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Abstract 

 Sedimentological analyses of sediment traps and 289 years (1717-2006) of varved 

sediments from Shadow Bay (60.01°N, 159.18°W), Lake Chauekuktuli were compared to 

available hydrometeorological data in order to investigate basin response to 

hydroclimatic variability in southwest Alaska. On a subannual timescale, the 

characteristics of the coarse basal unit typical of clastic varves were controlled by spring 

snowmelt and runoff, while the fine-grained cap was shaped by fall and winter 

conditions. Coarse subannual laminations within the clay cap were associated with 

autumn storm activity and winter warming events brought about by the interplay between 

regional maritime and continental air masses. Biogenic silica (BSi) profiles show two 

annual peaks in siliceous algal deposition; the first occurred at the end of the spring 

freshet, the second in the late summer.  

 On an annual timescale, varve thickness was dependent on total annual discharge 

(r2=0.75, n=43, p<0.0001), while maximum annual grain size was determined to be 

dependent on both maximum spring discharge (r2=0.63, n=43, p<0.0001) and total annual 

discharge (r2=0.61, n=43, p<0.0001). On interannual timescales, relationships between 

climate variables (temperature, precipitation, North Pacific (NP) and Pacific Decadal 

Oscillation (PDO) indices) and both regional discharge and varve thickness were 

insignificant. When the same data sets were analyzed on multidecadal timescales, regime 

shifts in varve thickness and total annual discharge coherent with shifts in NP and PDO 

indices were identified. Periods of increased varve thickness and total annual discharge 

were associated with warm PDO phases and a strengthened Aleutian Low.  
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 The 289-year varve record was used to reconstruct PDO dynamics prior to 1900. 

Multidecadal shifts were apparent throughout the 19th century, but were absent in the 

18th century. This study provides insight into the linkages between regional climate, 

physical and biological deposition, and can be used to improve the interpretation of 

seasonal and annual-scale paleoclimate reconstructions for basins similar to Shadow Bay. 

This study also sheds light on the nature of multidecadal climate variability in the Pacific 

Northwest region prior to the instrumental record. 
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Chapter 1 
Introduction 

1.1 Introduction and Research Objectives 

With growing public interest surrounding anthropogenic climate forcing and the 

imminence of change itself, the ability of scientists to distinguish between natural and 

anthropogenic climate forcing is of acute importance. Paleoclimatology involves the 

study of past climates through the interpretation of proxy records such as tree rings, ice 

cores, and lake sediments (Bradley 1999). These indirect measures of climate are useful 

when direct climate measurements are not available, as is the case for many high-latitude 

settings prior to the 20th century. Of particular interest are high-resolution proxies that 

provide an annual to sub-annual record of environmental change and are essential in 

order to understand how climate regimes have varied prior to significant anthropogenic 

changes to the atmosphere. 

 Varves are a subclass of rhythmic sediments consisting of annual sedimentary 

structures. Varved sediments are especially useful for high-resolution studies because 

they provide a straightforward way of identifying annual deposition within a long 

sedimentary sequences and are found in a variety of depositional environments 

worldwide (Lamoureux 2001). Varved sediments have been successfully used as proxies 

for air temperature (e.g. Desloges 1994, Menonos et al. 2005, Tompkins and Lamoureux 

2005), precipitation (e.g. Desloges and Gilbert 1994, Wohlfarth et al. 1998, Lamoureux 

2000), glacial melt (e.g. Leonard 1997, Menounos 2006), river discharge (Sander et al. 
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2002), and individual weather events such as autumn precipitation (Gilbert et al. 2006, 

Cockburn and Lamoureux 2007) and flooding (Menonos and Clague 2008). 

 The aim of this research is investigate linkages between climate variability and 

sediment deposition in Shadow Bay, southwest Alaska over the last ~300 years. The 

specific objectives are to: 

• Use sedimentological principles and independent dating to determine if Shadow 

Bay lake sediments are varved; 

• Use data from sediment traps and available hydrometric stations to resolve 

controls on varve formation and deposition of biological material in Shadow Bay; 

• Analyze the subannual characteristics of the varve record and develop a set of 

sedimentary criteria in order to classify varves based on subannual sedimentary 

structure;  

• Statistically compare changes in varve characteristics to regional hydroclimate 

records to access the potential for using Shadow Bay varves as a hydroclimatic 

proxy; 

• Investigate regional hydroclimatic change beyond the length of instrumental 

records using information contained in the Shadow Bay varve record; and 

• Test for multidecadal shifts in the mean state of varve characteristics and their 

association with modes of North Pacific climate variability. 
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Chapter 2 
Study Site 

2.1 Physical Setting 

Shadow Bay (60.01°N, 159.18°W) is a 4.3 km2 lake basin, located at 96 m asl in 

the northeastern Ahklun Mountains of southwestern Alaska (Figure 2.1). Situated at the 

west end of Lake Chaeukuktuli, Shadow Bay is isolated from the main body of the lake 

by a c. 2 m deep sill and is divided into two major sub-basins (69 and 59 m deep, 

respectively, Figure 2.2). Mountain summits in the immediate vicinity of Shadow Bay 

range from 1000 to 1500 m asl, although numerous peaks in the northern Ahklun 

Mountains exceed 1500 m asl.  

Bedrock in the Shadow Bay watershed is comprised of structurally complex 

assemblages of intercalated chert, limestone, basalt, and greywacke from the Paleozoic 

and Triassic (Box et al. 1993). Bedrock exposures are common on steep slopes and 

ridgetops while unconsolidated Pleistocene glacial sediments fill valley bottoms and 

minor Holocene tills are associated with small modern cirque glaciers. Colluvial deposits 

from mass wasting events and avalanches frequently cover slopes. The Togiak-Tikchik 

fault runs north-south and is located approximately 20 km to the west of Shadow Bay 

(Rieger et al. 1979, Box et al. 1993). 

Runoff from a 125 km2 watershed drains into Shadow Bay and on the basis of 

USGS topographic maps from the 1970's, approximately 4% of that land area is covered 

by small glaciers. The majority of water and sediment is delivered to the bay from a 

braided inflow channel located at the north end of the basin. Water temperature data 
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collected between August 2006 and 2007 indicate that the lake is dimictic. Stratification 

develops in the spring following ice-out and persists throughout the summer months. 

Overturn occurs in late fall and is associated with declining air temperatures and fall 

storm activity. Ice cover forms in November-December and weak inverse stratification is 

associated with winter conditions.  

Permafrost is discontinuous and is isolated to poorly drained valley bottoms and 

north-facing slopes of high ridges. Soils have developed in a thin mantle of volcanic ash 

overlying gravely loam till. Orthic Podzols (FAO soil classification system) dominate 

well-drained slopes, while Histic Cryosols are characteristic on north-facing uplands and 

poorly-drained lowlands underlain by permafrost (Rieger et al. 1979). The slopes around 

Shadow Bay are dominated by Alnus crispa (green alder), Alnus sinuata (Sitka alder) or 

Alnus tenufolia (mountain alder) and various graminoids (grasses). Mountain peaks and 

steep slopes are largely unvegetated.  

Forests dominated by Populus balsamifera (black cottonwood or balsam poplar) 

are found on flood plains in conjunction with Alnus, Betula (birch), Salix (willow), and 

wetland species from the Calamagrostis (reed grass) and Equisetum (horsetail) families 

(Vierek et al. 1992). Lowland areas are covered by mesic to wet tundra dominated by 

Betula glandulosa (resin birch), Betula nana (dwarf birch), Salix, Cyperaceae (sedge), 

Poaceae (grass), and Ericaceae (heath) species, or by wet meadows comprised of a 

varied assortment of herbaceous taxa and ferns (Hu et al. 2001). Picea (spruce)-

dominated boreal forest is common throughout the region, although continuous stands of 



Picea mariana (black spruce) are absent from the Shadow Bay watershed, the closest 

stands being located approximately 15 km to the west.  

 

Figure 2.1 Location of Shadow Bay, situated within the Ahklun Mountains, Alaska. 
Grey shading indicates elevations above 200 m asl. Inset map shows location of the 
region in Alaska. 
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Figure 2.2 Bathymetric map of Shadow Bay. A shallow sill located to the east 
separates Shadow Bay from the rest of Lake Chaeukuktuli. The main inflow is 
located at the north end of the basin. Contours were prepared using TIN 
interpolation of 20 km of sounding transects in ArcGIS.  
 

2.2 Glacial History 

Southwest Alaska was beyond Cordilleran Ice Sheet extents during the last 

glaciation (Booth et al. 2003), and the Ahklun Mountains were the largest centre of ice 

accumulation in the region (Figure 2.3, Briner et al. 2002). Late Pleistocene ice caps were 

situated in the central peaks of the Ahklun Mountains, and outlet lobes sourced in these 

areas expanded down major river valleys (Manley et al., 2001). Since much of western 
8 
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Alaska remained ice-free during the Pleistocene, Ahlkun Mountain's glaciers flowing to 

the west were unconfined and free to expand (Kaufman and Manley 2004). The 

maximum position of glacier ice was reached during 27 000 to 21 000 yr before present 

(BP), which differs in timing from continental ice sheets which reached their maximum 

extents during the late Pleistocene (Briner and Kaufman 2000). Glacier retreat in Alaska 

was concurrent with the peak of the last global glacial maximum and by around 12 000 

BP, glaciers had retreated to upland areas (Hopkins 1982). 

The extent of glacial ice in western Alaska was more limited compared to other 

regions of northern North America and did not impose a major control on regional ice-

age climate. In addition to ice formation, however, the Bering Sea level lowered by 

approximately 125 m. The regressed shoreline not only exposed vast areas of continental 

shelf, but also reduced the maritime influence on western Alaskan climate by increasing 

continentality (Manley et al. 2001). Lower sea levels would have increased the distance 

required for winter moisture from the Bering Sea to penetrate regions of western Alaska 

and increased sea-ice formation would have further reduced the influence of maritime air 

masses (Briner and Kaufman 2000).   

Following the Pleistocene, glacial fluctuations in the Ahklun Mountains have 

been associated with multiple climate reversals. Glacial readvance occurred during the 

Younger Dryas (YD) chronozone (12 900 to 11 600 BP as defined by Alley 2000; Hu et 

al. 1995, Brubaker et al. 2001, Briner et al. 2002), when southwestern Alaska 

experienced a reversal to cold, dry conditions (Hu et al. 2002). The YD was followed by 

the Holocene thermal maximum (HTM), during which time warmer than present air 



temperatures were reached and widespread glacial retreat occurred (Kaufman et al. 

2004). Although the timing of the HTM varies across Alaska, geomorphic evidence from 

Waskey Lake in the Ahklun Mountains suggests that glaciers disappeared between 9100 

and 7000 BP (Levey et al. 2004). After 4000 BP widespread glacier advances were 

initiated at sites throughout Alaska (Calkin, 1988), although timing, duration and 

magnitude vary considerably. Findings at Waskey Lake suggest that glaciers were 

reactivated around 3100 BP, and reached their maximum extent around 700 BP during 

the Little Ice Age (Levey et al. 2004). 

Shadow Bay

 

Figure 2.3 Extent of glacial ice in Alaska during the Pleistocene (Kaufman and 
Manley 2004). 
 

10 
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2.3 Climate 

Meteorological records available from Dillingham, located approximately 100 km 

to the southeast of Shadow Bay (Figure 2.1), record a mean annual temperature of 1°C, 

with mean monthly temperatures ranging from -9°C during the winter to 13°C in July 

(1971-2000). Total annual precipitation is 645 mm and 50% of the total falls between 

July and October primarily as rainfall (WRCC 2008). Shadow Bay and Dillingham are 

situated in a climate zone that is transitional between maritime and continental regimes 

(NOAA 1980). The continental regime is driven by variations in the amount of incoming 

solar radiation, whereas the maritime regime is strongly influenced by the position and 

intensity of a persistent low-pressure system in the North Pacific referred to as the 

Aleutian Low, although fluctuations in sea-ice cover also play a role (Barry 1992, 

Stafford et al. 2000). 

The Aleutian Low most strongly influences western Alaska in the winter and is 

associated with moving storm systems and strong winds (Overland et al. 1999). In the 

summer, atmospheric circulation patterns generally shift northward and the Aleutian Low 

is replaced by the Pacific high as the dominant regional pressure system. A north-south 

temperature gradient is seen throughout the year in the region. Mean January 

temperatures range from -30°C in the north to -10°C in the south, while mean July 

temperatures range from 5°C in the north to 12°C in the south (Mock et al. 1998, Stafford 

et al. 2000). Precipitation tends to be highest in summer and autumn, because the 

displacement of the Aleutian Low in the summer facilitates a northward migration of the 

jetstream. Mean July precipitation varies from 50 mm in the north to 100 mm in the 

south, although some values in the high mountain ranges exceed 100 mm (Anderson and 
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Brubaker 1994, Mock et al. 1998). Average annual snowfall in southwest Alaska is 160 

cm and declines northward (Hu et al. 2001). 

 Local topography can exert a strong influence on local climate in western Alaska. 

Mountain ranges act as orographic barriers to alter zonal climate patterns, and also 

influence regional climate by disrupting the path of planetary waves responsible, in part, 

for distribution of regional pressure systems. Within an individual mountain range, 

climate varies. Differential heating of mountain slopes means that south-facing slopes 

tend to receive more solar radiation than north-facing slopes, and these temperature 

differences can set-up cross-valley winds. Altitudinal differences in valley heating are 

responsible for generating winds that flow up-valley during the daytime and down-valley 

at night, although the strength of these winds is a function of valley size, geometry (area-

height distribution) and air stability (Barry 1992). 

Precipitation patterns are also influenced by topography. Mountain slopes are 

generally warmer than the surrounding air masses, which influence precipitation by 

promoting convection and forcing air to rise along their windward (upwind) slopes. The 

result is that the windward slopes tend to be wet, while the leeward slopes tend to be dry 

(Ahrens 1994). While precipitation patterns in small mountain valleys may be similar to 

regional norms, large, deep valleys tend to set up their own wind systems which 

influences precipitation characteristics (Barry 1992). In addition, precipitation tends to 

increase with altitude, likely due to higher intensities and greater duration (Atkinson and 

Smithson 1976, Neal et al. 2002), although storm type and air mass origin are also 
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important and tend to influence precipitation on a seasonal basis. The fraction of annual 

precipitation falling as snow also increases with altitude (Barry 1992). 

 Interdecadal climate variability in the North Pacific region has been well 

documented (Minobe and Mantua 1999, Schneider and Cornuelle 2006). Forcing 

mechanisms that control climate in southwest Alaska influence the position and intensity 

of the Aleutian Low, a persistent winter climate feature in the Gulf of Alaska, along with 

the intensity of incoming solar radiation and act on timescales ranging from annual to 

centennial. The El Niño Southern Oscillation pattern of sea-surface temperature (SST) 

and sea-level pressure (SLP) fluctuations also influences climate in western Alaska on 

annual to interannual timescales. El Niño events are characterized by an intensification of 

the Aleutian Low, which prevents cold polar air masses from moving over western 

Alaska and results in warmer than normal winter temperatures. An intensification and 

southward shift of the jet stream is also associated with El Niño conditions, leading to 

lower than normal February to August precipitation. La Niña conditions are effectively 

the inverse of El Niño (May and Bengtsson 1998, Hess et al. 2001).  

 The Pacific Decadal Oscillation (PDO) pattern of sea-surface temperature and 

pressure influences climate in western Alaska on decadal to multidecadal timescales. The 

PDO is defined by shifting ocean temperature anomalies in the northeast and tropical 

Pacific Ocean, and is represented by the PDO index, defined as the leading principal 

component of monthly SST anomalies in Pacific, poleward of 20°N (Mantua et al. 1997, 

Zhang et al. 1997, Mantua and Hare 2002). The warm phase of the PDO is associated 

with anomalously low SST and SLP. These anomalies result in an intensification and 
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eastward shift of the Aleutian Low in the winter. The deepening of the low-pressure 

system favours the development of stronger cyclonic winds, which enhance sea-air 

sensible and latent heat fluxes. The result is that warmer, moister air is advected along the 

northwest coast of North America into Alaska, leading to warmer air temperatures, 

increased storminess and coastal precipitation (Bitz and Battisti 1999, Mantua and Hare 

2002). 

Centennial-scale climate variations in western Alaska have been linked to 

variations in solar irradiance and North Atlantic Deep Water (NADW) production, 

highlighting the importance of sun-ocean-climate interactions on hemispheric scales. 

Small increases in incoming solar radiation generate small increases in ocean and 

continental heating. However, these small increases are compounded because increased 

incoming solar radiation leads to reduced sea-ice cover, affecting the formation of 

NADW. As a result, the advection of ice-bearing (cooler) surface waters eastward and 

southward in the North Atlantic is reduced, and warmer water temperatures lead to 

increased atmospheric water vapour flux and increased surface wind strength over areas, 

and in western Alaska, increases in temperature and moisture correspond to intervals of 

increased solar output (Bond et al. 2001, Hu et al. 2003). 
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Chapter 3 
Literature Review 

3.1 Introduction 

Lakes formed from glacial action dominate in Europe and North America, making 

them of great ecological importance (Häkanson and Jansson 1983, Ashley et al. 1985). 

Proglacial lakes are those currently receiving a portion of their meltwater and sediment 

from active glaciers, although these glaciers are located at some distance from the lake. 

The majority of modern proglacial lakes are fed by alpine glaciers in mountainous terrain 

(Ashley et al. 1985). The degree to which glaciers influence a given lake depend on 

percent coverage in the watershed, proximity to the lake, along with the hydroclimate 

characteristics of the region, sediment supply, and watershed hydrology (Mark et al. 

2005, Hodder et al. 2007). When glaciers cover a relatively small proportion of a 

watershed, their influence on a lake becomes less important compared to other variables 

such as snowpack and precipitation. This chapter focuses on proglacial alpine lakes with 

reference to clastic sediment sources, transport, delivery, and deposition. Specific 

emphasis is placed on lake sediments commonly found in alpine lakes and their use as 

proxies of past environmental change.  

3.2 Sediment Sources 

Sediment can enter proglacial lake basins from a variety of sources. Each 

sediment source has different physical characteristics and these characteristics influence 

how sediment is transported and deposited within an alpine lake. However, two sources 

dominate alpine basins: sediments derived from glacial activity and mass wastage. 
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3.2.1 Sediment Derived from Glaciers 

Glaciers represent a considerable erosive force and rates of glacial erosion 

typically exceed those occurring due to other subaerial processes (Church and Ryder 

1972). Glaciation produces vast quantities of poorly consolidated minerogenic sediments 

that are available for fluvial transport to lakes situated downstream (Leonard 1986, Hallet 

et al. 1996). The abundance of easily eroded material means that rates of glaciofluvial 

transport and deposition far exceed rates expected during non-glacial periods, regardless 

of whether a glacier is active or stagnant, or even present in the watershed at all. For 

Lillooet Lake, situated in a 3 850 km2 basin, 5% of which is covered by glaciers, 

Desloges and Gilbert (1994) found that glaciers contribute 75-83% of the annual 

sediment load. Sediment yield may bear no relation to present-day rates of sediment 

production for thousands of years following deglaciation (Ashley et al. 1985). 

Church and Ryder (1972) introduced the term ‘paraglacial’ to define non-glacial 

processes that are conditioned by glaciation. By comparing present-day paraglacial 

sedimentation at two locations that differed in terms of the timing of deglaciation (central 

Baffin Island and south-central British Columbia), the authors concluded that although 

maximum sediment movement likely occurs by fluvial processes during the proglacial 

phase of deglaciation when water from melting ice is abundant, glacial surface deposits 

are usually not stable with respect to the succeeding fluvial environment for thousands of 

years (Figure 3.1). Enhanced sediment transport will continue as long as glacial deposits 

remain accessible by fluvial systems, and many fluvial deposits merely represent 

temporary storage for glacial sediment. Hence, the time it takes for a landscape to return 



to baseline geologic conditions is a function of the pattern of deglaciation (number of re-

advances during retreat), regional uplift, and the rapidity of vegetation colonization 

which is linked in part to regional climate. 

 

Figure 3.1 Schematic diagram depicting the pattern of sediment yield following 
deglaciation. ‘Paraglacial’ refers to non-glacial processes that are conditioned by 
glaciation (from Church and Ryder 1972). 
 

An updated conceptualization of Church and Ryder’s (1972) paraglacial 

definition was offered by Ballantyne (2002), who suggested the ‘paraglacial period’ be 

redefined as ‘the timescale over which a glacially conditioned sediment source either 

becomes exhausted or attains stability in relation to particular reworking processes’ 

(2002; p. 372). Ballantyne also differentiated between primary paraglacial systems where 

sediment release is directly conditioned by glaciers, and secondary paraglacial systems 
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where sediment supply augmented by re-entrainment of paraglacial sediment by non-

glacial processes. The simple mathematical model: 

t
0t eSS λ−=    (Equation 1) 

Where: 

t = time; 

St = the proportion of ‘available’ sediment remaining for reworking at time t; 

S0 = the total ‘available’ sediment at t = 0; and 

λ = is the rate of loss of ‘available’ sediment by either release or stabilization 

calculated as 
t

)Sln( t

−
=λ  (Equation 2). 

was found to offer a useful approximation of the behaviour of primary paraglacial 

systems, but not secondary paraglacial systems where sediment stores tend to behave in 

an intrinsically more complex fashion. Orwin and Smart (2004) documented secondary 

paraglacial processes at Small River Glacier, British Columbia and concluded that the 

proglacial area was the source for up to 80% of the total suspended sediment yield 

transferred from the Small River Glacier basin. Study results confirmed that sediment 

stored and released in the proglacial area, in particular from proglacial channels, was 

controlling suspended sediment transfer patterns in the watershed. 

The type of sediment produced through glacial erosion is dependent on regional 

bedrock and glaciological conditions, although bedrock abrasion produces large 

quantities of fine-grained sediment referred to as “rock flour” (Benn and Evans 1998). It 
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is this clay, silt (and sometimes sand)-sized sediment, suspended in the water column, 

that comprises the bulk of the sediment load transported through fluvial systems to 

proglacial alpine lakes (Gilbert 2000). Generally, there is a tendency for suspended 

sediment concentration to be linked to river discharge, and this relationship is important 

because it means most sediment transport occurs over short intervals during times of 

maximum discharge during a given season (Østrem 1975). It should be noted that 

variations in local sediment supply, duration and intensity of rainfall, hysteresis effects 

from rising and falling water levels, and seasonal exhaustion of fine-grained sediment can 

complicate the link between suspended sediment concentrations and discharge (Ashley et 

al. 1985). 

3.2.2 Sediment Derived from Avalanches and Mass Wasting 

Many proglacial alpine lakes are long, deep, narrow, and steep sided (Ashley et 

al. 1985). Steeply sloping valley walls and the presence of unconsolidated glaciogenic 

sediments make alpine watersheds prone to mass wasting. Material transported down 

valley slopes by debris flows during the summer months and by avalanches in the winter 

may comprise a significant portion of an alpine lake’s annual sediment budget (Luckman 

1975). For example, Weirich (1985) found that an avalanche covering approximately 

25% of the lake surface deposited approximately 10% of the annual sediment budget for 

a small alpine lake in the Purcell Mountains of British Columbia. The interaction between 

topography, lithology, and climate in mountain environments determines the relative 

importance mass wasting events will play in basin sediment delivery. Quite often, 

avalanche tracks and deposits can be linked to the location of cirques, while the 
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occurrence of debris flows frequently depends on the availability of sediments and water, 

along with the timing and magnitude of precipitation events (Schrott et al. 2003). 

Debris from mass wasting events may be delivered directly to a lake basin and is 

generally angular, allowing it to be differentiated from other sediment inputs (Luckman 

1975). In the case of avalanches, material is deposited directly onto the ice surface in the 

winter. As ice breaks up during the spring thaw, this material is gradually deposited. In 

portions of the lake basin located distally from main inflows, melt-out of avalanche 

debris produces ‘drop stones,’ coarse fragments of rock debris that can be differentiated 

from the predominantly fine-grained deposits characterizing distal locations (Weirich 

1985). Deposits from mass wasting events are capable of influencing the annual sediment 

budget of a lake even if these events do not impact the lake directly, by disrupting 

watershed drainage patterns or by providing unconsolidated sediments that can 

subsequently be remobilized and transported fluvially (Schrott et al. 2003). 

3.3 Sediment Transport 

The majority of sediment is delivered to alpine lake basins by rivers and streams 

flowing through the watershed (Weirich 1985). In alpine basins, sediment (especially 

coarse sediment) produced by glaciers and transported from the glacier snout by 

meltwater streams accumulates in broad alluvial plains, or sandurs. The fluvial network 

on sandur surfaces is typically braided, and is characterized by a number of small, 

unstable channels that are constantly shifting position in response to highly variable flow 

rates and sediment loads (Ashley et al. 1985). Within the water column, the majority of 

sediment is transported as suspended load (Hallet et al. 1996, Figure 3.2). These fluvial 



environments mediate the transfer of glacially-derived sediment to alpine lakes, through 

storage, release, and sorting of sediments over a wide-range of timescales. The amount of 

sediment arriving at a lake is also a function of the ratio of lake to watershed area 

(Lamoureux and Gilbert 2004). 

 

Figure 3.2 A comparison of dissolved load and suspended sediment yields from 
glaciated basins world-wide. Global average solute yield is shown at the extreme 
right for reference. Note the log scale of the ordinate axis (Hallet et al. 1996).  
 

Discharge and thus stream power is closely tied to the temporal pattern of 

meltwater release. Meltwater from snow, glacier ice, or both depending on the catchment 

is released during warm periods, producing a hydrological regime that is strongly 

seasonal and dominated by the spring/summer nival (snowmelt) freshet which may be 

drawn out by the subsequent release of glacial meltwater (Woo 1993). The quantity of 

meltwater released is linked to local weather conditions, especially available melt energy, 

typically expressed in terms of air temperature. At short temporal scales, diurnal 
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fluctuations in discharge may develop in response to the daily fluctuation of available 

heat (Church and Gilbert 1975). Over longer time periods, positive correlations between 

air temperature and discharge have been extensively reported; however, the period of 

greatest correlation may differ by location (Hodder et al. 2007).  

Winter precipitation is also an important consideration, as the quantity and 

distribution of snowpack in a drainage basin determines the amount of water available for 

melt the following spring or summer (Marsh 1990). Precipitation at others times of the 

year has a varied effect depending on duration, intensity, and accompanying air 

temperature. In general, rain-induced discharge peaks are more pronounced in late 

summer and autumn. Earlier in the season, porous snowpacks may act as reservoirs for 

storing liquid precipitation and freezeback may occur depending on snowpack and 

precipitation characteristics (Ashley et al. 1985, Marsh 1991, Rubensdotter and Rosqvist 

2003) 

The relative contribution of meltwater and precipitation to overall discharge was 

highlighted in a study by Mark et al. (2005). By comparing hydrochemical data for a 

portion of the Rio Santa in Peru draining an area of 5000 km2, with 8% glacier cover, the 

authors found that in 1998 and 1999, 100% of the dry-season (June-September) discharge 

was attributed to glacial melt. However, this contribution dropped to 40% in 2004. The 

authors attributed this drop to high levels of precipitation in 2004, which exerted a greater 

influence on streamflow than glacial melt. 
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3.4 Sediment Distribution in Lakes 

The means by which inflowing river water mixes and interacts with lake water 

affects the subsequent transport and deposition of sediment within a lake basin. Mixing is 

primarily determined by the density structure of a lake and inflowing river water. 

Although, suspended sediment concentrations and salinity control water density in lakes, 

the latter is rarely significant with freshwater systems, and frequently temperature is the 

driving force behind density differences. The temperature and density of water have a 

unique relationship in that the maximum density of water is reached at ~4°C. Above and 

below this temperature density decreases in a non-linear fashion (Ashley et al. 1985). 

This relationship leads to the development of thermally-induced density stratification 

within lakes, which is the product of solar radiative heating of the lake surface, wind-

induced turbulence, and diurnal cycles that transfer heated surface water downward in the 

water column. The result is the characteristic density curve (Figure 3.3), consisting of a 

less dense, warmer water mass at the surface called the epilimnion, a transition zone 

called the metalimnion, and a denser, colder layer near the bottom called the hypolimnion 

(Häkanson and Jansson 1983). Dimictic lakes represent the most common type of thermal 

stratification seen in alpine lakes. Dimictic lakes circulate twice a year (generally in the 

spring and fall), and usually exhibit strong density stratification during the summer 

months and weak stratification during the winter, when many lakes are ice covered 

(Häkanson and Jansson 1983, Ashley et al. 1985).  



 

Figure 3.3 Hypothetical temperature-depth curves in a vertical column of lake 
water. A) Represents the exponential temperature curve that would result from 
solar heating only, while B) represents the temperature curve resulting from both 
solar heating , wind mixing and other processess, along with the resulting density 
structure (Ashley et al. 1985). 
 

River water enters a lake as a plume, and begins to decrease in velocity and expand as 

it mixes with lake water through turbulent diffusion. Temperature and sediment load 

(primarily suspended load and to a lesser degree dissolved load) govern river water 

density and ultimately influence mixing and velocity decay. The greater the density 

difference between the two water sources the greater the energy that must be expended to 

mix them, allowing the plume to remain as a distinct density current at greater distances 

from the inflow (Ashley et al. 1985). The plume of incoming water may behave in four 

characteristic ways following initial mixing with lake water (Figure 3.4), as described by 

Bates (1953): 

a) If the density of river water is greater than lake water, it will flow along the lake bed 

as a two-dimensional plume called an underflow or hyperpycnal flow. These flow 

types are also referred to as density flows, turbidity flows, turbid density currents, or 
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similar linguistic permutations, and are a dominant mechanism for sediment transport 

in proglacial lakes (Weirich 1985, Desloges and Gilbert 1994). Gravitational forces, 

and thus lake-bottom topography, also influence underflow movement (Ashley et al. 

1985). Suspended sediment concentrations are especially important for the generation 

of underflows, which tend to dominate during the spring freshet when maximum 

discharges deliver turbid melt water from snow (Leemann and Niessen 1994) or 

glacial ice to the lake (Lewis et al. 2002). Such underflows can be generated with lake 

and river water density differences as low as 0.02 mg/kg3, are ‘quasi-continuous’, and 

are often linked to daily inflow discharge peaks associated with the influx of 

meltwater (Weirich 1984, Lewis et al. 2002, Best et al. 2005). Conversely, episodic 

underflows may be the result of slumping on an over-steepened subaqueous slope 

(Mikkelsen et al. 1993). Episodic underflows have also been linked to high river 

discharges generated by large rainfall events (Lewis et al. 2002).  

It should be noted that although typical underflow velocities range from a few to a 

few tens of cm/s, although velocities in the range of 100 cm/s have been reported 

(Weirich 1984, Ashley et al. 1985). The implications of such velocities are twofold: 

while underflows are capable of transporting sediment considerable distances from 

the inflow (up to 6 km in Lillooet Lake), they are also capable of remobilizing and re-

depositing existing lake bottom sediments (Church and Gilbert 1975, Mikkelsen et al. 

1993). 

b) If river water is less dense than lake water it will spread over the surface of the lake as 

an overflow or hypopycnal flow. These flows are driven solely by inertia upon entry 
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to the lake and as a result tend to have low velocities and sediment transport 

capabilities. They are also highly susceptible to wind stresses affecting both the 

velocity and direction of flow (Ashley et al. 1985). Sustained overflows have been 

recorded for Lillooet Lake in British Columbia during the winter and early spring 

when suspended sediment concentrations are lower than residual conditions in the 

lake from the previous melt season (Church and Gilbert 1975). Density differences 

are augmented by nearly isothermal lake conditions, or by late fall/winter conditions 

where lake water is around 4°C, whereas river water has cooled to close to 0°C, 

making it less dense (Carmack et al. 1979).  

c) If river water enters a thermally-stratified lake and is denser than the epilimnion but 

less dense than the hypolimnion, water will travel along the thermocline as a two-

dimensional plume called an interflow or mesopycnal flow. These flows are 

intermediate between overflows and underflows in their ability to transport sediment 

and river water beyond the delta front into the lake, and tend to be influenced by 

Coriolis force (a force due to the rotation of the Earth). Interflows are common in 

deep glacial lakes that exhibit strong thermal stratification during the summer months 

when spring flows have waned and incoming river water is less dense due to 

decreased sediment load and increased temperature (Church and Gilbert 1975, 

Carmack et al. 1979). However, inflows may play an important role in transporting 

sediment during the melt season and may even be the flow type dominating fine-

sediment transport in distal proglacial lakes with relatively low sediment loads 

(Ashley et al. 1985). For example, in Kamloops Lake, British Columbia (63 km2, 143 

m max. depth), Pharo and Carmack (1979) determined that over 90% of the river-
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borne material enters the lake as interflows at depths between 10 and 30 m during the 

spring freshet (May-July).  

d) If river water is the same density as lake water it will mix three-dimensionally, with a 

pattern of flow expansion resembling an axial jet. This type of flow is referred to as 

homopycnal and has a low capacity for sediment transport into the lake since the 

plume readily mixes with lake water and rapidly dissipates. Homopycnal is relatively 

uncommon in the majority of alpine ice-distal lakes, and occurs in weakly or non-

stratified lakes, such as shallow polymictic lakes with inflows exhibiting minimal 

density fluctuations (Ashley et al. 1985). In Bear Lake on Devon Island, Nunavut, 

Lamoureux et al. (2002) found that whereas underflows were important mechanisms 

for depositing sediment in proximal locations, homopycnal flows were important for 

delivering sediments to a distal sub-basin separated from the main body of the lake by 

a shallow subaqueous sill. 



 

Figure 3.4 The behaviour of river water entering the lake under three scenarios of 
varying density between river (ρf) and lake (ρw) water (Mulder and Alexander 
2001). 
 

The importance of temporal changes in lake and river water density on flow 

behaviour and sediment delivered was well summarized by the investigation of 

Kamloops Lake (Figure 3.5) conducted by Carmack et al. (1979). The lake is situated in a 

relict glacial valley, and the majority of water and sediment is delivered from the 

Thompson River. Throughout the summer, river inflow remains denser than surface 

water, but less dense than bottom water, causing water to travel as interflows along the 

thermocline. Turbidity measurements suggest that some mixing of epilimnion and 

inflowing water does occur near the delta front. However, the hypolimnion experiences 

insignificant amounts of mixing. The same pattern of mixing persists into early autumn, 
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with interflows occurring at a greater depth as the temperature of inflowing water 

decreases and the epilimnion is deepened by convection cooling and wind mixing. In 

middle autumn, water from the Thompson River cools to maximum density (4°C) 

causing in to travel along the lake bed as underflows. In the final stage of autumn, river 

water that has cooled below 4°C mixes with surface waters that remain above 4°C 

creating a new water mass with a combined temperature of 4°C. This water being denser 

than surrounding lake water sinks to the bottom and travels as an underflow. The process 

whereby the mixing of two water types causes a densification of the combined water is 

referred to as cabbeling.  

At Kamloops Lake, the winter period is characterized by minimal inflows that 

travel as weak overflows across the lake surface that are less dense than the lake which 

remains close to 4°C. Early and middle spring conditions mimic those seen in the middle 

to lake autumn. Spring cabbeling ends when lake water reaches a temperature of 4°C or 

above, causing warmer inflowing river water to spread over the surface of the lake an 

overflow. These conditions coincide with the onset of the spring freshet and are 

responsible for the initial formation of the thermocline in Kamloops Lake.  



 

Figure 3.5 Schematic diagram representing seasonal patterns of circulation between 
Kamloops Lake and the inflowing Thompson River. Dashed areas denote lake and 
river water mixtures involved in the cabbeling process (Carmack et al. 1979).  
 

3.5 Sediment Deposition  

Once sediments have entered the lake they are subjected to a variety of 

limnological processes (Figure 3.6). The characteristics sedimentary facies exhibit are the 

result of these internal or autochthonous processes (e.g. bioturbation, erosion, sediment 

focusing), combined with external or allochthonous processes (e.g. changing magnitude 

and frequency of sediment delivery and watershed characteristics; Desloges 1994, Gilbert 
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et al. 1997). One particular class of sediments common to alpine lakes are annually-

laminated sediments known as varves. The term varve is derived from the Swedish word 

‘varv,’ whose meaning loosely translates to ‘revolutions’ or ‘layers’ (Lambert and Hsu 

1979). Varved clay deposits were described in Sweden in the mid 19th century, but the 

definition of varves as annual sedimentary layers was not formalized until the late 19th 

century, when Swedish geologist Gerard De Geer (1858-1943) noticed the similarity 

between varved structures and tree rings (Brunnberg 1995).  

 

Figure 3.6 Schematic illustration of major sedimentological and bottom dynamic 
processes in lakes (Häkanson and Jansson 1983). 
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Varved sediments are of particular interest for high-resolution sedimentological 

studies because they provide a comparatively straightforward way of identifying annual 

deposition within a long sequence of lake sediments and are found in a variety of 

depositional environments (Lamoureux 2001). Although a number of varve types have 

been identified and described in the literature (see review by O’Sullivan 1983), clastic 

varves dominate the sedimentary record of alpine glacial lakes, and as such, are the focus 

of the following discussion. Clastic varves are comprised primarily of allochthonous 

mineral matter and contain stratigraphic variations which are mainly physical in nature 

(e.g. laminae reflect changes in particle size and/or minerology). Clastic varves typically 

consist of a coarse (light coloured) layer dominated by silt, overlain by a fine (dark) layer 

dominated by clay (Sturm 1979). 

3.5.1 Clastic Varve Formation 

Clastic varves tend to form in dimictic or monomictic lakes with sediment influx 

that is discontinuous during the season of lake stratification (Sturm 1979, Bradley 1999). 

In the most simplistic case, the distinct silt/clay couplet forms when sediment-laden 

meltwater enters a stratified lake and disperses outwards as an overflow or interflow. 

Coarser sediment fractions (e.g. silt) are able to settle out of suspension, but the finer 

fractions (e.g. clay) remain trapped in the epilimnion until overturn, due to wind-induced 

turbulence. For these simple bimodal couplets, the coarse lamina represents the stratified 

period and the fine lamina represents the unstratified period (Figure 3.7, O’Sullivan 

1983). Such varves are commonly found in alpine lakes with where glacial meltwater 

transports abundant sediment to the basin. In such instances, silt laminae are deposited 



during the high-energy melt season, while clay laminae are deposited in the winter, where 

low-energy conditions persist due to ice cover (Leonard 1997). In non-glacial basins or 

sparsely glaciated basins, the spring snowmelt (nival) period is largely responsible for the 

discontinuous pulse of sediment to a lake (Wohlfarth et al. 1998). 

 

Figure 3.7 The annual cycle of sediment deposition resulting in the formation of 
‘simple’ varves (modified from Brauer and Casanova 2001). 
 

The simple couplet structure of clastic varves can be complicated by a number of 

factors. In both active glacial and non-glacial basins, large precipitation events can play 

an important role in delivering clastic sediment to a lake through increased river 

discharge and these events may be recorded in the varve record (e.g. Desloges and 

Gilbert 1994, Hambley and Lamoueux 2006, Cockburn and Lamoureux 2007, Menounos 
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and Clague 2008). In alpine basins with a strong nival melt period, varve formation 

proceeds as per the ‘simple’ varve case, but is interrupted by a pulse of sediment 

delivered to the lake from the precipitation event. Following the event, coarse sediment 

rapidly settles out of suspension, forming an additional sub-annual lamination (Strum 

1979, Figure 3.8). Final varve characteristics depend on the number, timing and 

magnitude of precipitation events, along with sediment availability and the nature of lake 

stratification at the time of the precipitation event. 

 

Figure 3.8 Sub-annual laminae present in sedimentary units identified in the 
Summit Lake, British Columbia varve record. White boxes represent the extent of 
each varve. Grey boxes are examples of sub-annual laminae attributed to early 
events (melt season dynamics), while black boxes are examples of sub-annual 
laminae attributed to late events (autumn rainfall). Varves without subannual units 
(shown without black and gray boxes) were classified as simple (from Cockburn and 
Lamoureux, 2007).  
 

Turbidity flows can also influence varve formation and may be recorded in a 

number of ways in the sedimentary record depending on the process responsible for 

turbidity flow generation. As previously mentioned, the rhythmicity of varves is 
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dependent on a seasonal pattern of sediment delivery to a lake. In general, quasi-

continuous turbidity flows produced during the nival melt period constitute a seasonal 

influx of sediment, thus satisfying the conditions for varve formation. However, this is 

not the case for turbidity flows produced through episodic high magnitude discharge 

events or subaqueous slumping, which are likely to last only a short time. Such events are 

capable of rapidly transporting large quantities of sediment, and can result in the 

formation of ‘pseudovarves’ (Ashley et al. 1985). These deposits have the general 

appearance of simple varves, but do not reflect an annual cycle of sediment deposition. 

Through an investigation of Lake Walensee in Switzerland, Lambert and Hsu (1979) 

found that up to five pseudovarves could be deposited in one season from sporadic 

turbidity flows generated by heavy precipitation events or rapid snow-melt. Turbidity 

flows generated during the winter months through winter rainfall or subaqueous slumping 

may be recorded in the varve record as a ‘winter parting’; a coarse unit interrupting an 

otherwise homogeneous clay cap (Gilbert 1975, Shaw et al. 1978).  

Informal criteria have been developed to assist in distinguishing between varves 

and pseudovarves, as summarized in Table 3.1. It should also be mentioned that all types 

of turbidity flows are capable of reaching velocities that allow for the entrainment of lake 

bed sediments (Mikkelsen et al. 1993). This erosive capability means that turbidity flows 

are capable of removing previously deposited varves thus creating unconformities which 

result in chronological gaps. 
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Table 3.1 A comparison of the characteristics of annual rhythmites (varves) and 
episodic rhythmites pseudovarves (modified from Ashley 1975 and Ashley et al. 
1985). 
Rythmite Type Varve Pseudovarve 

Sediment dispersal 
mechanisms 

Winter - Suspension settling 
of clay1 

Summer – overflows, 
interflows, continuous and/or 
episodic turbidity flows 

Episodic high magnitude 
discharge, subaqueous 
slumping 

Depositional time frame One year Minutes 

Rythmite characteristics • Distinct couplet; transition 
from coarse unit to clay cap is 
abrupt 

• Coarse unit thins distally 
across lake basin; clay cap 
thickness remains consistent 
across basin 

• Sub-annual laminae may be 
present 

• Indistinct couplet; gradually 
upward fining and decrease in 
silt/clay ratio 

• Coarse unit and clay cap thin 
distally across lake basin 

• Coarse unit may contain an 
erosional lower contact, cross-
laminations, and abnormally 
large grain size fractions in 
distal deposits 

1Note: episodic turbidity flows in winter will result in the formation of distinct ‘winter partings’ 

 

The extent and type of glacier cover in a watershed influences sediment yield. 

Through an extensive survey of published data, Hallet et al. (1996) determined that on 

average, yields for basins extensively covered by glaciers (i.e. > 30% glacier cover) were 

approximately one order of magnitude higher than for glacier-free basins. The authors 

also noted that effective rates of sediment erosion ranged from 10 to 100 mm/yr for large, 

fast-moving temperate valley glaciers in southeast Alaska, while rates for polar glaciers 

were only 0.01 mm/yr. Considering glacier cover in a basin may vary over time, cycles of 

glacial advance and retreat are liable to influence varve formation. Using a 16 600 year 

varve record from Lac d’Annecy in the French Alps, Brauer and Casanova (2001) 
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divided the chronology into five units that corresponded to particular stages of regional 

deglaciation (Table 3.2). 

Table 3.2 Characteristics and glacial conditions responsible for sedimentary units 
from Lac d’Annecy, French Alps (Brauer and Casanova 2001). 

Characteristics Glacial Conditions 

Unit Ia: Laminated mud with deformation structures 

Thick, massive beds of grey 
siliciclastic material, clay layers up 
to 2–3 cm thick, numerous 
turbidites. 

Lake was sub-glacial, conditions were highly dynamic and 
were dominated by mass movements and subaqueous 
meltwater discharge. 

Unit Ib: Dropstone varves 

Couplets consisting of silt-clay 
layers topped by a distinct clay cap. 
Sand-sized dropstones commonly 
contained in clay layers. 

Portion of the lake covered by glacier. Ice rafting results in 
dropstone deposition. Sedimentation mainly controlled by 
meltwater plumes, thick clay caps reflect suspension 
settling during quiet water conditions (lake frozen). 

Unit II: Multiple layered varves 

Varves consist of three sub-annual 
laminae. Bottom unit is coarse silt, 
followed by a thick layer of 
massive silt/clay, and topped with a 
thin clay layer. 

Lake is no longer in direct contact with glacier and varves 
are formed by two interacting sediment runoff regimes: (i) 
a large supply of sediment from a major distal glacial 
system and (ii) snow-melt runoff from local sources. The 
clay cap is deposited under ice cover during the winter.  

Unit IIIa: Standard silt-clay varves 

Varves consist of a silt layer 
transiting into a fine silt/clay layer. 
Sporadic turbidites. 

Lake is located further from glacier. Local sediment pulse 
triggered by snow melt discharge during spring produces 
coarse basal silt layer. Fine-grained fraction remains in 
suspension and mixes with glacio-fluvial sediments from a 
distal source during summer and autumn. Turbidites 
triggered by slope instabilities or extreme runoff events. 

Unit IIIb and c: Biochemical calcite varves 

Varves consist of a light coloured 
calcite layer topped by a greyish-
brown detrital layers with diffuse 
transitions 

Input of glacial meltwater is minimal or non-existent. 
Varve formation is attributed to calcite precipitation during 
lake productivity maxima in summer followed by an influx 
of detrital material during the autumn and winter. 
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3.5.2 Clastic Varves as Climate Proxies 

Given that lake sedimentation is a function of hydroclimatic conditions in a 

watershed, varves can be used as high-resolution proxies to understand how climate 

regimes have varied over time and prior to instrumental weather records (Lamoureux 

2001). Varved sediments are especially useful in alpine basins because they provide a 

means of interpreting long-term change in environments where allochthonous clastic 

sediment fluxes dominate the sedimentary record and subfossil and other biogenic 

indicators commonly used to infer climatic change are not present in sufficient quantities 

(Lamoureux and Gilbert 2004). In addition, accurate sediment chronologies can be 

obtained without dependency on radiometric dating, thus eliminating error often 

associated with various dating techniques such as hard-water effects or old carbon 

mobilization which can skew 14C dates (Lotter and Birks 1997).  

That being said, varve characteristics are not simply a response to hydroclimate 

variability. Changes in varve structure over time may be the result of a combination of 

effects ranging from fluctuating sediment availability to internal limnological variability. 

Consequently, ascertaining a true climate signal from a varve record can be a formidable 

task (Hodder et al. 2007). Considering hydrological response and sediment delivery vary 

from basin to basin, attributing changes in varve chronology to climate requires an 

intimate understanding of the basin being studied. Nonetheless, varve records are 

regularly and successfully compared to, and calibrated with, instrumental meteorological 

data from the region in order to statistically verify proposed varve-climate linkages (e.g., 

Gajewski et al. 1997, Wohlfarth et al. 1998). The following section briefly discusses 
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chronological techniques, examples of varve calibration approaches, and highlights a 

variety of studies that have used varves for paleoclimatic reconstruction. 

3.5.3 Varve Chronology Techniques 

Varves are a powerful tool that can be used in order to understand long-term 

environmental change. However, the strength of a record is largely dependant on its 

chronological accuracy. The development of an accurate and consistent varve chronology 

begins at the time of sediment core collection, and continues through sample preparation, 

varve counting, and chronological verification. It is especially important to statistically 

quantify chronological uncertainty through all stages of chronology development. A 

thorough discussion of varve chronology techniques is provided by Lamoureux (2001). 

 The development of a coring strategy is usually the primary step in a 

paleolimnological study. Cores should be collected from locations expected to have 

conditions optimal for varve formation and preservation. Often times the deepest portion 

of a basin is considered the most suitable coring site, because the influence of waves and 

wind induced-currents are minimized and anoxia, if present, inhibits the activities of 

benthic organisms that could mix the sediment/water interface (O’Sullivan 1983, Gälman 

et al. 2006). It is difficult to identify a single core that is representative of lake 

depositional processes, and collecting cores from different parts of the basin helps to 

understand the spatial heterogeneity of sediment deposition (Petterson et al. 1993, 

Anderson et al. 1994, Lamoureux 1999). One core should attempt to capture a well-

preserved sediment surface-water interface, which is especially important for chronology 

development and chronological verification through independent dating methods 
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(Lamoureux 2001). By cross-dating multiple cores from the same lake, the accuracy of 

each core in relation to deposition across the entire basin can be assessed, and disturbed 

or vague varve segments that could potentially cause chronological problems can be 

identified (Leonard, 1997). It should be noted that careful handling of sediments at all 

stages of processing is essential for accurate chronology development (Lamoureux 2001). 

 Once cores have been collected and processed, varve counting can begin. A 

variety of analytical techniques are available for varve counting; the one used largely 

depends on user preference. The ease at which individual varves can be distinguished in a 

sedimentary record varies, and the determination of what constitutes an individual varve 

can be subjective. One way to reduce subjectivity is to develop and apply a set of 

sedimentological criteria to the varve record (e.g. Cockburn and Lamoureux 2007, 

Chutko and Lamoureux 2008, Menonos and Clague 2008). Such criteria facilitate 

transparency and consistency during counting. The use of several cores, replicate varve 

counts by multiple researchers, and the application of computer imaging programs and 

microscopy can also reduce subjectivity, while increasing chronological reliability, 

assisting in the identification of vague or disturbed areas within a record, and leading to a 

more accurate record (Lamoureux 2001). 

 During counting, errors can result from varves being missed (Type A) or falsely 

identified (Type B). These types of error may result from sediment disturbance, spatial 

variability of sediment deposition, indistinct sedimentary structures, human error, or 

inconsistent measurement procedures (Lamoureux and Bradley 1996). Type A and B 

errors can be identified and quantified by cross-dating multiple cores from the same 



basin. A useful way to identify discrepancies between cores is through the generation of 

skeleton plots that show varve thickness for common segments from multiple cores 

(Figure 3.9, Lamoureux 2001). In general, published chronological uncertainty due to 

Type A and B errors ranges from 0.5 to 17.1%, although estimates can drop to <0.5% 

when conditions for varve formation, sample preparation, and measure are optimal 

(Lamoureux and Bradley 1996, Zolitschka 1996, Lamoureux 1999).  

 

Figure 3.9 Skeleton plots are a useful way to identify discrepancies in varve 
chronologies between cores. Two examples of extra varves (Type B error) are shown 
(arrows labelled A and B). These extra varves offset the pattern of varve thickness 
(from Lamoureux 2001). 
 

Error common to all cores collected in a basin (Type C) is more difficult to 

quantify, although a survey of multiple sediment cores is apt to reduce the probability of 

Type C errors (Lamoureux and Bradley 1996). An essential way of resolving Type C 

error is through independent verification of the varve record. A variety of radiometric 
44 
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dating techniques are available, each with underlying strengths and weaknesses. For 

example, short-lived radioisotopes (210Pb, 137Cs, 239, 240, 241Pu) are useful for chronological 

verification of recent sediments. 137Cs and 239, 240, 241Pu are anthropogenic radionuclides 

associated with nuclear weapons testing. The interval of peak fallout of these isotopes is 

associated with a the 1963/4 peak in thermonuclear bomb testing, although secondary 

peak related to the 1986 Chernobyl accident may also be apparent (Lamoureux 1999, 

Hughen et al. 2000). If estimated lamina ages correspond to the depths of 137Cs or 239, 240, 

241Pu peaks, it is plausible that laminae are varved.  

Varve ages can also be compared with 210Pb decay profiles to investigate changes 

in sedimentation rates over time and to identify counting accuracy (Beer and Sturm 

1995). 210Pb occurs naturally in both the atmosphere and the subsurface, and is a 

radionuclide produced in the 238U decay series. 210Pb has a half life of 22.3 years and is 

one of the most useful dating technique for sediments between 0 and 150 years of age.  

(Appleby 2001). The supply of 210Pb to a lake is influenced by atmospheric flux, 

residence time in catchment soils and lake water, particle settling velocity, and the 

fraction of 210Pb bound to particulate matter (Blais et al. 1995). Total 210Pb activity in 

lake sediments has two constituents: supported 210Pb which originates from in situ decay 

of its parent radionuclide 226Ra, and unsupported 210Pb which originates from 

atmospheric flux. Unsupported 210Pb is calculated by subtracting supported 210Pb activity 

from total 210Pb activity. In an ideal lake core, total 210Pb activity decreases exponentially 

with depth until the constant unsupported level is reached and this point is called the 

210Pb dating horizon (Appleby 2001).  
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 In order to use 210Pb as a dating technique, a model must be selected that makes 

assumptions about how atmospheric 210Pb is deposited within lake sediments. The 

Constant Rate of Supply (CRS) model assumes parameters responsible for transport of 

210Pb to a lake are independent of atmospheric 210Pb deposition. In this case, changes to 

210Pb concentration in lake sediments can be used to infer sedimentation rates since an 

increase in sediment flux would effectively dilute 210Pb concentrations. The Constant 

Initial Concentration (CIC) model assumes that the supply of 210Pb is proportional to the 

sedimentation rate, therefore concentrations of 210Pb will vary depending on sediment 

flux (Blais et al. 1995, Appleby 2001). Both models assume that atmospheric fallout of 

210Pb has been constant over the interval of interest; 210Pb deposition occurs within a 

closed system, 210Pb is immobile in the sediment column, following 210Pb deposition, 

significant mixing does not occur, which is not necessarily the case (Wolfe et al. 2004). 

Error can be introduced into 210Pb chronologies if an incorrect model is selected, and to 

210Pb, 137Cs, and 239, 240, 241Pu dates if mixing rates and other limnological processes vary 

over time, or if radioisotopes are mobilized in the sediment column (e.g. Benoit and 

Hemond 1990, Blais et al. 1995, Cooper et al. 1995, Vile et al. 1999). Combining 210Pb 

dating with 137Cs and/or 239+240Pu allows for enhanced confidence in dating accuracy. 

The use of tephra layers deposited during volcanic events affords another way to 

independently verify the varve record. Tephra layers may be dated using a variety of 

techniques, such as thermoluminescence and 40K/40Ar dating (Lanphere 2000, Lian and 

Huntley 2001). Individual tephras can often be identified by their distinct morphological 

characteristics and work has been undertaken to ‘finger-print’ tephras through detailed 

mineralogical and geochemical analyses. Since the age of individual tephra horizons is 
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relatively spatially-consistent across a given lake, it may be possible to apply a reliable 

age established for a tephra in one core to another. These distinct ‘marker’ horizons are 

especially useful to aid in cross-correlation of cores within and between lakes. However, 

there are problems associated with the use of tephras as stratigraphic markers. A study by 

Anderson et al. (1984) found that volcanic ash associated with the 1980 Mount St. Helens 

eruption was able to sink in unconsolidated lake-bed sediments, making the tephra layer 

appear older than it actually was. In addition, tephra layers that have been indirectly dated 

(by dating material in the sediments located directly above or below the tephra layer) 

increase dating uncertainty (Turney and Lowe 2001). 

3.5.4 Varve Calibration 

In order for varve records to be used to reconstruct long-term environmental 

variability, is it important to first establish a link between meteorological conditions and 

lacustrine sedimentation. This can be done with varying complexity. The most 

straightforward method is to statistically compare characteristics (e.g. varve thickness, 

grain size), to hydroclimate records (temperature, precipitation, river discharge). If a 

statistically significant relationship is found, a linkage is inferred. The correlation 

coefficient (r) or coefficient of determination (r2) are the statistical measures most 

commonly used to describe the strength of hydroclimate-varve relationships (Hodder et 

al. 2007). 

Sander et al. (2002) compared varve thickness measurements from 15 cores taken 

from an estuary in mid-central Sweden to a 62-year maximum daily annual discharge 

(Qmax) record. The authors argued that it was reasonable to assume varve formation to be 



linked to Qmax since the majority of annual sediment transport occurred during the short 

spring snowmelt period. A significant correlation (r=0.87) between varve thickness and 

Qmax was determined, and the authors developed an equation to express this relationship, 

which was later used to reconstruct Qmax for the past two millennia. 

 Sedimentological analysis of varve characteristics on a sub-annual scale can offer 

additional insight into the links between environmental variables and basin 

sedimentation. Menounos and Clague (2008) classified a varve record from Cheakamus 

Lake, British Columbia, into seven types based on thickness and internal varve structure. 

A hypothesised hydroclimatic state was associated with each varve type (Table 3.3), 

which was statistically tested in a number of ways. This type of analysis allows 

researchers to better account for the complexity inherent in natural systems when 

exploring the relationships between climate dynamics and sediment deposition in lakes. 

Table 3.3 Varve types and the hydroclimate state hypothesized to be response for 
formation in Cheakamus Lake, British Columbia (Menounos and Clague 2008).  
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Although linear statistical models (LSM) are useful in understanding links 

between varve characteristics and hydroclimate conditions, care must be taken not to 

over-interpret these results. Varves form as the result of complex basin processes, and 

assigning simple causation to one or two variables may not be realistic in many instances. 

Hodder et al. (2007) cautioned that the LSM approach allows the processes responsible 

for linking varve characteristics to environmental variables to remain a “black box.” One 

way of opening this black box is through the incorporation of process studies into 

paleoclimate research. For example, Leeman and Niessen (1994) calibrated the varve 

record from an Alpine proglacial lake in Switzerland with three decades of hydrological 

and meteorological instrumental data. In order to better inform their comparisons, water 

samples, water temperatures, and sediment traps samples were collected between May 

and October in 1991. The data collected provided valuable insight into the relationships 

between varve formation, suspended sediment load, glacial runoff, summer temperature, 

and river/lake density differences. 

3.5.5 Varves as a Proxy for Temperature 

In alpine environments, clastic varves have been successfully used as proxies for 

air temperature. In these regions suspended sediment load and river discharge tend to be 

strongly correlated to summer air temperature, because increases in air temperature 

typically drive the nival melt period with the majority of the annual suspended transport 

often occurring over a relatively short time-frame (Leonard 1985, Lamoureux and Gilbert 

2004). Tomkins and Lamoureux (2005) successfully linked varve thickness to melting 

season temperature for proglacial Mirror Lake located in the Northwest Territories. The 
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study also noted that a regime shift occurred over the ~600-year record, during which 

time a secondary hydrological state controlled varve formation. This state was not simply 

related to melt season temperature, but also to cumulative snowfall, suggesting delayed 

glacial melt in response to increased snowfall. 

 Summer temperature has been indirectly linked to varve characteristics in non-

glaciated basins. Francus et al. (2002) demonstrated that varve grain size (measured as 

median apparent grain diameter) from cores collected at Sawtooth Lake on Ellesmere 

Island were significantly correlated (r=0.53) to changes in spring snow melt intensity 

(maximum snow depth decrease for a period of 10 days). The study findings suggest that 

increases in both varve thickness and grain size are associated with warmer temperatures 

that promote rapid spring melt and enhance sediment transport. 

The link between varves and temperature is not always so easily resolved. 

Hambley and Lamoureux (2006) examined the recent (1950–1996) varve record from 

Nicolay Lake in Nunavut. They found that the record contained sub-annual rhythmites 

which recorded not only nival snow melt, but also major summer precipitation events. In 

order to isolate the temperature component of the varve record (recorded indirectly 

through the nival snow melt signal), the nival deposition record was estimated by 

delineating the initial sub-annual rhythmite within each varve. When the record is split 

into temporal segments based on a nival phases and precipitation phase, the nival 

rhythmites were found to be significantly correlated to annual cumulative melting degree 

days from two nearby weather stations. The strong positive correlations suggest that the 

paleoclimatic signal in the sediments reflects regional climate conditions. 
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Leeman and Niessen (1994) also recognized that there were two different 

meteorological signals apparent in varves, one that could be attributed to temperature and 

one to precipitation. In this study three decades of varve thickness measurements from 

Oeschinensee Lake in Switzerland were calibrated to hydrological and meteorological 

instrumental data. Varve thickness in the Oeschinensee Lake catchment was 

climatologically related to both summer temperature (as a function of glacial melt) and 

summer precipitation (as enhanced discharge and sediment delivery). The study 

determined that the dominant temperature signal was muted during periods of above 

average rainfall since the two hydroclimatic signals within the record were not considered 

independently. Thus, when summer temperature was low, variation in the varve record 

could be explained entirely by air temperature. However, where summer precipitation 

increased, more of the varve record was controlled by precipitation. 

The connection between air temperature and varve characteristics can vary over 

time, as was successfully demonstrated from a 600 year varve record recovered from 

proglacial Green Lake, located in the southern Coast Mountains of British Columbia. 

Through comparison of varve thickness to the 100-year instrumental record, Menonos 

(2006) found that varve thickness was only significantly correlated to air temperature for 

certain portions of the record. This unstable relationship was hypothesized to be a 

function of changing glacier cover in the basin, as well as changes in the frequency and 

magnitude of flooding. 
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3.5.6 Varves as a Proxy for Precipitation 

Although temperature may control varve formation in certain lakes, precipitation 

can govern deposition in others. This was the case for Wohlfarth et al. (1998) who used 

multiple regression analyses to investigate the relationship between monthly discharge, 

precipitation, temperature, and annual varve-thickness from the Ängermanälven River in 

north-central Sweden. Over a 90-year period spanning 1860 to 1950, the authors found 

that monthly temperatures and annual varve thickness were not significantly correlated. 

On the other hand, there was generally a strong correlation between precipitation and 

annual varve thickness. It is interesting to note that over the 90-year study period the 

timing of precipitation was also an important control on varve formation. Although 

annual varve thickness was primarily correlated with spring/summer precipitation for the 

latter part of the study period, winter/spring precipitation was more important for varve 

formation in the early part of the twentieth century. This study was furthered by Sander et 

al. (2002), who reconstructed maximum annual discharge from varve thickness at the 

same location, although the authors were not interested in distinguishing clastic 

sedimentary inputs from snowmelt from precipitation-derived inputs. 

Lamoureux (2000) used detailed sedimentological analysis of sub-annual 

rhythmites at Nicolay Lake in the Canadian High Arctic, to show that varved sediments 

can be used to identify rainfall-induced deposition events. Using available meteorological 

data from 1948-1978, he was able to show that the thickest sub-annual rhythmites 

corresponded to the largest rainfall events record major summer rainfall events. After 

establishing the varve-precipitation linkage, the study went on to investigate the 



remainder of the 487-year record varve record and concluded that, throughout the record, 

prominent sub-annual rhythmites likely indicate runoff and sediment delivery associated 

with major rainfall events. This study highlights the usefulness of varves in identifying 

intermittent climate signals. 

Similar results were obtained by Cockburn and Lamoureux (2007) from a sub-

annual reconstruction of a 700-year varve record for Summit Lake, British Columbia. 

Through the measurement of sub-annual laminae, the authors were able to isolate the 

dominant snow-melt signal from the intermittent rainfall signal (Figure 3.10), which led 

to the conclusion that the intensity of individual rainfall events is often more important 

than overall seasonal precipitation. This type of high-resolution analysis facilitates the 

refinement of relationships between varve characteristics and instrumental records, 

making it possible for varves to be used as a more precise climatological proxy.  
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Figure 3.10 The sum of the largest two daily rainfalls in August and September at 
Fraser, British Columbia compared to total and late varve series from Summit 
Lake. The varve thickness axes are offset for clarity (from Cockburn and 
Lamoureux 2007). 
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3.5.7 Varves as a Proxy for Glacial Mass Balance 

Changes in varve thickness can be used to infer changes in glacier mass balance, 

defined as the difference between glacial accumulation and ablation (Desloges 1994, 

Leonard 1997). Mass balance is largely dependent on annual patterns of temperature and 

precipitation and it is thought that periods of glacial expansion and recession can be 

linked to changes in glacial runoff and sediment delivery to surrounding proglacial lakes. 

However, there is not a simple causal relationship between glacial mass balance and the 

sedimentary record of varved lakes. Although annual variations in proglacial 

sedimentation may largely represent fluctuations in ablation season temperature, changes 

in upvalley glacial activity are more important in controlling down-valley sedimentation 

rates over longer timescales. To further complicate matters, on decadal timescales 

relatively thick varves may reflect either increased ice extent or rapid recession (Leonard 

1985). 

Leonard (1997) investigated the link between clastic varve thickness and glacial 

activity in Hector Lake, Alberta over a 4500 year time span. The study found that 

increased varve thickness was associated with glacier regression as well as periods of 

rapid glacier advance. It was explained that the link between negative mass balance and 

increased varve thickness was likely due to increases in glacially-derived meltwater 

which would deliver a greater sediment load to the lake. On the other hand, the author 

tentatively attributed increased sedimentation during periods of glacial advance to 

accelerated erosion at the ice margin along with increased meltwater stream discharge 

due to increased precipitation. 
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Through a study of varved lacustrine sediments deposited in three small glacier-

fed lakes of the southern Canadian Cordillera, Desloges (1994) also investigated the link 

between varve thickness and glacial mass balance. At these sites lacustrine sediments are 

derived primarily from subglacial erosion and are delivered by short proglacial streams or 

by direct melting and calving of cirque glaciers. In the early summer, sediment transport 

and deposition is controlled by runoff-generated bottom currents, while in the late 

summer through the winter deposition occurs largely by suspension settling. By 

comparing varve chronologies to the instrumental record, the study found that annual 

varve thickness is significantly related to fluctuations in summer or late summer 

temperature (correlation coefficients ranged from 0.50 to 0.55). This highlights the 

importance of ice ablation, melt-water runoff, and subglacial sediment sources in 

controlling deposition rates. In addition, individual climate events, such as autumn 

storms, were found to provide distinctive sedimentary signatures in the varve record. 

3.5.8 Varves as a Proxy for Complex Basin Processes 

Changes in sedimentation, land use, and soil moisture conditions, or possible 

noise due to high-resolution stochastic variation occasionally make it difficult to use 

varves as direct climate proxies (Lamoureux 1999, Lamoureux 2000, Gälman 2006). In 

addition, the selection of a coring location can influence the overall study findings if 

sedimentation varies widely across a lake basin (Anderson 1994). 

A study of eight varved cores from Nicolay Lake examined the spatial and 

interannual variability of sediment accumulation over 197 years (1778-1975 AD). 

Lamoureux (1999) found that basin-wide sedimentation had not remained constant over 



the study period. Three dominant sedimentation patterns were identified: a “normal” 

pattern, where the majority of sediment entered the lake from one inflow location; a 

“bifurcated” pattern, where sediment entered the lake from two inflow locations; and a 

“localized” pattern, where localized sedimentation occurred from turbidity flows 

originating on steep delta foreslope (Figure 3.11). Study findings suggest that the deepest, 

central portion of a lake does not necessarily consistently contain the highest quality 

paleoenvironmental record and that lake morphology plays an important role in 

controlling sediment deposition. Lamoureux (1999) draws attention to the importance of 

site selection for paleoenvironmental studies and the caution required in interpreting 

proxy data during hydroclimatic reconstructions. 

 

Figure 3.11 Examples of annual sediment accumulation in Nicolay Lake revealing 
normal (a, b), bifurcating (c, d), and localized (e, f) patterns. Contour intervals 
(mm) are irregular and vary on each map. Delta extent (shaded) and river 
distributary are from 1950 (from Lamoureux 1999). 
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Land use changes have been linked to changes in varve thickness. Ohlendorf et al. 

(1997), made this link through a comparison of annually-laminated sediments in 

proglacial Lake Silvaplauna (central Swiss Alps), to glacier monitoring data and 

instrumental climate data from 1864 to 1990. The study found that interannual changes in 

varve thickness were strongly correlated with changes in mean summer temperatures, 

although summer precipitation and the number of days with snow per year were also 

important. More importantly, however, was the realization that development in the lake 

catchment has resulted in enhanced autochthonous production in recent years. 

Autochthonous components were found to contribute approximately 10% to the total 

amount of sediment accumulated annually since 1960 but their contribution was 

negligible before this date.  

 Gälman et al. (2006) compared varved sediments within and between two lakes in 

eastern Sweden over a ~50 year period (1950-2003) in order determine if it was possible 

to distinguish a climate signal from varves deposited in lakes located in a watershed 

heavily modified by humans. Based on their findings, the authors concluded that in the 

lakes studied, catchment history and land-used were more important factors influencing 

varve formation than meteorological controls, and that for such lakes it may not be 

possible to use varves as proxies for past climate. 

3.6 Conclusions 

Sediment deposition in proglacial alpine lakes is a complex function of 

autochtonous and allochtonous processes. Sediments are sourced primarily from glacial 

activity, mass wasting events, and avalanches. Fluvial networks deliver sediments to 
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alpine lakes, largely as suspended load. The timing and quantity of sediment transport 

depends on climatic conditions, watershed area, as well as sediment storage and 

availability. Upon entry to the lake, the behaviour of inflowing water and sediment is 

determined by density differences between lake and river water.  

 A class of annually-laminated sediments referred to as clastic varves are common 

deposits in proglacial alpine lakes. They are of particular interest because they provide a 

comparatively straightforward way of identifying annual deposition within a long 

sequence of lake sediments, and can be used as a high-resolution proxy to understand 

how climate regimes have varied over time and prior to instrumental weather records. In 

order for clastic varves to be successfully used as a proxy, an accurate and independently 

verified chronology must be generated and accompanied by statistical estimates of 

chronological uncertainty. Once a chronology has been established it may be calibrated 

with an instrumental weather record in order to understand linkages between varve 

formation and regional hydroclimate dynamics. Processes studies afford an excellent 

opportunity to help resolve the complex processes that translate a climate signal into the 

sedimentary record. 

Varves provide a powerful tool to go beyond instrumental records to understand 

how climate has changed in the past. Clastic varves have been used successfully as 

proxies for temperature, precipitation, glacial mass balance, and a variety of other 

complex basin processes. Since the relationship between climate forcing and varve 

formation can be highly complex, it is essential for the researcher to have a detailed 

understanding of the lake basin being studied prior to attributing varve characteristics to 

specific climate parameter. Basin morphology, glacial history, dominant limnological 
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processes, along with sediment availability and delivery are all important factors to 

consider. Being armed with such knowledge may allow a researcher to best distinguish 

the climate signal from the noise and gain the most from a varved lake record.  
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Chapter 4 
Seasonal sediment deposition under dynamic hydroclimatic 
conditions inferred from sediment traps, Shadow Bay, Alaska 

 

4.1 Abstract 

Sediment traps and meteorological data recovered from Shadow Bay, Lake Chauekuktuli 

(60.01°N, 159.18°W), southwest Alaska, are used to investigate controls over varve 

formation and biogenic silica deposition over the course of one year. A comparison of 

sediment trap grain size and stratigraphy with nearby hydroclimate data provides 

evidence for the translation of regional weather events into the varve record for a site 

situated in a dynamic climate zone. At Shadow Bay, the coarse basal unit characteristic of 

clastic varves was generated by sediment delivered to the basin during the spring 

snowmelt period. The formation of the fine-grained cap took place during the late 

summer through winter, but was interrupted by two coarse-grained subannual 

laminations. The first was produced during the autumn, when a transition from maritime 

to continental air masses led to increased storm activity in the region. The second was 

deposited during the winter when maritime air mass incursions generated rapid warming 

accompanied by intense storms with the potential to activate regional fluvial systems. 

Biogenic silica (BSi) profiles show two peaks in siliceous algal deposition over the 

course of the year; the first occurred in late spring or at the end of the spring freshet, the 

second occurred in the late summer and was associated with maximum annual surface-

water temperatures, strong thermal stratification, stabilization of bottom sediments, and 

probable increased nutrient availability from fluvial inputs facilitated by enhanced storm 
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activity. The results of this study provide valuable insight into linkages between regional 

climate, physical and biological deposition, and can be used to improve the interpretation 

of seasonal and annual-scale paleoclimate reconstructions for basins similar to Shadow 

Bay. 

4.2 Introduction 

 The physical, chemical, and biological information stored in lake sediments is 

frequently used to help understand environmental change over time periods extending 

beyond the length of historic instrumental records. Of particular interest are high-

resolution proxies that provide an annual to sub-annual record of past environmental 

change. Varves are a subclass of rhythmic sediments consisting of annual sedimentary 

structures. In proglacial lakes, clastic varves are comprised primarily of allochthonous 

(originating outside of the lake basin) mineral matter, and consist of a coarse basal layer 

dominated by silt or sand, overlain by a fine, clay-rich unit (Strum 1979, Ashley et al. 

1985). The coarse lamina in these couplets typically represents the high-energy melt 

season and the fine lamina is deposited in the winter, when low-energy conditions persist 

due to ice cover (Peach and Perrie, 1975, O’Sullivan 1983).  

 Varved sediments have been successfully used as proxies for air temperature (e.g. 

Desloges 1994, Menonos et al. 2005, Tompkins and Lamoureux 2005), precipitation (e.g. 

Desloges and Gilbert 1994, Wohlfarth et al. 1998, Lamoureux 2000), and glacial melt 

(e.g. Leonard 1997, Menounos 2006). Recent interest has focused on high-resolution 

sedimentological analysis of complex varve records containing subannual laminations in 

order to reconstruct individual weather events such as autumn precipitation (Gilbert et al. 
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2006, Cockburn and Lamoureux 2007) and the timing of extreme events such as flooding 

(Menonos and Clague 2008). 

 In order for varve chronologies to be used in the reconstruction of long-term 

environmental variability, it is essential to establish a link between meteorological 

conditions and sedimentation (Leeman and Niessen 1994). The correlation coefficient (r) 

and coefficient of determination (r2) are most commonly used to describe the strength of 

hydroclimate-varve relationships (Hodder et al. 2007). Although linear statistical models 

(LSM) are useful in understanding links between varve characteristics and hydroclimate 

conditions, care must be taken not to over-interpret these results. Varves form as the 

result of complex basin processes, and assigning simple causation to one or two variables 

may not be realistic in many instances. Hodder et al. (2007) cautioned that the LSM 

approach allows the processes responsible for translating a climate signal into the 

sedimentary record to remain a “black box.” One way of opening this black box is 

through the incorporation of process studies into paleoclimate research. To date, detailed 

investigations of present-day climate-lake process interactions are limited (e.g. Cockburn 

and Lamoureux 2008). 

 The purpose of this study is to investigate how changes in temperature and 

precipitation have influenced physical and biological sedimentation in Shadow Bay, 

southwest Alaska. This basin is situated within a dynamic climate zone in the Ahklun 

Mountains. Analysis of laminated sediment cores collected within this basin provides 

evidence that the sedimentary structures are complex varves, with individual years 

commonly containing multiple subannual laminations (Chapter 5). This study uses data 
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from sediment traps and available hydrometric stations to resolve controls on varve 

formation and deposition of biological material, to aid in the interpretation of the long 

sedimentary record from Shadow Bay and at similar settings elsewhere in the region. 

4.3 Study Site 

 Shadow Bay (60.01°N, 159.18°W) is a 4.3 km2 lake basin, located at 96 m asl in 

the northeastern Ahklun Mountains, Alaska (Figure 4.1). Situated at the west end of Lake 

Chaeukuktuli, Shadow Bay is isolated from the main body of the lake by a c. 2 m deep 

sill and is divided into two major sub-basins; one 69 and the other 59 m deep (Figure 

4.2). Mountain peaks within the watershed reach heights of 1500 m above sea level (asl). 

Approximately 4% of the 125 km2 watershed is covered by small glaciers.  The majority 

of water and sediment is delivered to Shadow Bay by a braided inflow channel located at 

the north end of the basin. 



 

Figure 4.1 Location of Shadow Bay within the Ahklun Mountains, southwest 
Alaska. Stream gauging stations referred to in the text are labelled as follows: 
Nuyakuk River (NR), Grant Lake (GL), Wood River (WR), and Snake River (SR).  
Dark shading indicates elevations above 200 m. Inset map shows location of the 
region in Alaska. 
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Figure 4.2 Bathymetric map of Shadow Bay including sampling locations. Shadow 
Bay is a sub-basin of larger Lake Chaeukuktuli, but is almost completely cut off 
from the lake by a shallow sill at the east end. Contours were generated from 20 km 
of sounding transects.  
  

 Bedrock in the Shadow Bay watershed consists of structurally complex 

assemblages of interstratified chert, limestone, basalt, and greywacke. Exposed bedrock 

is common on steep slopes and ridges. Unconsolidated Pleistocene glacial sediments fill 

valley bottoms, while colluvial deposits from mass wasting events and avalanches 

frequently occur on slopes (Rieger et al. 1979, Box et al. 1993). Permafrost is limited to 
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poorly drained valley bottoms and north-facing slopes of high ridges. Orthic Podzols 

(FAO soil classification system) dominate well-drained slopes, while Histic Cryosols are 

present on north facing uplands and poorly-drained lowlands underlain by permafrost 

(Rieger et al. 1979). Shrub forest dominated by Alnus crispa (green alder) and Alnus 

sinuata (Sitka alder) mantles the lower slopes around Shadow Bay, while Populus 

balsamifera (black cottonwood or balsam poplar) is found on flood plains (Vierek et al. 

1992). Picea (spruce)-dominated boreal forest is found in the region, although continuous 

stands of Picea mariana (black spruce) are absent from the Shadow Bay watershed; the 

closest stands are located approximately 15 km to the west. 

 Climate in the Ahklun Mountains is transitional between maritime and continental 

regimes (NOAA 1980). The latter is driven by variations in the amount of incoming solar 

radiation, whereas the maritime regime is strongly influenced by the position and 

intensity of the Aleutian Low in the North Pacific and sea-ice cover fluctuations (Barry 

1992, Stafford et al. 2000). Mean annual temperature at Dillingham, located 

approximately 100 km to the southeast of Shadow Bay (Figure 4.1), is 1°C, with monthly 

mean temperatures ranging from -9°C to 13°C (1971-2000). Mean annual precipitation is 

645 mm; 50% of the total falls between July and October, although topography likely 

generates substantial orographic effects on precipitation amounts (WRCC 2008). 

Regional streamflow data for the nearby Grant Lake, Nuyakuk and Wood River gauging 

stations (Figure 4.1) show annual hydrographs that commonly contain two discharge 

peaks (USGS 2008, Figure 4.3). The first peak is associated with the spring freshet driven 

by snow and glacial melt, while the second discharge peak is associated with autumn 

storm activity. 
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Figure 4.3 Discharge from the Nuyakuk River (59.56°N, 158.11°W) for a period of 
11 years (1958-1969). This gauging station is located approximately 56 km east of 
Shadow Bay (USGS 2008). 

4.4 Methods 

4.4.1 Meteorological Data 

 A meteorological station was established at Shadow Bay in August, 2006. A 

Hobo Temperature/Relative Humidity Smart Sensor and HOBO Rain Gauge Smart 

Sensor were installed above vegetation height at ca. 2.5 m, and were logged at one hour 

intervals with a Hobo Micro Station logger. Sensor accuracy was ±0.7°C (0°C to 50°C), 

±3% (0 to 100%), and ±1% (0-100 mm/hr) for temperature, relative humidity, and 

precipitation respectively. 
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 Meteorological data for Dillingham (1919-2007) was obtained from the Western 

Regional Climate Center (WRCC 2007) and included daily surface air temperature, 

precipitation, wind direction, percent sky cover, and percent snow cover.  Wind direction 

data (1995-2006) for Dillingham was obtained from the Alaska Energy Authority (AEA 

2006). 

4.4.2 Lake Mooring 

 A mooring station containing a total of six sediment traps and two water 

temperature loggers was established at the deepest part of the Shadow Bay basin on 

August 1, 2006 (Figure 4.2). The site was situated within a zone of sediment 

accumulation where minimal disturbance from currents and biological activity was 

expected.  

 Sediment traps were grouped at two depths, 30 m below the surface and at 68 m 

depth (1 m above the lake bed), and consisted of funnels with varying diameters attached 

to 50 mL centrifuge tubes (Cockburn and Lamoureux, 2008; Figure 4.4). Funnels used 

had vertical sides to minimize the development of turbulent eddies that would disrupt 

suspension settling of sediment (Håkansson and Jansson 1983). A centrifuge tube without 

a funnel was also deployed as a check for funnel trapping efficiency, although sediment 

in these tubes was not analyzed in the laboratory for the variables described below. 

Sediment traps were attached to nylon line anchored to the lake bed by a weight and 

maintained in the water column by a buoy 2 m below the lake surface to avoid 

disturbance by winter ice cover. HOBO Water Temp Pro data loggers (1 hour interval, 



accuracy ±0.2°C) were attached to the nylon line at 3 m below the lake surface and at 1 m 

above the lake bed. 

 The mooring station was recovered on August 20, 2007 after being deployed for 

385 days. Centrifuge tubes from the sediment traps were collected and detailed visual 

stratigraphy was recorded. The stratigraphy of all traps appeared well-preserved and 

intact, with the exception of the large-funnelled trap from 30 m depth, which showed 

signs of surface disturbance. The trap receptacles were left in a vertical position for two 

days before being dewatered using a syringe and topped with hydrophilic foam. 
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Figure 4.4 Configuration of the mooring station established at Shadow Bay in 
August, 2006 and recovered August, 2007. 
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4.4.3 Sedimentary Analysis 

 Trap samples were split lengthwise, logged, and photographed. Sediment 

monoliths were sampled for thin section preparation with metal trays (7 x 1.5 x 0.5 cm). 

Monoliths were wrapped in paper towel to prevent collapse of sedimentary structures 

during dehydration, freeze dried, and impregnated with Spurr’s low viscosity epoxy resin 

under low vacuum (Lamoureux 2001). The sections were ground to transparency suitable 

for light microscopy. Stratigraphic units were measured using a Velmex measurement 

unit (0.001 mm resolution). Three replicate measurements were taken of each unit from 

different positions on the thin sections and the results were averaged. 

 Traps were subsampled for grain size analysis at 1 mm depth intervals. Repeated 

applications of 30% H2O2 over a two-week period were carried out to remove organic 

matter, followed by a single application of sodium hexametaphosphate to disperse clay 

colloids. The 115 samples were sonicated for 60 seconds and analyzed three successive 

times on a Beckman Coulter LS200 laser diffraction particle size instrument. All three 

blanks analyzed were below instrument detection limits. 

 The base of the centrifuge tubes used for the sediment traps tapered into a cone, 

creating bottom distortion of the pattern of sediment accumulation over the year. Thus, 

final grain size profiles were corrected for bottom distortion due to centrifuge tube shape 

by converting the tube bottom into a cylinder. The volume formulas for a circular frustum 

(tapered cone) and cylinder were combined to produce the equation: 

   ( )
2

22
1

2 R3
rRrRhh ++

=    Equation 1 
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Where: 

h1 = the original height of the tube bottom (mm) 

h2 = the converted height of the tube bottom (mm) 

R = the radius of the cylindrical portion of the centrifuge tube (mm) 

R = the radius of the tapered bottom of the centrifuge tube (mm) 

 Traps were also subsampled at 2.5 cm intervals for biogenic silica (BSi) analysis, 

a proxy for lake primary productivity (Conley 1988, Conley and Schelske 2001). In high-

latitude lakes, BSi is a direct measure of diatom and chrysophyte abundance because such 

settings are generally dominated by these siliceous algae (Douglas and Smol 1999). Wet 

samples were oven-dried at 50°C overnight and then ground. Care was taken to prevent 

cross-contamination of samples during grinding. A total of 17 samples, each 

approximately 100 mg dry weight, were analyzed at the Quaternary Sediment Lab at 

Northern Arizona University, using a modification of the analytical method outlined by 

Mortlock and Froelich (1989). One duplicate and two analytical standards were run for 

quality control purposes; the resulting COV for the duplicate was 11%. 

4.5 Results 

4.5.1 Meteorological Record 

 Mean daily surface air temperatures at Shadow Bay ranged from -41°C on 

January 4, 2007 to 18°C on July 27, 2007, with an overall mean of -0.4°C for the 

measurement period (Figure 4.5). The largest rainfall event of the year occurred on 
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October 9, 2006 and totalled 83 mm in 24 hours. Of the total annual liquid precipitation, 

64% occurred between July and October. From May to November mean daily air 

temperatures remained consistently above 0°C with relatively low short-term variability 

compared to the winter portion of the record. Wind speed and direction data from 

Dillingham for a period from 1919-1944 (WRCC 2007) and 1995-2006 (AEA 2006) 

show that the late spring/summer is characterized by light winds predominantly from the 

southeast-southwest. During the autumn, winds increase as temperatures drop, and shift 

to the north-northeast. 

 The winter months were characterized by air temperatures well below freezing, 

although notable fluctuations in temperature occurred abruptly. This variability was 

exemplified by two events that took place in January and February 2007. During the first 

event between January 4 and 12, average daily temperatures went from -41°C to -0.2°C, a 

change of 41°C over a span of eight days. During the second event, which also took place 

over a span of eight days, air temperatures increased by 38°C, starting at -35°C on 

January 24 and rising to 3.1°C by February 2. The second event was accompanied by the 

fourth largest daily precipitation event recorded for the observational period (42 mm, 

February 2).  
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Figure 4.5 Meteorological record for Shadow Bay from August 3, 2006 to August 21, 
2007, showing mean daily temperatures and total daily precipitation.  

4.5.2 Water Temperature 

 Mean daily water temperature measurements at the water column surface (2 m) 

and lake bed (68 m) indicate that stratification developed following ice-out in early May 

and intensified during the summer months (Figure 4.6). During this time, mean bottom 

temperatures were 3.6°C, close to the maximum density of water. Surface-water 

temperatures peaked August 30, 2006 at 11°C. Stratification weakened in the autumn, 

overturn occurred in late October and was associated with cooler air temperatures and 

increased autumn storm activity. Ice cover formed in November-December. In the water 

column, weak inverse stratification was associated with winter conditions and minimum 

surface water temperatures were reached in late winter (Figure 3.8). The minimum 
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bottom water temperature (3.3°C) was reached on January 31, 2007 and occurred as an 

abrupt drop of 0.3°C that took place over the course of four days. 
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Figure 4.6 Mean daily water temperature measurements collected from August 3, 
2006 to August 21, 2007 from the mooring station in Shadow Bay. Water 
temperature data was used to infer the timing of ice formation and break-up. 
 

4.5.3 Sediment Trap Stratigraphy, Grain Size and Biogenic Silica (BSi) 

 Stratigraphic, grain size, and BSi results from sediment traps located at depths of 

30 m and 68 m in the water column reveal important information about the character and 

annual cycle of deposition in Shadow Bay. The small-funnelled traps have a sediment 

magnification factor of 15.6 (centrifuge tube to funnel inner area ratio). The large-

funnelled traps, with a sediment magnification factor of 26.5, effectively collect more 

sediment than the small-funnel traps and provide vertically-amplified trap deposits.  
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 Sediment trap deposits from both depth intervals can be subdivided into three 

primary stratigraphic units (Table 4.1, Figure 4.7, Figure 4.8):  

 Unit 1 encompasses the basal portion of the sediment traps and represents 30% of 

the overall depth of the annual deposits. In the small-funnelled traps at both depths, grey-

brown fine silt dominates the grain size profile in Unit 1, although a small percentage of 

coarse silt is present in the lower portion of the unit. Grain size is positively skewed 

across the unit. The large-funnelled traps consist of grain size profiles dominated by clay 

and fine silt, although two subannual laminae comprised of coarse silt are present in the 

lower portion of Unit 1 (Figure 4.7). Sediment is grey-brown and although grain size 

distribution fluctuates throughout the unit, the trap at 30 m depth shows a fining upward 

trend, while the opposite trend is apparent in the 68 m depth trap (Table 4.1). BSi values 

from both sampling depths are comparatively high at the bottom of Unit I (1.0 and 1.1 % 

BSi for the 30 and 68 m depth traps respectively; Figure 4.8).   

 Unit 2 comprises the central portion of the traps and represents 33% of the overall 

depth of the annual deposits. In traps at both depths, grain size is dominated by light 

brown coarse silt and exhibits negative skew (Table 4.1, Figure 4.7). In the thin sections 

the contact between Unit 2 and Unit 3 is visually indistinct. BSi values from both 

sampling depths are relatively high in the mid-region of Unit II (1.2 % for both depths; 

Figure 4.8). 

 Unit 3 includes the upper portion of the sediment trap and represents 37% of the 

overall depth of the annual deposits. In traps at both depths, this unit is dominated by 

light to fine silt, although some medium silt is present in the 68 m depth trap. The unit 
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transitions from a coarse-skewed grain size distribution at the base to fine-skewed grain 

size distribution at the surface (Table 4.1, Figure 4.7). In thin section, the bottom of the 

unit is light brown but transitions sharply to dark brown in the upper portion. Unit 3 is not 

present in the 30 m depth large funnelled trap and the absence of this unit in the 

stratigraphic sequence is likely attributable to surface sediment disturbance noted at the 

time of trap retrieval. BSi values are relatively high and at the top of Unit III (1.1% for 

the 68 m depth trap; Figure 4.8).  
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Table 4.1 Stratigraphic and grain size characteristics of sediment traps collected from two depths in the water column (30 and 
68 m) at Shadow Bay.  
30 m depth 
Small-funnelled trap Large-funnelled trap 

Grain size characteristics Grain size characteristics 
Unit 

Depth 
below 
surface 
(mm) 

Colour 
Range (μm) Skew 

Unit 

Depth 
below 
surface 
(mm) 

Colour 
Range (μm) Skew 

I 13-20 Grey-brown  2.79 to 3.36  0.01 to 0.16  I 14-32 Grey-brown 2.11 to 50.2 -0.18 to 0.35 
II 4-12 Light brown  34.6 to 38.0 -0.48 to -0.21  II 0-13 Light brown  31.5 to 37.97 -0.44 to -0.03 

III 0-3  Light to dark 
brown 2.31 to 2.54 -0.01 to 0.13 III Evidence of surface sediment disturbance suggests unit is 

absent from stratigraphic sequence 
68 m depth 
Small-funnelled trap Large-funnelled trap 
I 12-16 Grey-brown  2.31 to 3.06  0.08 to 0.21 I 39-47 Grey-brown 1.59 to 31.5 -0.28 to 0.28 
II 8-11 Light brown  34.6 to 38.0 -0.19 to -0.07 II 26-38 Light brown  13.6 to 38.0 -0.47 to -0.25 

III 
0-7  

 
Light to dark 
brown 2.54 to 12.4 -0.16 to 0.03 III 0-25 Light to dark 

brown 2.31 to 12.4 -0.35 to 0.50 



 

Figure 4.7 Grain size distributions and stratigraphic unit designation for sediment traps with different sized funnels located at 
30 m and 68 m depth in Shadow Bay. Coloured contours depict the grain size distribution at a given depth interval as a 
percentage of the total sample volume (Beierle et al. 2002). Grey and white arrows denote location of proposed fall and winter 
subannual laminae respectively. 
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Figure 4.8 Percent biogenic silica (BSi) for large-funnelled sediment traps at 30 and 
68 m in Shadow Bay. Units I, II, and III correspond to the stratigraphic units 
delineated based on physical sedimentology. 
 

4.6 Discussion 

4.6.1 Shadow Bay Climatology within a Regional Context  

 Mean daily air temperatures from Shadow Bay for the observational period were 

strongly related to air temperatures from Dillingham (r2=0.95, n=364, p<0.0001), 

suggesting that meteorological conditions at Shadow Bay are representative of regional 

climatology. The relationship between air temperature at Shadow Bay and Dillingham is 

non-linear and is best represented by a third order polynomial least squares regression 
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equation (Figure 4.9). During the summer months, air temperatures at both locations 

follow a 1:1 relationship. During the winter, air temperatures are colder at Shadow Bay 

compared to Dillingham. While altitudinal variation between Shadow Bay and 

Dillingham could be one explanation for temperature differences, the seasonality of the 

observed differences suggest proximity to the ocean and related air masses between the 

two sites during the winter were more important for generating air temperature 

discrepancies. Dillingham, located on Bristol Bay, experiences the moderating effects of 

maritime air masses, while the inland intrusion of this warmer maritime air may be 

reduced at Shadow Bay.  

 Precipitation at Shadow Bay is less closely related to that at Dillingham (r2=0.59, 

n=131, p<0.0001), likely due to local factors (Barry 1992). The location of Shadow Bay 

within the Ahklun Mountains means that orographic precipitation is probably a 

contributing factor to precipitation variability between locations. Small altitudinal 

differences in air temperature may also play a role in precipitation differences, especially 

during the onset of winter when temperatures recorded as 0°C in Dillingham would be 

around -2°C in Shadow Bay. During this time, precipitation falling as rain in Dillingham 

could fall as snow at Shadow Bay and would not be detected by the precipitation gauge in 

the meteorological station.  

 All recorded multi-day rainfall events were greater in Shadow Bay and a similar 

pattern in altitudinal precipitation variability was noted in southeast Alaska by Neal et al. 

(2002). For the period of data overlap, rainfall events averaged 75.2 mm at Shadow Bay 
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and 26.4 mm at Dillingham, a difference of 48.8 mm. Nonetheless, it is clear that the 

largest precipitation events were reflected in both the Dillingham and Shadow Bay 

meteorological records (Figure 4.10), suggesting that the largest precipitation events 

occurring at Shadow Bay provide a record of regional precipitation. 
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Figure 4.9 Mean daily surface air temperature at Shadow Bay versus Dillingham for 
a period from August 2006 to August 2007 (n=364). The departure of the regression 
line from the 1:1 line at the low end of the temperature range is likely due to 
increased dominance of continental air masses at Shadow Bay during the winter 
months. 
 

88 



0

10

20

30

40

50

60

70

80

90

Aug 06 Sep 06 Oct 06 Nov 06 Dec 06

T
ot

al
 D

ai
ly

 P
re

ci
pi

ta
tio

n 
(m

m
)

Shadow Bay
Dillingham

 
Figure 4.10 Total daily precipitation at Shadow Bay and Dillingham from August to 
December 2006. Although the r2 value is 0.59 (p<0.0001, n=131), the largest 
precipitation events recorded at Dillingham also occur at Shadow Bay, suggesting 
that high magnitude precipitation events in the Shadow Bay data set reflect regional 
storm activity. 

 

 Meteorological data from the region reflect the alternation between maritime or 

continental air masses, which can produce large and rapid fluctuations in air temperature 

and precipitation over relatively short periods of time, especially winter. Wind data from 

Dillingham suggest that maritime air masses tend to dominate the region in the late 

spring/summer (AEA 2006, WRCC 2007). In the autumn, stronger north-northeast 

continental air masses move over the region and are accompanied by lowered air 

temperatures and frequent storm activity. In the winter, a secondary wind component 
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from the southeast provides evidence for short-lived maritime air masses intrusions 

(Figure 4.11). 
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Figure 4.11 Wind rose diagram showing seasonal wind direction (%) at Dillingham, 
AK, from 1919-1944 (WRCC 2007).  

 

 At Shadow Bay, the autumn shift from maritime to continental air mass- 

domination leads to increased storm activity and results in heavy precipitation. During 

the winter months, the consequences of a rapid shift from a continental to maritime air 

mass on air temperature are best illustrated by the rapid warming events that occurred at 

Shadow Bay in mid and late January. Both events were accompanied by precipitation, 

although the heaviest precipitation occurred during the late January event. This event was 
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not isolated to Shadow Bay and was documented as a storm that originated in the central 

Bering Sea, caused temperatures to rise above 0°C throughout southwest Alaska, and was 

accompanied by widespread rain and gale force winds (ACRC 2007). 

4.6.2 Translation of Dynamic Weather Events into the Sedimentary Record 

 The sediment trap results, combined with available hydroclimatological data and 

the lake water temperature from Shadow Bay provide insight into the linkages between 

regional weather, river discharge, limnological processes, and the annual cycle of 

deposition that produce the varved sediments in this setting. Although the sediment traps 

at both depths show comparable patterns of annual sediment accumulation, it is likely 

that small stratigraphic differences are the product of internal limnological processes 

influencing sediment deposition at varying depths. Overall, the sediment traps located at 

68 m depth provide the best representation of deposition on the lake bed. 

 Unit 1 encompasses the basal portion of the sediment traps and is interpreted to 

represent autumn and winter sedimentation beginning with initial trap deployment in 

August 2006 and ending prior to spring melt in May 2007. The lower potion of Unit 1 is 

inferred to reflect alternating low and high energy runoff and associated sediment 

delivery states within Shadow Bay brought about by the interplay between maritime and 

polar air masses throughout the autumn and winter months. During the autumn, air 

temperatures decreased, storm activity increased, and stratification weakened within 

Shadow Bay. Overturn occurred in late October and coincided with the largest rainfall 
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event recorded for the observational period. Increases in fluvial inputs to Shadow Bay 

from this event combined with lake-water mixing during overturn and increased wave 

action brought about by enhanced storm activity, likely produced internal currents 

capable of delivering coarse silt present in the basal portion of Unit 1. In the context of an 

individual varve, sediment deposited from fall storm activity is likely recorded as a 

coarse subannual lamination, similar to deposits described by Brauer and Casanova 

(2001), Gilbert et al. (2006), and Cockburn and Lamoureux (2007).  

 The end of autumn was marked by a shift to lower energy conditions within 

Shadow Bay, as air temperatures fell below freezing, lake ice developed in mid-

November, snow began to accumulate in the watershed, and fluvial inputs waned. 

Sufficiently calm conditions facilitated suspension settling of the fine silt which overlies 

the coarse silt in Unit 1. However, additional deposits of coarse silt interstratified with 

fine sediment in the large-funnelled sediment traps suggest sporadic interruption of these 

relatively quiescent conditions. It is likely that the occurrence of rapid warming events in 

mid to late January generated by maritime air mass incursions throughout the region 

produced a short-lived shift to higher energy conditions within Shadow Bay.  

 During the late January event, storm activity brought heavy rainfall to the region, 

and air temperatures rose above freezing for a period of eight days. It is likely that these 

conditions were sufficient to activate fluvial systems within the region, as reflected by 

historic winter discharges in the nearby Grant Lake, Nuyakuk and Wood Rivers that are 

gauged 42 km southeast, 56 km east, and 88 km southeast of Shadow Bay respectively. 
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These discharge records contain occasional, small magnitude, short-lived flow peaks 

during the winter months (USGS 2008) that are preceded by above freezing air 

temperatures in Dillingham (WRCC 2007). Water temperatures recorded in Shadow Bay 

during the late January event registered a 0.3°C drop in bottom water temperature over a 

period of four days, suggesting that cold fluvial inputs entering Shadow Bay were 

travelling in the form of density currents flowing along the lake bed. Following the 

winter warming events, Shadow Bay returned to a quiescent state, as indicated by the 

stable lake water temperature record and fine grained deposition in the sediment traps. 

 Within an individual varve, it is likely that fall storm activity and winter warming 

events are recorded as relatively coarse grained subannual laminations (Figure 4.7). 

Similar fall sedimentary units have been identified at a number of other settings (e.g. 

Schiefer et al. 2006, Cockburn and Lamoureux 2007, Menonos and Clague 2008). 

Similar winter sedimentary units termed ‘winter partings’ were observed by Gilbert 

(1975) and Shaw et al. (1978) for Lillooet Lake, British Columbia. This site, situated at 

196 m asl, also experienced Pacific cyclonic storm activity during the winter months that 

produced notable peaks in the Lillooet River discharge. The authors suggested that winter 

partings, which consisted of a coarse unit interrupting an otherwise homogeneous clay 

cap, could be directly attributed to turbidity flows generated by winter rainfall events. 

Hence, while the Ahklun Mountains are substantially further north than British 

Columbia, the winter maritime influence can impart conditions capable of generating 

winter partings, and further suggest this is likely the case in low-elevation locations along 
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the entire northwestern coast of North America. These results contrast with high 

elevation sites in the same region, such as Summit (875 m asl, Cockburn and Lamoureux 

2007), Berg (1640 m asl), Ape (1395 m asl), and Nostetuko Lakes (1615 m asl) 

(Desloges 1994). Although autumn rainfall was suggested to play an important role in 

sediment delivery and the development of subannual laminae in the varve sequence, 

evidence for winter partings was limited at these locations, suggesting that the discharge 

response to winter warming events may be elevationally limited due to vertical cooling 

and the occurrence of snowfall rather than rainfall (e.g., Neal et al. 2002).   

 Unit 2 likely represents deposition that occurred during the spring freshet. At 

Shadow Bay, the onset of the spring melt period was marked by surface air temperatures 

that rose above freezing during the month of April, and break-up of lake ice occurred in 

early May. Discharge data for the Nuyakuk and Wood Rivers show maximum mean daily 

discharge values occurring during the month of June (USGS 2008), which is to be 

expected due to the lag between above freezing air temperatures and the onset of 

snowmelt (Marsh 1990, 1991). It is also likely that snowmelt provides the majority of 

available meltwater during this period since glacial cover in the Shadow Bay watershed is 

minimal (4% total watershed area).  

 In all sediment traps, the spring melt unit can be identified visually by its distinct 

light brown colour and in the grain size record by a rapid transition to coarse silt. The unit 

lacks sublaminae and is skewed to coarser grain sizes throughout. In the context of an 

individual varve, it is probable that the discontinuous pulse of sediment delivered during 
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high-energy spring melt would comprise the distinct basal coarse unit that is 

characteristic of ‘simple’ clastic varves (Wohlfarth et al. 1998). Other studies have 

demonstrated the relationship between peak annual discharge and maximum sediment 

delivery (Schiefer and Gilbert 2008). The absence of sublaminae implies that meltwater 

delivery to the basin was relatively continuous over the melt period.  

 Unit 3 encompasses the upper portion of the sediment traps and likely represents 

deposition that occurred after the spring freshet during the summer months. As peak 

spring flow waned and strong thermal stratification developed, Shadow Bay transitioned 

to a period of relative quiescence that allowed suspension settling of fine silt (Håkansson 

and Jansson 1983). Within an individual varve, sediments deposited during the summer 

comprise the lower portion of the fine-grained layer that caps the coarse basal 

sedimentary unit. This unit fines upward, coarse sublaminae are absent, and the water 

temperature record at 68 m depth is stable, implying that inflow density was insufficient 

to overcome thermal stratification and sediment was suspended in the water column from 

overflows and interflows.  

 Overall, the results point to an annual sedimentary sequence shaped by multiple 

hydroclimate controls. Overall, 70% of the annual accumulation of sediment occurs in the 

spring and summer, with coarse material deposited during the nival melt period, and fine 

particles settle out of suspension over the course of the summer. In basins like Shadow 

Bay, where glacier cover is minimal, it is likely that this component of the varve record 

would be sensitive to variations in winter snow accumulation and spring melt 
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characteristics (duration, peak discharge, sediment availability, etc.). The remaining 30% 

of sediment accumulation takes place during the autumn and winter months, during 

which time maritime air mass incursions facilitate enhanced storm activity and winter 

warming events, which are recorded as coarse sublaminae in the sedimentary record. It is 

likely that variations in this component of the varve record over time would be influenced 

by autumn precipitation, fall and winter air temperatures. 

 In lakes where an individual varve is the sum of sediment delivered in discrete 

pulses over the course of the year, total varve thickness may not correlate well with mean 

climatic conditions (Leeman and Nissen 1994; Gilbert 2003). As the number of 

mechanisms that generate discharge to a basin increase, so does potential varve 

complexity. Combined with potential variations in sediment availability, the possibility of 

extracting a climate signal from a varve record becomes more challenging. However, for 

sites where sediment supply is not limited, the study of individual laminae within varves 

affords an opportunity to link multiple climate signals to an individual varve, and to 

generate records on intra- and inter-annual variability. The results of this study and others 

highlight how a decoupled varve record can be a useful tool for reconstructing annual 

flood magnitude (Menonos et al. 2005), spring melt (Chutko and Lamoureux 2008), 

rainfall events (Lamoureux 2000, Gilbert et al. 2006, Cockburn and Lamoureux 2007), 

and the temporal interplay between different hydroclimate events (Tompkins and 

Lamoureux 2005, Schiefer et al. 2006, Menonos 2005, Menonos and Clague 2008). 
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 Grain size has been suggested as a useful sedimentary proxy for past 

hydroclimatic conditions in addition to varve thickness (Francus et al. 2002), and has 

been used to reconstruct Holocene precipitation (Peng et al. 2005). Our results can be 

used to understand how hydroclimatic events are translated in the sedimentary grain size 

record. The sediment profile recovered from the small-funnelled trap situated at 68 m 

depth is the best example of how an annual sedimentary package would appear in a core 

recovered for paleoenvironmental analysis. Although the coarse subannual laminations 

present in the autumn/winter unit could be visually distinguished in thin section, grain 

size changes associated with these laminae were muted in the plot of grain size 

distribution, and were not represented by mean and median grain size values (Figure 4.7). 

This suggests that the magnitude of hydrological response to fall precipitation and winter 

warming events must exceed those seen in 2006-2007 at Shadow Bay in order to produce 

a detectable subannual signal in the varve record. Thus, while thickness measurements of 

subannual laminae from thin sections may provide insight into intra- and inter-annual 

variability, it is possible that changes in grain size may record extreme events. Our results 

also imply that contour plots of grain size provide a more detailed picture of grain size 

changes than simple statistical descriptions of the particle size distribution (mean, 

median, mode), and support the findings of Beierle et al. (2002). 
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4.6.3 Annual Cycle of Primary Productivity 

 The results of BSi analyses from the traps at 30 and 68 m depth provide a 

coherent record of the seasonal progression of siliceous algal deposition in Shadow Bay 

(Figure 4.8). It is important to emphasize that biogenic silica (BSi) abundance values do 

not solely reflect primary productivity at a given sample interval. Rather, values reflect 

the mix of deposition of clastic sediment and siliceous algae. During times when the 

influx of clastic sediment is high (i.e. during the spring freshet), BSi concentrations may 

be diluted by the rapid deposition of mineral material. The installation of instrumentation 

capable of recording temporal sediment fluxes within the limnic environment would 

assist in the resolution of this issue and should be the subject of further study. Until that 

time, indirect records of the temporal pattern of sediment delivery provide an initial 

means of interpreting the seasonal deposition of BSi. 

 In Shadow Bay, annual BSi deposition occurs in two main phases. The 

comparatively high percentages found in the mid-region of Unit II represent the spring 

algal bloom. Increases in BSi values at the top of Unit I in the 30 m depth trap, suggest 

that the spring bloom may commence while Shadow Bay is ice covered (prior to break-up 

in early May). The growth of siliceous algae under ice is largely initiated by the thinning 

of ice and sublimation of overlying snowpack leading to increased photosynthetic light 

availability (Anderson 2000, Douglas et al. 2004). Similar spring peaks in annual 

siliceous algal abundance beginning under ice cover have been noted in Sweden (Müller-

Haeckel and Andersson 1986, Ahlgren 1997) and Denmark (Lastein 1976).  
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 Algal abundances are relatively low during the onset of the spring freshet. 

Although increased turbulence during this time may inhibit growth (Reynolds 1984), the 

magnitude of the BSi decline likely reflects dilution from the influx of mineral matter. As 

spring flows wane, siliceous algal productivity increases and annual values peak in late 

spring. It is common for planktonic algal growth to occur in spring prior to maximum 

water temperatures (Reynolds 1984, DeNicola 1996). The ability of siliceous algae to 

grow at low temperatures gives then a competitive advantage over some non-siliceous 

algal species and also helps minimize grazing losses, since zooplankton thrive at higher 

temperatures (Van Donk and Kilham 1990, Anderson 2000). The influx of nutrients to 

Shadow Bay from snowmelt runoff may also play a role in enhanced growth during the 

late spring. 

 As the summer progresses BSi values decrease, likely in response to the 

development of thermal stratification in Shadow Bay, which would impede whole lake 

circulation and could lead to nutrient starvation in the epilimnion where the bulk of 

primary production occurs. The final peak in BSi, located at the bottom of Unit I and top 

of Unit III, corresponds to the late summer months. During this time, Shadow Bay 

experiences both maximum annual water temperatures, along with increased storm 

activity that would facilitate nutrient delivery to the basin. Late summer peaks in 

planktonic and epipelic algae have been noted by Stanley and Daley (1976). In the 

sediment trap thin sections the surface of Unit 3 is characterized by a distinct dark brown 

layer, which has no associated transition in grain size. It is likely that this layer is some 

99 



form of organic deposit, potentially a biofilm or similar microbiological system 

consisting of planktonic single-celled micro-algae (e.g. diatoms and blue-green algae), 

that help to bind the sediment together by forming a cohesive surface at the sediment-

water interface (Wilderer and Characklis 1989, Flemming et al. 1999). The most stable 

biofilms develop in low-energy conditions (Stolzenbach 1989); the calm summer period 

at Shadow Bay likely provided favourable conditions for biofilm growth. 

 BSi is a proxy that has been used to reconstruct summer (McKay et al. 2008)  and 

autumn (Blass et al. 2007) air temperature and climate-related changes in aquatic 

productivity over millennial (Hu et al. 2003) and orbital (Colman et al. 1995) time scales. 

Our results imply that annual BSi abundance is a function of multiple factors: light and 

nutrient availability, water temperature, lake circulation, and the influx of clastic 

material. Maximum abundance values do not coincide with maximum annual air 

temperatures, but with the tail end of the spring runoff period, although late summer BSi 

abundances are of similar magnitude as those seen during the spring peak. If BSi were to 

be used as a proxy at Shadow Bay and similar sites, changing abundances may reflect 

both spring melt conditions as well as summer temperatures. In addition, our results 

suggest that changes in annual BSi abundance are also influenced by dilution from clastic 

sediment during the spring freshet. While this may not represent a significant problem in 

lakes with limited or allochthonous inputs, clastic lake sediments may present a serious 

limitation to interpretation of BSi. At sites with a subannually-laminated varve record, the 
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opportunity exists to decouple individual varves and possibly correct or standardize long-

term BSi profiles based on the thickness of the melt portion of individual varves. 

4.7 Conclusions 

 The results of physical (stratigraphic, grain size) and biological (BSi) analyses of 

sediment traps from Shadow Bay, southwest Alaska, in combination with available 

hydroclimatological and limnological data, provide evidence for the translation of 

regional weather events into the varve record and offer insights into factors influencing 

the preservation of the annual cycle of primary productivity. Results from Shadow Bay 

sediment traps suggest that the dynamic climatological environment shaped by the 

interplay between maritime and continental air masses facilitates the formation of varves 

that are complex and potentially contain additional paleoenvironmental information. 

 The majority of coarse sediment is transported to Shadow Bay during the spring 

snowmelt period, while maritime air masses and relatively calm conditions persist in 

summer and facilitate deposition of fine-grained material. Autumn is marked by a 

transition to continental air masses influence, bringing increased storm activity and cooler 

temperatures, that are recorded as a coarse subannual lamination within the fine-grained 

cap. During the winter months, cold continental air masses dominate, and Shadow Bay 

returns to a quiescent state that facilitates the suspension settling of fine-grained 

sediment. However, rapid warming events in mid winter generated by maritime air mass 

incursions were sufficient to reactivate fluvial systems. Within the sedimentary record it 
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is likely that winter warming events are recorded as an additional coarse-grained 

subannual lamination that interrupts the fine-grained cap. 

 Analyses show multiple phases of BSi deposition that likely reflect different 

periods of primary productivity in Shadow Bay. The first peak occurs in the spring, 

beginning under ice cover with maximum abundance values reached in late spring at the 

beginning of the spring freshet. The second peak occurs in the late summer and is 

associated with maximum annual surface water temperatures, strong thermal 

stratification, stabilization of bottom sediments, and an increase in nutrient availability 

due to enhanced storm activity. Analyses also highlight potential role clastic sediment 

inputs can play in diluting BSi abundance during the year. 

 This study provides compelling evidence to suggest that regional meteorological 

events can be translated into sedimentary signals in lake basins situated within zones of 

dynamic climate. High-resolution analysis of varved sedimentary sequences in 

environments similar to Shadow Bay have the potential to yield valuable information 

about regional climatic variability over time periods extending beyond the length of 

historic meteorological records.  
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Chapter 5 
Long-term river discharge and multidecadal climate variability 

inferred from varved sediments, southwest Alaska  

5.1 Abstract 

 Detailed sedimentological analyses of 289 years (1717-2006) of varved sediments 

from Shadow Bay were used to investigate basin response to hydroclimate variability in 

southwest Alaska. Varve thickness was dependent on total annual discharge (r2=0.75, 

n=43, p<0.0001), while maximum annual grain size was determined to be dependent on 

both maximum spring discharge (r2=0.63, n=43, p<0.0001) and total annual discharge 

(r2=0.61, n=43, p<0.0001). Annual varve thickness was poorly correlated to maximum 

annual grain size (r=0.06, n=287, p=0.334). On interannual timescales, relationships 

between climate variables (temperature, precipitation, North Pacific (NP) and Pacific 

Decadal Oscillation (PDO) indices) and both regional discharge and varve thickness were 

insignificant. When the same data sets were analyzed on multidecadal timescales, regime 

shifts in varve thickness and total annual discharge coherent with shifts in NP and PDO 

indices were identified. Periods of increased varve thickness and total annual discharge 

were associated with warm PDO phases and a strengthened Aleutian Low. The varve 

record was used to reconstruct PDO dynamics prior to 1900. Multidecadal shifts were 

apparent throughout the 19th century, but were absent in the 18th century, although 

decadal shifts were identified during this time. Classification of individual varves based 
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on sedimentological criteria provides additional insight into mean climatic conditions 

associated with regime shifts. 

5.2 Introduction 

 Understanding linkages between climate forcing mechanisms acting on 

interannual to multidecadal timescales and ecosystem response is commonly constrained 

by regional hydrometeorological records which are frequently short and spatially limited 

in high-latitude settings. Proxy environmental datasets are one way to investigate changes 

beyond the length of instrumental records, and annually-laminated (varved) lake 

sediments are one high-resolution proxy that provides an annual to sub-annual record of 

the hydroclimatic conditions controlling sediment delivery. Numerous studies have 

demonstrated the potential for annual to centennial proxy reconstructions of past 

environmental change with varved sediments, that include air temperature (e.g. Desloges 

1994, Lamoureux and Gilbert 2004, Menonos et al. 2005), precipitation (e.g. Østrem and 

Olsen 1987, Desloges and Gilbert 1994, Wohlfarth et al. 1998, Lamoureux 2000), glacial 

melt (e.g. Leonard 1997, Menounos 2006), and river discharge (Sander et al. 2002).  

 However, in regions with complex hydroclimate dynamics, the relationships 

between mean climate variables and varve characteristics are not necessarily 

straightforward (Leeman and Nissen 1994; Gilbert 2003). Recent work focused on the 

investigation of varves on subannual timescales (e.g. Gilbert et al. 2006, Schiefer et al. 

2006, Cockburn and Lamoureux 2007, Menonos and Clague 2008) affords an additional 
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tool with which to understand complex varve-climate relationships and increase the 

fidelity of paleoenvironmental reconstructions.   

 This paper presents a 289-year subannual record of hydroclimatic change from 

Shadow Bay, Lake Chaeukuktuli, located in southwest Alaska. The study focuses on 

linking changes in varve characteristics to regional hydroclimatic records in order to 

understand factors controlling varve formation, and to interpret the varve record 

extending beyond the length of instrumental records. Given the recent interest in climate 

forcing mechanisms influencing the North Pacific on multidecadal timescales (Mantua et 

al. 1997, Zhang et al. 1997), this study addresses the potential identification of 

multidecadal shifts in the mean state of varve characteristics and their association with 

modes of North Pacific climate variability such as the Aleutian Low (Rodionov et al. 

1997) and the Pacific Decadal Oscillation (Mantua and Hare 2002). 

5.3 Study Site 

 Shadow Bay (96 m above sea level (asl), 60.01°N, 159.18°W) is situated in the 

northeastern Ahklun Mountains of Alaska, approximately 140 km north of Bristol Bay 

(Figure 4.1).  The 4.3 km2 bay is located at the west end of Lake Chaeukuktuli and is  

isolated from the main body of the lake by a c. 2 m deep sill. Shadow Bay is divided into 

two major sub-basins that are 69 and 59 m deep, respectively (Figure 4.2). Mountains 

within the watershed reach 1500 m asl and approximately 4% of the 125 km2 watershed 
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is covered by small glaciers. The majority of water and sediment is delivered to Shadow 

Bay by a braided inflow channel located at the north end of the basin. 

 Climate in the region is transitional between maritime and continental regimes 

(NOAA 1980). The interplay between these systems is manifested through intense storm 

activity and rapid temperature changes over relatively short periods of time, especially 

during the winter months (Neal et al. 2002, Chapter 4), and is strongly influenced by the 

Aleutian Low, a principal feature of atmospheric circulation in the Northern Hemisphere 

(Trenberth and Hurrell 1994). Defined statistically as a region of low sea level pressure, 

the Aleutian Low is centred near the Aleutian Islands, although its position and intensity 

may vary considerably on monthly to interdecadal timescales (Rodionov et al. 2005, 

2007). Decadal regime shifts of the Aleutian Low have been associated with the Pacific 

Decadal Oscillation (PDO), a pattern of Pacific climate variability defined by shifting 

ocean temperature anomalies in the northeast and tropical Pacific Ocean (Zhang et al. 

1997, Mantua and Hare 2002).  
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Figure 5.1 Location of Shadow Bay within the Ahklun Mountains, southwest 
Alaska. Stream gauging stations referred to in the text are labelled as follows: 
Nuyakuk River (NR), Kisaralik River (KR), Wood River (WR), and Snake River 
(SR). Dark shading indicates elevations above 200 m asl. Inset map shows location 
of the region in Alaska. 
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Figure 5.2 Bathymetric map of Shadow Bay including sampling locations. Shadow 
Bay is a sub-basin of larger Lake Chaeukuktuli, but is almost completely cut off 
from the lake by a 2 m-deep sill at the east end. Contours were generated from 20 
km of sounding transects.  

 

 Mean annual temperature at Dillingham, located approximately 100 km to the 

southeast of Shadow Bay (Figure 4.1), is 1°C with monthly mean temperatures ranging 

from -9°C to 13°C (1971-2000). Mean annual precipitation is 645 mm and 50% of the 

total falls between July and October, although topography likely generates sizeable 

orographic effects on precipitation amounts. Meteorological data for Dillingham were 
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obtained from the Western Regional Climate Center (WRCC 2008) and included daily 

surface air temperature, precipitation, wind direction, percent sky cover, and percent 

snow cover for a period spanning from 1919-2007. 

 Additionally, a meteorological station equipped with an Onset HOBO 

microstation logger equipped with a temperature/relative humidity sensor and rain gauge 

was established at Shadow Bay in August 2006. A comparison of temperature and 

precipitation data (August 2006-2007) with Dillingham show a strong relationship 

between mean daily air temperatures (r2=0.95, n=364, p<0.0001), suggesting that 

meteorological conditions at Shadow Bay are representative of the regional climatology, 

although the relationship deviates during winter to some extent. Precipitation at Shadow 

Bay is less closely related to that at Dillingham (r2=0.59, n=131, p<0.0001), likely due to 

local factors typical of mountainous terrain (Barry 1992).  

 Streamflow records with runoff regimes that are likely representative of the 

Shadow Bay watershed indicate that patterns of total annual discharge are generally 

consistent across the region (Figure 5.3). The longest record is for the Nuyakuk River 

(1953-2007), gauged approximately 56 km east of Shadow Bay. Annual hydrographs 

generally contain two discharge peaks (USGS 2008, Figure 5.4). The first peak is 

associated with the spring freshet driven by snow melt, while the second discharge peak 

is associated with autumn storm activity. Additional small discharge events occur 

occasionally during the winter months when maritime air mass incursions result in 

temperature increases and storm activity sufficient to generate increased discharge. 
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However, the Nuyakuk River drains a large lake (Tikchik Lake) and the gauging station 

is situated at the outflow of this lake. Compared to expected hydrographs for the river 

flowing into Shadow Bay, it is likely that discharge peaks at the Nuyakuk River gauging 

station are dampened by Tikchik Lake and exhibit longer reponse times to regional 

weather events.  
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Figure 5.3 Total annual discharge (km3) for rivers gauged in the vicinity of Shadow 
Bay (USGS 2008). Discharges for the Nuyakuk and Snake Rivers correspond to the 
left axis, the Wood and Kisaralik Rivers to the right. Differences in magnitude are a 
product of watershed size. The hydrological year was considered to run from March 
15-March 14.  
 

118 



0

100

200

300

400

500

600

700

800

900

1000

Jan-1980 Jan-1981 Jan-1982 Jan-1983 Jan-1984 Jan-1985 Jan-1986 Jan-1987 Jan-1988 Jan-1989 Jan-1990 Jan-1991

Date

M
ea

n 
da

ily
 d

is
ch

ar
ge

 (m
3/

s)

 

Figure 5.4 Discharge from the Nuyakuk River (Station ID 15302000, 59.56°N, 
158.11°W) for a period of 11 years (1958-1969). This gauging station is located 
approximately 56 km east of Shadow Bay (USGS 2008). 

5.4 Methods 

5.4.1 Sediment coring and processing 

A total of five surface sediment cores (7 cm diameter) ranging in length from 35.0 

to 56.0 cm were recovered using gravity coring methods from the deepest part of the 

Shadow Bay basin in August 2006 and April 2007 (Figure 5.2). The site was situated 

within a zone of sediment accumulation where minimal disturbance from currents and 

biological activity was expected. In all but one core (06-SB-2A), the sediment-water 

interface was well preserved. Cores were left to stabilize in a vertical position on shore 
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for a minimum of two days before being dewatered using a syringe and topped with 

hydrophilic foam to minimize disturbance of sediments during transport. All cores were 

shipped unfrozen, and three were cut in half prior to shipment to facilitate transport in a 

vertical position (07-SB-1A/B, 2A/B, 3A/B).  

 In the laboratory, cores were split lengthwise, logged, photographed, and one half 

of each was archived. Overlapping sediment monoliths were sampled for thin section 

preparation with metal trays (7 x 1.5 x 0.5 cm). Monoliths were subsequently wrapped in 

paper towel to prevent collapse of sedimentary structures during dehydration, freeze 

dried, and impregnated with a single application of Spurr’s low viscosity epoxy resin 

under low vacuum (Lamoureux 2001). The sections were ground to transparency suitable 

for optical microscopy. Transmitted light images of the thin sections were obtained using 

a flatbed scanner at 2400 dpi (dots per inch). Prior to embedding, selected monoliths were 

X-rayed with a Siemens medical X-ray machine to differentiate thin (<1 mm) 

minerogenic layers based on density differences (Tiljander et al. 2002).  

 Laminae were identified using optical microscopy and a master chronology was 

generated by compilation of the thin section scans in stratigraphic order in CorelDRAW 

10.0. Adjacent images were correlated using prominent marker beds (Lamoureux 2001) and 

X-radiographs were used as an additional source to verify varve delineation. Laminae 

were identified independently by two individuals (C. Kaufman and S. Lamoureux) to 

create an objective and reproducible analysis. Sedimentary structures were measured 

using a Velmex measurement stage (0.001 mm resolution). Three replicate measurements 

120 



were taken from each unit at different positions on the thin sections and the results were 

averaged (precision ± 0.210 mm). 

 Surface cores 06-SB-2A, 07-SB-1A, 07-SB-2A/B, and 07-SB-3B were 

subsampled for grain size analysis at 1 mm depth intervals. Repeated applications of 30% 

H2O2 over a two-week period were carried out to remove organic matter, followed by a 

single application of sodium hexametaphosphate to disperse clay colloids. The 918 

samples were each sonicated for 60 seconds and then analyzed three successive times for 

60 seconds each on a Beckman Coulter LS200 laser diffraction particle size analyser. 

Mean coefficients of variation (COV, standard deviation divided by the mean) for sample 

pairs were expressed as percentages and used to evaluate laboratory precision during 

grain size analysis. The resulting COV for the six duplicate pairs analyzed were less than 

10% for mean and modal grain size. All four instrument and eight analytical blanks 

analyzed were below instrument detection limits.  

 The downcore depth sampling interval used for grain size was converted to a 

temporal scale using average varve thicknesses measurements and accounting for shifts 

in mean varve thickness that were identified using Sequential Regime Shift Detector 

version 3.4 (discussed below). Although occasional incorrect temporal assignment of 

maximum grain size values is likely a product of this approach, it was deemed the best 

possible method under the circumstances. Sub-sampling based on individual varves was 

not possible, given their complex subannual stratigraphy, which meant individual varves 

could often only be distinguished with microscopy.  
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 The upper 20 and 25 cm of surface core 06-SB-2B was subsampled for 239+240Pu 

and 137Cs dating respectively. These radionuclides are associated with nuclear weapons 

testing and the interval of peak fallout corresponds with the 1963/64 peak in 

thermonuclear bomb testing (Ketterer et al. 2004). Subsamples were taken at 1 cm 

intervals, oven dried overnight at 50°C, and ground with a mortar and pestle. 239, 240, 241Pu 

analysis was conducted at the Department of Chemistry and Biochemistry, Northern 

Arizona University using Inductively Coupled Plasma Mass Spectrometry (ICP MS), 

while 137Cs analysis was conducted on an Ortec high purity gamma spectrometer in the 

Department of Biology at Queen’s University. Samples were also analyzed for 210Pb, but 

could not be used for dating purposes as unsupported Pb levels in all samples were not 

significantly above instrumental background levels. 

Varve thickness, grain size, and hydroclimatological data sets were analyzed for 

regime shifts using Sequential Regime Shift Detector version 3.4 (Rodionov 2004, 

2005a; http://www.climatelogic.com). The program uses a sequential algorithm to test for 

regime shifts in data sets that are a minimum of 10 years long and identifies shifts above 

or below the mean of a user-defined cut-off length (similar to a low pass filter) and 

threshold significance level. Setting significance levels ensures that regime shifts greater 

or equal to the cut-off length are significant (Rodionov 2007). The program does not 

require an a priori assumption of the timing of regime shifts and is equipped with 

capabilities to distinguish regimes from Gaussian red noise process (Rodionov 2006). 

Times series were tested for regime shifts using available red noise estimation and pre-
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whitening options. Potential weaknesses include experimentation required during 

probability level and cut-off length selection, and the fact that the method does not 

explicitly take autocorrelation into account (Rodionov 2005b).  

5.5 Results 

5.5.1 Sedimentology and chronology 

 The Shadow Bay cores were comprised entirely of rhythmically laminated 

inorganic sediments. In thin section, the rhythmites consisted of one to four silt units 

overlain by a distinct clay cap. Silt units tended to grade into the overlying clay lamina, 

while the upper contact of clay units was abrupt and distinct. Occasionally, the clay cap 

contained thin partings of silt. Mean laminae thickness was 2.81 mm and ranged from 

0.38 to 25.80 mm (Figure 5.5), while mean modal grain size was 9.4 μm and ranged from 

clay (1.6 μm) to very fine sand (80.1 μm; Figure 5.6). Sporadic deposits of angular fine 

granules (2.0 to 6.0 mm) were found at the lower contact of silt units (Figure 5.7). These 

gravel layers likely represent clastic material transported onto the ice surface by 

avalanches in the winter and deposited on the lake bed as ice breaks up during the spring 

thaw (Weirich 1985). The inferred presence of avalanche debris offered additional 

evidence for the division between annual sedimentary units. 

 Inter-core comparison of gravel layers, consistent varve structures, and a number 

of anomalously thick marker beds were used to cross-correlate cores and generate a 

master varve chronology (Figure 5.5). Sedimentary structures were well preserved in all 
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cores with the exception of a 1.57 cm-long section spanning 46.1 to 47.6 cm depth in 

core 06-SB-2A, which was disturbed during transport. Visible organic matter consisting 

of small fragments of woody debris, seeds, and spores was apparent at a depth of 54.1 cm 

and in the basal sediments (83.4 cm) of core 06-SB-2A.  

 The regular rhythmicity of the sediments and consistent recurrence of distinct clay 

layers, in combination with the strong seasonality of the regional hydrometeorological 

regime suggest that laminated sediments from Shadow Bay are likely varves. This 

interpretation is supported by independent dating with 137Cs and 239+240Pu (Figure 5.5). 

Analysis shows that the Shadow Bay chronology covers a 289 year period from AD 1718 

to 2006. The age of the Shadow Bay sediments precluded the use of radiocarbon dating 

(Björck and Wohlfarth 2001). Although tephras have been identified in lake records 

throughout the Ahklun Mountains (e.g. Kaufman et al. 2003), the youngest tephra 

(unidentified source) from a soil pit excavated at nearby Cascade Lake was dated at 505 

cal yr BP (Kathan 2007) and is beyond the estimated age of the basal unit from the 

Shadow Bay cores.  
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Figure 5.5 Varve thickness series from Shadow Bay, Alaska (upper panel) with 
measurement error (red bars). Varve thickness measurements have been ln-
transformed to accentuate low frequency variability and satisfy assumptions of 
normality necessary for statistical analysis (lower panel). The chronological gap 
between 1837 and 1855 is due to core disturbance during transport. Dots along x-
axis denote anomalously thick units interpreted to be turbidites. Inset: 137Cs (grey 
bars) and 239+240Pu (solid line) profiles obtained from surface core 06-SB-2A. 
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Figure 5.6 Maximum annual grain size based on Shadow Bay cores 06-SB-2A, 07-
SB-1A, 07-SB-2A/B, and 07-SB-3B. Crosses along upper portion of the chart denote 
years containing angular fine gravel interpreted to be avalanche deposits. 

 
 

 
Figure 5.7 Example of gravel deposit located at the lower contact of an individual 
varve. These gravel layers likely represent clastic material transported onto the ice 
surface by avalanches in the winter and deposited on the lake bed. Grey bar denotes 
varve boundaries, arrow highlights gravel deposit. 
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5.5.2 Subannual Sedimentary Analysis and Varve Classification 

 The complex structure of Shadow Bay sediments made it possible to further 

partition individual varves within defined annual limits. Using sedimentological criteria, 

a classification scheme was developed to group varves with similar internal structure 

(Table 5.1). This method has been employed successfully in other studies (i.e. Cockburn 

and Lamoureux 2007, Menonos and Clague 2008, Chutko and Lamoureux 2008). A 

comparison of internal varve structures with the available discharge record from the 

Nuyakuk River permitted subannual stratigraphy to be related to the annual hydrograph.  

 Type A varves consisted of one normally graded silt unit overlain by a distinct 

clay cap and comprised 42% of the varve record. These units generally corresponded to 

years when the annual hydrograph was dominated by the spring snowmelt flood and the 

fall discharge peak was minimal (Table 5.1) Type B varves consisted of one or more 

subannual laminations in the coarse (silt) unit, with the uppermost silt unit grading into 

the clay cap, and accounted for 12% of the varve record. This class of varve was usually 

present in years where the spring melt portion of the hydrograph contained multiple 

peaks, although it appears that a certain amount of separation (i.e. multiple weeks 

between events) in flow peaks is necessary to generate distinct laminae, an observation 

noted in previous studies (e.g. Chutko and Lamoureux 2008, Menonos and Clague 2008, 

Schiefer and Gilbert 2008).  
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 Type C varves were composed of one or more silt units within the clay cap of an 

individual varve and made up 19% of the varve record. With an abrupt lower contact, 

these subannual laminae appeared to interrupt the formation of the clay cap and were 

interpreted to be the product of high flows generated by autumn storm activity (Chapter 

4). Type C varves generally corresponded to years with distinct fall discharge peaks in 

the Nuyakuk River record, although it is interesting to note that when spring and fall 

discharge peaks are of similar magnitude (i.e. 1982), the varve structure more closely 

resembled Type B (Figure 5.4). Type D varves, comprising 25% of the Shadow Bay 

record, contained multiple coarse subannual laminations throughout the entire varve 

and/or tended to have clay caps with indistinct upper contacts. In the Nuyakuk River 

record, these units commonly corresponded to years with a complex series of flow peaks 

and years experiencing enhanced river flow during the winter months. Evidence from 

sediment traps deployed in Shadow Bay suggests that winter storms and increased air 

temperatures produced by maritime air mass incursions during the winter months are 

sufficient to generate river inflow to lakes (Chapter 4).  

 A total of seven abnormally thick, graded units were identified throughout the 

chronology, which were interpreted to be turbidites (Type E). While the thickness of 

Type A-D varves was relatively similar (Table 5.1), Type E varves were generally 

substantially thicker (11.27 ± 4.60 mm). The infrequent occurrence of these units 

combined with their distinct sedimentological signature suggests that they were the 

product of episodic underflows originating from stochastic processes such as slumping on 
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an over-steepened subaqueous slope (Mikkelsen et al. 1993). No evidence of erosional 

lower contacts was apparent in any of the turbidites, making it unlikely that these events 

significantly reworked underlying sediments and produced gaps in the varve chronology.  

The categorization of these units as outliers from the rest of the varve chronology 

was independently tested with CLIM-X-DETECT, a program designed to identify 

extreme events in a time series (Mudelsee 2006). Using a smoothing parameter (k) of 25, 

a threshold (z) of 9.5, and a running median of 3 standard deviations, the program 

identified six of the seven turbidites identified during sedimentological analysis. The 

turbidite that was not identified by CLIM-X-DETECT occurs directly prior to the 

disturbance gap in the varve chronology, which likely influenced the running median 

calculation of the program in this region of the time series. 
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Table 5.1 Varve types, characteristics, and relationship to the Nuyakuk River discharge record. Grey bars denote annual 
limits of varve.  

Varve 
Type Description  

Mean 
thickness  ± 
std dev (mm) 

Hydroclimatological 
Interpretation 

Sample Nuyakuk River Hydrograph and Corresponding 
Varve 

A 
Normally graded 
silt with distinct 
clay cap  

2.71, 
2.24 

Hydrograph dominated 
by continuous spring melt 

 

0

1 mm 

B 
Subannual 
laminations in 
coarse (silt) unit 

2.57, 
1.65 

Episodic spring melt 
starts/stops and/or 
enhanced storm activity 
facilitates additional 
pulse of sediment to lake  

0
1 mm 

C 
Subannual 
laminations in 
fine (clay) unit 

2.61, 
1.69 

 

Spring melt dominates 
hydrograph, secondary 
sediment inputs from fall 
storms  

0
2 mm 

D 

Subannual 
laminations 
throughout unit 
and/or indistinct 
upper contact 

3.04, 
1.89 

 

Hydrograph contains 
complex series of peaks 
and may include 
enhanced winter 
discharge  

0
5 mm 

E 
Abnormally 
thick, normally 
graded unit 

11.27, 
4.60 Turbidite n/a 

0

5 mm 

1971 

1979 

1993 

1958 
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5.5.3 Comparison of sedimentary record to hydrometerological data 

 Ln-transformed varve thickness and maximum annual grain size records with 

turbidites removed were tested against the discharge record from the Nuyakuk River, 

along with climate variables and indices whose variability was hypothesized to influence 

depositional processes in Shadow Bay (Table 5.2), either by controlling melt season 

characteristics (spring temperature, winter temperature and precipitation) or fall discharge 

(autumn precipitation). The North Pacific index (NP; Trenberth and Hurrell 1994), a 

measure of Aleutian Low intensity, and the Pacific Decadal Oscillation index (PDO; 

Mantua et al. 1997), whose influence on the position and intensity of the Aleutian Low 

and North Pacific climate have been well documented (e.g. Latif and Barnett 1993, 

Minobe 2000, Mantua and Hare 2002) were also included in the analysis. The NP index 

is the area-weighed sea-level pressure over the region of 30°-65°N, 160°-140°W and 

positive (negative) NP values correspond to a weakened (strengthened) Aleutian Low 

(Trenberth and Hurrell 1994). The PDO index is defined as the leading principal 

component of monthly sea-surface temperature anomalies in Pacific, poleward of 20°N, 

and the warm (cold) phase of the PDO is associated with a deepened (weakened) 

Aleutian Low (Mantua et al. 1997). 

 Of the varve characteristics tested, thickness was found to be dependent on total 

annual discharge (r2=0.75, n=43, p<0.0001), while maximum annual grain size was 

determined to be dependent on both maximum mean daily discharge (r2=0.61, n=43, 

p<0.0001) and maximum spring (April-June) discharge (r2=0.63, n=43, p<0.0001). 
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Annual varve thickness was poorly correlated to maximum annual grain size (r =0.064, 

p=0.334).  

 The relationship between Nuyakuk River discharge and different climate 

variables was also explored (Table 5.3). Neither total annual discharge nor maximum 

spring discharge were significantly related to the climate variables tested. Maximum 

spring discharge was related to total annual discharge (r2=0.56, n=34, p<0.0001) and 

despite the fact that maximum spring discharge was unrelated to spring cumulative 

melting degree days (MDD, a proxy for melt intensity), total spring discharge was related 

to spring MDD (r2=0.48, n=34, p<0.0001). 

Table 5.2 Coefficients of determination (r2) calculated for least squares regression 
analysis of ln-transformed varve thickness and maximum annual modal grain size 
against various hydrometeorological variables. Highly significant r2 values are 
denoted in bold type. 

Ln-transformed 
varve thickness 

Max annual grain 
size 

Variable r2 p-value r2 p-value n 

Total annual1 discharge2 0.75 <0.0001 0.34 <0.0001 43 
Maximum mean daily discharge 0.28 <0.001 0.61 <0.0001 43 
Maximum spring (Apr-Jun) discharge 0.27 <0.001 0.63 <0.0001 43 
Spring melting degree days (MDD)3 0.00 0.917 0.02 0.358 63 
Winter (Nov-Mar) MDD 0.02 0.426 0.01 0.413 52 
Total annual precipitation3 0.02 0.304 0.01 0.549 48 
Total autumn (Aug-Oct) precipitation 0.00 0.928 0.01 0.457 58 
Total winter precipitation 0.03 0.221 0.02 0.370 50 
Average winter NP4 0.07 0.006 0.01 0.417 106 
Average winter PDO5 0.12 <0.001 0.01 0.536 107 
Maximum annual grain size 0.066 0.334 -- -- 287 

1Annual discharge = March 15-March14 
2Nuyakuk River discharge (Station ID 15302000, USGS 2008) 
3Air temperature and precipitation data from Dillingham Airport (WRCC 2008) 
4Trenberth and Hurrell 1994 
5Mantua et al. 1997 
6Correlation coefficient (r) was calculated instead of r2 
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Table 5.3 Coefficients of determination (r2) calculated for least squares regression 
analysis of Nuyakuk River discharge record (USGS 2008) and various 
hydrometeorological variables. Highly significant r2 values are denoted in bold type. 

Total annual1 
discharge 

Maximum spring 
discharge 

Variable r2 p-value r2 p-value n 

Spring melting degree days (MDD)2 0.02 0.426 0.00 0.833 34 
Winter (Nov-Mar) MDD 0.03 0.362 0.00 0.736 30 
Total annual precipitation2 0.03 0.350 0.03 0.357 31 
Total autumn (Aug-Oct) precipitation 0.01 0.680 0.01 0.649 34 
Total winter precipitation 0.13 0.040 0.06 0.177 33 
Average winter NP3 0.14 0.015 0.08 0.059 43 
Average winter PDO4 0.13 0.018 0.04 0.134 43 
Maximum spring discharge 0.56 <0.0001 -- -- 34 

1Annual discharge = March 15-March14 
2Air temperature and precipitation data from Dillingham Airport (WRCC 2008) 
3Trenberth and Hurrell 1994 
4Mantua et al. 1997 
 

5.5.4 Regime Shift Analysis 

 Varve thickness and modal grain size have not remained static over the course of 

the Shadow Bay record and vary at interannual to multidecadal timescales (Figure 5.5, 

Figure 5.6). Regime shift analysis was used to test for significant changes in both 

sedimentological and hydrometeorological datasets over multidecadal timescales. With a 

threshold significance level (p) = 0.01 and cut-off length (l) = 20, six significant shifts in 

ln-varve thickness were identified for the 287-year record (Figure 5.8, Figure 5.9a), and 

the most significant shift occurred in 1976. Varves were thicker during the following 

three intervals: 1829-1854, 1899-1941, and 1976-2006, and thinner between 1718-1828, 

1855-1898, and 1942-1975. Between 1829 and 2006, the mean interval between regime 

shifts was 35.6 ± 7.8 years. Prior to 1829, ln-varve thickness values were consistently 

below the long-term mean. Grain size changes did not necessarily correspond to changes 
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in overall varve thickness and no coherent pattern of multidecadal grain size variability 

could be identified. 

 When the Nuyakuk River discharge record was tested (p = 0.1, l = 10), one 

significant shift to increased total annual discharge was identified in 1977 (Figure 5.9b). 

Of the climate variables explored, significant regime shifts were only identified in the 

mean winter NP and PDO indices (p = 0.1, l = 20, Figure 5.9c,d). Transitions between an 

overall strong and weak intensity Aleutian Low occurred in 1924, 1947, and 1977, and 

Transitions between warm and cool PDO phases generally coincided with NP phase 

shifts. These results are generally consistent with published shifts, except for the 1924 

shift which was not identified using the sequential method, although it could be an 

artefact of lower-quality data in the earlier part of the record (Mantua and Hare 2002, 

Rodionov 2007).  

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

1700175018001850190019502000

Year (AD)

ln
-v

ar
ve

 th
ic

kn
es

s

 

Figure 5.8 Multidecadal regime shifts (grey lines) identified using the sequential 
method (Rodionov 2004) for the entire Shadow Bay ln-transformed varve thickness 
record (1718-2006) using a cut-off length (l) = 20, p = 0.01. 
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Figure 5.9 Multidecadal regime shifts (grey lines) identified using the sequential 
method (Rodionov 2004) for a) Shadow Bay ln-transformed varve thickness record 
(1718-2006), b) Nuyakuk River total annual discharge (m3; 1954-1995), mean winter 
(Nov-Mar) North Pacific index (1901-2006, Trenberth and Hurrell 1994), and mean 
winter (Nov-Mar) Pacific Decadal Oscillation index (1901-2006, Mantua et al. 1997). 
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5.6 Discussion 

5.6.1 Recent hydroclimate record 

 In regions where climate is complex and the composition of individual varves is 

the product of multiple factors, linking climate proxies to individual climate variables 

becomes more difficult (Cockburn and Lamoureux 2007, Hodder et al. 2007). The 

challenge in assessing causation in regions of complex climate is illustrated by the 

outcome of statistical analysis of Shadow Bay sedmentological parameters that show a 

number of insignificant relationships to the climate variables they were tested against 

(Table 5.2).  

 Although Shadow Bay is located relatively close to Dillingham (~100 km), the 

former is situated within the Ahklun Mountains, while the latter is located on the coast. 

Air temperatures between the two locations appear very similar (r2=0.95, n=364, 

p<0.0001) for the period of data overlap (August 2006-2007), but there are subtle 

differences, especially at and below 0°C, when air temperatures at Shadow Bay are 

approximately 2°C or more lower than those in Dillingham. These temperature 

differences would influence the number of annual MDD along with the ratio of liquid to 

solid precipitation. Precipitation throughout the region is more variable and tends to be 

greater at high elevation sites (Chapter 4), similar to patterns reported for southeast 

Alaska (Neal et al. 2002).  

 Hydrological data represent an intermediate step between climate and lake proxy 

data and can be viewed as an integration of the former. Within the transitional climate 
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regime of southwest Alaska it is likely that varve formation is the product of many 

variables (precipitation, snowpack development, length and intensity of spring melt, etc.). 

The fact that Shadow Bay varve record best relates to the Nuyakuk River record located 

approximately 56 km to the east, suggests that this river effectively integrates the 

complex climatic conditions in Ahklun Mountains. 

 Similar to the Shadow Bay sedimentological data, relationships between Nuyakuk 

River discharge data and individual climate variables are insignificant. The exception is 

the dependency of total spring discharge on spring MDD (r2=0.48, n=34, p<0.0001), 

which suggests that spring runoff conditions are influenced by the intensity of the melt 

season. The dependency of maximum mean daily discharge on maximum spring 

discharge (r2=0.56, n=34, p<0.0001) attests to the fact that the maximum annual flows 

tend to occur during the spring melt period. It follows that river competence in terms of 

mass and the actual size of particles increases with increasing discharge and the 

dependence of maximum annual grain size on maximum spring discharge is an empirical 

translation of this relationship. Our results from Shadow Bay suggest that maximum 

annual grain size provides a record of the short-lived conditions associated with peak 

spring flows and follows similar conclusions by Francus et al. (2002) in a High Arctic 

setting. 

 Sander et al. (2002) linked annual varve thickness from the River Ångermanälven 

in mid-central Sweden to maximum annual discharge (r=0.87) for a 62-year period. In 

northern and mid-central Sweden, yearly snowmelt floods are substantially higher than 

flow during the rest of the year, although large autumn precipitation events are capable of 
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producing sizeable flow peaks. The authors concluded that the majority of sediment 

transport occurred during spring melt. Other studies have linked sediment transport and 

deposition in nival environments to spring temperatures during the snowmelt peak (e.g. 

Hughen et al. 2000). 

 These results show that annual varve thickness in Shadow Bay is dependent on 

total annual discharge, while maximum annual grain size is linked to maximum mean 

daily (spring) discharge. Although annual hydrographs in the region generally contain a 

sizeable spring snowmelt peak with secondary fall flow peak, the record from the 

Nuyakuk River contains multiple years with similar magnitude spring and fall flows, 

along with years consisting of a series of similar flow peaks. These cases account for 

39% of the total discharge record.  

 The dependency of total varve thickness from Shadow Bay on total annual 

discharge suggests that bulk sediment transport in the basin is not limited to the spring 

snowmelt period and that flows generated by fall storm activity are capable of notable 

sediment transport as well. Total varve thickness has also been linked to total annual 

discharge for Lillooet Lake, British Columbia (Gilbert 1975). Despite being substantially 

further south than the Ahklun Mountains, annual discharge patterns in the Lillooet River 

are similar to those seen in the Nuyakuk River. Hence, these results support that total 

varve thickness measurements from Shadow Bay provide a record of annual flow 

conditions.  
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 Glacial fluctuations are also capable of influencing lake sedimentation (e.g. 

Leonard 1997). On the basis of USGS topographic maps from the 1970’s, glaciers 

covered only 4% of the total catchment area for Shadow Bay. However, coverage may 

have changed over time. The Little Ice Age (LIA) glacial expansion commenced around 

1200 AD and continued through the 19th century, with many glaciers in Alaska 

(including the Ahklun Mountains) and western North America expanding during this 

time (Luckman et al. 1993, Clague and Mathewes 1996, Wiles et al. 1999, Calkin et al. 

2001, Levy et al. 2004, Kathan 2006). Although temperatures during the LIA were 

generally cooler, there a high degree of spatial variability in cooling (Moberg et al., 2005, 

D’Arrigo et al., 2006).  

 In the Shadow Bay varve record, changes in varve characteristics associated with 

the LIA are not apparent and this is consistent with the findings from Waskey Lake, a site 

similar to Shadow Bay in the Ahklun Mountains (Levy et al. 2004). Although LIA glacial 

expansion was noted in the Waskey lake watershed, evidence of glacial ice fluctuations 

were absent in lake sediments. However, changes in lake sedimentation, such as the onset 

of continuous varve sedimentation (Cockburn and Lamoureux 2005) and a transition 

from organic to clastic sedimentation (Daigle and Kaufman 2008) have been associated 

with the onset and peak of the LIA respectively. It would be interesting to obtain longer 

sediment cores and explore this possibility in Shadow Bay.  
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5.6.2 Long-term multidecadal hydroclimate variability in Shadow Bay 

 While interannual relationships between Shadow Bay varves or Nuyakuk River 

discharge and regional climate indices appear insignificant, visually coherent 

multidecadal regime shifts are apparent (Figure 5.9). The shift from cold to warm PDO 

and weak to strong Aleutian Low in 1977 is reflected in the Nuyakuk River discharge 

record as a shift to increased total annual discharge, and in the varve thickness record as a 

transition to increased annual varve thickness (although the shift occurs in 1976). Similar 

coherence is seen between the NP, PDO, and varve thickness time series, which record a 

shift from warm to cold PDO and strong to weak Aleutian Low in the mid-1940’s, 

although the NP and PDO identify a shift in 1947, while the transition to decreased varve 

thickness occurs in 1945 (Figure 5.9). From 1900-1947 both the PDO index and the varve 

thickness record remain in positive states and do not show the 1924 regime shift apparent 

in the NP index (Figure 5.9).  

 Other studies have linked streamflow response to PDO variability (e.g. Hamlet 

and Lettenmaier 1999, Moore and Demuth 2001, Neal et al. 2002). For southeast Alaska, 

Neal et al. (2002) found that while total annual discharge was unrelated to PDO, monthly 

and seasonal discharges were affected, results that contrast findings from Shadow Bay. 

The southeast Alaska study sites were situated within a maritime climate regime, at 

altitudes where small changes in winter temperature substantially influenced the amount 

of precipitation falling as either rain or snow. While this sensitivity to the balance 

between rain and snow also exists at Shadow Bay, it is not sufficient to produce frequent 
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prolonged discharge winter peaks. It may be that the snow/rain effect is more subtle at 

Shadow Bay, potentially influencing the duration and intensity of the spring melt peak.  

 Moore and Demuth (2001) associated decreased streamflow in the Coast 

Mountains, British Columbia with the mid 1970’s shift to warm phase PDO. However, 

this result was attributed to glacial retreat facilitated by warmer temperatures that 

decreased the amount of available ice to generate melt season runoff and is not applicable 

to Shadow Bay where glaciers cover only 4% of the watershed. In addition, Bitz and 

Battisti (2001) found that mass balance in the Wolverine glacier (situated near the coast 

in southeast Alaska) was positively correlated with PDO which they attributed to 

enhanced moisture advection during the winter months during warm PDO phases, and 

this study highlights different responses to PDO forcing along the Pacific coast. Further 

south, Hamlet and Lettenmaier (1999) found that discharge decreased in the Columbia 

River during warm PDO phases, a response consistent with sea level temperature and 

pressure anomalies associated with PDO phase shifts that are opposite to those seen in 

southwest Alaska (Trenberth and Hurrell 1994, Dettinger et al. 2001, Bond et al. 2002). 

 The presence of coherent multidecadal regime shifts in the absence of statistically 

significant interannual variability between hydroclimate variables and the Shadow Bay 

varve record likely reflects the composite relationships between large-scale ocean-

atmospheric forcing and regional hydroclimate response. For example, recent work has 

highlighted the complex relationship between Aleutian Low dynamics and climate 

response (Rodionov et al. 2005, 2007). Although the Aleutian Low alternates between 

strong and weak states, its geographical position also varies and may alternate between 
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one or two geographical pressure centres. It appears that the position of the Aleutian Low 

along with storm track movement are equally, or perhaps more, important factors 

influencing North Pacific climate than Aleutian Low intensity (Rodionov et al. 2007).  

 It may be that the complexities inherent in the relationship between climate 

forcing and hydroclimate response contain too much “noise” on interannual timescales to 

identify significant cause and effect relationships. When these relationships are 

investigated over longer time scales, interannual variability becomes less important and 

identifying mean shifts in hydroclimate state becomes possible. It is also interesting that 

while multidecadal regime shifts are apparent in the Shadow Bay varve thickness and 

Nuyakuk River total annual discharge records, they are absent in the maximum annual 

grain size and maximum mean daily (spring) discharge records. Total annual discharge 

and varve thickness appear to integrate annual weather conditions, while maximum 

discharge and grain size reflect relatively short-lived events. For southwest Alaska, it 

seems that the incorporation of climate over an entire year (or multiple years since the 

previous season can influence discharge the following spring) better captures the 

multidecadal variability associated with regional atmospheric processes. 

 Prior to 1900, three phase shifts were identified in the Shadow Bay varve 

thickness record (Figure 5.8). Based on the linkages identified between varve thickness, 

discharge, and NP and PDO indices, it would appear that below mean varve thicknesses 

from 1855-1898 likely correspond to a cold PDO phase, while above average varve 

thickness measurements from 1829-1854 correspond to a warm PDO phase. From 1718-

1828, the sedimentary record did not contain any additional regime shifts. 



 

143 

 In the Pacific Northwest, it has been suggested that the warm PDO phase 

produces warmer winter air temperatures and enhanced moisture advection leading to 

increased winter precipitation (Neal et al. 2002, Bitz and Battisti 1999). The subannual 

structure of individual varves from Shadow Bay supports these findings. Between 1829 

and 2006, the occurrence of Type D varves and avalanche debris increased during times 

when the PDO was in a warm state (Table 5.4). Type D varves typically contained clay 

caps with indistinct upper contacts, a characteristic that suggests during years when type 

D varves were deposited, the low energy conditions necessary for consistent clay 

deposition during the winter months did not occur, perhaps being interrupted by periodic 

pulses of sediment and water entering during times when maritime air mass incursions 

facilitate above freezing air temperatures (Chapter 4). The increased occurrence of 

avalanche debris in the sedimentary sequence during periods inferred as reconstructed 

warm PDO phases, suggests warmer winters and/or increased snowpack at Shadow Bay 

during these times. 

 A number of other studies have investigated long-term PDO dynamics (Biondi et 

al. 2001, D’Arrigo 2001, Gedalof and Smith 2001, Gedalof et al. 2002, MacDonald and 

Case 2005) and have produced differing results prior to the 20th century. One notable 

similarity between the Shadow Bay record and other PDO reconstructions is the 

weakening of the multidecadal variability of the PDO prior to the early-mid 19th century. 

Biondi et al. (2001), who reconstructed PDO from late 1600 AD using a network of tree-

ring chronologies for southern and Baja California, noted a bidecadal weakening in PDO 

amplitude that lasted from the late l700’s to mid-1800’s. Using tree-ring chronologies 
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from opposite ends of the PDO dipole, MacDonald and Case (2005) found a general 

absence of significant variability within the 50 to 100 year frequency range between 1600 

and 1800 AD. D’Arrigo et al. (2001) reported that between 1700 to 1849 AD variations 

occurring around the 12-17 year band are considerably more pronounced than between 

1850 to 1979 AD.  

 When the Shadow Bay varve thickness record was reanalyzed using a reduced 

cut-off length (l = 10, p = 0.1), four regime shifts were identified between 1718 and 1829 

AD (Figure 5.10), the period that did not experience regime shifts during the initial 

analysis. All regime shifts subsequent to 1829 detected during the initial analysis were 

also identified with the reduced cut-off length, but transitions occurred in a step-wise 

manner instead of simple breaks. Our analyses support previous findings that suggest the 

periodicity and strength of the PDO have varied over time, and that the 19th century 

marked a transition to a more energetic PDO regime. 

Table 5.4 Frequency of Type E varves and avalanche debris based on PDO regimes 
shifts inferred from the Shadow Bay varve record. 

Frequency (%) Reconstructed PDO 
Regime (Duration) 

Inferred 
Phase Type E Varves Avalanche Debris 

1976-2006 (31) Warm 32 10 
1942-1975 (34) Cold 15 0 
1899-1941 (43) Warm 30 5 
1855-1898 (44) Cold 11 2 
1829-1854 (26) Warm 47 16 
Mean Warm Phase ± std dev 37±9 10±6 
Mean Cold Phase ± std dev 13±2 1±1 
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Figure 5.10 Multidecadal regime shifts (grey lines) identified using the sequential 
method (Rodionov 2004) for the entire Shadow Bay ln-transformed varve thickness 
record (1718-2006) using a cut-off length = 10, p = 0.1. 

 

5.7 Conclusions 

 The 289-year long (1718-2006) sedimentary record from Shadow Bay in 

combination with regional hydroclimate records suggests a complex response to 

multidecadal forcing mechanisms in southwest Alaska. Statistically significant 

relationships between varve characteristics and the Nuyakuk River discharge record 

suggest that the Shadow Bay varves provide a record of regional discharge variability, 

while climate variables tested (e.g. air temperature, precipitation, PDO and NP indices) 

show little relationship to discharge or varve characteristics. However, on multidecadal 

timescales, regime shifts seen in total annual discharge and total varve thickness coincide 
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with mean shifts in the NP and PDO indices. This coherence permitted the use varve 

thickness to reconstruct PDO regime shifts prior to the 20th century.  

 Although a number of proxies have been used to reconstruct multidecadal climate 

forcing in the North Pacific, this is the first time that annually-laminated sediments have 

been successfully linked to PDO regime shifts. The investigation of additional varve 

records from the Pacific Northwest holds potential for understanding how basins in this 

region respond to multi-decadal climate variability. 
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Chapter 6 
Conclusions 

 

The research conducted on varved lake sediments from Shadow Bay, Alaska 

sheds light on the linkages between regional climate, physical and biological deposition, 

and the findings can be used to improve the interpretation of seasonal and annual-scale 

paleoclimate reconstructions for basins similar to Shadow Bay. This study also improves 

our understanding of natural multidecadal climate variability in the Pacific Northwest 

prior to the instrumental record for the region. The main conclusions are: 

• On a subannual timescale, physical sedimentation is a function of the spring 

snowmelt period plus fall and winter conditions. The coarse basal unit was 

deposited during the spring freshet, the fine fine-grained cap formed during late 

summer through winter. Two coarse subannual laminations within the clay cap 

were associated with fall storm activity and winter warming events produced 

by the interplay between regional maritime to continental air masses.  

• On a subannual timescale, biological sedimentation, represented by biogenic 

silica (BSi), shows two annual peaks in siliceous algal deposition; the first 

occurred at the end of the spring freshet, the second in the late summer and was 

associated with maximum annual surface water temperatures, strong thermal 

stratification, stabilization of bottom sediments, and probable increased 

nutrient availability from fluvial inputs facilitated by enhanced storm activity. 
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• On an annual timescale, varve thickness was dependent on total annual 

discharge, while maximum annual grain size was determined to be dependent 

on both maximum spring discharge and total annual discharge.  

• On interannual timescales, relationships between climate variables 

(temperature, precipitation, North Pacific (NP) and Pacific Decadal Oscillation 

(PDO) indices) and both regional discharge and varve thickness were 

insignificant.  

• On multidecadal multidecadal timescales, regime shifts in varve thickness and 

total annual discharge coherent with shifts in NP and PDO indices were 

identified. Periods of increased varve thickness and total annual discharge were 

associated with warm PDO phases and a strengthened Aleutian Low.  

• Prior to 1900, PDO dynamics were reconstructed using the varve record. 

Multidecadal shifts were apparent throughout the 19th century, but were absent 

in the 18th century, although decadal-scale shifts were identified during this 

time. 
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