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A bstract

The regional vegetation response to Holocene warming and the recession of 

glacial Lake Atna is recorded by environmental proxies in cores from Canyon Lake, near 

the northern limit of the Copper River Basin. Pollen, spores, plant macrofossils, and 

stable isotope analyses of C, N and H indicate that conditions in the northern margins 

stabilized fairly quickly following the recession of Lake Atna around 10740 cal yr BP. 

The development of a shallow lake ecosystem surrounded by Betula (birch) shrub-tundra 

was followed by the migration of Picea (spruce) and Alnus (alder) into the Copper River 

Basin around 9800 cal yr BP and the eventual development of the Picea-dominated 

boreal forest that persists to this day. The stable isotope record indicates that lake systems 

are more sensitive to neoglacial cooling, Medieval warming, and the Little Ice Age than 

the surrounding boreal forest during the middle to late Holocene. The magnitude and 

severity of these events may have been limited in the Copper River Basin, but climate 

and vegetation change may have had significant effects on the available resources to the 

human populations of the region.
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C hapter 1: Introduction

The focus of this thesis is a reconstruction of paleoenvironmental conditions at 

Canyon Lake, located in the northern part of the Copper River Basin of south-central 

Alaska. The purpose of the study is to better understand the nature and timing of late- 

Pleistocene and Holocene environmental changes in the Copper River Basin and to 

provide environmental context for archaeologists working in the region. Canyon Lake 

was chosen as a study area because it lies within the boundaries of glacial Lake Atna, 

which inundated the Copper River Basin during the Last Glacial Maximum (Ferrians, 

1989).

High latitude sites are a major focus of Holocene paleoenvironmental 

reconstructions because the environments of the arctic and sub-arctic are particularly 

sensitive to climate change (Overpeck et al., 1997; Bigelow et al., 2003). 

Paleoenvironmental reconstructions rely on proxy data for indications of past changes in 

climate and vegetation (Kaufman, 2009). Lake sediments are often studied because of 

the excellent preservation of high-resolution proxy records (Schnurrenberger et al.,

2003). The paleoenvironmental reconstruction based on the sediment recovered from 

Canyon Lake details a series of dramatic changes at the site, including the transition from 

glacial Lake Atna to Canyon Lake and the migration of Picea and Alnus into the region. 

Plant macrofossils and stable isotopes of C, N, and H indicate changes in the aquatic 

ecoystem, which is more sensitive to regional climate change than the pollen record. The 

following is a brief overview of these proxies.



Fossil pollen and spores are resistant to decay and are particularly well preserved 

in lake sediments. Palynology, the study of pollen, spores, and other acid-resistant, 

organic-walled microfossils, can be used to reconstruct vegetation cover, which is then 

used to interpret paleoenvironmental conditions such as temperature and available 

moisture (Traverse, 2007). This method is particularly useful in the Holocene, because 

most of the fossil plant species and genera are extant and the ecosystems have modern 

counterparts. It is important to realize, however, that there are some Pleistocene- 

Holocene paleoenvironments that have no modern analogues, including the deciduous 

boreal forest (Edwards et al., 2005) and steppe-tundra (Ager, 1983). Fortunately, there is 

a well-published history of palynological analyses in Alaska from which to draw 

(Anderson et al., 2003). This study adds significant new information regarding Holocene 

vegetation change in a largely unstudied part of the state.

Stable isotope analyses can be used to further characterize lake systems. Stable 

isotopes of C, N, H and O are the most commonly studied isotopes in paleoenvironmental 

analysis. These elements, which compose the bulk of organic compounds, have two 

stable isotopes with different masses based on the number of neutrons. These are 

commonly referred to as the "heavy" and "light" isotopes. Mass spectrometry can be used 

to assess the isotopic composition of organic matter or bulk sediment. The ratio of heavy 

to light isotopes is calculated and compared to international standards. The light isotope 

of a given element is much more common than the heavy isotope, so stable isotope values 

are presented in per mil (mil = thousand) notation, represented with the %o symbol.
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Various chemical and biogeochemical processes alter the ratios of heavy and light 

isotopes in organic compounds (O'Leary, 1988; Meyers, 1994; Meyers and Lallier- 

Verges, 1999). These processes are often related to temperature and precipitation 

conditions, which can be inferred from the stable isotopic values of organic matter 

preserved in lake sediments (Sauer et al., 2001; Hu and Shemesh, 2003; Wang and 

Wooller, 2006; Wooller et al., 2008). The stable isotope data from Canyon Lake appear 

to be effective markers of major shifts in temperature and aquatic productivity and 

complement the palynological analyses.

Plant macrofossils are a crucial component of paleoenvironmental analyses 

because they are more indicative of the local presence of plant taxa than pollen and 

spores, which can be transported by wind and water over great distances (Birks and 

Birks, 2000). Terrestrial plant macrofossils are also used in the development of a 

radiocarbon core chronology. This chronology allows the timing of significant changes 

in proxy data to be compared to records at other sites and to regional climate events 

(Bjorck and Wohlfarth, 2001). The radiocarbon chronology at Canyon Lake made it 

possible to associate changes in pollen and stable isotope data with early Holocene 

warming and the late Holocene Medieval Warm Period and Little Ice Age.

Chapter 2 is a manuscript prepared for submission to the journal Quaternary 

Research. This chapter describes the paleoenvironmental record at Canyon Lake and 

puts the results of various analyses into a regional context. Results are compared to other 

paleoenvironmental records, and the timing of major changes in the proxy data are 

discussed with respect to regional climate signals. Chapter 3 details the geochemical

3
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correlation of a tephra deposit preserved in the sediment at Canyon Lake. The results of 

the tephra analysis were an important part of the chronology used in the 

paleoenvironmental analysis. This chapter was also prepared for submission to the 

journal Quaternary Research as a short paper. If accepted, both chapters will contribute 

to a growing collection of published data on Holocene vegetation, climate change, and 

volcanic activity in south-central Alaska.

Collectively, the papers represented by Chapters 2 and 3 establish the following:

1. Lake Atna receded from the Canyon Lake area around 10740 cal yr BP. 2. 

Evaporative enrichment is probably the cause of less negative hydrogen isotope values 

during the Lake Atna period. 3. Picea became established in the Canyon Lake region by 

9800 cal yr BP. 4. Alnus also migrated into the region around 9800 cal yr BP. Alnus did 

not expand as rapidly as Picea, reaching near-modern levels around 7200 cal yr BP. 5. 

Tephra deposits associated with the Hayes volcano are present in the Copper River Basin. 

6. The Medieval Warm Period and Little Ice Age did impact the Copper River Basin, but 

the effects are difficult to recognize without multiple proxy records.
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C hapter 2:
A 13000 cal yr BP record of paleoenvironmental change at Canyon Lake, Alaska1 

A bstract

Glacial Lake Atna formed in Alaska's Copper River Basin during the Late 

Pleistocene, depositing a thick succession of glaciolacustrine sediment. Sediment cores 

taken from Canyon Lake, a modern lake near the northern shoreline of glacial Lake Atna, 

reveal a transition from laminated, gray silt, thought to represent Lake Atna sediment, to 

gyttja deposits characteristic of modern sub-arctic lakes. Age-depth models based on 

plant macrofossils and a preserved tephra layer indicate that Lake Atna receded from the 

area around 10740 cal yr BP. Abundant aquatic plant macrofossils, depleted 6D values 

and increased C/N ratios in the upper core show that a proto-Canyon Lake was 

established immediately after the recession of glacial Lake Atna. The pollen record 

indicates that Betula (birch) shrub-tundra was dominant throughout the transition and 

persisted until Picea (spruce) expanded into the region at approximately 9820 cal yr BP. 

Alnus (alder) percentages stabilized around 10% at 7190 cal yr BP, when a modern 

Picea-dominated boreal forest was established. 613C, 615N, and the C/N ratio are 

sensitive indicators of climate change; subtle changes in these stable isotope values 

highlight small changes in pollen percentages and influx during the Medieval Warm 

Period and Little Ice Age.

1 Shimer, G., Fowell, S.J., Bigelow, N.H., Jangala, J., and Wooller, M.J. (2009). Paper 
prepred for submission in Quaternary Research.
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2.1 Introduction

The late Pleistocene-Holocene vegetation and climate history of the Copper River 

Basin is strongly influenced by the unique geography of the basin. This unique 

geography includes the thick succession of glaciolacustrine sediments deposited in the 

basin during the late Pleistocene, when glaciers flowing from the Chugach Mountains 

dammed the Copper River, resulting in the formation of glacial Lake Atna (Nichols, 

1989). Earlier studies have assessed the vegetation history of the basin using palynology 

and plant macrofossils (Ager and Brubaker, 1985; Tinner et al., 2006), and have 

discussed the palynological record in respect to glacial Lake Atna (Ager, 1989). This 

study combines macrofossil and palynology techniques with stable isotope analyses. 

Stable isotope techniques provide additional proxy data used to interpret 

paleoenvironmental and climatic conditions. Combined with a robust radiocarbon 

chronology, these methods were used to develop the vegetation and climate history of the 

Canyon Lake site, near the northern limit of the Copper River basin.

2.1.1 The Copper River Basin

The Copper River Basin is situated in south-central Alaska, surround by the 

eastern Alaska Range and the Wrangell, Chugach and Talkeetna mountains (Fig. 2.1). 

Basin elevations range between 150-1200 m above sea level (a.s.l.) (Bennett et al., 2002). 

The climate is sub-arctic, with average temperatures ~ -19.0° C in the winter and ~12.0°

C in the summer (Clark and Kautz, 1999). Most of the basin is heavily forested, with tree 

limits at approximately 1100-1300 m a.s.l. for Picea glauca (white spruce) and 800-900



m a.s.l. for Picea mariana (black spruce) and Betula (birch) trees in the northern portion 

of the basin (Tinner et al., 2006). Thousands of lakes occupy the basin floor, where 

permafrost occurs at shallow depths and vegetation consists of Picea sp. woodlands with 

wet meadows and scrub in low-lying areas (Clark and Kautz, 1999).

2.1.2 Lake Atna

The northern limit of the Copper River Basin is defined by the Alphabet Hills, an 

east-west trending range of 1000-1400 m a.s.l. ridges (Fig. 2.1). The Tangle Lakes lie to 

the north of these hills, where drainage flows north through the Alaska Range via the 

Delta River or west and south via the Susitna River. The Gulkana uplands lie to the east 

of the Alphabet hills and are the source of the Gulkana River. The Gulkana is 

characteristic of rivers in the basin, with deeply incised valleys that cut through thick 

successions of glaciolacustrine sediment deposited in a series of large ice-dammed lakes 

(Bennett et al., 2002). These lakes filled the Copper River Basin several times during the 

late Pleistocene when glaciers in the Chugach Mountains advanced and dammed up the 

Copper River (Nichols, 1989). The most recent of these lakes was Lake Atna, which 

formed during the Last Glacial Maximum (LGM) and covered 5200 km2 of the basin 

(Ferrians, 1989).

The chronology of Lake Atna's formation and drainage is poorly defined despite a 

large suite of 14C dates because the dates for the formation of the lake are near the limit of 

radiocarbon dating techniques, and because many of the dated samples have inadequate

9
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149°00'W 147°00’ W 145°00'W 143°00'W

Figure 2.1 Map of the Copper River Basin. Canyon Lake (black dot) lies near the center 

of the map, at the northern limit of the basin. Nearby sites discussed in the text (boxes) 

include the Tangle Lakes (Schweger, 1981; Anderson et al., 1994), Grizzly Lake (Tinner 

et al., 2006), and Hundred Mile Lake (Yu et al., 2008). The dashed line represents the 

approximate limits of glacial Lake Atna, adapted from an image courtesy of John Janala, 

BLM: http://www.gi.alaska.edu/ScienceForum/ASF17/1789.html.

http://www.gi.alaska.edu/ScienceForum/ASF17/1789.html


stratigraphic control (Bennett et al., 2002). To further complicate the chronology, it 

appears that Lake Atna drained in stages through various spillways (Williams, 1989). 

Despite these problems, Ferrians (1989) cites radiocarbon dates from organic matter 

collected along bluffs of the Gakona River indicating that Lake Atna flooded the region 

prior to 38000 14C yr BP and receded by 9400 ± 300 14C yr BP (10680 cal yr BP, median 

probability at 2a). The Gakona River flows parallel to the Gulkana River in the 

northeastern corner of the Copper River Basin (Fig. 2.1). Dates from Ferrian's (1989) 

bluff site provide age control, but the sedimentary record does not provide insights into 

the environmental response to the recession of Lake Atna or subsequent climate changes 

during the last 11000 years.

2.1.3 Canyon Lake

Canyon Lake (62°42'05.00" N 145°34'25.00" W) is located near the northern limit 

of glacial Lake Atna, just east of the Gulkana River (Fig. 2.1). Canyon Lake is 0.6 km2 

in area, and it currently has no permanent inlet or outlet streams. Closed Picea 

woodlands open around the lake margin, which is lined with Sphagnum, Lycopodium, 

and Equisetum.

2.2 Methods

2.2.1 Coring

Canyon Lake was accessed by snowmobile from a trailhead along the Richardson 

Highway in April 2007. Lake ice was ~1 m thick and made an effective coring platform.

11



Several holes were drilled through the ice near the center of the lake using a gas-powered 

ice auger. Sediment cores were collected using a piston coring system equipped with 7 

cm diameter polycarbonate barrels (Bolivia corer) and 5 cm steel barrels (Livingstone 

corer). The sediment-water interface was approximately 3 m below the ice surface at the 

coring site. The upper drive (Drive 1) from each core series was positioned to preserve 

the sediment-water interface. Upon recovery, a hole was drilled into the polycarbonate 

tube to drain the water and a foam insert was added to keep the sediment from slumping 

during transport and storage. Subsequent drives are numbered consecutively. After two 

to three drives the sediment was resistant to penetration, requiring a switch to the 

Livingstone corer. Livingstone cores were extruded in the field. This allowed 

observation of a contact between homogenous brown and laminated gray sediment at 205 

cm total core depth in Canyon Lake Core 3 (CL C3). Extruded Livingstone cores were 

covered in plastic wrap and protected in tubing. Cores were returned to the University of 

Alaska Fairbanks, where they are stored at 4°C in a walk-in refrigerator.

2.2.2 Core Processing

Drives from each core series were passed through a Bartington MS2C core

logging sensor, which measures magnetic susceptibility by core volume. Cores with 

highly bioturbated sediment exhibit little variation in MS values and are inadequate for 

paleoenvironmental analysis. The Canyon Lake MS signal varies with depth, indicating 

that the sediment is not homogenized. A significant positive MS excursion at 113 cm 

depth in CL C3 was considered to be a likely tephra deposit. CL C3 was selected for

12



high-resolution analysis because it also contained a contact between brown and gray 

clayey silt. The CL C3 core series consists of 4 drives of 69, 98, 78 and 10 cm, for a total 

length of 255 cm.

The 4 drives from CL C3 were scored using a mounted circular saw, then split 

with a taught metal wire. Split cores were described on the basis of color (Munsell value, 

hue and chroma) and texture. 2 cc volumetric samplers were used to remove plugs of 

sediment for high resolution bulk MS, and stable isotopes at 1 cm intervals. These 

samples were freeze-dried prior to analyses. Percent H2O was calculated from pre- and 

post-freeze dried weight. High resolution bulk MS data for CL C3 was acquired using a 

Bartington MS2B dual frequency sensor at 1 cm resolution over the entire 255 cm length 

of the core. Loss on ignition (LOI) data was collected at 5 cm intervals. Samples were 

weighed, heated to 550°C to burn off organic matter, and reweighed. 1 cc plugs were 

removed from the core at 2 cm intervals for pollen analyses and refrigerated prior to 

processing.

2.2.3 Smear Slides

Smear slides were prepared at 10 cm intervals to characterize lake sediment grain 

size and composition. Slides were also prepared at the depths of minor MS anomalies 

(43, 192 and 236cm). A toothpick was used to sample sediment and apply it to drops of 

distilled water on a glass slide. Samples were smeared and allowed to dry on a slide 

warmer before application of Cytoseal© and a glass cover slip. Each slide was examined 

under transmitted light at 10x magnification on a Nikon Optishot-2 microscope to

13
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visually estimate biogenic and mineral content. Percentages were estimated with 

comparison charts (Terry and Chilingar, 1955) for reference.

2.2.4 Pollen Processing

Pollen samples were selected for processing at 8 cm intervals. Sample resolution 

was increased to 2 cm intervals at 205 cm and 185 cm to better understand the pollen 

record of the transition from Lake Atna to Canyon Lake and the migration of Picea into 

the area. Pollen processing followed methods outlined in Faegri and Iverson (1989) and 

Traverse (2007), with slight modification for heavy liquid separation. Two Lycopodium 

clavatum tablets were added to each sample prior to processing to permit the calculation 

of pollen concentrations and influx. Following HCl digestion and removal of humic 

acids, samples were mixed with sodium polytungstate (Specific Gravity = 2.0) and spun 

in a centrifuge for 10 minutes at 4000 rpm. This process separated pollen from dense 

organic matter and inorganic silt. Heavy liquid separates were passed through fiberglass 

filters that were subsequently dissolved in hydrofluoric acid (HF). A hot hydrochloric 

acid (10 % HCl) treatment was required to remove crystals formed following HF 

digestion. Standard acetolysis procedures were followed after this step. Slides were 

prepared in glycerine jelly. Pollen counts were conducted on a Nikon Optishot-2 

transmitted light microscope; a minimum of 300 identifiable terrestrial pollen grains were 

counted in each sample. Results were tabulated and entered into a database using Tilia 

software, with pollen diagrams composed in TGView v.2.0.2 (Grimm, 2004). Pollen 

zones were established based on visual identification of major trends. A pollen influx



diagram was also produced in TGView. Concentrations were determined using pollen 

totals and total Lycopodium markers for a given level:

Concentration = (Fossil pollen counted x Total markers)/Markers counted 

Pollen influx was calculated as the product of concentration and sedimentation rate. 

Sedimentation rates (cm2/yr) were determined using the AMS 14C age-depth model.

Pore depth methods (Clegg et al., 2005) were used to differentiate between shrub 

birch (B. glandulosa or B. nana) and tree birch (B. papyrifera). The pore depth was 

measured from the exterior of the ektexine to the interior surface of the endexine. 

Subsamples (N=20) of Betula grains were measured from each sample horizon in order to 

establish the presence and estimate the frequency of tree birch. Clegg et al. (2005) 

defined a 2.55 |im threshold for shrub birch mounted in silicon oil, but this threshold was 

not used because glycerine jelly was used as a mounting medium in this study. The use 

of glycerine jelly causes swelling of the pollen exine (Reitsma, 1969), and the pore 

depths from Canyon Lake were indeed greater than those discussed in Clegg et al. (2005). 

A bimodal distribution of pore depths was used to distinguish between tree birch and 

shrub birch.

2.2.5 Stable Isotopes

Instrumental analyses of 613C and 615N were conducted concurrently on bulk 

sediment samples at the Alaska Stable Isotope Facility (ASIF) at the University of Alaska 

Fairbanks. Isotope analyses were conducted on sediment samples at 5 cm intervals for all 

of CL C3, with an additional 25 samples selected at intermediate intervals. Samples were
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freeze-dried and homogenized. 3.0-12.0 mg of sediment was weighed into tin capsules 

for analysis. Capsules containing peptone were included in the analytical sequence as 

calibrated reference standards. 613C and 615N values were determined using a Costech 

ECS4010 Elemental Analyzer (EA) attached to a Thermo Finnigan Delta-plus XL 

Isotope Ratio Mass Spectrometer (IRMS) via Conflo III interface. Isotopic values were 

calculated using the standard formula:

6X  = (Rsample / R standard -1) x 100

In this equation R is the ratio of heavy isotope/light isotope, and X represents the heavy 

isotope value expressed in per mil (%o) units relative to international standards (Vienna 

Peedee Belmnite (V-PDB) for C, atmospheric nitrogen for N).

6D (6D = 62H) values were measured using pyrolysis-elemental analysis-isotope 

ratio mass spectrometry (EA-IRMS) at ASIF. Bulk samples of sediment were selected at 

10 cm intervals throughout CL C3 and weighed into tin capsules. Isotopic values were 

determined using a ThermoFinnigan MAT elemental analyzer attached to a DeltaV Mass 

Spectrometer via a Conflo III interface. Isotope values are expressed in per mil units 

relative to an international standard (Vienna-Standard Mean Ocean Water or V-SMOW). 

Benzoic acid was used as a working standard.

16



2.2.6 Plant Macrofossils and Accelerator Mass Spectrometry (AMS) 14C Dating

Plant macrofossils were recovered for the development of an AMS 14C age model 

and for paleoenvironmental analysis. 1 cc samples of sediment were washed in de

ionized water through 250 |im sieves specifically reserved for radiocarbon processing. 

Macrofossils were removed and stored in glass vials containing de-ionized water.

Samples were examined under a Zeiss Stemi SR dissecting microscope and compared 

against an Alaska reference collection from the Alaska Quaternary Center (AQC) for 

identification.

Both aquatic and terrestrial macrofossils were recovered. Terrestrial macrofossils 

were selected for dating at depths of 101 cm, 200-203 cm, 189 cm, and 254 cm from CL 

C3. Washed macrofossils were wrapped in foil and sent to PaleoResearch Institute of 

Golden, Colorado for identification and processing. Samples and laboratory standards of 

known age were dated at Keck Carbon Cycle AMS Facility at the University of 

California, Irvine.

The age-depth model for CL C3 is based on 3 AMS 14C dates (Fig. 2.2). 

Calibrations of 14C dates were performed with Oxcal 3.10 (Bronk Ramsey, 1995; Bronk 

Ramsey, 2001) and CALIB 5.0 (Stuiver and Reimer, 1993). Both calibration methods 

use the IntCal04 calibration curves (Reimer et al., 2004). The median probability age 

from each calibrated date was plotted. The age-depth model uses interpolation to 

estimate ages between dated horizons. Interpolation is an appropriate method when there 

are few established dates (Telford et al., 2004). A second order polynomial was also fit 

to the dates using Excel.
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2.3 Results

2.3.1 Age-Depth Model

Three of four samples sent for AMS 14C dating were large enough to identify and 

date (Table 2.1). Salicaceae (birch or willow) twig fragments from 254-255 cm provide a 

basal date of 12870-12810 cal yr BP (10825±25 14C yr BP) for CL C3. The radiocarbon 

age for a graminoid stem fragment from 189-190 cm (8925±20 14C yr BP) crosses the 

calibration curve twice, resulting in possible age range of 10110-10190 or 9920-10070 

cal BP. A conifer twig from 101-102 cm returned a date of 3060-3210 cal yr BP 

(2950±15 14C yr BP).
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Table 2.1 AMS 14C Results.

Sample # Depth (cm) Age (14C yr BP) Calibrated Age1 Dated Material

PRI-08-100-1 101-102 2 9 5 0 ± 15 3210-3060 conifer twig (likely Picea)

PRI-08-100-2 189-190 8925 ± 20 10190-10110, 10070-9920 graminoid stem

PRI-08-100-4 254 10825 ± 25 12870-12810 Salicaceae twigs

12 o  probability, IntCal 04 curves, Oxcal v. 3.10

The median probability age for each sample was plotted in the age-depth model. 

The sediment-water interface was assumed to be -58 cal yr BP. The age-depth model can 

be described with three interpolation equations, where x = depth and y  = age (Fig. 2.2). 

These equations are used to predict the dates of significant events described below.

A tephra layer at 113 cm depth was used to test the age-depth model (Chapter 3). 

This tephra was identified as a member of Hayes tephra set H, a group of tephras widely 

dispersed in south-central Alaska and found at various sites along Jarvis Creek and in the 

Tangle Lakes (Beget et al., 1991). Hayes tephra set H is roughly dated to 3615-4415 cal



19

yr BP, with a median probability of 3987 cal yr BP at 2 a  (Beget et al., 1991; Riehle, 

1994). 3987 cal yr BP corresponds to 112.7 cm depth in the age-depth model. The close 

fit lends credibility to the AMS 14C age-depth model.

Depth (cm)

Stepped age model

Eq. 1 0-101 cm: y=  31.294x-57

Eq. 2: 101-190 cm: y = 79.54x-4978.1

Eq. 3: 190-255 cm: y = 42.846x+1957.1

Second-order polynomial

Polynomial Eq.: y = 0.0736x2 + 34.941x - 302.67

Fig. 2.2 Age-Depth Model for Canyon Lake. Equations for each line segment are listed 

in the legend above. Box symbol indicates the location of the Canyon Lake tephra. Error 

bars are shown for median probability ages.

2.3.2 LOI and Percent H2O

The gray sediment from 255 to 205 cm is characterized by low LOI values (< 

3.0%). A high LOI value at 245 cm is related to the boundary between Drive 3 and Drive



4, where organic matter-rich surface sediment slumped into the core hole and was 

incorporated into the final drive. LOI increases gradually above 205 cm, from 15.4% at 

200 cm to a high of 32% at the top of the core. Percent H2O follows a similar pattern as 

LOI data.
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Fig. 2.3 Loss on Ignition and Percent H2O. The black line represents LOI and the gray 

line represents percent H2O.

2.3.3 Smear Slides

Below 205 cm depth, mineral grains dominate the smear slides and diatoms are 

extremely rare (Table 2.2). Structureless organic matter (SOM) is absent. Silt is the
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dominant grain size (60-75%). The remaining inorganic material is mostly clay (25

40%) with rare grains of sand (<1%). The upper 205 cm of CL C3 consist largely of

Table 2.2 Smear Slide and Macrofossil Results. Smear slide results characterize gyttja 

and gray silt types as well as sediment immediately above the contact between gyttja and 

gray silt at 205 cm. All identifiable macrofossils are listed in the right hand column, as 

well as some unidentified fragmental plant matter.

Smear Slide Results M acrofossil Results
Gyttja (0-205 cm) Gyttja (0-205 cm)

80-85% SOM Bryozoans

5-15% Diatom frustules Cristatella mucedo

5% Silt Plumatella

0-5% Other (Sand, Pollen grains, Chironomid head capsules) Aquatic Plants 

Nuphar

200 cm Potamogeton

40%  SOM Ceratophyllum

5-7% Diatom frusules Nitella

40%  Silt Fragmental Plant Matter

10% Clay Graminoid

Moss

Picea  needle, twig

Gray Silt (205-255 cm) Gray Silt (205-255 cm)

60-75% Silt Terrestrial Plants

25-40% Clay Betula nana  seed

~1% Sand Salicaceae twigs 

Unidentified leaf vein 

Other

Cenococcum  sclerotia

SOM. The brown sediment can be characterized as gyttja, a descriptive term for lake 

sediment that consists of microscopic remains of organisms (Faegri and Iverson, 1989). 

Diatom frustules are the most common identifiable biogenic material seen in the CL C3



smear slides. Fragments of chitin are also common and pollen grains are visible. Sponge 

spicules occur infrequently.

2.3.4 Macrofossils

The macrofossil record is characterized by two distinct assemblages (Table 2.2). 

The lower assemblage corresponds to the gray clayey silt (205-255 cm). Though rare, 

identifiable terrestrial macrofossils are more common in this lower assemblage. These 

include the dated Salicaceae twigs at 254 cm and a Betula nana seed at 234 cm. The 

lower assemblage also contains 3 Cenococcum sclerotia at 204 cm, 206 cm, and 241 cm. 

Cenococcum sclerotia are micorrhizal fungal growths found among the roots of terrestrial 

plants (Hammarlund et al., 1999).

The abrupt transition from gray clayey silt to organic-rich gyttja coincides with 

the boundary between the two macrofossil assemblages. The upper assemblage is more 

variable, but consists largely of aquatic and emergent aquatic plant remains and 

unidentified chitinous insect parts. Immediately above the silt-gyttja contact at 205 cm 

there is an increase in moss fragments and the remains of aquatic vascular plants such as 

Potamogeton and Ceratophyllum. Plumatella and Cristatella oospores (reproductive 

cysts of freshwater bryozoans) are also concentrated in the 10 cm above the contact.

2.3.5 Pollen

Betula (75-90%) is the dominant pollen type from the base of CL C3 (12900 cal 

yr BP) to 186 cm (9820 cal yr BP) (Fig. 2.4). Cyperaceae (5-10%) and minor amounts of
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Salix and Artemisia (<5%) are also present. Poaceae is not greater than 1.3% until 225 

cm. At 225 cm Poaceae percentage increases to 5%. Only scattered grains of Picea and 

Alnus were observed below 186 cm.

Percentages of Picea increase from 0% at 190 cm to 10% at 186 cm, followed by 

a jump to 50% at 184 cm. Alnus percentages rise slowly in contrast, from 1.7% at 186 

cm to 9.1% at 153 cm (7190 cal yr BP). Salix and herbaceous taxa taper off to 

insignificant percentages (< 2%) above 186 cm, where the percentage of Betula drops to 

40%.

Pollen percentages are fairly consistent from 153 cm to the top of CL C3. Picea 

becomes the dominant pollen type above 153 cm, with a mean of 65.0%, a low of 49.8% 

at 41 cm (1230 cal yr BP), and a high of 84.8% at the surface. Betula (15-30%) and 

Alnus (10-15%) both reach peak percentages at 80 cm, 41 cm and 20 cm. Cyperaceae 

percentages also peak at these depths (>5%). Other herb taxa remain rare.

There is a bimodal distribution of Betula pore depths throughout CL C3 (Fig.

2.5b). Modes are 3^m and 4^m. Pore depths that correspond to these modes can be 

found at all depths in the core, indicating the presence of both shrub and tree birch at all 

depths. The mean pore depth of the measured Betula pollen grains increases from a low 

of 3.11 |im at 253 cm to a high of 3.96 at 121 cm (Fig. 2.5a). Above 121 cm the mean 

pore depth decreases steadily to 3.71 ̂ m at 4 cm.

23



24

Fig. 2.4 Pollen Diagram. Dotted lines indicate pollen zone boundaries. The heavy 

dashed line indicates the contact between brown silt and gray silt.
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Table 2.3 Pollen Sums and Indeterminate Grains. Identifiable pollen counts do not 

include indeterminate grains. Indeterminate grains could not be identified due to folding, 

crumpling, or excessive corrosion of the pollen wall.

Depth Pollen Sum Indeterminate Count

0.0 330 6

3.0 311 37

9.0 316 26

17.0 344 36

27.0 339 19

35.0 412 24

41.0 303 39

51.0 332 34

59.0 311 31

70.0 333 28

74.0 338 28

82.0 343 47

88.0 370 37

98.0 382 19

104.0 312 43

112.0 308 19

120.0 310 42

128.0 332 53

134.0 306 1

136.0 306 28

144.0 318 30

152.0 317 26

160.0 329 15

176.0 366 30

184.0 300 18

186.0 346 30

190.0 321 57

192.0 300 32

200.0 302 19

206.0 301 10

208.0 302 10

216.0 306 33

220.0 319 26

224.0 303 34

228.0 359 13

232.0 303 22

240.0 301 29

248.0 308 35

252.0 318 57



Spores are rare or absent below 205 cm. At 205 cm there is an increase in 

monolete spores and undifferentiated Lycopodium sp. spores. This does not include the 

Lycopodium marker grains. Monolete spores peak at 186 cm (~20%), but percentages 

remain relatively high (~10%) from 186 cm to the top of the core. Undifferentiated 

trilete spores increase in abundance to 10% at 130 cm (5360 cal yr BP) but decline below 

5% by 40 cm (1190 cal yr BP).
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Average Pore Depth Pore Depth

Fig. 2.5 Betula Pore Depths. A) Average pore depths over the entire core (CL C3). B) 

Bimodal distribution of pore depths: shrub birch cluster at 3 pm, tree birch at 4pm.

Pollen influx are low between 255 and 225 cm (Fig. 2.6). The influx of Betula, 

Artemisia, and Poaceae increase at 225 cm but decrease again above 205 cm., as the 

influx of monolete and undifferentiated Lycopodium spores increase. High influx
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Fig. 2.6 Pollen Influx Diagram. The heavy dashed line indicates the sediment contact 

between gyttja and gray silt.
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for multiple taxa occur between 100 and 50 cm. An increase of Picea and Ericales 

occurs between 40 and 20 cm.

2.3.6 Elemental Values

Figure 2.7 illustrates the changes in %C, %N, %H, and the C/N ratio with depth. 

The concentrations of N and H are below 1% between the base of the core and 205 cm.

C concentrations average 1.25% for the same depth. All of the elemental concentrations 

increase to relatively consistent averages of 7.94% C, 0.7% N, and 1.27% H between 205 

and 40 cm. C and N increase to average values of 10.75% and 1.02% from 40 to 20 cm. 

All three elements increase above 20 cm to the highest concentrations in the core (~1.6% 

for N and H, 14% for C).

C/N ratios (Fig. 2.7) fluctuate around a mean of 10 from the base of the core to 

205 cm. Between 205 cm and 115 cm the mean C/N ratio is 11. The ratio increases 

between 115 cm and 40 cm to a mean value of 12 before dropping to 9 above 40 cm.

2.3.7 Stable Isotopes

The average 613C value is -26.4%o (Fig. 2.8). Analytical precision for most of the 

613C values (0.25 % ) overlaps with the average value (gray bars in Fig. 2.8). Significant 

excursions consist of consecutive values with standard deviations that do not overlap with 

the average. Negative excursions occur between 165 cm and 150 cm, 137 cm and 132 

cm, 87 cm and 72 cm, and 62 cm and 55 cm. Significant positive excursions occur 

between 100 cm and 95 cm, and 40 cm and 20 cm.
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Fig. 2.7 %C, %N, %H and C/N Ratio vs. Depth. Calibrated age is fit to the x-axis along 

the top of the figure. The dashed line represents the recession Lake Atna.
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15 13Fig. 2.8 6 N, 6 C, and 6D vs. Depth. Calibrated age fit to the x-axis along the top of 

the figure. Gray bars represent average values. The width o f gray bars is determined by 

analytical precision, which is also indicated by dark bars for each data point. The dashed 

line represents the recession of Lake Atna.



The 615N values gradually increase from 2%  at 250 cm to 4.3%  at 185 cm. The 

standard deviation is 0.35%. 615N values remain steady around 4%  between 185 and 

115 cm before decreasing to around 2%  between 115 cm and 40 cm. The 615N values 

decrease further to 1% between 40 and 20 cm. The lowest 615N value of 0.5%  comes 

from the top of the core.

The standard deviation for 6D measurements is 1.72 % . The highest 6D values 

are recorded at 250 cm. 6D values decrease from -124.8% at 250 cm to -149.5% at 210 

cm. Between 210 cm and 200 cm the 6D values drop to -180% and are relatively 

constant for the rest of the core.

2.4 Interpretation

2.4.1 Vegetation

PZ-1 (255-186 cm, 12900-9820 cal yr BP)

The pollen diagram (Fig. 2.4) is subdivided into three zones. These zones were 

determined based on visual identification of major shifts in pollen percentages. The 

lower zone, PZ-1, stretches from the bottom of the core to 186 cm depth and includes 2 

subzones. PZ-1 is dominated by 75-90% Betula, with minor percentages of Salix (2%). 

The average pore depth for Betula grains is 3.35pm (Betula shrub). The apparent 

dominance of shrub Betula combined with the presence of Salix and the relative 

abundance of herb taxa, primarily Poaceae and Artemisia, indicate that the vegetation at 

this time was probably Betula shrub tundra.

Subzones 1 and 2 highlight changes in pollen percentages and spore abundance
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that probably indicate changes in available moisture. Subzone 1 (255-205 cm, 12900

10740 cal yr BP) contains higher percentages of Cyperaceae (5-12%), Poaceae (1-6%), 

and Artemisia (3-7%). Betula is about 10% less abundant in than in Subzone 2. The 

relative abundance of herbaceous taxa compared to other depths indicates that climate 

conditions during Subzone 1 were probably cooler and/or drier. Cenoccocum sclerotia, 

which are found in Subzone 1 at 241, 206 and 205 cm, are micorrhizal fungal growths. 

Their presence in lacustrine sediment is indicative of soil erosion (Hammarlund, 1999). 

Erosion due to the draining of glacial Lake Atna may be responsible for the presence of 

these macrofossils immediately below the sediment contact at 205 cm.

Subzone 2 (205-186cm, 10740-9820 cal yr BP) is defined by an increase in Betula 

at 205 cm, followed by an increase in Lycopodium, undifferentiated trilete spores, and 

monolete spores (ferns) above 205 cm. The spore taxa are indicative of an increase in 

available moisture, either through increased precipitation or a change in regional 

geomorphology, like the recession of glacial lake waters. The transition from gray silt to 

gyttja occurs at 205 cm. This transition is thought to represent the recession of glacial 

Lake Atna and the formation of a proto-Canyon Lake characterized by clear, shallow, 

warm water ringed by aquatic and emergent macrophytes along poorly drained margins 

and surrounded by birch shrub tundra. This hypothesis is supported by the increase in 

aquatic macrophytes and freshwater bryozoans immediately above 205 cm.

PZ-2 (186-153 cm, 9820-7190 cal yr BP)

PZ-2 begins with an influx of Picea pollen (10%) at 186 cm (9820 cal yr BP).

10% is the threshold commonly cited for the local presence of Picea trees (Hu et al.,
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1993). Picea trees are certainly present near the lakeshore at 184 cm, where the 

percentage rises to 51%. The increase in Picea corresponds to a significant drop in Betula 

percentages and the beginning of a gradual increase in Alnus. Salix is present in very low 

amounts (<1.0%) in this zone. Cyperaceae (3%) and Artemisia (2%) are also present in 

diminished quantities.

PZ-2 represents the establishment of a mixed boreal forest in the Canyon Lake 

region. Picea percentages are at or below 51% throughout this zone. This is particularly 

significant because Picea percentages increase to 60% or greater in PZ-3. It is possible 

that conditions were warm enough for Picea to migrate into the basin but too cold or dry 

for further expansion.

PZ-3 (153-0 cm, 7190 cal yr BP -  present)

Picea percentages increase again at 153 cm, to a mean of 65%. Picea dominated 

forests were probably established by 7190 cal yr BP. Fluctuating percentages of Betula, 

Alnus and Cyperaceae throughout this zone may be related to climate conditions or fire 

frequency. Higher percentages of herbaceous taxa occur at 82 cm (8.7%), 41 cm (10.9%) 

and 17 cm (6.4%); Salix also increases to 2% at 82 cm. Increases in herbaceous taxa and 

Salix could indicate a return to colder and drier conditions, but undifferentiated trilete and 

monolete spores in PZ-3 also peak at 82 cm, suggesting an increase in available moisture. 

There are numerous varieties of Cyperaceae that thrive in wet habitats (Wooller et al., 

2007); this may explain why there are significant increases in Cyperaceae pollen and 

pteridophyte spores but little change Artemisia pollen.
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2.4.2 Elemental Concentrations and Stable Isotopes

Shifts in the isotope values with depth are probably the result of changing 

environmental conditions in the Copper River Basin. The environmental mechanisms 

behind changing isotope values can be difficult to interpret, but the stratigraphic position 

of the changes is clear and often coeval with changes in the pollen and macrofossil 

records.

The most apparent changes in stable isotope values and elemental concentrations 

are related to the recession of glacial Lake Atna at 205 cm (10740 cal yr BP) and 

subsequent Holocene warming. Nearly all of the stable isotope and elemental proxies 

analyzed herein show a substantial shift associated with the transition between gray silt 

and brown gyttja at 205 cm depth. A similar shift is seen in the LOI data and percent 

H2O, which are interpreted as weight percent organic matter and an index of compaction, 

respectively. Mid-late Holocene climate changes are more subtle.

Differences between glacial Lake Atna and a proto-Canyon Lake are evident in 

the elemental concentrations of C, N, and H (Fig. 2.7). The low concentration of organic 

matter below 205 cm indicates that deposition in Lake Atna was dominated by clastic 

sedimentation. Higher C, N and H percentages above 205 cm indicate a greater 

proportion of organic sedimentation.

C/N ratios can be used to determine whether the organic matter that is preserved 

in the lake sediment is autochthonous (aquatic) or allochthonous (terrestrial) (Meyers,

1994; Meyers and Lallier-Verges, 1999; Herczeg et al., 2001; Sampei and Matumoto,

2001; Meyers, 2003). Organic matter derived from autochthonous plant material
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generally has a C/N ratio between 4 and 10, whereas accumulation of cellulose-rich 

vascular plant material from allochthonous sources produces C/N ratios of 20 or greater 

(Meyers and Lallier-Verges, 1999). The C/N ratios in CL C3 range from 9.1 to 12.8 (Fig.

2.7). The linear relationship between %C and %N in CL C3 indicates that C and N are 

from the same source at a given depth (Fig. 2.9). Low C/N ratios show that the source at 

all depths is aquatic plant material, with a minor input of allochthonous organic matter.

1.6 
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^ 0.8O'

0.4

0
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% C

Fig. 2.9 %N vs. %C. r2 =0.97 (p < 0.01). Values from below the 205 cm contact fit the 

regression but plot separately in the lower left corner of the figure (circled).

Despite the presence of terrestrial macrofossils indicating terrestrial erosion, 

autochthonous vegetation is the primary source of organic material in the Lake Atna 

sediment. In contrast, the Canyon Lake system has slightly higher C/N ratios of 10-13
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between 205 cm and 10 cm (255 cal yr BP), corresponding with an increase in 

macrofossils from vascular plants. Although the C/N ratios are slightly higher, the 

allochtnonous component of organic matter was probably limited. Herczeg et al. (2001) 

interpreted a similar range of C/N ratios derived from the water of the Murray River in 

Australia to indicate a 5-10% contribution of organic matter from terrestrial sources. C/N 

ratios are lowest above 10 cm (~9), which may imply greater input of aquatic plant 

matter, higher productivity, or a lower rate of decomposition.

The 613C values in CL C3 are fairly consistent throughout the entire core (Fig.

2.8). Values range between a high of -24.6%o and a low of -28.3%o. It is difficult to 

determine the source of organic matter in Canyon Lake using S13C because these values 

fall within the wide range for aquatic macrophytes, phytoplankton and terrestrial plants 

that use the C3 pathway during photosynthesis (Wang and Wooller, 2006). Though the 

range of 613C values cannot be used to differentiate between sources of organic matter, 

the C/N ratios establish the predominantly aquatic origin of organic matter in Canyon 

Lake. Other factors are then responsible for fluctuations in the 613C values. The 613C 

value of aquatic plants can be affected by dissolved inorganic carbon (Lazerte and 

Szalados, 1982), but there is little evidence of carbonates in the system. Alternative 

explanations for variations in S13C values include plant habitat (Keough et al., 1996) and 

atmospheric CO2 levels (Leng et al., 2005), but without additional lines of evidence it is 

difficult to invoke either of these causes. Fluctuations in the 613C record are more likely 

due to slight variations in lake productivity, possibly caused by increased temperature or 

longer growing seasons. Increased primary productivity can lead to enrichment in S13C,
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as discrimination against 13C decreases (Meyers, 2003). This is a potential explanation 

for peaks at 140cm and 100 cm and a sustained increase in S13C between 40 cm and 20 

cm.

615N values may also reflect changes in productivity. The gradual increase in S15N 

values during the Lake Atna period could be associated with increasing primary 

productivity due to warmer temperatures. After the recession of Lake Atna, values 

stabilize around 4%  during the early Holocene and vary little until 115 cm (4170 cal yr 

BP), supporting evidence of stable levels of lake productivity derived from the 613C 

record.

Though S15N can become enriched due to high primary productivity, the 

complexity of the nitrogen cycle and nitrogen fractionation (Talbot, 2001; Leng et al., 

2005) make it difficult to assess causality. Diagenesis can lead to enriched 615N values as 

the lighter isotope is removed during decomposition (Talbot, 2001), which could explain 

increasing S15N with depth up to the Canyon Lake-Lake Atna contact. Increased soil 

erosion can enrich lake water as well, because it releases S15N-enriched organic matter 

and encourages the production of S15N-enriched nitrate (Wolfe et al., 1999). Though the 

increase in S15N during the early Holocene occurs at roughly the same time as boreal 

forest development, it is difficult to tie the two processes together because of the drop in 

615N values at the top of the core (Fig. 2.8), when pollen data indicate the presence of an 

extensive boreal forest (Fig. 2.4).

6D and 618O values are related to temperature and precipitation. The 6D and 618O 

values of precipitation generally become progressively depleted with increasing latitude
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and/or altitude and decreasing temperature (Darling et al., 2005). The SD of organic 

matter is generally related to the SD of precipitation (Wooller et al., 2008). The linear 

relationship between H and C depicted in Figure 2.10 indicates that the H is associated 

with organic matter, not inorganic compounds, so some climatic interpretations can be 

made.
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Fig. 2.10 %H vs. %C. r2 =0.86 (p < 0.01). Values from below 205 cm plot separately in 

the lower left corner of the figure (circled). Outliers are anomalously high in %C.

SD values in CL C3 were expected to be more depleted during the Lake Atna 

period (below 205 cm), because the source of water in Lake Atna was assumed to be a 

combination o f isotopically light glacial melt and seasonal precipitation. SD values 

above 205 cm were expected to be more enriched due to warmer temperatures. The data



reveal the opposite pattern (Fig. 2.8), with more enriched values during the Lake Atna 

interval. The unexpected enrichment could be due to a number of regional climatic 

factors, including changes in temperature and the seasonality or source of precipitation 

(Yu et al., 2008).

Glacial Lake Atna has few modern analogues, especially in the northern 

hemisphere. Glacial lakes the size of Lake Atna (5200 km2) no longer exist in Alaska, 

but such lakes are found in Antarctica. In a study of glacial meltwater inflow into ice- 

covered Antarctic Lakes, Miller and Aiken (1996) saw enrichment of 6D due to 

evaporative effects in streams and the thaw moat that developed around lake ice. The 

most enriched 6D values in CL C3 are between 255 cm and 235 cm, when cold 

temperatures and extensive lake ice may have limited late spring and summer 

productivity to isotopically enriched open water in thaw moats close to shore (for a 

similar situation, see Melles et al., 2007). This could explain why the autochthonous 

plant matter that grew and died between 255cm and 235cm is the most enriched in 6D at 

Canyon Lake. The subsequent decrease in 6D values during the Lake Atna period is 

probably associated with warming and reduced ice cover. This would lead to the 

increased productivity seen in 615N values during a longer growing season. The dramatic 

shift in 6D values after the recession of Lake Atna reflects a change in the water source, 

from enriched stream and moat water to seasonal snow melt and summer rains.
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2.5 Discussion

The bottom of CL C3 contains 50 cm of gray silt that accumulated within glacial 

Lake Atna. These deposits date from 12900-10740 cal yr BP. Pollen and stable isotopes 

point to a colder and drier period from 12900-11210 cal yr BP (255-215 cm). Extensive 

lake ice probably limited the amount of open water, which was enriched in SD due to 

evaporative fractionation. Yu et al. (2008) see a correlative shift in S18O values of 

bivalves from Hundred Mile Lake in the Matanuska Valley (Fig. 2.1). The timing of the 

event (10500 cal yr BP), is roughly similar to the timing of the recession of Lake Atna 

from the Canyon Lake region at 10740 cal yr BP. The magnitude of the shift in S18O (- 

4.5%o) is roughly equivalent to the 45-55%o shift in SD in CL C3 based on Global 

Meteoric Water Line calculations (Fig. 2.11). Yu et al. (2008) ascribe the shift in 

isotopic values to changes in atmospheric circulation patterns. The alternative hypothesis 

of evaporative fractionation is a simpler explanation, particularly during a dry climate 

period when precipitation was probably limited.

Dry and probably cold conditions between 255 cm (12900 cal yr BP) and 215 cm 

(11120 cal yr BP) may be associated with the Younger Dryas (YD). There is evidence of 

a cold and dry YD in Alaska from about 13000 cal yr BP to 11700 cal yr BP (10000

11000 14C yr BP) (Hu et al., 2002; Hu et al., 2006). Much of this evidence is based on of 

geographically distant sites. At Windmill Lake, north of the Alaska Range (250 km NW 

of Canyon Lake), increased percentages of herbaceous taxa are contemporaneous with 

the YD chronozone (Bigelow and Edwards, 2001). In the Arctic Foothills of the Brooks 

Range, a decrease in Populus pollen is also associated with cooler and drier climate
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between 10000-11000 14C yr BP (Mann et al., 2002). Coeval assemblages from Kodiak 

Island record cold, arid conditions characterized by a "fern gap" (Peteet and Mann, 1994).
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Fig. 2.11 Global Meteoric Water Line (GMWL). The line is plotted based on the 

standard equation: 6D = 8 • 618O + 10. Dotted line indicates 6D values at 255 cm, during 

the YD (-124.5%o). Dashed lines represent the 6D values from Lake Atna sediment at 

210 cm (-149.5%) and average 6D values for Canyon Lake sediments above 205 cm (~ - 

180%). The -26%  shift in 6D values between the Lake Atna sediment and the Canyon 

Lake sediment is approximately equivalent to the -4.5% shift in 618O recorded at 

Hundred Mile Lake (Yu et al., 2008).



A YD signature is not clearly evident in the pollen record of CL C3. At Canyon 

Lake, PZ-1 Subzone 1 (255-205 cm, 12900-10740 cal yr BP) is defined by the highest 

percentages of herbaceous taxa in the core, including arid- and cold-tolerant Cyperaceae 

and Artemisia. Dramatic increases in the influx of Betula, Artemesia and Poaceae also 

occur at 215 cm (1170 cal yr BP) and may be related to warmer, less arid conditions (Fig. 

2.6). However, these changes occur well after the 11600 cal BP end of the YD recorded 

at Nimgun Lake (59°33'N 160°46'W) in southwest Alaska (Hu et al., 2002). The cold, 

arid conditions that prevailed during pollen Subzone 1 appear to be more closely related 

to the presence of glacial Lake Atna than the YD.

It is clear that glaciolacustrine conditions continued beyond the YD chronozone, 

because Lake Atna sediments accumulated until 10740 cal yr BP (205 cm). This date 

corroborates the 10680 cal yr BP date for the uppermost glaciolacustrine deposits in 

bluffs along the Gakona River in the Copper River Basin (Ferrians, 1989). The recession 

of Lake Atna appears to be associated with gradual warming following the YD. SD 

values at Canyon Lake decreased and S15N values increased between 11210 cal yr BP 

(215 cm) and 10740 cal yr BP, possibly due to reduced ice cover and increased primary 

productivity. The -4.5% shift in the S18O values that occurs at Hundred Mile Lake 

around 10500 cal yr BP (Yu et al., 2008) may also be related to a reduction in 

isotopically enriched summer melt water due to less extensive lake ice.

The recession of Lake Atna led to major changes at Canyon Lake. Some of 

these changes were gradual. Both SD and S15N values stabilize 10-20 cm above 205 cm. 

But by 203 cm a dramatic increase in organic matter is inferred from elemental
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concentrations, fern spore abundances, and aquatic macrofossils. The increase in lake 

productivity and organic matter preservation is associated with the recession of the cold, 

sediment rich glacial lake waters and the formation of a proto-Canyon Lake.

Macrofossils indicate that proto-Canyon Lake was similar to modern Canyon Lake. 

Fragments of graminoid stems and seeds of Potamogeton and Nuphar indicate the 

formation of an aquatic and emergent aquatic plant ecosystem (Hu et al., 1996).

Cristatella mucedo, first recovered at 200 cm (10530 cal yr BP), is associated with clear, 

shallow water depths of 1 m or less and has a pH range of 5.3 to 8.0 (Kuc, 1973). 

Graminoid fragments, moss fragments, and fern spores are signs of a moist shoreline 

typical of wet meadows that exist in depressions around ponds and lakes in the region 

today (Clark and Kautz, 1999). Betula and Salix shrubs are known to surround such wet 

meadows (Clark and Kautz, 1999), accounting for the high percentages of Betula pollen 

prior to the base of PZ-2 at 186 cm (9820 cal yr BP).

A major ecological change occurs at Canyon Lake around 9820 cal yr BP, when 

Picea enters the region (Fig. 2.4). The arrival of Picea appears to be very abrupt on the 

pollen diagram, but it probably occurred over several hundred years on the basis of 

sedimentation rates. Picea increase from 0% to 10% between 190 cm and 186 cm. The 

four centimeters between 190 cm and 186 cm represents almost 300 years in the age- 

depth model. 10% is commonly held to be the threshold for the local presence of Picea 

trees (Hu et al., 1996). An additional 160 years pass between 186 cm and 184 cm, when 

the Picea percentage increases to 50%. Picea forest appears to be firmly established by 

9660 cal yr BP.
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Grizzly Lake lies 70 km east of Canyon Lake in the northern Copper River Basin 

(Fig. 2.1). High percentages of Picea (40-60%) recovered from the base of Grizzly Lake 

cores indicate that Picea forest was established there ~9600 cal yr BP (Tinner et al.,

2006). The presence of Picea in significant (>10%) percentages at Canyon Lake and 

Grizzly Lake around the same time indicates that Picea was widely established at the 

northern edge of the Copper River Basin by 9600 cal yr BP.

Picea forests were possibly established earlier, by 10300 cal yr BP, in the Tangle 

Lakes region (Schweger, 1981; Anderson et al., 1994). In their analysis of sediments at 

10-Mile Lake in the Tangle Lakes area, Anderson et al. (1994) postulate that early Picea 

forests were restricted to warm, well-drained sites. The conditions at Canyon Lake, 

Grizzly Lake, and lower elevations in the Copper River Basin were probably even 

warmer than 10-Mile Lake, but the appearance of Picea pollen occurs about 700 years 

later. The earlier influx of Picea at higher elevations in the Tangle Lakes region supports 

the theory that Picea migrated into the Copper River Basin from the Tanana River valley 

via passes in the Alaska Range (Ager and Brubaker, 1985).

PZ-2 is defined by the presence of Picea and Betula in relatively equal 

proportions (~40-50%). Cold and/or dry conditions associated with a global cool and 

arid event at 8.2 ka BP may have restricted the abundance of Picea following its 

migration into the basin during the early Holocene. Regional climatic effects of the 8.2 

ka event (Alley et al., 1997; Alley and Agustsdottir, 2005) are seen in the Mt. Logan ice 

cores in the Yukon (Fisher et al., 2008), and in Nunavut, Arctic Canada (Seppa et al.,
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2003). At Grizzly Lake there is a decrease in the percentage of Picea between 8500 and 

8200 cal yr BP thought to be associated with cooler temperatures (Tinner et al., 2006).

Two hypotheses could explain the increase in the abundance of Picea pollen to 

60% at the base of PZ-3. Cold temperatures of the 8.2 ka event could have inhibited the 

expansion of Picea at Canyon Lake between 8500-8000 cal yr BP, delaying increases in 

Picea and Alnus percentages, which occurred between 7750 cal yr BP and 7190 cal yr 

BP. But the increase in Picea pollen at 7190 cal yr BP may instead be due to the 

appearance of P. mariana, which shows up in the Grizzly Lake cores around 7200 cal yr 

BP (Tinner et al., 2006). The arrival of P. mariana is the preferred explanation for the 

delay in the increase of Picea percentages, because there is little additional evidence of 

an 8.2 ka cold/arid event at Canyon Lake other than a -2%  excursion in the 615N values 

at 165 cm (8150 cal yr BP), may be associated with reduced primary productivity caused 

by cold temperatures.

The boreal forest of PZ-3 (7190 cal yr BP-present) consists of Picea with mixed 

Betula and Alnus shrubs, though Alnus may not have been locally present at the Canyon 

Lake site. The percentage of Alnus at Canyon Lake (9%) is much lower than the 20% or 

greater proportion of Alnus at 10-Mile Lake (Anderson et al., 1994) or Grizzly Lake 

(Tinner et al., 2006) during the last 8000 years. This may be due to the absence of 

disturbed or well-drained sites surrounding Canyon Lake. Betula pore depth studies (Fig. 

2.4) indicate that Betula in PZ-3 was present both as trees and shrubs. This type of 

vegetation is typical of the region today (Clark and Kautz, 1999).
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The stable isotope record shows that mid-late Holocene climate fluctuations 

affected Canyon Lake ecosystem. Higher C/N ratios and lower SD and S15N values at 

115 cm depth (4170 cal yr BP) may be related to neoglacial cooling, an interval of 

continental-scale drought and cold temperatures throughout North America around 4200 

cal yr BP (Booth et al., 2005). Alaskan evidence of neoglacial cooling is restricted to the 

coastal mountain ranges. Coastal glaciers in Alaska expanded between 3600 to 3000 BP 

(Calkin et al., 2001), and S18O records from the Mt. Logan ice core in the Yukon point to 

a major change in atmospheric and ocean circulation (Fisher, 2008). The interior location 

of Canyon Lake may have limited the magnitude of cooling. Lower SD values at Canyon 

Lake could be associated with lower temperatures, and low temperatures may have 

caused a drop in primary productivity, lowering S15N and increasing the C/N ratio.

Though the timing of these changes is compelling, the magnitude of the isotopic shifts is 

not large.

Several proxies record Medieval warming at Canyon Lake. The Medieval Warm 

Period is an episode of relatively warm climate documented at various sites in Alaska 

between 1100-750 cal yr BP. Evidence for the effects of Medieval warming includes 

increased S18O values at Farwell Lake in the Alaska Range (Hu et al., 2001), the retreat 

of coastal glaciers along the Gulf of Alaska (Calkin et al., 2001) and changes in varve 

thickness at Iceberg Lake in southeast Alaska (Loso, 2009). A climate shift occurred at 

Canyon Lake between 1350 cal yr BP (40 cm) and 680 cal yr BP (20 cm). Minor 

changes in S13C and S15N are accompanied by 5-10% fluctuations in Picea, Betula, and 

Alnus during this interval (Fig. 2.12). Picea percentages increase, probably due to
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warmer temperatures. Higher temperatures may have led to higher levels of productivity, 

resulting in enriched 613C and lower C/N ratios. In contrast, the 615N values decrease 

during this time. This does not fit a pattern of increased primary productivity but may be 

associated with other factors that affect 615N, such as diagenesis and preservation (Talbot, 

2001).

At several sites in Alaska the Medieval Warm Period is followed by the onset of 

the Little Ice Age (LIA). Mann et al. (1998) detail the effects of Medieval warming and 

LIA cooling on tree rings, pollen data, sea levels and salmon populations in the Gulf of 

Alaska, and there is evidence of advancing coastal glaciers (Calkin et al., 2001). At 

Canyon Lake there is a 20% drop in Picea above 20 cm (680 cal yr BP, 1270 AD),

813C % 0 (VPDB) Picea Cyperaceae Trees and Shrubs
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Fig. 2.12 Potential Indicators of the Medieval Warm Period and Little Ice Age. Potential 

indicators of the Medieval Warm Period between 1350-650 cal yr BP (shaded box) and 

Little Ice Age cooling beginning around 650 cal yr BP.



accompanied by a 10% rise in both Betula and Alnus (Fig. 2.12). Influx data show a 

significant drop in Picea pollen production, perhaps associated with cold temperatures 

(Fig. 2.4), and mean Betula pore depths are shallower than in previous years, indicating a 

higher percentage of shrub birch (Fig. 2.5). Percentages of Artemisia and Cyperaceae 

also increase slightly above 20 cm, indicating a return to cooler, drier conditions after the 

Medieval Warm Period.

Comparison of the estimated ages of the shifts in proxy data to the ages of known 

regional climate events makes it easier to assign causality to changes at Canyon Lake that 

might otherwise remain unexplained. The timing of these changes is compelling, but the 

magnitude of the changes is fairly small, with the exception of the -20% drop in Picea at 

Canyon Lake at 16 cm (440 cal yr BP). This event could be due to factors other than LIA 

cooling, such as fire frequency, which can reduce Picea populations and favor shrubs 

such as Betula and Alnus (Tinner et al., 2006). Stronger correlations could be developed 

by improvement of the age-depth model through additional radiocarbon dates, analysis of 

higher resolution SD data, or measurement of the S18O values of biogenic silica (Hu et 

al., 2002; Hu and Shemesh, 2003), chironomids (Wang and Wooller, 2006), or cellulose 

(Sauer et al., 2001; Feng et al., 2007). These proxies would enhance the record of 

temperature and precipitation at Canyon Lake.

2.6 Conclusions

Stable isotope analysis of bulk lake sediment, palynology, and macrofossil 

analysis can be used to identify subtle changes in lake systems and vegetation cover that
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correspond to regional climate events. The 13000-year pollen, macrofossil and stable 

isotope record at Canyon Lake contains evidence of two major ecological changes from 

the late Pleistocene through the Holocene.

The first ecological change at Canyon Lake occurred with the recession of glacial 

Lake Atna around 10740 cal yr BP, which led to the formation of a proto-Canyon Lake. 

Prior to the recession of Lake Atna, regional vegetation was characterized by Betula 

shrubs and herbaceous plants indicative of shrub-tundra vegetation. Significant lake ice 

probably restricted primary production in Lake Atna to unfrozen margins. These margins 

increased in size during the late stages of Lake Atna due to warmer temperatures, causing 

lower SD values and the gradual enrichment of S15N as productivity increased and 

evaporative enrichment effects were minimized. Betula remained the dominant pollen 

taxa in the region following the recession of glacial lake waters. The abundance of 

Betula pollen masks the changes that occurred during the early development of Canyon 

Lake, including expansion of pteridophyte taxa and aquatic macrophytes seen in the 

macrofossil and spore records.

The second ecological change at Canyon Lake is the development of boreal forest 

in the northern Copper River Basin. Picea first migrated into the area in significant 

numbers around 9820 cal yr BP and increased in abundance around 7190 cal yr BP.

Alnus also migrated in to the northern Copper River Basin at this time, but may have 

been restricted to more well-drained locations. Early Holocene warming led to the 

stabilization of a lake ecosystem characterized by aquatic and emergent aquatic plants 

and surrounded by boreal forests of Picea and Betula trees with Betula and Alnus shrubs .
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Several climate perturbations are recorded after the establishment of the Picea- 

Betula-Alnus forest around 7200 cal yr BP. Changes in stable isotope values and pollen 

percentages and influx at 1350 and 680 cal BP are coincident with Medieval Warming 

and Little Ice Age cooling. These changes are slight, but this study shows that subtle 

climate signals can be identified using multiple proxy records and a robust age-depth 

model.
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C hapter 3:

A Holocene tephra identified in sediment cores from Canyon Lake, Copper River Basin,

Alaska2

A bstract

Canyon Lake is a small lake located in the upper reaches of the Copper River 

Basin, south-central Alaska. In 2007, several cores were recovered from the lake for 

paleoenvironmental analyses. A magnetic anomaly at 113 cm depth in Canyon Lake 

Core 3 (CL C3) corresponds to a 0.5 cm thick, cream-colored tephra deposit. Semi- 

quantitative statistics performed on the results of electron probe microanalysis (EPMA) 

indicate that the major oxide geochemistry of CL C3-113 is correlative with a group of 

tephras known as "Hayes tephra set H". The results of these analyses confirm the 

presence of Hayes tephra set H in the northern portion of the Copper River Basin, 30 km 

south of previously identified deposits. The 4415-3615 cal yr BP age range for Hayes 

tephra set H corresponds well with calibrated AMS 14C ages from CL C3 and strengthens 

the age-depth model for the site.

2 Shimer, G., Fowell, S.J., and Addison, J.A. (2009). Short paper prepared for 
submission in Quaternary Research.
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3.1 Introduction

Tephra deposits are identified and correlated through the analysis of tephra glass 

geochemistry, which is generally consistent over large distances (Shane, 2000; Turney 

and Lowe, 2001). Tephras can also be identified by unique mineral compositions, but 

this method is less useful for distal tephras due to atmospheric sorting (Shane, 2000). 

Distal tephra sites are often situated several hundred kilometers or more from source 

volcanoes and may consist of cryptotephras, microscopic glass shards disseminated in 

sediment and otherwise invisible in core section (Blockley et al., 2005). Once identified, 

tephras and cryptotephras can be used to date and correlate stratigraphic sequences at 

regional or even global scales (Pearce et al., 2004; Payne et al., 2008).

Lake sediments have a high potential for tephra preservation (Schiff et al., 2008). 

A 13,000-year sediment record from Canyon Lake, Alaska contains a visible tephra 

deposit. Tephra glass from this deposit was analyzed for major element geochemistry in 

an attempt to correlate the deposit with other tephras in the region and improve age 

control for Canyon Lake proxy records. Tephra glass geochemistry and the age of the 

Canyon Lake tephra are compared to data from widely distributed late-Holocene tephras, 

including tephras from Hayes and Aniakchak volcanos, and the White River Ash. Data 

presented from these analyses support correlation of the Canyon Lake tephra with Hayes 

tephra set H, a well-studied group of tephras originating from the Hayes volcano 

approximately 4000 cal yr BP.



3.1.1 Study Area

Canyon Lake (62°42'05.00" N 145°34'25.00" W) is located in the upper reaches of 

Alaska's Copper River Basin, 750 m above sea level (Fig. 3.1). The lake is situated just 

east of the Gulkana River, 6 km west of the Richardson Highway. Canyon Lake has a 

surface area of approximately 0.6 km2. A series of piston cores were collected from 

Canyon Lake in April 2007. Canyon Lake Core 3 (CL C3) consists of 4 drives with a 

combined length of 255 cm. A visible sedimentological contact at 205 cm depth between 

gray clayey silt and overlying gyttja likely marks the recession of Lake Atna, a large 

glacial lake that filled the Copper River Basin during the Last Glacial Maximum (Bennett 

et al., 2002).

Magnetic susceptibility anomalies in CL C3 represent tephra deposits or influxes 

of inorganic sediment high in iron-bearing minerals. The latter could be the result of 

changes in sediment supply influenced by shifts in precipitation patterns or vegetation 

cover. Tephra deposits are particularly likely, given the distribution of Holocene tephras 

in the region (Table 3.1). The focus of this study is to ascertain the source and age of the 

Canyon Lake tephra (CL C3-113) through electron probe microanalysis (EPMA), 

statistical correlations, and AMS 14C dating, and to locate any cryptotephras present in 

the core.

3.1.2 Holocene Tephras in South-Central Alaska

Holocene tephra deposits are common in south-central Alaska. The locations and 

compositions of these deposits have been well documented (Riehle, 1985; Fontana, 1988;
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Fig. 3.1 Map of South-Central Alaska. The black line indicates the coast, gray lines 

indicate mountain ranges. The circles indicate sites with horizons containing Holocene 

tephra deposits discussed in the text.

Riehle et al., 1990; Beget et al., 1991; Beget et al., 1992; Riehle, 1994; Child et al., 1998; 

de Fontaine et al., 2007; Payne et al., 2008; Schiff et al., 2008). There are several 

possible sources for Holocene tephras in the Copper River Basin. The basin is bounded 

on the east by prominent volcanic peaks of the Wrangell Mountains. A volcanic vent near



the summit of the Mt. Churchill-Mt. Bona massif (Fig. 3.1), is thought to be the source of 

the White River Ash, an extensive bilobate tephra ejected during two distinct Holocene 

eruptions in the last 2000 years (Lerbekmo et al., 1975; Downes, 1985). The older lobe 

extends north from Mt. Churchill along the Alaska-Yukon border (McGimsey et al.,

1990; Lerbekmo et al., 1975). This lobe, dated to 1890 BP, has been mapped at Tok, 

Alaska, 145 km northeast of Canyon Lake (Richter et al., 1995). A younger lobe extends 

east to the McKenzie River valley and is more recent, dating to 1200 BP (Robinson,

2001). No maps place the White River Ash as far west as Canyon Lake, but this does not 

exclude the possibility of White River Ash deposits in the area given the proximity of 

Canyon Lake to Mt. Churchill (250 km).

Proximity of a source volcano is not particularly important in the study of distal 

tephra deposits; major eruptions can spread tephra glass over vast distances (Shane,

2000). Tephra from the Aniakchak volcano, which erupted 3500-4000 cal yr BP, has 

been identified in Greenland ice cores (Pearce et al., 2004). The distribution of the 

Aniakchak tephra has been mapped, with a plume extending directly north from the 

volcano's location on the Alaska Peninsula towards the Arctic Ocean (Beget et al., 1992). 

There is no indication that tephra deposits from this volcano occur in the Copper River 

Basin, but given the prominence of the tephra in the late Holocene it must be considered 

as a potential source for CL C3-113.

Hayes volcano (Fig. 3.1) is a volcanic vent identified by pumice and breccia 

deposits on the Hayes Glacier in the Tordrillo Mountains, approximately 150 km north of 

Anchorage and 375 km southwest of Canyon Lake (Riehle et al., 1990). The
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Table 3.1 Tephra Deposits Associated with the Hayes Volcano.

Site Name Location1 14C yr BP Calibrated Age Range2 Source

Canyon Lake 62°42.0’ N 
145° 34.0’ W 3705* 4010* ------

Mt. Hayes 61°36.0’ N 
152° 27.2’ W

3650 ± 150 3615-4416 Riehle et al., 1990

Jarvis Creek
63°30.0’ N 

145° 51.0' W 3660± 125 3648-4356 Beget et al., 1991

Tangle Lakes
63°03.0’ N 

146° 00.0’ W 3660 ± 200 3475-4523 Beget et al., 1991

Wonder Lake
63°28.0’ N 

150° 52.0’ W 3830 ± 60 4091-4424 Child et al., 1998

Tustumena Lake 60°37.5’ N 
151° 03.5’ W ------

3470-3960
3870-4370
3900-4390

de Fontaine et al., 2007

Paradox Lake 60°14.0’ N 
150° 45.3’ W ------

3430-3880
3500-3940
3520-3960

de Fontaine et al., 2007

Matanuska Valley 61°36.0’ N 
149° 07.0’ W

3170 ±170 
3390 ±180

2949-3827
3217-4146

Fontana 1988

1 Locations for Jarvis Creek, Tangle Lakes and Matanuska Valley are important sites selected from a group of locations. 
The Mt. Hayes section does not have a recorded location.
2 Calibrated age ranges for Tustumena and Paradox Lake based on published ranges. Other ages calibrated using 
Calib v. 5.1 (Stuiver and Reimer, 1993).
* Dates based on age models

geochemistry of the Hayes volcano tephras was established from a series of deposits at 

Site 23, 55 km northeast of Hayes volcano (Riehle, 1985). These deposits have been 

geochemically or petrographically linked to late Holocene tephra deposits in the 

Anchorage area and the Kenai Peninsula (Fontana, 1988; Riehle et al., 1990; de Fontaine 

et al., 2007; Schiff et al., 2008). Beget et al. (1991) published the geochemistry of three



additional tephras at sites in interior Alaska that correlate with each other and several of 

the Hayes tephras at Site 23. This grouping includes an ash layer from the Tangle Lakes 

and the Jarvis Creek Ash, 40 km northwest and 105 km north of Canyon Lake, 

respectively. The authors (Beget et al., 1991) proposed that these two deposits, along 

with the Cantwell Ash, be unified under the term Jarvis Creek Ash. Riehle (1994) 

alternatively proposed that these deposits be designated "Hayes tephra set H" to specify 

the source of the deposits as the unifying characteristic, and because Hayes tephra set H 

is geochemically distinct from other Hayes tephras found in the Cook Inslet area. This 

paper follows the "Hayes tephra set H" convention.

Child et al. (1998) described a tephra layer at Wonder Lake, which is similar to 

the Jarvis Creek Ash (Hayes tephra set H) in terms of composition and age. A second, 

older deposit at Wonder Lake is geochemically similar to the Oshetna tephra, another 

deposit thought to originate from an earlier eruption of Hayes volcano, around 6900 cal 

yr BP (Child et al., 1998).

Tephra deposits at other sites have been associated with Hayes tephra set H based 

on the depth and radiocarbon age of deposits. Bigelow and Edwards (2001) mention a 

probable deposit of Jarvis Creek Ash at Windmill Lake in the Nenana River valley 100 

km east of Wonder Lake, and Jan Lake (63°34.00' N 143°54.00' W) contains two tephras 

that could be related to Hayes tephra set H (Carlson and Finney, 2004). The Jan Lake 

site is 125 km northwest of Canyon Lake and would mark the furthest extent of Hayes 

tephra set H, but a geochemical analysis has not been conducted on this deposit.
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3.2 Methods

3.2.1 Coring

Canyon Lake was accessed by snowmobile in April 2007. Lake cores were taken 

from a 1-m thick ice platform using a piston coring system equipped with 7 cm diameter 

polycarbonate barrels (Bolivia corer) and 5 cm steel barrels (Livingstone corer). CL C3 

consists of 4 drives, 69, 98, 77.5, and 10 cm in length. Drives 3 and 4 were taken using 

Livingstone corers with steel barrels because sediment was resistant to coring. The 

Livingstone cores were extruded in the field, and a transition from gray clayey silt to 

brown organic gyttja was observed in Drive 3 at 205 cm total core depth. Cores were 

sealed and returned to the University of Alaska Fairbanks and refrigerated pending 

further processing.

3.2.2 Magnetic Susceptibility

Each core drive was passed through a Bartington MS2C core-logging sensor for a 

preliminary investigation of stratigraphic features based on magnetic susceptibility (MS). 

High-resolution bulk MS data was also acquired from freeze-dried 2cc plugs of sediment 

recovered from the split core and analyzed in a Bartington MS2B dual frequency sensor 

at 1 cm resolution over the entire 255 cm length of the core. A significant positive 

excursion at 113 cm depth in CL C3 was considered a likely tephra deposit (Fig. 3.2).
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Fig. 3.2 Bulk Magnetic Susceptibility (MS) Profile from CL C3. Photo shows 0.5 cm 

thick tephra deposit at 113 cm depth that corresponds to a spike in the MS values.

3.2.3 Smear Slides

Smear slides were prepared at 10 cm intervals to characterize lake sediments. 

Slides were also prepared at 43, 192 and 236cm, the depths of minor magnetic anomalies. 

A toothpick was used to sample sediment and apply it to drops of distilled water on a 

glass slide. Samples were smeared and allowed to dry on a slide warmer before 

application of Cytoseal© and a glass cover slip. Each slide was examined under 

transmitted light on a Nikon Optishot-2 microscope to characterize relative biogenic and 

mineral content. Slides prepared from the horizons with significant magnetic 

susceptibility anomalies were also examined on a Leitz Laborlux 12 Pol petrographic 

microscope to search for cryptotephra deposits.



3.2.4 Electron Probe Microanalysis

2cc of the 0.5 cm thick tephra deposit at 113 cm was collected for electron probe 

microanalysis (EPMA). The sample was dried for seven days at 80°C to remove 

moisture. There was no attempt to remove organic matter by chemical or temperature 

loss-on-ignition (LOI) methods for fear of alteration. LOI procedures bring sediment 

samples to 550°C, which can cause reactions between tephra glass and organic matter that 

alter alkali ratios (Payne et al., 2008). After dehydration, samples were mounted in 

Petro-Poxy© on a glass slide and polished using a succession of 10 |im and 3 |im 

powders. The final surface was polished to a smoothness of 1 |im on a polishing wheel, 

at which point tephra glass was visible on a petrographic microscope. A 300 A thick 

carbon coating was applied to the grain mount prior to EPMA.

CL C3-113 was analyzed for 9 major oxides on a Cameca SX-50 microprobe at 

the Advanced Instrumentation Laboratory (AIL) at the University of Alaska Fairbanks 

(UAF). Fe was quantified as Fe2O3 as in previous studies on Hayes volcano tephras in 

central Alaska (Beget et al., 1991; Child et al., 1998). Tephra glass from the Old Crow 

Tephra was used as a secondary standard during analyses (Beget and Keskinen, 2003).

60 vesicular, irregularly shaped (non-euhedral) glass fragments were selected as sample 

sites for EPMA. Final results were normalized to 100%.

3.2.5 AMS 14C Chronology

Plant macrofossils were recovered for paleoenvironmental reconstructions and the 

development of an14C age model. 1cc samples of sediment from selected intervals were
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washed in distilled water through 250 |im sieves reserved for radiocarbon processing. 

Macrofossils were selected at 101, 200-203, 189, and 254 cm for accelerator mass 

spectrometry (AMS) 14C dating. Washed samples were wrapped in foil and sent to 

PaleoResearch Institute of Golden Colorado for identification and processing. Samples 

and laboratory standards were dated at Keck Carbon Cycle AMS Facility at the 

University of California, Irvine.

The age-depth model for CL C3 is constructed based on the median probability 

age output from three calibrated AMS 14C dates. The model is based on calibrated dates, 

with calibrations from Oxcal 3.10 (Bronk Ramsey, 1995; Bronk Ramsey, 2001) and 

CALIB 5.0 (Stuiver and Reimer, 1993). Both calibration methods use the IntCal04 

calibration curves (Reimer et al., 2004). The median probability age for each calibrated 

date was plotted and straight lines were fit between points. Three equations were 

produced for the interpolated lines between the three dates, with the top of the core 

assigned an age of -58 cal yr BP. The three equations can be used to predict a date (y) for 

a given depth (x).

3.3 Results

3.3.1 EPMA and SIMAN Correlations

The magnetic anomaly observed at 113 cm depth corresponds to a 0.5 cm thick, 

cream-colored (2.5 Y 5/3) tephra deposit (CL C3-113: Fig. 3.2). Vesicular pumice 

fragments are visible in smear slides and grain mounts. 60 tephra glass fragments from 

CL C3-113 were analyzed for geochemical composition using EPMA. Errors were
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common due to the small size of bubble wall shards and the presence of plagioclase and 

hornblende phenocrysts embedded in the tephra glass. 48 samples were removed from 

further analysis because of errors that included irregular geochemistry and low total 

elemental weight percents (< 90%). Normalization is a technique used to make up for
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Table 3.2 EPMA Results. Weight percentages were determined using wavelength

dispersive spectrometry of tephra glass from the Canyon Lake tephra.

Sample SiO2 Al2O3 Fe2O3 CaO N a2O K2O MgO TiO2 Cl

CL 02-A 73.44 14.64 1.69 2.33 4.29 2.55 0.48 0.18 0.39

CL 02-B 73.27 14.36 2.10 2.221 4.35 2.63 0.47 0.28 0.33

CL 02-C 73.22 14.52 2.07 2.15 4.09 2.71 0.56 0.38 0.30

CL 02-D 73.17 14.79 1.95 2.30 3.95 2.67 0.56 0.25 0.37

CL 02-E 72.99 14.95 1.93 2.55 3.73 2.69 0.61 0.18 0.38

CL 02-F 72.84 14.70 2.26 2.28 4.11 2.53 0.54 0.30 0.43

CL 02-G 72.84 14.89 1.91 2.36 4.28 2.46 0.63 0.36 0.27

CL 02-H 72.58 14.51 2.37 2.63 4.03 2.76 0.63 0.19 0.31

CL 02-I 72.25 15.17 1.92 2.67 3.85 2.87 0.57 0.26 0.44

CL 02-J 71.99 14.92 2.21 2.49 4.10 2.91 0.65 0.21 0.52

CL 02-K 71.96 15.64 2.01 2.31 4.10 2.66 0.58 0.25 0.50

CL 02-L 71.92 15.22 2.05 2.44 4.37 2.65 0.70 0.31 0.34

Average 72.71 14.86 2.04 2.39 4.20 2.67 0.58 0.38 0.26

Std Dev. 0.55 0.36 0.18 0.16 0.20 0.13 0.07 0.08 0.07

N = 12

low totals, which are often caused by glass hydration (Pearce et al. 2008; Pollard et al., 

2006). Normalization was reserved for samples with total elemental weight percents of 

90% or greater. The 12 samples presented in Table 3.2 were normalized to 100%. The 

results were used to classify CL C3-113 and calculate SIMAN similarity coefficients 

(Borchardt, 1972).



Table 3.3 lists the similarity coefficients for CL C3-113 and published normalized 

data from Holocene tephras in Alaska (Fontana, 1988; Beget et al., 1991; Beget et al.,

1992; Richter et al., 1995; Child et al., 1998; Pearce et al., 2004). The similarity 

coefficients are derived following procedures first outlined in Borchardt et al. (1972) and 

are based on averaged ratios of normalized oxides between samples. This ratio is further 

modified by a weighing factor to reduce the effect of large standard deviations. Ti and Cl 

were often excluded from the formula due to high relative standard deviations. SIMAN 

correlations are published in previous analyses of Hayes volcano tephras by Riehle 

(1985), Riehle et al., (1990), Beget et al. (1991), Child et al. (1998) and Payne et al.

(2008).

In previous studies, samples with similarity coefficients of 0.95 or greater were 

interpreted as correlative (Beget et al., 1991; Child et al., 1998), though this has raised 

questions in situations where coefficients are greater or less than expected (Payne et al., 

2008). In this study, CL C3-113 has similarity coefficients of 0.95 or greater with three 

samples from Hayes volcano and all of the samples from Hayes Tephra set H, with the 

exception of Jarvis Creek data from Wonder Lake published by Child et al. (1998). The 

similarity coefficients for the "Jarvis Creek" samples from Wonder Lake are lower than 

0.95, but average 0.93, indicating a probabe relationship between these samples and CL 

C 3 -113
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Table 3.3 SIMAN Correlation Coefficients. Coefficients were calculated between CL 

C3-113 and the listed tephra deposits. Coefficients of 0.95 and above are considered 

correlative (Beget et al., 1991; Child et al., 1998).

Hayes Volcano

Sample Number Site SC

Hayes 23-A1 Hayes Volcano 0.91

Hayes 23-B1 Hayes Volcano 0.87

Hayes 23-C1 Hayes Volcano 0.95

Hayes 23-D1 Hayes Volcano 0.96

Hayes 23-E1 Hayes Volcano 0.97

Hayes 23-F1 Hayes Volcano 0.87

Hayes 23-G1 Hayes Volcano 0.89

ATC-6332 Jarvis Creek 0.96

ATC-6342 Jarvis Creek 0.95

ATC-6352 Jarvis Creek 0.95

ATC-6362 Jarvis Creek 0.97

ATC-6372 Jarvis Creek 0.96

TL-32 Tangle Lakes 0.95

TL-72 Tangle Lakes 0.95

TL-82 Tangle Lakes 0.96

TL-92 Tangle Lakes 0.95

88-TL-CC2 Tangle Lakes 0.96

ATC-6392 Cantwell 0.96

ATC-6402 Cantwell 0.95

ATC-6412 Cantwell 0.96

ATC-6432 Cantwell 0.96

ACT-10813 W onder Lake 0.93

ACT-10753 W onder Lake 0.92

ACT-10773 W onder Lake 0.92

ACT-20823 W onder Lake 0.93

S852c p24 Matanuska Valley 0.96

S8515A p41 M atanuska Valley 0.94

S852c p44 Matanuska Valley 0.88

S851 F4 Matanuska Valley 0.87

S851G4 M atanuska Valley 0.88

Other Holocene Tephras

Sample Number Deposit SC

U T20115 Aniakchak 0.88

ACT-7277 Aniakchak 0.84

ACT-7267 Aniakchak 0.84

7b7 Aniakchak 0.86

87 Aniakchak 0.86

WRA NL6 White River Ash 0.90

ACT-6477 White River Ash 0.90

ACT-6527 White River Ash 0.88

ACT-0043 Oshetna Tephra 0.93

ACT-1082 p13 Oshetna Tephra 0.94

ACT-1082 p23 Oshetna Tephra 0.86

ACT-10763 Oshetna Tephra 0.91

ACT-10733 Oshetna Tephra 0.97

ACT-10783 Oshetna Tephra 0.94

1. Normalized data (Beget et al., 1991) originally 

Published in Riehle (1985)

2. Beget et al., 1991

3. Child et al., 1998

4. Fontana, 1988

5. Pearce et al., 2004

6. Richter et al., 1995 

7 Beget et al., 1994



T h e  s t r o n g e s t  c o r r e l a t i o n s  a r e  b e t w e e n  C L  C 3 - 1 1 3  a n d  H a y e s  v o l c a n o  s a m p l e s  2 3 - C ,  2 3 

D ,  a n d  2 3 - E .  C o r r e l a t i o n  c o e f f i c i e n t s  f o r  s a m p l e s  2 3 - A ,  2 3 - B ,  2 3 - F  a n d  2 3 - G  a r e  l o w  ( <  

0 . 9 0 ) .  T h i s  i s  o f  i n t e r e s t  b e c a u s e  R i e h l e  ( 1 9 9 4 )  s a w  h i g h  c o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  

2 3 - G  a n d  H a y e s  t e p h r a  s e t  H .

S e v e r a l  s a m p l e s  f r o m  t h e  M a t a n u s k a  V a l l e y  a n a l y z e d  b y  F o n t a n a  ( 1 9 8 8 )  h a v e  

h i g h  s i m i l a r i t y  c o e f f i c i e n t s  w i t h  C L  C 3 - 1 1 3  t h a t  m a y  i n d i c a t e  a  r e l a t i o n s h i p  w i t h  H a y e s  

t e p h r a  s e t  H .  T h e r e  a r e  a l s o  s t r o n g  g e o c h e m i c a l  s i m i l a r i t i e s  b e t w e e n  C L  C 3 - 1 1 3  a n d  t h e  

O s h e t n a  T e p h r a .  T h e  a v e r a g e  s i m i l a r i t y  c o e f f i c i e n t  f o r  t h e  O s h e t n a  s a m p l e s  i s  0 . 9 3 .  O n e  

O s h e t n a  t e p h r a  s a m p l e  h a s  a  s i m i l a r y  c o e f f i c i e n t  o f  0 . 9 7  w i t h  C L  C 3 - 1 1 3 ,  b u t  a  s i n g l e  

s a m p l e  i s  i n a d e q u a t e  t o  e s t a b l i s h  a  c o r r e l a t i o n .  T h e  O s h e t n a  t e p h r a  i s  t h o u g h t  t o  b e  f r o m  

a n  e a r l i e r  e r u p t i o n  o f  H a y e s  v o l c a n o  ( C h i l d  e t  a l . ,  1 9 9 8 ) ,  s o  i t  i s  n o t  s u r p r i s i n g  t h a t  i t  

s h a r e s  g e o c h e m i c a l  s i m i l a r i t i e s  w i t h  H a y e s  t e p h r a  s e t  H .

S i m i l a r i t y  c o e f f i c i e n t s  b e t w e e n  C L  C 3 - 1 1 3  a n d  H o l o c e n e  t e p h r a s  f r o m  A n i a k c h a k  

a n d  M t .  C h u r c h i l l  ( W h i t e  R i v e r  A s h )  v o l c a n o e s  a r e  m u c h  l o w e r ,  r e g a r d l e s s  o f  t h e  s o u r c e  

o f  t h e  g e o c h e m i c a l  d a t a .  N u m e r o u s  s t u d i e s  o f  t h e  g e o c h e m i s t r y  o f  t h e  W h i t e  R i v e r  A s h  

( D o w n e s ,  1 9 8 5 ;  M c G i m s e y  e t  a l . ,  1 9 9 0 ;  R i c h t e r  e t  a l . ,  1 9 9 5 ) ,  a n d  t h e  A n i a k c h a k  t e p h r a  

( P e a r c e  e t  a l . ,  2 0 0 4 ) ,  c a l c u l a t e d  t o t a l  F e  a s  F e O .  F e  w a s  e x c l u d e d  f r o m  S I M A N  a n a l y s e s  

f o r  t h e s e  d a t a s e t s  i n  t h i s  s t u d y .  B e g e t  e t  a l .  ( 1 9 9 2 )  p u b l i s h e d  g e o c h e m i c a l  d a t a  f o r  t h e  

W h i t e  R i v e r  A s h  a n d  A n i a k c h a k  t e p h a s  w i t h  F e  c a l c u l a t e d  a s  F e 2 O 3 . F e  w a s  i n c l u d e d  i n  

S I M A N  a n a l y s e s  o f  t h e s e  d a t a .  T h e  F e  c a l c u l a t i o n  h a s  l i t t l e  e f f e c t  o n  t h e  s i m i l a r i t y  

c o e f f i c i e n t s ,  w h i c h  r e m a i n  a t  0 . 8 8 - 0 . 9 0  f o r  t h e  W h i t e  R i v e r  A s h  a n d  0 . 8 4 - 0 . 8 8  f o r
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Aniakchak tephra regardless of Fe inclusion or exclusion. There is not a significant 

correlation between CL C3-113 and the White River Ash or the Aniakchak tephra.

3.3.2 Age-Depth Model

Salicaceae twigs recovered from the bottom of the core (254-255 cm) provide a 

basal date of 12810-12870 cal yr BP. A conifer twig and unidentified graminoid 

fragment were also dated (Table 2.1). The age-depth model for CL C3 is based on the 2a  

median probability age output from the calibrated AMS 14C dates from these materials.

Depth (cm)

Fig. 3.3 Age-depth Model for CL C3 with Tephra Deposits. Hayes tephra set H (box) 

and the Oshetna tephra (circle) are plotted by age. The bars reflect the range of calibrated

ages.



The stepped age-depth model reflects changes in sedimentation rates and compaction 

with depth. The sedimentation rate decreases from 0.032 cm/yr above 100 cm to 0.013 

cm/yr below 101 cm. The sedimentation rate goes up to 0.023 cm/year below 189 cm.

The age-depth model can be used to predict dates using the slope-intercept equations for 

each interpolated line (Fig. 3.3). Using this method the calculated age of CL C3-113 is 

4010 cal yr BP.

3.4 Discussion

3.4.1 Geochemistry

Rhyolitic tephras result from plinian eruptions that eject volcanic ash to high 

altitudes, which can lead to dispersal over great distance (Shane, 2000). CL C3-113 is a 

rhyolitic tephra, as are all of the tephras discussed here (Fig. 3.4a). The average 

concentration of SiO2 is 72.70 wt. %, with a standard deviation of 0.55 wt. %. This 

compares favorably to samples 23-C, 23-D, and 23-E from Hayes volcano. The other 

deposits at Hayes volcano have higher concentrations of SiO2 and are not correlative. The 

Aniakchak tephra is significantly lower in SiO2 and has higher concentrations of NaO 

and K2O (Fig. 3.4a). The White River Ash and Oshetna tephra are much more similar to 

CL C3-113 in total Alkali-Silica composition (Fig. 3.4a), but further geochemical and 

chronological analyses indicate that correlation of these tephras with CL C3-113 is 

unlikely.
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Fig. 3.4 Geochemical Plots. A) Total-Alkali-Silica Diagram. B) Ternary Diagram. C) 

Cao vs Fe2O3. D) CaO vs K2O. The average value for CL C3-113 is plotted in C and D, 

with standard deviations (bars).



The CaO-K2O-Fe2O3 ternary diagram (Fig. 3.4b) shows that CL C3-113 is very 

similar to the tephras in Hayes tephra set H. The White River Ash has a higher 

proportion of K2O and plots away from Hayes tephra set H. Aniakchak tephra has a low 

proportion of CaO and also plots as an independent population, confirming the results 

displayed in Figure 3.4a. The Oshetna tephra plots with Hayes tephra set H on this 

diagram.

Bivariate plots (Figs. 3.4c, 3.4d) effectively show the differences between the 

Oshetna tephra and CL C3-113 and emphasize similarities between CL C3-113 and 

Hayes tephra set H. Most of the data points for Hayes tephra set H fall within the 

standard deviations of CL C3-113 in plots of CaO vs Fe2O3 and Cao vs K2O. The 

standard deviations for the Hayes tephra set H analyses are not included in the figure. If 

these were included the overlap would be significant for all of the data points associated 

with Hayes volcano except 23-B and 23-G. SIMAN analyses discussed below confirm 

these visual groupings.

3.4.2 SIMAN Correlations

Various plots of the geochemical data (Fig. 3.4) indicate that CL C3-113 is 

similar in composition to tephras thought to originate from Hayes volcano, but the tephra 

deposits from the 3615-4415 cal yr BP eruptions of Hayes volcano (Site 23) trend in 

several directions and have unique geochemistries (Riehle, 1994). These deposits can be 

separated using SIMAN analyses (Table 3.3). Statistical analyses by Beget et al. (1991) 

indicated that the Jarvis Creek Ash (Hayes tephra set H) correlates strongly with samples
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23-C, 23-D, and 23-E, though correlation coefficients for the other Site 23 tephras are not 

included in the dataset. CL C3-113 also has the highest correlation coefficients with 

samples 23-C, 23-D and 23-E. Riehle (1994) published high similarity coefficients 

between samples 23-D and 23-E, but not 23-C, and used geochemistry to show a strong 

relationship between 23-G and tephra set H. The geochemical results of this study are 

consistent with a 23-D/23-E internal correlation but do not support the 23-G/Hayes tephra 

set H relationship. Sample 23-G has a low similarity coefficient (0.89) with CL C3-113 

and does not plot near CL C3-113 or Hayes tephra set H in bivariate plots (Fig. 3.4). 

Sample 23-G also has a higher average weight percent SiO2 (74.60%) than CL C3-113 

(72.71%). This discrepancy is significant due to the importance of SiO2 in the SIMAN 

calculations.

Riehle (1994) demonstrated that samples 23-A, 23-B, and 23-F are not correlative 

with Hayes Tephra set H. CL C3-113 has corresponding low similarity coefficients of 

0.91, 0.87 and 0.87 with these layers. As with 23-G, the difference appears to stem from 

high weight percentages of SiO2 in 23-A, 23-B, and 23-F (Fig. 3.4a).

There are occurrences of Hayes tephra set H that are geochemically similar to CL 

C3-113 but do not have similarity coefficients > 0.95. Child et al. (1998) describe two 

such deposits from Wonder Lake in Denali National Park and Preserve. The upper 

deposit is correlative with the Jarvis Creek Ash as described in Beget et al. (1991) and 

has an average similarity coefficient of 0.93 with CL C3-113. Wonder Lake is over 280 

km from Canyon Lake; some variation in the geochemical composition of a distal tephra 

is to be expected. The lower deposit at Wonder Lake is correlative with the Oshetna
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tephra identified in Dixon and Smith (1990) and by Beget in unpublished data (Child et 

al. 1998). There is an average correlation coefficient of 0.93 between CL C3-113 and the 

Oshetna tephra. Hayes correlations are also put forward in Fontana (1988) for tephra 

deposits in the Matanuska Valley (Fig. 3.1). Several tephra deposits from the Matanuska 

Valley have high similarity coefficients with CL C3-113, but most do not (Table 3.3).

The strongest correlations outside of the Hayes volcano tephras from Site 23 are 

between CL C3-113 and the Jarvis Creek, Tangle Lakes, and Cantwell tephras (Table 

3.3). As discussed above, these tephras are part of Hayes tephra set H (Riehle, 1994). I 

propose that CL C3-113 is also part of Hayes tephra set H based on the statistical 

correlations and geochemical similarities displayed in the ternary diagram and bivariate 

plots (Fig. 3.4).

3.4.3 Chronology

CL C3-113 does not significantly expand the geographic distribution of Hayes 

tephra set H, as the Tangle Lakes are only 30 km north of Canyon Lake, but it is the first 

time Hayes tephra set H has been positively identified in the region in the context of an 

AMS 14C chronology. The 3650 ± 150 14C yr BP (3615-4416 cal yr BP) date for Hayes 

tephra set H is based data from Site 23 (Riehle, 1985). The radiocarbon dates cited in 

Beget et al. (1991) place the Jarvis Creek ash and Tangle Lakes tephra at 3660 ± 125 14C 

yr BP.

The age-depth model for CL C3 estimates an age of 4010 cal yr BP (3700 14C yr 

BP, uncertainty not calculated) when 113 cm is entered into the model as a the x variable.
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This age corresponds well with the previously cited 3615-4416 cal yr BP range from 

Riehle (1985). The calibrated mean probability date for Hayes tephra set H is 3990 cal yr 

BP based on data published in Beget et al. (1991). When the 3990 cal yr BP date is 

independently entered into the same equation (as the y  variable) the result is a depth of

112.7 cm. These numbers are remarkably close; the depth and age of CL C3-113 

therefore support a Hayes tephra set H correlation.

An age range of 6060 + 60 14C yr BP was established for the Oshetna tephra 

based on three AMS 14C ages from the Wonder Lake core (Child et al. 1998). The 

calibrated age range is 6750-7150 cal yr BP. Though the Oshetna tephra is 

geochemically similar to CL C3-113, the age of this tephra does not compare favorably 

with CL C3-113. The calibrated mean probability date for the Oshetna tephra is 6920 cal 

yr BP. This returns a depth of 149.5 cm when entered into the age-depth model from 

Canyon Lake. No magnetic anomalies (Fig.3.2) are associated with 149.5 cm depth.

The dates of other major events were estimated using the AMS 14C age-depth 

model for CL C3. The contact between gray clayey silt and gyttja at 205 cm depth, 

representing the recession of Lake Atna, falls at 10740 cal yr BP, close to a 10650 cal yr 

BP date cited by Ferrians (1989) for this event. The age of significant vegetation changes 

also matches the chronology of other sites in the area. Picea (spruce) pollen first appears 

at Canyon Lake around 9900 cal yr BP. This age is consistent with other vegetation 

studies in the region that record the spruce rise between 10300-9600 cal yr BP (Ager,

1989; Anderson et al, 1994; Tinner et al., 2006). The consistency of tephra and pollen 

chronologies with that of other sites supports the age-depth model.
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3.5 Conclusions

CL C3-113 is a rhyolitic tephra recovered from Canyon Lake, Alaska.

Canyon Lake is located within the mapped distribution of Hayes tephra set H, a 3615

4416 cal yr BP (2a) tephra from the Hayes volcano in the Tordrillo Mountains, Alaska.

CL C3-113 correlates well with Hayes tephra set H based on major oxide geochemistry. 

Semi-quantitative similarity coefficients based on 8-9 major oxides show strong 

correlations between CL C3-113 and tephra deposits from Hayes volcano, Jarvis Creek, 

Cantwell, and the Tangle Lakes. Compositionally similar but non-correlative tephra 

deposits can be found in the Matanuska Valley and at Wonder Lake.

The age-depth model for Canyon Lake provides age control for Hayes tephra set 

H in the northern reaches of the Copper River Basin. The calibrated AMS 14C chronology 

for Canyon Lake predicts an age of 4010 cal yr BP for CL C3-113. This age falls within 

the center of the calibrated 3616-4416 cal yr BP (2a) age range for Hayes tephra set H.

As a result of the positive identification of CL C3-113, the age of the tephra can be used 

to support the AMS 14C age-depth model at Canyon Lake, a model that is used to 

estimate the age of significant shifts in climate and vegetation cover at the site over the 

course of the last 13000 years (Chapter 2). Accurate dating made it possible to associate 

subtle shifts in the multiproxy record with regional Holocene climate events.
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C hapter 4: Conclusions

The preceding papers document considerable environmental change over the last 

13000 years at the Canyon Lake site. Palynological, plant macrofossil, and stable isotope 

techniques indicate that a glacial lake existed in the area until approximately 10740 cal yr 

BP. This was Lake Atna, the 5200 km2 glacial lake that filled the Copper River Basin 

during the late Pleistocene, leaving behind thick deposits of glaciolacustrine sediment 

(Bennett et al., 2002). During the Lake Atna period the surrounding vegetation consisted 

of Betula shrub tundra, an assemblage of plants resistant to cold and arid conditions. A 

new lake ecosystem developed after the glacial lake waters receded. Conditions were 

warm and moist compared to the previous 2500 years and allowed aquatic vegetation to 

flourish in and around the newly formed proto-Canyon Lake. Locally, Betula shrubs 

were the dominant vegetation, eventually giving way to Picea trees during the 

development of the boreal forest between 9820-7190 cal yr BP. Once the boreal forest 

developed, it appears to have remained stable for approximately 7000 years, with minor 

perturbations caused by regional climate events during the Medieval Warm Period and 

Little Ice Age.

Geochemical analyses show that a tephra contained within the Canyon Lake 

sediment can be correlated to deposits from a 3615-4416 cal yr BP eruption of Mt.

Hayes. Deposits from this eruption are found at other sites in interior Alaska and are 

known collectively as Hayes tephra set H or the Jarvis Creek Ash. The Canyon Lake 

discovery expands the distribution of Hayes tephra set H approximately 30 km to the 

south of previously mapped locations and places Hayes tephra set H in the context of a
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modern AMS 14C chronology. The tephra is also important because it was used to test 

the Canyon Lake age-depth model.

The paleoenvironmental reconstruction (Chapter 2) is of significance to 

archaeologists working in the Tangle Lakes region and the Copper River Basin. There is 

a strong connection between climate and the ecology of the earliest Alaskans (Mason et 

al., 2001). Vegetation cover was an important determinant of the distribution and 

abundance of animal populations during Beringian times (Wooller et al., 2007), which in 

turn affected the location and density of human populations. The earliest archaeological 

sites near Canyon Lake are found on the margins of drained glacial lakes in the Tangle 

Lakes region (West, 1996). The oldest of these sites is dated to around 12300 cal yr BP 

(Mason et al., 2001), so the paleoenvironmental record at Canyon Lake may encompass 

the entirety of human occupation in the area.

Pollen data from Canyon Lake indicate that Betula shrub tundra was the dominant 

vegetation until 9820 cal yr BP. Human colonization of Alaska appears to be closely tied 

to the establishment of Betula dominated ecosystems (Potter, 2008). Betula and Salix 

shrubs would have provided sustenance for caribou herds and moose as well as providing 

firewood necessary human inhabitants (Mason et al., 2001).

The replacement of Betula shrub tundra with Picea-dominated boreal forests 

probably had a significant impact on animal and human population dynamics. Human 

populations appear to have declined in the Tanana basin with the development of Picea 

forests (Potter, 2008), perhaps because caribou favor lichen, which can be limited in 

closed forest ecosystems (Mason et al., 2001). It is up to archaeologists to decipher the
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cultural context of climate and vegetation change; discussion of the complex interactions 

between humans and their environment is outside the scope of this study. But it is likely 

that the shifts in the proxy records discussed in this manuscript required changes in 

human activity in response to changing plant and animal populations and climate 

dynamics.

On a scale of several thousand years, early Holocene warming allowed for the 

migration of major plant taxa (Picea, Alnus), and the development of Canyon Lake 

following the recession of Lake Atna. The response to early Holocene warming is seen 

in changing pollen percentages, macrofossil abundance, and stable isotope values. This 

study confirms that late Holocene climate events also affected vegetation and lake 

dynamics at Canyon Lake. Subtle changes in pollen percentages and influx and in stable 

isotope values occur at Canyon Lake during the Medieval Warm Period (MWP) and 

Little Ice Age (LIA). The AMS 14C chronology and stable isotope record were crucial to 

the recognition of these events, which would have been difficult or impossible to identify 

based solely on the palynological data. The utility of multi-proxy analyses is clear: 

multiple proxies, in combination with a reliable core chronology, can be used to identify 

subtle changes in climate and vegetation from bulk lake sediments in Alaska.

Future research on the history of glacial Lake Atna should concentrate on lower 

elevation sites in the southern Copper River Basin. Proxy records from these sites could 

help determine whether Lake Atna drained in stages or in one major, catastrophic event. 

Such a study should include compound specific 6D and 618O techniques, which provide 

important proxy records for temperature and precipitation. It would also be interesting to
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gather comparative multi-proxy datasets from lake sites in the central part of the Copper 

River Basin in order to assess how the vegetation response to the draining of Lake Atna 

varies with time, distance, and elevation. These records may also provide a more 

complete record of Picea migration in the basin.
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Appendix

Stable Isotope Results
Sample Depth (cm) %N %C %H C/N 615N S13C 6D

5 1.54 14.07
1.55

9.11 0.51 -25.93 -187.83
10 1.13 11.66 10.30 1.28 -26.19
15 0.87 9.74

1.34 11.18 1.80 -26.74 -184.47
17 0.91 9.33 10.24 1.32 -26.55
20 1.00 11.14 11.16 1.32 -25.75
25 0.91 9.78 10.70 1.21 -25.56
30 0.90 9.73

1.14
10.78 1.06 -25.48 -183.30

35 1.01 11.28 11.12 1.16 -25.89
40 0.89 9.99 11.21 1.57 -25.67
42 0.50 6.20 12.32 1.55 -27.09
45 0.70 8.38 1.12 11.90 2.20 -26.96 -186.01
47 0.70 8.36 11.91 0.16 -26.74
50 0.83 9.51 11.42 1.97 -26.15
52 0.80 8.70 10.84 0.86 -26.41
55 0.75 8.86 11.81 2.69 -27.31
60 0.74 8.51

1.26
11.50 2.61 -27.50 -184.02

62 0.60 7.64 12.82 0.78 -27.45
65 0.89 10.69 11.96 2.83 -26.38
70 0.76 8.81

1.38
11.58 3.17 -25.96 -187.34

72 0.66 8.04 12.16 0.30 -26.92
75 0.68 8.08 11.88 3.18 -26.63
77 0.57 7.28 12.83 1.39 -27.72
80 0.56 7.18 1.21 12.71 2.58 -27.70 -182.14
85 0.46 5.91 12.81 1.89 -27.35
87 0.70 7.76 11.08 1.34 -27.14
90 0.77 9.01 1.48 11.69 2.93 -26.15 -193.58
95 0.73 8.95 12.23 3.05 -26.07
97 0.85 8.73 10.28 0.98 -25.41
100 0.93 10.96 1.61 11.75 2.02 -24.84 -192.45
105 0.75 9.21 12.31 1.92 -25.55
107 0.70 7.94 11.35 1.20 -26.16
110 0.60 7.13 1.14 11.98 2.78 -27.23 -177.81
112 0.56 6.24 11.16 2.07 -27.18
115 0.64 7.41 11.59 4.21 -25.88
117 0.78 7.72 9.86 3.05 -26.86
120 0.60 7.14 11.86 4.52 -26.21
122 0.79 8.23 10.39 2.86 -25.97
125 0.65 7.62 1.31 11.81 3.41 -25.35 -183.15
127 0.76 7.30 9.56 2.58 -26.08
130 0.61 7.15 11.72 4.36 -26.96
132 0.54 5.76 10.61 2.61 -27.92
135 0.63 7.40 1.25 11.78 4.46 -28.20 -182.45
137 0.64 6.52 10.19 3.47 -28.26
140 0.83 9.24 1.30 11.09 3.90 -24.95 -191.74
142 0.79 7.86 9.94 2.88 -25.86
145 0.60 6.74 11.19 3.99 -26.29
150 0.58 6.46 1.13 11.18 4.14 -26.44 -182.37
152 0.57 5.76 10.05 3.07 -27.36
155 0.58 6.38 11.07 3.73 -27.54
160 0.61 6.81 1.17 11.17 3.55 -27.93 -180.41
162 0.97 9.74 10.02 2.62 -27.01
165 0.75 8.49 11.31 2.23 -26.09
170 1.00 10.29 1.69 10.28 3.13 -26.13 -195.03
175 0.89 10.14 11.38 3.50 -25.93
180 1.00 11.52

1.30
11.57 4.26 -25.78 -192.23

185 0.63 7.25 11.57 4.29 -26.44
190 0.49 5.77 0.80 11.85 4.19 -26.95 -173.82
195 0.46 5.36 11.71 4.03 -26.25
200 0.71 7.89 1.24 11.10 3.42 -25.67 -178.47
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Appendix continued

Stable Isotope Results
Sample Depth (cm) %N %C %H C/N 615N S13C SD
203 0.81 8.79 10.92 3.60 -26.02
205 0.40 3.85 9.73 3.12 -27.04
207 0.16 1.55 9.92 3.16 -26.64
210 0.17 1.66 0.44 9.99 3.62 -26.38 -149.49
215 0.11 1.20 0.38 10.44 3.06 -26.63 -137.24
220 0.10 1.10 10.52 3.07 -27.07
225 0.10 1.09 0.36 10.59 2.94 -27.14 -137.73
227 0.14 1.20 8.42 1.96 -25.98
230 0.12 1.06 9.21 2.42 -26.02
232 0.13 1.17 8.67 2.97 -26.24
235 0.06 0.55 0.32 9.86 2.46 -24.62 -127.60
237 0.06 0.68 10.42 2.03 -26.26
240 0.08 0.80 10.20 1.93 -25.55
242 0.08 0.84 10.21 3.15 -26.14
245 0.18 2.13 0.27 11.60 2.58 -26.92 -129.95
247 0.10 1.05 10.34 3.05 -25.86
250 0.11 1.08 9.88 2.02 -25.96
252 0.07 0.76 10.70 2.37 -25.28
255 0.11 3.41 0.24 32.04 0.95 -26.60 -124.75


