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ABSTRACT

LATE HOLOCENE CLIMATE FLUCTUATIONS AT CASCADE LAKE,
NORTHEASTERN AHKLUN MOUNTAINS, SOUTHWESTERN ALASKA

KASEY KATHAN

This study examines the relationships betweenigjlatuctuations, multiple
proxies from lake sediments and late Holocene dknfluctuations in southwestern
Alaska. Cascade Lake (3.1 kn60.1°N; 159.4°W; 330 m asl) is glacier-fed witk% of
its drainage basin occupied by modern (1970) glacighe primary sediment contributor
is Cascade Glacier located 5.4 km up-valley. Dytire Little Ice Age, cirque and valley
glaciers of the Cascade Lake area experienced arage equilibrium-line altitude
lowering of 22 + 12 m (n = 8) relative to 1957.ttld Ice Age moraines stabilized ~1860
AD.

Three sediment cores were recovered from the la&dlee lake was instrumented
with water-temperature loggers and sediment trags 2004-2006*'Cs,?*%Pb profiles,
the Aniakchak tephra (3500 cal yr BP) and the negjidephra (Tephra B; 6100 cal yr
BP) provide limited age control and indicate anrage late Holocene sedimentation rate
of ~0.07 cm/yr. The cores are composed of rhythilgit@minated mud, with an average
lamination thickness of 0.4 cm; these laminatioasdt represent annual sedimentation
(e.g. varves).

Biogenic silica was analyzed at an average spaxfifg2 cm (~3 yr) over the last
150 yr and is well correlated with spring temperatr = 0.70, p = 9.16 x 1),

precipitation (Nuyakuk discharge; r = 0.73, p = 2.20°) and the Aleutian Low Pacific



Index (r = 0.68, p = 1.37 x 19. These relationships suggest a link to nutrieptit to
the lake. High BSi flux can generally been relat@dild conditions and low BSi flux to
cool conditions. This interpretation and otherxqyrdata indicate mild climates at ~7000
cal yr BP (Holocene thermal maximum) and 1600-14@0 yr BP (Medieval Warm
Period?). Cool conditions persisted between ~3@B2cal yr BP (onset of
Neoglaciation) and 1400 cal yr BP to 1870 AD (leittte Age). The pattern of climate
variability in Cascade Lake generally agrees wiidely recognized Holocene climate
fluctuations, though the ages differ. This maydoe to a time-transgressive nature of
these climate events or, more likely, a poorly t@msed age model.

Based on the interpretation of several periodgliofate variability in the Ahklun
Mountains during the late Holocene, the climatethe 20" century can be placed in
context. Within the Cascade Lake record, no oftemiod has comparable biogenic
silica) concentrations to the 2@entury. This suggests an unprecedented stremigthe

of the Aleutian low during this most recent period.
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CHAPTER 1:
INTRODUCTION

The high latitudes have been shown to be partigusensitive to global climate
change, with dramatic environmental changes induogdsubtle climate variations
(Overpeck et al., 1997). Throughout the Quaternarier-annual and century-scale
climate variation has been the norm; however, theng, synchronicity and forcing
mechanisms of these fluctuations are still pooriglarstood and necessitate further work.
The investigation and interpretation of these parstironmental changes provide a
context within which to place our understanding mfesent and future climate
fluctuations.

Lake sediment cores have proven particularly swfaksn providing valuable
interpretations of Holocene climate fluctuationse(#z et al., 2004). Lake sediments
provide continuous records of glacial fluctuatiolag&e productivity, sediment fluxes and
a wide variety of other environmental changes ieduby climate variability. Using
proxy indicators available in lacustrine sedimeiitss possible to determine the range of
non-anthropogenic Holocene climate variability. eThaturally induced events of the
Holocene (e.g., Neoglaciation, Medieval Warm Periaxad Little Ice Age) can then be
compared with the twentieth-century climate chantied are related to anthropogenic

forcing.

Project Objective
The overarching goal of this study is to deternthlmerange of climate variability

preserved in the sediments of Cascade Lake, Alaskais is accomplished by: (1)



establishing an understanding of the modern antbrigsclimate and sedimentation
patterns at Cascade Lake, (2) determining the tegktial fluctuations within the

drainage basin of Cascade Lake, (3) identifying riiegor sedimentation patterns and
fluctuations in Cascade Lake sediment cores, aphdguhg proxy indicators to interpret

Holocene climate variations.

Background

Holocene Climate Variabilitylnitial paleoclimate reconstructions from the mariand
ice cores suggested that the Holocene was a peficglative stability compared to the
large-scale climate fluctuations of the Last Gladfaximum. Modern alpine glaciers
were originally assumed to be merely the remnahteaximum Pleistocene ice extent.
However, it is now recognized that this ‘quiesceperiod includes a series of
pronounced climate fluctuations (e.g., Mayewskakt 2004). Multiple cooling events
have been identified that punctuate the curremrgiacial period; perhaps the most well
known is the 400-year-long Little Ice Age (LIA). hiB period of multiple “glacial
expansion(s) subsequent to the maximum Hypsitheshehkage” has been termed
Neoglaciation (Porter and Denton, 1967).

One of the first studies to systematically apphodtorth American climate
fluctuations of the late Holocene was by Denton Kadén (1973). Their study of the
expansion and contraction of 51 North American dadropean alpine glaciers
recognized three prominent intervals of glacialangon: 3300-2400, 1250-1050 cal yr
BP (where “BP” = before 1950 AD), and the Littleel&\ge (1500-1900 AD). This

millennial-scale pattern (~1500 and 2000-2800 ydianate periodicity) of widespread



late Holocene cooling events is gaining suppor\adence of similar climate variability
emerges from other high-resolution records (Bond Showers, 1997; Campbell et al.,
1998; Bianchi and McCave, 1999; Leonard and Reasdr#99; Noren et al., 2002;
Mayewski et al., 2004). Mayewski et al. (2004) suanized this supporting evidence in
a study of ~50 spatially distributed paleoclimateores. They determined that a
minimum of six global Holocene cooling events assaxiated with this pattern occurring
at 9000-8000, 6000-5000, 4200-3800, 3500-2500, 120D and 600-150 cal yr BP
(Figure 1).

The millennial-scale climate variability of the ldoene is not only marked by
cool periods. Mild, warm and dry periods have d&en recognized at 10600-9300,
7900-6300, 2700-1500, 960-610 cal yr BP (Figur®’Brien et al., 1995). The warm
period of approximately 1000 cal yr BP (1000-130D)Ahas been termed the Medieval
Warm Period (MWP). This period is often cited asnl similar to the modern 20
century warming; however, a compilation by Crowksyd Lowrey (2000) determined
that the MWP was only ~0.2C warmer than the LIA. The spatial and temporéigoas
and the amplitude of this warm period must be re=sbbefore it can be used as a model
for 20" century warming.

A forcing mechanism for this millennial-scale céite periodicity has yet to be
determined. Some evidence suggests that thesescya related to Dansgaard-Oeschger
like ice-rafting events, and therefore linked tortioAtlantic thermohaline circulation
and a strongly coupled ocean-atmosphere systeray(&ll al., 1997; Bond and Showers,

1997). Other evidence suggests that external facsoich as persistent solar variability,



explain the widespread distribution of these clenavents (Denton and Karlén, 1973;

Mayewski et al., 1997; Bond et al., 2001).

Neoglaciation in AlaskaThe glacial records of past climate variability Alaska
generally concur with the more widely recognizedras of the late Holocene. Calkin’s
(1988) summary of Holocene glaciation in Alaskaued on glacial moraines that
indicate four major periods of glacial advance uidlthg: an initial advance between
6000-5000 cal yr BP, two distinct advances at 38000, and 1700-1100 cal yr BP and
the most recent advance of the Little Ice Age &-Z60 cal yr BP. While these periods
of glacial advance have been recognized throughAtagka, their timing, duration and
magnitude vary considerably. For instance, the mari Holocene ice extent in regions
of the Kenai Peninsula was achieved during the 38D cal yr BP advance whereas
many other local areas experienced maximum icenegligring the LIA (Calkin, 1988).
Some of the variation in the timing of Neogla@alvances could be attributed to
the difficulty in identifying geomorphic evidencerfthe extent of early Neoglacial
advances, which might have been obliterated by mextensive LIA advances.
However, supporting evidence has been derived fsmry records such as pollen, lake-
level and tree-ring studies. In southern Alaskaséhsupporting studies indicate that
periods of glacial advance identified in glaciabg®rphic studies correspond to periods
of increased wetness (e.g., Hansen and Engstra®, 2dbott et al., 2000; Calkin et al.,

2001).

Pacific Ocean and Alaska Climatiterdecadal climate variability in the North Harci

region has been well documented throughout theckastury and likely influences the



millennial-scale climate fluctuations of the Holoee ( Minobe and Mantua, 1999;
Schneider and Cornuelle, 2006). Although the meisina for this interdecadal climate
variability is unknown, a basin-wide phenomenont thaginates in the tropics and is
closely related to the shorter-term oscillationsseé-surface temperature and sea-level
pressure has been suggested (D’Arrigo et al., 200bhe primary two short-term
oscillations are the El Nifio-Southern Oscillati®@NSO) and the Aleutian low-pressure
cell (AL). ENSO regimes typically persist for 6-t@nths and are responsible for shifts
in the locations of warm tropical waters. Thesktsin sea-surface temperatures (SST)
in turn affect the regional precipitation and meamual temperatures (Papineau, 2001;
Neal et al.,, 2002). The dominant mode of North ifiRaavintertime atmospheric
circulation is the Aleutian low. A deepened ALults in a strengthened southerly flow
over the eastern Pacific, and warmer temperatuleasyahe western coast of North
America (Rodionov et al., 2005). Each of these ponents contributes to the Pacific
Decadal Oscillation (PDO; measured by SST), whiclone of the best summaries of
North Pacific interdecadal climate variability.

The PDO has its primary signature in the North fta€cean with a secondary
imprint in the tropics (where the ENSO fingerprist primary) and a periodicity of
approximately every 20-30 yr. Over the historicipg the PDO has had several
documented shifts in its primary modes (Kayand.e2805). ‘Cool’ phases (cold waters
in the Gulf of Alaska) persisted from 1900-1924 d&rg#l7-1976. Subsequent ‘warm’
phases occurred from 1925-1946 and 1977 to thel®@@ds. These interdecadal shifts in
the PDO have a strong link to interannual variabbthe AL. Warm modes of the PDO

are associated with a general strengthening oAthéhowever, the interannual variance



of the AL during the warm PDO phases is two to e¢htienes greater than other periods
(Minobe and Mantua, 1999). Though these pattefnaability in the closely coupled

ocean-atmosphere system of the North Pacific hale lmeen documented over the last
100 yr, paleoclimate studies suggest that thesegerpat have persistently influenced
southern Alaska climate throughout the Holoceneendgally, the association between
increased wetness and periods of glacial advancesrthwestern North America implies
a strong influence of the AL on Holocene glaciat{&mpooner et al., 2003; Anderson et

al., 2005).

Previous Work in Ahklun Mountains, Alaskdthough significant paleoclimate research
has been completed in Alaska, relatively littleeation has focused on the late Holocene
in the southwestern portion of the state. Previask in southwestern Alaska has
largely focused on the Ahklun Mountains. The AmkIMountains are a 250-km-long
mountain belt trending southwest to northeast betwRristol Bay and Kuskokwim Bay
lowlands (Figure 2). They form the largest moumtainge west of the Alaska Range and
harbored a large ice cap during the late Wiscotigihwas separate from the Cordilleran
Ice Sheet. Most of the paleoclimate research cereglin the region has focused on
Pleistocene and Younger Dryas glacial advances¢Band Kaufman, 2000; Kaufman et
al., 2001; Manley et al., 2001; Briner et al., 2061 and Shemesh, 2003; Hu et al.,
2006).

Studies of the Holocene climate in the Ahklun Mtums remain rather limited.
A lacustrine sediment sequence recovered from Kitadke in the southwestern Ahklun
Mountains produced a 33,000 yr record of climataamlity (Kaufman et al., 2003).

While high climate variability was observed in tieolik Lake record, sampling



resolution was too coarse to resolve Holoceneudatains. A more detailed study (Hu et
al., 2003) observed regular oscillations in lakedactivity coinciding with solar
variability, but this study focused on a portiontleé core ranging in age from 12,000 to
2300 cal yr BP and did not address Neoglacial ogadivents.

Studies that directly address late Holocene pal®até in the Ahklun Mountains
include a pollen study by Axford and Kaufman (20843 a combined lacustrine/glacial-
moraine study by Levy et al. (2004). While Litt®wift Lake, in the northwestern
Ahklun Mountains, does not contain clear evidenicgpecific Neoglacial cooling events,
the pollen record does indicate progressive cliecndgterioration (cooling) throughout the
late Holocene (Axford and Kaufman, 2004). Levyakt (2004) work on Waskey Lake
is the most complete work to date on Ahklun Moumtdeoglaciation. They identified
multiple late Holocene glacial advances by the gmee of several discrete end moraines
in the forefields of the modern glaciers. Both teomorphic evidence and the lake-
sediment record indicate that the peak Neoglaa#lity occurred at Waskey Lake
between 700 and 200 cal yr BP. The lake sedimedisate an onset of Neoglaciation at
3100 cal yr BP. This age is significantly youndlean the ages suggested for major
Neoglacial advances across the rest of Alaska (@&rd®ange, Kenai Mountains, and
Seward Peninsula). This suggests that the Ahklwurithins may be slightly out of
phase with widespread climate events of the late¢éme. Without additional records of
Neoglaciation in the Ahklun Mountains, however,gtdifficult to determine the full
significance of the Waskey Lake record. If theitighof glacial activity at Waskey Lake
matches other places across the Ahklun Mountaisswbuld imply that an unknown

regional-scale climate forcing exerts a strongdluamce than the large-widespread



climate forcing affecting other areas of Alaska aotentially the globe. Cascade Lake is
located only 38 km from Waskey Lake providing anpapunity to test the
reproducibility of the Waskey Lake Holocene climaegzord reported by Levy et al.

(2004).

Study Area

Presently, over 100 active glaciers are locatedhe northern portions of the
Ahklun Mountains where numerous peaks are over ¥808s.l. The largest of these
northern glacial complexes are Chikuminuk Glaci€s.6 knf) and an unnamed glacier
(hereafter, “Cascade Glacier”, ~3.4 nto the west and south respectively (Figure 3).
Cascade Lake (608" 11.9”N; 159 23’ 57.3"W) lies 5.4 km downstream from the
primary outflow of Cascade Glacier at 335 m elevati

The drainage basin area of Cascade Lake is 43%7 K26 of which is occupied
by active glaciers. The area is vegetated withdstarfi alder and willow shrub and upland
tundra. Cascade Lake (3.1 ®nhas multiple inflows, both melt-water streams aod-
glacial channels, though the primary sediment douttor is Cascade Glacier (Figure 3).
Cascade Lake is formed in late Wisconsin drift ulzdle by Jurassic volcaniclastic
sandstones, conglomerates and argillites that ambars of the Gemuk group (Box et
al., 1993). Two interpreted faults bisect thediatea, one crossing the northern portion
of the lake and the other crossing mid-way down rtredt-water channel of Cascade

Glacier (Hoare and Coonrad, 1959).



CHAPTER 2:

MODERN CLIMATE AND SEDIMENTATION AT CASCADE LAKE

In order to make quantitative interpretations obld¢ene climate variations
preserved in lake sediments, it is necessary t@nstehd the climate factors affecting
sediment transfer and deposition. Factors suderaperature, rainfall, and snowmelt
intensity, have a direct impact on the sedimentattaristics preserved in lakes (Leeman
and Niessen, 1994; Hardy et al., 1996; Noon eR@D]1; Francus et al., 2002). A small-
scale study of the modern sedimentation and climatéascade Lake was undertaken to
enable a better understanding of the influenceliofate on its sediment record and to

evaluate the potential for annual sedimentatiotepas.

Methods

Moorings. Instrument moorings were deployed at water depth®4.2 m (mooring 1)
and 52.4 m (mooring 2) at glacial distal and praisites, respectively, within Cascade
Lake (Figure 3, Table 1). Each mooring consisted mck anchor, two sediment traps,
two temperature loggers and a buoy. The sedinrapst twere made from 12.5-cm-
diameter funnels that fed rigid lexan tubes withimmer diameter of 1.6 cm (focusing
factor = 62 times) (Figure 4). Traps were placedlam above the lake bottom and ~3 m
below the lake surface. Buoys were set at ~2 nvb#ie lake surface to avoid exposure
during lower winter lake levels or freezing in wentce. Each sediment trap was paired
with an Onset Water Temp Pro temperature loggérrdwrded temperature every hour

beginning June 28, 2004.



Trapped Sediment3.he sediment traps were recovered on August 101an@005 and
on July 19, 2006. The sediment was described and sub-saripedtratigraphically
distinct units visible in the receiving tube. Té&ediment from the 2005 traps at mooring
2 was analyzed for bulk-sediment density, and 2668iment from mooring 1 was
processed for organic-matter content (OM), grane,sand biogenic silica content (BSi).
The 2006 sediment from mooring 2 was analyzed fdk-bediment density and BSi
content.

Sediment grain-size distribution was determinedg§i.25 crm samples analyzed
by a Coulter LS230 laser diffraction analyzer. pbas were pre-treated with 30%®%
to remove organics and 1M NaOH to dissolve BSi, astdred in sodium
hexametaphosphate (a dispersing agent) to preleadufation prior to analysis. Each
sample was analyzed four times for 80 seconds #nduras were averaged for the
samples final grain-size estimate. OM content \datermined by percent loss-on-
ignition (LOI) and BSi analysis was completed usihg methods of Mortlock and

Froelich (1989, see Lake Sediments Methods).

Air TemperatureOnset Hobo temperature loggers were installecherwestern shore of

Cascade Lake and ~0.6 km from the modern CascadgeGlaont (Figure 3). The

lakeshore logger was placed inside a solar radiativeld and mounted at a height of ~3
m on a large willow tree in a stand of alder (Feuf). The logger recorded air
temperature every hour for a period of June 2842060August 9, 2005, and from August
12, 2005 to July 20, 2006. The glacier front @imperature logger was mounted on
stabilized copper poles ~2 m above the ground atwrded temperature every hour from

August 13, 2005 to July 21, 2006.
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Results and Discussion

Sediment TrapsMooring 1 was recovered from its deployed locatiorboth 2005 and
2006; mooring 2 was recovered from deeper watar wigch it was originally deployed
in 2005. The mooring likely moved (drifted or waarried by lake ice) during the
collection year, but the sediment traps and tentpexaloggers were all intact and
seemingly undisturbed. Upon recovery the top trapee covered in a thick algal mat
and had collected limited porous sediments witle larganisms. The bottom traps
contained significantly more sediment than the tigyps (2005 mooring 2 had slightly
overflowed into the collection tube) and were salmpled into an average of five
stratigraphic units (Figure 5). Sediment in thétdoo traps was typically gray to gray-
green with organic material overlaying dense muthvgradational contacts between
units.

Significantly less sediment accumulated during 5322006 than in 2004-2005.
Unfortunately, a fingerling fish was caught in tleeeiving tube of 2006 mooring 1 and
made field collection of the sediment impossibldowever, mooring 2 collected 8.5 cm
of sediment in 2006 compared to the 18.1 cm in 200bhe average sediment
accumulation in the bottom trap of mooring 2 wak00g/cnf/yr in 2004-2005, and 0.03
g/enflyr in 2005-2006, a 70% reduction (Tables 1 and ZBecause of possible
complications caused by the movement of mooringi2nd the year and the overflowed
collection tube, | focused on 2004-2005 mooringof detailed analysis. Each of the
stratigraphic units was analyzed for OM, grain sar& BSi content. The 2006 mooring

2 sediments were also analyzed for bulk densityB®idcontent for comparison (Figure

11



5). OM, grain size, and BSi content all covariedhe sediment from mooring 1 in 2005,
with their lowest values in the middle units (Figus). The sediment from mooring 2 in
2006 contained less BSi overall (16% reduction Bi Bercentage) and did not show
decreased BSi content in the center units. AdjgdBSi values for the dilution caused by
the increased sedimentation in the 2004-2005 dallegear, results in a 77% reduction
in BSi flux during 2005-2006 (Table 2).

The results from the bottom trap of 2004 mooringxhibit a seasonal pattern
(Figure 5). Because the traps were not equippedetord the timing of sediment
deposition within the collection tubes, the seaBpnaf each lithologic unit is not
known. Nonetheless, the decrease in OM, BSi, aath gize in the central part of the
receiving tube of mooring 1 is indicative of winteediment deposition in a glacial-fed
lake. The increase in BSi in the uppermost sedisn@mits 1 and 2) and the coarse
sediments (coarse silt) in unit 1 might indicatgh@r stream discharge associated with
spring melt-out. Mooring 1 was located farthemirthe glacial melt-water inflows, and
therefore was less sensitive to the glacial metewanfluences and may not have
captured the seasonal signal as well as the morenpal site might have.

The 70% decrease in sediment flux and the 77%ctexuin BSi deposition
between the two collection years are indicativeaostrong influence of interannual
weather differences on sediment transport and aglagion. Spring and summer (May
to September) surface-water temperatures (air teaatye not available for 2005) were
~1.5 °C colder in 2006 than in 2005, and in July of 208@nificantly more snow
remained on the landscape. Additionally, lessquantitative measurements exist) melt-

water occupied the channels of the Cascade Gladisvash plain than in the previous

12



year. There is no precipitation data for Dillinghgost-1998; however, precipitation
data from Bethel over the collection years shows/.@ cm decrease in annual
precipitation from 2005 to 2006 (62.5 vs. 54.9 aMRCC, 2006). Possibly the main
pulse of sediment associated with peak melt-wasshdrge had not occurred by the time
the traps were recovered in July 2006. More likehe cooler spring/early summer
temperatures and decreased precipitation retardelt-water production (i.e. peak

discharge) and decreased the sediment flux andiassw nutrients for algal growth.

Water TemperatureThe four temperature loggers were recovered inuau@005 and
July 2006 (Figure 6). The water temperature dadécate that Cascade Lake is dimictic
with fall mixing occurring in late October and spyi melt-out and mixing occurring in
late May to early June. Thermal mixing during ta# fasted 21 days in 2004 and 13 days
in 2005 whereas spring mixing took place over 8sday2005 and 4 days in 2006. Fall
cooling and spring warming leading to or followiagerturning were gradual at a rate of
about 1°C per 9 days. The lake-surface temperatures ardasiat both mooring sites
(0.1 °C warmer at the mooring 1 site). During the iaefrmonths, the lake-surface
temperatures track air temperature with a miniragltime (hours) and average 5 2Q®

cooler (based on hourly averages).

Air Temperatureln 2005, the lakeshore temperature logger malfanetl and stopped
recording on December 22, 2004 (after 176 daysreig). A new lakeshore logger and
the glacier terminus logger were deployed in Au@®5 and downloaded in July 2006.

The radiation shield at the glacier terminus waecked off its mount and the logger
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recorded a stable temperature of %€7from the end of January to the beginning of June
2006, probably because the fallen logger was buryeshow during this interval.

Freezing air temperatures at the lake were firsichhed in September and
generally remained below freezing by November inthb2004-2005 and 2005-2006.
Temperatures averaged above freezing startingrip Bay. For the period successfully
recorded by both lakeshore air temperature log@faugust 12-January 22), the average
2004 temperature was 1°€ and the average 2005 temperature was*cl..4The coldest
recorded temperature in 2004 was 2£8in early December, and in 2006 it was =@0
in late January. The onset of freezing air temjpeea and the timing of above-freezing
temperatures in the spring correspond well to thiedtup and melt-out of lake ice, just
prior to and after lake overturning. Air temperatilead lake ice-up and melt-out by
about a month.

The glacier logger first recorded freezing tempees two months earlier than
the lake, and minimum temperatures occurred jusbreet went isothermal (-3%,
Figure 6). During the summer (JJA) the lakeshardeanperature averaged 2 +°C
warmer than the glacier, whereas the lakeshore2nvasd °C cooler during the winter
(DJF). With an elevation difference of 340 m thése temperature stations record an
environmental lapse rate of *€/km during the summer and an inverted profileha t
winter.

The air temperature logged at Cascade Lake camomeared with other climate
stations in the region. The goal of this comparia@s to determine whether the longer-
term temperature records of the climate stationddcoonfidently be extrapolated to

Cascade Lake. The two closest climate stationBatkel (~148 km to the northwest)
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and Dillingham (~140 km to the southeast), wherdydaiaximum and minimum
temperature data are available (PNWPEST, 2006konipared the daily maximum,
minimum, and average daily temperatures from theatk stations (mean of two values)
and from the Cascade Lake hourly air-temperatuggdo (mean of 24 values) and found
the strongest correlation between the average dahperature (r = 0.97 and 0.96 for
Dillingham and Bethel, respectively). Daily temgterre at Cascade Lake averaged 3.5
3.1°C (n = 498) cooler than Dillingham and 1.1 + 3Glcooler than Bethel (Figure 7).
The temperature differences between Cascade Lakelste and Dillingham vary by
season. During the summer, Cascade Lake w&3 @oler than Dillingham and 8C
colder in the winter (Figure 7). The temperatuiffetences between Dillingham and
Cascade Lake indicate a summer environmental leggseof 7°C/km. This is higher
than the typical lapse rates of&/km (Porter, 2001), but similar to that of thedadnd
glacier temperature loggers. The somewhat higlygse rate may be due to the more
southerly and coastal location of Dillingham. Altilgh temperature at both Dillingham
and Bethel are strongly correlated with Cascades] élchose to focus on the climate
record at Dillingham because the temperature recbete extends back to 1919,

(compared with 1949 at Bethel).
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CHAPTER 3:
GLACIAL GEOLOGY
Glaciers are sensitive to climate variations anel lamown to have fluctuated
during the late Holocene in mountains across Alg€kakin, 1988; Calkin et al., 2001).
The study of glacial deposits can provide informaton the timing and magnitude of
climate change that caused their deposition. Bwlsoing a glacial-geologic and a lake-
sediment study from the same drainage, the two boraptary records of climate

variability can be compared.

Background
Lichenometry Lichenometry is a useful dating method applied late Holocene
landforms (Locke et al., 1979). In many cases, His¢oric record is too fragmented,
carbonaceous material is absent or the landformsar young (<500 yr) for reliable
radiocarbon dating, or the tree-ring record is $bort. Lichenometry is based on the
premise that lichens grow at a predictable rateedhey colonize a surfac&khizocarpon
geographicumand R. alpicolaare the two most commonly used species becauge the
have slow growth rates (0.02-2.0 mm/yr; Innes, }198bhese two species have slightly
different growth rates and they are impossibleisbirtjuish in the field (Werner, 1990).
Most authors report data &hizocarpon geographicusenso lato (s.l.) and assume that
this includes measurements of b&hgeographicunandR. alpicolathalli.

The growth rate oRhizocarpons dependent on a variety of factors including, but

not limited to: substrate lithology, moisture awdility, temperature, altitude, and
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snowcover (Innes, 1985). Each of these factorsveay significantly from one location
to another, therefore, it is important to use angnocurve developed either from the
region of interest, or from a similar environmenkichen ages reflect the timing of
landform stabilization and because moraines takeestbme to stabilize following the
retreat of abutting glacial ice, they provide mioim ages for moraine deposition.
Additionally, actively eroding landforms can nobguce reliable lichenometric ages and

should not be used (O’Neal, 2006).

Equilibrium-Line Altitude.The equilibrium-line altitude (ELA) serves as asfehe most
useful parameters to quantify the effect of climatea glacier. The ELA separates the
areas of accumulation and ablation and is contidiig a variety of factors including
glacier hypsometry, glacier aspect, and other latiahate conditions (Torsnes et al.,
1993). Changes in ELA over time are generally tnsessitive to winter precipitation
and summer temperature, thereby enabling effegateoclimate reconstructions (Dahl
and Nesje, 1992).

A variety of methods have been developed to recactstormer ELAs. Torsnes
et al. (1993) compared various methodologies amerakéned that the accumulation area
ratio (AAR) method resulted in the least error wheadculating the ELA of modern
glaciers with ELAs known through mass-balance measants. The accumulation area
ratio is defined as the ratio of the accumulatimrado the total glacier area and is used to
determine steady-state ELA. Meier and Post (198#ponstrated that the AAR for
steady-state glaciers in northwestern North Amenaceyed from 0.5 to 0.8. The average

of these values (0.65) is often used in ELA reamasions (Porter, 2001).
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Methods

LichenometryGlacial and fluvial deposits believed to be Heloe in age were identified
on aerial photos and then studied in the field,ioisome cases deposits were first
recognized in the field. These deposits includedaimes of the most accessible glaciers
in the study area, fluvial terraces in the outwashins of these glaciers, and stable
surfaces that were formed during glacier retredhe long and short axes of large
Rhizocarpon geographicuml. thalli were measured using digital calipeisandform
surfaces were searched until no larger thalli ctmddound. This involved searching the
entire landform surface and measuring approximat&ichen thalli. Generally, the
largest lichens were found on stable slopes (creftsnoraines) and in protected
depressions on landform surfaces. Lichens witbrg laxis that measured over 20%
larger than the short axis were rejected becaut@hon-regular growth pattern (Calkin
and Ellis, 1980).

Because a lichen growth curve has not been deselfy the Ahklun Mountains,
the lichen sizes were compared to the growth r@téise other Alaska locales including:
the Brooks Range, Seward Peninsula, central AlaRkamge, Wrangell-St. Elias
Mountains, and southern Kenai Mountains (Figure &Holomina and Calkin (2003)
recently revised the growth curves for each of éhaeas based on additional control
points, newly calibratedC ages, and standardized fitting routines. Theseth curves
either used the single largest thallus diameterther averages of the five largest
diameters. Both of these values were calculatedhi® Cascade River valley data and

compared with the corresponding growth curves. doiamty in the derived ages results
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from the variety of climates represented by the fiwvowth rates and their dissimilarities
from the Cascade River valley and measurementserr@f the five areas for which

Solomina and Calkin (2003) developed growth cuntbs, mean annual and summer
temperature (and likely the precipitation) of thas€ade Lake area are most similar to

Seward Peninsula and therefore was used for aignasents (Table 3).

Equilibrium-Line AltitudesEight glaciers were chosen for ELA analysis, idahg those
visited during the 2005 field season, and thosecaed with laterally extensive and
prominent moraines on the 1957 aerial photographkese eight glaciers include the
Cascade and Chikuminuk valley glaciers and sixuerglaciers (Hungry Joe Cirque,
Divided Cirque, East Inflow Cirque, Cirque 1, CiegR, Cirque 3, Figure 8). Four of the
glaciers are within the Cascade Lake drainage lzaxirall are located within 9 km of the
lake.

| used the AAR method for ELA reconstructions wéth AAR value of 0.6 to
facilitate direct comparison with the Waskey Lakeaa(Levy et al., 2004). The extent of
ice in the 1957 aerial photographs and the recoctst LIA ice limits (based on field
glacial-geomorphic evidence and aerial photograpkrpretation) were plotted on a
1:63,360-scale topographic map (1973) in ArcGI® Vi.e., ‘modern’ = 1957). This
assumes that the 1973 contours were a reasonatlyase representation of the 1957
glacier surface. The area of each glacier was umnedsat ~100-ft-altitude intervals for
both the modern and reconstructed LIA ice limis.multi-order polynomial was fit to
the data and used to determine the altitude cavrelpg to an AAR of 0.6 (40% of the

total area lies within the zone of ablation; FigQje
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Results and Discussion
LichenometryA total of 160 lichens with circular thalli wereeasured on 13 deposits in
the forefield of five extant glaciers (Figure 8,bl@4). The outer moraines represent the
largest Neoglacial advance while other depositshé&ur up-valley represent smaller
subsequent readvances, delays in retreat, or @@sitie of a non-glacial origin (debris-
flow deposits, river terraces, etc.). Of the ffeeefields, only two contained stable late
Holocene moraines with measurable lichens, therodeposits were either unstable
(slumped) over this period, or could not be cleabgociated with the maximum ice
advance . Lichens were measured on two distincaime deposits on both the left and
right lateral sides of Cascade River valley andtdreninal moraine of the East Inflow
cirque (Figures 8, 10). The age estimates foretliee moraines derived from the range
of growth rates span from 860 cal yr BP based erstbw growth curve (Brooks Range)
to 20 cal yr BP using the fast growth curve (KeRaninsula, Figure 11). The moderate
growth curve from the Seward Peninsula (with a ~B@g¢fonization time, see below)
yields an average age of 90 cal yr BP (~1860 AD)tlfi@se LIA maximum moraines.
Although the control points from the Seward Perimsgrowth curve are not well-
constrained around this time period, the Alaskageagrowth curve yields a similar age
for this lichen size. Because lichens date thdilgtation rather than the initial
deposition of a moraine, this age is a minimumnesteé of the LIA maximum in the
Cascade River valley.

Two of the lichen stations (12, 13) are up-valléyh@ LIA terminal moraine of
the Cascade Glacier and were used to calculateemteate. Lichens were measured on

stable boulders overlying bedrock that were depdsiipon ice retreat from the site.
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Station 12 is located 990 m from the 2004 ice nmaegid was dated to 1945 AD using
the Seward Peninsula growth curve (with the 17¢fomization time of Solomina and
Calkin (2003); Table 4). Station 13 is 540 m frdme terminal moraine with an age of
1965 AD, but this age is too young as the site+4i&8 m beyond the 1957 ice front. This
implies that the 17-yr colonization time built intbe Seward Peninsula growth curve
may be too short for the Cascade Lake area. @elooolonization time of about 30-yr is
also indicated by the lack of lichens on surfacegosed after 1984 and by only the
earliest stages (<1 mm) of lichen colonization loa $urfaces exposed between 1957 and
1984. The lichen ages reported in this thesistlaeeefore adjusted to be ten years
younger than the ages derived from the Seward Belaiigrowth curve.

The rate of retreat at Cascade Glacier was reaanstt by constraining the ice
margin of Cascade Glacier at five points, usindndit ages and aerial photographs,
namely: the 2004 observed ice front, 1984 and ¥#5ial photographs, lichen station 12
with an age of 1935, and the maximum LIA moraingedato ~1860 AD based on
lichenometry. These points indicate that Cascatbeci& retreated at the following
average rates: 1860-1935 = 5 m/yr; 1935-1957 m&k; 1957-1984 = 8 m/yr; 1984-
2004 = 16 m/yr (Figure 12). The overall retrede rfor Cascade Glacier since the LIA
maximum was 11 m/yr.

The retreat rate of Cascade Glacier from its marinlA extent was not steady
over the last 140 yr, reflecting climatic variatsoand topographic constraints. The
lowest retreat rate was documented between 186886 (5 m/yr). This time period
includes the climate recovery following the terntioa of the LIA. The shift to a rapid

retreat between 1935 and 1957 (21 m/yr) is morkcdif to explain. The period of

21



1947-1976 coincides with a ‘cool’ PDO and weakeAé&d which would have produced
cooler conditions in southwest Alaska (Papinea120 These conditions should have
inhibited glacier retreat, whereas the warmer taatpees associated with the preceding
‘warm’ PDO (strengthened AL) period of 1925-19460skl have promoted glacier
retreat. Glaciers respond more rapidly to thecddfeof summer ablation on the glacier
toe than they do to winter accumulation during pesimass-balance years. Because the
response time of mountain glaciers averages 10rXPaorter, 1986), the retreat rate of
Cascade Glacier between 1946 and 1957 may be qitase with the PDO and AL and
may not have yet responded to the positive massibalyears of 1947-1976. The 1957
and 1984 aerial photographs show the terminus st&ke Glacier at nearly the same
location in a bedrock-constrained, narrow sectibthe valley, which explains the lower
retreat rate (8 m/yr) during this period. The nrestent shift (post-1984) in retreat rates
to 16 m/yr is likely the glacier response to ‘warRDO shift from 1977 to 1995 with
some lag in response time.

The multiple late Holocene advances recognizeddylet al. (2004) at Waskey
Lake (~30 km south of Cascade Lake) contrast wighsihgle LIA moraines recognized
in Cascade Lake study area. Both this study ang/ le¢ al.’s (2004) used the same
lichenometric methods, yet Levy et al. (2004) idiead three periods of ice advance at
900-1800, 350-1050, and 200-650 cal yr BP, nonelo€h are represented in this study
area. Conversely, the most extensive advance irstody area took place at 90 cal yr
BP, but is not represented in Waskey Lake vall@&is discrepancy in Neoglacial ice
advance is difficult to understand. The glacidrbath study areas are similar in size and

occupy mountains with similar physiography and eliemregime. None of the glaciers
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overlie unconsolidated sediment that may lead t@atrans in sliding velocities; rather,
they directly overlie bedrock. The Waskey Glacseunderlain by granodiorite, whereas
the Cascade River valley glaciers overlie metarsedtary rocks with significant
regional faulting. It is a possibility that diffamces in sub-glacial hydrology (bedrock
permeability) may cause some of the variationcéeaxtent between the Cascade River
valley glaciers and Waskey Glacier.

The late 19 century age for the LIA moraines in Cascade Rivatley
corresponds to LIA moraine ages elsewhere in Alaskén the northeastern Brooks
Range, for example, LIA retreat occurred aroundOL8® (Evinson et al., 1996). Late
19" century moraine stabilization has also been regegdnin the southeastern coastal
glaciers, and the Kenai Mountains (Wiles and Calk®94; Calkin et al., 2001). Taken
together, these ages suggest that the second theieald” century was marked by

widespread moraine formation across Alaska.

Equilibrium-Line Altitude.The modern glaciers (1957) in the area of Casta#te have
an average size of 1.6 krtn = 8) and an average ELA of 980 m + 90 m (T&)leThe
glaciers in the study area extended 0.2 to 1.7 &minér down-valley during the LIA, an
average of 0.6 km (65%) larger than their 1957 tenparts. Chikuminuk Glacier
experienced the largest down-valley expansionokin. Cascade Glacier's ELA of 980
m coincides with the mean of the average ELA asdlLit km down-valley expansion
during the LIA is the second largest.

The average ELA (lowering of ELA from LIA maximum to 1957) fothe

Cascade Lake area was 23 + 13 m (Table BLA ranges from 45 m (Cirque 2) to 5 m
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(Cirque 1). The difference inELA between these two cirque glaciers is unexpected
because they have similar southerly aspects, atermd km of one another, and have
similar modern ELAs (1010 and 1050 m respectivebyt Cirque 1 contains the most
exposed glacier with an extensive, low-relief faglef, which may explain its limited
expansion during the LIA. ELA does not appear to covary with glacier areadhe
altitude, or aspect (Table 5).

The modern ELA of 980 = 90 m determined in thisdgtis similar to a GIS
assessment of 106 cirque glaciers in the Ahklun Maias completed by Manley (1999).
Manley estimated a regional ELA of 929 + 127 m,hwit3% of the variance in ELA
accounted for by microclimate variables (winter gypéation, summer temperature,
aspect, etc.). Manley (1999) also demonstrated tia Ahklun Mountains cirque
glaciers are sensitive to climate changes thatcaffecumulation and ablation. For
example, a 50 m rise in the ELA would result in08#decrease in the total glacier area.
The only other ELA analysis from southwestern Aask that of Levy et al. (2004) for
Waskey Lake. Their ELA estimate for the LIA (35 £ 22 m) overlaps witie Cascade
Lake study area. Additionally, Skiorski (2004) armhigle and Kaufman (2006)
determined ELA’s of 25 £ 17 m in the Brooks Range and 50 +i20on the Kenai
Peninsula, respectively. In contrasELA values reported for the LIA in Alaska by
Calkin et al. (1985) range from 100-200 m. Thaitcalation of ‘modern’ ELA was
based on mass-balance data from 1976-1982, wheesgset al. (2004) Skiorski (2004),
Daigle and Kaufman (2006), and my study used taggaigc maps and aerial photographs
to derive modern ELA values. The location of theotlern’ ice front is a cumulative

product of the previous decade’s (post-LIA) climatdereas the mass-balance studies
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reflect the ELA of the limited study period. Thimne the higher ELA values of Calkin
et al. (1985) may be attributed to the high ELAues! of the 20 century.

The estimated ELA in the Cascade Lake study area (23 + 13 m)bsansed to
estimate temperature lowering during the LIA. \gsatypical environmental lapse rate
of 6°/km (Porter, 2001) and assuming no change in ptatign, results in a cooling of
0.13 = 0.07°C during the LIA. This lapse rate is only slightbwer than the regional
environmental lapse rate °(Km) calculated from the summer temperature datthis
study. This amount of cooling is significantly dethan the LIA cooling of 2T
reported for the Brooks Range (Calkin et al., 1989) °C temperature depression for the
Wrangell Saint Elias Mountains (Davi et al., 2003),7°C cooling in the Alaska Range
(Hu et al., 2001), and the average 0.5-15reported for the Northern Hemisphere
(Grove, 2003; Maasch et al., 2005). The signifilyacooler temperatures of Calkin et al.
(1985) derive from their largeELA values. The calculation of temperature cooling
from lapse rates andELA values is dependent on the assumption thathamge in
moisture affected glacial expansion. However,hé nhortheastern Ahklun Mountains
were drier during the LIA, this would have limiteglacier expansion despite cooler
temperatures. This scenario of a cold and dry Aximum in the study area may

explain the discrepancy in LIA temperature cooltadculated from lapse rate values.
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CHAPTER 4:
CASCADE LAKE SEDIMENTS
Background

Cascade Lake was targeted for a lake sedimenty dtedause it has a high
sediment load and is hydraulically connected tovaley glaciers that show evidence of
late Holocene fluctuations. Additionally, Waskegkie (Levy et al., 2004) to the south,
and Arolik Lake (Kaufman et al., 2003) to the whstve been used successfully to
reconstruct paleoclimates in the region. Cascaale Llsediments were analyzed for a
variety of proxy indicators including their geochabogy, magnetic susceptibility (MS),
organic-matter content (OM), biogenic silica (B%ijd lamination stratigraphy.

In lake sediments, MS is affected by organic cantdensity, grain size and
mineralogy (Dearing, 1999), and it is not always$ble to discern which property is
forcing the MS signal. For this reason, MS is usgddentify shifts in sedimentation
patterns that can be correlated between coresrasme cases attributed to climate
variability when used in combination with other yyaecords. Variations in OM reflect
a number of factors, including lake productivityinerogenic flux, the input of terrestrial
vegetation to the lake and diagenetic preservati@ecause climate fluctuations can
directly affect each of these factors, OM is a aale indicator of climate (e.g., Willemse
and Tornqvist, 1999; Kaufman et al., 2003; Bakkeakt 2005). BSi reflects the
abundance of diatoms in lacustrine sediments. obiatare single-celled algae that
typically dominate internal productivity in a lakend are sensitive to environmental
changes, making them good climate proxies (e.gllewse and Tornqgvist, 1999;

Anderson, 2000). The deposition of laminationa iacustrine setting can be driven by a
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variety of hydrologic and meteorological controlkeéman and Niessan, 1994;
Lamoureux, 1999). This relationship between cleratd lamination thickness has been
used to produce quantitative and qualitative esgmaf climate variability on annual to
seasonal scales (Hughen et al., 2000; Moore eR@D]; Loso et al., 2006). Each of
these parameters were analyzed in Cascade Lakiatengreted for patterns that may be

indicative of climate variability.

Methods

Bathymetry, Acoustic Profiling, and Core-Site Sedec Core site selection was based on
bathymetric data and acoustic profiles. Bathymetata were acquired with a Lowrance
sonar unit and subsequently plotted in GIS withghereline based on 1973 maps. The
sub-bottom stratigraphy was surveyed using an EelgeTGeoStar acoustic profiler
operating between 4 and 24 kHz. This profilingnitheed regions of continuous and
condensed stratigraphy (avoiding slumps, methatte). e Three sites (distal-shallow,
proximal-shallow, and proximal-deep) were targefi@dpercussion coring (Figure 13).
Cores up to 6 m in length (7.5 cm diameter), weixsssfully recovered from these sites
(Table 6). Coring was completed from an ancholeatihg platform and was continued
until the core tubes were filled or an impenetrdblger was encountered. Because the
uppermost sediments in the long cores are ofteturbesd, surface cores were also
recovered from each site. These preserve the satlwater interface and allow for an
evaluation of the stratigraphic completeness inlding cores. Surface cores were either
sub-sampled in the field into 0.5-cm incrementd@watered and packed. All cores were

shipped to Northern Arizona University and placedold storage.
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Lithostratigraphy.Cores were split and photographed at ~10-cm intemneadocument
sediment color prior to oxidation. General seditrgscriptions (color, layers, bedding
thickness, texture, etc.) were logged. Uniqueuiest, such as tephra beds (described
below), were sub-sampled and viewed under a biaocnicroscope.

Additionally, a test pit was dug on the northeimorgline of Cascade Lake
(Figures 13). The stratigraphy of the test pit wascribed and sub-samples were taken

for radiocarbon analysis and visual comparisomélake core stratigraphy.

Geochronology.A variety of methods were employed to determine #ges of the
lacustrine sediments, each with well-establishextfomes. These included: radiometric
2%h and™®’Cs dating, tephrochronology, and radiocarbon datifgPb analysis was
completed on surface core 02A at the Universityllofois by alpha counting and on
Core 02 at University of Southern California by gaaspectrometry in conjunction with
137Cs analysis. Contiguous 0.5-cm-thick (~1°pamples were submitted for analysis.
Both #%b profiles were modeled using a constant rataipply (CRS) model because
this model copes with variable sedimentation ratediich probably fluctuated
significantly (Appleby, 2004).

Tephras were located by their coarser grain smetheir volcanic glass shards
and pumice. MS peaks were also targeted due tagbeciation of volcanic glass and
magnetite. Each tephra was described under a ddaromicroscope to compare with
other tephras known from the region. | analyzesrttajor-element geochemistry of the

most prominent (visible and thickest) tephra in @sscade Lake cores to correlate it with
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tephra of a known age. The tephra was sampled tinenecenter of the unit in Core 02 at
a depth of 2.85 m. It was cleaned with 2% NaOGQl dned. Glass grains were hand
picked under a binocular scope, epoxied onto asgilide, polished with 1000 pum grit,
then carbon coated for analysis on a Cameca MBXtrele microprobe at Northern
Arizona University. A single point on each of 3Ags grains was analyzed along with a
standard of basaltic glass (USM 11349811) usedlibrate the microprobe prior to use.
Total oxide percents of 10 elements were normalipe@00%. Similarity coefficients
(Borchardt et al., 1972) were determined by congoariwith published values for the
3500 cal yr BP Aniakchak tephra (Riehle et al., ;9Bget et al., 1992; Levy, 2002).
Lake sediment samples were sieved every ~5 cm diogvoore profile in search
of macrofossils, but no sample contained sufficiaaterial for radiocarbon analysis. A
single radiocarbon age was obtained from a burmlis the test pit on the north
shoreline of Cascade Lake. A sub-sample of theetusoil was wet-sieved and
handpicked for vegetation macrofossils. Clean d@rydmacrofossils were analyzed by
AMS at the University of California, Irvine. Thadiocarbon age was calibrated using
CALIB v. 5.0 (Stuvier et al., 1998) and the repdrege is the median probability age of

the 1 calibrated age range.

Magnetic SusceptibilityMS was measured on the split core face using angéon MS2
meter, a hand-held MS2E1 detector, and Multisus prder software to correct for
measurement drift. Refrigerated cores were brotgghdom temperature before analysis.
Measurements were taken every 0.5 cm with driftestion every five readings. MS

values are reported in Systéme International (8ifstand were taken at a 0.1 sensitivity
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range setting. Sediments with anomalously high «afies were examined under a

binocular microscope to confirm the presence dftaghards, or unique mineralogy.

Organic-Matter ContentOM and bulk density were measured on two of theetltores.
Contiguous 1 crhsamples were taken every 1 cm down to a dept®®fcin in Core 01,
and over the entire length of Core 02. In a feacgs sample resolution was reduced
over coarse-grained, dense tephra units. Sampdes processed using the procedure
described by Dean (1974). They were dried &C9fr 12 hr, and then weighed to
measure dry bulk density. OM was approximated By} after combusting samples at
500°C for 5 hr. Because inorganic carbon content gfigile in the sediments, it was

not measured.

Lamination Stratigraphy Although laminations were faintly visible on mudi the
surface of the cores they were too diffuse for eateumeasurement of thickness based on
visual inspection. Therefore, the core face wassampled to a depth of 140 cm and
imaged by X-radiography. Slabs were 15 x 0.4 cuh @ere taken from the core axis
with ~1 cm of overlap between the slabs. Theseotmithickness slabs were X-rayed at
the NAU health center on detail film (3/20 sec, d@, 50 kVp). Laminations were
visible on the X-rays as discrete zones of millenetcale, alternating high and low
density. Images were digitally spliced and lamimatcouplets were counted (four times)
and the thickness of both the high- and low-denkifyers and the total couplet was

measured (Figure 14).
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Biogenic Silica Biogenic silica (BSi) analysis was performed gsithe methods
described by Mortlock and Froelich (1989). Contigsl 2-mm-thick samples were taken
from Core 02 between 0 and 0.15 m, and from 0.16306 m at a 5 mm sample interval.
The rest of the core was sampled in 5-mm-thickieestat 5-cm intervals. Hydrogen
peroxide (HO,) and hydrochloric acid (HCI) were added to ~100 afgdried and
powdered sample to remove organic material ancboatle. BSi was then extracted with
10% sodium carbonate solution ¢€&;). The supernate containing dissolved silica was
then treated for molybdate-blue spectrophotometiyough the reduction of the
silicomolybdate complex. BSi concentration wasedeined with a HACH DR/2000
spectrophotometer set to 812n wavelength and zeroed against a blank standard of
NaCO;.  Absorbance values were converted to BSi conteimig a standard curve
created by NAU lab technician Caleb Schiff (FalD2n

Samples were run in groups of 40 and experiencaaies batch effects
predominantly caused by slight variations in th&ing of the siliciomolybdate reduction
solutions. In order to adjust for these batchaffethree samples from the initial batch
were treated as standards and processed with subsgquent batch. Batches were then
calibrated to the original batch by adjusting B&lwes by the average difference of the
three sample standards. Although the reportedcB&ient depends on these adjustments,
the relative difference among sampled is reprodedib + 0.3% (1) based on multiple

runs of the standard samples.
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Results and Discussion

Bathymetry, Acoustic Profiling, and Core Sit€ascade Lake contains a deep trough
(>50 m) running from the main inflow on the soutideof the lake to the outlet on the
north. Broad, sloping deltas extend from the maml eastern inflows (Figure 13).
Acoustic profiling revealed generally continuousasgraphy with localized zones of gas
disruption (Figure 15). The recovered cores did penetrate the full stratigraphic
sequence visible in the acoustic profiles, withwgl#®m of sediment remaining below the
base Core 01; however, there was little acoustatigtaphy visible beneath the base of
Core 02. This could be because the stratigraplyjuoesece of this core is more complete

or because the acoustic signal was degraded.

Lithostratigraphy Core 01, from the north distal core site, cossief five main
stratigraphic units with gradational contacts (Fegi6). (1) The basal unit (4.7 to 4.2 m)
is composed of sand interbedded with gray (5B &iijl. The fine-grained layers are
separated by sharp contacts from the sandy mud.2J@i.2 to 3.6 m) is well-laminated
with laminations apparently defined by grain sizlt(rich vs. clay rich). The
laminations range between ~0.25 and 1.0 cm thickit 8 (3.6 to 2.8 m) consists of
brown (2.5Y 5/4, 106 5/6) clay-rich mud. Unit 4820 1.1 m) is blue-gray clay-rich mud
with three coarse-grained tephras layers. Unit.5 {0 O m) is light-brown (2.5Y 5/4, 5Y
5/1) mud with very faint laminations in the uppeshe30 cm.

The lithostratigraphy of Core 02 is very similar €ore 01 (Figure 16). It
comprises five fine-grained units defined by coldifferences and separated by

gradational contacts. (1) The basal unit (4.4.8r8) consists of sand interbedded with
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gray, clay-rich mud. The sand layers are betténelé than those of Core 01. Unit 2
(3.8 to 3.7 m) contains well-defined laminationsl>cm thick, separated by sharp
contacts. Unit 3 (3.7 to 3.1 m) is composed of-tieh, light-yellow-brown (10YR 5/6)
sediment with coarser-grained (not tephra) bedsagugg 2 cm thick. Unit 4 (3.1 to 1.6
m) consists of blue and olive gray, fine-grainedisent (5B 5/1, 5Y 5/2) with five
coarse-grained tephras. Unit 5 (1.6 to 0 m) igeoto yellow-brown (2.5Y 4/4, 10YR
5/6, 2.5Y 6/2) mud with faint laminations throughohese laminations are a centimeter
to millimeter thick.

Core 03 (deep, main basin core) is markedly differthan Cores 01 and 02
(Figure 16). It contains well-defined, thick (B cm) beds of alternating silt- to clay-
rich mud and disturbed and deformed sedimentsithetrupt the bedded stratigraphy.
Unit 1 (6.0 to 4.4 m) is composed of deformed sedhts, coarse-grained beds and > 1-
cm-thick laminations. Unit 2 (4.4 to 3.2 m) consief coarse-grained layers interbedded
with massive mud. Unit 3 (3.2 to 0.9 m) is predoamtly deformed sediments with some
discrete units of mud. Unit 4 (0.9 to 0 m) is ca®s@d of well-defined laminations that
are discontinuous and separated by deformed setimé@vwerall, Core 03 contains four
zones of well-formed, grain-size-defined laminasionNo tephras were observed in the
Core 03.

The tops of Cores 01 and 02 were correlated Wwiglr sister surface cores using a
distinct fine-grained marker bed that grades upweoth dark brown to red-brown. In
Core 01 this marker bed is at 8.0-8.5 cm depth,ar&5-9.0 cm in the surface core. In
Core 02 the bed is thicker and at a depth of 18.8-tm compared to 14.0-15.0 cm in

the surface core (Figure 17). Using these coroglat ~0.5 cm is missing from the
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surface of each of the long cores and core-tubéhdepere adjusted accordingly so that
all reported depths are relative to the lake floor.

The lithostratigraphy of Cores 01 and 02 can beghbucorrelated (Figure 16).
Both contain a thick (~15 cm) tephra (at 2.12 m oreC01 and 2.85 m in Core 02), and
the basal sediments are similar in both cores. ihatons are better preserved in Core
02, though they are subtly visible on the surfadc€are 01.

Because discrete horizontal beds are preservededtioss of Core 03, the
disturbance and deformation probably was not cabgetie coring process. Instead, the
sediment deformation is likely caused by underflmwrents or slumps within the deep
trough where the core was recovered. The thickregepnit visible in Cores 01 and 02 at
2.12 and 2.85 m, respectively, was not found ineG@8. This, in combination with the
thick laminations of Core 03 (> 1 cm), indicateattsedimentation rate at the Core 03
site is significantly higher than that of Coresd&id 02. For these reasons little further
work was completed on Core 03.

| focused most of my work on Core 02 because theinations were better
preserved than in Core 01, likely due to its clggeximity to the main inflow, and it has
a longer sedimentary sequence and is less disttinaedthat of Core 03. The proximal-
shallow water location of Core 02 also might be engensitive to climate variability due
to the greater influence of the main inflow compai@ the distal site of Core 01.

The test pit dug on the northern shoreline of @dsed.ake was 25 cm deep and
was subdivided into five units (Figure 18). (1)elibase of the soil pit ended in a poorly
sorted, sub-angular to sub-rounded cobble graVéis is overlain by Unit 2 (24.5-10.0

cm) a beige-orange to brown-orange tephra thategrdbm coarse to fine sand and
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contains pumice shards visible with a hand lensit (3) (10.0 to 4.3 cm) is a buried A-
horizon that is dark-brown to black. Unit 4 (4.32& cm) contains a discontinuous gray
tephra, with pumice lapilli, forming discrete lessend mixed with organic material from

the buried soil below. Unit 5 (0-2.6 cm) is orgamatter of living tundra.

21%p and™’Cs The two*%b profiles analyzed from cores 02 and 02A areeggiinilar
(Figure 19, Table A-1). In the core 02A, exc&SBb activity levels off at 1.0 dpm/g at
~13 cm depth, resulting in an age of 1856 AD at321 (CRS model) and an average
sediment flux of 0.08 g/cffyr. The profile indicates a shift in sediment @rwilation
rate at ~8.25 cm (1948 AD). Below this point theliseentation rate averages 0.48
mm/yr, compared with 1.76 mm/yr above it. This iseghtation-rate shift is only
constrained by four points at the base of the [erofiThe?!°Pb profile from Core 02
results in an age of 1851 AD at a depth of 12.5Emure 19) similar to Core 02A. The
21%p activity of Core 02 exhibits a shift in sedineitn rate from 0.40 mm/yr below
8.25 cm to 1.48 mm/yr above this point. This sbadturred a 1952 AD according to the
?1%p age model from Core 02, but is constrained Iy two points. Thé'%b profile of
Core 02 was supplemented witHCs analyses from the same sedimerféCs peaked
with atmospheric nuclear testing in 1963, and tloeeecan be used as an independent
measure of sediment age. The activity"8€s shows a prominent peak from 8-6 cm
with a maximum at 6.25 cm (Figure 19). Accordinghe®%b profile, a depth of 6.25
corresponds to an age of 1971, not 1963.

The two**%b models for core 02A and Core 02 differ slighégpecially in the

youngest sediments, but are similar in sedimenterothan the 1800’s. Both cores
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exhibit a major shift in sedimentation rate at 1980, Because th&%b profile produce
by gamma spectrometry was analyzed on sedimergstigirfrom Core 02, which was
also analyzed for other parameters, | focused mnpitofile and incorporated it into the
age model. The offset between tH&b and'*’Cs ages determined from the same
sediments might suggest an age error in ffeb ages. However?'Cs was only
analyzed every 0.5 cm, and the age of 1963 liewd®met the two points that define the
137Cs peak in this profile. Assuming that thHéCs peak occurs at ~6 cm, then th#b

ages are within ~4 yr.

Radiocarbon A single'’C age was obtained from the top 1 cm of the busi@tlin the
test pit on the lakeshore. The sample consistea wixture of detrital wood and leaf
fragments (UCI AMS# 23856). The sample yieldeddiacarbon age of 435 + 15 cal yr
BP, which calibrates to 505 + 20 cal yr BP. Thlismimaximum age for the tephra that

overlies this buried soil.

Tephrochronology Five prominent tephras were recognized in Corea03.41, 3.33,
3.24, 2.85, and 2.59 m (Table 7, Figure 16). Allhese tephras were also recognized in
Core 01 (except the uppermost tephra). In additwo tephras were described from the
test pit dug on the northern lakeshore (Table guia 13).

Two distinct populations were recognized in theapemical data from the 2.85
m tephra in Core 02 (Figure 20, Table A-2), onéhwid + 3% SiQ (n = 16) and one with
59 £ 4% SiQ (n = 15). This bimodal composition could deriven either zonation

within the magma chamber or from the mixing of nplé eruptions into this single
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layer. Similarity coefficients between these agerdata and published geochemical data
for the Aniakchak tephra are as follows: 0.75 wWRtikehle et al. (1987, for the high SIO
group); 0.76 with Béget et al. (1992, for the h&ji, group); and 0.75 with Levy (2002,
both SiQ groups). However, four of the individual pointatyses showed a significant
(>0.95 similarity coefficient) correlation with tHeiehle et al. (1987) samples.

The geochemistry of the 2.85 m tephra correlatesrlp with the reference
samples of the 3500 cal yr BP Aniakchak tephra. t@m other hand, the bimodal
composition of this tephra is indicative of the akchak tephra. Of the four tephras
located in Ahklun Mountain lakes and analyzed feochemistry by Levy (2002), only
the Aniakchak tephra exhibits this bimodal composit The Aniakchak tephra is also
the thickest and coarsest-grained tephra in themgglaufman et al., 2003; Levy et al.,
2004), as is the 2.85 m tephra in Cascade Lakanrfitg electron microscope images of
the 2.85 m ash from Cascade Lake and a sampleavirkiniakchak tephra also show
similar shard morphologies (Figure 21). Both samphave fibrous pumice, blocky
clasts, and bubble-walled platelets, all of whichrevalso identified by Riehle et al.
(1987) in their distal Aniakchak samples. For thesasons, | believe that the 2.85 m
tephra in Core 02 is the Aniakchak tephra (= 3%41G/cBP).

The stratigraphic position of the Aniakchak tephrelps to correlate other
tephras. Assuming the Aniakchak tephra is cowyadentified in the Core 02, then the
base of the core is ~11,000 cal yr BP based onxtiapmlation of sedimentation rates.
Waskey Lake cores contain four other tephras, ong of which is younger than 11,000
cal yr BP (Levy et al., 2004) and therefore yowmgpugh to be in the Cascade Lake

cores. This tephra, Tephra B, is a “pure, 1-crokhdark tephra...dominantly fine sand
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to coarse silt...the glass shards are platy, browengcrystic and microlitic...bubble-
wall junctions are present”. In both Waskey Lakwl aArolik Lake (Kaufman et al.,
2003), Tephra B dates to ~6100 cal yr BP, and isnthé recognized tephra below the
Aniakchak tephra. In the Cascade Lake cores, % 13 tephra is the next lower and a
likely candidate for Tephra B. However, the teghet 3.33 and 3.41 m also fit the
description of Tephra B and are possible corredativalthough none were analyzed for
major-element geochemistry.

Overall, more Holocene tephras are observed inCédmcade Lake cores than in
any other lake core from the Ahklun Mountains; heare the record is complicated. The
505 cal yr BP gray tephra in the test pit could hetlocated in the cores despite an
intensive search. Additionally, the tephra at 20%9s located only in Core 02, and was
not found in the test pit or in Core 01. Of thbastlakes cored in the Ahklun Mountains,
only Little Swift Lake (Axford and Kaufman, 2004pmtains two tephras older than the
Aniakchak tephra and younger than 12,000 cal yr BBth Arolik Lake (Kaufman et al.,
2003) and Waskey Lake (Levy et al., 2004) contasirgle tephra over this interval.
This is inconsistent with the three tephras in @dscLake below the Aniakchak tephra.
The inconsistencies among these tephra recorddiffielt to explain. The deposition
of tephra onto a snow-covered landscape and iceredvake may retard deposition of
the tephra in an individual lake. Additionally,adfal patchiness has been documented in
the physical parameters of lake sediments (e.gemantent, organic-matter, pigment,
and phosphorus; Downing and Rath, 1988). Simpatial heterogeneity might apply to
the deposition of tephra in lake sediments. Thesgmce of the 2.59 m tephra in Core 02

but not in Core 01 indicates that tephras are apobdited uniformly within large lakes.
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Age Model An age model was constructed for Core 02 basetheft®b CRS model
and the correlated ages of the Aniakchak tephraTapiira B. Because Tephra B was
not definitively located in Core 02 and could bg ahthe three tephras between the 3.24
or 3.41 m, two age models were created to bracket range of these possible
correlations (Figure 22). The age model was sudéiinto three segments. The basal
section is an assumed linear sedimentation betWesshra B and the base of the
Aniakchak tephra. The average of the Tephra Brateves results in a sedimentation
rate of 0.2 mm/yr. The deposition of the Aniakchefhra between 2.85 and 2.70 m was
interpreted as being instantaneous. The next seigoedéween the Aniakchak tephra and
the?'%b age at 12 cm was assumed to be linear, witdimeatation rate of 0.8 mm/yr.
For the upper segment, the CR%b model was approximated by&&rder polynomial

fit with increasing sedimentation rates upwarder(fr0.4 mm/yr at the bottom to 1.5
mm/yr at the top).

The pronounced shifts in sedimentation rates canrdronciled with other
evidence. The factor-of-four lower sedimentati@ter below the Aniakchak tephra
agrees with the sedimentation-rate shift that LEG02) documented in Waskey Lake.
The striking increase in sedimentation rate attdpeof the core (post-1950) corresponds
to the high (21 ml/yr) retreat rate of Cascade @lafiom 1935-1957 and a period of
accelerated warming across the arctic (Overpeek,€t997).

If the low sedimentation rate between the Aniakckephra and Tephra B is
assumed to continue to the base of the core, tiebdsal sediments are approximately
11,000 cal yr BP using an average linear sedimentatate of 0.2 mm/yr. This

continuation of a linear, low sedimentation ratdoie Tephra B is similar to that
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determined by Levy et al. (2004) for Waskey Lakd tre basal age corresponds with the
a northwestern Ahklun Mountain deglaciation age-2,000 cal yr BP (Manley et al.,

2001).

Magnetic SusceptibilityThe average background MS value in all three cisre80 x 10

® S| (Figure 23, Table A-3). Both Core 01 and Oavslelevated MS levels in the basal 1
m and discrete zones of high MS (> 50 °*J). In Core 01, the peaks in MS occur at:
3.29 m (75.5 x 18 SI), 2.73 m (175 x 10SI), 2.27 m (58 x 18 SI), and 2.1 m (412 x
10° SI). The sediment at 2.1 and 2.73 m containsréepfihere was no visible change in
sediment composition at the 2.27 m MS peak, butBepeak at 3.29 m contains >80%
diatoms (primarilyCyclotelld. MS peaks in Core 02 occur at: 3.35 m (105 X $0),
2.84 m (343 x 18 SI), and 2.59 m (114 x T0SI). The peaks at 2.59 m and 2.84 m
correspond with tephras (see Tephrochronology)e Sddiments at 3.35 m (6250 cal yr
BP) are similar to those at 3.29 m in Core 01; botimtain a high percentage of
Cyclotelladiatoms. MS peaks in Core 03 are all less thar 50° S, and values vary
between 7 and 47 x fsl.

Most of the MS peaks in the Cascade Lake corescid@nwith tephras. The
presence of multi-domain magnetite in coarse-gahitephras yields an elevated MS
value when compared to the ambient lake sedimefite only MS peaks that do not
coincide with tephra are the ~1-cm-thick layers aonbhg >80% diatoms at 3.29 m in
Core 01 and 3.35 m in Core 02. The associaticeieMfated MS values with high diatom
concentrations is unexpected because diatoms aeeopaline silica and should not have

high MS. Possibly, the algal bloom responsible tfee high concentration of diatoms
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was also associated with increased growth of mabfaeteria. Magnetobacteria have
been shown to respond directly to the same envieoah factors that affect general lake
productivity (Kim et al., 2005). Additionally, thdraw-down of oxygen by a large algae
bloom could produce anoxic conditions favorable rieagnetobacteria growth (Kim et
al., 2005). The general rise in background M$atitase of Cores 01 and 02 is related to
the lithologic variability of sandy mud interbeddedth fine-grained beds. This rise

could reflect the mafic-rich sandy beds or theaased density of the fine-grained beds.

Organic-Matter ContentOM in Core 01 ranges from 3.1 to 5.0%, whereaSare 02 it
varies between 1.4 and 4.7% (Figure 24, Table ABYlk density ranges between 0.7 to
2.2, and 0.5 to 2.1 g/chrespectively, in the two cores. The OM profite €ore 02 has
relatively low OM values at the base of the co tise rapidly to a broad peak at ~3.55
m (7250 cal yr BP); then OM values gradually deseeto the top of the core. Bulk
density shows little overall change in this co@M and bulk density generally decrease
towards the core top in Core 01. The highest OMesare at 1.54 m (4.9%) and 0.9 m
(4.8%). Each of these peaks is constrained byipheibsamples.

Bulk density and OM in Core 02 are weakly corradafe= -0.42; p = 1.3 x 18).
The overall low OM values reflect the pervasive enogenic input from the glacial
inflows and the relatively low lake productivity@rmegetation growth on the surrounding
landscape. The inverse relationship between OM lkankl density probably is due to
increased sediment accumulation (high bulk denglilting the organic matter. The
decrease in OM in Core 02 at 3.55 m occurs oveptbeinent lithologic change from

gray mud to yellow-brown mud with well-developekick laminations. The lowest OM
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values at the base of Core 02 and at 2.85 m cterelidh the coarsest sediments related

to a tephra and sandy mud in these intervals.

Laminations A total of 316 lamination couplets were counbedween 0.05 (core top)
and 1.45 m. These couplets averaged 4.2 mm iknbss, with the dense layers
averaging 1.8 mm and the less-dense layers 2.4 ek {Figure 25). Based on
observations from the core face, the dense (liglygrs are associated with an increased
proportion of fine-grained (clay) sediment relatieethe less-dense (dark) layers. Total
couplet thickness is more strongly related to tiekhess of the less-dense layers (r =
0.88) than to the dense layers (r = 0.73). Thektless of the dense and less-dense layers
show no relationship to one another (r = 0.32) mimation thickness is highly variable
ranging from 1 to 15 mm.

The discernable seasonal signal in the sedimept-naterial suggests that
Cascade Lake laminations are annual (varves). Menyvéheir relatively large average
thickness and the geochronology suggest thatsm®et the case. The high variability in
lamination thickness, with the lack of a systemdtevn-core pattern of fluctuation (i.e.,
no section contains laminations persistently abmvbelow average thickness), indicate
that lamination thickness is not a reliable proaydlimate fluctuation in this lake.

Applying the age model to the lamination countdicates that the average
lamination encompasses ~6 yr. This is on the sohlbe sub-decadal climate-regime
shifts that affect southwestern Alaska (AL, ENS@piReau, 2001). Changes in North
Pacific climate regimes have been shown to infleeflavial dynamics and likely

lacustrine sedimentation. For example, in soutkeasAlaska, Neal et al. (2002)

42



demonstrated that ‘warm’ PDO regimes correlatedh wigher-discharge winters (more
precipitation falling as rain as opposed to snomgj @ool’ PDO’s were related to higher
summer discharge (precipitation stored as snowraledsed during the peak of the melt
season). This type of multi-annual shift in runofay drive shifts in sediment storage
and therefore the formation of laminations in Cdscadake. Hodgkins et al. (2003)
showed that proglacial outwash plains can serveith®r net sinks or net sources of
sediment with the shifts in sediment storage dribgrihe runoff regime. This variation
in sediment storage (potentially caused by NortlifRaclimate regime shifts) may
explain the variations in sediment flux responsfblelamination thicknesses.

The deposition and preservation of laminations algo be caused by processes
within the lake. The occurrence of large magnitudederflows or short-lived
environmental events (e.g., storms) can dominaesédiment record of some lakes and
result in the deposition of non-annual laminatifieemoureux and Gilbert, 2004). These
processes are often associated with sedimentargtstes that can be related to turbidity
flows or slumps, none of which were observed inc@de Lake. Rhythmic laminations
were also recognized by Lemmen et al. (1988) irazig-fed lake on Baffin Island.
They interpreted the laminations as being causechbpges in the rate of sediment input
to the lake and/or changes within the circulatibthe lake. They also attributed the lack
of varves to low total sediment input to the lakel ahe extremely fine nature of the
sediment entering the lake. Cascade Lake hasivediathigh levels of summer
suspended load, though concentrations were nevasured, but the particle size is small
(avg. 4 m) and may result in a long sediment residence tmtkee water column and the

non-deposition of varves.

43



Biogenic Silica BSi in Core 02 averages 2% (i.e. 20 mg/g) andearfrom 0.6 to 6%,
and shows significant variability including threeominent peaks (Figure 26, Table A-5).
BSi values are the lowest at the base of the coderige sharply at 3.35 m (6.0%; 6275
cal yr BP). Between 3.35 and 2.65 m, BSi valueselese again (3.0%) before rising to
form a broad peak at 2.65 m (5.4%; 3500 cal yr BBYi values return to an average
1.6% and then peak between 1.18 and 1.03 m at 2'H96. average BSi value towards
the top of the core (1.03 to 0.0 m) is 1.9%.

The sharp peak in BSi at 3.35 m encompasses then-thick layer of diatoms.
The deposition of these diatoms was probably dhatt (perhaps within a single
season) and not caused by a long-term climateuiticn. The BSi peak at 2.65 m
occurs above the thick Aniakchak tephra deposit&85@0 cal yr BP. The deposition of
tephra within a lake can encourage algal bloomme@ally in environments where Si is a
limiting factor (Telford et al., 2004). AlthoughS8 was increasing just prior to the
deposition of the 2.85 m tephra, the peak is sicanitly higher than the extrapolation of
this rise, and the BSi recovers to a lower levehini 0.4 m of the tephra, suggesting that

this spike in BSi was caused by the tephra depuositi
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CHAPTER 5:
BIOGENIC SILICA AND CLIMATE INTERPRETATIONS

Diatoms are excellent climate indicators becahsg have a short life span and
respond directly and sensitively to physical, chehiand biological changes to their
environment. Because the translation of climatetélations to diatom productivity is
indirect, several assumptions must be made in daleise BSi as a proxy for climate,
among these is the assumption that BSi concentsatere directly related to the
productivity of diatoms.

The diversity and abundance of a diatom community lake is dependent on a
variety of factors, including: temperature, nuttiéoad, length of ice cover, turbidity,
thermal stratification, and duration of spring afadl turnover (Lotter et al., 1999;
Anderson, 2000; Smol and Cumming, 2000; Douglaslgt2004). Each of these
environmental factors is directly linked to metdogical forcing (temperature, wind,
precipitation, etc.), and, in turn, to climate preses. The relationship between diatom
productivity and the physical/chemical charactersstof lakes is not always straight
forward. For example, Bradbury et al. (2002) diésct the relationship between spring
temperature and diatom concentration for Elk LaWenesota. They discovered that
cold springs could result in either a small diatpopulation through late ice-out and
rapid over-turning or a large diatom populatioraagsult of a slow transition to summer
and a long over-turning period.

Nutrient load is perhaps the most complex factdeciihg diatom growth.
Silicon, nitrogen, and phosphorous are the domimantients affecting the growth of

diatom communities and can be derived from a waétsources. In arctic and alpine
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environments, silicon is primarily derived from gra@lwater and the dissolution of
diatoms at the sediment/water interface, nitroghh énters a lake from soils and
vegetation, and phosphorous is regenerated frorfakeesediment during the winter and
transported to the photic zone during spring catah, but is ultimately supplied from
bedrock and eolian dust (Bradbury et al., 2002)e €stablishment and concentration of
alder @Inug within the catchment following deglaciation, stgly controls N
concentrations in southern Alaska lakes (Hu e8l01; Engstrom and Fritz, 2006). The
development of soil and vegetation therefore isimary influence on diatom growth.

The connection between lake productivity and clena further complicated by
the methods used to determine lake productivithe Tise of BSi as a measure of lake
productivity is dependent on the assumptions tft:The BSi preserved in the lake
sediment is from algal growth rather than phytalit{) there is little recycling of silica
(dissolution of diatoms at the sediment/water fiate), (3) there is minimal grazing of
diatoms by higher trophic levels, (4) all algal sips contributing to primary productivity
are preserved in the lake sediment, and (5) tlser® isignificant change in the size and
silica concentration of the diatom species (Bragheiral., 2002; Colman and Bratton,
2003). The validity of these assumptions is difitico assess from the sediment record.
In studies of lake productivity from Lake Baikalnse have proven to be inadequate. For
example, Qui et al. (1993) and Swann and Mackapgp®oth measured low BSi
content in sediment with high diatom concentratibased on point counts and other
techniques. This discrepancy was attributed tcsalligion of the diatoms at the

sediment/water interface during periods of low sezhtation.
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Variations in BSi content in Cascade Lake areevelil to reflect fluctuations in
lake productivity. The lake is ice-free for approately five months of the year, and
likely has a significant nutrient load entering thke, enabling a seasonal diatom bloom.
The rather high sediment load of the lake may liimi area of the photic zone available
for diatom growth, but surface area of the lakéarge enough to support a significant
diatom population. Diatom dissolution is dependemthe pH, temperature, salinity and
ionic composition of the water and sediments (Ryateal., 2001). Temperature was the
only one of these parameters measured in the Cadedaer; however, it is unlikely that
extreme values of pH, salinity or ionic compositisauld be maintained in the lake for a
significant period of time, and diatom dissolutignconsidered to be in the lake. The
pronounced difference in BSi content in the trap@adcade Lake sediments between
2004-2005 and 2005-2006 indicates that BSi is seasio interannual differences in
weather conditions and therefore to longer terrmaile relationships. Because the
laminations in Cascade Lake were determined tdaatnnual, | focused on fluctuations

in BSi as the primary indicator of paleoclimateighility.

Methods

In order to determine which climate parameter @strstrongly correlated with
BSi in Cascade Lake sediments, | compared the B®iviith meteorological records.
The 3%order polynomial fit to the CRS age model was useidfer the ages of the high-
resolution BSi samples analyzed from the top (@114 of Core 02 and to interpolate the
sedimentation rates of each 0.2-cm-thick BSi samplee average temporal resolution of
the samples was determined to be 3 yr. BSi vakers converted to BSi flux (BSi % x

bulk density x sedimentation rate) using bulk dgnsralues that were linearly
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interpolated between the 1-cm-thick samples andlyae OM. This conversion to flux
accounts for the effects of variable sediment mitut These flux values were then
correlated with meteorological parameters (e.g.amannual temperature, June-July-
August average temperature) from the instrumeetinds at Dillingham (NCDC, 2005;
WRCC, 2006), discharge data from Nuyakuk River K@ to the southeast; NWIS,
2006), and climate indexes from the North Pacifice@ (e.g., North Pacific Index,
Aleutian Low Pacific Index; Ebbesmeyer et al., 199@&ntua et al., 1997; Beamish et al.,
1997; NCAR, 2006). Correlations were made usinip nmsmoothed data and five-year
running averages of the climate data. The fiva-yeaning average was to account for
possible error in th&"%Pb age model, smoothing in the sedimentary reduadutbation),
and the prolonged influence of sub-decadal climagability leading to ‘memory
effects’ (e.g., a rise in the groundwater tabld #ensitizes a landscape to runoff in the
years following). Temperature and precipitationtadare discontinuous from the
Dillingham station with significant gaps in the T8¥ and 1930-1940's. Temperature
averages were not used if more than three days mvesing during a month and annual
precipitation values were acceptable only for yesith no missing values (n-values in

Table 8).

Results

Correlations with BSi flux were made with 33 metdogical and North Pacific
climate parameters. Of these correlations, 11 wleemed of interpretive value (Table
8). BSi flux showed the highest correlation witbydkuk River discharge (r = 0.73, p =

2.2 x 10°; the five-yr running average of mean May tempee(r = 0.70, p =9.16 x 10
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%); and the five-yr running average of the Aleutiaw Pacific Index (ALPI, r = 0.68, p =
1.37 x 10°). BSi flux also correlated with the Pacific Dead®scillation Index (PDO, r
= 0.42, p =0.003), and the Pacific Northwest In@ekl, r = 0.41, p = 0.003), but not

with the North Pacific Index (NPI, r = 0.17, p 209).

Discussion

Controls on BSi in Cascade Lakeattribute the relatively strong correlationsvaeen
BSi, Nuyakuk River discharge, and May temperattwethe hydroclimate and landscape
processes that control nutrient input to the laBecause Cascade Lake does not support
an anadromous fish population, all nutrients muserethe lake from terrestrial sources
(fluvial, eolian, through-flow, groundwater, etc.)The majority of fluvial input to
Cascade Lake traverses the glacial outwash plabastade Glacier with the exception
of the small western inflow (Figure 13). Glaciainoff is typically low in nutrient
content (Qui et al., 1993), especially during pasiof glacier retreat when the rock-water
(ice) contact time is decreased (Lanfreniere ara$2005). Because of this, nutrient
input to Cascade Lake (and algal growth) is propatviore strongly related to
precipitation than to glacier melt. Summer prdeifpon and spring snow-melt (winter
precipitation) infiltrate the soil and flow overghandscape carrying nutrients to the lake.
The gage on the Nuyakuk River measures the outfioMuyakuk and Tikchik Lakes (70
km southeast of Cascade Lake). Because less t@d86000f the drainage basin is
occupied by modern glaciers, summer ablation h#e influence on Nuyakuk River
discharge. There is no precipitation data fromc@ds Lake, and Dillingham is more

coastal than Cascade Lake, therefore Nuyakuk Rilgeharge is the best approximation
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of precipitation at Cascade Lake. The influenceuniff on algal growth in a nutrient-
limited system has also been inferred for Grandfattake (Hu and Shemesh, 2003) and
Arolik Lake (Hu et al.,, 2003) in the Ahklun Moumigi While this terrestrial input
(related to precipitation) is likely the dominamusce of Cascade Lake nutrients, some
nutrients are probably re-circulated within thedadnd along the lake shoreline, driven
by wind mixing of sediments and erosion of the shoe (e.g. Verschuren, 1999).

The relationship between May temperature andderaé runoff is more complex.
In 2004-2006, Cascade Lake experienced melt-outhén last week of May or the
beginning of June. Warmer May temperatures mayltresearlier melt-out, rapid spring
overturning, and an extended spring growing seagaiditionally, earlier melt-out may
result in increased overland-flow and near-surthceugh-flow entering the lake early in
the season. If the ground is still frozen and $aokgetation cover, precipitation may take
a more direct, near-surface route to the lake.

In southwest Alaska, spring temperature and regipnecipitation are directly
influenced by the AL, dominant feature of wintemaspheric and oceanic circulation in
the north Pacific Ocean. A strengthened AL teralbe associated with warmer and
wetter winters along the Bering Sea due to theeswed tendency for storm systems to
pump warm air poleward (Rodionov et al., 2005). dfdnally, of the climate modes
defined by Mock et al. (1998), the northeast Paaiegative type and the northcentral
Pacific negative type are the only two that resmlfpositive winter temperature and
precipitation anomalies in southwestern Alaska, ahdse two modes feature a

strengthened AL.
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The annual NPI is also a measure of AL strengthitygows no correlation with
the BSi content of Cascade Lake (r = 0.17, p =®.2Although the ALPI and NPI are
both measures of AL strength, they are negativetyetated (r = -0.48, p = 3.46 x 10
because they relate to AL variations differentlijhe ALPI is a measure of the average
ocean area affected by low pressures (<100.5 kBa) December-March, whereas the
annual NPI is the area-weighted sea-level pres¢Bemamish, 1997; Tenberth and
Hurrell, 1994). Because the NPI is based on ansta#istics, not only winter, the index is
also influenced by the ENSO cycles of the Southiflfaand therefore is less directly
related to the climate regimes that affect algalwgh at Cascade Lake. However, if the
NPI index is calculated over the same months a&\tid (DJFM), then the two indices
are more strongly correlated (r = -0.73, p = 1.410%%) and the correlation between BSi
flux and the DJFM NPI five-year running average draes significant (r = -0.42, p =
0.002). The ALPI shows moderately strong corretegi with the Dillingham winter
precipitation and May temperatures (r = 0.33, p.856, and r = 0.31, p = 0.011,

respectively).

Paleoclimate Interpretations’he AL is likely the dominant factor in the rega climate
that affects BSi at Cascade Lake, both in the tasttury and throughout the late
Holocene. If so, then BSi fluctuations in the seeint cores can be used to characterize
variations in the AL over the late Holocene witlgiBSi values being interpreted as
‘mild’ climates (moist and warm, with a strength&h). This interpretation of BSi flux
was completed at a sub-decadal resolution back @@0-2al yr BP based on the high-

resolution sampling interval (Figure 27). BSi flskows three major fluctuations over
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this period. Lake productivity was generally loserh 2000 to 1450 cal yr BP (BSi flux
= 1.4 mgem?yrY) and rose from 1450 to 1150 cal yr BP (2.6 enif yr''). BSi flux
decreased from 1150 cal yr BP to 1850 AD (1.9am yr') and subsequently increased
to its highest value in 1995 (4.4 rogi? yr'Y). The pattern of these fluctuations (not the
absolute timing) corresponds to the general climaaéterns of the late Holocene,
primarily the Medieval Warm Period (MWP), the Littice Age, and 20 century
warming. Additionally, the climate patterns of théA interpreted from BSi flux are
supported by the geomorphic evidence for glaciattélations. Low BSi flux in the
1800’s corresponds to ice advance in the study, éolawed by subsequent ice retreat
and moraine stabilization in ~1860, and a returmtoeased BSi flux (Figure 27). The
high productivity during the mid-1990’s in Cascddeke was unequalled at any time in
the last 2000 yr and may indicate that the mod&angthening of the AL is significantly
greater than during the past.

Few high-resolution records of climate continugisgan the last few millennia in
Alaska. The most complete and comparable recosdthat of Hu et al. (2001) and Loso
et al. (2006) in southern Alaska (Figure 2), anddémson et al. (2005) in the southern
Yukon territory. Hu et al.’s (2001) record of oxyy isotopes from Farewell Lake
(western Alaska Range) indicates a relatively walimate from 850 to 1200 AD (1150-
750 cal yr BP). This agrees with the general vdnekening in Iceberg Lake (Loso et
al., 2006) from 1000 to 1250 AD (1000-800 cal yr)B&hd the AL strengthening
interpreted at Jellybean Lake (Anderson et al.,52@@tween 1200 and 900 cal yr BP.
This warm period is also indicated by the geneasaklof glacial advances across the

Northern Hemisphere (Porter, 1986). If the ris@8i flux between 1450 and 1150 cal
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yr BP in Cascade Lake is related to the mild clenat the MWP, then the timing of
MWP initiation is not synchronous and shows progresy later initiation eastward
across southern Alaska over a 450 yr period. Castake is ~900 km west of Iceberg
Lake and 600 km southwest of Farewell Lake (FigreWarming at Cascade Lake was
initiated 200 yr prior to that at Farewell Lake,04r prior to that of Iceberg Lake, and
250 yr prior to Jellybean Lake (Figure 28).

The time transgression of MWP initiation may beplaied by three possible
causes, or some combination thereof. (1) Eacthefctimate records discussed above
derive from different proxy records (varve thickeem Iceberg Lake, isotopes in
Farewell Lake and Jellybean Lake, and BSi in Casdamke). While each of these
proxies record climate variations, they may eadpoad to different combinations of
temperature and precipitation. Depending on theate thresholds necessary to produce
a measurable change, each proxy may record thetimit of different ‘stages’ of the
climate event. (2) The age model for Cascade loalez this time period is based on a
linear extrapolation of sedimentation rates toAnéakchak tephra deposited at 3500 cal
yr BP. Sedimentation rates likely vary with varyidimate regimes, and the assumption
of a linear sedimentation rate over this extendedog inserts some uncertainty in the
Cascade Lake age model. (3) The average posititredAL migrated westward during
the MWP.

Extending the climate interpretations beyond #& PO00 yr in Cascade Lake
suggests other general late Holocene climate tréfigare 28). BSi flux prior to ~6000
cal yr BP is low and shows little variation. Thisayn reflect, the flux calculation using

the low sedimentation rate below Tephra B, or migticate limited nutrient input to the
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lake. Following deglaciation, the lack of vegesati(specifically the lack of nitrogen-
fixing alder) would limit nutrient levels in the @inage basin. OM values increase
between 11,000 and 7000 cal yr BP, indicating aeniclimate following deglaciation
and the cool period between 13,000-12,000 cal ytiaPhas been inferred from lowered
productivity in Arolik Lake during that time (Kaufam et al., 2001). Both Waskey Lake
(Levy et al., 2004) and Cascade Lake record thkesigOM preservation between 6500
and 7500 cal yr BP. Waskey Lake also experiemgdd glacial input during this time,
making this period a likely candidate for the regibHolocene thermal maximum. This
is significantly younger than the average 10,000ycd&8P age of the Holocene thermal
maximum across central and eastern Beringia (Kaofeal., 2004).

Both Waskey Lake and Cascade Lake also record rcolaeates between 3000
and 2500 cal yr BP, after the deposition of theaknohak tephra, marking the regional
initiation of Neoglaciation. This age is youngdram initial Neoglacial advances
elsewhere in Alaska (4000-3500 cal yr BP in thedBeoRange, Ellis and Calkin, 1984;
4000-3000 cal yr BP on the Seward Peninsula, Cakia., 1998) and indicates a time-
transgressive climate shift potentially similar tteat of the Medieval Warm Period.
Following the initiation of Neoglaciation, the glak records at Waskey Lake and
Cascade Lake areas diverge, with multiple Neodlatiaraines in the headwaters of
Waskey Lake and only a single moraine formed latand the LIA around Cascade
Lake. As discussed previously, the cause of tissrépancy is uncertain, though it may
be related to variations in glacier flow mechargasised by different subglacial bedrock

lithologies.

54



CHAPTER 6:
CONCLUSIONS

This study combines a moraine record of glaciaictfiations with an
interpretation of the sediments of Cascade Lak#etermine the variability of Holocene
climate in the Ahklun Mountains. The glaciers bé tCascade Lake area reached their
maximum Neoglacial extent during the LIA. Lichenstnic ages of five moraines
deposited by glaciers draining into Cascade Lakeewderived using the Seward
Peninsula growth curve adapted from Solomina anikil©42003) with an increased
colonization time (~30 years). These ages placesthbilization of maximum LIA
moraines at ~1860 AD. Following moraine stabilizat Cascade Glacier retreated at a
variable rate, averaging 11 m/yr, to its currectlmon 1.4 km up-valley.

During the LIA, cirque and valley glaciers of tBascade Lake area experienced
an average ELA lowering of ~2212 m (n = 8) relative to 1957 AD. ThéLA values
of this study agree with other studies (Levy ef a004; Skiorski, 2004; Daigle and
Kaufman, 2006) that used similar methodologies ¢oive the ‘modern’ ELA. This
minimal ELA in the Cascade Lake area probably reflectstéichiwinter precipitation
during the LIA in southwestern Alaska.

The study of modern sedimentation patterns angeeatures of Cascade Lake
provides a context for interpreting late Holocesleel sediment. The contrast in sediment
accumulation and BSi flux between the two collattigears (70% and 77% less,
respectively, in the cooler 2006 spring/summer)idatts the strong control of
spring/summer conditions on sediment and BSi actation in the lake. No

precipitation data are available for Cascade Lak®idingham, making it difficult to
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determine whether this difference is related to pgerature or to precipitation.
Precipitation has a more direct impact on dischargkterrestrial input of nutrients to the
lake, but both of these factors likely affect seeinnand BSi accumulation to varying
degrees.

Annual fluctuations in the BSi, OM, and grain sa®alyzed in the trapped 2004-
2006 sediments indicate a seasonal signal is messen the sediments. Sediment with
low (high) BSi values correspond to elevated (desed) bulk densities, and decreased
(increased) OM and grain size, and was probablyosiegrl during the fall/winter
(spring/summer).

Of the three sediment cores recovered from Casktakle, | focused on Core 02
due to its longer record (compared to Core 03)tarcbccurrence of lamination$*°Pb,
137Cs, and the provisional identifications of the Awiaak tephra and Tephra B provide
the age control for the core. The chronology belephra B is extrapolated using a
linear sedimentation rate. Overall, the chronalagintrol is limited and uncertain. MS
and OM values show relatively little variation doware compared to the flux of BSi,
and laminations are multi-annular (not varved).erBifiore, | focused on BSi flux for the
purpose of paleoclimate reconstruction due to ipasent sensitivity to climate
variability and the ability to measure BSi at athigsolution (sub-decadal).

BSi flux (avg. 3 yr sampling resolution) was arzalgl over the last 150 yr and
correlated with a variety of instrumental climatargmeters. The climatological
parameters most strongly correlated with algal petidn in Cascade Lake are river
discharge at a nearby gaging station, spring teatpey, and the strength of the AL, with

algal production favored during moist and warm atods (strengthened AL). High BSi
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flux indicates a mild climate from 1450-1150 calB® (MWP?), a cool climate from
1150 cal yr BP to 1850 AD (LIA?), and a”?ﬁentury climate that was milder than that
of even the MWP.

If the interpretation of climate variation is extled to the full Holocene sequence
of lake sediments, other long-term trends can bsred. The core did not extend into
ice-proximal sediments, so conditions immediatelfofving deglaciation are not known.
Eventually the deglacial climate warmed and reachegeriod of maximum warmth
~7000 cal yr BP. Neoglacial cooling was initiated6@ cal yr BP, and glaciers reached
their maximum LIA extent during the late"18entury.

Interpretations of sediments from Cascade Lake #m&l glaciers in the
surrounding area indicate several periods of cinvariability in the Ahklun Mountains
during the late Holocene. This variability is @dtsrelated to the dynamics of the North
Pacific Ocean and provides an important contextifitgrpreting current and potential
future climate change. No other interval of thes€ale Lake sediment record is
comparable to the most recent period of warm and eemditions, suggesting an

unprecedented strengthening of the AL during tHe@tury.
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TABLE 1. INSTRUMENTS DEPLOYED AT CASCADE LAKE

Instrument Location | Latitude | Launch | Recovery Comments
Longitude date date
(NAD 27)
Mooring 1
Sediment trap| Core site
01
Hobo Water | ~3 m water
Temp Pro depth 6/28/04 | 8/10/05
60.14231 Sediment accumulation
159.41209 =0.11 g/cniyr in
Sediment trap| Core site 2004-2005
01 8/12/05 | 7/19/06
Hobo Water ~23m
Temp Pro water
depth
Mooring 2
Sediment trap | Core site
03
~3 m water
Hobo Water depth 6/28/04 | 8/11/05 | Sediment accumulation
Temp Pro =0.10 g/cniyr in
60.13643 2004-2005
159.39917 =0.03 g/cri¥yr in
Sediment trap| Core site 2005-2006
03 8/12/05 | 7/19/06
Hobo Water ~51'm
Temp Pro water
depth
Air temperature
Hobo Pro Western | 60.14082| 06/28/4 | 8/9/05 | Temp. logger failed
lake shore| 159.41236 between 12/22/04
(Fig. 3) 8/12/05 | 7/20/06 and 8/9/05
Hobo Pro Cascade| 60.08872| 8/13/05 7/20/06
Glacier ice| 159.34043
proximal
(Fig. 3)
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TABLE 2. PHYSICAL AND BIOLOGICAL DATA FROM BOTTOM EDIMENT TRAPS

Unit | Top | Bottom| BSi BSi flux Median Organic Bulk density
depth | depth grain size matter
(cm) | (cm) | (%) | (mgemZyrh) | (m) (%) (glcnt)
Mooring 1: 2004-200%
1 0.0 1.9 291 3.20 5.19 5.5 0.29
2 1.9 3.9 2.50 2.75 1.95 6.1 0.18
3 3.9 7.9 1.86 2.05 3.62 4.5 0.34
4 7.9 9.4 1.49 1.64 4.55 3.5 0.86
5 9.4 14.4 2.04 2.25 4.61 4.0 0.60
Mooring 2: 2004-2005
1 0.0 1.7 N.D. N.D. N.D. N.D. 0.40
2 1.7 8.9 N.D. N.D. N.D. N.D. 0.25
3 8.9 11.9 N.D. N.D. N.D. N.D. 0.44
4 11.9 12.9 N.D. N.D. N.D. N.D. 0.47
5 12.9 15.9 N.D. N.D. N.D. N.D. 0.31
6 15.9 17.7 N.D. N.D. N.D. N.D. 0.48
7 17.7 18.1 N.D. N.D. N.D. N.D. 0.66
Mooring 2: 2005-2006
1 0.0 1.6 1.27 0.38 N.D. N.D. 0.22
2 1.6 2.3 1.60 0.48 N.D. N.D. 0.37
3 2.3 2.5 1.59 0.48 N.D. N.D. 0.56
4 2.5 5.9 1.67 0.50 N.D. N.D. 0.11
5 5.9 8.1 1.30 0.39 N.D. N.D. 0.18
6 8.1 8.5 1.60 0.48 N.D. 0.66
N

ote:N.D. = no data collected on these samples.




TABLE 3. CLIMATE DATA FROM PREVIOUSLY PUBLISHED LIGHEN
GROWTH-CURVE SITES OF SOLOMINA AND CALKIN (2003), &SCADE LAKE,
AND OTHER LONG-TERM WEATHER STATIONS IN SOUTHWESTIAASKA
(DILLINGHAM AND BETHEL)

Elevation Mean annual temp|. June, July, August Mean annual
(JJA) average precipitation
temp.
(m) (S S (mm)
Lichen growth-curve sites
Brooks Range 350 -5.5 12.5 267
Seward Peninsula 4 -3.2 9.4 342
Wrangell-St. Elias 522 -5.7 13.3 201
Alaska Range 479 -2.9 12.6 239
Kenai (Homer) 27 3.0 11.1 518
Other climate stations
Bethel 36 1.4 12.0 430
Dillingham 20 1.0 11.7 647
Cascade Lake 334 -4.0 8.7

Note Climate data from the Spatial Climate Analysisv@ge (SCAS, 2005).
"Based on daily averages at Cascade Lake from 2008-2Considered most similar to Seward Peninst
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TABLE 4. SUMMARY OF LICHEN SIZES ON MORAINES AND OHER DEPOSITS

Glacier Site # Latitude | Longitude Deposit type Five latges| All measured | n Single | Lichen year (based on Sewar

(mm) (mm) largest | Pen. growth-curve with ~30 yr

(Fig. 8) (°N) (°W) Mean | *#S.D.| Mean +S.D (mm) colonization time)
Cascade 1 60.1018 159.3493 left latera| 39 2 33 4 23 42 71
Cascade 2 60.1009 159.3485 left latera| 29 1 25 4 20 30 115
Cascade 3 60.1020 159.3446 right lateral 3P D6 613 39 129
Cascade 4 60.1019 159.3460 right lateral 34 P9 418 40 140
E. Inflow 5 60.1314 159.3603 moraine cfest 36 3 33 3 14 39 152
E. Inflow 6 60.1339 159.3653 debris flow| 26 1 23 4 8 28 10
E. Inflow 7 60.1343 159.3734 debris flow| 27 4 23 4 19 32 106
E. Inflow 8 60.1344 159.3647 debris flow| 28 4 25 4 12 32 111
Hungry Joe 9 60.1066 159.3235 stable outwash 23 3 |2 4 3 33 91
Divided 10 60.1189 159.321% slump 26 3 23 4 24 2 10
Chikuminuk 11 60.1495 159.312y river terrace 33 72 9 10 49 135
Cascade 12 60.0942 159.3414  stable outwasN.A. N.A. 6 1 4 6 49
lichen/no
lichen contact

Cascade 13 60.0956 159.3426  stable outwash 16 6 135 10 27 70

"Shown in Figure 10A.
'Shown in Figure 10B.




TABLE 5. EQUILIBRIUM-LINE ALTITUDE (ELA) FOR GLACIERS IN THE CASCADE LAKE AREA

cL

Glacier Longitude 1957 | Neoglacial ELA
length ELA ELA lowering
(see Fig. 8) (W) (m) (m) (m)
Cascade Glacier 159.338p 980 945 35
Divided Cirque 159.3119 900 890 10
Hungry Joe Cirque 159.3196 1045 1030 15
East Inflow Cirque 159.3574 1085 1060 25
Chikuminuk Glacier 159.2973 965 945 20
Cirque 1 159.2999 .69 0 NE 5104 1040 5
Cirque 2 159.2843 .78 0 SE 1010 965 45
Cirque 3 159.3378 .08 0 S P0 95 7 25
Average 980 960 23
Std. deviation 90 80 13




TABLE 6. LOCATION AND OTHER INFORMATION FOR LAKE CRES
RECOVERED FROM CASCADE LAKE

Core Latitude Longitude Water depth Length Notes
(°N) (*W) (m) (m)
04CA-01 60.1432  159.4167 24.2 4.68
04CA-01A  60.1432  159.4167 24 0.20 Sub-sampledeid fi
04CA-01B  60.1432  159.4167 24 0.46
05CA-01A 60.1435 159.4166 23 0.20 Sub-sampledeid fi
05CA-01B  60.1435 159.4166 23 0.46
05CA-01C  60.1435 159.4166 23 0.35
04CA-02 60.1327  159.3988 34.5 4.37  Some matersal lo

from base during
core recovery

04CA-02A  60.1327  159.3988 34 0.20 sub-sampledei fi
04CA-02B  60.1327  159.3988 34 0.38
05CA-02D  60.1333  159.3995 34 0.20 Sub-sampleceid fi
05CA-02E  60.1333  159.3995 34 0.38
05CA-02F 60.1333  159.3995 34 0.31
04CA-03 60.1371  159.4039 52.4 6.03
04CA-03B 60.1371  159.4039 52 0.30

Note Surface cores indicated by letter designations.




TABLE 7. TEPHRA DESCRIPTIONS FROM CORE 02 AND THRAKESHORE

TEST PIT
Basal Thickness| Glass type and color Bedding Contacts Notes
depth
(cm) (cm)
Core 02
2.59 1.1 Pink to cream bubble N.A. Sharp upper | Not located in Core
walled shards and lower 01
2.85 15.0 Fine gray bubble- Reversely | Gradational Inferred to be the
walled shards, graded at upper and Aniakchak tephra
coarse white base lower (3500 cal yr BP)
pumice, significant
microlitic glass
shards
3.24 3.0 Rounded with bubble N.A. Sharp upper | Diatoms present
wall junctions, clear and lower
to brown
3.33 2.5 Brown glass shards N.A. Gradational
upper, sharp
lower
3.41 25 Brown glass shards N.A. Gradational
upper, sharp
lower
Test pit
4.30 2.0 Gray to white bubble | Preserved N.A. Overlies buried soi
wall shards in pods with a*C age of
505 + 20 cal yr BP
15.40 5.4 Orange/beige bubble| Reversely | Gradational
wall shards with graded at top, sharp
white pumice base bottom

Note test pit illustrated in Figure 14.
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TABLE 8. CORRELATIONS BETWEEN BSi FLUX AND METEORQODRGICAL AND PACIFIC OCEAN CLIMATE INDICES

Correlated parameter* Unsmoothed 5-year running avg Sourcet
n-years R p-value n-years R p-values
Annual precipitation 19 0.35 0.144 18 0.44 0.437 1
May precipitation 19 0.03 0.892 14 -0.1p 0.733 1
Mean annual temp 32 0.14 0.447 26 0.11 0.576 1
Mean DJF temp 26 -0.04 0.828 21 -0.35 0.120 1
Mean JJA temp 21 0.26 0.260 17 0.36 0.159 1
Mean may temp 31 0.54 0.002 25 0.70 9.16 % 1( 1
Nuyakuk River discharge 26 0.73 2.22 X°10 23 0.71 1.27 x 16 2
PDOI 51 0.31 0.028 49 0.42 0.003 3
NPI 52 0.04 0.760 50 0.17 0.229 4
DJFM NPI 52 -0.42 0.002 50 -0.42 0.002 4
ALPI 51 0.40 0.004 50 0.68 1.37 x’10 5
PNI 53 0.32 0.022 52 0.41 0.003 6
"DJF = December, January, February; JJA = June, Aulyust; PDOI = Pacific Decadal Oscillation Ind&#| =
North Pacific Index; DJFM = December, January, Baby, March; ALPI = Aleutian Low Pacific Index; PN
Pacific Northwest Index.
(1) WRCC, 2006 and NCDC, 2005; (2) NWIS, 2006;NB)ntua et al., 1997; (4) NCAR, 2006; (5) Beamishlet
1997; (6) Ebbesmeyer et al., 1995.
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Figure 1: Periods of Holocene climate change. @okidenote the six periods of rapid climate chgpgkr cooling, tropical aridity)
proposed by Mayewski et al. (2004). Black boxes @ntered over periods of climate cooling deteechiby various authors (left

column), and white boxes indicate mild, warm pesioecognized by O’Brien et al. (1995).
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Figure 2: Location of the Ahklun Mountains and teats discussed in this thesis
(medium shading indicates elevations above 200Lakes are indicated by numbers: (1)
= Cascade Lake; (2) = Waskey Lake; (3) = Arolik &akd) = Little Swift Lake; (5) =
Farewell Lake; (6) = Iceberg Lake. Other locatiordicated by letter designations: (AR)
= Alaska Range; (B) = Bethel; (BR) = Brooks Ran¢BB) = Bristol Bay; (D) =
Dillingham; (KM) = Kenai Mountains; (KB) = Kuskokwi Bay; (NR) = Nuyakuk River;

(SP) = Seward Peninsula; (WSEM) = Wrangell-St. £Mountains.
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Figure 3: Cascade Lake area. 1983 aerial photognaitharrows denoting inflows to
Cascade Lake; the western inflow is not glaciet-féd1=Mooring 1, M2=Mooring 2,

AT=Air temperature station, GT=Glacier temperatstagion.
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Figure 4: Instrumentation deployed at Cascade Lak&) Sediment trap and water-
temperature logger mounted on mooring line. (Bstdling air-temperature logger
housed in a solar-radiation shield in a stand dlowi along the shoreline of Cascade

Lake.
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Figure 5: Lithologic descriptions of the sedimentdlected in traps from Cascade Lake on August2D@5 and July 19, 2006.

Lithostratigraphy of bottom sediment traps fromhotooring sites with physical and biological ddistéd in Table 2).
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Figure 6: Daily average water temperature in Casdake 2004-2006. Bottom loggers
were positioned ~1 m above the lake bottom; top doggvere ~3 m below the water

surface.
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Figure 8: Cascade Lake area showing glaciers mfete by informal names
(CA=Cascade Glacier, C1=Cirque 1, C2=Cirque 2, ¥4ded Glacier, HJ=Hungry
Joe, CH=Chikuminuk Glacier, El=East Inflow Cirq@3=Cirque 3). Based on 1:63,360
Bethel 1979 topographic map with corrections foe iextent based on 1957 aerial

photographs.
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Figure 9: Hypsometric curves used in the calcutatbequilibrium-line altitudes (ELA)

for eight glaciers in the study

area. An accumaoiaarea ratio (AAR) of 0.6 (60% of the

glacier in the accumulation zone, shown by the #hd0% of the glacier area) was used

for ELA calculations. ELA calculations (and espdlgia ELA) are insensitive to AAR

changes as shown by the relatively flat slopes éetmAAR values of 0.5-0.7 (shown by

the box).
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and right lateral LIA moraines of Cascade Glaci®eposits in the foreground are higher than thastné distance. (B) The East

Inflow cirque valley. The ridge crest closest he tirque (dotted line) is the LIA moraine; the-&raped feature marked by ridges

below are likely debris-flow deposits. Numbersvinite denote lichen stations. Photos taken in Aug005.
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Figure 11: Growth curves used to derive the agesezsured lichens in the Cascade
Lake region (from Solomina and Calkin, 2003). Hnews show the average of the five
larges lichen diameters on moraines in the Caskakie area. Based on Seward

Peninsula curve, their ages average ~1860 AD asgum#30-yr colonization time.
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Figure 13: Bathymetry of Cascade Lake with locatiohcoring sites. The main inflow

is in the south and the outflow is to the north.
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Figure 14: Top 15 cm of Core 02 showing the refegiop between the core surface
stratigraphy, X-radiograph stratigraphy, and theasoeement of lamination thicknesses.

Lines connect points identified as being the samehe core face and X-radiograph

stratigraphy.
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Figure 15: Acoustic profile image in the vicinity core site 02. The white box denotes
the approximate location and length of Core 02.e @boustic signal is degraded at the
approximate base of Core 02, but stratigraphy dedmn this was observed in other

profiles and below Core 01.
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Figure 16: Lithologic logs of three cores recoveinetn Cascade Lake.
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Figure 18: Test-pit wall on the northern shore @ls€de Lake (Figure 13). * denotes

location of**C sample dated at 505 cal yr BP.
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Figure 19:2'%Pb and*'Cs profiles from Core 02A and Core 02. Thé-Bder
polynomial was used to assign ages to the uppeniaf Core 02. Gray box shows the

intersection of*’Cs peak with ages derived from tH&b profile.
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Figure 20: Geochemistry data from the 2.85 m adidre 02 and published data sets of

known Aniakchak tephras. Data listed in appendi®. A
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Figure 21: Scanning electron microscope imagesmira shards from (A) the 2.85 m tephra in Corari2(B) a known Aniakchak

tephra from Arolik Lake.
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Figure 22: Age model for Core 02. The two modets lzased on the maximum depth

range of Tephra B candidates in Core 02 (see t&xXplanation).
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Figure 23: Magnetic susceptibility (MS) profilesr fGores 01, 02 and 03 from Cascade
Lake. * indicates MS values that exceed 90 X $Dand dashed lines show correlations

between tephras.
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Figure 24: Organic-matter (OM) content and bulkgity profiles for the upper 2 m in

Core 01 and the entire Core 02.
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Figure 25: Lamination thickness in the top 1.4 mGafre 02. Of the 316 lamination

couplets identified, the average thickness is @mZbold line).

100



Figure 26: Biogenic silica profiles for Core 02nsét shows detail of upper 14 cm, the
interval sampled at ~3 yr resolution and used taetate with instrumental climate

records.
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Figure 27: Biogenic silica flux from Core 02 owhke last 2200 cal yr BP with periods of
recognized warm climate from Iceberg Lake (Losalgt2006), Farewell Lake (Hu et al.,

2001), and Jellybean Lake (Anderson et al., 2005).
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Figure 28: Core 02 proxy data compared to climatnes of the Yukon (Jellybean Lake; Anderson et2005) and Waskey Lake

(Levy et al., 2004). OM = organic matter; BSi @dpnic silica. Gray bars indicate the Holocenerittad Maximum (7000 cal yr

BP), Neoglaciation onset in the Ahklun Mountain8(@ cal yr BP) and Medieval Warm Period (~1000ycd@P).
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TABLE A-1. %*%p AND'*'Cs DATA

Depth Unsupported"Pb 3'Cs activity Age of base
(cm) (dpm/qg) (xs.d) (dpm/g) (£s.d.) (years before 2004)
Core 02A

0.5 9.16 0.53 N.D. 5.48
1.5 3.80 0.37 N.D. 10.95
2.5 4.29 0.26 N.D. 17.58
3.5 3.88 0.23 N.D. 27.31
4.5 1.88 0.17 N.D. 35.90
5.5 1.31 0.19 N.D. 43.22
6.5 0.45 0.16 N.D. 47.38
7.5 0.46 0.16 N.D. 51.13
8.5 0.51 0.15 N.D. 55.88
9.5 1.30 0.24 N.D. 70.45
10.5 0.57 0.17 N.D. 88.45
11.5 0.48 0.14 N.D. 113.58
12.5 0.22 0.14 N.D. 148.35
Core 02

1.5 7.10 0.78 0.30 0.13 2.86
2.0 8.28 0.57 0.56 0.08 6.74
2.5 6.27 0.69 0.71 0.10 10.04
3.0 6.52 0.54 0.60 0.08 13.80
3.5 5.70 0.81 0.83 0.13 17.53
4.0 3.37 0.78 0.73 0.13 20.01
4.5 3.29 0.57 1.22 0.10 22.51
5.0 3.51 0.58 1.14 0.10 25.59
55 2.28 0.78 1.78 0.14 27.71
6.0 2.33 0.59 1.95 0.10 30.21
6.5 2.92 0.73 5.58 0.16 33.43
7.0 3.27 0.70 4.20 0.14 42.11
8.5 1.90 0.59 1.10 0.10 52.51
10.0 2.53 0.53 0.30 0.10 87.27
13.0 1.14 0.51 0.00 0.1 153.57
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TABLE A-2. MAJOR ELEMENT GEOCHEMISTRY OF THE 2.85 TEPHRA IN
CORE 02

Point Na,O MgO A|203 SIOZ P,Os K,O CaO TIOZ MnO FeO Total

1 2397 0.489 15.370 72.958 0.069 2.651 1.706 0.439 0.152 2.392 98.623
2 2228 0.488 15.429 72.122 0.057 2.415 1.767 0.439 0.094 2.385 97.424
3 3.302 2.605 16.468 59.778 0.784 1.409 5.906 1.306 0.186 6.800 98.545
4  1.290 0.489 15.514 72.879 0.096 2.225 1.797 0.394 0.097 2.357 97.137
5 2.708 3.220 16.466 57.271 0.807 1.131 7.146 1.443 0.194 8.197 98.583
6 1525 1.323 16.211 64.919 0.538 1.449 3.839 1.093 0.090 3.760 94.748
7 0997 0.464 15.582 74.064 0.092 1.718 1.820 0.445 0.105 2.434 97.722
8 1.645 2.225 16.145 62.412 0.577 1.508 5.334 1.253 0.142 6.174 97.420
9 1.529 2.784 16.519 58.862 0.754 1.191 6.361 1.409 0.178 7.299 96.888
10 1.089 0.439 15.242 72.922 0.103 1.523 1.767 0465 0.085 2.217 95.853
11 1.665 2.406 16.665 61.372 0.747 1.311 5.706 1.328 0.159 6.429 97.787
12 2.304 2.555 16.635 60.803 0.655 1.229 6.249 1.308 0.223 7.166 99.126
13 1.988 2.920 16.026 56.595 0.658 1.114 6.398 1333 0.213 8.197 95.443
14 1.007 0.479 15.537 73.401 0.137 1.533 1.854 0.435 0.121 2.417 96.923
15 2.141 2.793 16.298 58.920 0.644 1.119 6.287 1.323 0.159 7.402 97.085
16 0.737 0.363 12.259 56.077 0.057 1.075 1.545 0.379 0.090 2.120 74.702
17 0.743 0.406 12.763 61.909 0.050 0.928 1.591 0.395 0.039 2.240 81.064
18 1.851 1.711 16.973 64.354 0.435 1.444 4.587 1.091 0.156 4.729 97.331
19 2.188 0.425 15.680 74.205 0.028 1.957 1.692 0.484 0.110 2.428 99.196
20 1.334 0.428 15.369 73.521 0.147 1.788 1.713 0.470 0.141 2.304 97.214
21 3.169 3.365 16.294 57.525 0.603 0.875 7.251 1.281 0.152 8.807 99.322
22 2.668 2.849 16.595 59.517 0.726 1.024 6.049 1.358 0.199 7.033 98.017
23 3.193 2.899 16.655 58.888 0.758 0.890 6.702 1.433 0.199 7.032 98.650
24 1587 0.839 15.478 71.489 0.034 1.629 2.695 0.570 0.077 3.061 97.459
25 1.256 0.491 15.828 73.831 0.034 1.636 1.990 0.445 0.114 2.366 97.991
26 2.564 2.577 16.963 60.082 0.625 1.012 5.928 1.528 0.117 6.587 98.042
27 1.349 0.413 15.524 73.514 0.000 1.683 1.880 0.460 0.124 2.556 97.504
28 1.426 0.463 14.704 70.288 0.050 1.432 1.763 0.434 0.119 2.213 92.892
29 1.086 0.446 14.908 71.677 0.069 1.160 1.851 0.439 0.094 2.287 94.017
30 2.796 3.113 16.287 57.436 .736 0.790 6.657 1.311 0.196 7.468 96.789
31 1.277 0.486 15.331 73.576 0080 1.390 1.840 0.429 0.085 2.404 96.898
std. 2.587 5.051 12.431 50.532 0.509 0.729 9.472 3.900 0.198 13.473 98.881
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TABLE A-3. MAGNETIC SUSCEPTIBILITY DATA FOR CORE 02

0 20 40 60 80 100 120 140 160 180 200
0.0 27.6 33.8 27.0 27.0 23.7 27.0 24.6 28.1 27.0 23.5
0.5 27.9 27.8 30.9 26.0 28.0 24.9 26.0 22.8 26.4 28.05.3 2
1.0 26.9 27.2 28.4 24.9 27.8 26.0 28.0 22.2 26.7 26.01.23
15 26.0 33.4 27.5 317 27.7 24.0 26.0 20.2 32.0 26.16.9 2
2.0 23.0 315 30.6 26.5 26.5 26.0 25.0 15.3 29.0 24.31.7 2
2.5 23.0 29.7 29.7 24.3 29.4 31.0 26.0 16.4 28.0 23,5252
3.0 27.0 33.9 28.9 26.2 28.2 29.0 25.0 23.5 28.0 24.64.4 2
35 19.0 34.2 30.0 28.0 28.7 29.0 24.2 23.6 27.0 26.86.2 2
4.0 22.0 34.3 29.0 23.0 26.4 28.0 24.4 23.6 25.2 26.01.8 2
4.5 26.0 30.5 29.0 25.0 25.0 28.0 24.6 22.7 17.6 26.00.6 2
5.0 35.0 26.7 36.0 28.0 25.7 25.0 23.7 23.8 25.5 26.01.52
55 29.0 27.9 27.0 30.0 27.3 24.0 23.9 23.9 28.7 24.043 2
6.0 28.8 24.0 25.0 28.0 29.0 28.2 26.7 20.3 26.4 25.04.2 2
6.5 32.0 25.0 26.0 25.0 28.0 243 26.6 20.5 24.5 24.68.7 2
7.0 31.3 25.0 30.0 24.0 28.0 245 27.4 23.6 27.6 24556 2
7.5 31.5 31.0 26.0 23.0 27.0 23.7 27.3 21.7 31.7 234452
8.0 33.8 32.0 23.5 23.0 28.0 25.8 28.2 22.9 29.8 21.36.4 2
8.5 20.1 33.0 26.6 23.2 28.0 25.1 30.0 28.1 26.9 22.11.23
9.0 27.3 30.0 33.7 24.3 26.0 29.3 29.0 25.1 30.0 25.09.7 2
9.5 29.5 24.0 25.7 255 25.0 315 27.0 18.2 29.0 25.00.6 3
10.0 27.6 24.0 26.8 25.7 23.0 25.7 28.0 18.5 29.0 25.07.4 2
10.5 27.8 28.0 27.9 27.8 26.0 26.8 26.0 18.9 29.0 26.03.32
11.0 28.1 28.2 28.9 26.0 26.0 26.1 27.0 19.8 31.0 23.05.12
11.5 26.3 29.3 26.7 26.0 24.0 28.3 26.0 16.0 32.0 249762
12.0 24.5 29.5 28.5 23.0 25.0 25.5 25.0 24.0 31.0 247752
12.5 25.7 29.7 29.4 23.0 23.0 25.6 27.0 27.0 27.0 26.55.4 2
13.0 20.9 31.9 27.2 22.0 26.0 26.8 24.0 26.0 26.0 23.45.22
135 20.2 32.0 27.8 27.0 27.0 24.0 23.0 27.0 27.0 23.26.1 2
14.0 22.4 29.0 29.6 23.0 26.0 24.0 23.0 24.3 30.8 21.86.8 2
145 24.6 29.0 31.5 24.0 27.0 24.0 26.0 25.6 27.6 21.66.7 2
15.0 28.7 30.0 29.3 26.0 27.0 25.0 25.0 27.0 26.5 225153
15.5 28.9 27.0 27.1 25.0 30.0 25.0 24.0 27.3 26.3 23.33.33
16.0 29.8 24.1 25.8 30.1 29.2 26.0 24.4 25.7 29.1 241123
16.5 26.7 28.3 29.6 25.3 26.3 23.0 24.5 24.5 27.0 2457.02
17.0 25.5 30.5 27.5 24.5 27.5 25.0 25.6 25.0 29.0 23.46.0 2
175 25.4 29.6 27.3 25.6 27.6 27.0 21.8 28.5 27.0 24.35.0 2
18.0 29.2 29.8 24.2 26.8 26.8 20.0 22.9 30.0 28.0 24.27.0 2
18.5 27.1 31.4 25.0 25.0 24.3 29.0 22.2 26.4 26.0 25.17.02
19.0 29.3 325 28.0 28.0 23.4 28.0 213 26.3 27.0 27.87.02
19.5 27.4 34.6 27.0 29.0 25.6 28.0 24.5 26.6 28.0 24.79.0 2
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220 240 260 280 300 320 340 360 380 400 420

0.0 29.0 30.4 55.5 289.5 22.0 21.2 170 156 17.0 27.23.0
0.5 25.0 28.3 58.4 227.4 21.0 18.4 16.0 16.5 18.0 23.23.0
1.0 26.0 271 63.2 204.2 20.0 155 170 154 17.0 15.81.0
15 28.9 27.8 65.7 241.9 19.0 14.7 170 153 17.0 15.30.0
2.0 29.7 25.7 73.6 220.8 17.0 14.9 16.0 141 15.0 21.26.0
2.5 25.5 25.5 100.4 274.7 16.0 16.2 17.0 16.0 16.1 26.26.7
3.0 22.3 27.4 136.3 299.6 16.0 19.4 16.0 17.0 17.3 25.25.8
3.5 21.2 31.2 115.1 332.5 17.0 215 16.0 16.0 17.4 23.26.8
4.0 22.2 29.8 119.8 312.5 18.0 21.7 16.0 15.0 18.6 23.30.9
4.5 24.4 25.7 106.7 314.3 17.0 20.9 17.0 140 19.8 19.80.9
5.0 255 235 141.5 287.2 16.0 17.3 18.0 141 21.9 19.80.2
5.5 24.7 23.4 156.3 143.2 16.0 16.6 17.0 143 21.7 22.32.3
6.0 23.8 22.2 161.2 120.1 17.0 17.0 16.0 16.5 20.5 16.84.5
6.5 23.0 25.7 128.1 131.0 14.0 18.3 150 196 21.3 21.83.7
7.0 22.0 31.6 117.3 148.0 13.0 18.7 170 218 20.2 21.24.9
7.5 22.0 324 143.4 87.0 11.7 20.0 19.0 150 21.0 19.21.0
8.0 24.0 34.3 161.6 43.0 16.9 23.0 20.0 150 21.0 16.19.0
8.5 28.0 29.1 131.8 25.0 17.2 25.0 15,0 150 21.0 22.37.0
9.0 32.2 31.0 147.0 22.8 17.4 27.0 15.0 18.0 18.0 19.47.0
9.5 26.4 40.0 121.0 21.7 16.7 34.0 12.0 23.0 20.0 17.28.0
10.0 27.5 40.0 52.0 21.5 18.2 39.2 13.0 20.0 20.4 23.08.02
10.5 27.7 33.0 86.0 23.3 19.3 67.4 140 16.0 19.5 17.01.03
11.0 30.8 28.0 113.0 23.2 16.5 1045 13.0 15.0 20.6 19.83.0
11.5 25.2 27.7 105.7 225 17.6 27.7 140 150 21.7 30.80.0
12.0 23.4 27.6 127.6 22.4 18.9 17.9 12.0 19.0 19.9 30.@29.0
125 24.5 29.5 144.5 22.6 18.3 16.0 13.0 159 21.2 26.23.0
13.0 21.7 36.3 109.3 21.2 18.6 16.0 13.0 16.7 194 17.@4.0
135 23.9 40.2 79.2 20.1 19.0 17.0 13.0 185 19.5 20.56.0 2
14.0 28.0 77.6 95.0 19.8 20.3 18.0 13.0 16.3 20.7 24.34.0 2
14.5 27.0 114.3 148.8 19.7 24.6 17.0 13.0 15.2 19.9 22.23.0
15.0 27.0 71.3 159.6 20.5 25.2 17.0 150 16.1 21.0 25.23.8
155 27.0 48.2 164.4 24.4 243 17.0 15,0 20.3 20.0 20.22.6
16.0 27.0 371 125.1 20.2 22.5 19.0 150 214 22.0 18.28.4
16.5 28.2 46.0 150.0 21.0 23.6 23.0 16.0 16.6 21.0 22.26.2
17.0 29.4 51.0 129.0 22.0 25.8 24.0 140 17.8 20.0 25.2

17.5 27.6 49.0 130.0 23.0 24.2 21.9 140 17.0 20.1 22.0

18.0 24.7 47.0 185.0 23.0 22.3 22.7 13.0 24.0 20.3 26.0

18.5 27.9 39.0 202.0 22.0 21.5 25.5 13.0 26.0 18.5 29.0

19.0 28.6 48.8 270.8 21.0 24.7 22.3 11.0 22.0 24.7 21.0

19.5 275 53.7 342.7 22.0 25.9 20.1 140 16.0 20.8 23.0

Note: The sums of the column and row headings indideedepth for the magnetic susceptibility reading

All magnetic susceptibility readings reported in®1®l units.
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TABLE A-4. PERCENT ORGANIC MATTER DATA FOR CORE 02

0 40 80 120 160 200 240 280
0 2.97 3.34 3.37 3.33 3.48 3.40 N.D.
1 2.36 3.27 3.01 3.53 3.25 4.02 3.74 N.D.
2 2.43 2.96 2.99 3.31 3.20 4.00 3.90 2.39
3 2.25 3.18 291 3.33 3.33 3.59 3.69 N.D.
4 2.25 3.25 2.93 3.65 3.43 3.45 3.79 N.D.
5 2.29 3.17 2.95 3.65 3.40 3.52 3.79 N.D.
6 2.40 3.24 2.74 3.39 3.35 3.69 3.92 N.D.
7 2.15 3.17 2.64 3.29 3.66 3.44 3.80 2.66
8 2.17 3.30 2.94 3.19 3.52 3.48 3.98 N.D.
9 2.17 3.15 2.95 3.20 3.41 3.80 3.92 3.63
10 2.49 3.40 3.31 3.40 3.17 3.65 4.18 3.93
11 2.74 3.08 3.07 3.88 3.28 4.08 4.45 3.43
12 2.84 2.84 3.04 3.45 3.03 3.87 3.76 3.59
13 2.95 2.99 2.96 3.50 3.46 3.62 3.71 3.56
14 3.96 2.95 2.93 3.35 3.43 3.43 3.50 3.64
15 3.36 3.03 2.95 3.39 3.19 3.71 3.01 3.53
16 2.62 3.25 2.95 3.33 3.41 3.79 3.42 3.41
17 2.89 3.15 2.89 3.51 3.16 3.62 3.96 3.50
18 2.78 3.36 291 3.27 3.17 3.51 3.92 3.49
19 2.69 3.26 3.18 3.44 3.48 3.43 454 3.55
20 2.93 3.49 3.15 3.36 3.39 2.96 4.08 3.59
21 2.56 3.00 2.81 3.38 3.57 3.88 3.82 3.54
22 2.82 3.23 2.97 3.46 3.64 3.61 3.70 3.80
23 2.66 341 2.96 3.30 3.32 3.58 3.50 3.44
24 3.00 3.93 3.11 3.45 3.05 3.61 3.53 3.89
25 3.45 2.88 3.12 3.68 3.08 3.47 2.86 N.D.
26 3.43 3.20 3.31 3.25 3.22 3.52 N.D. N.D.
27 3.04 3.19 3.30 3.31 3.51 3.06 N.D. N.D.
28 2.49 3.32 3.49 3.26 3.41 3.24 N.D. N.D.
29 2.92 3.07 3.33 3.44 3.34 3.30 N.D. N.D.
30 2.64 3.08 3.44 3.32 3.63 3.60 N.D. N.D.
31 2.61 3.14 3.21 N.D. 3.55 3.68 N.D. N.D.
32 2.73 3.35 3.53 3.36 3.44 3.43 N.D. N.D.
33 241 3.31 3.49 3.27 3.73 3.36 N.D. N.D.
34 3.22 3.32 3.77 3.32 3.46 3.70 N.D. N.D.
35 2.84 3.30 3.71 3.29 3.62 3.90 N.D. N.D.
36 3.26 3.00 3.71 3.46 3.38 3.86 N.D. N.D.
37 2.83 3.04 3.63 3.59 3.49 4.12 N.D. N.D.
38 3.07 3.11 3.34 3.84 3.82 3.65 N.D. N.D.
39 2.72 3.30 3.61 3.01 3.70 3.51 N.D. N.D.
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300.0 340.5 380.5 420.5
0.0 N.D. 4.61 3.88 1.86
15 N.D. 4.51 3.81 2.07
2.5 N.D. 4.59 3.80 1.87
35 N.D. 4.63 3.89 1.55
4.5 N.D. 4.51 3.72 1.87
5.5 3.93 4.41 3.10 1.74
6.5 3.66 4.62 3.48 1.44
7.5 3.78 4.28 3.27 1.43
8.5 3.89 4.31 3.39 2.38
9.5 3.82 4.24 3.12 2.26
10.5 3.64 3.19 3.36 1.74
11.5 3.74 4.39 3.01
12.5 3.91 4.38 2.94
135 3.95 4.38 3.00
14.5 3.91 4.43 2.95
155 3.63 4.40 2.99
16.5 3.75 4.40 3.00
175 3.85 4.37 2.61
18.5 3.74 4.38 2.64
19.5 3.93 3.67 2.75
20.5 3.93 4.12 2.59
215 4.07 4.30 3.13
22.5 4.16 4.23 2.80
23.5 4.05 4.04 2.57
24.5 4.06 4.05 2.69
255 4.23 4.03 2.58
26.5 4.39 4.27 2.44
27.5 4.44 3.89 2.54
28.5 4.29 4.00 2.77
29.5 4.35 4.04 2.81
30.5 4.42 3.95 2.54
31.5 4.44 3.88 2.31
32.5 4.69 3.75 1.97
33.5 4.28 4.01 2.73
34.5 4.39 3.82 2.46
35.5 4.54 4.07 2.60
36.5 4.74 3.83 2.42
37.5 4.63 4.11 2.40
38.5 4.72 4.07 241
39.5 4.64 3.60 2.12

Note: The sums of the column and row
headings indicate the depth for the loss-on-

ignition measurements.
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TABLE A-5. BIOGENIC SILICA DATA FOR CORE 02

Depth  BSi BSi Flux Depth  BSi BSi Flux Depth  BSi BSi Flux
(cm) (%) (mgecm?yr?) (cm) (%) (mgem?yr?) (cm) (%) (mgemi?yr?)
060 1.75 0.23 920 1.75 1.16 25.75 1.70 1.87
0.80 2.00 0.82 9.40 2.01 1.30 26.25 1.57 1.73
1.00 1.92 1.35 9.60 2.06 1.31 26.75 1.70 1.27
1.20 247 2.05 9.80 2.00 1.25 27.25 1.49 1.12
1.40 2.06 1.99 10.00 2.20 1.34 27.75 1.89 1.75
1.60 2.68 2.94 10.20  2.09 1.18 28.25 2.09 1.95
1.80 2.67 3.30 10.40  1.99 1.04 28.75 2.32 2.23
200 2.92 4.01 10.60 1.81 0.87 29.25 2.20 2.12
210 3.23 4.39 10.80 1.70 1.77 2975 1.91 1.49
240 2.44 3.14 11.00 1.64 1.63 30.25 2.04 1.59
260 2.47 3.04 11.30 1.76 1.69 30.75 1.81 1.64
280 2.66 3.12 11.60 2.08 1.92 31.25 2.07 1.88
3.00 235 2.62 11.80 2.05 1.84 31.75 2.02 2.12
320 232 2.59 12.00 2.03 1.78 32.25 1.85 1.95
3.40 2.10 2.32 12.40 1.96 1.76 32.75 1.96 1.37
3.60 2.37 2.61 12.60 2.62 2.38 33.25 1.79 1.25
3.80 1.99 2.17 12.80 1.86 171 33.75 2.08 1.92
400 2.72 2.93 13.00 2.03 1.89 3425 1.97 1.82
420 2.37 2.61 13.20  2.20 2.18 34.75 1.89 1.88
440 2.30 2.58 13.40  2.09 2.19 35.25 1.58 1.58
460 2.14 2.45 13.60 1.93 2.14 35.75 2.00 1.74
480 1.90 2.20 13.80  2.00 2.34 36.25 1.98 1.72
5.00 2.23 2.61 1400 1.88 2.32 36.75 1.73 1.78
520 2.08 2.42 1420 196 2.36 37.25 2.99 3.07
5.40 1.99 2.29 14.40  1.96 2.29 37.75 1.91 1.98
5.60 2.04 2.32 15.75 1.88 1.79 38.25 1.54 1.60
5.80 2.22 2.49 16.25  2.07 1.97 38.75 1.82 2.11
6.00 2.03 2.24 16.75 212 2.26 39.25 1.92 2.23
620 1.62 1.63 17.25 185 1.97 39.75 1.92 1.01
6.40 2.35 221 17.75 2.4 2.11 40.25 1.90 1.89
660 2.36 2.06 18.25 211 2.09 40.75 1.73 1.48
680 201 1.62 18.75  2.25 2.58 4125 1.82 1.56
700 242 1.80 19.25 1.63 1.87 4175 1.80 1.63
7.20 1.64 1.23 19.752.20 2.64 4225 1.69 1.53
7.40 237 1.74 ;852 i'gg ;i’g 4275 1.88 1.54
760 1.78 1.28 18 178 Los 4325 1.73 1.42
7.80 2.23 1.56 ol7e 181 Lo4 4375 1.86 2.43
8.00 2.07 1.41 225 188 501 4425 1.81 2.36
820 1.97 1.34 o7 206 508 4475 1.89 1.47
8.40 1.81 1.24 v308 147 149 4525 1.89 1.46
8.60 2.01 1.37 278 217 524 4575 1.86 1.59
8.80 1.90 1.29 o425 184 190 46.25 1.95 1.67
9.00 1.86 1.26 o475 247 5 39 46.75 1.63 1.66
2525 2.19 211 47.25 225 2.29
47.75 1.93 2.05
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Depth  BSi BSi Flux Depth  BSi BSi Flux Depth  BSi BSi Flux

(cm) (%) (mgem?®yr) (em) (%)  (mgem®yr?) scm) (%)  (mgemi®yr)
48.25 1.95 2.06 70.25 1.95 2.04 93.25 2.09 251
48.75 1.82 2.13 70.75 2.02 2.36 93.75 2.16 2.84
49.25 1.96 2.30 71.25 1.80 2.10 9425 201 2.65
49.75 1.47 2.06 7175 1.34 141 9475 2.26 3.05
50.25 1.71 2.39 7225 1.30 1.36 9525 1.69 2.29
50.75 1.91 1.79 72.75 231 1.65 95.75 2.65 3.00
51.25 1.88 1.76 73.25 1.40 1.00 96.25 2.76 3.13
51.75 1.78 1.72 73.75 2.07 1.85 96.75 2.46 3.09
5225 1.76 1.71 7425 211 1.89 97.25 241 3.02
52.75 2.04 2.18 74.75 0.95 0.88 97.75 244 2.87
53.25 161 1.72 75.25 1.82 1.68 98.25 281 3.30
53.75 1.69 2.32 75.75 1.56 1.65 98.75 2.76 2.74
5425 1.64 2.25 76.25 2.02 2.14 99.25 254 2.52
5475 1.74 1.67 76.75 1.97 1.88 99.75 2.23 2.22
55.25 1.85 1.77 7725 1.84 1.75 100.25 2.46 2.45
55.75 1.53 1.79 7775 1.82 1.42 100.75 2.64 2.63
56.25 1.56 1.83 78.25 2.15 1.69 101.25 2.52 2.51
56.75 1.64 1.86 78.75 1.79 1.90 101.75 2.66 3.10
57.25 1.28 1.45 79.25 1.97 2.09 102.25 2.39 2.78
57.75 2.25 2.16 79.75 1.90 2.55 102.75 2.51 2.85
58.25 1.76 1.70 80.25 1.87 251 103.25 2.49 2.82
58.75 1.91 2.26 80.75 2.17 2.24 103.75 2.40 2.83
59.25 1.59 1.88 8125 184 1.90 104.25 2.15 2.53
59.75 1.57 1.83 8175 2.05 2.87 104.75 2.37 2.34
60.25 1.81 2.11 8225 1.76 2.47 105.25 2.70 2.66
60.75 1.98 2.04 8275 181 2.07 105.75 2.95 2.96
61.25 1.88 1.93 83.25 1.90 2.17 106.25 2.89 2.90
61.75 1.79 1.72 83.75 1.96 2.04 106.75 2.71 2.92
62.25 1.91 1.84 8425 1.86 1.94 107.25 251 2.70
62.75 1.88 2.35 8475 1.84 2.14 107.75 2.75 2.36
63.25 1.89 2.37 85.25 1.73 2.01 108.25 1.57 1.34
63.75 1.79 2.16 85.75 1.98 1.72 108.75 2.14 241
64.25 1.36 1.64 86.25 2.08 1.81 109.25 254 2.86
64.75 1.85 2.01 86.75 2.09 2.22 109.75 2.55 2.30
65.25 1.74 2.25 87.25 2.20 2.35 110.25 2.65 2.38
65.75 1.71 1.15 87.75 1.96 2.37 110.75 251 2.68
66.25 1.76 1.19 88.25 1.94 2.35 11125 212 2.25
66.75 1.74 1.34 88.75 1.85 2.42 111.75 2.63 2.86
67.25 1.37 1.05 89.25 1.95 2.54 112.25 2.68 291
67.75 1.76 1.96 89.75 2.00 1.73 112.75 2.60 2.47
68.25 2.06 2.29 90.25 2.18 1.88 113.25 2.66 2.53
68.75 2.09 2.24 90.75 1.97 1.82 113.75 2.71 231
69.25 1.78 191 91.25 2.06 1.90 114.25 2.59 2.21
69.75 1.96 2.05 91.75 201 1.59 11475 2.16 2.54
9225 2.20 1.74 11525 211 2.47
92.75 212 2.54 11575 1.74 2.48
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Depth  BSi BSi Flux Depth  BSi BSi Flux Depth  BSi BSi Flux
cm) (%)  (mgem?®yr) (cm) (%)  (mgem?®yr?) (cm) (%)  (mgem?®yr?)
116.25 1.90 1.79 141.25 1.45 1.63 263.75 3.17 2.65
117.25 1.56 1.76 141.75 1.42 1.21 266.25 3.79 N.D.
117.75 1.60 1.58 14225 1.32 1.12 288.25 2.75 0.42
118.25 1.82 1.79 142,75 1.13 1.03 289.25 2.89 0.44
118.75 1.64 1.80 143.25 1.24 1.12 290.25 1.85 0.25
119.25 1.84 2.03 143.75 1.08 0.82 291.25 1.71 0.37
119.75 1.88 2.01 14425 1.19 0.90 296.25 1.62 0.29
120.25 1.81 1.94 14475 1.21 1.26 301.25 1.23 0.25
120.75 1.54 1.64 14525 1.33 1.38 309.75 1.77 0.20
121.25 1.40 1.50 14575 1.33 1.80 31475 1.36 0.23
121.75 1.50 1.44 146.25 1.29 1.75 319.75 1.85 0.32
122,25 1.46 1.40 146.75 1.15 0.95 32475 1.87 0.39
122,75 1.55 1.49 147.25 1.26 1.04 329.75 3.84 0.69
123.25 1.98 1.90 147.75 1.27 1.29 330.75 6.00 0.93
123.75 1.65 1.33 148.25 1.23 1.25 334.75 2.08 0.38
12425 1.52 1.23 148.75 1.42 1.26 339.75 1.92 0.31
12475 1.72 1.58 149.25 1.32 1.17 341.75 2.04 0.36
125.25 2.60 2.39 149.75 1.47 1.19 34475 221 0.39
125.75 1.90 1.83 150.25 1.45 1.16 345.75 2.55 0.37
126.25 1.83 1.77 150.75 1.35 1.09 354.75 2.36 0.38
126.75 1.81 141 156.25 1.29 1.03 359.75 2.08 0.45
127.25 1.65 1.29 161.25 1.67 1.21 364.75 2.26 0.46
127.75 1.79 2.00 166.25 1.33 1.17 369.75 2.05 0.40
128.25 1.80 2.00 171.25 1.76 1.32 37475 2.04 0.63
128.75 1.75 1.59 176.25 1.84 1.42 37775 1.74 0.22
129.25 1.69 1.54 181.25 1.72 141 379.75 1.93 0.55
129.75 1.68 1.79 186.00 1.92 1.39 382.75 2.01 0.42
130.25 1.75 1.87 191.25 1.76 1.53 384.75 1.67 0.37
130.75 1.73 1.46 196.25 1.76 1.19 389.75 1.48 0.33
131.25 1.67 141 201.25 1.53 1.28 394.75 1.72 0.37
131.75 1.77 1.65 206.25 1.91 1.52 397.75 1.24 0.27
132.25 1.85 1.72 211.25 2.19 1.45 399.75 0.99 0.28
132,75 1.90 1.74 216.25 2.30 1.72 404.75 1.15 0.21
133.25 1.83 1.67 221.25 1.59 1.12 407.75 1.75 0.48
133.75 1.75 1.10 226.25 2.20 1.22 409.75 1.18 0.21
13425 1.70 1.07 231.25 2.18 2.17 414.75 1.27 0.27
13475 1.67 1.55 236.25 3.06 2.28 419.75 0.72 0.11
135.25 1.68 1.56 241.25 4.09 2.30 42475 0.58 0.14
135.75 1.03 0.95 246.25 4.07 1.99 429.75 0.90 0.28
136.25 1.09 0.97 251.25 4.86 3.60 434.75 0.91 0.28
136.75 1.04 0.82 256.25 3.39 1.82 436.75 0.65 0.27
137.25 1.41 1.10 260.25 3.80 2.71

137.75 1.22 1.42 260.75 5.26 3.83

138.75 1.29 1.53 261.25 5.41 3.94

139.25 1.17 1.38 261.75 4.33 4.03

139.75 1.51 1.29 262.25 3.87 3.60

140.25 1.17 1.00 262.75 4.68 2.86

140.75 1.25 141 263.25 4.57 2.79
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