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Abstract

Despite the fact that the Innuitian and Greenland Ice Sheets were close proximity

high latitude ice sheets during Last Glacial Maximum (LGM), the Innuitian Ice

Sheet retreated to isolated ice caps, while Greenland maintained an ice sheet. The

Innuitian Ice Sheet is reconstructed with the ICESHEET program from 30 ka to

present time in this thesis. The main goal of this study is to determine surface

elevation variation due to changes in ice thickness and glacial isostatic adjustment

(GIA). Ice margin, topography, and shear stress are input variables. The Innuitian

Ice Sheet margins are reconstructed from 30 ka to maximum extent in 22 ka, while

later times use an existing reconstruction. The elevation of the Agassiz Ice Cap

decreased by 520 m during the early Holocene retreat from 14 ka to 8 ka. The

Devon Ice Cap elevation decreased 540 m dramatically from 13 ka to 12 ka.

To assess the reasons for different retreat of the Innuitian and Greenland Ice Sheets,

δ18O of the Agassiz and Devon Ice Caps, which are remnant of the Innuitian Ice

Sheet, are used to reconstruct the local temperature in the early Holocene. δ18O,

a climate proxy, has linear relation with temperature. This linear relationship is

obtained utilizing ECHAM-wiso model and compared to same, obtained by Dans-

gaard, hereafter referred to as ECHAM temperature relation and Dansgaard tem-

perature relation, respectively. Moreover, the relation between δ18O and eleva-

tion is calculated from Dansgaard temperature relation based on lapse rate and is

compared to relation between δ18O and elevation using ECHAM-wiso model, here

referred to as Dansgaard elevation relation and ECHAM elevation relation, respec-

tively. The reconstructed elevation change is used to correct δ18O. Both of the ice

cores have reliable δ18O records between present to 11700 years age. The Devon Ice
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cap has constant elevation from 12 ka to present time, while the Agassiz elevation

decreases 408 m from 12 ka to present time, which increases δ18O by 2.46%� and

1.32%� using the ECHAM and Dansgaard elevation relations, respectively . The

correspond temperature rise using ECHAM temperature relation is 3.64 ◦C and

using Dansgaard temperature relation is 2.14 ◦C.

The North Greenland Ice Core Project (NGRIP) core has been chosen to represent

Greenland. The change of NGRIP elevation through the Holocene is obtained by

assuming homogeneous climate in this region during the Holocene and using the

difference of δ18O between the Agassiz Ice Cap and NGRIP. The elevation change

of NGRIP is 422 m and 226 m relative to present time using the Dansgaard and

ECHAM elevation relations, respectively. The elevation corrections of the Agassiz

ice core also increase the discrepancy of δ18O between the Agassiz Ice Cap and

NGRIP. This elevation corrections is done using same Dansgaard and ECHAM

elevation relation, which leads to an estimated 755 m and 558 m of ice thinning in

the middle of Greenland, respectively. The Greenland temperature difference with

respect to Ellesmere Island is calculated by assuming non-homogeneous climate

over this region. The results indicate a difference of 3 ◦C between Ellesmere and

Greenland without elevation correction of the Agassiz ice core. With elevation

correction, temperature difference increases the discrepancy between Agassiz and

NGRIP temperature up to 4.9 ◦C and 6.7 ◦C using the Dansgaard and ECHAM

elevation relations, respectively.
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Chapter 1

Introduction

Changes in the spatial and temporal distribution of insolation received by Earth

cause climate change. Different orbital parameters, specifically eccentricity, obliq-

uity, and precession, determine the intensity of insolation [Milankovitch, 1930]. The

orbital parameters change very gradually over many thousands of years. Changing

solar radiation directly influences the Earth’s climate system, thus impacting the

advance and retreat of Earth’s glaciers. In the late Quaternary period (the past

one million years), there was a series of glacial-interglacial cycles that had a period

of approximately 100,000 years [Imbrie et al., 1992]. Having more knowledge about

climate change during these cycles can lead us to better understand current climate

change. It can also be used to evaluate climate models for better prediction of

the future. Glacial-interglacial climate changes are documented by climate proxy

records [Imbrie et al., 1992; Tzedakis et al., 1997], largely derived from deep sea

sediments, tree-rings, and ice cores.

In this thesis, I study the ice sheet history in northern Canada since the Last Glacial

Maximum (LGM) until present time. The main question of this project is why two

close locations such as Northern Canada and Greenland respond differently to cli-

mate change. Although Greenland and Canadian Arctic Archipelago are part of

the North American Plate and they are close to each other, modern ice conditions

in these two regions are very different. Greenland is the only existing ice sheet in

the Northern Hemisphere, but ice on the Canadian Arctic Archipelago is restricted

5



6 CHAPTER 1. INTRODUCTION

Table 1.1: The mass and percent natural abundance for oxygen isotopes. The
isotopic mass data are from Audi and Wapstra (1993, 1995). The percent natural
abundance data are from the 1997 report of the IUPAC Subcommittee for Isotopic
Abundance Measurements by Rosman and Taylor (1998).

Isotopes Symbol Mass of Atom Abundance
(u) (%)

16O 15.994915 99.632
17O 16.999132 0.038
18O 17.999160 0.205

to high altitude ice caps. Geological data from these islands show that in the Last

Glacial Maximum, the Innuitian Ice Sheet covered them completely [Blake Jr, 1970;

Prest, 1969], and looked very similar to the presently glaciated Greenland [England

et al., 2006]. The Innuitian Ice Sheet, at its maximum extent, coalesced with the

Greenland Ice Sheet to the east and the Laurentide Ice Sheet to the south. During

the early Holocene, the ice sheet retreated. In contrast, the Greenland Ice Sheet

remained relatively stable during the Holocene and has not trended towards com-

plete deglaciation.

Ice cores are used to understand past climate, the growth and retreat of large ice

sheets, and to measure signals of periodical climate change. Measuring the stable

isotopic composition of elements in geological archives helps us to find out informa-

tion about the past climate. Isotopes of elements have the same number of protons

and different number of neutrons. Isotopes have different atomic mass but the same

chemical properties. The abundance of specific isotopes is different [Criss, 1999].

Oxygen, for instance, is composed of three stable isotopes, 16O, 17O, and 18O. 16O

is the most abundant and lightest oxygen stable isotope. Table 1.1 shows the nat-

ural abundance in percentage and atomic mass with the unified atomic mass unit,

symbol u, defined as 1
12

of the atomic mass of one 12C atom in its electronic and

nuclear ground states.

Water isotopes are formed by combination of oxygen and two hydrogen atoms. The

majority of water molecules contain 16O. While water enriched in the heavier oxy-

gen isotopes, which means 17O or 18O, called heavy-oxygen water. The isotopic
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composition of water varies in different phases. Condensation and precipitation

during air-mass cooling preferentially remove heavy water, depleting the air mass

of heavy water. So that further precipitation becomes progressively lighter. The

colder an air mass is, the more depleted of heavy water it becomes and the lighter

the precipitation it produces [Dansgaard, 1964; Robin, 2010]. The relative ratio of
18O/ 16O is measured in "per mil" ( %� parts per thousand). The δ18O value can

be used as a proxy for temperature, which will be discussed in chapter 2. Ice cores

can be used for such studies, because of their formation over thousands of years.

Ice cores give access to local temperature and precipitation rates over long periods

of time. They are also unique because the entrapped air provides direct records of

past changes in atmospheric trace-gas composition [Bradley, 1999].

In this project, the δ18O data from ice cores of two ice caps (The Agassiz and De-

von Ice Caps) will be compared to Greenland’s δ18O (NGRIP) during overlapping

timescales. The positions of the ice cores are shown in Fig. 1.1. Since there is a

strong relationship between δ18O and the elevation of an ice sheet [Epstein, 1959;

Dansgaard, 1961], information about surface elevation evolution is needed to correct

temperature data to compare records, which will be discussed more in Chapter 2.

One of the complicating factors in Canadian Arctic climate records is the high rate

of glacial isostatic adjustment (GIA) (Chapter 2), which has been reported to ac-

count for upwards of 40% of the climatic signal in these ice core records [Koerner

and Fisher, 1990]. Thus, it is important to use an ice sheet reconstruction, which

includes GIA to correct δ18O.

To evaluate the elevation and ice thickness in this region, the ICE-6G reconstruc-

tion is used as a first step to reveal the significance of elevation changes and the

GIA effect. Then, the Innuitian Ice Sheet is reconstructed with the methodology of

Gowan et al. (2016a,b) to show the position of ice sheets and their retreat through

the time. A large number of parameters can affect ice sheets growth and retreat.

This makes past ice sheet reconstruction complex. The advantage of the method I

use is that it produces a physically realistic ice sheet reconstruction with minimal
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Ellesmere
Island

Devon
Island

Greenland

. Devon

. Agassiz

.NGRIP .
Renland

Figure 1.1: The location of different ice cores that are studied in this project. The
shoreline configuration is for present time.

assumptions. The reconstruction are based on the assumption of perfectly plastic

and steady-state ice condition. There are three non-climatic and dynamic parame-

ters as inputs: ice margin, basal shear stress and basal topography. Description of

this methodology and results are shown in Chapters 3 and 4.

corrected δ18O for elevation changes and the difference between δ18O in Greenland

and northern Canada are provided in Chapter 4. Also, the variation of elevation

in these three sites is shown during the past 20 ka (thousand years before present).

The result will be analysed and discussed in this chapter as well.



Chapter 2

Scientific Background

2.1 Oxygen Isotopes

To analyse past climate, the isotopic composition of water in an ice core must be

evaluated. The variation of oxygen isotopic composition in the ice cores reveals in-

formation about atmospheric temperature. The heavy isotope content in precipita-

tion decreases with condensation temperature [Dansgaard, 1953, 1954]. To quantify

this, the isotopic ratio of the sample relative to a standard sample is needed. It is

defined as δ in Eq. 2.1.

δ(%�) = (
Rsample

RStandard

− 1) × 1000 (2.1)

The δ value could be applied to any isotopes in Eq. 2.1, but in this study Rsample

and Rstandard are the ratio of 18O/16O. The standard isotopic composition of water is

Vienna Standard Mean Ocean Water (VSMOW), which represents the present day

isotopic composition of ocean. The International Atomic Energy Agency (IAEA)

promulgated this standard as Rstandard = (2005.20± 0.43)× 10−6.

The relation between temperature and δ18O is highly correlated, so δ18O can be

used as a paleothermometer. The δ18O records at different sites will be discussed

in Chapter 3.
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10 CHAPTER 2. SCIENTIFIC BACKGROUND

2.2 Elevation Reconstruction

The temperature reconstruction of Greenland and Northern Canadian Archeology

is the objective of this thesis. As described in Chapter 1, the δ18O is related to

the temperature. Converting δ18O to temperature is possible using obtained linear

relationship between δ18O and temperature [Johnsen et al., 1989; Dansgaard and

Gundestrup, 1973; Cuffey et al., 1994]. The elevation and temperature are related

as well (discussed in Section 2.2.1). Since the O18-temperature relation provides

the temperature without considering elevation changes, if the elevations of sites

change during the time, the correction of the temperature reconstructions based on

elevation changes are needed [Epstein, 1959; Dansgaard, 1961]. In order to apply

this correction, the elevation history of the sites has to be studied. To do so, I

use ICE-6G reconstruction as a base reconstruction (Section 2.2.2). Subsequently,

I reconstruct the Innuitian Ice Sheet (Chapter 3).

2.2.1 Lapse rate

The relation between temperature and elevation is called lapse rate, which models

the decline of δ18O with increasing elevation. The adiabatic lapse rate is the rate

of temperature change with elevations change, when the air parcel adiabatically

(without transfer heat or matter) goes up [Kittel and Kroemer, 1980]. The simplest

equation for dry adiabatic lapse rate is Eq. 2.2, where g, cp, Γd, T, and z represent

Earth’s gravitational acceleration, the specific heat of dry air at constant pressure,

adiabatic lapse rate, temperature, and altitude respectively.

Γd = −dT

dz
=

g

cp
(2.2)

An early derivation of the lapse rate was 6.5 K km−1 [Brunt, 1933]. Stone and

Carlson (1979) estimated that the hemispheric annual mean adiabatic lapse rate

was 5.67 K km−1.



2.2. ELEVATION RECONSTRUCTION 11

2.2.2 ICE-6G_C

There are different reconstructions for ice sheets, with diverse assumptions and dif-

ferent configurations (i.e Peltier et al., 2015; Lambeck et al., 2017; Gowan et al.,

2016b; Lecavalier et al., 2017). To get an initial estimation of elevation change in

this region, I use the global ICE-6G_C (VM5a) model as a base reconstruction in

northern Canada and Greenland after Last Glacial Maximum (LGM), when the ice

sheets were at their greatest extent [Peltier et al., 2015].

ICE-6G_C is a reconstruction of the ice thickness and surface elevation for the

major ice sheets through the LGM to the present [Peltier et al., 2015;Argus et al.,

2014]. The model of Earth rheological structure they used was labelled VM5a for

calculating GIA. The model resolution is a 1◦x1◦ degree global grid, and presents

different variables such as, land area fraction, ice area fraction, topography differ-

ence from present, topography, orography, and thickness of the ice sheet. In this

reconstruction, GIA has been used for reconstructing the ice sheets, which will be

discussed in section 2.3.

The variation of ice thickness from 25 ka to present at 5000 year time intervals

is shown in Fig. 2.1. The major difference is between 15 ka (Fig. 2.1d) and 5 ka

(Fig. 2.1b). Other intervals do not significantly vary. There is no significant change

after 20 ka in the ice sheets, they remained in their maximum extent until 25 ka.

The ice margin data that are used in this project, is based on reconstructions by

Dyke (2004). These reconstruction are in radiocarbon age with 500 years intervals.

They were converted to calendar years by assuming error of 250 years, and calibrat-

ing them with the OxCal program [Ramsey, 1995]. Calibration is needed, mainly

because the proportion of 14C in the atmosphere is not constant within time. It

is important because the radiocarbon age is calculated relative to this proportion,

which is discussed in section 2.4. Since the calendar age is not exactly the same

as the ICE-6G ages, the closest date was chosen. These are shown in Table 2.1

[Gowan, 2013].
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Figure 2.1: Ice thickness in the Greenland and Innuitian Ice Sheet from LGM to
Present using the ICE-6G reconstruction [Peltier et al., 2015;Argus et al., 2014]
in meters. The white lines determine ice margin based on Dyke (2004), the corre-
sponding age is presented in Table 2.1.
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Table 2.1: Conversion of radiocarbon ages to calendar years and corresponding
years of the ICE-6G [Gowan, 2013]. The first and third columns are in calendar
year (cal yr), the second one is in radiocarbon year.

Calendar Radiocarbon ICE - 6G
(cal yr BP) (14C yr BP) (cal yr BP)

5800 5000 5000
10100 9000 10000
11600 10000 11000
12000 10250 12000
12900 11000 13000
13900 12000 14000
15700 13000 15000
20200 17000 20000
21500 18000 25000

2.3 Glacial Isostatic Adjustment (GIA)

The interior of the Earth has different layers: an outer silicate solid crust, a viscous

mantle, a liquid outer core, and a solid inner core (Fig. 2.2). When a sufficient

surface load, such as ice sheet during the glacial times, is applied to the crust, it will

deform elastically [Peltier and Andrews, 1976]. In addition, the viscoelastic mantle

has a viscous deformation component in addition to an elastic component. The

mantle flows away from the loaded region. At the end of each glacial period after

the ice sheets retreat, the elastic component uplifts immediately, while due to the

extremely high viscosity of the mantle, the viscous component will take thousands

of years to reach an equilibrium level. This gradual uplift is the residual GIA.

Modern GIA theory was originally developed in a series of papers published in the

1970s [Peltier, 1974, 1976; Farrell and Clark, 1976; Peltier and Andrews, 1976; Clark

et al., 1978; Peltier et al., 1978]. As the North America continent was covered by

the Laurentide and Innuitian Ice Sheet during the last glaciation, retreat of them

after LGM resulted in vertical motion of the Earth’s surface. Vertical velocities

around Hudson Bay, for instance, show a present-day uplift of about 10 mm/yr

[Sella et al., 2007]. Hudson Bay is located near the centre of the Laurentide Ice

Sheet at the LGM.
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Figure 2.2: Structure of the Earth [Sinpetru].

Where GIA is significant, changes in ice thickness alone cannot explain all eleva-

tion changes. It is important to obtain surface elevation change including GIA and

use it for correcting δ18O data. Comparison between Fig. 2.3, which shows surface

elevation, and Fig. 2.1, which shows ice thickness, demonstrates the influence of

changing topography. The ice thickness, for instance, increased in central of Green-

land between 25 ka to 5 ka, while surface elevation did not change significantly due

to land depression.

GIA plays a role in determining the discrepancy between ice thickness and elevation

changes. The variation of elevation in the three ice cap locations is presented in

Fig. 2.4. The variation at NGRIP is different from the Canadian ice cores. The

surface elevation increases (about 230 m) with small oscillation until reaching max-

imum elevation around 8 ka (3.4 km). Then, it slightly decreases to reach stability

for 3000 years. It has been stable for thousands of years since then at 2.96 km

(Fig. 2.4a).

The Agassiz and Devon ice core locations have experienced different elevation vari-

ations than at NGRIP. The largest elevation change occurred in the Agassiz ice cap

(about 950 m). The Agassiz Ice Cap was stable until 13 ka at 2.2 km elevation,

then decreased to approximately 1.2 km, at 8 ka. The surface elevation has been

more or less stable after that time, with a slight upward tendency, as a result of

GIA (Fig. 2.4b). The Devon Ice Cap follows this pattern as well, although, its de-

cline is significantly less than Agassiz (about 190 m). Another difference is that the

retreat happened earlier (around 15 ka BP). When the Devon Ice Cap reached its
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Figure 2.3: Surface elevation in the Greenland and Innuitian Ice Sheet from LGM
to present using the ICE-6G reconstruction [Peltier et al., 2015; Argus et al.,
2014] in meters. The white lines determine ice margin based on Dyke (2004), the
corresponding age is presented in Table 2.1.
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first minimum elevation, Agassiz had just started retreating. The current elevation

for the Devon Ice Cap is 1.3 km (Fig. 2.4c).

One method for estimating volume and elevation of ice sheet in glacial time is based

on magnitude of GIA in that area, which is used in the ICE-6G model [Peltier et al.,

2015]. Relative sea level data is used for evaluating GIA. When the land is depressed

by a large ice sheet, relative sea level can be hundreds of meter higher than present

immediately after the ice retreated [Farrell and Clark, 1976]. Radiocarbon dates on

material that indicates sea level relative to the samples’ present elevation is used in

the chronology of relative sea level data, which is discussed in the following section.

2.4 Radiocarbon Dating

The radioactive isotope of carbon, 14C, can be used to determine the age of organic

material. Organic material refers to the remains of carbon based organisms. The

radiocarbon dating method is based on the fact that 14C is produced naturally in

the atmosphere by interaction of nitrogen and cosmic rays that bombard the Earth

[Wallace and Hobbs, 2006]. Radiocarbon CO2, which is produced by oxidizing 14C,

gets into the food chain through the photosynthesis of plants. As long as the or-

ganism is alive, it exchanges carbon with its environment. The ratio of 14C in the

atmosphere and organisms should be the same for plants. The cycle is stopped by

death of the organism, and 14C it contains declines because of radiocarbon decay,

and the ratio of 14C to 12C will gradually decrease [Valkovic, 2000]. Measuring the

remaining amount of 14C gives information about its time of death. This infor-

mation can be used, for instance, to figure out the past sea level elevation dating

elevated marine or terrestrial material are used. However, the reliability of some

materials is debatable. An animals’ nutritional habits can change the uncertainty.

For example, if the creature eats mud, it is probable that it eats material which can

be thousand years died [England et al., 2013]. Consequently, dating by the amount

of 14C is not reliable for these fossils (overestimated age).

The internationally accepted half-life of 14C, since the early 1960s, is 5730 years,
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which is obtained by revising of initial Libby half-life. The half-life used for cal-

culating the radiocarbon age of most geologic and paleontological samples is the

Libby half-life, 5568 years [Libby, 1952], to keep consistency with early papers and

avoid double correction.

After obtaining the age in radiocarbon year, it is necessary to convert it to calendar

age. This two ages are different because the production rate of radiocarbon in the

atmosphere has varied by a few percent over time. This variation is known due to

change in the cosmic ray flux, geomagnetic field intensity, and carbon cycle [Mazaud

et al., 1991; Laj et al., 1996; Voelker et al., 2000; Beck et al., 2001]. To convert

to calendar dates a calibration curve is needed, which is created by radiocarbon

dating of something that has a known age, such as tree rings. This is done using

the OxCal 4.2 program [Ramsey, 2009].

2.4.1 Marine Reservoir Effect

The basic assumption of radiocarbon dating is that concentrations of 14C in the at-

mosphere and therefore in all living organisms are in equilibrium. However, the 14C

concentration in ocean is different from atmosphere. The surface layer of the ocean

gets carbon dioxide from atmosphere, but the deep ocean contains different ratio of
14C because of radioactive decay that has already occurred in water at the bottom

of oceans. Consequently, oceans have less 14C as compared with the atmosphere,

which means samples from marine organisms like shells, whales, and seals appear

older [Bowman and Leese, 1995]. To cope with this discrepancy, it is necessary

to apply a marine reservoir correction to the samples. One way to estimate the

correction is to use a program like OxCal [Ramsey, 1995], which is using the 2009

marine calibration dataset [Stuiver and Reimer, 1993; Ramsey, 1995]. There are

two curves, marine and atmospheric curves, to calculate the calendar age. This is

done by using the IntCal13 and Marine13 calibration curve [Reimer et al., 2013].

For reservoir corrections we use simulated values presented by Butzin et al. (2017)

instead of using Stuiver and Reimer (1993) marine reservoir. Butzin et al. (2017)
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simulated the spatial and temporal variability in marine radiocarbon ages of surface

waters using a three-dimensional ocean circulation model covering the past 50,000

years. So, instead of reservoir correction of tropical regions like Stuiver and Reimer

(1993), it is accurate to use the spatial and temporal marine radiocarbon ages.
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(a)

(b)

(c)

Figure 2.4: Surface elevation of a) NGRIP (75.10 ◦N, 42.32 ◦W), b) the Agassiz
(80.7 ◦N, 73.1 ◦W), and c) the Devon ice cap (75.34 ◦N, 82.17 ◦W) based on the
ICE-6G reconstruction [Peltier et al., 2015;Argus et al., 2014].



Chapter 3

Data and Methods

3.1 Ice Core Data

Regional temperature differences could explain the different history of two ice sheets.

δ18O from ice cores, as described in Chapter 2, represents the temperature at the

core location through time. From the Innuitian Ice Sheet, there are time series of

δ18O data for the Devon and Agassiz Ice Caps during the Holocene. From Greenland

Ice Sheet, more ice cores have been extracted, but I choose NGRIP from central

part of Greenland, which is not close to margins and is not affected by changes in

ice margin.

3.1.1 Northern Canada-Agassiz Ice Cap

The Agassiz Ice Cap is on the central eastern side of Ellesmere Island in Canada

(Fig. 1.1). The drilling site is located at 80.7 ◦N, 73.1 ◦W at an elevation of 1700

m. Four ice cores were collected, A77, A79, A84, and A87. The A84 and A87

cores were drilled within a 30 m distance of the dome. The dome of the ice sheet is

usually located at the highest elevation location and ice flows away from this point.

The A79 ice core was drilled 1300 m southwest of the dome. The A77 ice core was

drilled around 2300 m south of the dome [Fisher et al., 1995].

The Agassiz ice cores have been matched to the NGRIP ice core using volcanic refer-

ence horizons, detectable by Electrical Conductivity Measurements (ECM) [Vinther

20
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(a)

(b)

Figure 3.1: δ18O data on GICC05 timescale in a) North Greenland Ice Core, b)
Agassiz ice core; blue column illustrate 8.2 ka event. [Fisher et al., 1995; Vinther
et al., 2006; Rasmussen et al., 2006].

et al., 2008] with the GICC05 timescale (the uncertainties can be found in Vinther

et al. (2006)). The ECM is based on difference between electrical conductivity of

ice and ashes. ECM have been carried out on the A77, A79, and A84 ice cores by

Zheng et al. (1998). The fluctuation of δ18O since 12000 ka is shown in Fig. 3.2b

with 20 years resolution.
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3.1.2 Northern Canada-Devon Ice Cap

The Devon Ice Cap is on eastern Devon Island, located at 75.34 ◦N and 82.17 ◦W

(Fig. 1.1). Three ice cores were collected in 1971, 1972, and 1973 from this site. The

data discussed in this project are the cores drilled in 1973 and 1972 [Fisher, 1976;

Fisher and Koerner, 1981; Fisher, 1979; Fisher et al., 1983]. The ice cores reached

bedrock at depths of 298.9 m and 299.4 m [Paterson et al., 1977]. The time scale for

the cores has been discussed at length by Paterson et al. (1977) and Koerner and

Fisher (1981). The timescale was checked by absolute dating of ice at four points

by 32Si [Clausen, 1973] and at another four points by 14C based on CO2 extracted

from air bubbles in the ice [Oeschger et al., 1976]. After that, the cores have been

cross-correlated with those from Camp Century in Greenland [Hammer et al., 1978].

For a comparison of δ18O between the Devon and NGRIP records, the starting

points and time intervals should be the same. Similar resolution has been chosen

(50 years), but the starting points are different. The Devon ice core data set has a

starting point at AD 1961, while in NGRIP it is AD 2000. Linear interpolation was

used to align the data. The changes of δ18O during the past 19 ka in both sites are

presented in Fig. 3.2.

3.1.3 Greenland-NGRIP

In Greenland, several ice cores have been drilled since the mid of 1960s [e.g. Hansen

and Langway Jr, 1966; Vinther et al., 2009]. In this project, the Northern Green-

land Ice Core Project (NGRIP) was chosen to represent Greenland for comparison

with the northern Canada ice cores. It is located at 75.10 ◦N and 42.32 ◦W at

an elevation of 2917 m and an ice thickness of 3085 m. There are data sets with

different timescales and resolutions at this site. Two different data sets with 20

year resolution and 50 year resolution were chosen, to have the same resolution as

the Agassiz and Devon Ice Caps, which have the resolution of 20 year and 50 year,

respectively. The data are from Vinther et al. (2006), Rasmussen et al. (2006), and

Andersen et al. (2004). All data are downloaded from the contribution of World
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Figure 3.2: δ18O data in a) North Greenland Ice and, b) Devon ice core; blue, red,
and green illustrate climate event, 8.2 ka, Younger Dryas, and the Boelling-Alleroed
interstadial respectively. [Fisher, 1976;Andersen et al., 2004].

Data Center for Paleoclimatology, Boulder, and NOAA Paleoclimatology Program

[National Oceanic and Atmospheric Administration].
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In the 20-year-resolution data set, the data from 0 ka to 7.9 ka are described

in Vinther et al. (2006) and the data from 7.9 ka to 14.7 ka are in Rasmussen

et al. (2006). Also, the Greenland Ice Core Chronology 2005 (GICC05) timescale

is used, which is based on many overlapping data series from the three different

cores (NGRIP, GRIP, and DYE-3). Overlaps between different sections ensure

consistency between the different parts of the timescale. They used electrical con-

ductivity measurements (ECM) to detect volcanic reference horizons on the cores,

which exist in the entire NGRIP core [Dahl-Jensen et al., 2002]. The δ18O data

until 12 ka is shown in Fig. 3.1a.

A 50-year-resolution data set [Andersen et al., 2004], for the GRIP’s data, with

2001/ss09sea timescale [Johnsen et al., 2001], was chosen for comparison with De-

von. That data are presented in Fig. 3.2a.

The Devon ice core data are similar to NGRIP at the first 10000 years BP (Fig. 3.2),

but going back in time the correlation between their δ18O values diminishes. For

the Devon ice core, δ18O is increasing between 16 ka to 19 ka, which is not seen in

NGRIP at all. The difference between the Devon and NGRIP varies from 7%� to

10%� until 10 ka, while between 10 ka and 19 ka, it shows significant fluctuations

from 0%� to 14%�.

Some climate events are color-coded in Fig. 3.1 and Fig. 3.2. Blue columns, repre-

sent the 8.2 ka cooling event [Johnsen et al., 1992a; Dansgaard et al., 1993; Alley

et al., 1997]. This is the largest decrease, occurring between 8.4 and 8.0 ka after

the end of the Preboreal warming (between 11.5 and 9.5 ka). In the Greenland ice

core records, where it was first clearly noted, the 8.2 ka event is the largest abrupt

climatic cooling of the Holocene period. It is estimated as a rapid cooling of 6±2◦C

by Cuffey et al. (1995, 1994). The climate during this 8.2 ka event should be cold,

dry, dusty, and have low methane concentrations. The reason behind this event

is a weakening of thermohaline circulation. This is a consequence of a freshwater

pulse, associated with final stages of North American deglaciation [Renssen et al.,
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2001]. The Agassiz ice core and NGRIP data have been synchronized. Thus, the

timing and intensity of this event in both ice cores are compatible (Fig. 3.1). How-

ever, the Devon ice core does not show the 8.2 ka event as clear as North GRIP and

Agassiz. The first decrease after 8 ka is considered to be the 8.2 ka event (Fig. 3.2b).

Since the Devon ice core provides data for a longer period of time, it has more cli-

mate events than the Agassiz Ice Cap. In Fig. 3.2a, there is a significant warming

around 14.5 ka BP (green column) known as the Boelling and Alleroed interstadial

(BA) [Kerney et al., 1963; Godwin and Willis, 1961]. This is followed by a series

of abrupt returns to glacial climate, the best-known of which is the Younger Dryas

event (YD) (red column) [Bard and Broecker, 1992; Stuiver and Reimer, 1993]. The

BA is an event between Older Dryas (happened between 15 ka to 14.7 ka Hughen

et al. (1996)) and Younger Dryas. The major difference between the Devon ice

core and NGRIP δ18O is during the Older Dryas, where δ18O is significantly higher.

Its characteristics are similar to the 8.2 ka cooling event. However, the difference

between the YD and the 8.2 ka event is that the YD has colder, dryer, dustier,

and with lower methane concentration [Johnsen et al., 1992a; Alley et al., 1993;

Mayewski et al., 1993; Barnola et al., 1993]. As mentioned before, the Devon Ice

Cap does not show any cooling events older than about 10 ka. It may be due to

uncertainties of the data in deeper parts of the ice cores.

3.2 ICESHEET Program

To take into account the elevation changes of the site in δ18O, we need to reconstruct

the ice sheets in these regions. ICE-6G is a global reconstruction and not specially

designed for this region. So, it might be not suitable for our purpose. I reconstruct

the Innuitian Ice Sheet with the ICESHEET program written by Gowan et al.

(2016a). The method was originally established by Reeh (1982) and Fisher et al.

(1985).
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Theory

The reconstruction is based on an assumption of steady-state and perfectly plastic

ice flow behaviour. Although this assumption is not likely, it does not need to use

complicated and unconstrained climatic and ice dynamic parameters. Ice margin,

basal shear stress, and topography are three inputs of the program. The basal shear

stress (τb) is a function of the surface slope (α), the thickness (H), gravity (g) and

density (ρ) [Nye, 1952]:

τb = ρgHsin(α) = ρgH
dE

ds
(3.1)

E is ice elevation and s is the distance along ice flow line profile. The flow line is the

path the glacial flows. In a glacier, because the slope is usually small, so sin(α) =

tan(α) = dE
ds

could be used. Because I want to reconstruct the ice elevation, the

Eq. 3.1 is rewritten as follow.

dE

ds
=

τb
ρgH

(3.2)

Reeh (1982) and Fisher et al. (1985) presented expanded version of Eq. 3.2, to solve

problems with spatial changes in basal topography and shear stress.

(dE
ds

)2

=
(∂E
∂x

)2

+
(∂E
∂y

)2

(3.3)

In this equation x points towards the centre of the ice sheet, and y is parallel to

the margin in this coordinate system. Ice elevation is the sum of basal topography

(B) and ice thickness.

E = H +B → H = E −B (3.4)

Eq. 3.3 and .3.4 is substituted into Eq. 3.2.

( τb
ρg(E −B)

)2

=
(∂E
∂x

)2

+
(∂E
∂y

)2

(3.5)

The x and y coordinates is defined based on the ice margin geometry, and the
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Table 3.1: Conversion of radiocarbon ages to calendar years and corresponding
years of the ICESHEET [Gowan, 2013]. The first and third columns are in calendar
year (cal yr), the second one is in radiocarbon year.

Calendar Radiocarbon ICESHEET
(cal yr BP) (14C yr BP) (cal yr BP)

5800 5000 5000
6300 5500 6000
6900 6000 7000
8000 7200 8000
8900 8000 9000
10100 9000 10000
10900 9600 11000
12000 10250 12000
12900 11000 13000
13900 12000 14000
14700 12500 15000
15700 13000 16000
17100 14000 17000
18200 15000 18000
19200 16000 19000
20200 17000 20000
20800 17500 21000
21500 18000 22000

basal topography (B) and shear stress (τb) are given as an input variables. Thus,

the elevation is obtained from this partial differential equation by the method of

characteristics [Reeh, 1982]. The ice sheet model was computed using a minimum

resolution of 5 km.

Ice margin

The reconstruction of the Innuitian Ice Sheet is the objective of this project. How-

ever, It is needed to include two bigger ice sheets in the vicinity of the Innuitian

Ice Sheet (i.e the Greenland and Laurentide Ice Sheets), because ice sheets change

the Earth’s surface in their vicinity due to mantle movement. The margins of these

three ice sheets are given with a 1000 year interval from 0 to 30000 years BP. For

Greenland, the margins of Dyke (2004) are available until 18 14C yr BP (22000

years BP), which is used in my reconstruction. Corresponding calendar years are

given in Table 3.1 [Gowan, 2013]. The ice margin at 30 ka is similar to modern



28 CHAPTER 3. DATA AND METHODS

margin [England et al., 2006], the advance of the Greenland Ice Sheet is estimated

with a 1000 year interval between 22 ka and 30 ka. For the Laurentide Ice sheet, the

margin of Gowan (2014) with 1000 year intervals is used. Between 20 ka and 30 ka

the interval is 2000 years, I interpolated between the margins to reach an interval

of 1000 years.

The maximum extend of the Innuitian Ice Sheet was reached around 22 ka [England

et al., 2006]. The data from England et al. (2000), England (1999), and England

et al. (2004) between 20 ka and 30 ka are used, and calibrated with the OxCal

program. The marine reservoir correction is based on model results presented by

Butzin et al. (2017). The tools that used for calibrating radiocarbon data were

developed by Gowan et al. (2016b). These calibrated data and the flow path of ice

sheet (based on geological evidence [England et al., 2006]) are used for determining

the ice margin between its maximum extend and 30 ka. The data for northern

Canada during this time are limited, consequently, the final ice margin has large

uncertainties. After calibration, the data are rounded to four time steps, which are

23 ka, 24 ka, 27 ka, and 28 ka. The location of calibrated data and corresponding

margin are presented in Fig. 3.3.

3.2.1 Shear Stress

The study area is divided to sub-regions based on bedrock geological age and com-

position (Fig. 3.4). The initial values were estimated by Gowan (2014) and Gowan

et al. (2016b), in the range of 0.5×105 Pa to 1.5×105 Pa, on the basis of GIA ob-

servations.

Shear stress is not constant through time. In the ICESHEET program there is a

maximum shear stress for LGM time and minimum shear stress for near complete

retreat for each sub-region. The shear stress is linearly reduced as deglaciation pro-

ceeds. The time for starting this linear reduction is assigned to be 2000-4000 years

before complete deglaciation. The ice sheet reconstruction is refined by changing the

maximum amount of shear stress and starting points of reduction are determined
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(a) (b)

(c) (d)

Figure 3.3: Margin reconstruction of a)23 ka, b)24 ka, c)27 ka, and d)28 ka with
corresponding data from England et al. (2000); England (1999); England et al.
(2004).

due to relative sea level constrains.

3.2.2 Topography

According to Eq. 3.5 topography is required for elevation computation. Modern

topography is used as a base. After ice volume is estimated for the first time, the

calculated deformation of the Earth and sea level change are added to the modern

topography.The Rtopo2 data set is used for modern topography in our project

[Schaffer et al., 2016].
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Figure 3.4: Basal shear stress domains and maximum values used for reconstruction.
the black lines are the modern day coastlines, the white lines are the current ice
margin.

3.2.3 GIA

Deformation of the Earth due to surface loading depends on the Earth’s structure

such as mantle viscosity and lithosphere thickness. Glacial isostatic adjustment

is calculated using a spherically radially layered Earth, with an elastic lithosphere

and Maxwell visco-elastic mantle and elastic lithosphere. The elastic parameters
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are based on the Preliminary Reference Earth Model (PREM) [Dziewonski and

Anderson, 1981]. The lithosphere thickness, upper and lower mantle viscosity are

120 km, 4×1020 Pa s, 1022 Pa s, respectively, based on the preferences of Gowan et al.

(2016b). The significant contrast between upper and lower mantle viscosity results

from different studies on dynamic topography and geoid data [Forte and Mitrovica,

2001] and mantle flow [Steinberger and Calderwood, 2006; Panasyuk and Hager,

2000]. These values for the lithosphere thickness, upper and lower mantle viscosity

are confirmed by Nakada et al. (2017).

3.2.4 Sea Level Test

Sea level is define as a vertical hight difference between the equipotential ocean

surface and the Earth’s solid surface [Milne et al., 2002]. The equipotential ocean

surface is the surface of the ocean that would take under the influence of the Earth’s

gravity and rotation alone. The geiod has constant gravity. The sea level depends

on distribution of gravity and the icewater mass exchange on the Earth. Relative

sea level (RSL) is the elevation of the past sea level relative to present sea level.

Changes in RSL result from changes in absolute sea level and/or movement of

Earth’s surface and changes in gravity. RSL data are used as benchmarks to assess

if the ice sheet reconstruction is realistic. The chronology of RSL indicators can

show whether the relative sea level was above or below its elevation in the past. The

marine samples can give a minimum estimate of sea level, and the terrestrial samples

give a maximum estimate of sea level. There are samples that have both upper and

lower limits. Data used in this thesis are from an unpublished compilation from

A.S. Dyke and T.S. James. Most of them are presented in Dyke (1998), England

et al. (2004), England et al. (2000), England (1990), and England (1996). There are

in total 1127 relative sea level data that are used to constrain the model. Figures

3.5 and 3.6 show locations of samples I use. Using a smaller region, as presented

in Figs. 3.5 and 3.6, is important for comparing calculated RSL with observations,

which leads us to create a better reconstruction. Because the RSL is calculated

in each constraint location, it is better to have a limited number of constraints in

each plot. However, it is not possible to simultaneously fit all the minimum and
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(a) (b) (c)

Figure 3.5: Location of relative sea level constraints used in this study on Devon
Island. a) Northwest part, b) north parth, c) south part[Dyke, 1998; England et al.,
2004, 2000; England, 1990, 1996].

maximum in some time steps, which is explained more in Chapter 4. To assess

the fit of RSL, a score is added for each meter of disagreement between calculated

and observed sea level. For instance, for samples that indicate minimum RSL, if

the calculated sea level is below its elevation, for each meter discrepancy program

add one to the score, and then add all of the score samples together. The goal is

minimizing the score in each sub-region. The ideal fit should has zero score, which

is not common in most of regions mainly due to disagreement between some of the

data.

3.3 Elevation Correction

The desired output of the ICESHEET program is elevation. This elevation is used

for correcting δ18O. When the elevation of that location changes over the thousands

of years, the obtained δ18O requires correction. I want to reference the δ18O record

to a constant elevation. So, the correction brings them to a constant elevation. In

this project, I use modern day elevation as a reference and correct the data to this.

To do so, a relation between δ18O-elevation and temperature is needed. The ratio

between δ18O versus temperature and temperature versus elevation are estimated

in different studies [Dansgaard and Gundestrup, 1973; Johnsen et al., 1989; Cuffey

et al., 1995]. The linear relation between temperature and δ18O is δ18O = aT +
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(b)

(d)(a) (c)

Figure 3.6: Location of relative sea level constraints used in this study on Ellesmere
Island. a) South part, b) north part, c) west, d) east [Dyke, 1998; England et al.,
2004, 2000; England, 1990, 1996].

b. In Greenland, it was estimated, by Dansgaard and Gundestrup (1973) to be

0.62%� ◦C−1, while Johnsen et al. (1989) obtained value of 0.67%� ◦C−1 for the

present time. However, Cuffey et al. (1995) gained different values for δ18O through

the time.

a is estimated α to be 0.33%� ◦C−1 before 8 ka, an 0.25%� ◦C−1 for the late

Holocene. As a general estimate, the lapse rate is assumed to be 6 ◦C km−1. For

applying these corrections to the Northern Canadian ice cores, I assume the relation

between δ18O and temperature is spatially and temporally constant.

3.3.1 ECHAM-wiso

The relation of δ18O to elevation can also be calculated by using models. I use results

of model ECHAM5-wiso for present time [Butzin et al., 2014], as one of the accurate

models with the high resolution. ECHAM5-wiso is isotope-enabled atmospheric

general circulation model, which is explicitly simulating the stable water isotope

cycle for present time [Werner et al., 2011]. Butzin et al. (2014) applied ECHAM5-

wiso to explore δ18O variations. The horizontal grid size is approximately 1.1◦ ×
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(b)

δO18 = 0.66 T – 12.48

(a)

δO18 = 0.68 T – 7.79

Figure 3.7: The relation of δ18O to temperature on the base of ECHAM5-wiso.
a) 85 data points from Ellesmere and Devon Island with correlation coefficient of
0.94, b) 206 data points from the middle of Greenland Ice Sheet with correlation
coefficient of 0.98 [Butzin et al., 2014].

1.1◦. The δ18O versus temperature and elevation are presented in Figs. 3.7 and 3.8,

respectively. The slop of linear fited line to δ18O-temperature are approximately the

same, while the slop of fitted line between δ18O-elevation at the Agassiz ice core is 3
2

of the same at NGRIP. To obtain the relation between δ18O versus temperature and

elevation for the Agassiz Ice Cap, the data of 85 grid point are used. This covers

Ellesmere and Devon Island. 206 grid points in Greenland are used to determine

same relations there. The least square method is applied for a linear fit to each plot.

The correlation coefficient between δ18O and temperature is 0.94 for the Agassiz
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(b)

δO18 = -0.0046 E – 16.68

δO18 = -0.0069 E – 18.94

(a)

Figure 3.8: The relation of δ18O to elevation on the base of ECHAM5-wiso. a) 85
data points from Ellesmere and Devon Island with a correlation coefficient of -0.917,
b) 206 data from the middle of Greenland Ice Sheet with a correlation coefficient
of -0.894 [Butzin et al., 2014].

Ice Cap and 0.98 for NGRIP. The corrolation coefficent between δ18O and elevation

is -0.917 and -0.894 for the Agassiz Ice Core and NGRIP respectively. The α is

extracted for the Canadian Archipelago and Greenland with the assumption that

it is temporally constant.

To convert δ18O to the temperature, I use two different relations. The relation from

ECHAM-wiso model, hereafter named ECHAM temperature relation and the rela-

tion obtained by Dansgaard and Gundestrup (1973), hereafter named Dansgaard

temperature relation. Moreover, the results based on the relation between δ18O and
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elevation, calculated by Dansgaard temperature relation based on the lapse rate,

is compared to the relation between δ18O and elevation using ECHAM-wiso model

(here referred to as Dansgaard elevation relation and ECHAM elevation relation,

respectively).



Chapter 4

Results and Discussion

4.1 Ice Sheet Reconstruction

The method I am using to do the Innuitian Ice Sheet reconstruction is independent

of climatic variables such as temperature and precipitation. This make it useful for

climate and ice sheet dynamics modelling as an independent input. There is a se-

quence of steps to calculate ice thickness and surface elevation with the ICESHEET

program. The ice sheet is calculated first, using three inputs (ice margin, topogra-

phy, and shear stress) as described in Chapter 3. Calculation of the Earth’s surface

deformation using the reconstructed ice sheet (GIA) is the next step. The calcu-

lated sea level is obtained over thousands of years relative to present time. The 1127

regional relative sea level observations are used as a constraint for improving the

reconstruction. Finally, the shear stress of sub-regions is adjusted and the steps are

repeated to reach the final reconstruction, which will be presented in this chapter.

These are combined with the to original reconstruction of Gowan et al. (2016a,b).

4.1.1 Relative Sea Level

The Agassiz and Devon Ice Caps are the main focus in this study, which are on

Ellesmere and Devon Islands, respectively. The results of two islands are shown sep-

arately. For each island, the sea level is constrained by dividing them into smaller

regions as shown in Figs. 3.5 and 3.6. I show the sea level calculated at all of the

samples’ location after reconstruction. Two kinds of plots are used to evaluate the

37
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agreement between calculated sea level and observations (Figs. 4.1 to 4.3). On the

basis of these two plots in each region I decided to increase or decrease the ice thick-

ness by adjusting shear stress. In the most of regions the modelled sea level was

initially too low, which means the ice sheet needed to be thicker. When thicker ice

was needed, I increased the shear stress in that region and its vicinity. Sometimes,

changing shear stress in surrounding regions was also required.

The plots on the left side of Fig. 4.1 to Fig. 4.3 show actual calculated sea level

with sea level constraints. The sea level is calculated at the location of each sample.

The time scale of each plot has been chosen to include the oldest samples in the

sub-region. A variety of sea level responses in the sub-regions can be seen in these

plots. Violated constraints cannot be easily distinguished based on these plots. In

all regions, except in northwest of Devon Island, a great variety of sea level responses

can be seen in the sub-regions. Variety of sea level responses in small regions is the

reason to use all sea levels constraint for fitting the sea level.

Where there is a wide variety of sea level responses, like in the south of Ellesmere

Island, a metric is needed to define whether the fit improved or not. This metric

is the score, which is written in the top right corners of the plots. The minimum

sea level constraints, for instance, are satisfied when the elevation of the calculated

sea level curve is above it. In this case, the score is zero. The number of meters

the sea level curves is below the minimum constraints are added to the score. The

overall score is the sum of all individual observation samples in the regions. Conse-

quently, when the number of samples in the region is high, it is more likely to have

high score. The difference between elevation of samples and calculated sea level is

shown in the plots on the right side of the figures. In an ideal case, all minimum

constraints (blue one) should be below zero, and maximum (red) above zero. The

bounded constraints should be on the zero line. In Devon south, for example, all

of minimum constraints are satisfied. The high score is mainly because of bounded

constraints that do not fit.
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(a)

(b)

(e)
(f)

(c)

(d)

Devon Northwest

Devon North

Devon South

Figure 4.1: Devon Island. a,c,e) different between relative sea level constraints and
calculated one; b,d,f) relative sea level constraints and calculated sea level in north,
northwest and south respectively.
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(a)
(b)

Ellesmere North

Ellesmere South

(c)

(d)

Figure 4.2: Ellesmere island, a,c) different between relative sea level constraints and
calculated one; b,d) relative sea level constraints and calculated sea level in north
and south respectively.

The Devon Island sea level constraints fit quite good, as shown in Fig. 4.1. In the

north of Ellesmere Island, the constraints older than 6 ka do not fit well, which

may indicate the ice sheet need to be thicker before 6 ka in this region. To satisfy

the constraints, in eastern of Ellesmere Island, the actual sea level curves should be

steeper. This could accommodated by decreasing the mantle viscosity. Lowering

the mantle viscosity causes a faster response of the Earth’s crust [James et al.,

2009]. I did not change the mantle viscosity because the calculated sea level in
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(c)(d)

(a) (b)

Ellesmere East

Ellesmere West

Figure 4.3: Ellesmere Island, a,c) different between relative sea level constraints
and calculated one; b,d) relative sea level constraints and calculated sea level in
west and east respectively.

other regions were seemed consistent with the data and changing it will influence

the whole region significantly.
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4.1.2 Elevation and Ice Thickness

The thickness of the reconstructed ice sheet with 5000 year intervals is shown in

Fig. 4.4. Elevation change is presented with the same interval on Fig. 4.5. The

locations of domes have good agreement with England et al. (2006). During the

Last Glacial Maximum, the elevation was less than ice thickness in that region.

This means weight of ice sheet pressed the Earth’s surface down. However, the

elevation is higher during the retreat period, which is due to the rebound of the

Earth’s surface.

The major difference is between 15 ka (Fig. 4.5d) and 5 ka (Fig. 4.5b). Other inter-

vals do not significantly vary. The retreating of the Innuitian Ice Sheet with higher

temporal resolution in thousands of years is illustrated on Fig. 4.6 and Fig. 4.7,

which shows the ice thickness and surface elevation respectively. The maximum

elevation of the Innuitian Ice Sheet is about 3200 m in this reconstruction at 20 ka,

which is higher than in ICE-6G (2500 m). In ICE-6G (Fig. 2.3 and Fig. 2.1) there

is no change in ice thickness and elevation between 20 and 25 ka. Evidence from

the ice margin reconstruction shows advance of ice sheet between 30 ka to 23 ka

[England et al., 2000; England, 1999; England et al., 2004]. This ice sheet advance

can be seen in Fig. 4.4, Fig. 4.5, and Fig. 3.3.

4.2 Correction of δ18O

As explained in Chapter 3, to correct δ18O, elevation change of the ice cap is needed.

The elevation from the reconstruction are originally presented in a 5 km × 5 km

resolution grid. To avoid local topographic variations, I averaged elevation over 16

grid cells (20 km × 20 km). This is presented in Fig. 4.8.

4.2.1 Agassiz Ice Cap

The advance and retreat of the Innuitian Ice Sheet can be seen in elevation changes

of Agassiz Ice Cap (Fig. 4.8a). There is a gradual decrease from maximum height at
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(a) (b)

(c) (d)

(e) (f)

Figure 4.4: The Innuitian Ice Sheet ice thickness (in meters) from LGM to Present
using the ICESHEET program[Gowan et al., 2016b,a].
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(a) (b)

(c) (d)

(e) (f)

Figure 4.5: The Innuitian Ice Sheet surface elevation (in meters) from LGM to
Present using the ICESHEET program[Gowan et al., 2016b,a].
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(a) (b)

(c) (d)

(e) (f)

Figure 4.6: As Fig. 4.6 but over retreat time from 13 ka to 8 ka.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.7: As Fig. 4.5 but over retreat time from 13 ka to 8 ka.
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Figure 4.8: Surface elevation of a) the Agassiz (80.7 ◦N, 73.1 ◦W), b) the Devon ice
cap (75.34 ◦N, 82.17 ◦W) based on the ICESHEET reconstruction [Gowan et al.,
2016b,a].

22 ka to 8 ka. The ice margins do not change between 22 ka to 13 ka, so the elevation

decrease slightly over these time. Because it takes a while for mantle to response to

the ice sheet, when the ice sheet growth stops (constant ice thickness), the surface

elevation decreases because of the Earth’s surface deformation. However, between

13 ka and 8 ka due to the retreat of ice margins the elevation falls dramatically.
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The influence of the Innuitian Ice Sheet advance is also clear between 30 ka and 22

ka. The first significant changes happened between 27 and 28 ka, when the ice of

the northern and eastern parts on Ellesmere Island coalesced. The second stage is

due to the growth of the margin to the east and west of Agassiz Ice Cap (between

23 ka and 22 ka). The growth to the east and west of Ellesmere Island influenced

elevation of the site more than changes in the northern extent of the ice sheet.

The general pattern of retreat in my reconstruction and ICE-6G reconstruction

is similar from 20 ka to present. In ICE-6G, the reduction of elevation is higher

(Fig. 2.3). The elevation of Agassiz decreases about 900 m between 13 ka and 8 ka,

while in my reconstruction it is reduced by 520 m between 14 ka and 8 ka. However,

the elevation range in ICE-6G is from 2200 m to 1300 m, which is less than my

reconstruction (2700 m to 2200).

Although the δ18O correction on the base of my reconstruction is less than ICE-6G,

it is still indicate higher early Holocene temperature, which is shown in Fig. 4.9 to

Fig. 4.12. As it is explained in Chapter 3, There are four Agassiz ice cores. Two

of them are from the dome (A84 and A87) and other two are south and southwest

of the dome (A77 and A79 respectively). The trend of δ18O for each of them with

and without the correction are presented in separate figures (Fig. 4.9 to Fig. 4.12).

The "a" plots shows correction based on the Dansgaard temperature relation.

δ18O = αT + b

where α and b are 0.62%� ◦C−1 and −15.25%�, respectively.

the ratio between δ18O and elevation is obtained with:

0.62%�
1◦C

× 6◦C

1000m
= 0.003 72%�m−1

The second plots (b) show the correction based on ECHAM5 elevation relation

[Butzin et al., 2014], which is shown in Fig. 3.8. The ratio between δ18O and el-

evation is 0.0069%� m−1 which is almost double that of the Dansgaard elevation
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relation.

Regardless of correction, the early Holocene climatic optimum is pronounced. It

happened in the original δ18O record between 10 ka to 9 ka. The correction based

on the Dansgaard elevation relation increases δ18O at 11.7 ka by 1.32%�, which

corresponds to a 2.14 ◦C rise in temperature. The ECHAM correction is higher,

and gives a temperature increase of 3.64 ◦C due to a 2.46%� δ18O increase. The

corrections result in an earlier peak temperature, especially in A79 (Fig. 4.11).

These results consistent with Lecavalier et al. (2017)’s results. They found the

discrepancy between temperature reconstruction of the isotope data (δ18O) and ice

melt percentage [Fisher et al., 2012] in the Agassiz ice core declines when applying

elevation corrections. Because the Agassiz melt records have an earlier temperatures

peak than the original temperature reconstruction of δ18O.

4.2.2 Devon Ice Cap

Devon Ice Cap experienced less elevation variability than Agassiz. There are two

levels of elevation (Fig. 4.8) with a transition time of 1000 years. Elevation decreases

dramatically between 13 ka and 12 ka (540 m). Compared to ICE-6G, elevations

are higher in all steps. Devon has a maximum elevation of 1460 m, which is almost

constant from 20 ka to 15 ka (Fig. 2.3). The elevation decreases 150 m in total

during this time interval. The elevation in my reconstruction is 1570 m at present

time and the maximum is 2110 m at 20 ka.

As shown in Fig. 3.2, the bottom of Devon ice core is not reliable, so we can only

trust and correct the past 10000 years. During this period, the elevation remains

constant. This means there is no need of a correction in the Devon ice core.

4.3 Greenland

In this thesis the Innuitian Ice Sheet was reconstructed with ICESHEET program.

There is no attempt to make a Greenland reconstruction and model sea level. In
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Figure 4.9: Agassiz δ18O data of ice core A87 on the GICCO5 timescale with and
without correction (dark and light green respectively). Corrections are based on
a) Dansgaard and Gundestrup (1973) relation between δ18O and temperature b)
ECHAM model data between δ18O and elevation.
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Figure 4.10: As Fig. 4.9 but for A84.

this section, I am going thorough the Greenland history with two different assump-

tions.
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Figure 4.11: As Fig. 4.9 but for A79.
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Figure 4.12: As Fig. 4.9 but for A77.

4.3.1 Homogeneous Climate

I first follow the method of Vinther et al. (2009) to determine elevation changes

in NGRIP. The idea is that the discrepancy between δ18O trends in neighbouring
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Figure 4.13: δ18O data on GICC05 timescale in Renland Ice Core; blue column
illustrate 8.2 ka event [Johnsen et al., 1992b; Vinther et al., 2008].

ice cores are due to past changes in the elevation of the sites. They claim, due

to the similarity of δ18O values in the Agassiz and Renland Ice Caps, that the

Greenland climate during the Holocene was homogeneous. The Renland δ18O trends

are presented in Fig. 4.13. The Agassiz and Renland Ice Caps are separated by 1500

km and by the entire Greenland Ice Sheet, but their δ18O trends are similar. The

location of Renland is shown in Fig. 1.1. If the climate was homogeneous during

the Holocene, the difference in δ18O records between Agassiz and Greenland are

result from changes in elevation between the two sites.

The next step is to convert δ18O to elevation. The Agassiz Ice Cap is used as a

reference and NGRIP elevation is obtained on the basis of the Agassiz elevation.

The calculated change of NGRIP elevation is shown in Fig. 4.15.

The difference between δ18O records in NGRIP and Agassiz is presented in Fig. 4.14.

To reduce noise and have smoother plots, a 400 year averaged filter is used. The
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Figure 4.14: Difference of δ18O data between Agassiz ice core (with and without
correction) and NGRIP in Greenland.

correction makes the difference in δ18O larger. The Greenland δ18O is less than

Agassiz (Fig. 3.1), and the correction increases δ18O, which means it makes the

discrepancy larger. The ECHAM elevation relation raises the discrepancy by more

than 2%�, while it is about 1%� with the Dansgaard elevation relation.

The elevation change at Greenland Ice Sheet varies between 250 m to 800 m when

applying different corrections (Fig. 4.15). There are four curves representing ele-

vation changes in NGRIP. The difference between unmodified curves (light blue)

shows the influence of the δ18O-elevation ratio between Dansgaard and ECHAM.

The ECHAM elevation relation gives less elevation change than Dansgaard’s, al-

though it has a larger δ18O discrepancy. The reason for this is that the slope of the

ECHAM elevation relation is almost double that of Dansgaard’s one. For converting

δ18O to elevation, the difference in δ18O is divided by that that slope. Consequently,

the obtained elevation changed by ECHAM is nearly half of the Dandgaard’s one.
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(a)

(b)

Figure 4.15: NGRIP elevation change relative to the present time based on δ18O
difference between Agassiz ice core and NGRIP, by using a) the Dansgaard elevation
relation and b) the ECHAM elevation relation.
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(a)

(b)

Figure 4.16: Difference of δ18O data and temperature between Agassiz ice core (with
and without correction) and NGRIP in Greenland. Converting δ18O to the temper-
ature using a) the Dansgaard temperature relation and b) the ECHAM temperature
relation.

4.3.2 Non-homogeneous Climate

Another possible assumption is that climate over the Greenland and Ellesmere

Island is not homogeneous. In this case, the difference between δ18O records in the

two ice caps (Fig. 4.14) is not just due to elevation changes. There is an offset
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of 7.7%� in δ18O, which is due to the peak of Agassiz and NGRIP at different

elevations (Fig. 4.14). Fig. 4.16 shows the residual of the temperature variations in

the Greenland and Ellesmere Island records over Holocene. The difference between

δ18O is higher in the early Holocene (from 12 ka to 8 ka). The Innuitian Ice Sheet

retreated over these years (Figs. 4.6 and 4.7). The maximum δ18O difference is

2.17%�, which corresponds to a 2.95 ◦C and 3.29 ◦C temperature difference by

applying Dansgaard and ECHAM temperature relation, respectively. The elevation

correction from the Innuitian Ice Sheet reconstruction increases the discrepancy

between the Greenland and Agassiz δ18O (temperature) by 3.40%� (4.94 ◦C) and

4.46%� (6.76 ◦C) using Dansgaard and ECHAM elevation (temperature) relation,

respectively.

4.4 Summary

The Innuitian Ice Sheet reconstruction conducted in this thesis has good agree-

ment with RSL constraints (Figs. 4.1 to 4.3). The δ18O correction based on this

reconstruction increases the obtained temperature of Agassiz ice cores to 2.14 ◦C by

Dansgaard temperature relation and 3.64 ◦C using ECHAM temperature relation

(Figs. 4.9 to 4.12), which agrees with the results of Lecavalier et al. (2017). This

indicates an earlier and warmer Holocene thermal maximum at Agassiz. However,

their results show 4-5 ◦C warmer temperatures compared with their previous tem-

perature reconstruction without correction. They estimated the corrected Agassiz

ice core leads to 1 km thinning in Camp Century located in north west of Green-

land. I also estimated 755 m and 558 m thinning curve for NGRIP located in centre

of Greenland. This value may not be realistic for center of a stable ice sheet like

Greenland. However, the temperature difference of 4.94 ◦C and 6.76 ◦C based on

δ18O difference between NGRIP and corrected Agassiz may not be realistic either.

It could also be a result from different factors, such as temporal variation of δ18O to

elevation and temperature. The difference between the two ice cores δ18O could be

based on the combination of elevation and temperature variation of two sites. So,

a reconstruction of the Greenland Ice Sheet could be useful to separate these two
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influences in the difference of δ18O between the Greenland and Agassiz Ice Caps.



Chapter 5

Conclusion and Outlook

In this thesis a reconstruction of temperature based on δ18O records of the Agassiz

ice core and NGRIP were conducted. To do so, the elevation correction should be

applied for temperature reconstructions. For this correction I need to determine

elevation history of the sites during the Holocene. So, a surface elevation recon-

struction is needed in the Agassiz and Devon Ice Caps locations. The ICE-6G

reconstruction was initially used as a base reconstruction to show variation of ice

thickness and surface elevation after LGM until present time. Subsequently, the

Innuitian Ice Sheet was reconstructed with the ICESHEET program written by

Gowan et al. (2016b,a). Ice margin, shear stress, and topography are three inputs

of ICESHEET program. Relative sea level constraints from Ellesmere and Devon

Island were used to evaluate the reconstruction results. The Greenland and Lauren-

tide Ice Sheet were also included in my reconstruction because they influenced the

GIA in this region. The Laurentide and Greenland Ice Sheets’ margins are based

on Gowan (2014) and Dyke (2004), respectively. The margins of the Innuitian Ice

Sheet from 22 ka to present are based on Dyke (2004) and England et al. (2006). For

advance phase (between 30 ka to 22 ka) the ice sheet margins were reconstructed

based on data from England et al. (2006), England et al. (2000), England (1999),

and England et al. (2004).

The Devon Ice Cap has constant elevation from 12 ka to present time. Consequently,

there is no elevation correction required for its δ18O records. However, the Agassiz

60
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Ice Cap experienced 408 m surface elevation change from 11.7 ka to present time.

Dansgaard and Gundestrup (1973)’s relation of δ18O versus temperature are used

for correcting δ18O. Additionally, ECHAM-wiso data [Butzin et al., 2014] were used

to obtain special δ18O relationship versus temperature and elevation. The early

Holocene is warmer when the corrections are applied. The corrected temperatures

are 2.14 ◦C and 3.64 ◦C for Dansgaard and ECHAM-wiso temperature relation,

respectively. The peak temperature happens 500 years earlier in the Agassiz ice

cores using the corrections.

The Greenland elevation and temperature changes through the Holocene are recon-

structed by taking the difference of δ18O data between the NGRIP and Agassiz ice

cores, using two different assumptions. Assuming homogeneous climate over the

Northern Canada and Greenland, the elevation changes of NGRIP were estimated

(Chapter 4). Using Dansgaard equation, the elevation change is calculated to be

422 m, while the ECHAM equation results in 226 m. The elevation change increases

by 334 m and 331 m using the corrected δ18O using Dansgaard and ECHAM correc-

tions. In this method the reconstructed elevation changes of NGRIP is highly de-

pendent on the relation between δ18O-elevation and temperature. Consequently, the

uncertainty of calculated elevation is high. Another assumption is non-homogeneous

climate in this region, which means the difference between δ18O records of NGRIP

and Agassiz is due to a temperature difference. The reconstructed temperature

changes with both corrections is conducted. In this case, the original temperature

difference at 11.7 ka between the middle of Greenland and Ellesmere Island is about

3 ◦C. The elevation corrections at the Agassiz Ice Cap increase it to 4.94 ◦C using

Dansgaard’s relation and 6.76 ◦C using ECHAM-wiso.

There are further steps that could be done to improve the climate reconstruction

of this region. Reconstruction of the Greenland Ice Sheet with the ICESHEET

program could help to asses elevation change of Greenland based on relative sea

level. That could be used for evaluating elevation reconstruction using δ18O of

ice cores. Improving the Innuitian Ice Sheet by adding RSL constraints of other



62 CHAPTER 5. CONCLUSION AND OUTLOOK

regions such as Axel-Heiberg Island could also improve the reconstructed elevation

of the Agassiz and Devon Ice Caps. Investigating the relation of δ18O-elevation

and temperature during the early Holocene could improve the applied correction.

The earlier and warmer maximum temperature could be checked with Sea Surface

Temperature (SST) reconstruction.
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