK-3.  Core 11-TK-4 was located farthest from the outlet and does not 
contain glacial lacustrine sediment.  Two black bands tie cores 3 and 4 together and 
illustrate the high sedimentation rate that persists adjacent the inlet.  
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Figure 9.  Downcore properties for cores 11-TK-3/3B, Lake Tokun.  Analyses include 
sedimentation rate, magnetic susceptibility (MS), wet bulk density, inferred chlorophyll-a 
(RABD660-670), organic-matter content (OM).  Radiocarbon ages are indicated on the 
sedimentation rate curve. Data listed in Table A3, 5, 6, 8. 
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Figure 10. Aerial photograph of Martin Lake.  Lake Tokun is located about 13 km to the 
northeast of Martin Lake (to the right in the photograph) and may have looked like the 
modern-day Martin Lake during the deposition of Unit 2. 
	  



 
 
Figure 11. Generalized intervals during which glaciers were more extensive than present and end moraine formed in southern 
Alaska compared with intervals when glacial sediment was deposited in Lake Tokun. (compiled from Rothlisberger, 1986;  
Wiles and Calkin, 1994;	  Calkin et al., 2001; Wiles et al., 2002; Levy et al., 2004; Kathan, 2006; Reyes et al., 2006; Barclay et al., 
2009; McKay and Kaufman, 2009; Daigle and Kaufman, 2009; LaBrecque, unpublished data).	  
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Figure 12.  Conceptual illustration of the outwash plain dynamics and controls on 
meltwater input to Lake Tokun.  (Unit 1) The elevation of the outwash plain is below the 
threshold of Lake Tokun allowing meltwater to enter the lake.  (Unit 2) Meltwater is 
diverted into Lake Tokun when outwash plain aggrades to an elevation above the sill of 
lake during flood events that may or may not be related to glacier fluctuations.  (Unit 3) 
Meltwater enters Lake Tokun during the development of the terminal moraine associated 
with an early Little Ice Age advance of the Martin River Glacier. (Unit 4) A deepened 
Lake Tokun dammed by the terminal moraine traps organic-rich sediment.  The dam 
deflects meltwater channel away from the lake.  Concept from Zander et al. (2013). 
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!
!
Figure 13. Correlation between winter (Nov to Feb) surface precipitable water and winter 
Pacific Decadal Oscillation (NCEP/NCAR reanalysis data 1949-2010).  Lake Tokun is 
located in the area with the strongest correlation.  From NOAA/ESRL Physical Sciences 
Division, Boulder Colorado (www.esrl.noaa.gov/psd/). 

Lake Tokun 
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Figure 14. Relation between mean monthly (A) temperature and (B) precipitation at 
Cordova versus Valdez from May 1917 to November 1941. Lines are least-squares 
regressions used to infill missing data from Cordova. Data from the Alaska Climate 
Research Center (2010) and are listed in Table A9 and A10. 
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Figure 15.  Cordova, AK climate averages from 1918-2009. Data from the Alaska 
Climate Research Center (available online at 
http://climate.gi.alaska.edu/history/southcentral/Cordova.html#Index, last accessed 
September 2, 2013).

-20 

-15 

-10 

-5 

0 

5 

10 

15 

20 

M
on

th
ly

 m
ea

n 
te

m
p 

(°
C

) 

Average 
Maximum 
Minimum 

0 
5 
10 
15 
20 
25 
30 
35 
40 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

M
onthly m

ean  
precipitation (cm

) 



 
Figure 16.  Downcore properties for uppermost unit (Unit 4 = 1215-2011 AD) of core 11-TK-3/3B, Lake Tokun. Analyses  
include sedimentation rate, inferred chlorophyll-a (RABD660-670), organic-matter content (OM), and wet bulk density.  Age  
control is indicated on the sedimentation rate curve (triangles for 14C dates). 
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Figure 17. Time series of inferred sedimentary chlorophyll-a (RABD660-670) from Lake 
Tokin Unit 4 compared with North Pacific climate indices during the instrumental period.  
(A) North Pacific Index (NPI) (Allan and Ansell, 2006), (B) Pacific Decadal Oscillation 
(PDO) (Rayner et al., 2003), (C) East Pacific Decadal Oscillation (E.PDO) (Biondi et al., 
2001).  PDO and E.PDO axes are plotted in reverse.  Data are in Table A11. 
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Figure 18. Annual discharge (1970-1981) at Dick Creek, Alaska (USGS gage 15195000). Inset shows detail for first year of record. 
Data from USGS. 
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Figure 19. Spectral indices from Lake Tokun Unit 4 (1215-2011 AD), including inferred chlorophyll-a content (RABD660-670), 
lithogenic content (R570/R630), and the degree of photopigment diagenesis (R660/R670). Lower row shows scatter plots of indices and 
least-squares linear regressions. Indices calculated using equations of Trachsel et al. (2010). Data are in Table A5. 
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Figure 20. Correlation between sedimentary chlorophyll-a content in Lake Tokun and 
August precipitation at Cordova (1917-2009). 
 
 

 
 
Figure 21. Sedimentation rate and chlorophyll-a content (RABD660-670) plotted as flux 
values from Lake Tokun Unit 4 (1215-2011 AD).  The strong correspondence between 
the two trends shows that flux values are determined almost entirely by sedimentation 
rate and are not an accurate measure of the input of the minor constituent. Data are in 
Table A13. 
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Figure 22. Select paleoclimate records from the North Pacific region used to reconstruct 
the strength/position of the Aleutian Low pressure system. (A) Inferred sedimentary 
chlorophyll-a content (RABD660-670) from Lake Tokun (this study). (B) δ18O in diatoms 
from Mica Lake, Prince William Sound, Alaska (Schiff et al., 2009). (C) δ18O from 
sedimentary endogenic carbonate from Marcella Lake, Yukon Territory, Canada 
(Anderson et al., 2007). (D) Biogenic silica (BSi) content in Hallet Lake, Alaska 
sediments (Mckay and Kaufman, 2009). (E) δ18O values in sedimentary inorganic calcite 
(CaCO3) from Kepler Lake, south-central Alaska (Gonyo et al., 2012). (F) δ18O from 
sedimentary calcite in Jellybean Lake, Yukon Territory, Canada (Anderson et al., 2005). 
(G) δ18O of ice from the Mt. Logan ice core, Yukon Territory, Canada (Fisher et al., 
2008).  Y-axes have been flipped so that all changes in the up direction represent a 
stronger/eastward Aleutian Low. 
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Figure 23. Select paleoclimate records from the North Pacific region used to reconstruct 
the Pacific Decadal Oscillation (PDO). Records were resampled evenly with a five year 
smooth using Analyseries. (A) PDO reconstruction based on tree-ring data from coastal 
Alaska, the Pacific Northwest, and subtropical North America (D’Arrigo et al., 2001). 
(B) PDO reconstruction based on tree-ring data from Southern California {?} and Baja 
California (Biondi et al., 2001). (C) Inferred sedimentary chlorophyll-a content 
(RABD660-670) from Lake Tokun (this study). (D) PDO reconstruction based on tree-ring 
chronologies from California and Alberta (MacDonald and Case, 2005). (E) Western 
Pacific PDO reconstruction from a drought/flood index based on Chinese historical 
documents (Shen, 2005). 
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Figure A1. Comparison between analyses of (A) magnetic susceptibility and (B) density 
for core 11-TK-3/3B done at Northern Arizona (NAU) and University of Minnesota 
Limnological Research Center (LRC).  Data are listed in Tables A4, A5 and A8. 
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Figure A2.  Images of cores 11-TK-3A-archive and 3B-working halves.  I attribute the 
differences in chlorophyll-a values (figure on right) to the dewatered and shrunken 
sediment in the uppermost 20 cm of core TK-3A.	  
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Figure A3. Surface cores from Lake Tokun were correlated based on a spike in magnetic 
susceptibility (MS) and a black bed.  Depths of these markers in core 3A-working are 
offset slightly from those in cores 3A-archive and 3B-working.  Samples for 14C, 210Pb, 
and Pu dating were from core 3A-working.  The chronology was applied to core 3B-
working directly. 
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Figure A4.  Estimate of the realistic error associated with 210Pb ages. The midpoints of 
ages and their associated confidence intervals reported by Binford (1990) were used to 
derive an exponential relation between 210Pb age and the estimate error, which was 
applied to the 210Pb ages in this study. 
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Figure A5. Sedimentary carbon and nitrogen analyses for Lake Tokun core 11-TK-3/3B including elemental abundance and isotope 
ratios. Data in Table A7. 
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Figure A6. Comparison between sedimentary chlorophyll-a (RABD660-670) and C/N in 
Lake Tokun Unit 4 (1215-2011 AD). Scatter plots show correlations for two time 
intervals. Data in Table A5 and A7. 
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Figure A7.  Comparisons between sedimentary δ15N and salmon escapement counts for 
Lake Tokun plotted as a (A) time series and (B) scatter diagram.  Escapement data from 
the Alaska Department of Fish and Game (2011) (Table A10).  
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