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Abstract
A 50,000 year record of meteoric water isotopes (8°H/3'*0) and paleoenvironmental conditions
is presented from syngenetic ice-rich permafrost and macrofossils from eight sites in the
Klondike area of central Yukon. Four sedimentary units are recognized based on
cryostratigraphy, paleoecological indicators, and 8*H/5'®0O of associated ground ice. Unit 1
(50,000-36,000 cal yrs BP) contains boreal indicators (large woody macrofossils indicating trees
and shrubs) near the base of the unit and is bounded near the top by the appearance of arctic
ground squirrel nests. The presence of arctic ground squirrel nests, a reliable indicator of steppe-
tundra, coupled with the largely massive organic-rich silts and large syngenetic ice wedges,
defines Unit 2 (36,000-27,000 cal yrs BP). Unit 3 (27,000-13,150 cal yrs BP) includes abundant
arctic ground squirrel nests, while the silts are generally grey and less organic-rich, and ice
wedges through the unit are rare. Unit 4 (13,150 cal yrs BP to present) lacks arctic ground
squirrel nests and contains shrubs near the base of the unit and full-boreal indicators in the upper
sections. 8°H/3"®0 tracks large-scale climate trends with a shift from near-modern values near
the base of Unit 1 to more depleted values, reaching a minima at the Last Glacial Maximum
(LGM). Isotopic values increase abruptly at 15,000 cal yrs BP, marking a climate amelioration
reaching maximum values during the early Holocene, followed by subsequent cooling after
9,000 cal yrs BP. Deuterium (d) excess shows no clear trends except a +9%o anomaly from
29,000-22,000 cal yrs BP coinciding with the LGM. This period likely represents an enhanced
seasonality of precipitation, either from increased winter or reduced summer precipitation. This
multi-proxy permafrost record provides new insights on late Pleistocene-Holocene climate and
environmental change in eastern Beringia, and highlights the potential to develop similar records

in other unglaciated regions.
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Chapter 1: Introduction

Spanning from Siberia through Yukon, Beringia is the subcontinental region that existed
during Pleistocene cold stages as the shallow marine shelves connecting the two continents
became exposed during times of lowered sea level, enabling biogeographic exchanges
between the Old and New worlds. The North American portion of Beringia, eastern Beringia,
was dissimilar to much of the arctic during the Last Glacial Maximum (LGM) in that it was
largely unglaciated (Figure 1-1), preserving a rich depositional record dating back through the
late Neogene (Westgate et al., 1990; Ehlers and Gibbard, 2004; Froese et al., 2009).

Beaufort
Sea

Gulf of Alaska )

Figure 1-1: Study area and surrounding glacial ice during the LGM (from Ehlers and Gibbard,
2004).

The lack of glaciation in Beringia was a result of the pronounced aridity of the region. This
aridity was due in large part to the presence of mountain ranges (Wrangell-St. Elias, Alaska
Range, and Coast mountains) that border the region to the southwest. Moisture in the interior
of Yukon and Alaska is largely derived from the North Pacific and has to travel over the
mountains, which results in large amounts of precipitation locally and much drier air masses
that continue into the interior (Figure 1-2) (PRISM Climate Group, 2000). This was likely

most pronounced during cold stages and would have intensified the already arid conditions



that would have been present largely due to increased winds, clear sunny days, and dry

weather (Guthrie, 1990, 2001).
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Figure 1-2: Mean annual precipitation in Alaska and Yukon (from PRISM Climate Group,
2000).

Widespread fine-grained sedimentary deposits blanket much of Beringia. This fine-grained
sediment was readily reworked subaerially in periglacial environments by increased winds
during cold stages. In eastern Beringia, this windblown sediment, or loess, is the most
abundant surficial deposit and was largely deposited across much of this region during cold
stages of the Pleistocene (Péwé, 1975). In areas of permafrost, deposition of sediments results
in the upward migration of the permafrost table, resulting in aggradational, or syngenetic
permafrost. Across much of Beringia, active loess deposition during the cold stages led to
widespread syngenetic permafrost (Schirrmeister et al., 2013). In contrast, many areas of
Beringia during interglacials, such as the Holocene, are characterized by a permafrost table
that is relatively stable, or epigenetic permafrost. The numerous exposures of permafrost

through the Klondike region, because of their long temporal history, provide the opportunity



to study the dynamics of permafrost under changing climate conditions of the past.
Klondike permafrost

The Klondike region is within the area of extensive discontinuous permafrost, a region where
permafrost is strongly controlled by elevation, slope, aspect, and vegetation cover. Permafrost
is generally present on north-facing slopes, and within narrow valleys, but may be sporadic to
absent on south-facing slopes. The bedrock in this region is blanketed by thick regolith and
Pliocene gold-bearing gravels overlain by Quaternary material within valleys. This is an area
of widespread placer gold-mining operations located in close proximity to Dawson City,
Yukon (64° 3’ 35.8” N, 139° 24’ 39.02” W). Throughout much of the Klondike, permaftrost is
seen as an impediment to gold mining, as it slows the excavation of auriferous gravels. The
frozen silts that overlie these gravels are locally known as “muck”, a vernacular term for ice-
rich silts and fine sand exposed in Klondike valley-bottoms (e.g. McConnell, 1905; Fraser and
Burn, 1997; Froese et al., 2009).

Klondike muck deposits are generally divided into two units by a distinct unconformity
between relatively organic-poor Pleistocene silt and organic-rich Holocene deposits (Fraser
and Burn, 1997). Late Pleistocene silts in Siberia are similar to the Klondike muck, but are
termed “Ice Complex” or more commonly “yedoma”. The stratotype for yedoma includes
sandy silt with a layered cryostructure, large syngenetic wedges, and plant and animal
material. Schirrmeister et al. (2013) apply the yedoma definition to all syngenetic ice-rich silts
in Beringia that formed during late Pleistocene cold-climate conditions. Their definition
incorporates late Pleistocene “muck” of the Klondike into the western “yedoma” definition,
however in my experience there are a significant number of exposures dating to the last cold
stage that are relatively ice-rich but lack the large ice wedges characteristic of yedoma.
Because of this, central Yukon permafrost tends not to agree with the strict definition of late
Pleistocene Beringian permafrost always containing large ice wedges. In addition, yedoma
deposits are considered to be late Pleistocene by definition while “muck” includes the
organic-rich material of the Holocene, which is a significant part of this study. For the sake of
simplicity, and also due to incongruities with the current yedoma definition, I continue

referring to Klondike syngenetic permafrost as muck.



Thick ice-rich muck deposits in Klondike valley-bottoms are an excellent archive of late
Pleistocene environments (Fraser and Burn, 1997; Kotler and Burn, 2000; Froese et al., 2009).
In addition to various paleoecological indicators, such as plant and animal fossils, abundant
syngenetic ground ice preserves the geochemical signatures of past precipitation. These
ancient waters can be utilized as a powerful proxy for past climate (e.g. Meyer et al., 2000;

Schirrmeister et al., 2002; Popp et al., 2006) and are a major focus of this thesis.
Ground ice as a paleoenvironmental proxy

Ground ice in syngenetic permafrost deposits can form either as interstitial (pore or textural)
ice, segregated lenses of ice varying from a few mm to m in thickness, or as distinct ice
bodies such as ice wedges, buried snowbanks, or icings (Mackay, 1972; French, 2011). These
ice bodies provide information on the past environmental conditions by virtue of the
geocryological properties which indicate past landscape processes at the time of formation or
the conditions that led to their preservation. The variability in the type and amount of ground

ice therefore can also assist in correlation of contemporary deposits.

In addition to the geocryological properties that inform the origin of ground ice, the isotopic
composition of the ice can be used as an archive of past meteoric water (Meyer et al., 2000;
Kotler and Burn, 2000; Lacelle, 2011). One of the central questions of this thesis is the extent
to which pore ice in permafrost can be viewed as record of meteoric precipitation. The water
in precipitation (i.e. meteoric water) can be used to construct paleoclimate records by virtue of
two interrelated effects: the temperature dependence of fractionation factors between liquid
and vapor phases, and Rayleigh Distillation (Dansgaard, 1964; Jouzel et al., 1997; Bowen,
2008; Birks and Edwards, 2009). Since the isotopic composition of precipitation is correlated
with temperature, it may provide a robust paleoclimate proxy. The development of long-term
records, such as the one in this study, is instrumental to furthering our understanding of
regional and global climate dynamics. This study attempts to add another long-term record to
the existing North American records, which up to this point has only been possible from ice

cores, such as those recovered from Greenland and Mt. Logan, Yukon.

Developing proxy records from permafrost is a complex task. There are only a few reliable

techniques for dating the material, including radiocarbon dating of plant macrofossils and



animal remains, optically stimulated luminescence dating, and correlation of interbedded
volcanic ash (tephra) layers. In this study the main techniques used are radiocarbon dating and
the identification of interbedded tephra beds. The only distinct tephra bed in this study is the
Dawson tephra, which erupted from the Emmons Lake volcanic center in the Aleutian arc
approximately 30,000 cal yrs BP (Froese et al., 2002; Demuro et al., 2008). This bed is a
particularly useful marker in the field as it erupted right around the onset of cold and dry
conditions of the LGM (Zazula et al., 2006).

Beringian paleoecology

The bones and teeth of Ice Age mammals are common across Beringia and may be
exceptionally preserved in relict permafrost (e.g. Guthrie, 1990). Numerous teeth and bones
of large herbivores have been dated through the LGM, indicating Beringia hosted sufficient
vegetation to support herds of grazing megafauna and associated carnivores (Guthrie, 1990;
Zazula et al., 2007). The connection of North America to Eurasia resulted in unique
combinations of North American and Asian flora and fauna that migrated across the land
bridge (Schweger, 1997; Shapiro et al., 2004). R. Dale Guthrie has worked extensively with
late Pleistocene mammal fossils and proposed the ‘mammoth-steppe’ as a full glacial steppe-
tundra environment (Guthrie, 1990). More recently, paleoecological investigations have
reinforced the interpretation that the mammoth-steppe was productive enough to support the
“Pleistocene megafauna” (Froese et al., 2009), which included horse, bison, mammoth, short-

faced bear, and Beringian lions, to name a few.

One of the most remarkable datasets to address this question of the nature of the full-glacial
ecosystem of Beringia has come from the nests and seed caches of arctic ground squirrels
from Yukon (Zazula et al., 2003, 2005, 2007), Alaska (Guthrie, 1990; Gaglioti et al., 2011),
and Siberia (Zanina et al., 2011). Analyses of more than 100 arctic ground squirrel nests from
central Yukon permafrost have characterized plant macrofossils and revealed prairie sage,
bunch-grasses, and forbs from an open, steppe-tundra environment. Gaglioti et al. (2011)
confirmed similar findings in fossil plant taxa from arctic ground squirrel nests in interior
Alaska, as did Zanina et al. (2011) in Siberia. These data support the existence of a
widespread mammoth-steppe in Beringia during the late Pleistocene. Paleoecological studies

such as these have helped develop our modern understanding of LGM environments in



eastern Beringia as being open, steppe-tundra with well-drained loessal soils and deep active

layers (Zazula et al., 2003; Froese et al., 2009; Blinnikov et al., 2011).

Marine Isotope Stage 2 ended with abrupt warming associated with a precession-driven
increase in insolation during the last glacial-interglacial transition that drastically altered the
vegetation of the mammoth-steppe. The timing of this transition is only approximately known
from lake sediment archives (Edwards and Barker, 1994; Bigelow and Edwards, 2001) and a
handful of plant macrofossil studies that date to this transition. During this time the Bering
land bridge was resubmerged by rising sea levels, severing the connection between Eurasia
and North America and effectively putting an end to Beringia and the mammoth-steppe.
Proxy records from vegetation indicate shrub expansion, peat formation, and eventual
expansion of boreal vegetation northward as warmer and wetter conditions of the early
Holocene developed (Ritchie, 1984). The shrub-dominated environment of the early Holocene
thermal maximum was eventually replaced by boreal forest that has persisted to the modern
day (Figure 1-3) (Guthrie, 2006). Of the widespread “Pleistocene megafauna”, only a few of
the large mammals survived the environmental changes and associated environmental shifts

that occurred during the last glacial-interglacial transition.
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Figure 1-3 : (a) Climate-vegetation dynamics overlain by radiocarbon dates of large mammal
fossils from 18,000 to 9,000 radiocarbon years, (b) generalized pollen patterns from several

pollen studies across Alaska and Yukon (from Guthrie, 2006).

Thesis objectives and organization

This thesis presents a new record of meteoric waters and paleoenvironmental proxies up to the
limits of radiocarbon dating methods ca. 50,000 calendar years before present (cal yrs BP).
This timeframe includes the three most recent marine isotope stages (MIS): MIS 1 Holocene
interglacial, MIS 2 late Wisconsinan cold stage (glacial), and late MIS 3 interstadial, to the
limits of radiocarbon dating (Figure 1-4). These proxies include hydrogen and oxygen
(8°H/5'0) isotopic ratios from pore and wedge ice, paleoecological indicators, and

cryostratigraphic observations.
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Figure 1-4 : Timing of paleoclimatic events through the last 50,000 cal yrs BP (Lowe et al.,
2008).

Utilizing these proxies we define four distinct units spanning the last 50,000 cal yrs BP. The
physical characteristics of these units can hopefully help with age estimations of unknown
exposures during future fieldwork in the Klondike. This study can also help shed light on
environmental and permafrost dynamics under changing climate regimes, which may be
beneficial to understanding the potential impacts of future warming in the subarctic. Klondike
permafrost could theoretically be developed into the longest paleoclimate record in the
Northern Hemisphere, as locally there is permafrost over 700,000 years old in central Yukon

(Froese et al., 2008).



The objectives of this study are:

1)  Define the main depositional units of the Klondike muck deposits based on

cryostratigraphic, isotopic, and paleoecological indicators;

2)  Determine whether the meteoric water isotopes from these perennially-frozen deposits
provide a regionally coherent climate proxy between sites and over time from associated

water isotopes in pore and wedge ice; and

3)  Describe the timing and nature of the last glacial-interglacial transition from Klondike

permafrost.
Organization of thesis

Chapter 2 describes the field and laboratory techniques used to construct this record. Also
included is a detailed study into the effectiveness of the isotope analyzers when measuring
isotopic ratios of permafrost waters. Chapter 3 describes the general lithostratigraphic,
cryostratigraphic, chronostratigraphic, isotopic, and paleoecological indicators of the eight
permafrost exposures included in this study. At the end of the chapter is a brief summary of
paleoenvironmental interpretations based on the characteristics of each site. Chapter 4
presents the complete meteoric water record and main permafrost units based on the multiple
proxy records. A discussion of the findings is included at the end of the chapter. Chapter 5

presents the general conclusions and recommendations for future research.
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Chapter 2: Methods

The geochemical, geochronological, and cryostratigraphical characterization of perennially
frozen sediments (permafrost) is important to understanding their origins and paleoclimatic
significance. The focus of this thesis is to develop a long-term multi-proxy record that
includes lithostratigraphy, cryostratigraphy, water isotopes, vegetation, and various
paleoecological indicators (e.g. presence of arctic ground squirrel nests, carbon and nitrogen

abundance, and large mammal fossils).

This chapter is organized into sections that detail the methods for each component of this
study. These descriptions outline the stratigraphy, radiocarbon dating, carbon and nitrogen
totals, dissolved organic carbon content, and water isotopes. The water isotope section

includes a study into the effectiveness of absorption spectrometry for permafrost waters.
Stratigraphy

Multiple permafrost samples were recovered from each of the eight sites with photos,
sketches, and observations. The location of sites were recorded with a handheld GPS, while
elevations for samples were measured via a laser range finder (Lasertech 200XL) with 0.1 m
vertical precision; given challenges with operator position and target accuracy, I estimate
vertical accuracy to 0.5 m. The record of each exposure consists of overall site characteristics,

unit descriptions, and the type and abundance of ground ice.

The categorization of ground ice in permafrost is an important tool for understanding the
source waters and processes during freezing (Mackay, 1972). The common forms of ground
ice are pore, segregated, aggradational, thermokarst-cave, pool, vein, and wedge ice. Pore ice
is found in permafrost that has an absence of excess ice and consists of waters that have filled
the voids between grains at the time of freezing. Segregated ice is the result of water
migration due to negative pressure at the freezing front, resulting in an ice lens that exceeds
the pore space (French, 2007). Aggradational ice is formed in layers at the base of the active
layer in syngenetic permafrost (Mackay, 1972). Thermokarst-cave ice and pool ice forms as
massive ice bodies from the freezing of pools of water and in underground cavities in
permafrost made by running water (Mackay, 1997; Kanevskiy et al., 2011). Vein ice forms

from the infilling of thermal contraction cracks by windblown snow and/or snowmelt (French
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and Shur, 2010). Repeated cracking and infilling results in ice wedges, which can range from

several cm to several m wide and have syngenetic, epigenetic, or anti-syngenetic histories

(Mackay, 1995).

An understanding of ice structure and abundance can provide information on the conditions
during formation and the history of the permafrost (French and Shur, 2010; French, 2011).
Cryostratigraphy is used to define these relations and is similar to sedimentology, but includes
the structure and distribution of ice within frozen sediments. Cryostratigraphy is a broad term
that encompasses several aspects of geocryology. This includes identification of ice bodies,
contacts between units, and details regarding the nature of the ice and sediment. The relations
between ice and sediment are defined by the cryotextures, cryostructures, and cryofacies.

More information about these three elements are presented below.

Cryotextures describe microscopic features, such as grain and ice crystal size and shape, and
the contacts between them (Murton and French, 1994). Cryotextures were not included as a

part of this study.

Cryostructures describe the macroscopic features of the ice and sediment. The shape and
distribution of ice depends on the amount of water in the sediment prior to freezing, sediment
grain size distribution, and the rate of freezing, which largely controls the extent of moisture
migration during freezing (French, 2011). Certain cryostructures are considered to indicate
freezing histories that were either syngenetic (forming at or near the same time as sediment
deposition) or epigenetic (forming some time after sediments were deposited) (Mackay, 1974;
Murton and French, 1994; Shur et al., 2004; Bray et al., 2006; French and Shur, 2010; French,
2011). Cryostructures in permafrost are most simply and concisely defined by Murton and
French (1994) and are divided into six categories: lenticular, layered, reticulate, structureless,
crustal, and suspended (Figure 2-1). If the ice is generally less than 0.5 mm thick, the prefix
micro- may be added (e.g. microlenticular, microlayered, efc.) (French and Shur, 2010).
Layered and lenticular cryostructures are generally thought to be associated with syngenetic
permafrost, while reticulate may typically reflect an epigenetic history (Shur et al., 2004; Bray
et al., 20006).
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CRYOSTRUCTURE AND CODE
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Figure 2-1 : Diagram illustrating the basic cryostructures in permafrost (adapted from Murton

and French, 1994). The ice is white and sediment is black in this figure.

Structureless, also known as massive or pore ice, is the term used when no excess ice is
visible. Several studies have suggested that structureless permafrost indicates an epigenetic
history (e.g. Bray et al., 2006), however Ping et al. (2008) found it in the upper permafrost of
well-drained sites in the North American arctic. Structureless, or pore, ice is present in many

syngenetic samples in this study.

A lenticular structure refers to discontinuous lenses of ice of any orientation. Lenticular, as
well as layered, ice can be characterized as parallel or non-parallel structures that are planar,
wavy, or curved (Figure 2-2) (French and Shur, 2010). Lenticular ice is thought to form in
syngenetic deposits when water migrates to freezing fronts through cryosuction and results in
excess ice (French, 2007). Microlenticular is one of the most common forms found in this

study and likely reflects rapid sedimentation (Figure 2-3).
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Figure 2-2 : Classification scheme denoting the relations between layered and lenticular ice to

create comprehensive descriptions of cryostructures (adapted from Murton and French, 1994).
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18

Layered ice consists of bands of continuous ice that can have any orientation. Layered ice is
thought to form in syngenetic deposits when water migrates to freezing front and results in

excess ice (Murton and French, 1994).

Reticulate ice is a three-dimensional net-like structure that can be regular (uniform) or
irregular (non-uniform) (Murton and French, 1994). It is thought be the result of the
desiccation and shrinkage of sediments, and therefore suggests an epigenetic origin. Reticular-

chaotic is an additional descriptor, which consists of randomly oriented ice lenses (Bray et al.,

2006).

Crustal ice forms around frost-susceptible material in the permafrost, such as wood fragments
or rock clasts (Murton and French, 1994). This is an uncommon structure that was only found

in one sample in this study.

Suspended, or ataxitic, cryostructure denotes that grains or blocks of sediment are suspended
in a matrix of ice. This is most common in ice bodies or just below the top of permafrost

(Murton and French, 1994).

Cryofacies are defined by the nature and abundance of ice found within sediment (French and
Shur, 2010). The following cryofacies have been defined based on volumetric ice by Murton
and French (1994): pure ice, sediment-poor ice (> 75% ice), sediment-rich ice (75 — 50% ice),
ice-rich sediment (50 — 25% ice), and ice-poor sediment (< 25% ice). Cryofacies may be
subdivided based on cryostructure (Murton and French, 1994). A distinct cryostratigraphic
unit comprised of associated cryofacies can be grouped to form a cryofacies assemblage

(Murton and French, 1994; French and Shur, 2010).

Volumetric ice contents of 18 pore ice samples were determined at the University of Alberta.
To do this, water displacement was measured when the frozen samples were immersed briefly
in cold water. The mass of the samples were noted before immersion into the water and then
after the sample was subsequently dried in an oven. Volumetric ice content (VIC) is reported

as a percent of the total volume, where:

M, — My)x0.9167
(M — Ma) %100

VIC (%) = v
t
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In which M; is the total frozen mass of the sample, My is the total dry mass, V. is the total
frozen volume, and 0.9167 g/cm” is the density of ice. The number of samples analyzed using
this technique was a small percentage of the total samples. For the remaining samples, we

estimated which cryofacies the samples fit into based on the amount of visible ground ice.
Radiocarbon dating

In order to understand the chronology of Klondike permafrost exposures, this study utilizes 85
radiocarbon dates ('*C yrs BP) of organic material. '*C is produced in the upper atmosphere
and incorporated into the biological structures of organisms through uptake of CO, while the
organism is alive (e.g. bones, leaves, efc.). Once an organism dies, it ceases to exchange
carbon with the environment, preserving the atmospheric '*C/"*C ratio and allowing organics

up to ca. 50,000 cal yrs BP to be precisely dated.

'C atoms decay at a steady rate, with a half-life of 5,730 years. By measuring the relative
abundance of radioactive '*C atoms to the stable '*C atoms, the age of organic samples can be
determined up to approximately 10 half-lifes, or ca. 53,000 '*C yrs BP. Radiocarbon dates up
to 43,200 '*C years BP (ca. 46,800 cal yrs BP) are included in this study from woody
macrofossils, grass rootlets, ground squirrel nesting material, and fecal pellets. This age range
was selected since samples to ca. 43,000 '*C years have good reproducibility in our

experience even at relatively low sample masses.

Organic samples require pre-treatment for '*C dating to remove contamination. For pre-
treatment, samples were placed in sterilized glass culture tubes and underwent an acid-base-
acid (ABA) wash. This consisted of heating samples to 70°C and soaking them for 30 minutes
in 1M HCI, followed by 60 minute washes of 1M NaOH until the solution was clear, and
finally a 30 minute 1M HCI wash. Samples were then rinsed with ultrapure water until neutral
and freeze-dried. Prepared samples were shipped to the W.M. Keck Carbon Cycle Accelerator
Mass Spectrometer facility at the University of California, Irvine for combustion,

graphitization, and measurement of '*C activity by AMS.

Organic samples were grouped into batches of 12 samples during the preparatory steps, which

included 1 — 2 standards and at least one non-finite ‘blank’ (Table 2-1). Standards were
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matched as closely as possible in terms of their estimated age and type of material to the

samples to be dated.

Table 2-1: Laboratory standards for radiocarbon analyses.

Standards Age (14C BP) Material Reference
FIRI-D 4,510 Wood shavings Boaretto et al., 2002
FIRI-F 4,510 Wood shavings Boaretto et al., 2002
IAEA C5 11,800 Wood powder Rozanski et al., 1992
QUEETS-A Non-finite Wood shavings | J. Southon 2014, pers. comm.
AVRO7-PAL inti\rlglna_ (f;lgllt(el\’/llla;tse) Wood shavings Reyes et al., 2010

Radiocarbon dates need to be calibrated to calendar years, as the amount of '*C produced in
the atmosphere is known to have fluctuated over the last 60,000 years, requiring “'*C years”
to be adjusted via the ‘IntCal13’ calibration curve (Reimer et al., 2013). Ages were calibrated
using OxCal Online and reported as calendar years before present (cal yrs BP), with “Before

Present” being defined as before 1950 AD (Bronk Ramsey, 2009).
Total carbon, total nitrogen, and dissolved organic carbon content

Total carbon and nitrogen analyses of Klondike soils were preformed at the University of
Alberta. Samples were extracted with water, filtered, and analyzed using a Shimadzu TOC-
V/TN instrument. Dissolved organic carbon (DOC) contents of permafrost pore waters were

determined by the Biogeochemical Laboratory at the University of Alberta.
Water isotopes and laser absorption spectrometry (LAS)

Frozen samples were collected after cleaning the surface of the exposure by removing a small
hand sample with an ice axe, or by drilling either horizontal or vertical cores. Horizontal
samples were taken using a small hand drill with a core barrel 8 cm in diameter and 40 cm
long. Vertical drill cores up to ~6 m were recovered at sites using a light, portable drill similar
to that in Calmels et al. (2005) (Figure 2-4). Vertical core samples were drilled with a 10 cm
wide and 40 cm long core barrel. All samples were placed in plastic bags after sampling and

kept frozen until subsampling.
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Figure 2-4 : The permafrost drilling process, beginning with coring (left), core catching (top

right), and the retrieval of the permafrost core (bottom right).

In order to prepare the samples for water isotope (8°H/5'*0) analysis, the pore, ice wedge and
segregated ground ice subsamples were placed in re-sealable zipper storage bags that were
vacuum packed and placed in a refrigerator to thaw. Pore waters were extracted with a syringe
and injected into 2 ml glass vials through a 0.2 micron filter. Extraction was either done
directly from the plastic bag or, more frequently, after centrifuging the samples for several

minutes to separate the water from the sediment.

Traditionally, isotope-ratio mass spectroscopy (IRMS) has been the only reliable method to
measure the isotopic ratios ("*0/"°0 and *H/'H) of water samples. This method utilizes
physical separation of molecules based on mass and quantifies the relative abundance of the
isotopes. Modern techniques have been developed over the last few decades however that use
laser absorption spectrometry (LAS), which measures the interaction of matter and radiated

energy to quantify the isotopic ratios of atoms.

Paldus and Kachanov (2005) describe LAS as the measurement of transmitted light (i.e. light
that passes through a substance) as a function of wavelength to quantify changes in

transmitted light intensity caused by absorbing molecules. To measure the isotopic ratios, a
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detector measures the voltage of the laser, which fluctuates due to interferences from water
molecules in the optical cavity. Measurements of interference at specific wavelengths are
related to the molar ratios of '*0/'°O and *H/'H, which are measured simultaneously

(Figure 2-5).
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Figure 2-5: Example of simultaneous 6°H and 8'*0 measurement by relating transmissivity of

molecules at specific wavelengths (adapted from Moyer et al., 2008).

Isotopic ratios are reported in 6-notation in parts per thousand (%o), where:

R
e Mq) x 1000 %o

standard

In which Rgampie 1s the molar ratio (e.g. HZ/HI) of a specific sample, and Rgtandard 1S the molar
ratio of Vienna Standard Mean Ocean Water (VSMOW). Two LAS instruments were used in
this study. The majority of samples were measured via off-axis integrated-cavity output
spectroscopy (OA-ICOS) using a Los Gatos Research (LGR) model DLT-100 (Figure 2-6).
The second technique, used for the majority of samples at the Lucky Lady II site, uses
continuous-wave cavity ring-down spectroscopy (CW-CRDS) in a Picarro model L2130-1
(Figure 2-7). These methods are very accurate in part due to a long path length that is
achieved by reflecting the light between high-reflectivity mirrors many times in the optical
cavity, effectively creating transmitted light that has interacted with water molecules over a

path thousands of meters long. Both of these LAS methods have been shown to be as or more



reliable than IRMS (Kerstel and Gianfrani, 2008; Lis et al., 2008; Wassenaar et al., 2008;

Gupta et al., 2009; Wassenaar et al., 2012).
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Figure 2-6: Typical OA-ICOS setup (from Paldus and Kachanov, 2005).
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Figure 2-7: Typical CW-CRDS setup (from Paldus and Kachanov, 2005).
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The LGR is set up to analyze 10 — 30 unknown samples per ‘run’. Throughout each run, 2 — 5
unknown samples are grouped together between an enriched and a depleted standard. The
difference in the measured isotopic ratio relative to the known isotopic ratio of the depleted
and enriched standards on either side of each group allows for normalization of the unknown
samples in between. At least three Quality Control (QC) standards with known isotopic ratios
are included in each run, placed within groups of unknowns, to verify the accuracy of the
measurement and data normalization. Calibration standards included in this study are outlined

in Table 2-2.

Table 2-2 : Water isotope standards used in this study.

Standard 8°H (%o) 3'%0 (%o) Reference
USGS45 -10.3 -2.24 U.S. Geological Survey, 2012a
O‘izgﬁo\‘;&; 244 -3.43 A. Kwan 2011, pers. comm.
Evian -73.7 -10.29 Chesson et al., 2010
USGS46 -235.8 -29.80 U.S. Geological Survey, 2012b
LW2 -271.8 -33.94 A. Kwan 2011, pers. comm.

The Picarro analyzes three standards at the beginning of the run with varying isotopic ratios
spanning the range of the unknowns. This determines a linear relationship in which to correct
unknown values based on their isotopic values. One to three Evian water QC standards are

placed throughout the run to assure the accuracy of the measurements and corrections.

The Biogeochemical Analytical Service Laboratory at the University of Alberta uses the same
LGR, which accepts all QC values at or below £1.6%o 8"H and £0.3%o 8'*O deviation from

the known value. Values outside this range are individually inspected and either accepted or
re-run. The primary QC for this study is Evian bottled water, which was analyzed by Chesson
et al. (2010) many times (n=4400) and shown to have a 1c error of 1.7%o 8”H and 0.21%o 8"*0.
The standard deviation for all QC samples in this study was £0.6%o 8"H and £0.17%o &'*0,
with maximum accepted values of +£2.6%o 8°H and £0.74%o 8'*O (see Chapter 4). The isotopic
ratios for water molecules are based on the average of multiple injections for each sample, the

details of which are explained in the following section.
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LAS measurements and results

LAS measurements are sensitive to minute changes between injections, such as the number of
water molecules in the optical cavity. This requires scrutiny and an understanding of the

measurements from each injection to get the most accurate results.
Injection volume

One of the most significant factors influencing LAS analysis is the volume of each injection.
Injection volumes may change significantly due to degradation of the syringe or septa.
Fluctuating injection volumes can be minimized from routine procedures, including regular
cleaning of syringes and replacement of septa after ~500 injections. It is critical that injection
volumes are consistent between the standards and unknowns because the unknown samples
are calibrated to the measured standard. Injection volumes are deemed acceptable if they are
within 1.5 standard deviations (1.56) of the average for the entire run, with injections outside

this range being inspected and typically discarded.
Memory effect

Isotopic ratios are measured by taking the average value of a series of injections for each
sample (6 — 9 injections/sample). The first few injections for each sample can be problematic
however because remnants of the previous sample are typically present in small quantities
(Figure 2-8). This occurs when water molecules from previous injections are not completely
evacuated from the system and become incorporated into the subsequent measurement. This is
known as the memory effect and it can have a significant influence on the isotopic ratios of
the first few injections of a sample, especially if there is a large isotopic difference between
the previous sample, which regularly occurs in permafrost studies (Lis et al., 2008). After

2 — 3 injections this effect is negligible, therefore we use the average of injections 4 — 6 to

determine the isotopic ratio of the sample.

The previously mentioned factors are a reflection of the variability of the instrument when
analyzing pure water samples, but additional considerations may need to be taken when
analyzing waters containing impurities, as they may cause additional laser interference.

Permafrost pore waters can range from clear to a dark yellow, suggesting these may include
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impurities. This has prompted a study into the effectiveness of LAS for measuring permafrost
pore water isotopes, which was performed by comparing results from LAS (LGR and Picarro)

and IRMS, the details of which are presented in the following section.
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Figure 2-8: Example of memory effect on 8°H measurements from series of injections on the
LGR of a laboratory standard. In this study we excluded the first three injections to avoid the

memory effect.

Effectiveness of LAS for measuring Klondike permafrost isotopes (6*H/5"%0)

Absorption spectroscopy is a quick and effective method for measuring water isotopes,
however some compounds can be vaporized along with water that will negatively affect
measurements. If there are a significant number of molecules that absorb photons at similar
wavelengths as water they may skew the isotopic results. This is due to the fact that the area
under the curve would have a double peak, one for the water, and another for the interfering
molecules (Hendry et al., 2011). For example, Schultz et al. (2011) recorded LAS

interferences from leaf waters that affected isotopic ratios up to 9.3%o for 8'*0 and 15.7%o for
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8”H. This offset occurred because waters extracted directly from plants contain large numbers
of dissolved organic carbon (DOC) molecules, typically in the form of short-chain alcohols,
which effect the transmissivity of the laser beam at important frequencies. Associated soil

water in the Schultz et al. (2011) study did not have measureable interference.

While interfering DOC molecules, such as methane, methanol and ethanol have been shown
to have strong optical absorption that interfere with 8*H/5'®O analyses, the DOCs in runoff,
such as humic acid, do not cause measurable interference (Brand et al., 2009; Hendry et al.,
2011). Technical support at Picarro informed me that this is because larger molecules which
contain —OH groups will have much weaker absorption than small alcohols, and these
absorptions are so broad they are detected as a very weak offset (~0.1% increase in the
background absorption) (D. Vu 2011, pers. comm.). Permafrost pore and wedge ice is
essentially a paleoarchive of soil and run off waters, and therefore should not contain

significant amounts of problematic compounds.

While previous studies have focused on soil and runoff waters to study spectral interferences
with laser absorption spectrometry (e.g. West et al., 2010; Schultz et al., 2011), no studies
have focused specifically on investigating permafrost waters. The following sections present a
study into the effectiveness of LAS for permafrost waters in order to assess the accuracy of

these analyses.
Methods

Water samples for this study were selected to have a wide range of colour (clear to dark
yellow) (Figure 2-9). We obtained DOC values for all samples in order to test the relationship
between colour, DOC, and any significant deviation between IRMS and LAS results. Waters
from 10 samples were sent to the Center for Stable Isotope Biogeochemistry at the University
of California (Berkley) for IRMS. Hydrogen isotopes were measured using a ThermoFinnigan
H/Device connected to a Delta Plus mass spectrometer. Oxygen isotopes were measured using
a ThermoFinnigan GasBench II connected to a Delta Plus XL mass spectrometer. In addition
to 10 unknown samples, 4 standards were assigned random sample numbers and included in

the batch as a secondary QC check. All samples were calibrated with USGS45 and USGS46.
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Figure 2-9 : Varying colours of the unknown permafrost water samples.
Results

The four standards that were sent for IRMS analysis were in excellent agreement with the
known values (16 = £0.3%o 6°H; £0.14%o 5'*0) (Table 2-3). This gives us a high degree of
confidence in the 10 unknown permafrost waters, which were in excellent agreement between
the two methods (1o = +0.6%0 8°H; £0.11%o0 8'°0) (Figure 2-10, 2-11). The DOC contents of
the unknown samples ranged from 12.1 to 1,648.0 C mg/L, with no apparent correlation
between DOC content and relative deviation between the LGR and IRMS results (Table 2-4,
Figure 2-12).

Table 2-3 : Deviation from reported values for three water isotope standards submitted as
unknowns for IRMS analysis. LW2 standard submitted twice as separate unknown samples.

Standards  8'%0 (%) &°H (%o0) d-excess

USGS 46 | 0.12 0.0 0.9

Evian 0.05 0.6 0.2
Lw2(l) [ 035 0.5 23
LW2(2) | 026 0.5 1.6




29

Table 2-4 : Deviation of 10 unknown Klondike permafrost samples (A1 — A10) analyzed via
LAS (LGR and Picarro) and IRMS, reported as absolute values. DOC contents are included.

LGR Picarro
vs. IRMS vs. IRMS
D.O.C. 8°'H 3"%0 d-excess 8’H 3"0 d-excess
Cmg/L | difference difference difference | difference difference  difference
Al 202.6 1.7 0.19 3.2 3.6 0.07 3.1
A2 424.1 0.0 0.15 1.2 2.0 0.01 2.0
A3 12.1 1.0 0.14 2.1 1.7 0.04 1.4
A4 19.9 0.2 0.24 1.7 1.2 0.05 0.9
AS 144.6 0.7 0.03 0.9 1.4 0.02 1.5
A6 55.8 0.3 0.15 0.9 1.1 0.02 1.3
A7 1,648.0 0.9 0.05 0.5 3.0 0.06 2.5
A8 1,323.0 0.3 0.09 0.4 2.5 0.03 22
A9 995.7 0.3 0.01 0.4 1.3 0.05 1.7
A10 183.0 0.4 0.04 0.1 1.8 0.03 1.5
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Figure 2-10 : 8°H results for 10 unknown permafrost waters analyzed via LAS and IRMS.
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Spectrometry Results
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Figure 2-11 : 8'*0 results for 10 unknown permafrost waters analyzed via LAS and IRMS.
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Figure 2-12 : Permafrost waters from 10 samples and DOC concentrations (C mg/L).

Discussion and conclusions

The isotopic results of the two spectroscopic methods are in excellent agreement across a
large range of isotopic values, regardless of permafrost water colour or DOC content. There is

a systematic offset between the two LAS techniques and IRMS, with the LGR being in better
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agreement with 5°H and the Picarro in better agreement with §'*0. This may be due to a
number of factors during the measurement and normalization of the isotopic values, however
these factors do not significantly affect the results for this study. The close correlation
between these methods gives a high degree confidence that LAS is an effective alternative to
IRMS for permafrost water analyses and yields a firm estimate of the errors involved in the
remaining parts of this thesis. Based on these results, there do not appear to be significant
amounts of problematic DOCs in Klondike pore and wedge ice. Future identification of DOC
species in permafrost waters could determine if spectral interferences are just insignificant or

nonexistent.
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Chapter 3: Lithostratigraphy, cryostratigraphy, and paleoecological indicators from late

Quaternary Klondike permafrost

This chapter details the characteristics of the sediment, ice, and other paleoenvironmental
indicators from permafrost units at the eight sites included in this study. The chapter is
organized into descriptions and paleoenvironmental interpretations for each site based on the
lithostratigraphy, cryostratigraphy, chronostratigraphy, and paleoecological indicators.
Because this thesis is organized as a hybrid between a traditional thesis and a paper-format
thesis, there is some duplication between these detailed field observations, presented here to

provide a full record, and the paper that follows in Chapter 4.
Site Descriptions and Interpretations

Individual site descriptions begin with a general overview of the sediments, organic material,
and general characteristics followed by a description of each unit and then associated
paleoenvironmental interpretations for all units. Site locations in Table 3-1 are shown in
Figure 3-1. Radiocarbon dates are presented in Appendix A. Aggradation rates are estimated
for units via OxCal depositional models, which are based on the vertical distance between
calibrated radiocarbon dates (Bronk Ramsey, 2008, 2009; Bronk Ramsey and Lee, 2013). The

models are presented in each unit description, and the rates are compiled in Appendix B.

Table 3-1: Site details for Klondike permafrost exposures (all locations with respect to

NADS3 datum).

Locality | Elevation (m) Latitude Longitude | Aspect
Black Hills 634 63° 30.769' 138° 55.794' W
Upper Quartz 620 63°49.806' 139°00.895' | WNW
Lower Quartz 578 63° 49.455' 139° 01.597' NW
Upper Goldbottom 618 63° 53.879' 138° 59.506' W
Lucky Lady II 615 63° 44.225' 138° 51.368' NE
Brimstone 617 63° 44.400' 138° 50.867' SW
Upper Hunker 491 63° 57.536' 138°56.957" | NNW
Lower Hunker 390 64° 01.014' 139°09.220' | NNE
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Figure 3-1 : Map of Klondike sites in this study (base map adapted from Fraser and Burn,

1997).

Black Hills
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The Black Hills site is located in the middle of a broad valley 66 km southeast of Dawson on

a tributary to the Stewart River. The Black Hills site has a 7 m section that can be subdivided

into three units, from bottom to top: (1) 4 m of grey and brown silts with graminoid

vegetation, (2) 1.1 m of organic-rich grey and black silts with wood and fibrous vegetation,
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and (3) 1.9 m of organic-rich grey and black silts with large roots in growth position at the

base (Figure 3-2, 3-3). Contacts between units are sharp. No large mammal fossils are present.

b NS | o e PYSERERER T
Figure 3-2 : The Black Hills site, which is divided into three units. Samples are indicated by
markers which include 8"*O (%o) values and/or radiocarbon dates where applicable. The
lowermost unit, exposed from 0 to 4.0 m, consists of grey-brown silt including an arctic
ground squirrel nest (just out of frame to right) dating to 27,575 cal yrs BP (23,360+100,
UCIAMS-114718). A single syngenetic ice wedge is present in the upper 2.5 m of silts (at
lowermost sample marker). This wedge extends above a series of truncated wedges near the
base of the exposure that are ~1 m wide. This unit is overlain by a sharp unconformity at
4.0 m (at the arrow marked “1”’) which consists of 1.1 m of organic-rich silt deposited 3,040
cal yrs BP (2,905+20, UCIAMS-114902). The uppermost unit, exposed from 5.1 to 7.0 m,
consists of organic-rich silt with a sharp basal contact (above the arrow marked “2”°), which

dates to 145 cal yrs BP (140+20, UCIAMS-114904). Ice axe in photo is 80 cm high.



ode) -l (2

; @';:?253(301 st)o - (-;aa?z}
OH(N®) . 'l é) ‘
IR 7
A ,'7”("3"00) 5
| D75(-3053) o _ () ]|
é & ) L I | , |
i B ) I’.! | ‘,
i @2(3052) C. v ]
| _ q 5

{ q A

G
- (-25.2Y)

' /go(;zssﬂ \

2115502140

22490310

.i e Wood ,22 Grasses 'Ice Wedge s Peat
2 Arctic ground squirrel nest (AGSN)

— Sharp contact @ Sample

A TiColluvium

Figure 3-3 : Stratigraphic sketch of the Black Hills section. Numbers next to features
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correspond to MM 12 sample numbers (e.g. 67 is sample MM 12-67). This is a reference figure

for the site sketches in this chapter. 8'%0 values (%o, VSMOW) are in parentheses and

radiocarbon dates are included where applicable. The vertical distances between samples can

be found in Appendix D.
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Description

The lowermost unit, exposed from 0 to 4.0 m, consists of grey and brown silts containing
graminoid vegetation. Total carbon ranges from 1.6 to 3.0% and total nitrogen ranges from
0.1 to 0.3%. Values for all carbon and nitrogen contents in this study are in Appendix C. Both
carbon and nitrogen contents are highest at the base of this unit and decrease with height. Four
syngenetic ice wedges (~1 m wide) are truncated at 1.5 m. One thin (15 cm wide) syngenetic
ice wedge extends 2.5 m up to the overlying contact (Figure 3-4). Parallel, wavy
microlenticular and layered (2 mm thick) ice is present in otherwise ice-poor (structureless)
silts. Water isotopes from pore and ice wedge ice samples show little difference within the
lower section, averaging -30.1 £ 0.9%o 8'°0 and -224.5 + 5.5%o 8°H. Values for all water
isotopes in this study are in Appendix D. This unit has five radiocarbon dates between 27,575
and 25,840 cal yrs BP' (23,360+100, UCIAMS-114718; 21,550+140, UCIAMS-114923).
Grasses adjacent to one of the truncated ice wedges are dated to 26,775 and 25,840 cal yrs BP
(22,490+310, UCIAMS-122279; 21,550+140, UCIAMS-114923) (Figure 3-5). Grasses from
1.8 m above the truncated ice wedge date to 27,220 cal yrs BP (22,930+810, UCIAMS-
131097), a reversal in age from grasses adjacent to the ice wedge. One arctic ground squirrel
nest found at 2.9 m dates to 27,575 cal yrs BP (23,360+100, UCIAMS-114718). Ages of all

arctic ground squirrel nests in the Klondike area are in Appendix E.

! Throughout the text calibrated radiocarbon dates are presented as mean age estimates. Full
radiocarbon calibration ranges are in Appendix A.
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Figure 3-4 : The lowermost unit at the Black Hills site is exposed from 0 to 4.0 m and consists

of grey and brown ice-poor silts with in situ graminoid vegetation. A single thin (~15 cm
wide) secondary syngenetic ice wedge extends above the lower ice wedge (~1 m wide) below
(not pictured). An arctic ground squirrel nest in this unit (not pictured) dates to 27,575 cal yrs
BP (23,360+100, UCIAMS-114718) and has an 8'°0 pore ice value of -30.72%o. Ice axe is
80 cm high.
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Figure 3-5 : One of four truncated ice wedges at the Black Hills site. Grasses from one sample
adjacent to the ice wedge are dated to 26,775 and 25,840 cal yrs BP (22,490+310, UCIAMS-
122279; 21,550+£140, UCIAMS-114923). Truncation of the ice wedge is indicated by the

arrow. Shovel is ~1.2 m high.

The second unit, exposed from 4.0 to 5.1 m, consists of interbedded layers (3 — 25 cm thick)
of dark grey and black organic silts, fibrous organics, abundant woody macrofossils, and
lenses of rust-brown quartz-rich gravel (Figure 3-6). The underlying contact is sharp and
undulating. No ice wedges are present. No water isotope samples or cryostructural
observations were made in this unit. One wood sample is dated to 3,040 cal yrs BP (2,905+20,
UCIAMS-114902).
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Figure 3-6 : Grey silts of the underlying unit are sharply overlain (at arrow) by the second unit,

exposed from 4.0 to 5.1 m, which consists of organic-rich black and grey silt with woody
roots, fibrous organics, and interbedded sands and gravels dating to the late Holocene. A
woody macrofossil from the upper unit is dated to 3,040 cal yrs BP (2,905+20, UCIAMS-
114902). Ice axe head is 21 cm wide.

The uppermost unit, exposed from 5.1 to 7.0 m, consists of dark grey and black organic silts,
fibrous organics, abundant woody macrofossils, with a single radiocarbon date of 145 cal yrs

BP (140+£20, UCIAMS-114904) (Figure 3-7). No other observations were made.
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Figure 3-7 : Large 3 — 6 cm thick roots (at arrow) at the sharp contact with the second unit in

the Black Hills section. Organic material from this unit dates to 145 cal yrs BP (140420,
UCIAMS-114904). This unit is likely the result of anthropogenic disturbance at the site.

Interpretations

Radiocarbon dates from lowermost exposure suggest that the sediment from 0 to 4.0 m was
deposited near the beginning of the last cold stage. The basal contact of this unit is obscured
by slumped material. The presence of graminoid-dominated vegetation and an arctic ground
squirrel nest suggest steppe-tundra vegetation (Zazula et al., 2005, 2007). The sediment in this
unit is organic-poor and most likely had well-drained, deep active layers (Froese et al., 2009).
Decreasing carbon and nitrogen contents suggest reduced vegetation cover going into the last
cold stage. Syngenetic ice wedges, present at the base of this unit, are notably absent from

1.5 to 4.0 m, albeit with one thin syngenetic ice wedge that formed ca. 26,000 cal yrs BP,
possibly suggesting increased aridity and/or other environmental factors. Additional

hypotheses explaining reduced ice wedge formation during the last cold stage are discussed in
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detail in Chapter 4. Microlenticular and layered cryostructures in otherwise structureless (ice-
poor) sediments suggest syngenetic aggradation of this unit in arid conditions. Ice-poor
sediments are common in the permafrost units in this study, suggesting arid conditions, which
may be amplified during cold stage conditions. Water isotopes are consistent throughout this
unit and are among the most depleted in this study, suggesting cold temperatures associated
with cold stage conditions ca. 27,000 cal yrs BP. Aggradation rates are not estimated, due to
unclear relations between radiocarbon ages. This could be from local reworking of older grass
fragments, which may suggest local denudation during the last cold stage, or may be from
sampling across dipping bedding planes in the ca. 30 m long exposure (see Figure 3-2).
Cryostratigraphy and paleoenvironmental indicators in this unit are in good agreement with
units that are similar in age from the Upper Goldbottom and Upper Hunker sites in this study.
This unit may be comparable to the Quartz Creek Member from Kotler and Burn (2000).

Radiocarbon dates from the second unit suggest that the sediment from 4.0 to 5.1 m was
deposited during the late Holocene. The contact with the underlying unit is undulating and
unconformable, and is characterized by a thin layer of basal sands and gravels, suggesting it is
an erosional surface from local fluvial conditions. Wood and graminoid vegetation appears to
be largely in situ. Cryostructures, total carbon and nitrogen, and other paleoecological
indicators in this unit are not defined. This unit may be comparable to the “Organic unit” from

Kotler and Burn (2000).

Radiocarbon dates from uppermost sediments suggest the sediment from 5.1 to 7.0 m is most
likely reworked material from modern gold mining operations. The basal contact of this unit

is sharp and erosional. This interpretation is consistent with a distinct buried layer of large in
situ roots at the base of this unit. Cryostructures, total carbon and nitrogen, and other

paleoecological indicators in this unit are not defined.
Upper Quartz

The Upper Quartz site is located in a narrow valley 33 km south of Dawson on a tributary to
the Indian River. The Upper Quartz site has a 7 m section that can be subdivided into three
units, from bottom to top: (1) 2.8 m of massive to crudely-stratified grey silts with in situ

graminoid vegetation; (2) 1 m of grey silts with shrub and graminoid vegetation; and (3) over
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3.2 m of black and grey organic-rich silts with abundant fibrous and woody macrofossils
(Figure 3-8, 3-9, 3-10). The amount of ice in the section generally increases from the bottom
to the top of the exposure, and the contacts between units are sharp. No large mammal fossils

are present in situ.

(-21.37)
11,420+35 ®

Figure 3-8 : General view of the Upper Quartz section from 2013. The lowermost unit is
exposed from 0 to 2.8 m and consists of grey and brown silts with in sifu graminoid
vegetation. A sharp contact at 2.8 m separates this unit from a distinct black organic layer

10 cm thick (arrow “17) in organic-rich black and grey silts with in situ graminoid and shrub
vegetation. This is overlain by a sharp contact (arrow “2”’) defining the base of the uppermost
unit from 3.8 to 7.0 m, which consists of organic-rich black and grey silts including abundant

randomly-oriented reworked shrub and large wood macrofossils. Ice axe is 74 cm high.



Figure 3-9 : Stratigraphic sketch of the Upper Quartz sections from 2013. Ages are in
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calibrated years BP with radiocarbon ages in brackets. Sample numbers correspond to MM13

samples.
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Figure 3-10 : Stratigraphic sketch of the Upper Quartz site in 2012. Sample numbers
correspond to MM 12 samples (e.g. QC-06 is MM 12-QC-06).
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Description

The lowermost unit, exposed from 0 to 2.8 m, consists of grey and brown silts with abundant
macrofossils of in situ graminoid vegetation (Figure 3-11). In the upper ~1 m, several thin

(1 — 3 cm) discontinuous black organic lenses and rare detrital woody macrofossils are present.
Total carbon ranges from 0.9 to 1.1% and total nitrogen ranges from 0.05 to 0.06%. Pore ice
samples in the lower 1.5 m are largely structureless, albeit interspersed with parallel, wavy
layered to microlayered lenses of ice (up to 2 mm thick) with one occurrence of a reticulate-
chaotic cryostructure at 1.5 m. The upper 1 m is characterized by non-parallel wavy lenticular
(2 — 20 mm) and microlenticular ice, with one 10 cm thick lens of thermokarst-cave ice at

1.8 m. The most depleted water isotope sample (-30.43%o 8'*0; -234.5%0 8°H) is from the
base of the exposure, and the uppermost sample is the most enriched (-21.72%o &'*0;

-166.8%o 6°H). Seven radiocarbon dates from the section range from 16,560 to 13,510 cal yrs
BP (13,680+390, UCIAMS-114710; 11,680+35, UCIAMS-131100). Two arctic ground
squirrel nests, at 0 and 0.75 m, date to 16,270 and 15,740 cal yrs BP, respectively (13,510+45,
UCIAMS-131096; 13,110£35, UCIAMS-142195). Arctic ground squirrel nests are excellent
paleoecological indicators because they contain vegetation and waters from the surface, which
is stratigraphically higher in the section (Zazula et al., 2005, 2007). Excavations of modern
arctic ground squirrel burrows have indicated that the nests are typically found immediately
above the top of the permafrost in active layers ~1 m deep (Buck and Barnes, 1999). In this
study, we assume that arctic ground squirrel nests are located at least 80 cm below the original
surface, near the base of the active layer. Independent estimates of paleoactive layer depth can
also be made from the depth of translocated organics in cold stage paleosols and truncated ice
wedges (e.g. Zazula et al., 2005; Sanborn et al., 2006). This offset is taken into account when
estimating aggradation rates inferred from one or more dated arctic ground squirrel nests.
Aggradation rates for this unit are estimated to range from 0.06 to 0.14 cm/year over this

interval (Figure 3-12, 3-13).
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Figure 3-11 : Upper Quartz grey and brown silts with in situ graminoid vegetation. The
lowermost unit, exposed from 0 to 2.8 m, is largely free of excess ice except in the upper 1 m
which includes layers of ice up to 2 cm thick. This upper meter also contains organic silt
lenses (1 — 3 cm thick) containing in sifu graminoid vegetation and reworked twigs. Two
arctic ground squirrel nests (not pictured) are in the lower 75 cm and date to 16,270 and
15,740 cal yrs BP (13,510+45, UCIAMS-131096; 13,110+35, UCIAMS-142195). The
overlying contact is sharp and distinguished by a 10 cm thick laterally-continuous black

organic layer (indicated by arrow). Ice axe is 74 cm high.
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brackets below samples. Shadowed areas represent the estimated age of sediment from the
depositional model at various heights in the section. The estimated aggradation rate for this

interval is 0.14 cm/year, based on linear interpolation between calibrated ages for samples

from samples collected at the same site in 2012. The relative position between samples is

measured in meters. All of the estimated rates of deposition are compiled in Appendix B.
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Figure 3-12 : Deposition model for the lowermost unit based on two radiocarbon dates at 0.25

and 1.0 m collected at the Upper Quartz site in 2013. 1o calibrated age ranges are indicated by

MM13-22 and MM13-11. An additional deposition model is presented in the following figure
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Figure 3-13 : Deposition model for the lowermost unit based on two radiocarbon dates from
0 and 2.3 m collected at the Upper Quartz site in 2012. The estimated aggradation rate for this

interval is 0.06 cm/year. The relative position between samples is measured in meters.
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The second unit, exposed from 2.8 to 3.8 m, consists of grey and black silts including in situ
shrubby roots and graminoid vegetation (Figure 3-14). The base of this unit is characterized
by a 10 cm thick laterally-continuous black organic-rich layer. Total carbon and nitrogen are
not determined. This unit has abundant non-parallel wavy microlenticular cryostructures with
several aggradational ice lenses (2 cm thick) interspersed throughout, with one thin (20 cm
wide, 1 m tall) syngenetic ice wedge (Figure 3-15). Water isotopes range from -24.61%o to
-20.74%0 5'%0 and -195.5%o to -162.8%0 5°H. Shrub macrofossils date between 13,685 and
13,160 cal yrs BP (11,885+35, UCIAMS-142206; 11,315+35, UCIAMS-142205). Estimation
of aggradation rates is not possible due to a lack of dated samples from multiple horizons in

the unit.
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Figure 3-14 : The second unit at the Upper Quartz site is exposed from 2.8 to 3.8 m and

consists of organic-rich black and grey silts with in situ shrub and graminoid vegetation. A
10 cm thick laterally-continuous black shrubby layer is the base of this unit (arrow “1”) and

an overlying sharp contact (arrow “2”) with the uppermost unit. Shovel is ~1.2 m high.



Figure 3-15 : A thin syngenetic ice wedge (~20 cm wide) in the second unit at the Upper

Quartz site in organic-rich grey and black silts with in situ shrub and graminoid vegetation.
Grass and twigs from within the wedge ice are dated to 13,655 and 13,110 cal yrs BP
(11,835+35, UCIAMS-150832; 11,245+40, UCIAMS-150828). An ice sample completely
transecting the wedge was not taken, however, based on the number of foliations in an 8.3 cm
wide sample, there were ~20 — 25 thermal contraction cracking events that created the ice

wedge. Ice axe is 74 cm high.
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The uppermost unit, exposed from 3.8 to 7.0 m, consists of organic-rich black and grey silts
including in situ fibrous organics, reworked wood, and interbedded discontinuous diamict and
sand lenses 10 — 15 cm thick (Figure 3-16). Sub-horizontal bedding planes of organic material
range from ~0.5 to 1 m thick and are characterized by randomly-oriented wood fragments.
There is a sharp contact with the underlying unit. Total carbon and nitrogen are not
determined. Cryostructures are typically non-parallel wavy lenticular (2 — 6 mm) and
microlenticular ice, with one instance of crustal ice around a wood fragment. One truncated
syngenetic ice wedge (~50 cm wide) is sampled at 3.95 m. Aggradational ice (up to ~10 cm
thick) is present throughout this unit. Water isotopes range from -24.48%a to -20.59%0 &'*O
and -157.1%o to -188.8%o 5°H. Three radiocarbon samples have dates ranging from 5,925 to
5,165 cal yrs BP (5,160+£20, UCIAMS-114899; 4,520+25, UCIAMS-142207). Aggradation of
this unit appears to have been rapid at times, as two pieces of wood that are dated to 5,925 and
5,840 cal yrs BP (5,160+£20, UCIAMS-114899; 5,115+25, UCIAMS-114911) are 1.7 m apart,

indicating an aggradation rate of 2.0 cm/year (Figure 3-17).
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Figure 3-16 : The uppermost unit at the Upper Quartz site in 2013, which is exposed from
3.8 to 7.0 m and consists of black and grey silts with abundant reworked wood, in sifu fibrous
organics, and diamict and sand lenses 10 — 15 cm thick. This unit was deposited between
5,925 and 5,165 cal yrs BP (5,160+20, UCIAMS-114899; 4,520+25, UCIAMS-142207). A

sharp contact with the underlying unit is present (at arrow).
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Figure 3-17 : Deposition model for the uppermost unit in the Upper Quartz site sampled in
2012, which is based on two radiocarbon dates at 3.8 and 5.5 m. The estimated aggradation
rate for this interval is 2.0 cm/year. The relative position between samples is measured in

meters.
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Interpretations

Radiocarbon dates from the lowermost unit suggest the sediment from 0 to 2.8 m was
deposited just prior to the Bolling-Allered interstadial during the latest Pleistocene. Basal
contact is obscured by slumped material. Mineral soils with graminoid vegetation and arctic
ground squirrel nests suggest a steppe-tundra environment with deep, well-drained active
layers during this interval. Low carbon and nitrogen contents suggest sparse vegetation cover.
Layered to microlayered cryostructures suggest syngenetic aggradation of permafrost. Excess
ice has a general increase with height in the section, suggesting a shift to relatively warmer
and wetter conditions during this interval. Depleted water isotopes at the base of this unit
suggest cold temperatures associated with cold stage conditions. Enrichment of water isotopes
with height in the section suggests increasing air temperatures towards the end of the
Pleistocene. Aggradation rates are estimated between 0.06 to 0.14 cm/year, which are low
compared to the rapid aggradation during the mid-Holocene. Cryostratigraphy and
paleoenvironmental indicators in this unit are in good agreement with a unit that is similar in
age from the Lucky Lady II site in this study. This unit is comparable to the Quartz Creek
Member from Kotler and Burn (2000).

Radiocarbon dates from the second unit suggest that the sediment from 2.8 to 3.8 m was
deposited during the Bolling-Allered interstadial during the latest Pleistocene. The base of
this unit has a sharp, conformable contact, which is defined by a 10 cm thick paleosol with in
situ shrub and graminoid vegetation. The paleosol formed during the Belling-Allered as shrub
vegetation became established. The earliest shrub macrofossil is dated to 13,685 cal yrs BP
(11,885+35, UCIAMS-142206). A lack of arctic ground squirrel nests and the presence of
shrub vegetation suggest a shift away from steppe-tundra to shrub-dominated vegetation. The
appearance of shrub vegetation suggests the Klondike had relatively warmer and wetter
conditions at this time than during formation of the lowermost unit during the late Pleistocene.
Total carbon and nitrogen contents are not determined. One thin syngenetic ice wedge and
microlenticular cryostructures suggest syngenetic aggradation of permafrost. Abundant excess
ice in this unit also suggests that moisture was more readily available during this time, relative
to the underlying unit. Water isotopes are similar to slightly depleted compared to late

Holocene values, suggesting cooler temperatures associated with interstadial conditions.
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Cryostratigraphy and paleoenvironmental indicators in this unit are in good agreement with a
unit that is similar in age from the Lucky Lady II site in this study. Aggradation rates are not

defined. This unit may be comparable to the Dago Hill Member from Kotler and Burn (2000).

Radiocarbon dates from the uppermost unit suggest that the sediment from 3.8 to 7.0 m was
deposited during the mid-Holocene. The basal contact of this unit is sharp and undulating,
indicating an erosional unconformity with the underlying latest Pleistocene sediment. Large
wood macrofossils suggest boreal forest in relatively warmer and wetter conditions. Total
carbon and nitrogen contents are not defined. Syngenetic and epigenetic wedges are present,
possibly suggesting fluctuating deposition rates and/or frequency of thermal contraction
cracking. Lenticular and microlenticular cryostructures suggest syngenetic aggradation of
permafrost. Excess ice also suggests that the environment had more available moisture in the
landscape than the cold stage silts of the lowermost unit. Water isotopes are close to modern
values, suggesting warm temperatures associated with interglacial conditions. Rapid
deposition may have occurred during the mid-Holocene from repeated slumping of thawed
material, which is suggested by rapid rates of aggradation, randomly-oriented broken wood
macrofossils, and a prominent erosional unconformity with underlying sediment.
Cryostratigraphy and paleoenvironmental indicators in this unit are in good agreement with a
mid-Holocene deposit from the Upper Goldbottom site in this study. This unit is comparable
to the “Organic unit” from Kotler and Burn (2000).

Lower Quartz

The Lower Quartz site is located in a valley 33 km south of Dawson on a tributary to the
Indian River. The exposure consists of 5 m of basal gravel and 15 m of overlying ice-rich

brown silts with in situ graminoid vegetation (Figure 3-18, 3-19).
Description

This exposure consists of brown silts including in sifu graminoid vegetation from 5.0 to

20.0 m. Dawson tephra is present at 19.2 m. The contact between the gravel and silts is sharp.
Total carbon ranges from 2.4 to 4.6% and total nitrogen from 0.2 to 0.4%. Large multi-
generational syngenetic ice wedges (up to ~2.5 m wide) are regular throughout the lower

11 m and absent in the upper 9 m. Cryostratigraphy is characterized by non-parallel planar
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layered (~1 mm thick) to wavy lenticular (1 — 2 mm thick). Water isotopes range from
-31.16%o to -28.14%o0 'O and -237.6%o to -223.6%o 5°H, with a general trend of more
depleted isotopic ratios with height above the gravels. Based on five radiocarbon dates this
unit was deposited ca. 31,200 to 28,210 cal yrs BP (26,070+180, UCIAMS-101901;
23,990+560, UCIAMS-101864). Aggradation may have been rapid, with an estimated rate of
0.34 cm/year (Figure 3-20). Two arctic ground squirrel nests are present at 10.8 and 15.0 m,
which date to 30,160 and 28,210 cal yrs BP, respectively (25,920+180, UCIAMS-101914;
23,990+560, UCIAMS-101864). No in situ bones are present, however, detrital mammoth,

horse, and bison fossils are common.
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Figure 3-18 : Lower Quartz section containing 5 m of gravel and 15 m of overlying brown silt
with large syngenetic ice wedges. This unit, exposed from 5.0 to 20.0 m, consists of brown

silts including in situ graminoid vegetation and arctic ground squirrel nests.
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Figure 3-19 : Stratigraphic sketch of the Lower Quartz section. Dawson tephra (D.t.) is
present near the top of the exposure. Numbers correspond to DF10 sample numbers (e.g. 26 is
DF10-26).
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Figure 3-20 : Deposition model based on four radiocarbon dates from 8.5 to 15.0 m in the

Lower Quartz exposure. The estimated aggradation rate for this interval is 0.34 cm/year. The

relative position between samples is measured in meters.
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Interpretations

Radiocarbon dates and the presence of Dawson tephra in this unit suggest the sediment from
5.0 to 20.0 m was deposited during the MIS 3 — MIS 2 transition. The presence of graminoid
vegetation and arctic ground squirrel nests indicate cold, arid conditions with steppe-tundra
vegetation during this interval. Total carbon and nitrogen have a general decline with height
in the section suggesting a reduction in productivity in the landscape or perhaps less
incorporation of carbon and nitrogen in sediments due to high aggradation rates. The average
total carbon from this unit (3.2%; 16 = 0.7%) is slightly higher, but comparable to total
carbon contents at Quartz Creek reported by Sanborn et al. (2006) (2.5%; 16 = 1.5%) around
Dawson tephra time, ca. 29,375 cal yrs BP (25,300 e yrs BP) (Zazula et al., 2006).
Syngenetic wedges, common in the lower 11 m, are absent in the upper 9 m. Layered and
lenticular cryostructures suggest syngenetic aggradation of permafrost. Water isotopes
become more depleted with height in the section, suggesting cooling temperatures during the
MIS 2 — MIS 3 transition associated with the onset of cold stage conditions. High rates of
aggradation may be the result of increase loess production from the expanding ice sheets or it
could be from sampling along dipping bedding planes at the site, as suggested by D. Froese
(2014, pers. comm.). A comparable MIS 3 — MIS 2 transition unit from Upper Goldbottom
has only moderate aggradation rates. Dipping beds may also explain an inverted date from an
arctic ground squirrel nest (DF10-25) that was originally thought to be stratigraphically below
Dawson tephra, but contains graminoid vegetation dated ca. 1,150 years after Dawson tephra
time. Cryostratigraphy and paleoenvironmental indicators in this unit are in good agreement
with a unit that is similar in age from the Upper Goldbottom site in this study. This unit is

comparable to the Quartz Creek Member from Kotler and Burn (2000).
Upper Goldbottom

The Upper Goldbottom site is located in a valley 28 km south of Dawson on a tributary to the
Klondike River. The Upper Goldbottom site consists of an 28.5 m high exposure of fine-
grained sediment above a sharp contact with basal auriferous gravels. This exposure is
subdivided into five units, from bottom to top: (1) 12.6 m of brown and grey organic silts with
in situ shrub to graminoid vegetation, (2) 5.4 m of brown and grey silts with in sifu graminoid

vegetation and reworked twigs, (3) 4.5 m of grey silts with in sifu graminoid vegetation,
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(4) up to 4 m of black and grey organic-rich silts with abundant shrub and wood macrofossils,

and (5) at least 2 m of silt with abundant large wood macrofossils (Figure 3-21, 3-22).
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Figure 3-21 : The Upper Goldbottom site with a few of the dated samples. Contacts between

units are obscured by slumped material.
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Figure 3-22 : Stratigraphic sketch of the Upper Goldbottom site. Sample numbers correspond

to MM12 sample number unless otherwise specified.
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Description

The lowermost unit, exposed from 0 to 12.6 m, consists of brown and grey silts including in
situ fibrous organics, graminoid vegetation, and infrequent wood and shrub macrofossils
(Figure 3-23). Lenses 10 — 20 cm thick of rust-brown sandy gravel and one 10 — 20 cm thick
layer of clear segregated ice are present in this unit (Figure 3-24). The contact with underlying
gravels is obscured by slumped material. Total carbon ranges from 4.6 to 6.3% and total
nitrogen from 0.3 to 0.5%. Syngenetic ice wedges (1 — 3 m wide) are common throughout this
unit. Non-parallel wavy lenticular (2 — 4 mm thick) and microlenticular cryostructures are
present in otherwise structureless sediment. Water isotopes range from -28.08%o to -23.61%o
§'*0 and -218.9%o to -190.6%o 5°H. Four radiocarbon dates indicate deposition between
45,650 and 35,895 cal yrs BP (42,070+980, UCIAMS-122274; 32,000+320, UCIAMS-
114714). One arctic ground squirrel nest is present and dated to 35,895 cal yrs BP
(32,000+320, UCIAMS-114714), which is the oldest arctic ground squirrel nest from the
Klondike area with a finite radiocarbon date. Aggradation of this unit is estimated to be

0.08 cm/year from 43,985 to 35,895 cal yrs BP (Figure 3-25). Several in situ bones are
present in the lower few meters and many detrital large mammal bones are found at the base

of this unit, consisting of mostly bison and mammoth.
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Figure 3-23 : The lowermost unit at the Upper Goldbottom site is exposed from 0 to 12.6 m
and consists of brown silt including wood and shrub macrofossils in the lower 6 m and
graminoid-dominated vegetation in the upper 6.6 m. Syngenetic ice wedges are indicated by
the two arrows. Water isotopes have a general trend of becoming more depleted with height in
the section. One arctic ground squirrel nest is present at 12.6 m (the uppermost sample

indicated on the figure).
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Figure 3-24 : The lowermost unit from ~7.0 to 9.0 m at Upper Goldbottom. This unit is
characterized by brown silts including in situ graminoid and infrequent shrubby vegetation. A

10 — 20 cm layer of sandy gravels (at arrow) is overlain by 10 — 20 cm thick layer of clear ice
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Figure 3-25 : Deposition model for the lowermost unit based on three radiocarbon dates from
6.7 to 12.6 m at the Upper Goldbottom site. The estimated aggradation rate for this interval is

0.08 cm/year. The relative position between samples is measured in meters.
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The second unit, exposed from 12.6 to 18.0 m, consists of brown and grey silts including in
situ fibrous organics, graminoid vegetation, and infrequent reworked wood and shrub
macrofossils in sandy gravel lenses. No photographs of this unit were taken. Dawson tephra is
present in a 10 cm thick layer at 17.7 m. The contact with the underlying unit is obscured by
slumped material. Large syngenetic ice wedges (up to 3 m wide) are common throughout this
unit. Water isotope values range from -28.04%o to -23.97%o &'*O and -224.9%o to -188.1%o
8”H. One radiocarbon date below Dawson tephra indicates deposition rates of 0.07 cm/year
between 32,385 and 29,400 cal yrs BP (28,450+210, UCIAMS-142201; Dawson tephra age
from Zazula et al., 2006) (Figure 3-26). No other paleoenvironmental indicators were

analyzed from this unit.
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Figure 3-26 : Deposition model for the second unit based on one radiocarbon date at 15.7 m
and the presence of Dawson tephra at 17.7 m from the Upper Goldbottom site. The estimated
aggradation rate for this interval is 0.07 cm/year. The age of Dawson tephra is from Zazula et

al. (2006). The relative position between samples is measured in meters.
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The third unit, exposed from 18.0 to 22.5 m, consists of grey silts including in situ graminoid
vegetation and a few thin (up to ~15 cm thick) lenses of gravel (Figure 3-27). We were unable
to observe any contacts with other units due to slumping of material. Total carbon ranges
from 1.2 to 2.1% and total nitrogen from 0.1 to 0.2%. This unit lacks syngenetic ice wedges,
albeit one thin (20 cm wide) epigenetic ice wedge extends down from an overlying black
organic-rich silt unit. The overlying black silt unit is unable to be sampled. Cryostratigraphy
is characterized by zones of parallel wavy lenticular (2 — 4 mm thick) to microlenticular ice in
otherwise structureless silts. Water isotopes in this unit range from -30.78%a to -26.18%0 8'*0
and -232.6%o to -208.2%o 5°H. Based on four radiocarbon dates, this unit was deposited
25,285 to 18,820 cal yrs BP (20,960+150, UCIAMS-131095; 15,570+50, UCIAMS-122282).
Aggradation rates are estimated to be 0.13 cm/year from 25,285 to 24,525 cal yrs BP, and
0.03 cm/year from 20,375 to 18,490 cal yrs BP (Figure 3-28, 3-29). Four arctic ground
squirrel nests are present, three of which are radiocarbon dated from 25,285 to 20,375 cal yrs

BP (20,960+150, UCIAMS-131095; 16,895+45, UCIAMS-114712).
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Figure 3-27 : The third unit at the Upper Goldbottom site is exposed from 18.0 to 22.5 m and
consists of grey silts including in sifu graminoid vegetation and arctic ground squirrel nests.

Overlying sandy gravels are indicated by the arrow. Shovel is ~1.2 m high.
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Figure 3-28 : Deposition model for the third unit based on two radiocarbon dates at 18.5 and

19.5 m from the Upper Goldbottom site. The estimated aggradation rate for this interval is

0.13 cm/year. The relative position between samples is measured in meters.
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Figure 3-29 : Deposition model for the third unit based on two radiocarbon dates at 20.9 and
22.2 m from the Upper Goldbottom site. The estimated aggradation rate for this interval is

0.03 cm/year. The relative position between samples is measured in meters.
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The fourth unit, exposed from 22.5 to 26.5 m, consists of black and grey organic-rich silts
including in situ graminoid and shrub vegetation with thin (5 — 15 cm) interbedded lenses of
sand and gravels (Figure 3-30). An adjacent exposure dated to the same interval has relatively
less plant material in green-grey silts and interbedded humified brown organics, reworked
shrub and graminoid vegetation, and lenses of sands and gravels up to 15 cm thick (Figure
3-31). A sharp basal contact separates the underlying sediment. The upper 2 m of this unit is
sediment-rich aggradational ice that is unable to be sampled. Total carbon ranges from 3.6 to
5.4% and total nitrogen from 0.25 to 0.34%. No ice wedges are present. Cryostructures are
characterized by non-parallel wavy lenticular (4 — 16 mm thick) within otherwise structureless
(ice-poor) sediment. Water isotopes range from -23.39%o to -22.70%o0 'O and -180.0%o to
-172.8%o 6°H. Based on three radiocarbon dates, deposition of this unit began ca. 10,600 cal
yrs BP (9,395+25, UCIAMS-114910). Aggradation rates are not estimated for this unit due to

the radiocarbon samples being laterally-offset ~10 m.
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Figure 3-30 : The fourth unit at the Upper Goldbottom site (above arrow) is exposed from
22.5t0 26.5 m and consists of organic-rich black and grey silts with graminoid and shrubby
vegetation. There is a sharp basal contact (at arrow) with underlying grey silts of the second

unit. Width of ice axe head is 21 cm.
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Figure 3-31 : The upper 2 m of the fourth unit exposed from 24.5 to 26.5 m at the Upper
Goldbottom site. This unit consists of green-grey silts and gravelly sands including
interbedded humified brown silts with shrub and graminoid vegetation. Knife handle is 11 cm
long.

The uppermost unit, exposed from 26.5 to 28.5 m, consists of a layer of black silts including
abundant randomly-oriented broken wood macrofossils. This unit is unable to be reached for
sampling except to recover a piece of wood for radiocarbon dating. This unit has a sharp,

undulating basal contact. One large woody macrofossil is radiocarbon dated to 5,945 cal yrs
BP (5,185+20, UCIAMS-114898).

Interpretations

Radiocarbon dates in the lowermost unit suggests the sediment from 0 to 12.6 m was
deposited during the late MIS 3. Basal contact is obscured by slumped material. Vegetation
trends from graminoid vegetation with numerous wood and shrub macrofossils from 0 to

6.0 m to graminoid-dominated vegetation from 6.0 to 12.6 m, which suggests a trend to more
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arid conditions during the MIS 3 — MIS 2 transition. The earliest arctic ground squirrel nest in
this study is at 12.6 m, suggesting the presence of steppe-tundra vegetation by ca. 36,000 cal
yrs BP. Lenses of rust-brown sandy gravels suggest the presence of minor local tributary
influences at the site during this interval. A 10 — 20 cm thick layer of pure ice may be a buried
snowbank, which has isotopic values comparable to an adjacent ice wedge. Total carbon and
nitrogen contents are high in the lower 6 m and suggest productive environments during this
interval. Carbon and nitrogen contents are not determined from 6.0 to 12.6 m. Large
syngenetic ice wedges and lenticular and microlenticular cryostructures suggest syngenetic
aggradation of permafrost. Moderately depleted isotopes suggest slightly colder-than-present
mean annual air temperatures associated with interstadial conditions. Water isotopes become
more depleted with height, suggesting dropping air temperatures associated with the onset of
cold stage conditions during the MIS 3 — MIS 2 transition. Aggradation rates during this
interval are moderate. Cryostratigraphy and paleoenvironmental indicators in this unit are in
good agreement with a unit of similar age from the Upper Hunker site in this study, albeit
with less abundant vegetation and colluvium. Water isotopes from this unit are comparable to

the Last Chance Creek Member values from Kotler and Burn (2000).

One radiocarbon date and the presence of Dawson tephra in the second unit suggests the
sediment from 12.6 to 18.0 m was deposited during the late MIS 3 to early MIS 2. Basal
contact is obscured by slumped material. Sediment contains in situ graminoid vegetation with
few reworked shrub macrofossils, which suggests a trend more arid conditions during the
MIS 3 — MIS 2 transition. Total carbon and nitrogen contents are not determined for this unit.
Large syngenetic ice wedges suggest syngenetic aggradation of permafrost. Moderately
depleted isotopes suggest slightly colder-than-present mean annual air temperatures
associated with interstadial conditions. Aggradation rates during this interval are lower than
the estimated rate from Lower Quartz (0.34 cm/year). Lower Quartz stratigraphic relations
may be compromised however by dipping bedding planes along the exposed face (D. Froese
2014, pers. comm.). Water isotopes in this unit are slightly enriched compared to the Lower
Quartz site. The presence of reworked woody material in sandy gravel lenses in this unit
suggests that there may be local reworking of material. This unit is comparable to the Quartz

Creek Member from Kotler and Burn (2000).
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Radiocarbon dates from the third unit suggest the sediment from 18.0 to 22.5 m was deposited
during the height of the last cold stage. The basal contact of this unit is obscured by slumped
material. The presence of arctic ground squirrels and in situ graminoids indicate steppe-tundra
vegetation. Low total carbon and nitrogen values suggest relatively sparse vegetation cover
when compared to MIS 3 values in the lowermost unit. One enriched epigenetic ice wedge
extends downward from overlying organic-rich sediment which is unable to be sampled.
Cryostructures are lenticular and microlenticular, suggesting syngenetic aggradation of
permafrost. The most depleted water isotopes from this site are from this unit, suggesting cold
temperatures associated with cold stage conditions. Aggradation is moderate to low, possibly
due to a lack of woody vegetation that would entrap windblown silts (loess). Cryostratigraphy
and paleoenvironmental indicators in this unit are in good agreement with units of similar age
from the Black Hills and Lower Hunker sites. This unit is comparable to the Quartz Creek
Member from Kotler and Burn (2000).

Radiocarbon dates from the fourth unit suggest the sediment from 22.5 to 26.5 m was
deposited during the early Holocene. The basal contact with the third unit is sharp and
unconformable. Shrub vegetation is present, suggesting warmer and wetter conditions than
were present during the last cold stage. Total carbon and nitrogen contents are higher than last
cold stage soils and slightly less than the boreal forest soils of the lowermost unit. The
presence of lenticular cryostructures suggests syngenetic aggradation of permafrost. Water
isotopes are similar to modern precipitation, suggesting warm temperatures associated with
interglacial conditions. Aggradation rates are not determined. Cryostratigraphy and
paleoenvironmental indicators in this unit are in good agreement with a unit similar in age
from the Lucky Lady II and Lower Hunker sites in this study. This unit is comparable to the
“Organic unit” from Kotler and Burn (2000).

Radiocarbon dates from the fifth unit suggest the sediment from 26.5 to 28.5 m was deposited
during the mid-Holocene. The contact with underlying sediment is sharp and unconformable.
Large Holocene wood is indicative of boreal forests. Cryostructures, total carbon and nitrogen,
and other paleoecological indicators in this unit are not defined. The broken, randomly-

oriented wood may be the result of thaw slumping of organic-rich sediment into valley-
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bottoms, and is in good agreement with the mid-Holocene unit at Upper Quartz. This unit may

be comparable to the “Organic unit” from Kotler and Burn (2000).
Lucky Lady 11

The Lucky Lady II site is located in the middle of a broad valley 46 km south of Dawson on a
tributary to the Indian River. An 11.5 m section of the exposure is sampled and can be divided
into two units: (1) 3.5 m of grey silts with in situ graminoid vegetation, overlain by (2) 8 m of
organic-rich grey and black silts with in situ shrub vegetation (Figure 3-32, 3-33). The contact
between the two units is defined by the appearance of shrubby vegetation. This site has had a
series of five vertical cores drilled that range from 2.4 to 4.3 m each, which allow for high-
resolution isotope and radiocarbon analyses across the boundary between the silt and organic
units (scans of all cores are in Appendix F). In all, 96 water isotope values and 27 radiocarbon

dates from Lucky Lady II are included in this study.
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Figure 3-32 : General view of the Lucky Lady II section. A sharp contact (at arrow) separates
grey silts including in sifu graminoid vegetation of the lower unit, sampled from 0 to 3.5 m,
from the upper unit, which is sampled from 3.5 to 11.5 m and consists of organic-rich black

and grey silts including in situ shrub and graminoid vegetation.
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Figure 3-33 : Stratigraphic sketch of the Lucky Lady II exposure. Water and radiocarbon
samples in the figure are only a few of the total number of samples analyzed from the five

vertical cores (LL2A, LL2B, LL2C, LL2S, and LL2-12).
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Description

The lowermost unit, exposed from 0 to 3.5 m, consists of grey silts including in situ

graminoid vegetation (Figure 3-34). A ~4 — 6 cm laterally-continuous black organic-rich
horizon is present 80 cm below the overlying unit in otherwise grey silts including in situ
graminoid vegetation (Figure 3-35). This black horizon has four radiocarbon dates between
13,410 to 13,140 cal yrs BP (11,580+35, UCIAMS-143308; 11,290+160, UCIAMS-56390).

A series of thinner black horizons are interspersed from 2.7 to 3.5 m. Total carbon ranges

from 1.0 to 1.9% and total nitrogen ranges from 0.1 to 0.2%. One thin syngenetic ice wedge
(~30 cm wide) is located ~3 m below the top of this unit. Cryostratigraphy is characterized by
1 — 3 mm thick parallel wavy lenticular cryostructures in otherwise structureless (ice-poor)
sediment. Water isotopes range from -29.14%o to -21.18%o 8'*0 and -220.3%o to -167.7%o &°H.
The isotopic ratios generally become more enriched with height. This unit was deposited from
ca. 16,500 to 13,150 cal yrs BP (13,680+35, UCIAMS-51324; 11,290+160, UCIAMS-56390).
Aggradation of this unit is estimated to be 0.12 to 0.62 cm/year (Figure 3-36, 3-37). Three
arctic ground squirrel nests have been dated from this unit and range in age from 16,500 to
13,675 cal yrs BP (13,680+35, UCIAMS-51324; 11,875+35, UCIAMS-131092). Several in

situ horse and bison bones are present.
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Figure 3-34 : The lowermost unit at the Lucky Lady II site is exposed from 0 to 3.5 m and
consists of grey silts with in situ graminoid vegetation and a ~4 — 6 cm laterally-continuous

black organic-rich horizon (at arrow) 80 cm below the top of this unit. Ice axe is 80 cm high.



87

" 11,2902460 )

11,360+40
110535136

Figure 3-35 : The lowermost unit at Lucky Lady II includes a distinct ~4 — 6 cm thick,
laterally-continuous black organic horizon at 2.7 m (at arrow). This black horizon has four
radiocarbon dates ranging from 13,410 to 13,140 cal yrs BP (11,580+35, UCIAMS-143308;
11,290+160, UCIAMS-56390). A series of thinner black horizons are present throughout the

section above this black layer.
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Figure 3-36 : Deposition model for the lower unit at Lucky Lady II based on two radiocarbon
dates from 0.95 to 1.70 m. The estimated aggradation rate for this interval is 0.12 cm/year.

The relative position between samples is measured in meters.
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Figure 3-37 : Deposition model for the lower unit at Lucky Lady II based on seven

radiocarbon dates from 2.70 to 3.50 m. The estimated aggradation rate for this interval is 0.62

cm/year. The relative position between samples is measured in meters.
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The second unit, exposed from 3.5 to 11.5 m, consists of grey and black silts including in situ
shrub and graminoid vegetation (Figure 3-38). The sediment in this unit generally becomes
more organic-rich with height. Black organic horizons typically ~2 — 6 cm thick are
interspersed throughout this unit. Total carbon ranges from 1.1 to 6.0% and total nitrogen
ranges from 0.1 to 0.5%. No ice wedges are present. Cryostructures are mainly parallel
lenticular (~2 mm thick) and microlenticular to structureless. Water isotopes average -21.02%o
80 (16 = 0.62%o0) and -166.0%o 6°H (16 = 4.7%). This unit was deposited 13,150 to 8,525
cal yrs BP (11,300+35, UCIAMS-142197; 7,750+25, UCIAMS-143296). Aggradation of this
unit is estimated to be 0.12 to 0.19 cm/year (Figure 3-39, 3-40, 3-41). No fossils are present in

situ in this unit.
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Figure 3-38 : The upper unit (above arrow) is sampled from 3.5 to 11.5 m at Lucky Lady II
and consists of black and grey silts with abundant in sifu shrub and graminoid vegetation.

This unit generally becomes more organic-rich with height.
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Figure 3-39 : Deposition model for the upper unit at Lucky Lady II based on three
radiocarbon dates from 4.45 to 7.36 m. The estimated aggradation rate for this interval is

0.12 cm/year. The relative position between samples is measured in meters.
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Figure 3-40 : Deposition model for the upper unit at Lucky Lady II based on three
radiocarbon dates from 3.70 to 5.70 m. The estimated aggradation rate for this interval is

0.19 cm/year. The relative position between samples is measured in meters.
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Figure 3-41 : Deposition model for the upper unit at Lucky Lady II based on three

radiocarbon dates from 8.63 to 10.47 m. The estimated aggradation rate for this interval is

0.15 cm/year. The relative position between samples is measured in meters.
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Interpretations

Radiocarbon dates from the lower unit suggest the sediment from 0 to 3.5 m was deposited
during the latest Pleistocene. Basal contact is not visible. The presence of graminoid
vegetation, mineral soils, and arctic ground squirrel nests suggest a steppe-tundra landscape
with deep, well-drained active layers. The distinct black layer at 2.7 m is a paleosol.
Increasing carbon and nitrogen contents from 2.7 to 3.5 m suggests increasing vegetation
cover in response to warming air temperatures during the last glacial-interglacial transition.
Lenticular cryostructures suggest syngenetic aggradation of permafrost. Enrichment of water
isotopes with height in the section suggests rising air temperatures. Aggradation rates for the
lower unit are moderate and comparable to the upper unit, with the exception of the upper

80 cm between the paleosol and earliest shrub appearance, which is estimated to be
approximately half the rate. This unit is comparable to the Quartz Creek Member from Kotler
and Burn (2000).

Radiocarbon dates from the upper unit suggest that the sediment from 3.5 to 11.5 m began
deposition during the Bolling-Allered interstadial and continued through the early Holocene.
The appearance of shrub vegetation in the upper unit defines the conformable contact with the
underlying Pleistocene silts. A lack of arctic ground squirrel nests, the presence of shrub
vegetation, and enriched water isotopes suggest a shift from steppe-tundra to shrub vegetation
by the start of the second unit. Total carbon and nitrogen contents are higher in the upper unit
than in the lower unit, suggesting a more productive environment. Lenticular and
microlenticular cryostructures indicate syngenetic aggradation of permafrost. Warmer-than-
present temperatures of the early Holocene thermal maximum are suggested by a ~1.5%o
enrichment in 5'*0 from 11,000 to 9,000 cal yrs BP. Aggradation rates for this unit are
moderate. This unit may be comparable to the Dago Hill and “Organic unit” from Kotler and

Burn (2000).
Brimstone

The Brimstone site is located in the middle of a broad valley 46 km south of Dawson on a
tributary to the Indian River. Situated near the middle of a broad valley this 6 m exposure is

subdivided into two units: (1) lower 3 m of ice-rich grey silts and black organic-rich silt
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horizons with large woody macrofossils, and (2) upper 3 m grey silts with woody and fibrous

macrofossils (Figure 3-42, 3-43). No mammal fossils are present at the site.

Figure 3-42 : General view of Brimstone site. The lower unit is exposed 0 to 3.0 m and
overlain by a sharp contact with the upper unit, which is exposed from 3.0 to 6.0 m. Both
units consist of crudely stratified organic-rich grey, brown, and black silts including abundant
wood and fibrous organics. Syngenetic ice wedges are present in both units (not pictured). Ice

axe is 80 cm high.
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Figure 3-43 : Sketch of the Brimstone site stratigraphy. Sample numbers correspond to DF12
samples (e.g. 41 is DF12-41).
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Description

The lower unit, exposed from 0 to 3.0 m, consists of crudely stratified ice-rich grey and black
organic silts including large woody macrofossils (Figure 3-44). Sections of dry grey silt
horizons ~15 cm thick are present. Surrounding sediments in this unit are sandy and wood-
rich. Total carbon ranges from 2.2 to 3.4% and total nitrogen from 0.15 to 0.2%. A syngenetic
ice wedge sampled at 2.0 m is ~50 cm wide. Lenticular and layered ice (1 — 1.5 c¢m thick) is
present in this unit, with mostly structureless grey silts in the upper ~1 m. Water isotopes
range from -24.96%o to -21.98%o 8'*0 and -190.0%o to -169.9%o 8°H. Three samples are
radiocarbon dated to 6,600, 6,445, and 3,900 cal yrs BP (5,800+25, UCIAMS-122287;
5,665+20, UCIAMS-114900; 3,595+20, UCIAMS-114916). The youngest of these is located
between a sharp overlying contact and the top of a truncated syngenetic ice wedge and may be
reworked material. Excluding this sample, aggradation rates for this unit are estimated to be

0.48 cm/year (Figure 3-45).
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Figure 3-44 : The lower unit at the Brimstone site is exposed from 0 to 3.0 m and consists of
black and grey silts with black organic silt lenses and layers including in situ fibrous and
woody organic macrofossils. This unit contains one syngenetic ice wedge at 2.0 m (not

pictured) that is ~50 cm wide. Ice axe is 80 cm high.
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Figure 3-45 : Deposition model for the lower unit based on two radiocarbon dates at 1.75 and

2.5 m at the Brimstone site. The estimated aggradation rate for this interval is 0.48 cm/year.

The relative position between samples is measured in meters.
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The upper unit, exposed from 3.0 to 6.0 m, consists of crudely stratified organic-rich grey,
brown, and black silts including abundant wood and fibrous organics (Figures 3-46, 3-47).
The contact with the underlying unit is sharp. Total carbon ranges from 2.1 to 4.4% and total
nitrogen from 0.15 to 0.2%. One syngenetic ice wedge (~45 cm wide) is present at 5.0 m.
Above the truncated ice wedge, 60 cm of crudely stratified sandy silt and woody macrofossils
up to 5 cm in diameter are overlain by 45 cm of retranslocated fibrous organics and grey silts
(Figure 3-48). Lenticular and layered ice (up to 1 cm thick) is present in this unit. Water
isotopes range from -25.84%o to -21.96%o 5'*0 and -200.9%o to -167.4%o 8°H. This unit was
deposited 1,485 to 1,015 cal yrs BP (1,610+20, UCIAMS-114915; 1,115+20, UCIAMS-
114917). Aggradation of this unit is estimated to be 0.48 cm/year (Figure 3-49).
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Figure 3-46 : The upper unit at the Brimstone site is exposed from 3.0 to 6.0 m and consists of
crudely stratified grey, brown, and black silt with in situ and reworked fibrous organic and
woody macrofossils. The arrow indicates the top of a truncated syngenetic ice wedge. Shovel

is ~1.2 m high.



Figure 3-47 : Closer view of syngenetic ice wedge at 5.0 m in the upper unit at the Brimstone

site. The arrow indicates the top of the truncated ice wedge.



Figure 3-48 : The uppermost 80 cm in the upper unit at the Brimstone site, which consists of

massive to crudely stratified grey and brown sandy silts with retranslocated fibrous and
woody macrofossils. Bottom of the photo is ~20 cm above a truncated syngenetic ice wedge.

Ice axe head is 21 cm wide.
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Figure 3-49 : Deposition model for the upper unit based on two radiocarbon dates at 4.6 and
5.1 m at the Brimstone site. The estimated aggradation rate for this interval is 0.09 cm/year.

The relative position between samples is measured in meters.
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Interpretations

Radiocarbon dates from the lower unit suggest that the sediment from 0 to 3.0 m was
deposited during the mid-Holocene. The basal contact is obscured by slumped material. Large
Holocene wood macrofossils indicate boreal forest. Total carbon and nitrogen content is
slightly less than early Holocene units from Lower Hunker and Upper Goldbottom, which
may be the result of rapid aggradation as suggested by the radiocarbon dates in this unit. One
small syngenetic ice wedge is present at 2.0 m. Cryostructures are lenticular and layered,
suggesting syngenetic aggradation of permafrost. The water isotopes are comparable to
modern precipitation, suggesting air temperatures similar to today. Aggradation rates of

0.48 cm/year indicate high rates of deposition during this interval, which is in good agreement
with aggradation rates from the mid-Holocene unit at Upper Quartz. This unit may be

comparable to the “Organic unit” from Kotler and Burn (2000).

Radiocarbon dates from the upper unit suggest that the sediment from 3.0 to 6.0 m was
deposited during the late Holocene. A sharp, undulating contact with the lower unit is likely
an unconformity that occurred sometime between ca. 6,500 and 2,000 cal yrs BP, as
suggested by organic material dated to 3,900 cal yrs BP located just below the unconformity
and above a truncated syngenetic ice wedge. This is ca. 2,500 years younger than sediments
surrounding the ice wedge and may have been reworked into the active layer at the time of the
unconformity. Large wood and fibrous organics indicate a full boreal environment. Total
carbon and nitrogen content is similar to the lower unit, which is slightly lower than expected
probably due to high rates of aggradation. One thin syngenetic ice wedge is present at 5.0 m.
Cryostructures are layered and lenticular, suggesting syngenetic aggradation of permafrost.
Water isotopes are comparable to modern precipitation, suggesting air temperatures similar to
today. Aggradation rates of 0.09 cm/year suggest lower aggradation rates compared to the

mid-Holocene. This unit may be comparable to the “Organic unit” from Kotler and Burn

(2000).
Upper Hunker

The Upper Hunker site is located in a valley 26 km south of Dawson on a tributary to the

Klondike River. Auriferous gravels are ~7 m below the described section. This exposure is
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13.2 m thick and can be subdivided into four units, from bottom to top: (1) 5.1 m of grey silts,
(2) 3.7 m wood-rich silts, (3) 2 m of silt-rich ice with woody macrofossils, and (4) 2.4 m of
diamict interbedded with in sifu fibrous organics (Figure 3-50, 3-51). Contacts between units

are sharp. Aggradation rates were not able to be determined from this exposure.
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Figure 3-50 : General view of Upper Hunker site.
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Figure 3-51 : Stratigraphic sketch of Upper Hunker. Sample numbers correspond to MM 12

samples.
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Description

The lowermost unit, exposed from 0 to 5.1 m, consists of grey silts including in situ
graminoid vegetation (Figure 3-52). Basal contact obscured by slumped material. Total
carbon is 2.8% and total nitrogen is 0.2%. One syngenetic ice wedge (40 cm wide) is present
at 1.0 m in otherwise relatively ice-poor sediment. Cryostructures are primarily structureless
with microlenticular ice. Water isotopes range from -30.02%o to -29.12%o 8'*0 and -231.0%o
to -224.9%o 5°H. One radiocarbon date from an arctic ground squirrel nest is non-finite

(>49,500 “C yrs BP, UCIAMS-114717).

(:28.57)
~49 500 )1

Figure 3-52 : The lowermost unit at the Upper Hunker site is exposed from 0 to 5.1 m and
consists of grey silts with in situ graminoid vegetation. One non-finite arctic ground squirrel
nest is indicated by the white dot. This unit has one 40 cm wide ice wedge (not pictured). Ice

axe is 80 cm high.
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The second unit, exposed from 5.1 to 8.8 m, consists of grey and brown organic silts
including abundant woody macrofossils and roots (Figure 3-53). The contact with the
lowermost unit is obscured by slumped material. This unit also contains thick (up to 50 cm)
lenses of wood-rich diamict. Total carbon and nitrogen are not determined. The organic silts
contain large syngenetic ice wedges (up to 1.5 m wide). Cryostructures are mainly parallel
planar layered and lenticular ice (up to 1 cm thick). Water from the only pore ice sample in
this unit has isotopic values of -25.8%o 8'*0 and -198.0%o °H. This unit was deposited

ca. 48,550 to 46,800 cal yrs BP based on two radiocarbon dates (46,350+1,900, UCIAMS-
122276; 43,200+1,100, UCIAMS-114724). This unit is particularly fossiliferous, containing

abundant bison fossils and, to a lesser extent, horse and mammoth.
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Figure 3-53 : The second unit at Upper Hunker, exposed from 5.1 to 8.8 m, containing in situ
wood, shrub, and graminoid vegetation. Multi-generational syngenetic ice wedges (up to
1.5 m thick) are present throughout this unit. A sharp contact with the third unit at 8.8 m is

indicated by arrow.
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The third unit, exposed from 8.8 to 10.8 m, consists of ice-rich grey silt including lenses of
silt-rich ice containing in situ graminoid and reworked woody vegetation (Figure 3-54). The
boundary separating the underlying unit is sharp. The contact with the overlying layer is a
sharp boundary with a distinct change to in sifu fibrous organics with interspersed diamict and

abundant wood macrofossils. Total carbon and nitrogen are not determined. Cryostructures

are mainly parallel wavy layered and lenticular ice (up to 8 mm thick). Water isotopes range
from -23.42% to -22.40%o0 8'°0 and -179.5%o to -170.1%o §’H. One radiocarbon date
indicates deposition of this unit began ca. 6,000 cal yrs BP (5,320+15, UCIAMS-114727).

Figure 3-54 : Numbered arrows indicate sharp contacts at the base of the third and fourth units
at the Upper Hunker site. Arrow “1” marks the base of the third unit, exposed 8.8 to 10.8 m,
which consists of ice-rich grey silts with in sifu graminoid and reworked woody vegetation.
Arrow “2” marks the base of the uppermost unit, exposed 10.8 to 13.2 m, which consists of in
situ fibrous organics in grey silts and thick layers (up to 1 m) of wood-rich diamict. Ice axe is

80 cm high.
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The uppermost unit, exposed from 10.8 to 13.2 m, consists of grey and black silts including
layers of in situ fibrous organics and diamict (see Figure 3-54). The basal contact of this unit
is sharp. Cryostructures, total carbon and nitrogen, and other paleoecological indicators are
not determined for this unit. Radiocarbon dates from the base of this unit indicate deposition

began ca. 1,500 cal yrs BP (1,655+15, UCIAMS-114732).
Interpretations

Radiocarbon dates from the lowermost unit suggest that the sediment from 0 to 5.1 m was
deposited >50,000 years ago. Basal contact is obscured by slumped material. Sediment
contains in situ graminoid vegetation and arctic ground squirrel nests indicating steppe-tundra.
Total carbon and nitrogen contents are slightly above typical cold stage values and are more
similar to contents from late MIS 3 sediment at Upper Quartz. One syngenetic wedge is
present. Depleted water isotopes suggest lowered temperatures associated with cold stage
conditions. Aggradation rates are not estimated. Water isotopes from this unit are slightly

more depleted than the Last Chance Creek Member values from Kotler and Burn (2000).

Radiocarbon dates from the second unit suggest that the sediment from 5.1 to 8.8 m was
deposited during the MIS 3 interstadial. The contact with the lowermost unit is sharp and
unconformable. Large wood in this unit suggests a boreal forest environment. Ice-rich
permafrost with large ice wedges suggests syngenetic aggradation of permafrost. Moderately
depleted isotopes suggest slightly colder-than-present mean annual air temperatures
associated with interstadial conditions. Cryostructures, total carbon and nitrogen, and other
paleoecological indicators in this unit are not determined. Water isotopes from this unit are

comparable to the Last Chance Creek Member values from Kotler and Burn (2000).

Radiocarbon dates from the third unit suggest that the sediment from 8.8 to 10.8 m was
deposited during the mid-Holocene. The basal contact of this unit is sharp and unconformable.
This unit generally corresponds with the first widespread appearances of large Holocene
wood macrofossils from other mid-Holocene deposits in this study. Ice-rich silts and
syngenetic ice wedges suggest relatively moist conditions during syngenetic aggradation of
permafrost. Water isotopes are comparable to modern precipitation, indicating warm

temperatures in interglacial conditions. Cryostructures, total carbon and nitrogen, and other
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paleoecological indicators in this unit are not defined. This unit may be comparable to the

“Organic unit” from Kotler and Burn (2000).

Radiocarbon dates from the uppermost unit suggest that the sediment from 10.8 to 13.2 m was
deposited during the late Holocene. Contact with the underlying unit is sharp and
unconformable. Abundant in situ fibrous and woody organics suggest warm and moist
environments. Thick layers of colluvium with randomly-oriented wood pieces suggest
deposition by mass movement, possibly resulting from slope failure associated with thawing
permafrost. Cryostructures, total carbon and nitrogen, and other paleoecological indicators are

not defined. This unit may be comparable to the “Organic unit” from Kotler and Burn (2000).
Lower Hunker

The Lower Hunker site is located in the middle of a broad valley 15 km south of Dawson on a
tributary to the Klondike River. The Lower Hunker section is 20.5 m thick and can be divided
into four units, from bottom to top: (1) 3 m organic-rich black and grey silt with abundant
wood macrofossils, (2) 5 m of organic-rich black and grey silt with graminoid vegetation,

(3) 8.5 m of grey silt with graminoid vegetation, and (4) 4 m of organic-rich black and grey
silts with abundant wood and shrub macrofossils (Figure 3-55, 3-56). Contacts between units
are sharp, albeit the contacts above and below the second unit are obscured by slumped
material. No arctic ground squirrel nests are present at the site. Many detrital mammal bones

were found, mostly horse, and to a lesser extent bison and mammoth.
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Figure 3-55 : General view of the Lower Hunker exposure. The lowermost unit, exposed from
0 to 3.0 m, consists of black and grey silts including woody macrofossils and syngenetic ice
wedges (marker “17). The third unit, exposed from 8.0 to 16.5 m, consists of grey silt with in

situ graminoid vegetation (marker “2”). The second and fourth units are not pictured.
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Figure 3-56 : Sketch of the Lower Hunker exposure. Sample numbers correspond to MM 12

samples.
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Description

The lowermost unit, exposed from 0 to 3.0 m, consists of organic-rich black and grey silts
including abundant shrub and wood macrofossils (Figure 3-57). The contact with the
overlying unit is sharp, while the contact with the underlying gravels is covered by slumped
material. Total carbon is 5.7% and total nitrogen is 0.4%. One syngenetic ice wedge 1.5 m
wide is truncated 1.5 m below the upper contact. This unit is characterized by non-parallel
wavy microlenticular ice. Water isotopes range from -28.88%o to -25.07%o 8'°0 and -225.7%o
to -194.6%o 5°H. One radiocarbon sample is non-finite (49,600+2,400, UCIAMS-114715).

o (-25.07)
49,600+2,4

Figure 3-57 : The lowermost unit at the Lower Hunker site is exposed from 0 to 3.0 m and
consists of organic-rich black and brown silts with in situ shrub and wood macrofossils. A
thick syngenetic ice wedge (at arrow) is present. This unit is beyond the limits of radiocarbon

dating.
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The second unit, exposed from 3.0 to 8.0 m, consists of ~0.5 to 2 m thick layers of grey to
brown silts including in sifu graminoid vegetation and twigs (Figure 3-58). The basal contact
is obscured by slumped material between the two units, which are laterally-offset. Total
carbon is 5.1% and total nitrogen is 0.5%. Four generations of syngenetic ice wedges (up to
1 m wide) are present in this unit. The silts are generally structureless with lenticular ice

(1 — 3 mm thick). One sampled ice wedge has water isotopic values of -27.75%0 8'°0 and
-214.5%0 8°H. Associated organic-rich silts have isotopic values of -24.77%o 8'*0 and
-197.6%0 8*H. An organic macrofossil from the unit dates to 34,950 cal yrs BP (31,020+250,
UCIAMS-114726).
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Figure 3-58 : The second unit at the Lower Hunker site is exposed from 3.0 to 8.0 m and
consists of grey to brown silts including abundant in situ graminoid vegetation and twigs. Ice
wedges up to 1 m wide are present throughout this unit. Graminoid vegetation is dated to

34,950 cal yrs BP (31,020+250, UCIAMS-114726).
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The third unit, exposed from 8.0 to 16.5 m, consists of grey silts including in situ graminoid
vegetation (Figure 3-59). The basal contact is obscured by slumped material. Total carbon
ranges from 1.0 to 1.6% and total nitrogen from 0.06 to 0.1%. One thin syngenetic ice wedge
(~30 cm wide) is sampled at 12.0 m. Another thin ice wedge is sampled at 14.0 m but is likely
epigenetic and may have formed during the deposition of the overlying organic-rich unit. This
unit is characterized by microlenticular and microlayered cryostructures in otherwise
structureless permafrost. One instance of reticulate-chaotic ice is present at 8.0 m in the
lowermost sample from this unit. Sediment is increasingly ice-rich in the upper 1 m, from
15.5 to 16.5 m. Water isotopes range from -32.48%o to -27.86%o 5'°O and -245.6%o to
-213.6%0 5°H. Based on four radiocarbon dates, this unit was deposited from 27,295 to

22,720 cal yrs BP (22,900+190, UCIAMS-122281; 19,780+150, UCIAMS-122283).
Aggradation rates are estimated to be 0.17 cm/year from 27,295 to 23,810 cal yrs BP (Figure
3-60). No arctic ground squirrel nests are present, however there are several zones containing
small clusters of fecal pellets which are believed to be from arctic ground squirrels (Zazula et

al., 2005).
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Figure 3-59 : The third unit at the Lower Hunker site is exposed from 8.0 to 16.5 m and

contains grey silts with in situ graminoid vegetation. Shovel is ~1.2 m high.
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Figure 3-60 : Deposition model for the third unit based on three radiocarbon dates from 8.0 to
14.0 m at the Lower Hunker site. The estimated aggradation rate for this interval is

0.17 cm/year. The relative position between samples is measured in meters.
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The uppermost unit, exposed 16.5 to 20.5 m, consists of black to grey organic-rich silt up to

4 m thick including reworked woody organic macrofossils (Figure 3-61). The contact with the
underlying unit is sharp and undulating. Total carbon ranges from 2.8 to 5.4% and total
nitrogen from 0.2 to 0.25%. Several thin ice wedges (up to 30 cm wide) and segregated ice
lenses (up to 15 cm thick) are present in this unit. This unit is characterized by non-parallel
wavy lenticular ice (1 — 3 mm thick) and microlayered cryostructure. Water isotopes range
from -23.31% to -20.85%o 8'°0 and -166.5%o to -160.3%o °H. This unit is dated to 9,290 cal
yrs BP (8,280+25, UCIAMS-114901).

A (23,31

8,280+25 &
°

:‘r",_,j@‘v‘:‘f o, i
< T : ‘

Figure 3-61 : The third unit (below arrow) at the Lower Hunker site is exposed from 8.0 to
16.5 m and consists of grey silts with in situ graminoid vegetation. The uppermost unit,
exposed from 16.5 to 20.5 m, has a sharp basal contact (at arrow) and consists of organic-rich

black and grey silts with in situ shrub and graminoid vegetation. Ice axe is 80 cm high.
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Interpretations

Radiocarbon dates from the lowermost unit suggest the sediment from 0 to 3.0 m was
deposited >50,000 years ago. The basal contact is obscured by slumped material. Black and
grey silts including woody plants, syngenetic ice wedges, and microlenticular cryostructures
suggest syngenetic permafrost aggradation during relatively warmer and wetter conditions.
Depleted water isotopes suggest moderately cold temperatures most likely associated with
interstadial conditions. Aggradation rates cannot be estimated. Water isotopes from this unit

are comparable to Last Chance Creek Member values from Kotler and Burn (2000).

Radiocarbon dates from the second unit suggest that the sediment from 3.0 to 8.0 m was
deposited during the late MIS 3 interstadial. Contact with the lowermost unit is obscured by
slumped material. Abundant graminoid vegetation suggests a productive environment. Total
carbon and nitrogen contents are high, similar to other MIS 3 samples from Upper
Goldbottom. Large syngenetic ice wedges and lenticular cryostructures suggest syngenetic
aggradation of permafrost. Moderately depleted isotopes suggest slightly colder-than-present
mean annual air temperatures associated with interstadial conditions. Aggradation rates
cannot be estimated. Cryostratigraphy and paleoenvironmental indicators in this unit are in
good agreement with a unit of similar age from the Upper Goldbottom site. Water isotopes

from this unit are comparable to the Last Chance Creek Member values from Kotler and Burn

(2000).

Radiocarbon dates from the third unit suggest the sediment from 8.0 to 16.5 m was deposited
during the last cold stage. The basal contact of this unit is sharp and unconformable.
Graminoid vegetation suggests a cryoxeric environment. Low total carbon and nitrogen
suggest sparse vegetative cover compared to the other three units in the exposure. The
presence of a thin syngenetic ice wedge in sediment with microlenticular and microlayered
cryostructures suggests syngenetic aggradation of permafrost. Reticulate-chaotic structure in
the lowermost sample may have resulted from local thaw. One ice wedge in the upper 2.5 m
contains enriched isotopes, suggesting an epigenetic origin of the ice wedge as the water
isotopes indicate warmer temperatures associated with interglacial conditions. This unit
contains some of the most depleted water isotopes in this study, suggesting the coldest

conditions occurred ca. 27,000 to 23,000 cal yrs BP. Aggradation rates are moderate and are
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comparable to cold stage rates from the Upper Goldbottom site. Cryostratigraphy and
paleoenvironmental indicators in this unit are in good agreement with units similar in age
from the Black Hills and Upper Goldbottom sites in this study. This unit may be comparable
to the Quartz Creek Member from Kotler and Burn (2000).

Radiocarbon dates from the uppermost unit suggest that the sediment from 16.5 to 20.5 m was
deposited during the early Holocene thermal maximum. The basal contact of this unit is sharp
and unconformable. Abundant shrub macrofossils and relatively high total carbon and
nitrogen contents suggest a productive environment during this interval. Thin syngenetic and
epigenetic wedges are present. Cryostructures are lenticular and microlayered, suggesting
syngenetic aggradation of permafrost. Enriched water isotopes suggest warm air temperatures
associated with interglacial conditions. Aggradation rates are not determined.
Cryostratigraphy and paleoenvironmental indicators in this unit are in good agreement with
units similar in age from the Upper Goldbottom and Lucky Lady II sites in this study. This

unit may be comparable to the “Organic unit” from Kotler and Burn (2000).
Discussion and conclusions

In this study we have proxy records from eight sites spanning 50,000 cal yrs BP. Ages of 175
pore ice samples and 16 ice wedge samples are constrained by 85 radiocarbon dates.
Cryostratigraphic and paleoecological indicators are consistent between sites over 60 km apart
allowing us to create a composite long-term record. The 8*H/5'®0 and paleoecological data
are coherent between multiple sites, indicating the composite record can be used to unravel

the climatic history of the region over the last 50,000 years.

The height of last cold stage in the Klondike may have broad correspondence with the LGM,
which is defined by Clark et al. (2009) to have spanned from 26,500 to ca. 20,000 cal yrs BP.
The most isotopically-depleted samples in this study range from ca. 27,000 to 23,000 cal yrs
BP, suggesting Klondike ground ice records regional climate trends. Additional discussion of

the water isotope trends follows in Chapter 4.

Kotler and Burn (2000) also provide a multi-site record of cryostratigraphy, plant
macrofossils, and ground ice §*H/5'%0 for the Klondike, but their §*H/5'%0 record is

constrained by only nine radiocarbon dates. Moreover, the oldest macrofossils (>40,000 “C
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years) constraining the Kotler and Burn (2000) record were beyond the limit of conventional
radiocarbon beta-decay dating. AMS dating allowed us to date older materials with
comparatively less uncertainty, and the 85 dated samples in this study allow us to compile a
relatively high-resolution sequence spanning the last ca. 50,000 cal yrs BP. Meyer et al.
(2010) developed a high-resolution 8*H/5'*0O record from a relict ice wedge complex near
Barrow, Alaska, but theirs is restricted to 14,400 to 11,300 cal yrs BP. Our record is unique in
northwestern North America in terms of its temporal resolution and duration. The only
comparable ground ice 5°H/3'*0 record outside of North America was developed for an Ice
Complex in northern Siberia by Schirrmeister et al. (2002), which spans the last 60,000 '*C

years.
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Chapter 4: A 50,000 year record of meteoric water isotopes (6°H/5'*0) and

paleoenvironments from central Yukon permafrost

A version of this chapter will be submitted for publication with the following authorship: Matt
Mahony, Trevor Porter, Joel Pumple, Fabrice Calmels and Duane Froese. In this work, I did
primary descriptions of the Black Hills, Upper Quartz, Upper Goldbottom, Upper Hunker,
and Lower Hunker sites. Fabrice Calmels drilled the Lucky Lady II site, which I subsequently
re-analyzed for this chapter. Joel Pumple provided samples from the Lower Quartz site, while
Duane Froese provided the samples and radiocarbon dates from the Lucky Lady II, Brimstone
and Lower Quartz sites. Trevor Porter provided assistance with the modern Global Network

of Isotopes in Precipitation (GNIP) dataset and interpretations of the stable isotope record.
Introduction

Permafrost is an exceptional archive of late Quaternary environmental conditions owing to
slow rates of organic matter decomposition in frozen sediments (Guthrie, 1990; Shapiro and
Cooper, 2003; Froese et al., 2009; Zazula et al., 2003, 2007). These archives are best known
for the preservation of Quaternary mammalian (Guthrie, 1990) and plant remains (Yashina et
al., 2012) but ice-rich permafrost can also serve as an archive for meteoric water isotopes
(8°H/5'%0), which are closely associated with air temperatures in high-latitude regions
(Dansgaard, 1964). Over the last two decades, syngenetic ground ice from unglaciated sites in
Yukon, Alaska, and Siberia, collectively Beringia, has been developed as an isotopic
paleoclimate proxy (Kotler and Burn, 2000; Schirrmeister et al., 2002; Lacelle et al., 2004;
Popp et al., 2006; Meyer et al., 2010; Opel et al., 2011; Wetterich et al., 2011; Fritz et al.,
2012). These records are generally restricted to the radiocarbon timescale and are of coarser
temporal resolution than ice cores, but they do provide an opportunity to improve the spatial
coverage of late Pleistocene meteoric water isotope records and knowledge of regional
climate dynamics. Furthermore, when permafrost isotopes are paired with paleoecological and
cryostratigraphic data, a fuller interrogation of the paleoclimate record may be possible
(Schirrmeister et al., 2002). Here we present a new, multi-proxy composite record of
paleoenvironmental change spanning the last ca. 50,000 cal yrs BP based on the
cryostratigraphy, paleoecological indicators and 8°H/3"*0 of frozen ‘muck’ deposits in the

Klondike goldfields of central Yukon (Froese et al., 2009). We use this record to provide new
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insight into past climatic and ecological changes in the region during this interval, including
additional discussions on reduced ice wedge formation during the last cold stage, megafauna

records, and the last glacial-interglacial transition.
Study area and methods

The Klondike goldfields of central Yukon (Figure 4-1) are within the largely unglaciated
region of eastern Beringia (Froese et al., 2009). The area hosts widespread syngenetic
permafrost, reflecting the aggradation of sediments (primarily loess) during Pleistocene cold
stages, thus preserving a record of these past environments (Fraser and Burn, 1997). Placer
mining exposures through the area provide convenient access to these deposits. For this study,
eight sites where stratigraphic sections were revealed by placer mining activities were
surveyed for cryostratigraphy, paleoecological indicators, and water isotopes. The locations of
these sites were recorded with a handheld GPS, while elevations for samples were measured
via a laser range finder (Lasertech 200XL) with 0.1 m vertical precision; given challenges
with operator position and target accuracy, we estimate vertical accuracy to be 0.5 m. We
developed a composite record of 8°H/3"*0 from syngenetic ice wedges and pore ice from

eight sites up to 60 km apart.
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Figure 4-1 : Extent of glacial ice cover and exposed land during the late Pleistocene (adapted
from Froese et al., 2009). The Klondike area, located just outside of Dawson City, is outlined

by the white square.

Radiocarbon dates and the presence of Dawson tephra (ca. 29,400 cal yrs BP) provide
chronology for sites (Zazula et al., 2006; Demuro et al., 2008). Pretreatment of organic
samples for e dating by accelerator mass spectrometry (AMS) was completed at the
University of Alberta. Plant macrofossil samples were placed in sterilized glass culture tubes
for an acid-base-acid (ABA) wash, consisting of heating samples to 70°C and submerging
them for 30 minutes in 1M HCI, followed by 60 minute washes of 1M NaOH until solution
was clear, and finally a 30 minute 1M HCI wash. Samples were rinsed with ultrapure water

until neutral and freeze-dried. Prepared samples were shipped to the Keck Carbon Cycle
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Accelerator Mass Spectrometer facility (University of California, Irvine). Radiocarbon dates
of 85 plant macrofossils were calibrated via the IntCall3 calibration curve (Table 4-1a, 4-1b)
(Bronk Ramsey, 2009; Reimer et al., 2013). In total, 175 pore ice and 16 ice wedge samples
were analyzed for 5°H/8'%0 at the University of Alberta using an LGR (model DLT-100) and
a Picarro (model L2130-1), which utilize laser absorption spectrometry. Waters from 10
samples were also analyzed via isotope-ratio mass spectrometry, and were indistinguishable
from samples measured using the laser absorption spectrometry method (see Chapter 2).
8H/5'%0 values were calibrated to the VSMOW scale based on two international standards
(USGS45 and USGS46) run at the same time as the unknowns. Measurement precision in this
study was 1.0%o for °'H and 0.2%o for 8'*0 based on routine measurement of Evian water,
which is a secondary water standard with isotopic values defined in Chesson et al. (2010)

(Table 4-2).

Ages for the organic materials were interpolated between dated macrofossils. Estimations of
aggradation rates are compiled in Appendix B. Ages of pore ice in syngenetic permafrost is
thought to be younger than the organic material in the sediment due to the ability of surface
waters to penetrate down into sediment at the base of the active layer which hosts relatively
older organics. Pore ice is preserved at the bottom of the active layer over a number of years,
as deposition at the surface causes the permafrost table to aggrade. The result is pore ice
values that are younger than the radiocarbon ages of organics obtained at the same depth
(Figure 4-2). Estimation of the age of pore waters is calculated based on aggradation rates and

active layer depths, such that:

Agewaters = AgCorganics — (Paleoactive layer depth * Aggradation rate)

Paleoactive layers during the last cold stage were likely deeper than present due to bare
patches of soil, reduced cloud cover, and well-drained active layers (Guthrie, 1990; Guthrie,
2001; Froese et al., 2009). In this study we assume last cold stage active layers to be 0.8 m,
which may be a relatively conservative estimate. Active layer depths for the remainder of the

record are assumed to be 0.6 m (Figure 4-3).
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Figure 4-2 : Age relations between organics and pore ice in aggrading permafrost (adapted
from Guthrie, 2001). Pore ice is assumed to be a record of waters that froze at the base of the
active layer and became incorporated into the permafrost. Because of this assumption, we
adjust the ages of pore waters based on paleoactive layer depths and aggradation rates.
Calibrated radiocarbon ages used for estimating the age of the waters. Active layer depths in
this study are assumed to be 0.8 m for the last cold stage sediment and 0.6 m for interstadial

and interglacial sediment.
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Figure 4-3 : Illustration of active layer depths in organic soils (left) and mineral soils (right)

(from Guthrie, 2001). Paleoactive layer depths are assumed to be 0.8 m in steppe-tundra

environments of the last cold stage and 0.6 m in interstadial and interglacial environments.
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Table 4-1a : Details of the 85 radiocarbon dates in this study. Full calibrated age ranges are in

Appendix A.
Site Sample Calyrs BP "CyrsBP =+ Lab ID Material
Black Hills MM12-64 145 140 20| UCIAMS-114904 |[peat
Black Hills MM12-63 3,040 2,905 20| UCIAMS-114902 [twigs
Black Hills MM12-68 >25,655 >21,300 -| UCIAMS-150831 [grass
Black Hills MM12-70 25,840 21,550 140| UCIAMS-114923 |grass
Black Hills MM12-70 26,775 22,490 310] UCIAMS-122279 |grass
Black Hills MM12-75 27,220 22,930 810 UCIAMS-131097 |grass
Black Hills MMI12-67 27,575 23,360 100| UCIAMS-114718 |AGSN
Brimstone DF12-32 1,015 1,115 20| UCIAMS-114917 |wood
Brimstone DF12-34 1,485 1,610 20| UCIAMS-114915 [grass
Brimstone DF12-40 3,900 3,595 20| UCIAMS-114916 |peat
Brimstone DF12-35 6,445 5,665 20| UCIAMS-114900 |wood
Brimstone DF12-41 6,600 5,800 25| UCIAMS-122287 |wood
Lower Hunker MM12-110 9,290 8,280 25| UCIAMS-114901 |wood
Lower Hunker MM12-108 11,070 9,720 140| UCIAMS-122280 [twigs/grass
Lower Hunker |MM12-LH2-259-09 22,720 18,780 380| UCIAMS-122277 |grass
Lower Hunker MM12-105 23,810 19,780 150 UCIAMS-122281 |grass
Lower Hunker MM12-100 26,145 21,930 90| UCIAMS-114711 |[fecal pellets
Lower Hunker MM12-103 27,295 22,990 190| UCIAMS-122283 [fecal pellets
Lower Hunker MM12-22 34,950 31,020 250 UCIAMS-114726 |shrub twigs
Lower Hunker MM12-97 non-finite 49,600 2,400 UCIAMS-114715 |wood
Lower Quartz DF10-25 28,210 23,990 560 UCIAMS-101864 [AGSN
Lower Quartz DF10-24 30,160 25,920 180| UCIAMS-101914 |AGSN
Lower Quartz DF10-37 30,305 26,030 140| UCIAMS-96042 |grass
Lower Quartz DF10-37b 30,330 26,070 180| UCIAMS-101901 |grass
Lower Quartz DF10-36 30,685 26,300 1,300 UCIAMS-101859 |grass
Upper Goldbottom MM12-39 5,945 5,185 20| UCIAMS-114898 |wood
Upper Goldbottom MM12-121 10,135 8,965 25| UCIAMS-114906 |wood
Upper Goldbottom MM12-124 10,625 9,395 25| UCIAMS-114910 [wood
Upper Goldbottom MM12-112 18,820 15,570 50| UCIAMS-122282 [fecal pellets
Upper Goldbottom MM12-113 20,375 16,895 45| UCIAMS-114712 |AGSN
Upper Goldbottom MM13-44b 24,525 20,310 720 UCIAMS-131093 |AGSN
Upper Goldbottom MM13-41a 25,285 20,960 150 UCIAMS-131095 |AGSN
Upper Goldbottom MM13-39 32,385 28,450 210| UCIAMS-142201 [wood
Upper Goldbottom MM12-134 35,895 32,000 320 UCIAMS-114714 |AGSN
Upper Goldbottom MM12-125 42,100 37,770 660 UCIAMS-142208 |wood
Upper Goldbottom MM12-129 43,985 40,270 770 UCIAMS-114716 |wood
Upper Goldbottom DF12-24 45,650 42,070 980 UCIAMS-122274 |[wood
Upper Hunker MM12-51 1,555 1,655 15| UCIAMS-114732 [peat
Upper Hunker MM12-48 6,090 5,320 15| UCIAMS-114727 |wood
Upper Hunker MM12-160 46,800 43200 1,100 UCIAMS-114724 |wood
Upper Hunker MM12-158 48,550 46,350 1,900| UCIAMS-122276 |wood bits/grass
Upper Hunker MM12-155 non-finite >49,500 -| UCIAMS-114717 [AGSN
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Table 4-1b : Details of the 85 radiocarbon dates in this study. Full calibrated age ranges are in

Appendix A.

Site Sample Cal yrs BP  "*C yrs BP + Lab ID Material
Lucky Lady II LL2S-169 8,525 7,750 25| UCIAMS-143296 [twigs
Lucky Lady II LL2S-189 8,865 7,975 25| UCIAMS-142212 [needle/leaves
Lucky Lady II LL2S-353 9,780 8,770 30| UCIAMS-142211 [leaves/twigs
Lucky Lady II LLII-5.25(+) 10,340 9,195 20 UCIAMS-67149 [shrub twigs
Lucky Lady IT LL2A-17 10,505 9,300 25| UCIAMS-143297 [leaves/twigs
Lucky Lady II LLII-4.0(+) 10,730 9,480 20| UCIAMS-67155 [shrub twigs
Lucky Lady IT LL2A-154 11,620 10,020 170 UCIAMS-143298 [twigs
Lucky Lady I LL2B-25 12,195 10,340 45] UCIAMS-143302 [twig
Lucky Lady II LLII-2.25(+) 12,850 11,000 20 UCIAMS-67153 [shrub twigs
Lucky Lady II LL2C-37 12,935 11,070 30| UCIAMS-143306 |twigs/grass
Lucky Lady II LL2A-308 13,010 11,125 30| UCIAMS-143299 [twigs
Lucky Lady IT LLII-1.0(+) 13,035 11,145 25| UCIAMS-67154 [shrub twigs
Lucky Lady II LL2B-155 13,045 11,165 35| UCIAMS-143303 |twigs/grass
Lucky Lady IT LLII-0.81(+) 13,105 11,250 20| UCIAMS-67152 [shrub twigs
Lucky Lady II DF08-26A 13,140 11,290 160| UCIAMS-56390 |twigs/grass
Lucky Lady II LL2C-88(2) 13,145 11,290 40| UCIAMS-142198 [shrub twigs
Lucky Lady II LL2C-88 13,150 11,300 35| UCIAMS-142197 |shrub twigs
Lucky Lady II DF12-18 13,200 11,360 40| UCIAMS-114725 |twigs/grass
Lucky Lady II LL2B-225 13,240 11,405 30| UCIAMS-143304 |twigs/grass
Lucky Lady II DF12-18 13,375 11,535 35| UCIAMS-143307 |twigs/grass
Lucky Lady I DF12-18 13,410 11,580 35| UCIAMS-143308 |twigs/grass
Lucky Lady I DF13-05 13,675 11,875 35| UCIAMS-131092 |AGSN
Lucky Lady IT LL2A-425 13,675 11,870 50| UCIAMS-143301 [twig
Lucky Lady II LL2-12-184 15,520 12,980 60| UCIAMS-122284 |grass
Lucky Lady II DF12-61b 15,990 13,300 30| UCIAMS-114721 |AGSN
Lucky Lady II L12-12-259 16,160 13,430 35| UCIAMS-122273 |grass
Lucky Lady I DF08-97 16,500 13,680 35| UCIAMS-51324 |AGSN
Upper Quartz MM13-16 5,165 4,520 25| UCIAMS-142207 [wood
Upper Quartz MM12-96 5,840 5,115 25| UCIAMS-114911 |wood
Upper Quartz MM12-95 5,925 5,160 20| UCIAMS-114899 |wood
Upper Quartz MM12-QC-06 12,805 10,960 35| UCIAMS-114733 [grass
Upper Quartz MM13-28 13,110 11,245 40| UCIAMS-150828 [twigs/grass
Upper Quartz MM13-30 13,160 11,315 35| UCIAMS-142205 [wood
Upper Quartz MM13-15 13,255 11,420 35| UCIAMS-131098 [wood
Upper Quartz MM13-14 13,510 11,690 35| UCIAMS-131100 |wood
Upper Quartz MM13-28 13,655 11,835 35| UCIAMS-150832 |twigs/grass
Upper Quartz MM13-29 13,685 11,885 35| UCIAMS-142206 |wood
Upper Quartz MM13-25 14,080 12,190 35| UCIAMS-142199 [leaves/twigs
Upper Quartz MM13-12 14,335 12,340 35| UCIAMS-142196 |grass
Upper Quartz MM13-11 15,740 13,110 35| UCIAMS-142195 |AGSN
Upper Quartz MM13-22 16,270 13,510 45| UCIAMS-131096 [AGSN
Upper Quartz MM13-17 16,310 13,520 170 UCIAMS-131094 |grass
Upper Quartz MM12-QC-02 16,560 13,680 390| UCIAMS-114710 [grass
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Table 4-2 : Isotopic deviation (%o) of 42 Evian waters analyzed as unknown quality control

standards in this study from the published values in Chesson et al. (2010) (sorted in ascending

§'*0 deviation). Deviation of isotopic ratios presented as absolute values.

QC # 87H (%o) 330 (%o) QC # 87H (%o) 8"%0 (%)
QCl1 2.6 0.02 QC23 1.3 0.20
QC2 1.3 0.03 QC24 0.8 0.20
QC3 0.2 0.03 QC25 0.7 0.20
QC4 0.3 0.03 QC26 1.7 0.24
QC5 1.9 0.03 QC27 0.4 0.25
QC6 1.2 0.05 QC28 0.0 0.25
QC7 0.2 0.05 QC29 1.4 0.25
QC8 1.2 0.06 QC30 1.7 0.27
QCY 1.8 0.07 QC31 1.3 0.27
QC10 0.2 0.09 QC32 0.6 0.28
QC11 1.4 0.10 QC33 2.1 0.28
QC12 0.3 0.12 QC34 0.3 0.28
QC13 0.4 0.13 QC35 1.1 0.33
QC14 0.5 0.15 QC36 0.9 0.34
QC15 1.1 0.15 QC37 0.4 0.37
QC16 0.5 0.15 QC38 1.1 0.39
QC17 0.9 0.15 QC39 0.0 0.52
QC18 1.6 0.16 QC40 1.5 0.53
QC19 0.0 0.16 QC41 0.9 0.68
QC20 1.1 0.17 QC42 1.9 0.74
QC21 1.2 0.18 AVG 1.0 0.22
QC22 0.5 0.19 STDEV 0.6 0.17
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Results

Four units are defined below based on the cryostratigraphy, 6°H/3'*0, and paleoecological
indicators from the study sites (Figure 4-4a, 4-4b, 4-5). The three lowermost units are late
Pleistocene, while the uppermost unit is largely Holocene in age. Volumetric ice content of 18
samples are in Appendix G. Co-isotope relations for the ground ice samples have a slope of
7.1 with an r* value of 0.98, in close agreement with the local meteoric water line of modern
precipitation for Whitehorse and Mayo, Yukon (Figure 4-6) (GNIP dataset, 2013). Isotopic
ratios (5°H/8'*0) of permafrost waters are in close agreement between sites, giving us

confidence that the changes are a reflection of regional phenomena (Figure 4-7, 4-8, 4-9).
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Figure 4-5 : Four permafrost units defined in this study from the Klondike area, Yukon. Ages
are in cal yrs BP. Unit 1 photo shows organic-rich sediments with abundant woody
macrofossils and syngenetic ice wedges at the Upper Hunker site, Unit 2 photo shows brown
organic silts and large ice wedges at Lower Hunker, Unit 3 photo shows grey silts with
graminoid vegetation and an arctic ground squirrel nest at Black Hills, and Unit 4 photo

shows black organic silt with wood-rich detritus and small ice wedges at Brimstone.
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Co-isotope relations of Klondike permafrost
-33 -31 -29 =27 -25 -23 -21 -19

-150

-160

-170
y=7.058x-17.139

r’=0.98 -180

-190

-200

(°%) HeQ

-210

-220

®Pore ice 1 230

Alce wedges

-240

-250

Figure 4-6 : Co-isotope relations between 5'*O and 8”H for the samples in this study. These
include 175 pore ice samples and values from 16 individual ice wedges (two of which were

sampled multiple times). The slope of the best-fit line is 7.1 with an r* value of 0.98.
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Figure 4-7 : 8'°0 (%o) of 175 pore samples and 16 ice wedge samples in this study. The ages

of samples are estimated from 85 radiocarbon dates and corrected for the organic-water age

offset illustrated in Figure 4-2.
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Figure 4-8 : 8°H (%o) of 175 pore ice and 16 ice wedge samples in this study. The ages of

samples are estimated from 85 radiocarbon dates and corrected for the organic-water age

offset illustrated in Figure 4-2.
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Figure 4-9 : D-excess (%o) of samples through the last 50,000 cal yrs BP. The black rectangle

outlines a distinct +9%o enrichment period from ca. 29,000 to 22,000 cal yrs BP from the

Black Hills, Lower Hunker, Lower Quartz, and Upper Goldbottom sites. The ages of samples

are estimated from 85 radiocarbon dates and corrected for the organic-water age offset

illustrated in Figure 4-2.
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Unit 1 — 50,000 to 36,000 cal yrs BP

Unit 1 is characterized by organic-rich sediments with abundant woody macrofossils and
large syngenetic ice wedges up to ~3 m wide. This unit is present at Upper Goldbottom and
Upper Hunker sites and is at least 12.6 m thick. Carbon and nitrogen contents of the sediment
average 5.2% and 0.4% (n=5; 16 = 0.7%; 0.1%), respectively. The ice present within the
sediments is generally non-parallel and parallel wavy lenticular (typically 2 — 4 mm thick, up
to 16 mm thick) and microlenticular ice in otherwise structureless sediment with volumetric
ice contents of 57 — 119% from three samples (ice content of all 18 samples in Appendix G).
8’H and 5'®0 exhibit little overall trend during this interval, with mean values of -202%o (16 =
5%o) and -25.8%o (16 = 0.9%o), respectively. Vegetation shifts from abundant spruce (Picea
sp.) macrofossils at the base of the unit to shrub and graminoid vegetation in the upper ~6 m.
This unit does not contain any evidence of arctic ground squirrel nests. Five radiocarbon dates
of wood macrofossils obtained from within this unit range from ca. 48,500 to 36,000 cal yrs
BP. Aggradation is estimated to have been moderate, with one rate from Upper Goldbottom

indicating 0.08 cm/year.
Unit 2— 36,000 to 27,000 cal yrs BP

Unit 2 contains brown organic silts and large syngenetic ice wedges (up to 2.5 m wide) with
vegetation ranging from small twigs near the base of the unit to largely graminoid vegetation
towards the top. This unit is present at Lower Quartz, Upper Goldbottom, and Lower Hunker
sites and is at least 15 m thick. Carbon and nitrogen contents of the sediment averages 3.2%
and 0.3% (n = 17; 1o = 0.9%; 0.1%), respectively. The ice present within the sediments is
generally non-parallel planar layered (~1 mm thick) to wavy lenticular (~1 — 2 mm thick) in
otherwise structureless sediment with volumetric ice content of 57% from one sample. Arctic
ground squirrel nests are present throughout the unit. Organic-rich sediments with large
woody macrofossils are noticeably absent from this unit. Mean °H and &'*O values are
-223%o (16 = 14%0) and -28.6%o (16 = 2.1%o0), respectively. Both 8”H and "0 exhibit
negative trends over this interval, but the 3'°0 trend is relatively steep compared to that of
8°H resulting in a sharp rise in deuterium-excess (hereafter, ‘d-excess’). D-excess results from
non-equilibrium effects, primarily due to the relative humidity at the moisture source

(Dansgaard, 1964). The 11 radiocarbon dates obtained within this unit range from ca. 36,000
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to 27,200 cal yrs BP. Most of these dates are from arctic ground squirrel nests and grasses.
Aggradation is estimated to have been moderate to high, with two rates ranging from 0.07 to

0.34 cm/year.
Unit 3 — 27,000 to 13,150 cal yrs BP

Unit 3 is characterized by grey silts that contain less organic matter than the lower units and
include graminoid vegetation and arctic ground squirrel nests. This unit is present at Black
Hills, Upper Quartz, Upper Goldbottom, Lucky Lady II, and Lower Hunker sites and is at
least 8.5 m thick. Carbon and nitrogen contents of the sediment averages 1.5% and 0.1%
(n=28; 1o = 0.5%; 0.1%), respectively. The ice present within the sediments is generally
parallel wavy microlenticular, lenticular, and layered ice up to 2 mm thick. Sediments
commonly lack visible excess ice (structureless) and have volumetric ice contents of

40 — 64% from eight samples. Large woody plant macrofossils are absent, as in Unit 2. The
negative water isotope trend from Unit 2 continues through Unit 3, but the trend is not as
steep. This unit contains the most isotopically depleted water of the record, centered on the
interval from ca. 27,000 to 23,000 cal yrs BP, with lows of -245%o for §*H and -32.2%o for
8'%0. D-excess is elevated for much of this interval, with a mean value of +15.1%o (26 =
+7.8%o0) from ca. 29,000 to 22,000 cal yrs BP. This d-excess anomaly occurs at the Black
Hills, Lower Quartz, and Upper Goldbottom sites, which are separated by up to 60 km,
suggesting it is a regional phenomenon. Following this period, d-excess returns to typical
mean values of +6.6%o (26 = +8.6%o, from 22,000 to 13,500 cal yrs BP). From ca. 15,000 to
13,150 cal yrs BP, 8°H and 8'*0 increase steadily to highs of -167%o and -21.1%o,
respectively. Multiple sites record either pre- or post-isotopic shift values, but two sites ca.
13 km apart (Upper Quartz and Lucky Lady II) record this isotopic shift from ca. 15,000 to
13,150 yrs BP. The 31 radiocarbon dates obtained within this unit range from 26,775 to
13,150 cal yrs BP. These are mostly from arctic ground squirrel nests and graminoid
vegetation, with several twigs and woody bits towards the top of the unit. A ~4 — 6 cm thick
paleosol is present at the top of the unit with four radiocarbon dates ranging from 13,410 to
13,140 cal yrs BP (11,580+35, UCIAMS-143308; 11,290+160, UCIAMS-56390). The
aggradation rate is estimated to have been low to moderate, with a total of seven rates ranging

from 0.03 to 0.62 cm/year (average 0.18 cm/year).
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Unit 4 — < 13,150 cal yrs BP

Unit 4 is characterized by interbedded black, wood-rich detritus and organic silts with small
ice wedges. Abundant small woody shrub macrofossils are present at the base of Unit 4,
distinguishing it from Unit 3. This unit is present at the Black Hills, Upper Quartz, Upper
Goldbottom, Lucky Lady II, Brimstone, Upper Hunker, and Lower Hunker sites, and is at
least 8 m thick. Carbon and nitrogen contents of the sediment averages 3.8% and 0.2%
(n=17; 1o = 1.5%; 0.1%), respectively. The ice present within the sediments is generally
non-parallel to parallel wavy lenticular and layered (1 — 10 mm thick), and microlenticular ice
in otherwise structureless sediments with volumetric ice contents of 50 — 76% from six
samples. Several lenses of segregated ice (typically up to 2 cm thick) are interspersed
throughout the unit. No arctic ground squirrel nests are present. Deposits dating from ca.
6,000 cal yrs BP and onward have large wood macrofossils. 8°H and §'*O reach peak values
of -156%o and -19.7%., respectively, by ca. 11,000 — 9,000 cal yrs BP. Subsequently, both
isotopes follow a slight negative trend to means of -169%o and -21.8%o over the last 9,000 cal
yrs BP. D-excess remains low through this unit with a mean value of +3.4%o (26 = +6.8%o).
The 36 radiocarbon dates obtained within this unit range from 13,150 to 145 cal yrs BP from
shrub and large woody macrofossils. Aggradation is estimated to have been moderate to high,
with six rates ranging from 0.09 to 2.0 cm/year (average 0.50 cm/year). General results of the

four permafrost units are summarized in Table 4-3.
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The cryostratigraphic observations, chronology, vegetation, and isotopic data provide a record
of changing environmental dynamics in the Klondike region over the last 50,000 cal yrs BP.
The consistency of changes between sites through the region gives added confidence these
observations represent regional dynamics. Paleoenvironmental interpretations of general
lithostratigraphic, cryostratigraphic, and paleoecological indicators are discussed in the next
section, followed by sections discussing more details of the water isotope record, the nature
and timing of the last glacial-interglacial transition, reduced ice wedge formation during the
last cold stage, and faunal trends. The conclusions of all discussion sections are presented in

Chapter 5.

Radiocarbon dates from Unit 1 indicate this unit largely corresponds with Marine Isotope
Stage (MIS) 3 interstadial conditions. Large woody macrofossils, syngenetic ice wedges, and
high carbon and nitrogen contents indicate a productive full boreal forest in a relatively warm,
wet environment. Sediment-rich ice with regular layered and lenticular cryostructures suggest
aggradation of syngenetic permafrost through regular accumulation of loess at the surface.
Average water isotopes are depleted ~29%o 6°H and ~3.2%o 8'*O compared to late Holocene
(water isotope trends are discussed in more detail in the following section). Aggradation rates

during this interval are estimated to have been moderate.

Radiocarbon dates and Dawson tephra from Unit 2 correspond with the latest MIS 3 and early
MIS 2. The appearance of arctic ground squirrels and graminoid vegetation indicates an
environmental shift to steppe-tundra vegetation (Zazula et al., 2005, 2007). This change most
likely affected active layer depths in the Klondike because well-drained mineral soils during
the last cold stage probably developed thicker active layers compared to poorly-drained
organic soils in boreal forest environments of MIS 3. Carbon and nitrogen contents fall
between the high values of Unit 1 and the low values of Unit 3, suggesting a transition in the
environment to less-productive steppe-tundra. Large syngenetic ice wedges and regular
layered and lenticular ice suggests aggradation of syngenetic permafrost. Average water
isotopes are depleted ~50%o0 8°H and ~6.0%o0 8'°0 compared to late Holocene. Aggradation

rates during this interval are estimated to have been moderate to high.

Radiocarbon dates from Unit 3 indicate this unit was deposited during MIS 2, including the

height of the last cold stage and latest Pleistocene climate amelioration. Low carbon and
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nitrogen contents suggest less productive environments than those in Unit 1 and Unit 2. The
prominent black horizon at the top of Unit 3 is a paleosol that formed at the Lucky Lady II
site between ca. 13,400 to 13,100 cal yrs BP resulting from the stabilization of the landscape
and accumulation of organic material. This paleosol lies 80 cm below Unit 4, which is defined
by the appearance of shrub vegetation at Lucky Lady II. Regular microlenticular ice and
structureless (ice-poor) cryostructures suggests aggradation of syngenetic permafrost during
arid conditions. The most depleted water isotopes in this unit are from ca. 25,000 cal yrs BP,
with a general depleted trend ca. 27,000 — 23,000 cal yrs BP during the height of the last cold
stage. Average water isotopes during this interval are depleted ~57%o 8°H and ~8.0%o 5'°O
compared to late Holocene. D-excess during much of this interval (trend from 29,000 to
22,000 cal yrs BP) was elevated on average +9%o, possibly due to changing seasonality of
precipitation (discussed in the following section). Aggradation rates during this interval are
estimated to have been moderate to low, possibly due to a lack of large woody vegetation that

would otherwise entrap loess.

Radiocarbon dates from Unit 4 indicate Holocene environments were present ca. 13,150 cal
yrs BP in central Yukon. No arctic ground squirrel nests are present in this unit. Water
isotopes are the most enriched during the early Holocene thermal maximum (Kaufman et al.,
2004). The first appearance of shrub vegetation at the Lucky Lady II site dates to 13,150 cal
yrs BP, which suggests established shrub cover in the Klondike by this time. Shrub vegetation
dating several hundred years earlier is present in the Upper Quartz site, however the setting of
this exposure is in a more narrow, poorly-drained valley setting compared to the Lucky

Lady II site. The shift to shrub vegetation would have also changed active layer depth in the
Klondike from being thick, well-drained mineral soils during the last cold stage to thinner,
poorly-drained organic soils. Large woody macrofossils and in situ conifer stumps that are
present from ca. 6,000 cal yrs BP onwards indicate the establishment of full boreal forest by
this time. Carbon and nitrogen contents double from Unit 3, which suggest more productive
environments. Regular layered and lenticular ice suggests aggradation of syngenetic
permafrost. During the early Holocene, water isotopes are enriched ~11%o 8°H and

~2.0%o0 8'*0 compared to late Holocene. Aggradation rates during this interval are estimated
to have been moderate to very fast. Many wood-rich deposits have a complex texture,

possibly representing reworked forest vegetation from thaw slumping or deposition into
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thermokarst features during the Holocene (e.g. Reyes et al., 2010). Additional discussion of
the nature and timing of the last glacial-interglacial transition is presented after the following

water isotope trends section.
Water isotope trends

Secular trends in the Klondike 8°H/3'0 record appear to agree with temperature trends in
arctic ice cores (Figure 4-10) (Johnsen et al., 2001; Lowe et al., 2008). The negative §7H/8"0
trend in the Klondike record from 50,000 to 23,000 cal yrs BP suggests a persistent cooling
trend, with the most depleted values occurring between ca. 27,000 to 23,000 cal yrs BP. The
most depleted values are coincident with the maximum extent of the Laurentide Ice Sheet in
northwestern North America (Dyke et al., 2002) and of most ice sheets globally (Clark et al.,
2009). Kotler and Burn (2000) report similar full glacial values for this area. Our 8*H/8"0
record exhibits a slight increase from ca. 23,000 to 17,000 cal yrs BP and then increases
sharply at 15,000 to enriched values which we interpret as the Pleistocene-Holocene climate
amelioration. Klondike 5°H/8'0 values peaked in the early Holocene around 11,000 to 9,000
cal yrs BP, coinciding with maximum summer solar insolation and peak warmth inferred from
a temperature proxies in Alaska and northwestern Canada (Kaufman et al., 2004).
Subsequently, 8*H/8'*0 declined gradually over the remainder of the Holocene, which agrees

with broader cooling trends (Kaufman et al., 2004).
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three isotopic records, suggesting a robust record of meteoric precipitation. Ice core records

plotted by T. Porter.
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Paleotemperature estimates from pore water isotopes

Using isotope-temperature models we can make estimates of paleotemperatures from
Klondike pore ice over the past 50,000 cal yrs BP. By applying Dansgaard’s
paleothermometry equation from Greenland ice cores (temp = 1.45 * 3'%0 + 19.7), we get a
reasonable estimate of last cold stage (ca. 25,000 cal yrs BP) and late Holocene temperatures,
which suggest a difference of 11.4°C across this interval (-24.5°C; -13.1°C, respectively)
(Dansgaard, 1964). This record is from Greenland ice cores however and may not have the
best estimation of the temperature-isotope relation for Yukon. The GNIP database (2013)
provides temperature-isotope relations from 22 stations in North America and may be a better
estimate for reconstructing temperatures in this study (Figure 4-11). A regression line for this
data was created in collaboration with D. Froese and T. Porter. Because the amount of
monthly temperature and precipitation data varies between stations, only the mean isotopic
value for each month is used from the sites in order to represent each station equally in the
regression line dataset. Four coastal stations have different temperature-8'*0 relations from

continental North America and are not included in the linear regression (see Figure 4-11).
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Figure 4-11 : (a) The locations of 22 GNIP stations. Red markers indicate coastal stations that
are not included because they have isotopes in precipitation that differ from the cold, dry
climate of Yukon. The two blue triangles represent records from Mt. Logan and the Klondike;
(b) GNIP co-isotope relations. Grey x’s are all the isotope values from the stations, yellow
and red markers are averaged monthly values from each station. This regression line is used
for more accurate paleotemperature estimations to replace the Dansgaard line (temp = 1.45 *
880 +19.7) (Dansgaard, 1964); (c) temperature—&lSO relations. Red markers indicate stations

that are not included in the North American regression line. Figure and analysis by T. Porter.
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Using the GNIP temperature-3'°O regression line (T = 2.08 * §'%0 + 41.2) the pore ice record
suggests a 16.4°C difference between the height of the last cold stage and late Holocene mean
annual air temperatures (-22.3°C; -5.8°C, respectively). The magnitude of this temperature
difference is most likely exaggerated however, as the reduced excess ice, graminoid
vegetation, and elevated d-excess during the last cold stage suggests changing seasonality of
precipitation. Ice wedges in this study suggest a 9.4°C difference between last cold stage and

late Holocene mean winter temperatures (-20.2°C; -10.8°C, respectively).

Development of a quantitative model requires improved knowledge of snow-rain mixing
ratios for these sites and how mixing ratios might change by vegetation type. According to the
paleoecological record, vegetation types have varied greatly over the last 50,000 cal yrs BP,
likely affecting snow entrapment (Rouse et al., 1984), and precipitation seasonality has also
likely changed during the last cold stage as evidenced by the d-excess anomaly (see
discussion in the following section), both of which would have affected the seasonal mixture
of soil water 6°H/8'0. This is important since the slope of the temperature-5'*O relation
varies by season (Fricke and O’Neill, 1999; also evident from the GNIP data for Mayo,
Yukon). Additional work may be possible for estimating the relative amount of summer vs.
winter precipitation in pore ice by comparing the isotopes in wedge ice, a direct measurement
of winter precipitation from snowmelt, to the isotopic signal in pore ice, which is typically

more enriched from summer precipitation.
D-excess

A positive d-excess anomaly in Unit 3, centered on the last cold stage (ca. 29,000 to 22,000
cal yrs BP) is unique in the 50,000 year record and is present at the Black Hills, Lower
Hunker, Lower Quartz, and Upper Goldbottom sites. Empirical studies have demonstrated
that d-excess varies seasonally, peaking during winter in the Northern Hemisphere (Feng et
al., 2009) and is related to evaporative conditions at the moisture source impacting kinetic
fractionation, whereby under-saturated air at the ocean surface results in greater d-excess
(Jouzel et al., 2007; Uemura et al., 2008). Based on this understanding, the positive d-excess
anomaly can be interpreted in one of two ways. If precipitation seasonality in the Klondike
area remained more or less constant, the d-excess anomaly could reflect reduced relative

humidity over the North Pacific (i.e. the source of Klondike precipitation). Alternatively, the
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d-excess anomaly could represent a precipitation seasonality change with a bias towards
winter precipitation. It seems unlikely that precipitation seasonality in the Klondike would
have remained constant during the last cold stage given its close proximity and potentially
changing dynamics of the Laurentide Ice Sheet, which had a marked effect on North
American atmospheric circulation and precipitation in other regions of North America

(COHMAP, 1988).

GNIP data for Mayo, Yukon (AD 1986-1989), indicate d-excess values that are ca. +12%o
during winter (DJF) compared to summer (JJA) (Figure 4-12). Excluding the d-excess
anomaly in the Klondike record, the mean d-excess of soil water in this area over the last
50,000 cal yrs BP is estimated to be ca. +5.4%o (26 = 10.2%o), in relatively close agreement
with modern GNIP values. The +9%o d-excess anomaly may signal a precipitation seasonality
shift with a bias toward winter precipitation, either due to increased winter or decreased
summer precipitation, or both. The accumulation of windblown snow in Klondike valley-
bottoms may be responsible for the d-excess anomaly, which is discussed in a section below.
In addition, the transition from boreal trees/shrubs in Unit 1 to grassy, steppe-tundra in Unit 3
is indicative of a shift towards drier summer conditions. The modern boundary between
grasslands and the boreal forest in western Canada is strongly influenced by moisture during
the warm season (Hogg, 1997). Therefore, the paleoecological transition from Unit 1 to Unit 3
may represent an increase in summer moisture deficits, which would also reinforce a positive

d-excess anomaly.
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Figure 4-12 : Monthly d-excess in precipitation from Whitehorse and Mayo, Yukon (GNIP

database, 2013). Median values for each month are plotted in red.

Timing and nature of the last glacial-interglacial transition (LGIT) in permafrost from the

Klondike area, Yukon

The last glacial-interglacial transition (LGIT) was a significant shift in the global climate that
changed virtually all environments on Earth. A series of smaller-scale climatic events across
the LGIT are recorded by water isotopes in Greenland ice cores and include the Bolling-
Allered interstadial (14,700 — 12,900 cal yrs BP), Younger Dryas stadial (12,900 — 11,700 cal
yrs BP), and early Holocene thermal maximum (11,300 — 9,100 cal yrs BP) (Figure 4-13)
(Kaufman et al., 2004; Lowe et al., 2008). This interval is exceptionally well-preserved in
syngenetic permafrost at the Lucky Lady II site. This section presents and discusses the nature
and timing of the LGIT from the cryostratigraphy, vegetation, meteoric water isotopes, and

total carbon contents of the Lucky Lady II site (Figure 4-14).

Permafrost studies in the Klondike area have largely characterized the nature of the boundary

between Pleistocene silts and Holocene organics to be an unconformity generally dating to the
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early Holocene thermal maximum (Figure 4-15) (Dyck and Fyles, 1963; Hunter and Langston,
1964; Burn et al., 1986; Burn, 1997; Fraser and Burn, 1997; Kotler and Burn, 2000). It has
also been referred to as the early Holocene thaw unconformity (e.g. Burn et al., 1986) and has
been reported as a widespread feature in northwestern Canada (e.g. Kaufman et al., 2004).

The organic units at three sites in this study (Lower Hunker, Upper Goldbottom, and Upper
Quartz) have unconformable contacts with underlying Pleistocene silts similar in age to
previously reported exposures in eastern Beringia (Table 4-4). The Lucky Lady II section
however has a continuous record from >16,500 to 8,500 cal yrs BP, which spans the LGIT

without a distinct thaw unconformity (Figure 4-16).
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Figure 4-13 : 8'*0 record across the LGIT from the Mt. Logan ice core (Fisher et al., 2008).
The approximate timing of late Pleistocene (Lowe et al., 2008) and early Holocene (Kaufman

et al., 2004) climatic events are included.
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Figure 4-14 : Water isotopes, calibrated radiocarbon ages, and carbon content of permafrost
from Lucky Lady II across the LGIT. Blue markers indicate water isotope samples from

Lucky Lady II, white circles are values from other sites in this study.
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Table 4-4 : Previously reported ages of the contact between Pleistocene silts and Holocene

organics in eastern Beringia.

Locality Region CalyrsBP '""CyrsBP +  Labnumber Material  Reference
Klondike subarctic 6,320 5,525 200 BGS-1757 wood Fraser and Burn, 1997
Klondike subarctic 7,290 6,360 80 BGS-1756 tree root  Fraser and Burn, 1997
Klondike subarctic 7,365 6,450 80 BGS-1769 peat Fraser and Burn, 1997
Pelly Isl. arctic 8,865 7,950 280  GSC-2305 rhizomes  Mackay, 1978
Pelly IslL arctic 8,935 8,060 70 TO-5889 rhizomes  Burn, 1997
Garry Isl. arctic 9,090 8,130 70 TO-3608 rhizomes  Burn, 1997
Tuktoyaktuk arctic 9,145 8,220 230 BGS-1668 wood Burn, 1997
Garry IslL arctic 9,175 8,245 230 GX-4540 peat Mackay, 1978
Klondike subarctic 9,190 8,215 105  BGS-1771  peat/wood Fraser and Burn, 1997
Hooper Isl. arctic 9,860 8,765 230 GX-4352 rhizomes  Mackay, 1978
Summer Isl. arctic 9,935 8,860 180  Beta-46223 wood Murton and French, 1993
Mayo subarctic 9,950 8,870 200 WAT-1144 wood Burn et al., 1986
Pelly Isl. arctic 10,380 9,180 110  GSC-2197 wood Mackay, 1978
Mayo subarctic 10,695 9,400 200 BGS-1026 wood Burn, 1997
Mackenzie arctic 10,810 9,480 100 Beta-46224 wood Murton and French, 1993
Klondike subarctic 10,830 9,510 220 GSC-196 peat Hunter and Langston, 1964
Klondike subarctic 10,850 9,520 130 GSC-73 wood Dyck and Fyles, 1963
Klondike subarctic 11,510 9,945 150 BGS-1772 twigs Fraser and Burn, 1997
Tuktoyaktuk arctic 11,550 9,980 140 Gak-5433 wood Fukuda, 1975
Tuktoyaktuk arctic 12,105 10,440 530 BGS-1797 wood Burn, 1997
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Figure 4-15 : Summed plot distribution of previously reported radiocarbon ages of the

organic-rich unit (Unit 4) overlying Pleistocene silts (Unit 3) in eastern Beringia plotted with

summer insolation (June) at 60°N across the LGIT (blue line) (Berger, 1992). The

approximate timing of the early Holocene thermal maximum across eastern Beringia is

indicated by red dashed lines (Kaufman et al., 2004).
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Figure 4-16 : The LGIT is characterized by grey Pleistocene silts with in sifu graminoid
vegetation which is distinctly bound (at arrows) by a sharp contact with organic-rich silts with
in situ shrub macrofossils. This contact can be unconformable (left, Upper Goldbottom site)

or conformable (right, Lucky Lady II site). The head of the ice axe is 21 cm wide.
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The cryostratigraphy of four separate cores from the Lucky Lady II site have been
photographed to create one composite stratigraphic log from ca. 13,700 to 8,500 cal yrs BP
(all of the scanned Lucky Lady II core sections are in Appendix F). The stratigraphically
lowest core (LL2-12) consists of 1.25 m of grey organic-poor silts which had not yet been
obtained at the time the other cores were scanned, but three radiocarbon dates indicate it
extends the Lucky Lady II record back to ca. 16,200 cal yrs BP. Water isotopes in the silt and
organic units exhibit a general trend of enrichment with height during the LGIT, suggesting
the Lucky Lady II exposure preserves a robust record of increasing air temperatures during
this interval. The timing and nature of the boundary between the Pleistocene silt and organic
units at the Lucky Lady II exposure is replicated in a similar exposure at Upper Quartz, which
spans ca. 16,500 to 12,800 cal yrs BP. Various proxies from these two exposures record

similar paleoecological shifts.

The composite log for the Lucky Lady II sequence is an excellent example of the LGIT in
central Yukon and could be considered a reference section due to the high-resolution
sampling from the vertical cores from the site. The general trends of the LGIT are discussed

in following sections.
Boalling-Allerad (14,700 to 12,900 cal yrs BP)

The boundary between Pleistocene silt and Holocene organic units in the Klondike date
during this interval, ca. 13,150 cal yrs BP. Additional paleoenvironmental changes include
enrichment in water isotopes, a vegetation shift from grasses to shrubs, increasing total carbon
contents, and an increase in the amount of visible ice, to name a few. The timing of these

changes are discussed in more detail in the final section of this chapter.

Two small syngenetic ice wedges from Upper Quartz and Lucky Lady II are present in
sediments dating to the Bolling-Allered. Twigs and grass from the Upper Quartz ice wedge
have been radiocarbon dated two separate times to 13,655 and 13,110 cal yrs BP, just prior to
the start of the Younger Dryas. Organic material for radiocarbon dating was unable to be

recovered from the Lucky Lady II ice wedge.
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Younger Dryas (12,900 to 11,700 cal yrs BP)

Several samples from Upper Quartz, which are estimated to contain waters from ca. 13,000 to
12,000 cal yrs BP, have instances of depleted isotopes (-25%o 8'*0), however there are also
instances of enriched waters (-23 to -21%o 8'*0) dating to this interval (see Figure 4-14). This
may be the result of water mixing in the active layer, which could mask isotopic signals from
brief climatic ameliorations such as the Younger Dryas. Environmental factors such as the
rate of deposition, active layer depth, and the seasonality of precipitation affect the degree of
mixing in the permafrost record, which determines whether or not short-lived climatic events

are well-preserved.

Sediment horizons dated around Younger Dryas time in the Lucky Lady II cores are distinctly
ice-poor, possibly due to more arid conditions. Additional work needs to be done with these
samples using an induction module in order to analyze the isotopic ratios of waters from the
exceedingly dry samples. No other obvious indicators suggest significant changes in the

sediment dating around Younger Dryas time.
Early Holocene thermal maximum (11,300 to 9,100 cal yrs BP)

The early Holocene thermal maximum had an impact on paleoenvironments in central Yukon
over ca. 2,200 years from 11,300 to 9,100 cal yrs BP (Kaufman et al., 2004). During this
interval there is a 1.5% rise in total carbon and a ~1.5%o enrichment of §'*O in the water
isotopes in Klondike permafrost from 11,000 to 9,000 cal yrs BP. Evidence from the
continuous permafrost sequence from Lucky Lady II does not indicate any other significant

markers in the permafrost record from this interval.
Reduced thermal contraction cracking in last cold stage permafrost

Klondike permafrost dating to the last cold stage (Unit 3) generally lacks ice wedges,
especially from ca. 27,000 to 15,000 cal yrs BP. The few syngenetic ice wedges that are
present are tall and narrow (< 30 cm wide). This is a significant change from the other late
Pleistocene units in this study (Figure 4-17). Kotler and Burn (2000) propose that the lack of
ice wedges were probably the result of thin snow depths, which did not produce enough

spring melt to fill thermal contraction cracks. However, cracks tend to be ~2 m deep, well into
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the permafrost table (Mackay and Burn, 2002) and it seems more plausible that these cracks
would have probably infilled with material eventually, in which case we should see evidence
of the cracks in syngenetic permafrost. This finding leads us to believe that there were
conditions during this time that inhibited thermal contraction cracking in the Klondike. This
section discusses the potential factors that reduce the frequency of thermal contraction

cracking and ice wedge formation during the last cold stage.

Mackay (1993) determined that thermal contraction cracks occur during rapid changes in air
temperature, specifically daily changes in temperature averaging 1.8°C over four days, or
~7°C total. Cracking occurs most frequently in poorly-drained tundra lowlands between mid-
January and March, but also can occur infrequently in November and December if snow cover
is thin (Mackay, 1993). The most significant condition reported by Mackay (1993) to inhibit
thermal contraction cracking is snow cover at least 60 cm thick. Additional studies have
determined that modern, active ice wedges are experiencing a lowering frequency of cracking
in part due to more snow entrapment from increased vegetation cover, deep active layers, and
winter ground temperatures (Kokelj et al., 2007). Proxy results from this study suggest the
combination of two factors may have sufficiently ceased thermal contraction cracking for ca.
12,000 years: thick snow drifts in valley-bottoms (at least 60 cm thick) and deep, dry active
layers that are believed to have been present during the mammoth-steppe (Guthrie, 1990;

Mackay, 1993; Froese et al., 2009). These two factors are explained in detail below.
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A (Unit4)

Figure 4-17 : Syngenetic ice wedges in Klondike permafrost (indicated by arrows) in
(a) Unit 4, (b) Unit 3, (c) Unit 2, and (d) Unit 1.
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Blowing snow across the open, treeless uplands may have resulted in drifted snow in
Klondike valley-bottoms. By mid-January, when cracking is most frequent, snow depths may
have exceeded 60 cm and thus prevented late winter cracking. Two additional lines of
evidence from this study may support this interpretation: a distinct rise in d-excess during
much of this interval, and a significant drop in the number of dated fossils of bison, which are

known to avoid regions with thick snow cover (Figure 4-18) (Guthrie, 1990).

D-excess is elevated in winter precipitation. This record has a distinct +9%o d-excess anomaly
during much of Unit 3. This anomaly could be due to an increase in snow cover, which would

result in an increase in the d-excess of pore ice.

Based on the fossil record, bison were not nearly as common in interior Yukon from ca.
31,000 to 16,000 cal yrs BP (all compiled fossil dates are presented and discussed in the
following section). Bison avoid snow depths over 60 cm thick because the energy expended in
clearing away that much snow is not replenished by the nutrients from the food they are able
to access (Guthrie, 1990). This also happens to be the snow depth reported by Mackay (1993)
to inhibit thermal contraction cracking. Fossil dates of saiga antelope in the Yukon, another
species that are known to avoid deep snow, are only dated twice to 16,210 and 15,930 cal yrs

BP (13,390+180, RIDDL-279; 13,250+70, CAMS-18416).
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Figure 4-18 : Diagram comparing of hoof morphology and loading indices to mean chest
heights of several Pleistocene megafauna in order to obtain information regarding the
mobility of large mammals in snow depths between 50 and 100 cm (from Guthrie, 1990).
Information for saiga antelope is not readily available, however Guthrie (1990) notes they

avoid regions with deep snow cover.

The second factor that may have effectively inhibited thermal contraction cracking is deep
active layers. The late Pleistocene had well-drained mineral soils (Froese et al., 2009), as
opposed to the poorly-drained tundra lowlands that Mackay (1993) determined cracking
occurs most frequently in. Mackay (1993) found that thermal contraction cracking is the result
of air temperature changes over several days, so deep active layers may have acted as an
effective thermal buffer between the top of the permafrost and fluctuating air temperatures. In
addition, the active layer probably had little moisture, evidenced by lower ice volumes
compared the other permafrost in this study. The extreme aridity was due to a number of

factors, mainly the combination of reduced precipitation, changing seasonality, increased
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winds, and clear summer skies (Guthrie, 1990; Guthrie, 2001). The summer and fall is
believed to have had even less precipitation, as the seasonality of precipitation shifted towards
the spring months, and therefore the soils were most likely extremely dry going into the
winter (Guthrie, 1990). Air is a more effective insulator than water and so this dry layer may
have enhanced the thermal buffer between the top of the permafrost and sudden changes in air

temperature, potentially inhibiting thermal contraction cracking.
Pleistocene megafauna in interior Yukon

Well-preserved remains of mammals are common in Beringian permafrost. Some
environmental factors potentially influencing the presence (or absence) of certain species of
the late Pleistocene megafauna in the Yukon interior can be proposed based on the proxy
records in this study. In this section, a dataset of compiled published an unpublished fossil
mammal radiocarbon dates is presented and then discussed in relation to the

paleoenvironmental records from the four permafrost units defined in this study.

Only AMS radiocarbon dates of high quality are included in the dataset, specifically those
from: Center for Accelerator Mass Spectrometry, USA (CAMS) (n = 89); NSF — Arizona
Accelerator Mass Spectrometry, USA (AA) (n = 48); University of California — Irvine, USA
(UCIAMS) (n = 27); Oxford Radiocarbon Accelerator Unit, UK (OxA) (n = 15); and Simon
Fraser University, CAN (RIDDL) (n = 10). Reported mammal ages that were not specific as
to which region of eastern Beringia the fossils originated (e.g. Alaska vs. Yukon, coastal vs.
interior) are not included in the dataset. Published dates are from Shapiro et al. (2004),
Guthrie (2006), Debruyne et al. (2008) and unpublished dates from B. Shapiro and D. Froese
labs (Figure 4-19).

Three of the main grazing members of the mammoth-steppe which are included in this dataset
are bison (Bison sp., n = 48), horse (Equus sp., n =59), and mammoth (Mammuthus sp.,

n = 54) (Guthrie, 2001; Froese et al., 2009). Two additional species are included: arctic
ground squirrel (Spermophilus parryii, n = 18), an ecological indicator and archive of steppe-
tundra (Zazula et al., 2003, 2005, 2007), and moose (A4/ces alces, n = 10) because there are an
ample number of high-quality dates. Other large mammals did not have enough high-quality
AMS dates to be included.
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Figure 4-19 : Ages of radiocarbon dated bison, horse, mammoth, arctic ground squirrel, and
moose spanning the last 50,000 cal yrs BP. The dataset is a compilation of 189 high-quality
AMS radiocarbon dates from interior Yukon. Presence of arctic ground squirrels is thought to

be an indicator of steppe-tundra (Zazula et al., 2003, 2005, 2007).
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Unit 1 (50,000 to 36,000 cal yrs BP)

Vegetation and other paleoecological indicators in this record suggest the MIS 3 environment
underwent significant changes throughout this interval from boreal forest to an arid treeless
landscape. The mammals included in this study that were present are bison, mammoth, and, to

a lesser extent, horse. Arctic ground squirrels are absent from this interval.
Unit 2 (36,000 to 27,000 cal yrs BP)

The beginning of this interval coincides with the earliest dated arctic ground squirrel nest in
this study, indicating an established steppe-tundra vegetation. This may have been ideal for
horses, which is suggested by the large number of dated fossils. The beginning of this interval
is around the same time as reported reductions in genetic diversity of bison in Beringia ca.
37,000 cal yrs BP, indicating a significant drop in population sizes close to the onset of the
last cold stage (Shaprio et al., 2004). In the fossil record, a significant drop in the number of
bison dated after ca. 31,000 cal yrs BP suggest a steep decline in interior Yukon populations,
which may have been the result of environmental changes and possibly thicker snow depths

during the last cold stage.
Unit 3 (27,000 to 13,150 cal yrs BP)

The mammals which are present for the majority of this unit are arctic ground squirrels, horse,
and mammoth. These three mammals all have latest dated fossils dating to a brief interval ca.
14,300 to 13,700 cal yrs BP. Bison are absent from interior Yukon until ca. 16,000 cal yrs BP,
with the earliest fossil date from the Klondike at 15,500 cal yrs BP. Moose, which were not

present in the late Pleistocene, appear during the LGIT ca. 13,400 cal yrs BP.

This abrupt shift in late Pleistocene fauna and other paleoecological indicators beginning ca.
16,000 cal yrs BP suggest a significant paleoenvironmental shift in the Klondike over ca.
3,000 years centering around the Bolling-Allered interstadial (Table 4-5). The significance of
these environmental changes is reinforced by a distinct enrichment in both Klondike and

Mt. Logan ice records ca. 14,750 cal yrs BP (Fisher et al., 2008).
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Table 4-5 : The timing of numerous paleoenvironmental and faunal changes in the Klondike
area from ca. 16,000 to 13,150 cal yrs BP. The timing of isotopic enrichment of Klondike
permafrost waters is based on the mean timing of enrichment from three syngenetic exposures
across this interval. The timing of Mt. Logan isotopic enrichment is based on the record from

Fisher et al. (2008).

Age Event Age + Lab number
(cal yrs BP) ( “c yrs BP)
16,120 Bison re-appearance in Yukon 13,390 180 RIDDL-279
15,495 Bison re-appearance in Klondike 12,960 60 OxA-11197

14,830 Isotopic enrichment, this study (>-30%o 5'°0) - - -
14,750 Mt. Logan isotopic enrichment (>-37%o 5'°0) - - -
14,700 Approximate start of the Bolling-Allerad - - -

14,265 Latest dated horse 12,310 35 CAMS-157477
13,700 Latest dated mammoth 11,860 120 AA-17559

13,685 Earliest dated shrub macrofossil (Upper Quartz site) 11,885 35 UCIAMS-142206
13,675 Latest dated arctic ground squirrel nest 11,875 35 UCIAMS-131092
13,400 Earliest dated moose 11,570 60 CAMS-23472
13,150 Established shrub vegetation (Lucky Lady II site) 11,300 35 UCIAMS-142197

Unit 4 (13,150 cal yrs BP to Recent)

This unit corresponds to the Holocene, which had shrub and tree vegetation. This unit lacks
horses, mammoth, and arctic ground squirrels. Bison and moose are present throughout the
Holocene. The presence of moose also may indicate widespread thermokarst development, as

aquatic plants make up a significant part of moose summer diet (Rogers, 2001).
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Chapter 5: Conclusions and Future Work

In the Klondike area, widespread syngenetic permafrost contains a rich multi-proxy
perspective on past climate and environmental change. Paleoecological and cryostratigraphic
indicators in this study provide critical insights for the interpretation of pore ice as a robust
long-term record of meteoric precipitation. This record is complementary to ice cores, lake

sediments, and other commonly used paleo-archives.

This study expands on the initial work by Kotler and Burn (2000) by redefining four units
based on the litho-, cryo-, and chronostratigraphy of Klondike permafrost, including 85 AMS
radiocarbon, water isotopes from 175 pore ice samples and 16 ice wedge samples, and coeval
paleoecological indicators. The consistency of changes between sites through the region gives
added confidence that these observations represent regional rather than site-specific dynamics.
The meteoric water isotope record is the first long-term paleoclimate proxy of its kind in

North America constructed from syngenetic permafrost.

In this study we also determined that laser absorption spectroscopy is an effective method for
permafrost water analyses based on results that were in excellent agreement with identical
samples analyzed via IRMS. This gives us confidence the results are accurate in this study
and permafrost waters do not contain significant amounts of problematic DOCs, which have

been shown in previous studies to be an issue when analyzing plant waters.

This study recognizes four units based on results from eight permafrost exposures up to 60 km
apart. Unit 1 was deposited ca. 50,000 to 36,000 cal yrs BP during the MIS 3 interstadial.

This unit is present at two sites and is estimated to be at least 12.6 m thick. It is characterized
by organic-rich grey and black silts including abundant spruce (Picea sp.) and shrub
macrofossils at the base of this unit, which are gradually replaced by graminoid-dominated
vegetation towards the top of this unit. Large woody vegetation and high average carbon and
nitrogen contents (5.2% and 0.4%, respectively) suggest a productive boreal forest in a
relatively warm and wet environment associated with interstadial conditions. No arctic ground
squirrel nests are present in this unit. This unit has abundant large syngenetic ice wedges.
Cryostructures are characterized by regular layered and lenticular ice, suggesting aggradation

of syngenetic permafrost through regular accumulation of loess at the surface. 5°H/8'0
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exhibit little overall trend during this interval, with mean values of -202%o and -25.8%o,
respectively. Fossil ages suggest horses, bison, and mammoth thrived in Yukon during this

interval.

Unit 2 was deposited ca. 36,000 to 27,000 cal yrs BP during the MIS 3 — MIS 2 transition. It
is present at three sites and is at least 15 m thick. This unit is characterized by brown silts
including graminoid vegetation and arctic ground squirrel nests. Average contents of carbon
and nitrogen are 3.2% and 0.3%, respectively. This unit has large syngenetic ice wedges.
Cryostructures are characterized by regular layered and lenticular ice, suggesting aggradation
of syngenetic permafrost through regular accumulation of loess at the surface. Mean §°H/8'0
values are -223%o for 8°H and -28.6%o for 8'*0 and exhibit a negative trend through this
interval, suggesting colder air temperatures than Unit 1. Fossil dates indicate horses, bison,

mammoth, and arctic ground squirrels thrived in Yukon during this interval.

Unit 3 was deposited ca. 27,000 to 13,150 cal yrs BP during the MIS 2 stadial. It is present at
five sites and is at least 8.5 m thick. This unit is characterized by grey silts including
graminoid vegetation and arctic ground squirrel nests. Average contents of carbon and
nitrogen are 1.5% and 0.1%, respectively. Ice wedges are noticeably reduced in this unit,
which may be due to environmental conditions that inhibited thermal contraction cracking
from occurring. This may have been due to dry, deeper-than-present active layers and drifted
snow at least 60 cm thick in valley-bottoms during the last cold stage. Cryostructures are
characterized by regular microlenticular ice, suggesting aggradation of syngenetic permafrost
through regular accumulation of loess at the surface. Water isotopes in this record reach lows
of -245%o for 8°H and -32.2%. for 5'*0 during the height of the last cold stage ca. 27,000 to
23,000 cal yrs BP. Elevated d-excess values are present for much of this interval, with a mean
value of +15.1%o from ca. 29,000 to 22,000 cal yrs BP. From ca. 15,000 to 13,150 cal yrs BP,
8’H and 5'®0 increase to highs of -167%o and -21.1%, respectively. Paleoenvironmental
trends across the last glacial-interglacial transition suggest: (1) shrub vegetation became
established in the Klondike ca. 13,150 cal yrs BP; (2) significant environmental changes
during the last glacial-interglacial transition centered around the Bolling-Allered in the
Klondike, as suggested by the timing of isotopic enrichment in pore ice, the appearance of

shrub macrofossils, the appearance of bison and moose fossils, and last dated mammoth,
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horse, and arctic ground squirrel fossils; (3) the boundary between Pleistocene silts and the
interglacial organic unit is conformable at Lucky Lady II, suggesting continuous deposition of

silt and aggradation of syngenetic permafrost in the Klondike.

Unit 4 began deposition ca. 13,150 cal yrs BP in the early Holocene. It is present at seven
sites and is at least 8 m thick. This unit is characterized by grey and black silts including in
situ shrub and graminoid vegetation. After ca. 6,000 cal yrs BP, spruce (Picea sp.)
macrofossils are present. Average contents of carbon and nitrogen are 3.8% and 0.2%,
respectively. Small infrequent syngenetic and epigenetic wedges are present throughout this
unit. Cryostructures are characterized by regular layered and lenticular ice, suggesting
aggradation of syngenetic permafrost. 8°H and 3'*O reach maximum values of -156%o and
-19.7%o, respectively, between 11,000 — 9,000 cal yrs BP during the early Holocene thermal
maximum. Subsequently, both isotopes follow a negative trend to mean values of -168%o and
-21.8%o over the last 9,000 cal yrs BP. No arctic ground squirrel nests are present. Fossil dates

indicate bison and moose have thrived in the Klondike throughout the Holocene.

A paleoenvironmental record similar to this study could span well beyond the limits of
radiocarbon dating if tephrochronology and additional dating techniques, such as optically
stimulated luminescence dating, are applied. An interesting comparison between permafrost
units in Alaska and Yukon could be made if similar permafrost records are developed.
Additional work includes identifying organic material at the base of Unit 4 and during the
early Holocene thermal maximum, additional ice volume measurements, especially in Unit 2,
water isotope analyses of dry Lucky Lady II core samples using an induction module on a
liquid isotope analyzer, and also improved knowledge of snow-rain mixing ratios in pore ice
and how mixing ratios change by vegetation type in an effort to improve the quantitative

paleotemperature estimates in this study.
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Appendix C: Carbon and nitrogen content of Klondike permafrost

Unit Site Sample Age (cal yr BP) %C %N C:N
Unit 4 Brimstone DF12-30 1,000 2.10 0.15 14.0
Unit 4 Brimstone DF12-31 1,075 437 0.23 19.4
Unit 4 Brimstone DF12-34 1,485 3.67 0.22 16.7
Unit 4 Brimstone DF12-40 3,900 2.19 0.15 15.1
Unit 4 Brimstone DF12-41 6,600 3.38 0.18 18.6
Unit 4 Lower Hunker MMI12-111 8,475 4.16 0.24 17.4
Unit 4 Lower Hunker MM12-35 8,500 2.81 0.19 15.0
Unit 4 Lower Hunker MMI12-110 9,290 5.37 0.25 21.4
Unit 4 Upper Goldbottom MMI12-119 10,340 3.62 0.25 14.4
Unit 4 Lucky Lady 2 LLII-5.25(+) 10,340 4.89 0.36 13.5
Unit 4 Upper Goldbottom MM12-124 10,625 5.37 0.34 15.6
Unit 4 Lucky Lady 2 LLII-4.0(+) 10,730 5.99 0.50 12.0
Unit 4 Lucky Lady 2 LLII-2.25(+) 12,850 1.12 0.08 15.0
Unit 4 Lucky Lady 2 LLII-1.0(+) 13,035 2.54 0.17 14.6
Unit 4 Lucky Lady 2 DF08-26A 13,140 1.80 0.17 10.4
Unit 3 Lucky Lady 2 LLII-0.75(+) 13,160 1.87 0.11 17.1
Unit 3 Lucky Lady 2 LL2-12-84 13,280 1.50 0.14 10.9
Unit 3 Upper Quartz MM12-QC-05 13,620 1.11 0.06 17.5
Unit 3 Lucky Lady 2 LL2-12-109 13,840 1.04 0.04 24.0
Unit 3 Lucky Lady 2 LL2-12-134 14,400 1.59 0.07 22.8
Unit 3 Upper Quartz MM12-QC-04 14,925 0.93 0.05 20.3
Unit 3 Lucky Lady 2 LL2-12-209 15,735 1.33 0.06 22.0
Unit 3 Upper Quartz MM12-QC-03 15,745 0.99 0.05 18.4
Unit 3 Lucky Lady 2 LL2-12-234 15,945 1.07 0.06 18.9
Unit 3 Lucky Lady 2 LL2-12-259 16,160 1.01 0.05 21.7
Unit 3 Upper Quartz MM12-QC-02 16,560 1.06 0.06 18.3
Unit 3 Upper Goldbottom MM12-115 18,510 1.16 0.07 16.2
Unit 3 Upper Goldbottom MMI12-116 21,000 2.10 0.18 11.5
Unit 3 Upper Goldbottom MMI12-117 21,775 1.93 0.17 11.1
Unit 3 Lower Hunker MM12-109 22,255 1.08 0.06 16.9
Unit 3 Lower Hunker MM12-27 22,430 1.38 0.10 13.2
Unit 3 Lower Hunker MM12-108 22,645 1.43 0.12 12.1
Unit 3 Lower Hunker MM12-LH2-259-09 22,720 1.65 0.12 13.5
Unit 3 Lower Hunker MM12-28 22,750 1.54 0.12 13.0
Unit 3 Lower Hunker MM12-105 23,810 1.34 0.10 13.2
Unit 3 Lower Hunker MM12-107 24,985 0.95 0.08 12.3
Unit 3 Black Hills MM12-74 25,890 1.92 0.16 12.2
Unit 3 Black Hills MM12-73 26,080 2.11 0.16 13.3
Unit 3 Black Hills MM12-72 26,275 2.34 0.19 12.3
Unit 3 Lower Hunker MM12-101 26,330 1.19 0.10 11.5
Unit 3 Black Hills MMI12-71 26,470 2.83 0.30 9.4
Unit 3 Lower Hunker MM12-102 26,715 1.33 0.12 11.5
Unit 3 Black Hills MM12-70 26,775 3.01 0.30 9.9
Unit 3 Black Hills MM12-75 27,220 1.59 0.13 12.5
Unit 3 Lower Hunker MM12-103 27,295 1.65 0.13 12.3
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Unit Site Sample Age (cal yr BP) %C %N C:N
Unit 2 Lower Quartz DF10-26 28,400 2.57 0.21 12.0
Unit 2 Lower Quartz DF10-27 28,630 2.55 0.23 11.1
Unit 2 Lower Quartz DF10-28 28,865 2.74 0.23 11.8
Unit 2 Lower Quartz DF10-29 29,095 2.64 0.24 10.9
Unit 2 Lower Quartz DF10-30 29,325 3.19 0.27 11.9
Unit 2 Lower Quartz DF10-31 29,560 2.98 0.29 10.3
Unit 2 Lower Quartz DF10-32 30,060 2.83 0.23 12.3
Unit 2 Lower Quartz DF10-33 30,210 2.48 0.24 10.3
Unit 2 Lower Quartz DF10-37 30,330 3.17 0.31 10.4
Unit 2 Lower Quartz DF10-38 30,420 4.55 0.40 11.5
Unit 2 Lower Quartz DF10-39 30,540 3.94 0.38 10.3
Unit 2 Lower Quartz DF10-40 30,600 3.69 0.36 10.1
Unit 2 Lower Quartz DF10-36 30,685 2.40 0.24 10.0
Unit 2 Lower Quartz DF10-43 31,135 4.00 0.34 11.7
Unit 2 Lower Quartz DF10-44 31,210 3.55 0.34 10.4
Unit 2 Lower Hunker MM12-22 34,950 5.10 0.50 10.3
Unit 1 Upper Goldbottom MM12-132 40,410 4.62 0.44 10.5
Unit 1 Upper Goldbottom MM12-125 42,100 4.85 0.48 10.2
Unit 1 Upper Goldbottom DF12-26 42,470 4.62 0.28 16.4
Unit 1 Upper Goldbottom MM12-127 43,200 6.31 0.48 13.0
Unit 1 Upper Goldbottom MM12-128 43,805 5.51 0.46 11.9

n.a. Upper Hunker MM12-45 non-finite 2.75 0.23 11.8

n.a. Lower Hunker MM12-98 non-finite 5.67 0.42 13.5

186



187

- €S 88'8¢- L'STC Sjug-uou Sjuyy-uou 00T 25pam 91 66-CITININ 'u JoyunHy Iomo]

- 6'S LO'ST- 9v61- djuig-uou djurg-uou 051 o[dwes puer| 86-CIININ eu JoyuUNH Iomo]

- - - - uy-uou uyy-uou 0S'1 soxoew juefd L6-ZTININ R Ioyuny Iomo
See0 S'L SL'LT Syic 0057€ 005 V€ STS 98pam 991 ECCTININ caun JoyuUNH I9MOT
SEE0 S0 LLYC 9°L61- 01LFE 0S6'FE 0SS opdues puey CC-TIININ cyun JoyuUny Iomo]
CLT0 961 Sele- 1€ 0£8°9C S6T°LT 00'8 sjoqjod eaoy E0T-CTININ €N JoyuUnHy IoMoT
CLI0 961 SLIE- Yyec- 0ST°9¢ SIL9T 00°6 o[duwes puer| COI-CITININ €3N JoyuUny Iomo]
CLT0 8Pl Ly 1¢E- 0'LET S98°ST 0££9C 0001 opdures puey 101-CTININ €3N Joyuny Iomo]
CLI0 L91 08'1¢- 8'LET 089°ST SPI‘9T 0011 s19112d [0y 001-CITIANIN €N JoUNH IMOT
CLT0 01 CE'8¢C- 7'91¢C- 00S°€T 00S°€T 00°CI 28pam 91 YO1-CTININ € nun JoyuUny Iomo]
CLT0 [44! 91°C¢- 0'SvC- 0TS¢ S86%C 00°€l ordures puey LOT-CTININ £ nun JoyunHy Iomo]
CLI0 8'8 9T 1¢- £ 1vc SPE'ET 018°€T 00¥1 o[duwes puer| SOI-CIININ €3N JoyuUny Iomog

- £€9 ¥0'€C- 1'8L1- Jeapoun - 0071 28pam a9t 90T-CTININ ¥ 1 JoyunHy Iomo]
CLI0 20T 11°ge- LyvT Spun umiq SurxI 0SLTT 05°S1 o[dwes puey 8CT-CTIININ €3N JoNUNH IMOT
CLI0 76l [44\l% ¥'cTe spun umjq Surxiu 07L°TT 0SS opdures 2100 6SC-CHT-CITININ €3N JoyUNnH Iomog
CcLTO {34! 8Y'Ce- 9y Sjun umjq Surxrur S¥9°ce 0SS ordures puey S0I-CTININ £31un JoUNnH IoMoT
CLI'0 S0l $9°¢C- L'8LI- Spun umyq SuIKI 0£¥°TT 0091 o[duwes puer| LT-TIININ €3N JoyuUny Iomo]
cLTO £6 98'LC- 9¢lc Sjun umjq Surxrur SsT'te 0091 opdures puey 601-CTININ €N JoyUNnH Iomo]
€210 9°¢ 9L’ €T 981~ 0058 005°8 0091 98pam 991 6C-CTIININ N JoNUNH IoMOT
€10 00T 1€°€C $991- 008°8 062°6 00°LI opdures puey OIT-CIININ N JoyuUnH Iomog
€210 8¢ €T 1T 1'991- 010°8 005°8 0081 ordures puey SE-CITNIN €3N JoyUNnH IoMoT
€210 9 $8°0C- £091- S86°L SLY'8 0081 o[dwes puey| ITT-CTININ ¥ 1N JoyuUny Iomo]

(reak/wo) (dd s1k [eo) (dg s1K1ed) | (wr) uonoas
ojes uonepeIday | (°%) ssa0xd-q | (9%) Oy, Q (°%) H.Q sI19)eM JO 98y soruedio Jo o3y | urjysoyg [eLIJRIN ordweg nun S

CLI'0 1'L1 16°8¢C- 601C 01€9C SLL9T 050 o[dwes puey 0L-CTTININ €N SIIIH Xoeld
CLI'0 791 £8°6C- £ S00°9C 0L¥°9T 0€'l o[dwes puer] [L-TTININ €N SIIIH Yo'l
CLT0 ¥'9 ¥ 6T SLTC 000°9C 0009 0’1 a8pam 201 69-CTININ € nun SIITH Yo'l
CLT0 sol 750¢- L'¥TC 018°ST SLT9T 081 o[dwes puey CL-TIININ €3N SIIIH Xoeld
CLI'0 L9l £5°0¢- 9°LTC S19°'sT 080°9C 0€'C o[dwes puer| EL-CININ € nun SIIIH Xoerld
CLT0 181 00'1¢- 6'6CC 00L°ST §S9°ST< 05T a3pam 901 89-CTIININ € nun SIITH Yor[g
CLT0 91 20°0¢- L'€TT STH'ST 068°ST 08'C ordures puey PL-TIININ €N SIITH Xorlg
CLI'0 991 cL0g- 1'6CC SLS'LT SLS'LT 06'C 1sou [ourinbs punois onore L9-TITININ €3N SIIIH Xoeld
CLT0 891 91'0¢- Sy SSL°9T 0TT°LT 0€'¢ opdures puey SL-CTIININ € nun SIITH Yor[gd

- - - - - 0p0°E 00t sozoeur Jueyd £9-CTININ ¥ 1 SIITH Xo'[g

- - - - - 14 01's soJoew jueld ¥9-TIININ ¥ N SIIIH Xoeld

(1eak/wo) (dd s1£ [eo) (dg sI& 1e0) (ur) uonods
Sjer uonepeid3y | (09) sseoxa-q | (%) 0qQ (°%) H.Q s19yem Jo o8y soruedio jo a8y | ur sy LRI ordweg nun Mg

e)ep Jdweg :q xipuaddy




188

SEE0 0¢C 6v'LT 6'L1T 0€0°I€ 01CT1€ S¢S ojduues puey Py-014d onmun Z)1enQ) MO
SEE0 [ L9'LT oz $56°0€ SEIIE 08'S ojdues puey £-014d N Z)1enQ) Jomo]
SEE0 0'S 69'6C ST 001°0€ 001°0€ 0¢’L a3pam 201 1¥-014d N Z)1en() 1Mo
SEE0 Sl y1'8¢C 9ecT 0Ty0E 009°0€ 09°L ojdues puey 0v-014d cnan Z)enQ) JomMoT
SEE0 oy L9'8C- |4 4% 09€°0€ 0vS0€ 08'L odwes puey 6£-01dd cunun Z)IenQ) MO
SEE0 81 6¥'8¢- 1'9¢¢- 0¥C0€ 0TF0€ 0T'8 odwes puey 8¢-014d cnan Z)IenQ) 1m0
SEE0 €01 £€°6C A9 0S1°0€ 0£E0E 05'8 ojdures puey Lg-014d cnan Z)IenQ) 1m0
SEE0 9'¢ 96'8¢- 1'8¢¢- SLTOE $89°0€ 08'8 ojdures puey 9¢-014d cnan Z)IenQ) MO
SEE0 s 99'8¢- v 058°6C 058°6T 0s'01 23pam 201 Se-014d cnman Z)1enQ) MO
SEE0 L'L 0S'6¢- £'8CC S€0°0€ 01Z°0¢ 0s'01 ojduues puey £€-014d cnun Z)1enQ) M0
SEE0 1l SS'6C s 0SL6T 0SL°6T SLOL 33pam 201 r€-014d N Z)1enQ) 1Mo
SEE0 - - - - 091°0€ 0801 1sau [oxmnbs punois onore vc-014d N Z)1enQ) 1Mo
SEE0 £€¢ £9°6C- LegT 0T8°6T 090°0€ 00° 11 odwes puey ce-01d4d cnun Z)IenQ) JomMo]
SEE0 '8 166 6°0€C 08€£°6T 095°6T 0sCl odwes puey 1e-01dd cumn Z)IenQ) MO
SEE0 6'L ST0¢- [44Y% 0S1°6T STE6T 00°¢l odwes puey 0¢-01d4a cnan Z)IenQ) JOMO]
SEE0 'L 10°0¢- 0'€ee S16°8C $60°6C 0s°¢l ojdures puey 6C-014d cnan Z)IenQ) 1m0
SEE0 601 e0¢e- 9'1¢C- $89°8C $98°8¢C 00v1 ojdures puey 8¢-014d cnan Z)IenQ) MO
SEE0 L€l 9l'1¢- 9'6¢C- 0S¥°8C 0£9°8T 0S¥l ojdures puey L2-014d cnmn Z)IenQ) MO
SEE0 €9 0s°0¢- 9'LEC 0TT'8C 00%°8¢T 00°S1 ojduues puey 9¢-014d onmun Z)1enQ) MO
SEE0 - - - - 012'8T 00°S1 1seu [oxrmbs punois onore §¢-014d cnan Z)1enQ) 1Mo
(12K /o) (dd S14 1e0) (dg s1K1ed) | (w) uoroas
oje1 uonepes33y | (09) sseoxo-q | (99%) 049 (°%) H,Q s1oem JO oSy soruesio Jo a8y | urySoy [eLIBIA ordweg nun NS

- 801 6L°6C- S'LTT- d)IuIj-uou Q)uIj-uou 001 3sau [oarnbs punoid onore PH-ZTINIA R 1oxuny 1oddn

- 911 16°6C L'LTT Sjuyg-uou Sjug-uou 001 ojdues puey SYCININ eu Ioyuny Joddn

- 9'¢ 8C6C 9'8¢C- Sjuyg-uou Su-uou 001 93pam 201 IP-TITININ ey JToyuny soddn

- $'9 1S'8T- 1'72C- QJIUIJ-Uou J)Iu-uou 00'C 1sou [o11nbs punoi3 onore SST-ZTININ R Ioyuny Joddn
£80°0 L8 £8'6C- 0'861- SSS'LY 0SS‘8¥ 059 odures 2100 8ST-CIININ 1man Toyuny toddn
€800 - - - - 008°9% SL9 sozoeuwr jued 091-CTININ 1N JToyuny 1oddn
¥8+°0 [ TLTT 9°LLI- S96°S 0609 086 ojdues puey 67-CITNIN ¥ N Joyuny toddn
¥8%°0 - - - = 0609 086 soxoew jue[d 87-C AN ¥ N Joyuny roddn

- - - - S SSS°1 S8°01 sooeu Juefd IS-TININ ¥ uun Joyuny Joddn

(reak /o) (dg s1£ 1ed) (dd sif1ed) | (wr) uonoss
oye1 uonepeiddy | (09) ssaoxa-q | (°%) O, Q (°%) H,Q s19em Jo o5y soruesio Jo a8y | urySoyg [eLIBIA ordweg nun g




189

€80°0 8'C [T 61~ ST6'tY 0S9‘St 0L°S S[dwes puey ¥2-714d 1 3un wopoqpon 1oddn
€800 - - - S S86°€Y 0L9 sotoew juefd 6C1-CTNIN 13N wopoqplon soddn
£80°0 90 YL'ST €50 080°¢t S08°ch 689 o[dues 2100 8CTI-CININ [ 1un wopoqplon soddn
€800 L9 v6'ST- 800" SLY'Th 00T'cY Se'L opduues 2100 LT-TIAN [ nun woyoqpjon 12ddn
£80°0 9L 95'9z- 80T 018°T¥ SESTh 06'L opdures puey W TINN [ 1un wopoqpon 1addn
£80°0 L1~ 19°¢€2- 9061~ SYL 1Y 0Ly Ty S6'L S[dwes puey 9z-71dd 1N wopoqp[on rddn
£80°0 (%4 7897 ¢TI 0050 00S°0¥ 00'8 a5pam 901 I4-CTNN 1 3un wopoqpon 1addn
£80°0 09 079 9°€0T- 069°T SIv' Ty 00'8 s[dues 5100 9ZI-ZININ 1 3un wopoqpon 1oddn
€800 LT 16'ST- L'S0T- SLE T 001°CH 0S8 [dues 2100 STI-CININ 1 un wopoqpon soddn
£80°0 8'S S6'LT 8 LIC- S6v' It S6v' Iy 006 991 pajesa1gas IE1-CTNN 1 3un wopoqplon soddn
£80°0 L'L 88'9C- v’ LOT- S¥0°0F 0LLOY 09'6 o[dues 2100 0EI-CININ [ 1un wopoqplon soddn
£80°0 24 19z 80T $89°6¢ 010 06'6 o[dues 2100 TEI-CIAN [ nun woyoqpjon 12ddn
£80°0 LS 80'8C- 6'81C 000°LE 000°LE 0911 a3pom 91 9EI-ZININ [ nun wopoqpjon sddn
£80°0 LS [ 1'¥02- STY9¢ 0SI°LE 0S°CI s[dues 5100 SEI-CININ [ yun wopoqp[on 1addn
€80°0 - - - = S68°SE 09°CI 3sou [ownbs punois onoe YEI-TININ znun wopoqpon 1addn
990°0 90~ ¥0'8C- 6T 000°T¢ 000°T¢ S671 25pam 991 8E-CTININ [4150) wopoqpon 1oddn
990°0 Lg L6'ET 1'881- 08%°1¢ S8ETE 0L°SI o[dues 2100 65" S TININ nun wopoqplon soddn
990°0 [ 194 S'S61- 0£L°0€ SE9°1¢ 0291 o[dues 2100 0-STIANIN znun wopoqplon soddn
990°0 - - - = SLE6T 0L'LI ordures eiyday PE-ETANIN znun wopogp[on Joddn
TE10 891 0L'0¢- 8'8TC- $8T'ST S8T°ST 0$'81 3sau Jaumbs punois onore IS INN ¢ yun wopoqpjon ddn
€10 901 06'67- 9'8TC- 012T°ST 01T'ST 09'81 3sou Joumbs punois onjore S INN ¢ 1N wopoqp[on rddn
€10 96 €5°6C- 997C- 0TLYT STEST ST61 s[dues 5100 SP-CTNIN ¢ N wopoqpon 1addn
€10 €L 6€°67- 8 LT STSYT SIS 0S°61 389U [a1nbs punois onoe Yr-C TININ ¢ N wopoqpon 1oddn
€10 9°¢l 8L°0¢- 9TET- 0€€YT 0¥6'C SL'61 [dues 2100 9P~ TININ ¢nun wopoqpon soddn
€00 - - - S SLE0T 06'07 | 3sou [ournbs punois onoe CII-CINIA g nun wopoqplon soddn
7€0°0 6¢ S6'8C- L'LTT 06761 SLLIT SI'IT o[dues 2100 LIT-ZIAIN ¢ yun woypoqp[on 1ddn
7€0°0 Sl LE'8T- $'sTT 01581 000°1¢C 0v'1T o[duwes 2100 9TI-CIANIN ¢ nun wopogp[on Joddn
T€0°0 - - - - 0Z8°81 0T'CT sjo[[od [ea0) TI-TIAIN ¢ 1un wopoqpjon sddn
7€0°0 1 81'97- T80T~ 020°91 01581 0€'CT oS[dwes 5100 SIT-CIANIN ¢ jun wopoqp[on 1addn
€210 'S 0L°CT S9LI- 058°6 0rE01 09'CC s[dues 5100 611-CININ ¥ 3N wopoqpon 1addn
€TIro - - - = SET01 S8'TC sotoew jued 1ZI-CIAN ¥ N wopoqpon 1oddn
€Tro Yl 6€°€T 8TLI- 00Z°6 $89°6 0b'€T [dues 2100 SIT-ZTNIN ¥ N wopoqplon soddn
€Tro 69 9¢'€T- 0081~ SEI°01 ST9°01 09'%C o[dues 2100 YZI-CINN ¥ N wopoqplon soddn

- - - - = SH6°S 09'92 soJoew juefd 6€-TININ ¥ N wopoqplon soddn

(1e0k /o) (dg SI£ 1e0) (dg 1k [e0) (ur) uoroas
qyer uonepeI3y | (09) sseoxa-q | (0%) (oY (09%) H.Q sIo1em JO o5y soruesio jo o8y | urySoyg [eLIIRIA ordweg nun S




190

wIio vEl 18°6C- 15T 0291 0LT91 ST0 389U [ounbs punois onore TTEININ ¥ nun zyeng) 1oddn
wlo '8 1L°8C- 9°1¢¢- OvL'S1 S0€91 00'1 o[dures 2100 Y-S TN ¢ un zyren) 1oddn
w0 - - - = ObL‘ST 001 3sou [ounbs punois onore 11-CTININ ¢ jun zyenQ) 1oddn
wIio St S6'97- 1'11Z SISEl 08071 00T o[dues 2100 ST-STNIN ¢un zyreng) 1oddn
wio 88 1092 £661- SHbEl 010°%1 01'C 991 PAje3a13as 9Z-CTNIN ¢ nun zyreng) 1oddn
w0 S8 Ly’ T TILI- SLEEI 0v6°€l S8 opdures 2100 LT-STININ /€ Hun zyrenQ) 10ddn
wIio - - - = S89°C1 S6T sosoew jueld 6T S TININ /€ mun zyreng) 1oddn
wio ¥l 194 §'S61- 0IT°€l (11953 ! 00°¢ 98pam 291 8T-CIININ ¥ un zyren) 1oddn
[2a%0 - - - - 091°€l SI'e soJoew juefd 0€-€TININ ¥ 1un zyreng) Joddp
wio 1'¢ L9°6T- €yeT SPLST 0I€91 080 o[dwes 2100 LI-€TNIN ¢ 1N zyenQ) 1oddn
wio I'6 01'8T- LSIT 0LLE1 SEEPI 08’1 o[dures 2100 TI-ETAIN guun zyrenQ) Joddpn
wIo ¥'6 [ Cy81- SY6°T1 01S°€l S9T s[dues 2100 CI-CTNN ¢ N zyrenQ) 1oddn
wIio - - - S 01IS'ET $9'C soJoew jueld PI-E TN € nun zyeng) 1oddn
wlo I'¢ ¥L0T- 8791- 0T8Tl S8€Eel 08'C 901 Poje3aI3as 1-ETAIN ¥ N zyren) 1oddn
wIio 0¢ LETT 0891~ 0691 SSTEI S6'C s[dues 2100 SI-STNIN ¥ N zyrenQ) 1oddn
000'C 6S 91T THoI- SEI°S S91°S S6'¢ s[dues 2100 9I-ETININ ¥ nun zyeng) 1oddn
000'C LL 65°0C- 1'LS1- SEIS S9I°S S6'¢€ 901 PaJe3aI3as 0T-ETININ ¥ N zyren) 1oddn
000C L 912~ SH91- SEI'S SEI'S S6'€ 93pam 991 SI-CTININ ¥ 3N zyenQ) 1oddn
000'C - - - 0TI‘S 0SI°S 0¢y sozoew juefd 61-CTININ ¥ N zyrenQ) 1oddn
190°0 06 €r0¢- SYET- SSTSI 09591 000 o[dwes 2100 20-D0-CTININ guun zyenQ) oddn
190°0 I'¢ 16'8C- 78T [(liadl SPLST 0$°0 s[dues 2100 £0-D0-CTININ ¢Hun zpeng) 1oddn
190°0 9! W 0¢8I~ 029°¢1 ST6'p1 001 o[dues 2100 £0-00-CININ ¢ nun zyenQ) 1oddn
190°0 701 99'T- 6161~ SIETl 029°¢1 08’1 o[dures 2100 S0-00-CIININ guun zyreng) Joddn
TI0 68 18°C¢- 9¢LI- 060°TT S08°ZI 0€C s[dues 2100 90-D0-CIININ ¥ 1N zyrenQ) 1oddn
[4i0 0L wiT 8991~ 096°11 SL9TI 0LC ordures a100 L0-D0-CININ ¥ nun zyrenQ) 10ddn)
000'C I's 61T €0LI- $68°S ST6°S 08¢ 991 pAje3a139s 16-CINN ¥ N zyreng) Joddp
000T - - - $68°S ST6°S 08'¢ soloew jueld S6-TININ ¥ 1N zyrenQ) 1oddn
000 STl ¥0'CT- 6°€91- $88°S S16°S 00¥ [dues 2100 80-D0-CTININ ¥ nun zyeng) Joddn
000'C - - - 018°S 0+8°S 0SS soJoew jueyd 96-CININ ¥ nun zyreng) Joddn
000T L9 05T CeLT- 018°S 0v8°S 0SS s[dues 2100 60-00-CTIININ ¥ N zyrenQ) 1oddn
000 I'L 8¥' ¥ 8881~ S6L°S ST8°s 08'S 901 PAJe5aI3As T6-TININ ¥ nun zyreng) Joddn
000°C LL 20'1C- $'091- SEL'S S9L'S 00'L o[dues 2100 01-00-CININ ¥ nun zpenQ) 1oddn
(1eak/wo) (dg SIA 1e9) (dg s1£1ed) [ (ur) uonoas
ojes uonepeIsay | (°9) ssaoxo- | (°%) O, Q (°%) H.Q s10Jem Jo o3y soruedio Jo oy | urjydoy LRI ordureg nun NS




191

- - - - - 00S9T 000 Jsau [ewrmnbs punois onoe L6-80dd €N 11 Ape'T Ajong
- - - - - 066°ST 0t°0 1sau [owrmbs punois onore q19-714d € 1N 11 Ape'T Asjonrg
- 8'C 09'¥C- 0'v61- 00T°€1 00T°€T 050 a3pam o0t Vi1-014d € 1N 11 AperT Asjong
- - - - - SLYET 0Ll 1sou [aurmbs punois onore S0-€14a € un 11 ApeT Apong
- - - - - 0IF'€l 0L'C josoajed 81-714d €N 11 Ape1 Ayong
- - - - - SLEEL 0L'C [osoajed 81-21dd €N 11 AperT Ajong
- - - - - 00T°€T 0L'C [osoafed 81-71dd €N 11 AperT Asjonrg
- - - - - ObIEL 0L [osoaed V97-804d €N 11 AperT Asponrg
- - - - - 091°€T Sv'e ojdures puey ()SL0-I'TT €N 11 AperT Asponrg
- - - - - SOT‘ET IS¢ ojdues puey 18°0-11TT ¥ N 11 Aper Asong
- - - - - 0STEl 86°¢ ordures 2100 88-27T11 ¥ nun 11 ApeT Ayong
- - - - = SPI‘EI 86°¢ ojdues 2100 (2) 88-0CT11 ¥ N 11 ApeT Apn
- - - - - SE0°EL 0L€ o[dues puey (00 1-1IT1 ¥ aun 11 Aper Aspong
- - - - - 0S8°CI S6'v ojdures puey (HSTTITI ¥ N 11 Aper Asponrg
- - - - - 0€L°0T 0L9 o[dures puey (D0 FIITT ¥ N 11 ApeT Asponrg
- - - - - 0bE0L S6°L ojdures puey (HSTS-IITT ¥ N 11 Aper Aspong
(1eK/md) (dg S1A 1e0) (dg s1K1ed) | (wr) uonoas
djel uonepeIddy | (09) ss20xa-q | (°%) Og,Q (°%) H.Q s19jeM JO o3y soruedio Jo o8y | urySioHg LRI ordureg jun NS
7810 €38 96°1C- v'L91- SLY9 009°9 SL'1 ojdues puey 17-14d ¥ N uojswLIg
7810 €6 08'ST- 0°L61- 009°€ 009°€ 00'C 23pam 201 6£-714d ¥ Hun uoJSWLIE
Y810 6'S ¥8'5T- 6'00T- 00S°€ 00S°E 00T 93pam 201 8¢-14d ¥ N ouOISILIE
810 19 STST- 6'S61- 009°¢ 009°€ 00T a53pam 001 LE-T1Ad ¥ N QuOJSIILIE
810 8'S sTTe TTLI- SLL'E 006°€ ST ojdures puery 0r-21dd ¥ N uoJStLIE
7810 - - - 0S8°¢ SPr9 0S°C sozoewr jued Se-1dd ¥ N uojstLIE
$80°0 Tll L9°TT- 1'0LT- 08L S8H°I S9'y ojdues puey r€-214d ¥ N auojswLIg
$80°0 L'L 60T 0'S81- 00€ 00€ 00'S 23pam 201 6T-C1dd ¥ Hun ouoISWLIE
$80°0 YL YT TL81- 00T 00T 00°S 93pam 201 87-14d ¥ N ouoIStLIE
$80°0 L6 96T 0061~ 00€ 00€ 00°S a5pam 201 LT-T14d ¥ N ouOJStLIE
$80°0 €8 seee- S'8LI- 0LE SLO'T 00°S ojdures puey 1€-214d ¥ N auoJstLIE
$80°0 - - - 01¢ STOT S0'S sozoew jued ze-1dd ¥ N uojswLIg
$80°0 6'S 861C- 6691~ S6C 000°T 0r's ojdues puey 0€-214d ¥ Hun QuoJSWLIE
(1e0k /o) (dd Si£ 1e0) (dg s1£1e0) | (wr) uoroas
oyex uonepeiddy | (09) ssaoxd-q | (9%) O,,Q (°%) H,Q s19yem Jo 95V soruedio Jo o8y | urySoyg [eLIBIA ordweg nun g




192

621°0 - - SSTEl SLY‘EL 8T¢ o[duwes 2100 STHP-VII1 g nun 11 ApeT Ao
621°0 0" 81°1¢- 8691~ 0ST€l 0L9°€1 6T¢ opduues 2100 Yr-vITl ¢ uun 11 ApeT Ayong
621°0 90 T 7691~ S61°cl SI9°€T 6£°¢ s[dues 5100 Y1Vl ¢ N 11 ApeT Ayong
621°0 4 % L'L91- SPI‘El S9S°€1 6v'€ o[dwes 2100 POP-VTT1 € nun 11 Ape'T Aong
621°0 £0- LO'TT 6'891- 0+0°€l 09%°€1 69°¢ o[dues 2100 ¥8€-VTT1 ¢ nun 11 ApeT Ao
621°0 91 80 0°591- $88°Cl SOE'El 66'¢ opduues 2100 PSE-VTI1 guun 11 Ape1 Ayong
621°0 [ SO'1Z- 1'991- 0€8°C1 0ST€El 60t s[dues 5100 Pre-vIT1 ¢ N 11 ApeT Aong
621°0 61 01T €991~ 08L°T1 00T°€l 61y rdues 2100 PEE-VIT1 ¢ N 11 ApeT Ayong
621°0 00 £6°0C- S'L91- 08L°C1 S60°€1 65y o[dues 2100 P1€-VIT1  nun 11 ApeT Aong
621°0 - - - 019°C1 010°ET Sy o[dues 2100 80€-VZ11 ¥ uun 11 ApeT Ayong
621°0 [ YT 1T 9891~ Sev'Tl SL6'TI 6v'y o[duwes 2100 Y0€-VTT1 ¥ U 11 ApeT Ayong
621°0 [ [ €891~ SYETI S88°C1 6SY S[duwes 2100 $67-VIT1 ¥ N 11 ApeT AonT
621°0 6'1 LT1T £891- ssTTl S6LTI 69t o[dues 2100 ¥8C-VIT11 ¥ N 11 ApeT Ayong
621°0 8¢ vy 1C 8°L91- SPI°Tl $89°C1 18'% o[dures 2100 LTV ¥ N 11 ApeT Aong
621°0 9T 91'1¢C- L'991- SLOTI S19°Cl 68¥ opdures 2100 $97-VIT1 ¥ N 11 ApeT Ayong
621°0 1T 9012~ €991~ S86°11 STS Tl 66t orduwes 2100 $ST-VIT1 ¥ N 11 ApeT AyonT
621°0 8T £6°0C 9491~ 068°11 0£¥°Cl 60'S orduwes 2100 Y-Vl ¥ N 11 ApeT AsponT
6210 (%4 96'0C- §'591- S6L11 SeeTl 0TS o[dues 2100 €€Vl ¥ N 11 ApeT Aong
621°0 'l TL0T- LY91- 0ILT1 0STTl 6T'S ojduues 2100 YTT-vIT1 ¥ un 11 ApeT Ayong
621°0 T $8°0CT- 991~ 029°11 091°CI 6€°S s[duwes 2100 Y1T-VIT1 ¥ un 11 ApeT Ayong
621°0 T 0L°0T ¥ €91~ 09T°11 00811 6L'S s[dures 2100 YL1-VTT1 ¥ N 11 ApeT Ayong
6210 S'1 95°0C- 0°€91- OLI‘TT OILTI 68'S o[duwres 2100 ¥91-VTT11 ¥ yun 11 ApeT Aong
621°0 8'C 9L°0T- £€91- 0EI°T1 07911 66'S o[duwes 2100 YSI-VTT1 ¥ un 11 ApeT Ayong
621°0 ST €€0T- 1°091- 0SO°T1 OvS‘T1 60'9 s[duwes 2100 Yr1-VTT1 ¥ un 11 ApeT Ayong
621°0 9T $5°0T- 8191~ $96°01 SSH'II 619 s[dues 2100 YEI-VTT1 ¥ N 11 ApeT Ayong
621°0 vl ¥1°0C- L6S1- 0L8°01 09¢€°11 1£9 s[duwes 2100 CI-veTl ¥ yun 11 ApeT Apn]
6210 4! 1102 9'651- S08°01 S6T11 6£'9 o[duwes 2100 P11-VZ11 ¥ nun 11 ApeT Aong
621°0 61 86°61- 6°LS1- STLOT SITII 6t'9 opduues 2100 Y01-VTT1 ¥ un 11 ApeT Ayong
621°0 91 €6'61- 6°LST- 0901 0EI°TT 659 s[dues 5100 ¥6-VT11 ¥ N 11 ApeT Ayong
621°0 91 18°61- 6951~ 095°01 0S0°T1 699 orduues 2100 ¥8-VIT1 ¥ un 11 Ape' Aong
621°0 91 ¥L61- ¥'951- 087°01 0L6°01 6L'9 o[duwes 2100 YLV ¥ nun 11 ApeT Apong
621°0 8’1 08°61- 9961~ S6£°01 S88°01 689 opduues 2100 ¥9-VTT11 ¥ un 11 ApeT Ayong
621°0 91 9L°61- S96T- SIE01 S08°01 66'9 s[dwes 5100 ¥S-VTT1 ¥ N 11 ApeT Ayong
621°0 91 v6'61- 6°LST- 0L0°01 095°01 6L s[duwes 2100 Y-Vl N 11 Ape'T Aong
621°0 - - - S10°01 SOS‘0L 9¢'L o[dues 2100 L1-VTT1 1N 11 ApeT Ao
621°0 81 60°0C- 6'8S1- 066°6 08701 6€°L opduues 2100 Y1-VTT1 ¥ 3un 11 ApeT Ayong
(1eak/wo) (dg S1& 1e0) (dg sik [ed) (ur) uoryods
e uonepeId3y | (09) ss20xa-q | (°%) Og,Q (°9%) H.Q sIo1em Jo o8y sorued1o Jo 98y | ur oy [eLIoBIAl ordureg nun g




193

161°0 S'1 [T €TLI- 0zIcl SPEEl 433 o[dues 2100 £92-92T1 €N 11 ApeT Aon]
161°0 L0 0TIz 6'891- S60°€l 0zE€l e opdures 2100 €741 guun 11 ApeT Ayong
161°0 [ ¥S'1T- 60L1- S90°¢1 06C°€T 53 o[duwes 2100 €rT-dCT1 ¢ N 11 ApeT Ayong
161°0 80 €T 0691~ SE0°El 09T°€T 79°¢ ordues 2100 €ET-dCT1 ¢ N 11 Ape'T Ayong
161°0 - - - SIOET 0PT'EL 0L'¢ o[duwes 2100 §TT-4dTT1 € nun 11 Ape'T Ayong
161°0 4! Wi 1'0L1- 010°¢I SeTel e o[dues 2100 €0C-dT1 €N 11 ApeT Aong
161°0 91 6€'1C S691- 086°C1 S0T'El 8¢ o[dues 2100 €lz-deT1 ¢ Jun 11 ApeT Aong
161°0 L0 1712 6'891- SS6°C1 081°€I 06€ opdures 2100 €02-9¢T11 ¢ jupn 11 ApeT Ayon
161°0 70 €6°0C" TL91- ST6TI 0SI°ET 07 o[duwes 2100 €61-d7T11 ¢ jupn 11 ApeT Aong
161°0 8T SEIT 0891~ 09671 STIEl Uy s[duwes 2100 €81-9CT1 ¥ un 11 Ape'T Aong
161°0 ¢l SeIe- 9'691- 0€6°CI S60°€1 wt srduwes 2100 €L1-97T1 ¥ N 11 ApeTT Aong
161°0 01 0€°1C- S691- 006°CI S90°€1 434 opduwes 2100 €91-dC7T1 ¥ yun 11 ApeT Aong
161°0 - - - 0LLTI SHO'EL ov'¥ ajduwes 2100 SS1-d7T1 ¥ aun 11 ApeT AYong
161°0 [ 1€°1¢- T691- 0v9°CI 0£0°€1 A ojduues 2100 €51-97T11 ¥ N 11 Ape'T AYong
161°0 10 L6°0T- L'L91- SLSTI S96°CI [ s[duwes 2100 SH1-9711 ¥ un 11 Ape'T AYong
161°0 8T YeIT 6'L91- 01Tl 006°C1 [ s[duwes 2100 €E1-97T11 ¥un 11 Ape'T Aong
161°0 €'¢ 61'1C 7991~ SH'Tl SE8°CI wy ojduues 2100 €21-9711 ¥ un 11 Ape'T Apong
161°0 8¢ €eIe 6'991- 08€°CI 0LL'TI 434 o[duwes 2100 CI1-dCT1] ¥ uun 11 ApeT Aong
161°0 (a4 6€'1CT L991- SIETl SOLTI W6y opduues 2100 €01-d7T1 ¥ N 11 Ape' AYong
161°0 54 <z Lt91- 0STCI 0v9°CI 20°S opduues 2100 €6-47711 ¥ un 11 Ape' AYong
161°0 [ 9.0 8°€91- S81°TI SLSTI s s[dues 5100 €8-47711 N 11 Ape'T AYon]
161°0 10 €502 THoI- 0zITl 01SCI ws s[dwes 2100 €L-d7T11 ¥ un 11 Ape' Ayong
161°0 Sl 8¢°0¢- S 191- ST6I1 SIETI SS o[duwes 2100 €711 ¥ nun 11 ApeT Aong
161°0 €¢ SY0C- £091- SS8°I1 SHTTl 9 o[duwes 2100 €e-dCT1 ¥ 11 ApeT Apong
161°0 - - - SO8°11 S61°TI 0L's opduues 2100 ST-dz11 ¥ 3un 11 ApeT Ayong
161°0 L€ €r'0C- 8651~ 06L°11 081°CI s s[dues 5100 €T-d711 ¥ 3N 11 Ape'T Ayong
161°0 L'¢ 0%'02- S6S1- STLTT SIITI 8¢ s[dues 5100 €1-47711 ¥ N 11 Ape'T Aong
161°0 91 91'0Z- L6S1- 099°11 050°CI 06°'S rdues 2100 ¢-deT1 ¥ N 11 Ape'T Ayong
(180K /o) (dg sik 1eo) (dg sik [ed) (w) uonoas
qyer uonepei3y | (09) sseoxa-q | (0%) 049 (°%) H,Q sI91eMm JO oSy soruegio jo o8y | urySoyg [eLIdIRIN ordweg jun NS




194

Ly1°0 I'¢ ¥9°0C- 091~ 5556 0£6°6 6€'8 ojduues 2100 LLE-STTT ¥ N 11 ApeT AYong
LY1°0 134 ¥€0C- S 091~ 067°6 S98°6 6v'8 s[duwres 2100 L9€-STTT ¥ 1N 11 Ape'T AYong
LY1°0 8¢ £5°0C- §'091- 0£¥'6 S08°6 658 s[dures 2100 LSE-STTT ¥ 1 11 Ape' Aon]
LY1'0 - - - S0t'6 08L‘6 €9'8 odures 2100 €6€-STT1T yaun 11 ApeT Ayon
LY1°0 9T (At 8'891- S08°8 081°6 656 o[dures 2100 LST-STT] ¥ uun 11 ApeT Ao
LY1°0 8'C £6'1¢C- S'691- SPL'8 0z1‘6 69°6 ojduues 2100 LYT-STT1 N 11 Ape AYong
LY1°0 8V 06’ 1C Y'OLT- 089°8 SS0°6 6L°6 s[duwes 5100 LET-STTT N 11 Ape' AYong
LY1°0 [ %3 9L 1T 80LI- 079°8 S66°8 686 s[duwes 5100 LTT-STTT ¥ 3N 11 Ape'T Aon]
LY1°0 (34 99°'1¢C- 0°691- S6v°8 0.8°8 60°01 orduues 2100 LOT-STT1 ¥ U 11 Ape'T Aong
L¥1°0 - - - 06+'8 S98°8 LTO1 ojdures 2100 681-STTT N 11 ApeT Ayon
LY1°0 - - - 0SI°‘8 STS'8 LY'0l1 ojduues 2100 691-STT1 ¥ Hun 11 ApeT Ayong
LY1°0 LT 09'1¢C T°0LT- 0r1°8 SIS‘8 6101 s[duwes 5100 L91-STTT ¥ 1N 11 Ape'T AYong
LY1°0 (N4 S0°CC- SILI- 0S6°L STE'S 6L°01 s[dues 5100 LET-STTT ¥ 3N 11 Ape' Ayong
LY1°0 'y S 1¢C- 7891~ 068°L S9T'8 6801 orduues 2100 LTI-STT1 ¥ 3un 11 Ape'T Aong
LY1°0 [ Ss'1e- T'891- STY'L 002°8 6601 orduues 2100 L11-STT1 yun 11 Ape1 Apon
LY1°0 9°¢ or're S91- S9L'L 0vl's 60°11 opdures 2100 LOT-STT1 ¥ Hun 11 ApeT Ayong
LY1°0 ¢ L30T S €91~ 00L°L SLO'8 6111 s[dues 5100 L6-STTT ¥ 3N 11 Ape'T Ayong
(1ek/wo) (dg S1A 1e0) (dg sik [ed) (ur) uoro3s
dre1 uonepeidly | (09) ssaoxa-q | (0%) (oMY (09%) H.Q s10Jem Jo o3y soruedio jo o3y | ur oy [eLIDBIA ordureg nun SN
S19°0 L8 8T 6681~ S8I°€l SIEEl 05T opduues 2100 L1T-DTT1 €3N 11 Ape'T AYong
S19°0 S9 £8°¢C- 1'v81- SOTEl S6TET 09'C s[duwes 2100 L0T-OTT1 €N 11 Ape'T Aong
S19°0 - - - 0ST'ET 08T°€L 0LT s[duwes 2100 L61-OTTT € nun 11 Ape'T Aon]
S19°0 €¢ 9y'TC- €YLI- SEI'El S9T°El 08°C odures 2100 L81-0TT1 guun 11 ApeT Ayon
S19'0 v'e 68°1C- L'1LI- 001°€T 0€TEl 00'€ odures 2100 L91-0TT11 guun 11 ApeT A
S19°0 S0 YL1T PELL- S80°€l SITEl 01°¢ ajdues 2100 LS1-DTT1 g€ nun 11 Ape' AYong
S19°0 1°0- 1L°1C L'ELT- 0L0°ET 00T°€l 0T'¢ ojduues 2100 Ly1-OCT1 € nun 11 Ape'T AYong
S19°0 ST 08'1¢C- 0'CLI- SP0°El SLI'ET S¢'¢ s[dwes 5100 Te1-0CT1 €N 11 Ape'T Aon]
S19°0 0T 08'1¢C Y TLI- 0£0°€T 091°€T '€ s[duwes 5100 €CI-OT7T1 guun 11 Ape'T Aong
S19°0 LS LETT €ELT- 066°C1 0STEL 0S'€ opdures 2100 L11-07711 Fuun 11 ApeT A
TLEO vl 95°1Z- I'ILI- 016C1 0L0°€1 08¢ ojdures 2100 L8-0TT1 yuun 11 ApeT A
CLEO 80 £5°1¢C VILI- 088°C1 0v0°El 06°¢ opduues 2100 LL-OTTT P Hun 11 ApeT Ayong
CLEO vy v1°0C §'S91- SS8°TI STO'ET 00'v s[dues 5100 L9-DTT1 ¥ 1N 11 Ape'T AYong
CTLEO 1°0- 80'1C- L8891~ 008°C1 096°C1 0Ty s[dues 5100 Ly-DTT1 ¥ 3N 11 Ape'T Aong
CLEO S0 STIT 691~ SLLTT SE€6°TL 0€y o[dwes 2100 LE-DTTT N 11 Ape'T Aong
TLED 80 9T'1T- £691- 0SL°Tl 016°CI (a4 orduues 2100 LT-0TT11 ¥ uun 11 ApeT Apon
CLEO 1°0- $8°0C- 6991~ 0TLTl 088°CI 0S¥y o[duwes 2100 L1-0TT11 P Hun 11 ApeT AyonTg
TLE0 S0 06'0C- L991- S69°CI SS8°TI 09t o[dwes 2100 L-OTT1 ¥ Hun 11 ApeT Ayong
(10K /o) (dg S1A 1e0) (dg sik [ed) (ur) uoryo3s
djex uonepeId3y | (09) ss20xa-q | (°%) Og,Q (°9%) H.Q sIo1em Jo o8y sorued1o jo 98y | ur oy [eLIoBIAl ordureg nun g




195

L11°0 8l v1'6T €0TC- 0€0°91 09191 S6'0 ojdures 2100 65ST-C1-T11 gnun 11 Ape A
LIT°0 LTl 58T SSlit- SI8°S1 S¥6°S1 0T'1 opduues 2100 PEC-TI-TT1 £un 11 ApeT Ayong
L1T°0 - - - S09°ST SEL'ST Syl s[dwes 5100 60C-CI-CT1 €N 11 Ape'T AYong
LIT°0 8'6 96'9C- 6'S0C- 06£°ST 07S‘ST 0L'T s[dues 5100 ¥8I-CI-CT1 €N 11 Ape'T AYon
LIT'0 6L V- 8°L8I- 0£8°1 09671 S6'1 s[dwes 5100 6S1-CI-CT1 €N 11 Ape'T Aon
LIT°0 '8 e 8'8LI- 0LT'Y1 00%'¥1 0T'C s[dwes 2100 YEI-CI-CT1 €N 11 Ape'T Aong
LITO L9 69 1T 8991~ 0IL€l 0P8€l S¥'e ojdures 2100 601-C1-CT1 gmun 11 AperT Ajong
LIT°0 - - - 0ST°€l 08Tl 0L'C o[dues 2100 ¥8-C1-C11 €N 11 ApeT Ayong
(1e0k /o) (dg SI£ 1e0) (dg s1£1e0) | (w) uonoas
dyer uonepeI3y | (09) sseoxa-q | (0%) 049 (°%) H,Q sIo1em JO oSy soruedio jo o8y | urySoyg [eLIoBIA ordweg jun g




196

0661 OUYIND |9 T |0€1°ET S66°LT Wed1sp[on - 0,9-00] 0¢
0661 UYIND|0Sy | 08¢°€T S09°LT orddu) - L99-20| 61
Jded siyr|001  |09¢°€T SLS'LT SIITH Yoe[d L9-TININ|  SILYIT-SINVION| 8T
Qe[ 982011 | 0¥ 1 | 0TTET S8YLT opuI] -l 888¢L-SIWVION| LT
0661 UYIND|0L8 | 08TTT 0£9°9T orddi) - 699-00| 9t
7007 ‘WI10I1S[0ov1  [060°CT 0T€°9C Iuny S9g9¢1-e10d | ST
0661 UYIND |00¥'T [0SL°1T 05792 oddup - 099-20] ¥¢
Jded siyL|0ST  |096°0C G8T'ST woy0qp[on QIP-CTNIN|  S601€1-SINVION| €T
Qe[ 9801011 [006°0T STT'ST { - ¥965L-SO| 7T
Qe[ 982011| 00T | 080T 0v1°ST ayoueg M €€-6007-Z0|  688€L-SIWVION| 1T
1oded siyg |- PojeWISd 000°ST woyoqp[on 1addn TN -1 0T
rdedsiqr oz, |org0c STSHT woyoqp[on raddn Ary-€IININ|  €601€1-SINVION| 61
0661 AUy | O¢ 099°61 $89°€T OpeIOp[] dWI'] - €L9-D0| 81
0661 UPND |01y | 0€T'8] SY0°TT Jaursug - 899-D0| L1
0661 UYND|GLS  [086°LI 09L°1¢ oddup - 199-00] 91
1oded s | oy $68°91 SLE0T woypoqp[on 1oddn CIT-CININ|  TILYIT-SINVION| ST
qe] 9s901] |- pojewnso 000°0C zyren() 1oddn 01-STININ -| ¥1
Qe[ 98901 |- pajewnso 000°0C zyren() 1oddn 60-S TINIA -l €1
0661 UPIND|098 | 0981 011°81 eyruejey) - 1S-XD| 71
0661 OUYIND |08 |09L b1 SL6'LT eyIueley) - 0ST-XD| 11
Qe[ 98901 | O 0011 SSILT Iuny 62-60-Ad|  LSIL9-SINVION| 01
000¢ ‘wing pue 1RO | 0L 016°¢I 05891 JOUNH JOMO] 10-0-Dd 909111-8Rd| 6
1oded sty [ g¢ 089°¢1 00591 7 ApeT Apn] L6-80dd| $TEIS-SINVION] 8
1oded sy | oy 01S°¢€T 0LT91 zyrenQ) Joddn TTEININ| 9601€T-SINVION| L
0661 UPIND |69z | 0SEE] 0L0°91 InJng JOMo] - £99-00| 9
1aded sy | o¢ 00€°¢1 066°S1 7 ApeT Apn] q19-214d| 1TLYII-SINVION] §
1oded siyp | g¢ 011°CT OvLST zyren() Joddn IT-CTININ|  S61TvI-SINVION| +
LL61 ‘UoySuLIRH | 001 [00T°C1 SEIPI Iouny - 1¥97-0SD| ¢
Qe[ 98901 |- paojewnso 0001 T ApeT Apon] 90-€14d -l ¢
rded sy [ g¢ SLSTT SL9CT 7 ApeT Apon] S0-€14d| T60IEI-SINVION| |
Q0mos ¥ dg 18D, dg 1L 12D K)11e007] a1 qe1 di ordweg ‘ou

MIPUO] Y} Ul s)sdu [P.Limbs punoas onoay 4 xipuaddy




197

Qe[ 98901 | - poyelnsd 00008 zyren() q6¢-¢14d -1 19

Qe[ 98201] | - poyewnsd 00008 zyrenQ) €5-714d -1 09

Qe[ 98201, pojelnsd 00008 zyren) 8 1-CIININ -| 6

Qe[ 98301, pojelnsd 00008 zyren) SYI-CITNIN -| 8¢

qe[ 98201,] | - 000 pS< 000 pS< z)1en() SS1-D0-014d|  S¥096-SINVION| LS

Jaded sty |- pajewnsd 00S‘6t< Ioyunyy 1oddn vy T TININ -] 9¢

1oded sy |- 00S 6t< 005 67< Joyunyy 1oddn SSI-CININ|  LILYIT-SINVION] SS

qe[ 98201] | - 001°9t< 001°9t< zy1en() S91-014d|  9+096-SINVION| ¥

Qe[ 98201 | - pojewinsd 00S TH< zy1enQ) 1L1-014d -] €¢

qe[ 98201] | - 00S TH< 00S TH< zy1en() €L1-014d|  Lv096-SINVION| TS

Jded siyr|oze (000 S68°6€ woyoqplon 1addn YEI-CININ|  vILVIT-SINVION] 1S

0661 “UYIND |00 |0S6°9T 08¢ € orddupy - 7L9-00| 0¢
q900¢ “Te R enzeZ|0z¢ | 0SH 6¢ 009°€€ woyoqp[on (TOSEDA) 97 #0'ZD 81H70z-210d | 61
L00T “Te W ezeZ|01¢  [0€0°6T So1°ce z)1en() (1T€rE DA) €170'ZD L1+20Z-09d | 8P
010T “Te @ ypoig|ov1  |0TT9T 0£5°0¢€ zenQ) ¥ D00 0€€81-VXO| LY
800¢ ‘e 30 omwo|09] |081°9C 0LY"0€ zy1en() - ¥v091-VXO| 9%
L00T “Te @ BMZBZ[00T |0L6°ST 012°0¢€ z)1en() (€¢r€ DA) 69'70'ZD 61¥20z-ed| st
©900T “Te 1 enzeZ|061 [0L8°ST 001°0€ 711enQ) (€€°¢v€ DA) ¥ESO'ZD 1zso1z-2d| vt
©9007 “Te 3 enzeZ|oyz [ 008°ST $70°0€ z)1en() (Tr'€v€ DA) v¥'¥0'ZD zzsorz-erd| v
L00T “Te 19 e[nzeyz | - pajewnsd 000°0€ zy1enQ) (1€°€¥€ DA) TESO'ZD -l ¢
L00T ‘e 3 e[nzez|- poyewinso 000°0€ zy1en) (8T Y€ DA) 6T°S0'ZD - 1t
S00T “[e 1 enzeyz|- pajewnsd 000°0€ zyend| (8°¢y€ DA) 9€°10°L0°C0'ZD -l v
L00T “Te ¥ BNZBZ|00T |0SLST 0L6°6T zpend) [ (Z1°¢v€ DA TH'10°L0°T0'ZD 12hT0Z-29d | 6€
800 “Je e omwo| 0T |0I€'ST S9€°6¢T zy1en() - €9091-VXO| 8¢
8007 “[e 10 omwaq |0zl  |0LT'ST 07€6T z13enQ) - 79091-VXO| L¢
0661 UYIND|06€°T |STSHT $60°6C 19187 - $L9-D0| 9¢
L00T “Te R eZeZ|0LT  |088+T $€6°8T 711en() (ST'€¥€ DA LO'YO'ZO 91+z0z-®19d| S€
0661 UYIND|00Z°T {000+ S6¥°8C weassp[on - 999-00| €
7007 “[e 1R 982011| 0€T | 08THT S1¢°8T zy1en() - 6£T191-810d| €€
qe[ 989011| 095 | 066°€T 012°8C z)1en() ¢z-014d| #98101-SINVION| T¢

700T “[e 1R 9s2011| 0€T | 066°€T 0t0°8T zy1en() - 8¢TI91-B10d| 1€
00In0Yg ¥ dg 1A o dg £ 18D K800 dl qe1 i1 ojdwes ou




198

References

Brock, F., Froese, D.G., Roberts, R.G., 2010. Low temperature (LT) combustion of sediments
does not necessarily provide accurate radiocarbon ages for site chronology. Quaternary

Geochronology, 5, 625-630.

Demuro, M., Roberts, R.G., Froese, D.G., Arnold, L.J., Brock, F., Ramsey, C.B., 2008.
Optically stimulated luminescence dating of single and multiple grains of quartz from
perennially frozen loess in western Yukon Territory, Canada: comparison with radiocarbon

chronologies for the late Pleistocene Dawson tephra. Quaternary Geochronology, 3 (4), 346-
364.

Froese, D.G., Westgate, J.A., Preece, S.J., Storer, J., 2002. Age and significance of the late

Pleistocene Dawson tephra in eastern Beringia. Quaternary Science Reviews, 21 (20), 2137-

2142.

Guthrie, R.D., 1990. Frozen fauna of the mammoth-steppe: The story of Blue Babe.
University of Chicago Press, Chicago IL, USA, 323 p.

Harington, C.R., 1977. Pleistocene mammals of the Yukon Territory. Ph.D. Thesis,
University of Alberta, 1060 p.

Kotler, E., Burn, C.R., 2000. Cryostratigraphy of the Klondike "muck" deposits, west-central
Yukon Territory. Canadian Journal of Earth Sciences, 37 (6), 849-861.

Storer, J.E., 2002. Vertebrate paleontology of the Dawson City area, in: Froese, D.G., Duk-
Rodkin, A., Bond, J.D. (Eds.), Field Guide to Quaternary Research in Central and Western
Yukon Territory. Occasional Papers in Earth Sciences No. 2, Heritage Branch, Government of

Yukon, pp. 24-25.

Zazula, G.D., Froese, D.G., Westgate, J.A., La Farge, C., Mathewes, R.W., 2005.
Paleoecology of Beringian ‘‘packrat’” middens from central Yukon Territory, Canada.

Quaternary Research, 63, 189—198.



199

Zazula, G.D., Telka, A.M., Harington, C.R., Schweger, C.E., Mathewes, R.W., 2006a. New
spruce (Picea spp.) macrofossils from Yukon Territory: implications for late Pleistocene

refugia in Eastern Beringia. Arctic, 59 (4), 391-400.

Zazula, G.D., Froese, D.G., Elias, S.A., Kuzmina, S., La Farge, C., Reyes, A.V., Sanborn,
P.T., Schweger, C.E., Smith, C.A.S., Mathewes, R.W., 2006b. Vegetation buried under
Dawson tephra (25,300 14C years BP) and locally diverse late Pleistocene paleoenvironments

of Goldbottom Creek, Yukon, Canada. Palacogeography, Palaeoclimatology, Palacoecology,
242, 253-286.

Zazula, G.D., Froese, D.G., Elias, S.A., Kuzmina, S., Mathewes, R.W., 2007. Arctic ground
squirrels of the mammoth-steppe: paleoecology of Late Pleistocene middens (~24,000-29,450
yr BP), Yukon Territory, Canada. Quaternary Science Reviews, 26 (7), 979-1003.



200

Appendix F: Scans of cores from the Lucky Lady II site
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Appendix G: Volumetric ice contents of 18 pore ice samples

Unit Ice Volume (%)| Age (cal yrs BP) Sample
Unit 4 75.9 5,895 MM12-QC-07
Unit 4 66.3 9,850 MM12-119
Unit 4 57.1 10,140 MM12-124
Unit 4 63.8 12,000 MM13-27
Unit 4 63.8 12,045 MM13-15
Unit 4 49.7 12,300 MM13-13
Unit 3 42.6 14,200 LL2-12-90
Unit 3 53.6 15,100 MM13-17
Unit 3 40.0 15,255 MM12-QC-02
Unit 3 51.5 15,740 MM13-24
Unit 3 55.0 17,490 MM12-116
Unit 3 46.5 18,600 MM12-117
Unit 3 57.9 26,160 MM12-71
Unit 3 63.9 26,990 MM12-103
Unit 2 57.2 28,355 DF10-27
Unit 1 70.0 39,855 MM12-130
Unit 1 119.1 41,470 MM12-125
Unit 1 56.8 42,400 DF12-26
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