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Abstract

Con tin uous Flo w Analysis (CF A) describ es the metho d of measuring c hem-

ical impurities, insoluble dust, and the electrolytical melt w ater conductivit y

in ice cores. The metho d is used to obtain a high-resolution paleo climatic

arc hiv e of season v ariations. The measuremen t is done b y con tin uously melt-

ing a 0:55m longitudinal section of ice with a cross section of 34mm� 34mm
and analyzing the resulting melt w ater. The di�eren t CF A comp onen ts; am-

monium (a biological comp onen t), so dium (a marine comp onen t), dust (in-

soluble desert dust), and conductivit y (a bulk signal of all ionic constituen ts)

are analyzed b y �uorescence sp ectroscop y , absorbance sp ectroscop y , b y a

particle detector and with a conductivit y meter resp ectiv ely .

CF A pro�les are obtained from four sections of the North Greenland Ice

Sheet Pro ject (NGRIP) ice core; Holo cene section ( 1378:30m� 1389:30m ), an

Early glacial section from Dansgaard-Oesc hger In terstadial 25 ( 2995:30m �
2997:50m ), a section from the transition b et w een the Eemian in terglacial and

the glacial ( 3039:85m � 3042:05m ), and �nally a section from the Eemian

p erio d ( 3069:00m � 3071:20m ).

Dust lev els are seen to b e sub ject to a mean concen tration di�erence

compared to earlier obtained results and so dium exp eriences negativ e and

drifting baseline v alues presumably due to pressure problems in the setup.

Therefore impro v emen ts in general of the setup are suggested, esp ecially with

regard to impro ving the so dium signal but also to w ards the construction of

the debubbler.

The mean lev el concen trations of the four comp onen ts sho w non-linear

dep endency with the � 18
O temp erature pro xy and suggest a saturation lev el

on the basis of the mean concen tration lev els of the 5 degree w armer Eemian

p erio d compared to the Holo cene.

A dating of the pro�les matc h w ell with other time scales for the Holo cene

section, but a dating of the Eemian section sho ws a di�erence in mean ann ual

la y er thic kness of 0:35 cm
year compared to the ss09sea mo del whic h corresp ond

to 328 extra Eemian y ears in the b ottom 16m of the NGRIP ice core.
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1 In tro duction

One of the most ev olving discussion topics to da y is the climate. What will

our future climate b e lik e, and are w e able to predict this b y studying the

past climate? The e�ect of h uman impact on the climate is the main part

of the discussion these da ys, and this impact is exactly the in terest of the

In tergo v ernmen tal P anel on Climate Change (IPCC). Their job is to ev aluate

the risk of climate c hange caused b y h uman activit y . The latest rep ort is

the F ourth Assesmen t Rep ort whic h predicts a global temp erature rise of

a couple of degrees b efore the y ear 2100 [IPCC, 2007 ]. This risk has to b e

tak en seriously , and therefore thousands of scien tists around the w orld are

righ t no w �guring out w a ys to stop or decrease this global w arming. In order

to decrease the w arming, w e ha v e to understand the past so that w e kno w

what the sources of climate c hange are.

This is exactly wh y studying ice cores is of suc h great in terest. This

v ery pure, cold, hard ice hides a great deal of information ab out the past

climate. So where and ho w do w e obtain this ice? On the ice co v ered island of

Greenland sev eral deep drillings of ice cores ha v e b een made during the last

sev eral decades. The �rst ice core from Greenland w as the Camp Cen tury

ice core drilled b y the Americans, and it w as the �rst ice core pro ject to

drill all the w a y through the inland ice. The drilling ended in 1966. After

this, other cores w ere drilled. In Figure 1 the drill sites on Greenland are

sho wn, and at this momen t a new ice core drilling in Greenland has started.

This is the North Greenland Eemian Ice Drilling (NEEM). The ice core

from this drilling hop efully caries completely new information. The drilling

is supp osed to reac h b edro c k in 2010/2011 and con tains ice from the last

in terglacial, the Eemian , p erio d. In Figure 2 the � 18
O (see section 2.1)

record from the NGRIP core is sho wn on a depth scale (top) and on an

age scale (b ottom). � 18
O is a temp erature pro xy used in ice core researc h.

The �gure giv es an o v erview of the presen t in terglacial, the Holo c ene , the

last glacial p erio d, and the previous in terglacial, the Eemian p erio d. The

transition from glacial to in terglacial, whic h included �rst a small w arming

p erio d called Bøl ling-A l ler ød and next a small cold p erio d called Y ounger

Dryas , is sho wn.

F or m y study I am using ice from the North Greenland Ice Sheet Pro ject

(NGRIP) core as the NEEM ice drilling has not y et �nished. The NGRIP

core, whic h also con tains ice from the last in terglacial, is unfortunately af-

fected b y b ottom melting. This means that the ice near b edro c k is at the

pressure melting p oin t � 2:4�
C, and this will a�ect the ann ual la y er thic kness

to w ards the b ottom. The deep est la y ers will b e thic k er than with no b ottom
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Figure 1: A map of Greenland with lo cation of drill sites. NGRIP is lo cated at

75.12

�
N 42.32

�
W. Drilling facts a re from [Centre fo r Ice and Climate, 2009 ].

melting. The NEEM ice core drilling is geographically lo cated on the basis

of minimizing b ottom melting.

This thesis will try to sho w that w e are able to observ e in teresting infor-

mation ab out the climate all the w a y bac k to the Eemian p erio d despite the

b ottom melting. Ice from the Eemian p erio d is lo cated in the v ery b ottom

of the Greenland ice sheet at the NGRIP site.

2



Figure 2: Reco rd of the � 18
O climate p ro xy . T op panel sho ws � 18

O on a depth

scale, and the b ottom panel sho ws � 18
O on an age scale. The w a rm p erio ds,

Holo cene and Eem, a re indicated with a light red colo r, and the transition from

the last glacial p erio d to the Holo cene p erio d is indicated with a green colo r.

The transition included the w a rm p erio d, Bølling-Allerø d, and the cold p erio d,

Y ounger Dry as.

So what is hiding in the ice cores that mak e them so in teresting to study?

�Impurities� is the answ er. The main purp ose of impurit y analysis is to

obtain information on c hanges in atmospheric transp ortation and c hemistry ,

to disco v er the sources and sinks of the impurities, and to analyse what

dep ositional e�ects exist. This is all resolv ed from an impurit y analysis, and

with a high temp oral resolution, information on c hanges of the atmospheric

aerosol load o v er the last sev eral h undred thousands of y ears can b e obtained.

The metho d to obtain detailed records of impurities is called Con tin uous

Flo w Analysis (CF A) whic h I will describ e in further detail at the end of this

section. I ha v e used a completely new CF A setup, lo cated in Cop enhagen,

for m y thesis results. This setup, the CIC

1

setup , is in part a cop y of the

setup used at Univ ersit y of Bern, KUP

2

setup (describ ed in Kaufmann et

al. [Kaufmann, 2008 ]), but the CIC setup do es not measure as man y com-

p onen ts as the KUP setup whic h means that our temp oral resolution can b e

m uc h higher b ecause a smaller amoun t of sample w ater is required.

Wh y do w e w an t a higher temp oral resolution? The imp ortan t result,

when measuring impurities, is that these impurities often exhibit seasonal

1

Cen tre for Ice and Climate.

2

Klima- und Um w eltph ysik
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v ariations whic h means that w e are able to iden tify the ann ual la y ers in the

ice where they still exist. The ann ual la y ering of impurities are sometimes

a�ected b y for instance b ottom melting, di�usivit y pro cesses, and b ottom

top ograph y whic h can result in a disturbance of the ice. If the time res-

olution is high enough, cen timeter thin ann ual la y ers can b e observ ed and

according to the ss09sea, whic h is a mo delling of ann ual la y er thic knesses

[Johnsen, 2001 ], the ann ual la y er thic kness of the Eemian ice in the NGRIP

ice core is appro ximately 1:47cm. Measuring c hemical impurities in the

Eemian ice has not b een done on Greenlandic ice cores b efore this study but

will also b e done with the NEEM ice core drilling. Iden tifying ann ual la y ers

are imp ortan t in the dating of ice cores.

Another purp ose with this thesis, b esides detecting ann ual la y ers, is to

study the concen tration lev els of the impurities. These lev els will hop efully

tell us something ab out the past climate whic h can b e compared to the

presen t climate and p erhaps giv e us an idea of the future climate. The last

in terglacial w as ab out 5 degrees w armer than the Holo cene in Greenland,

and with the IPCC predicted temp erature rise then the future climate migh t

resem ble this.

1.1 Con tin uous Flo w Analysis

A con tin uous �o w analysis is done b y placing a longitudinal section of an ice

core on top of a melting device lo cated inside a freezer. The ice is then melted

con tin uously while the inner and outer part of the ice section is separated

in order to a v oid con tamination. It is imp ortan t only to remo v e what is

necessary of the outer parts in order to ha v e enough sample w ater to do

measuremen ts on. This sample w ater con tains impurities and air bubbles

captured in the ice, and although the air bubbles carry a lot of information

ab out the gases in the past atmosphere they are a w aste part in our setup

righ t no w. With the CIC setup, four comp onen ts are measured. These

are ammonium, NH +
4 , so dium, Na+

, insoluble dust, and the electrolytical

melt w ater conductivit y (from here on c onductivity ). If more comp onen ts are

added to the setup, the temp oral resolution will decrease. A picture of the

CF A setup in Cop enhagen, where the freezer with the ice section is lo cated

left of the picture, is sho wn in Figure 3.

After measuring the ice section, a pro cessing of the data is done. A

calibration of eac h comp onen t, except conductivit y , is required, and artifacts

in the ice core or problems during the runs ha v e to b e remo v ed. When this is

all done, the results are ready to b e analyzed. Ice from the Holo cene p erio d

and the Early glacial and Eemian p erio d is measured. These sections are then
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used for dating purp oses where the Holo cene CF A pro�les will b e compared

to the GICC05 time scale (describ ed in section 2.1), and the Eemian�Early

glacial CF A pro�les will b e compared to the ss09sea mo del (also describ ed

in section 2.1). F or part of this, a fourier transform, whic h can iden tify the

ann ual la y er p eak and giv e an estimate of the resolution of the setup, will b e

used. A comparison, esp ecially with regard to concen tration lev els of the t w o

sections, Holo cene and Eemian�Early glacial, will also b e presen ted. When

analyzing the results, comparisons with other data will b e used as w ell.

Figure 3: A picture of the setup. The freezer is lo cated left of the picture, the

standa rds in the b ottom left, the p eristaltic pumps and analysis instruments in

the middle, and the computer in the right side of the picture.

Outline

Section 2: In section 2, I will go through the basic kno wledge of ice core

analysis required for m y study .

Section 3: In section 3, I will describ e from where m y ice samples are tak en.

Section 4: In section 4, I will describ e the CIC CF A setup in further detail

including a lo ok in to the resolution of the setup.

Section 5: In section 5, I will presen t m y results obtained with the CIC

CF A setup.

Section 6: In section 6, I will giv e a discussion of m y results and comparisons

with other data.

Section 7: In section 7, I will presen ts m y conclusions of the study .

5



2 Ice core analysis

2.1 Seasonal v ariations and climate records

When sno w falls y ear after y ear on top of the Greenland ice sheet, the la y ers

are gradually compressed b y the w eigh t of the o v erlying la y ers, and this pro-

duces ann ual la y ers do wn through the ice sheet. As the sno w is transformed

in to ice and mo v es do wn w ard and to the sides, the ann ual la y er thic kness

decreases so at the b ottom, a high resolution analysis is required to observ e

ann ual la y ers. See Figure 4. A c hronological order of ann ual la y ers do wn

through the ice cap is pro duced as seen in Figure 5. If b ottom melting o c-

curs, the ann ual la y ers will not b e as thin, but the oldest ones will melt

a w a y .

When w e analyse ice cores from Greenland, w e observ e seasonal v ariation

in di�eren t parameters for instance in the � 18
O climate pro xy v alue but also

in the c hemical impurities. These parameters can b e used for coun ting the

ann ual la y ers and hence giv e a quite accurate dating of the ice core.

Stable isotop e metho d

When dating the ice cores, di�eren t parameters and metho ds are used. The

� 18
O v alue is a corner stone in dating pro cesses of ice cores.

The o cean w ater consists mainly of H 16
2 O but also isotop es, H 17

2 O and

H 18
2 O are presen t. Due to small di�erences in the v ap our pressure of the

di�eren t w ater isotop es, the hea vier isotop e H 18
2 O will ha v e a sligh tly harder

time ev ap orating than the ligh ter isotop e H 16
2 O , as w ell as the hea vier iso-

top e will condense sligh tly easier than the ligh ter isotop e. This will therefore

Figure 4: A sk etch of a b o x of ice moving do wnw a rds through the ice sheet. A t

time, t , the b o x has certain dimensions, and at time, t + � t , the b o x has b een

�attened and elongated due to the w eight of the overlying la y ers.
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Figure 5: A sk etch of the movement of ice in an ice sheet. Flo w lines a re

indicated and go es do wn and out w a rds to w a rds the edges. I indicates the ice

divide where a chronological o rder of annual la y ers can b e obtained, and when

standing at C , vx indicates the ho rizontal velo cit y of the ice �o w.

result in a di�erence in the fraction of the

18O isotop e concen tration to the

16O isotop e concen tration in ev ap oration and precipitation pro cesses. This

means that when an air mass co ols and condenses to form precipitation, the

remaining w ater v ap our will b e increasingly depleted in the

18O isotop e. As

the amoun t of precipitation from an air mass, since its last w ater uptak e,

dep ends on the temp erature gradien t from source area to the place of dep o-

sition, and that the temp erature o v er ice v aries m uc h more than o v er sea,

the fractionation of the t w o isotop es will dep end on the temp erature o v er

the ice. The fraction b et w een the concen tration of

18O and

16O is giv en b y

the � 18
O v alue in an ice sample:

� 18O =

 [18 O]
[16 O] sample

� [18 O]
[16 O] V SMOW

[18 O]
[16 O] V SMOW

!

� 1000 o=oo (1)

where VSMO W is the Vienna Standard Mean Ocean W ater whic h has a

kno wn isotopic comp osition. Due to the de�nition, and that glacier ice

con tains less

18O than VSMO W, the � 18
O v alue is alw a ys negativ e. The

more negativ e, the colder the climate is.

As the � 18
O v alue is higher, i.e. less negativ e, during the summer than

during the win ter, it is p ossible to iden tify the ann ual la y ers from for instance

the summer p eaks. It will only b e p ossible, though, to detect these ann ual

la y ers do wn to a certain depth b ecause they get to o thinned out whic h mak es

it di�cult to distinguish the win ter signal from the summer signal. The � 18
O

v alue is related to temp erature [Dansgaard et al. 1969 ] and therefore giv es a
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go o d picture of the climate bac k in time ev en though it will not resolv e the

ann ual la y ers.

Di�eren t metho ds are used for measuring � 18
O. One metho d is using a

mass sp ectrometer whic h de�ect the molecules more or less dep ending on

the mass of the molecule. Another measuremen t is using a laser sp ectropho-

tometer where the absorbance of the laser ligh t is measured. This absorbance

dep ends on the prop erties of the molecules.

An o v erview of impurities measured in ice cores

Besides the � 18
O v alue, other climate parameters are measured in ice cores.

Air bubbles trapp ed in the ice allo w analyses of atmospheric concen trations of

trace gasses. Besides gases, dust can b e trapp ed in the ice. Large amoun ts of

dust can come from v olcano es in form of ash. Some v olcanic ash la y ers are so

pronounced that they can b e seen in ice cores all o v er the w orld. These la y ers

serv e as reference la y ers and can b e used in the imp ortan t sync hronization of

ice core records. Analyses of impurities suc h as ammonium, so dium, nitrate,

and sulphate giv e information of source areas and transp ort routes of the

atmospheric circulation in the past.

All in all w e get pro xies for, among others, temp erature, precipitation,

and w e get the c hemistry and gas comp osition of the lo w er atmosphere, and

w e will b e able to iden tify v olcanic eruptions and forest �res.

When c ho osing the comp onen ts that w as to b e measured with the CIC

CF A setup, it w as imp ortan t to ha v e one t ypical marine comp onen t, a t yp-

ical dust comp onen t, and a biological comp onen t. The marine comp onen t

w as so dium whic h is a fall-win ter and win ter-spring signal due to in tensi�-

cation of the atmospheric circulation in these seasons. The dust comp onen t

w as insoluble dust. Calcium could ha v e b een an alternativ e for dust, but

this comp onen t is measured b y an absorption metho d whic h is m uc h more

complicated than measuring with an Abakus instrumen t (see section 4.1).

The mineral dust p eaks during spring as desert storms are more common

at this season. The biological comp onen t w as ammonium whic h is mainly

an indication of biomass burning ev en ts that are more common during sum-

mer. Finally a comp onen t as conductivit y w as c hosen. This comp onen ts is

also observ ed with an easy measuremen t tec hnique whic h is imp ortan t for

retaining a high resolution of the signal. The conductivit y measures a bulk

signal of all ionic constituen ts, b oth p ositiv e and negativ e. During w arm

p erio ds the conductivit y do es not exhibit pronounced seasonal v ariation as

the other c hemical comp onen ts and mineral dust, as it is a measure of the

di�eren t c hemical impurities in the ice that p eaks at di�eren t seasons. In
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cold p erio ds, lik e the glacial, though, the di�eren t impurities tend to p eak

at the same time, and therefore will conductivit y also ha v e an ann ual p eak

[Rasm ussen, 2006 ].

CF A pro�les

Chemical impurit y data is gathered in CF A pro�les. The KUP system has

b een used to measure the NGRIP core, but un til no w, no Eemian ice has

b een measured

3

. The Eemian ice requires a v ery high temp oral resolution,

since the ann ual la y er thic kness in this depth is around 1:47cm according to

the ss09sea mo del whic h will b e describ ed in the end of this section.

Previous results are imp ortan t when dealing with a new setup since these

can b e used to c hec k m y results from the CIC setup. If m y data compares

w ell with earlier results, it giv es me an idea of whether I can trust what

I measure in the ice from the Eemian p erio d. As this p erio d has not b een

measured with CF A b efore, w e do not kno w what to exp ect regarding ann ual

la y er thic knesses, and whether the impurities in question still exhibit go o d

seasonal v ariation.

In Figure 6 the results of ammonium, so dium, insoluble dust and con-

ductivit y from the KUP setup are sho wn. The KUP pro�les are sho wn in

5mm resolution and con tain data from appro ximately 1404m to 2930m depth

(data is pro visional and unpublished). The 5mm resolution means that it

will not resolv e ann ual la y ers from the deep ice v ery w ell.

The ammonium record is seen to b e esp ecially go o d when coun ting an-

n uals. This comp onen t has b een used for dating in the GICC05 time scale

(describ ed in the end of this section) with supp ort of other comp onen ts.

When coun ting ann uals, a fully trustable y ear coun ts as 1, and an uncer-

tain y ear is coun ted as

1
2 � 1

2 . In the end, the y ears and uncertain ties are

summed up [Andersen, 2006 ]. Figure 7 sho ws an example of the seasonal

v ariation of the di�eren t comp onen ts during 1m of Holo cene ice. P eaks in

ammonium are mark ed with grey v ertical bars. It is seen that so dium p eaks

are in b et w een the ammonium p eaks, and dust p eaks are righ t b efore (on a

time scale) ammonium p eaks indicating a spring signal.

3

F rom appro ximately 1404m to 2930m one CF A setup w as used, but this setup w en t

missing during a shipmen t from An tarctica, and a new is therefore built in Bern. This

setup has measured impurities from 1394m to 1403m [Kaufmann, 2008 ].
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Figure 6: NGRIP CF A p ro�le from depths 1404m to 2930m measured on the

KUP CF A setup. Climate va riations in the four comp onents a re seen as fo r

instance very high dust and so dium values and lo w ammonium values during the

glacial. Data is p rovisional and unpublished.
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Figure 7: 1 meter of NGRIP CF A p ro�le from depth 1405m to 1406m . Data

is p rovisional and unpublished. Grey vertical ba rs indicate p eaks in ammonium.

The seasonalit y of the other comp onents is seen. So dium p eaks a re in b et w een

the grey ba rs, and dust is mainly right b efo re, indicating a sp ring signal.
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Time scales used in ice core researc h

Time scales are imp ortan t in ice core researc h b ecause dating the Greenland

ice cores will pro vide a paleo climatic arc hiv e in whic h the absolute dating

can b e p erformed con tin uously b y coun ting ann ual la y ers from presen t da y

and in to the glacial p erio d. Di�eren t coun tings of Greenlandic ice cores are

matc hed together in to the Greenland Ice Core Chronology 2005 (GICC05)

whic h dates the cores bac k to appro ximately 60ka b2k

4

[Sv ensson, 2008 ] with

a maxim um coun ting error of appro ximately 4% in w arm in terstadials to 7%

in cold stadials [Andersen, 2006 ]. When ann ual la y er coun ting is not p ossi-

ble, mo delling of the climate can b e used as for instance with the ss09sea

mo del. Belo w is a short description of the GICC05 and ss09sea time scales.

� GICC05: In 2005 a m ultiparameter coun ting of ann ual la y ers w as de-

v elop ed for the last 42ka and later extended to 60ka. The time scale is

based on di�eren t t yp es of measuremen t on ice cores from D YE-3, GRIP

and NGRIP . It is imp ortan t to ha v e sev eral indep enden t datings of the ice

cores to a v oid the risk of missing ann ual la y ers. Comparisons with other time

scales are made, for instance with the ss09sea mo del. The t w o time scales

generally compares w ell, but the GICC05 suggests that the mo del underes-

timates the duration of certain in terv als, but also that this is comp ensated

for in other parts of the mo del. Figure 8 giv es an o v erview of whic h analysis

tec hniques that ha v e b een used at whic h depths when constructing the time

scale.

� ss09sea: ss09sea is a mo delled time scale. It w as initially constructed

for the GRIP ice core and w as later applied to the NGRIP ice core. This

time scale is constrained b y t w o �xed p oin ts; the Y ounger Dry as/Holo cene

transition at 11:554yr b2k and the transition at 110ka b2k o ccuring in GS-

25

5

. ss09sea is a mo delling of the thinning of ann ual la y ers with the use of

an accum ulation mo del based on sea-corrected measured � 18
O v alues. The

GICC05 and ss09sea time scales sho w go o d agreemen t o v erall although the

ss09sea from Last Glacial Maxim um (LGM) and bac k to 42ka b2k sho ws

thinner ann ual la y ers than GICC05. This indicates that the mo del tuning

parameters ma y need some adjustmen ts [Sv ensson, 2006 ]. Figure 9 sho ws a

comparison of the t w o time scales bac k to 42k a b2k. Figure 10 sho ws the

full pro�le of ann ual la y er thic knesses mo delled do wn to the b ottom of the

4

b efore the y ear 2000

5

GS-25 is a cold p erio d during the last glacial. See App endix A
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Figure 8: An overview of the data series used fo r the di�erent pa rts of the GRIP

and NGRIP ice co res in o rder to construct the GICC05 time scale. VS=Visual

Stratigraphy , ECM=Electrical Conductivit y Metho d. [Rasmussen, 2006 ] � mo d-

i�ed.

NGRIP ice core. Figure 10 also sho ws the � 18
O v alues and a section of � 18

O

and ann ual la y er thic kness v alues from the Eemian and Early glacial.

2.2 Sources and transp ort routes

An o v erview of the sources, v ariations, and correlations of the c hemical im-

purities, dust and conductivit y in and of the ice cores, that are of in terest

for this thesis, are giv en in this section.

Ammonium

Ammonium, NH +
4 , originates from biomass burning, an throp ogenic emis-

sions as for instance excreta and fertilizer losses, and soil and v egetation.

The v ariations dep end on c hanges in transp ort routes, dep osition mec ha-

nisms, and furthermore c hanges in the source regions and source strengths

[F uhrer, 1996 ]. Ammonia, NH 3 , is emitted in to the atmosphere for instance

during biomass burning ev en ts. It is resp onsible for part of the neutraliza-

tion of the atmospheric acidit y . Ammonium salts (mainly sulphates) are the

principal comp onen t of the submicrometer fraction of atmospheric aerosols,

and ammonium is therefore resp onsible for a degradation of atmospheric

12



Figure 9: Compa rison of annual la y er thicknesses b et w een the ss09sea and

GICC05 time scales. The t w o time scales sho w overall go o d agreement despite

thinner ss09sea annual la y ers from LGM and back to 42ka. [Svensson, 2006]

Figure 10: Left panel sho ws the full p ro�le of ss09sea annual la y er thicknesses,

� , in meters together with the � 18
O values. Right panel sho ws a segment of the

mo del containing my Eemian and Ea rly glacial p erio ds. The Eemian p erio d and

Dansgaa rd-Oeschger event DO-25 a re indicated.

13



visibilit y [Genfa, 1989].

The ammonia molecule acts as a w eak base and reacts in the atmosphere

to form ammonium sulphates. The ammonium ion is then recorded in the

analysis of ice cores. There has b een recorded no o v erall an throp ogenic

increase in ammonium o v er the last 300 y ears, but the spring concen trations

has doubled since 1950 whic h could indicate the e�ect of industrialization

[F uhrer, 1996 ]. Before the industrialization, biomass burning ev en ts w ere a

ma jor source of ammonium in ice cores. This source accoun ts for ab out 10

to 40 p ercen t of the ammonium concen tration found in Greenland ice cores

during the Holo cene [F uhrer, 1996 ]. There has b een recorded no correlation

b et w een the area burned in North America and the summer concen trations

o v er the last 100 y ears. North America is considered the main source area

of the ammonium concen tration found in Greenland ice cores due to the

w estern atmospheric circulation pattern.

The ammonium, whic h comes from natural sources suc h as v egetation

and soils, is seen as a bac kground signal in the ice cores. The ammonium

record sho ws v ery lo w v alues during the win ter. The bac kground signal

has also b een decreasing during the Holo cene. This suggests that the tem-

p eratures has gone do wn b ecause suc h a trend will cause a lo w er ammonia

emission. V ariations in �ux (concen tration times accum ulation) giv es a hin t

of in whic h directions p ossible c hanges in form of dep osition and transp ort

routes in atmospheric circulation o ccur.

So dium

So dium in ice cores deriv es mainly from sea-salt. Sea-salt as an atmospheric

aerosol load has an activ e role in the Earth's climate system. It can b e used

to reconstruct the climate conditions in the source regions as w ell as the

large-scale atmospheric transp ort patterns. The sea-salt load dep ends on

cyclonic activit y and wind sp eeds. High wind sp eeds pro duce an e�cien t

sea-salt aerosol formation as w ell as e�cien t transp ortation [Fisc her, 2007 ].

Sea-salt is dep osited b oth b y dry and w et dep ostion. The amoun t of

so dium from w et dep osition is prop ortional to the sno w accum ulation, but

the amoun t of so dium from dry dep osition is not calculated as straigh t for-

w ardly . The sea-salt deriv es b oth from op en o cean disp ersion and from

sea-ice, and the in�uence of one deriv ation compared to another is still an

op en question. The disp ersion of sea w ater o v er the op en o cean dep ends on

the wind sp eed. The amoun t of sea-salt therefore dep ends on cyclonic ac-

tivit y esp ecially along p olar fron ts in b oth hemispheres. W e still need more

studies on the sea-salt sources to answ er the question of ho w m uc h in�uence

14



Figure 11: The chemical dust comp onent Ca2+
, and the sea-salt comp onent

Na+
over the last glacial cycle as reco rded in the GISP 2 ice co re. Also ma rk ed

a re the Preb o real (PB) p erio d and the Last Glacial Maximum (LGM) as w ell

as rapid climate events such as the Y ounger Dry as (YD), the Bølling/Allerø d

Oscillation (BA), and the Dansgaa rd-Oeschger events 1-22. Dashed-dotted lines

indicate Holo cene levels ([Fischer, 2007 ] Figure 2).

the sea-salt emmision from sea-ice has [Fisc her, 2007].

During the glacial p erio ds the load of sea-salt as w ell as mineral dust and

calcium is m uc h larger than in the in terglacial p erio ds (See Figure 11). This

is a result of stronger sources, more e�cien t transp ort, and/or less dep osition

en route.

As the so dium comp onen t in ice cores mainly deriv es from sea-salt (NaCl),

w e ha v e a p ositiv e correlation b et w een so dium and c hloride since they b oth

ha v e a common marine source. As the ratio b et w een so dium and c hloride has

b een observ ed to b e around the same ratio for these comp onen ts in sea-w ater,

w e can conclude that the main source m ust b e sea-spra ys [Busen b erg, 1979 ].
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Higher v alues ma y b e due to crustal addition from coastal Greenland and

dust from Asia in win ter. The so dium concen tration usually has fall-win ter

and win ter-spring highs caused b y the in tensi�cation of atmospheric circu-

lation during these seasons. Occasional summer highs in the so dium con-

cen tration could b e explained b y melting of sea ice during summer whic h

increases the op en o cean areas.

A study of the so dium/c hloride ratio of old preindustrial ice and new

ice sho ws that the geo c hemical cycle of Na+
and Cl � has not b een a�ected

v ery m uc h b y industrialization. The old ice had a ratio of 2.2 and the new

a ratio of 2.1, compared to sea w ater with a ratio of 1.8 (c hloride to so dium)

[Busen b erg, 1979 ].

Mineral dust

Dust (windblo wn mineral aerosols) is the most abundan t primary aerosol

in the atmosphere apart from sea-salt. It enhances marine biopro ductivit y

[Ruth, 2008 ], and to understand the past climate, it is necessary to ha v e an

accurate quan titativ e reconstruction of the past atmospheric dust loads and

the aeolian

6

dust �uxes. The dust comp ound is also imp ortan t in formation

and dev elopmen t of soil in remote land areas. The most common pro xy

for dust is to measure the insoluble particle concen tration but sometimes

also the concen tration of calcium ions is used. When measuring the dust

comp ound, it is often not sp eci�ed whic h pro xy is used, and w e do not kno w

ho w they quan tativ ely relate to eac h other[Ruth, 2008 ].

There is usually a v ery big di�erence b et w een the dust loads during cold

p erio ds and w arm p erio ds. When it is cold, it is often v ery windy and dry .

This brings a lot of dust to the ice core sites, and therefore w e often see

that the di�eren t climatic p erio ds di�er in dust concen tration b y a factor of

� 100 although this factor di�ers b y a factor of 2 dep ending on the metho ds

used for analyzing [Ruth, 2008 ]. Dust is a lo cal factor and can hence v ary a

lot from ice core to ice core whereas the gaseous impurit y sp ecies are mixed

globally and will often b e similar from core to core.

The v olume distribution of the dust particles also v ary b et w een w arm

and cold p erio ds. A ccording to Ruth et al. [Ruth, 2003 ], a single lognormal

distribution can describ e the bulk of the particle v olume. The mo dal diam-

eter or �mo de�, � , describ es the dominating diameter of the particles, and

it v aries systematically with � 18
O. During w arm p erio ds, lik e the Preb oreal

p erio d, � = 1 :3�m , and during cold p erio ds, lik e at LGM, � = 1 :7�m (see

6

Wind driv en.
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Figure 12: Pro�les of micropa rticle concentration, CN , and logno rmal size dis-

tribution pa rameters, � (diameter) and � (standa rd deviation). CN is based on

pa rticles la rger than 1�m in diameter. Gaps a rise from missing data o r from data

that did not allo w fo r a p rop er logno rmal �t. Preb=Preb o real, YD=Y ounger

Dry as, B/A=Bølling-Allerø d, LGM=Last glacial Maximum. Numb ers refer to

DO events. The data from the b ottom t w o panels w as truncated at the dashed

line. [Ruth, 2008 ]

Figure 12); that is during cold p erio ds, the dust particles are a lot coarser

than during w arm p erio ds due to a di�erence in the long range atmospheric

transp ort time. Coarser particles will b e more common on shorter transp ort

routes b ecause they will not b e depleted en route.

Conductivit y

Conductivit y is a bulk signal of all ionic constituen ts. Large sulphate p eaks

� due to v olcanic eruptions and non-eruptiv e v olcano es � often sho w up in

the conductivit y signal since the v olcano es emit SO2 to the atmosphere whic h

then reacts to form H2SO4 . As calcium is a soluble dust ion, the conductivit y

measuremen t will also detect this ion and will therefore sometimes resem ble

the dust signal. Besides these ions, a big part of the conductivit y signal

comes from biogenic activit y and organic material.

17



Figure 13: A sk etch of the cutting plan fo r the NGRIP ice co re. 1: Physical

p rop erties, 2: Gas measurement, 3: CF A, 4: Stable isotop e measurement, 5:

Shipp ed to Cop enhagen.

2.3 Other measuremen ts in ice core analysis

When an ice core is drilled, it is divided in to 5 di�eren t sections, and eac h

section is used in a sp eci�c analysis. On the NGRIP site, the core w as divided

in to t w o halfs where one half is shipp ed to a storage freezer in Cop enhagen.

Figure 13 sho ws the division of the ice core. Section 1 is used for measuring

ph ysical prop erties of the ice; for instance when mapping the crystal struc-

ture. The part consisting of section 2, 3, and 4 is used for Visual Statigraph y

(VS) b efore separating these sections from eac h other. Section 2 is used for

gas measuremen ts and section 3 is then used for CF A measuremen ts. Finally

section 4 is used in stable isotop e measuremen ts. Before section 5 is shipp ed

to Cop enhagen, it is used for Electrical Conductivit y Measuremen t (ECM).

Belo w I ha v e shortly describ ed three of the analyses, eac h of whic h I will use

previously obtained results to compare with in m y further study .

Gas measuremen ts

By melting or crushing the ice, the past atmospheric air can b e released

and measured. This air will ha v e a di�eren t age than the surrounding ice.

When sno w falls on an ice sheet it is at �rst v ery p orous, and as more sno w

falls on top, it gets more and more compressed. In the top of the ice sheet

(appro ximately do wn to 80-100 meters) the sno w is called �rn. The air in

this section is not y et closed o� from the surrounding atmosphere o v er the

ice sheet. Therefore there can b e an exc hange of the air in the sno w or �rn

un til the so-called p or e close o� . Belo w this p oin t the air is trapp ed in the

ice and sta ys there. This pro cess mak es the air trapp ed in the ice y ounger

than the surrounding ice, and this of course has to b e tak en in to accoun t
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Figure 14: A sk etch of the p ro cess of sno w moving do wn an ice sheet column

while transfo rming to ice. Air ab ove the p o re close o� , a round 80m � 100m ,

still exchanges with the air ab ove the ice sheet, but b elo w this p o re close o�,

the air is trapp ed. [Schw ander, 1996 ]

when dating trace gases in the ice. Figure 14 sho ws the phenomenon. The

di�erence in age is called the � age.

The fact that the gases are y ounger than the surrounding ice can b e used

when studying the old ice where pro cesses lik e folding or other disturbance of

the la y ers can o ccur. If these pro cesses are presen t, there w ould b e a ph ysical

c hange in the ice whic h w ould result in a sim ultaneously immediate c hange

in the ice and the gas. If it is a climate shift, the shift in the gas record will

b e lo cated further do wn in the ice than the shift in the ice record; around

7 meters in the Greenland cores [NGRIP mem b ers, 2004]. When lo oking

at transitions in the old ice, w e ha v e to see the same transition in the gases

after a time comparable to the � age v alue, or else this transition could b e an

indication of ice mixing or folding of the la y ers caused b y b ottom top ograph y

or disturbing ice �o w for instance. Measuremen ts of the NGRIP ice core

suggest that this is not the case [NGRIP mem b ers, 2004 ], and therefore w e

can conclude that no folding has o ccured in the Eemian-Early glacial sections

I am measuring.
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Figure 15: Example of line scan images from va rious depths. In o rder to visualize

the stratigraphy the contrast of the images is enhanced. (a) Holo cene ice, (b)

ice from Y ounger Dry as, (c) cold glacial ice, (d) ice from a round LGM, (e) ice

from the sha rp climatic transition into the mild glacial interstadial 19 (IS19), (f )

ice from the cold p erio d p receding IS19, (g) microfolding a round 2600m , (h) ice

from a round 2900m , ho rizontal la y ering is blurring out, (i) ice from the Eemian

p erio d, visible grain b ounda ries of la rge crystals. ([Svensson, 2005 ] Figure 2)

Visual Stratigraph y

A so-called line scanner is used on a p olished section of ice in order to record

the visible la y ering whic h is esp ecially pronounced in the dirt y , glacial ice. I

can use these records when c ho osing whic h sections of Eemian ice to measure

b ecause a picture of breaks in the ice core is obtained, and I w ould lik e to

a v oid suc h breaks. T o w ards the b ottom, the ice is v ery w arm, nearly at

the pressure melting p oin t due to geothermal heat. When the ice is w arm,

crystals ha v e a tendency to gro w larger whic h will in�uence the VS pro�les of

these sections. Figure 15 sho ws the line scan pictures from di�eren t sections

of the NGRIP ice core. I ha v e measured ice from just around sections (a)
and (i ) .
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Figure 16: A schematic dra wing of the ECM measurement. The t w o electro des

a re simply dra wn along the surface and can hence result in small depth di�erences

when compa ring the ECM reco rd to other reco rds.

Electrical Conductivit y Metho d

Before section 5 is shipp ed o� to Denmark, it is cleaned with a microtome

knife and used for electrical conductivit y measuremen ts. A microtome knife

is a v ery sharp knife that p eels thin la y ers of the ice. It is also used for

cleaning the surface b efore linescan measuremen ts. The ECM measuremen t

can b e done straigh t a w a y after the drilling since it only consists of t w o elec-

tro des dra wn along a plain surface of the ice core measuring the conductivit y

of the ice. The result is a measure of the acidit y of the ice since it is mainly

H +
ions that can mo v e freely on the ice surface. The ECM record will rev eal

past v olcanic eruptions b ecause these eruptions emit large amoun ts of SO2 ,

whic h in the atmosphere is turned in to sulph uric acid, H2SO4 , that sho ws

up in the ECM record.

Figure 16 sho ws a sc hematic dra wing of the metho d used. Unfortunately

with this t yp e of metho d, there can b e some uncertain t y in the depth scale

(p ers. comm. Sv ensson, 2009).
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3 Samples

I ha v e measured ice core samples from four depth in terv als in the NGRIP ice

core. The ice is stored in the freezer at the Ro c k efeller Institute at � 25�
C

for further in v estigation. 11m of Holo cene ice is measured. I ha v e c hosen

bags in the in terv al 2507 to 2526 whic h corresp ond to a depth in terv al from

1378:3m to 1389:3m (In terv al 1A). A ccording to the GICC05 time scale this

depth section is from the ages 9.920 to 10.060 y ears b2k., whic h is just around

1.500 y ears after the onset of the Preb oreal p erio d

7

. This onset is dated to

11.554 b2k [Sv ensson, 2006 ].
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Figure 17: A section of � 18
O and annual la y er thickness (ss09sea). My three

Eemian and Ea rly glacial intervals a re indicated as 1B, 2B, and 3B.

F rom the Eemian�Early glacial p erio d I ha v e measured three in terv als of

2:2m length eac h. One section is from the DO-25 ev en t [NGRIP mem b ers, 2004]

(see App endix A) and is from the depths 2995:30m � 2997:5m (In terv al 1B),

one is from around the transition from in terglacial to glacial and is from

7

Preb oreal � the p erio d just after Y ounger Dry as, YD.
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Figure 18: NGRIP � 18
O reco rd including my sample intervals indicated as 1A,

1B, 2B, and 3B. Last Glacial Maximum is indicated as w ell.

the depths 3039:85m � 3042:05m (In terv al 2B), and the last one is from the

Eemian in terglacial, and is from depths 3069:00m � 3071:20m (In terv al 3B).

The lo cations of the three Eemian�Early glacial in terv als are mark ed on the

plot of � 18
O in Figure 17. All four in terv als, that I ha v e measured ice from,

are indicated on the � 18
O pro�le in Figure 18. The samples are c hosen with

an ey e on the line scan images in order to a v oid breaks and other artifacts

in the ice.
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4 Setup

A sc hematic o v erview of the CIC setup is sho wn in Figure 19. The freezer

with the ice sample is sho wn in the left side of the diagram. Belo w the

sample, is a cub e of ice made from puri�ed w ater called mQ

8

and on top

w e use one more (not sho wn on the �gure) just under the w eigh t (carriage).

The ice is k ept in place b y the sample holder. A ttac hed to the w eigh t on top

is an optical enco der wire.

F rom the freezer, the ice sample is melted and �o ws through a tub e out-

side the freezer and is lead through an LED bubble detector. This detector

could b e used for automatically shifting b et w een ice sample and blank w ater

when there is no more ice, or if the ice gets stuc k whic h will b e implemen ted

in the setup at another time. Afterw ards the sample is lead through the injec-

tion v alv e. This v alv e c ho oses b et w een the ice sample or the blank/standard.

F rom here the sample go es through a debubbler that leads all the gas en-

closed in the ice slip out

9

. After the debubbler the sample is c hec k ed for

bubbles again in another bubble detector. The sample no w en ters a dis-

tributer where it is distributed in to four lines. One line go es to the particle

detector and another one to the conductivit y meter. The sample is suc k ed

through these t w o instrumen ts since the p eristaltic pump is lo cated after-

w ards. The t w o other lines go through the pump and are mixed with their

resp ectiv e reagen ts and bu�ers b efore they en ter their measuring units. All

data is then collected b y a computer.

The CIC setup is sligh tly di�eren t from the KUP setup. It has a di�eren t

melting device, the pump is lo cated after the v alv es, w e ha v e a di�eren t

melting sp eed, and the debubbler is constructed in a di�eren t w a y .

4.1 Description of the instrumen ts used

Melting device

The melting device is a unit with an outer dimension of 34mm� 34mm . The

ice, whic h is appro ximately 55cm long, is placed v ertically on top of the

melting device where a melting head is lo cated. The melting head is heated

up to ab out 40 degrees Celsius con trolled b y a monitor outside of the freezer.

The melting head is divided in to t w o sections; an outer one and an inner

8

�mQ w ater� or �blank w ater� consists of puri�ed w ater. It is cleaned in suc h a w a y , that

for instance the total organic carb on, TOC, is under 4ppb, and the amoun t of minerals is

lo w. This is ensured so that the blank w ater has concen tration v alues of the comp onen ts,

that I measure, close to zero.

9

This gas could b e collected and in v estigated for atmospheric gas comp osition.
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Figure 19: Schematic overview of the setup. The melting device is lo cated in a

freezer in the left pa rt of the diagram, and the analysis units a re lo cated in the

middle and right pa rt. Sk etch b y M. Bigler - mo di�ed.

one. The system suc ks the inner section of the melted ice in to the sample

system via the drain c hannels, and the outer part is w aste (see Figure 20).

T o ensure that no con tamination from the outer parts tak es place, a small

o v er�o w from the inner part to w ards the outer part is enabled b y pumping

a little less w ater than what the melted ice pro duces. The dimension of the

inner part is 26mm� 26mm .

The temp erature of the melting head is k ept constan t and together with

a small w eigh t on top of the ice it ensures that the melting sp eed is constan t;

to w ards the end where the w eigh t of the ice itself decreases, w e usually had

to turn the temp erature up to k eep the desired melting sp eed. An opti-

cal enco der connected to the w eigh t on top of the ice sample k eeps trac k

of the melting sp eed. F or m y measuremen ts, I w an t a melting sp eed of

appro ximately 1:5 cm
min whic h pro duces a higher resolution than earlier mea-

suremen ts with CF A. The problem is to reac h the �ne line b et w een high

resolution ac hiev ed b y a slo w �o w rate and enough sample w ater to inject

in to the instrumen ts. The latter de�nes the lo w er limit for the melting sp eed.
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Figure 20: The melting device seen from ab ove and through a cross section.

It is seen ho w the inner and outer pa rts of the ice co re a re sepa rated to avoid

contamination.

Enco der

The enco der is a wire attac hed on a w eigh t on top of the ice. When the

ice melts, the wire mo v es do wn with it, and in the other end of the wire

the mo v emen t is recorded b y an optical enco der. This enco der measures the

mo v emen t in coun ts p er second and 25 coun ts corresp ond to 1mm . With

the use of this optical enco der, it is p ossible to accurately link the measured

impurit y concen trations to the corresp onding depths.

F rom the di�eren tial coun ts (coun ts p er second), the melting rate can

b e found and with information on the start depth of the ice segmen t, the

depth scale can b e calculated. The start depth can b e calculated from the

bag n um b er since ev ery bag is 0:55m long when no artifacts are presen t.

Some of the ends of the ice cores are cut o� whic h of course is tak en in to

accoun t. Sometimes there are breaks in the middle of the ice core and to

a v oid con tamination from drilling liquid or an ything else, these breaks are

cut out and then put bac k in during the data pro cessing as NaNs

10

.

Unfortunately the enco der �jumps� sometimes. It is most lik ely an error

in the soft w are when o v erload o ccurs, but it could also b e a real jump in the

wire. Either w a y , it ruins data and it needs to b e adjusted for in the data

pro cessing. This will also ha v e an e�ect on the accuracy of the depth scale

b ecause sometimes the jumps are v ery small and hence will not b e found in

10

Not a Num b er; whic h means that no v alue is assigned.
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the pro cessing. In theory the depth scale should b e precise do wn to

1
25mm .

Fluorescense sp ectroscop y

The ammonium comp onen t is detected using a reagen t called o-ph thaldialdeh yde

� OP A. A bu�er is added, separately from the reagen t, to the sample w ater

in order to impro v e sensitivit y . The c hemical reaction is accelerated when

the sample w ater is heated up for whic h w e use a 85�
C w arm w ater bath.

When this heating happ ens, the detection sensitivit y is further increased.

Afterw ards the sample is co oled again. This ensures that emerging bubbles,

due to the heating in the w ater bath, are dissolv ed. Still existing tin y bubbles

are afterw ards remo v ed with an A ccurel whic h is a small piece of microp-

orous mem brane. This piece lets air slip out due to a small o v erpressure and

lets the sample w ater pass on.

In the �uorimetric detection, the photosensor mo dules are moun ted or-

thogonally to an LED ligh t source. A mirrored micro �o w cell is moun ted in

the ligh t path for enhancing excitation and emission. In �uorescense sp ec-

troscop y a b eam of ligh t excites a molecule b y absorbance of a photon. The

molecule will no w b e in a new, unstable energy state. The extra energy can

b e released as heat pro duction b y vibrations of the molecule or as radiation

b ecause the electron deca ys to ground state. This will happ en b y emission

of a photon. The emitted ligh t will ha v e a lo w er energy (or same) and hence

a longer w a v e length than the excitation ligh t. (See Figure 21 for a sk etc h

of the energy lev els). Only the emitted ligh t will b e recorded. F or this an

emission �lter is used. In m y case the in tensit y of the emitted ligh t will tell

me ab out the concen tration of the substance. The higher concen tration, the

more photons will b e emitted and hence a higher in tensit y is measured.

When calibrating the ammonium signal, I use a standard solution with

a concen tration of 30ppb. With suc h lo w-lev el standards, extreme care is

needed. F reshly deionized w ater should b e used and making sure the stan-

dard is not exp osed to am bien t air is imp ortan t. Also the standard should

b e used righ t a w a y . Esp ecially the ammonium standard can increase in

concen tration just b y standing around. The �uorescence calibration is easy

since the concen tration acts linearly with resp ect to in tensit y . The only

adjustmen t required is to subtract the baseline of the blank ( I blank ) from the

measuremen t ( I ). I blank is assumed to b e at zero ammonium concen tration.

Then the concen tration is simply calculated from ho w man y coun ts a giv en

concen tration equals, ( � f ), as in Equation 2:
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Figure 21: Fluo rescense sp ectroscop y: A molecule is excited into a higher energy

state b y abso rption of a photon, and when the molecule deca ys to ground state,

a photon is emitted.

c =
I � I blank

� f
(2)

A standard calibration is made after ev ery t w o bags.

Absorption sp ectroscop y

The so dium comp onen t is detected with an absorbance metho d. The sam-

ple w ater is pump ed through the system and at �rst mixed with a so dium

reagen t. F or mixing, coiled tubings are used. This initializes turbulen t in-

stead of laminar �o w whic h then mixes the t w o individual �o ws. After this,

the sample w ater is pump ed through a reaction column (IMER - IMmobilized

Enzyme Reactor). This column consists of a living organism that enhances

the so dium signal in the sample suc h that it is more easily detected.

Afterw ards a bu�er is added. This bu�er increases the pH b y adding a

17mM 11

ammonia solution to the �o w. The bu�er is imp ortan t for assuring

that the pH is nearly constan t whic h k eeps the enzyme aliv e.

The determination of so dium is done b y a photometric metho d whic h is

based on the absorbance of o -nitrophen yl that is pro duced in a h ydrolysis of

o -nitrophen yl- � -D-galactop yranoside (ONPG) catalysed b y � -galactosidase

[Röthlisb erger, 2000 ]. The enzyme activit y then dep ends on the so dium

concen tration. Therefore the so dium concen tration can b e determined b y

11

milliMolar.
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Figure 22: A b eam of light illuminates the sample w ater in o rder to reco rd the

abso rption of light, which gives info rmation of the p rop erties of the substance. l
is the length of the �o w cell, that is illuminated, I 0 is the intensit y of the incident

light, and I 1 is the intensit y of the transmitted light.

monitoring the o -nitrophenol concen tration. T o ac hiev e maxim um absorp-

tion, w e use an ammonia solution of 25% v/v

12

whic h results in a pH of 9

[Röthlisb erger, 2000 ]. The durabilit y of the IMER is appro ximately 2 y ears

at 4�
C.

Finally the sample is lead through a ligh t path inside a �o w cell. The

�o w cell has a length corresp onding to the exp ected concen trations, usually

10� 40mm [Kaufmann, 2008 ]. The instrumen t then observ es the absorbance

of the ligh t through the sample. The measuremen t dep ends on temp erature,

�o w rate, and other ph ysical prop erties.

The absorption of ligh t can empirically b e related to the prop erties of the

material the ligh t passes through. This la w is called the Be er-L amb ert law .

As m y substance �o ws through a cell and a b eam of ligh t shines through the

material, a logarithmic dep endence, b et w een the transmission, T , and the

pro duct of the absorption co e�cien t, � , of the material and the distance, ` ,

the ligh t tra v els through the material, is observ ed.

The absorption co e�cien t can hence b e expressed as a pro duct of the

absorptivit y , � , of the material and the concen tration, c, of the absorbing

elemen ts in the material. F or liquids w e get:

T =
I 1

I 0
= 10 � � ` = 10 � "`c

(3)

where I 1 is the in tensit y of the ligh t after it has passed through the liquid,

and I 0 is the in tensit y of the inciden t ligh t. See Figure 22. The absorbance

12

v olume to v olume
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three standa rd concentrations and the co rresp onding abso rption, A . Bottom

panel sho ws the calib ration co e�cients calculated from the �t of abso rption as

a function of concentration.

is for liquids de�ned as:

A = � log10

�
I 1

I 0

�
(4)

When calibrating the signal the trend of the baseline is at �rst remo v ed. This

is de�ned b y the in terp olation of the blank lev el in the b eginning and at the

end. Next the so-called alpha co e�cien ts are calculated. In Figure 23 the

co e�cien ts are found b y �tting the exp onen tial relation b et w een absorption

and concen tration to the standard v alues. See Equation 5 [Kaufmann, 2008 ].

A(c) = � 1(1 � exp� � 2c) (5)

Three kno wn so dium dilutions are used in order to mak e the �t. F rom the

alpha co e�cien ts I can then calibrate the in tensit y lev els to a concen tration

in ppb b y Equation 7.

� I =
I 0

I 1
(6)
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c =
ln (1 � log10 (� I )

� 1
)

� � 2
(7)

The so dium concen tration acts almost linearly with resp ect to absorp-

tion up to around 100ppb. Hereafter a sligh t curv e is in tro duced whic h is

therefore tak en in to accoun t in Equation 7. During measuremen ts a problem

with noise o ccured, and it seemed as if the sensitivit y of the measuremen t

w as bad. This could b e caused b y the enzyme b eing to o old, but lo oking

in to the Limit of Detections, LODs, (see Section 4.2) of the standard runs

v alues around 2:7ppb are observ ed whic h is considered acceptable compared

to earlier measuremen ts of so dium in for instance Dome C. Here the Eemian

data has an LOD of 2:6ppb, and the o v erall data has an LOD of 3:6ppb (p ers.

comm. M. Bigler). This mak es me b eliev e that the column material is still

ok a y . This material consists of an enzyme that with time will b e less sensi-

tiv e. Esp ecially con tact with w ater can a�ect the enzyme, and this is quite

di�cult to a v oid completely .

During m y Eemian measuremen ts a �o w cytometer w as implemen ted in

the system. This is done with the input of more lines and an extra p eri-

staltic pump, and m y guess is that this w ould p erhaps cause some sensitiv-

it y c hanges. I do not kno w ho w m uc h in�uence it w ould ha v e, and if it is

actually noticeable in the so dium measuremen t.

Abakus - a particle detector

The measuring of dust is done with a particle detector. The detecor uses a

laser b eam to determine the particle size. The sample w ater passes through

a �o w cell with this b eam, and the atten uation of the particles are then

measured. This w a y the size of the particles can b e detected. A calibration

of size is usually done b y the use of a comparativ e measuremen t with a

Coulter Coun ter

13

, but in m y results this calibration w as not done.

A calibration of the dust results are necessary for comparison with other

data. The Abakus pro duces results in

particles
second and I w an t

particles
mL . The

transform is giv en b y:

dust[part:
s ] � 60

x[ mL
min ]

; x=dust �o w (8)

13

A Coulter Coun ter uses micro c hannels that separate t w o c ham b ers con taining elec-

trolyte solutions. When a particle passes through, the resistance of the liquid �lling the

micro c hannels is c hanged. This c hange can b e recorded as electrical curren t whic h then

tells ab out the particle size.
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where the dust �o w in m y case is 2:25mL
min .

Conductivit y instrumen t

The conductivit y is measured b y a conductivit y meter connected to a micro

�o w cell. A conductivit y meter uses a p oten tiometric metho d and is usually

constructed with four electro des. An alternating curren t is applied to the

outer pair of electro des, and the p oten tial b et w een the inner electro des is

measured.

The de�nition of electrical conductivit y is a substance's abilit y to con-

duct an electrical curren t. An electrical curren t will form when a p oten-

tial di�erence is placed across a conductor. Therefore the conductivit y is

a measuremen t of the ionic constituen ts in the ice including b oth p ositiv e

and negativ e ions compared to the ECM whic h predominan tly measures the

amoun t of H +
.

4.2 Resolution

T emp oral resolution

An imp ortan t factor when analysing ice cores is to ha v e a go o d temp oral

resolution. This resolution can b e studied b y lo oking at the resp onse times

for the di�eren t comp onen ts when acting on a standard measuremen t. In

Figure 24 a comparison of the resp onse of ammonium and conductivit y when

sub jected to an ammonium standard solution is sho wn.

It is ob vius that there is a di�erence in the resolution in this case. The

temp oral resolution is de�ned as the time required for the signal of a step

function to rise from 10% to 90% of the �nal heigh t [Kaufmann, 2008]. A step

function is in m y case a switc h from blank to the standard solution. F rom the

temp oral resolution the depth resolution for the di�eren t comp onen ts can b e

calculated from the melting sp eed (in m y case appro ximately 1:5 cm
min ).

I ha v e in Figure 25 used a measuremen t of a m ulti-standard. The top

plot just sho ws that the resolution do es not dep end on the concen tration of

the standard. The three lines indicate the di�eren t time spans, the m ulti-

standard w as injected during, and clearly the resolution is almost the same

since the shap es of the p eaks are the same. The middle plot sho ws the tem-

p oral resolution di�erence in conductivit y , ammonium, and so dium. Con-

ductivit y (green) is seen to ha v e a v ery fast resp onse to the standard.

Finally the b ottom plot sho ws the resolution di�erences b et w een the stan-

dard put b et w een t w o mQ ice cub es and then melted (s1) and the standard

injected directly via the master v alv e (s2). In this case, I w ould exp ect a
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Figure 24: A compa rison of the temp o ral resp onse of a standa rd solution seen

in ammonium and conductivit y . The vertical lines indicate 10 and 90% of the

increase of the total concentration level resp ectively . The di�erence in temp o ral

resolution fo r the t w o comp onents is easily seen. Both plots a re sho wn on a 150

second interval.

big di�erence in resolution due to the ice going through the melting device

where mixing of the �uids o ccurs. But actually the di�erence is not so big

whic h leads me to think that it is not as imp ortan t. Another part of the

system, where mixing happ ens is, in the debubbler. The debubbler has a

rather big v olume compared to the tubings and other parts, and therefore I

imagine that a great deal of disp ersion happ ens here.

The three plots are all normalised to 1 for comparison of the resolution

since the disp ersion do es not dep end on the concen tration used in the stan-

dards. The shap e and steepness of the p eak tells me ab out the resolution

of the data [Rasm ussen, 2005 ]. A v ery steep curv e with sharp edges is b est

since this means that the instrumen t quic kly resp onses to the standard and

quic kly gets it out of the system again. The quic k er the resp onse, the more

narro w p eaks can b e observ ed when measuring real ice.

An additional usage of this m ulti-standard is to determine the time span

b et w eeen the di�eren t instrumen ts' resp onse to a giv en sample. This will b e

used in the data pro cessing.

Figure 26 sho ws a comparison of the KUP setup and the CIC setup in

the spatial sp ectrum

14

. W e clearly see a di�erence in the shap e of the p eaks

where the CIC resolution is b etter than the KUP resolution, but here w e

14

V oltage and coun ts are linearly dep enden t so no calibration is required
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Figure 25: T op panel sho ws the temp o ral resolution fo r 1/3, 1/2, and 1 second of

injection of an ammonium solution. Middle panel sho ws the resp onse of NH +
4 ,

Na+
and conductivit y to a 1 second multistanda rd solution. Bottom panel sho ws

the resolution compa red b et w een a liquid solution and a standa rd b et w een t w o

mQ ice cub es. All p eaks a re standa rdised to 1, and the abscissas all equal an

interval of a 100 seconds. The p eaks a re centered a round the maximum value.

34



Figure 26: Spatial resolution compa rison of the KUP setup with a �o w rate of

4:0 cm
min and the CIC setup with a �o w rate of 1:5 cm

min . The CIC resolution is seen

(from the shap e of the p eaks) to b e higher than the KUP resolution, but mainly

due to the di�erent �o w rates. The ammonium comp onent in the KUP setup

has reached maximum voltage, and I have therefo re tried to give an estimate of

the top of the p eak.

ha v e to tak e in to accoun t the fact that in Bern they measure ice with a

higher melting sp eed whic h of cause a�ects the resolution. T o compare the

t w o setups on a fair basis, I tried to mak e this plot with a melting sp eed of

4:0 cm
min for b oth setups. This results in a plot as seen in Figure 27. Here w e

actually still see a di�erence but not as distinct as b efore. This mak es me

think that the resolution di�erence is mainly caused b y the di�eren t melting

sp eeds. The conductivit y resolution, ho w ev er, is still m uc h higher in the CIC

setup.

Decon v olution

As the resolution is limited b y the geometry of the melting device and the

debubbler, and the turbulen t mixing in the di�eren t parts of the setup, high

frequency signals in the ice can b e lost. With the use of a decon v olution

tec hnique, some of these cycles can b e restored [Rasm ussen, 2005 ]. Unfortu-

nately this only includes the mixing that happ ens in the analysis part of the

setup; it do es not include the mixing happ ening in the melting device or the

debubbler.
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Figure 27: Spatial resolution compa rison of the KUP setup with a �o w rate

of 4:0 cm
min and the CIC setup with a �o w rate of 4:0 cm

min The CIC and KUP

resolution is seen to b e almost simila r except fo r the conductivit y signal where

the CIC setup resolution is still quite higher. The ammonium comp onent in the

KUP setup has reached maximum voltage, and I have therefo re tried to give an

estimate of the top of the p eak.

As seen in Figure 25 the conductivit y signal has the fastest resp onse

to a m ulti-standard injection. The conductivit y measuremen t con tains less

tubing and no mixing or reaction coils whic h results in less disp ersion. The

mixing in the conductivit y sample can therefore b e regarded as an estimate

of the maxim um mixing taking place in the melting part of the setup and in

the debubbler.

T o incorp orate these parts in the decon v olution, a measuremen t of p er-

fectly clean ice with a uniform concen tration should b e used, and suc h ice

is not a v ailable from natural sources or b y self pro duction. The clean ice

should also ha v e a clean air con ten t that is similar to that found in ice cores

so that the sample-to-air ratio is the same and hence is comparable to real

conditions. So far the decon v olution metho d has therefore only b een used to

restore data lost in the other mixing v olumes in the setup.

Limit of detection

The limit of detection describ es a measure of ho w w eak a signal y ou can

record with y our instrumen t. It is a w a y of determining whether y ou can
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distinguish a giv en substance from the signal v alue of a blank substance.

Detection limits are de�ned in terms of error.

The detection limit is estimated from the mean of the blank, the standard

deviation of the blank, and a con�dence factor [Harsham 1995 , A CS Comm 1980 ].

Di�eren t kinds of detection limits exist. These are:

� IDL: Instrumen t detection limit

This limit is de�ned as three times the standard deviation of the blank.

Ph ysically the IDL is the concen tration required to pro duce a signal greater

than three times the standard deviation of the noise lev el.

� MDL: Metho d detection limit

The more steps in v olv ed in a measuremen t the more errors there will b e.

If all steps are included, the detection limit is called MDL. An easy w a y

to measure this limit is to tak e the dilution of the substance m ultiplied b y

the IDL. This will underestimate the MDL since no accoun t is tak en to the

preparation steps.

� LOQ: Limit of quan ti�cation

The LOQ determines at whic h limit w e can di�er b et w een t w o di�eren t v al-

ues of a substance. Mostly the PQL

15

is used. This limit is �v e times the

LOQ whic h accoun ts for the fact that most lab oratories are di�eren t.

Detection limits dep end on b oth noise lev el and signal strength. There-

fore it is of utmost imp ortance to impro v e the signal to noise ratio. In m y

measuremen t the IDL is used when for instance comparing the sensitivit y of

the so dium column material to earlier measuremen ts as men tioned in section

4.1.

4.3 Data pro cessing

The ra w data from the data acquisition needs to b e calibrated and adjusted

in to usable results. Aligning the comp onen ts is necessary b ecause the di�er-

en t instrumen ts reciev e the sample w ater at di�eren t times. This pro cedure

is quite simple. By using a m ulti-standard solution it is easy to detect and

calculate the di�erence from the sample en tering one instrumen t to another.

This di�erence turns out to b e the same from measuremen t to measuremen t

within a few seconds. These couple of seconds can b e ignored since 2 seconds

15

Practical Quan titaion Limit
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corresp ond to appro ximately half a millimeter of ice whic h is negligible in

m y measuremen ts.

Besides the alignmen t, a calibration of eac h comp onen t except conduc-

tivit y has to b e made. The conductivit y measuremen t already pro duces the

data in the desired unit whic h is �Siemens p er cen timeter. The calibration

of so dium and ammonium is made with the use of standard solutions as

describ ed earlier.

During m y measuremen ts plen t y of undesired situations happ ened. These

w ere for instance when the ice got stuc k on the melting device whic h pro-

duced air in the system, when small air bubbles w as not caugh t b y the

debubbler, and �nally when the enco der jump ed; pro ducing problems with

the depth calibration. Often the ice got stuc k when a break in the core sec-

tion o ccured. This also lead to con tamination of esp ecially the dust signal.

These problems need to b e man ually adjusted for in the data pro cessing.

This in tro duces errors in the results due to the fact that it is di�cult to

do v ery accurately , but it should not ha v e an e�ect on the o v erall picture.

Con taminated ice turned out to b e a big problem, and I had to remo v e m uc h

data b ecause of this.

A big issue with remo ving data is when lo oking for ann ual la y ers. In this

case it is b est to ha v e a full set of data in order not to miss an y y ears. The

ammonium signal sho w ed clear ann ual la y ers and w as v ery una�ected b y

things lik e con tamination and air in the system. So dium on the other hand

seemed to b eha v e v ery badly . During measuremen ts the baseline almost

alw a ys drifted, and sometimes the lev el of the baseline w as higher than the

bac kground concen tration in the ice cores whic h pro duces negativ e results.

The dust record also sho w ed clear ann ual cycles but w as easily con taminated

b y core breaks. Conductivit y sho w ed the nicest temp oral resolution but is a

measuremen t of a sum of di�eren t impurities and do es therefore (at least in

the Holo cene ice) not sho w ann ual cycles.

In the �rst 10 bags, from in terv al 1A, I measured, a big problem w as to o

man y air bubbles in the system. Air bubbles esp ecially messed up the con-

ductivit y measuremen t. With that man y data p oin ts needed to b e remo v ed,

it will b e to o time consuming to do man ually; therefore I used Matlab to

�nd sharply declining data p oin ts instead and eliminate these. That w ork ed

quite w ell.

Problems with the ice core getting stuc k during the measuremen t w as,

on the other hand, easy to adjust for b ecause the enco der sto o d still at that

time, and the problem w as th us remo v ed when calibrating the enco der to

depth scale.

The depth scale is calculated from the enco der data as describ ed in sec-
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Figure 28: A plot of my ra w data. Some of the p roblems a re sho wn with a rro ws,

but mo re exists.

tion 4.1. This depth scale has random step v alues, and therefore I made a

depth scale with one millimeter in terv als whic h is also necessary for making

fourier analysis. Figure 28 sho ws an example of m y ra w data, and Figure 29

sho ws the pro cessed data.

P o w er sp ectre

I am in terested in determining the temp oral resolution of m y dataset for

whic h I will use p o w er sp ectra. These can giv e an estimate of ho w thin

ann ual la y ers the measuremen t will resolv e, for instance if it will b e p ossible

to iden tify ann ual la y ers in the Eemian ice, assumed that they still exist.

The la y ers can b e t wisted and out of c hronological order b ecause of b ottom

top ograph y and other disturbing pro cesses.

A t �rst I had to remo v e the data with no information. The gaps are then

in terp olated linearly to mak e a complete dataset whic h is required to mak e a

discrete fourier transform. A discrete fourier transform transforms a function

from the spatial domain to the frequency domain whic h helps iden tifying the

dominan t frequency in the signal. This dominan t frequency w ould equal the

ann ual cycle and hence giv e an estimate of the la y er thic kness in the giv en

section. I use the built-in fast fourier tranform ��t� in Matlab to do this
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Figure 29: A plot of my p ro cessed data after aligning comp onents, calib rating

to concentration and p ro ducing the depth scale. Air bubbles a re removed as w ell

as contaminated pa rts and when the ice is stuck. Gaps a rise due to b reaks in

the co re o r contamination.

calculation. The sp ectrum is cut o� at the Nyquist frequency whic h is giv en

b y

1
2�� t where � t is the resolution of the data - in m y case 1mm . The Matlab

co de is:

Y = fft(NH4_interp)

Y(1) = [ ]

n = length(Y)

power = abs(Y(1:floor(n/2)))�2

nyquist = 1/(2*0.1)

freq = (1:n/2)/(n/2)*nyquist

I remo v e the �rst v alue in the fourier transform since this is just the sum of

the data. In the p o w er equation, I use only half the fourier sp ectrum since

the result, when calculating a fourier transform, is symmetric around the

frequency

n
2 .
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5 Results and discussion

5.1 The Holo cene pro�le

In Figure 30 a section of m y results is sho wn. 5 bags are sho wn in the depth

in terv al 1381:05m to 1383:80m . The blac k curv e is ammonium, NH +
4 , the

blue is so dium, Na+
, the red is dust, and the green is conductivit y . (The

rest of the Holo cene results are in App endix B.)
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Figure 30: CF A p ro�le of bag 2512 to 2516 (Depth interval: 1381:05m �
1383:80m ). V ertical lines indicate sepa ration of bags.

As the reader ma y notice the so dium v alues sometimes drop b elo w zero.

This is of course not an acceptable result since negativ e concen tration v alues

do not mak e sense. These v alues are due to a blank lev el lo w er in in tensit y

than the actual measuremen t. I will k eep the negativ e v alues during the

presen tation of m y results, but I will come bac k to this issue in the end of

the section. The results sho w go o d ann ual v ariabilit y in ammonium, dust,

and partly in so dium.

Conductivit y is a bulk signal, and in the w arm p erio ds it is di�cult to

talk ab out seasonal v ariation in the this signal

16

, but w e clearly see some

broad, signi�can t p eaks in the conductivit y pro�les. When comparing these

16

A t least not in the Holo cene p erio d. Whether this is also true for the Eemian, I will

discuss later.
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Figure 31: Compa rison of ECM with the Holo cene CF A p ro�le. F rom the t w o

top panels an anti-co rrelation of ECM with the la rgest p eaks in NH +
4 can b e

dra wn. Note the reversed ECM scale. F rom the t w o b ottom panels a co rrelation

b et w een ECM and conductivit y can b e dra wn.

to the ECM pro�le, a correlation is clear. ECM is an acid-signal, as it mea-

sures mainly H +
ions, so w e w ould exp ect the large p eaks to originate from

sulph uric acid, H2SO4 , among others. This w ould indicate that the large

spik es come from v olcanic eruptions. The o v erall trend (lo w frequency v aria-

tion) also seems to b e the same in conductivit y and ECM. Since conductivit y

is a bulk signal of all ionic constituen ts, b oth p ositiv e and negativ e, I w ould

exp ect it to ha v e some wiggles that are not seen in the ECM signal. (See

Figure 31). Besides the broad p eaks, the conductivit y signal has a lot of nar-

ro w p eaks whic h often coincide with p eaks in ammonium probably caused b y

ma jor forest �res or p eaks in dust originating from extensiv e desert storms.
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Dating of the Holo cene section

In m y Holo cene pro�les I de�nitely see seasonal v ariations in b oth ammo-

nium, so dium, and in dust. Often w e see p eaks in conductivit y that are

comparable to the dust p eaks. This is probably due to the soluble dust in

form of calcium, that conductivit y measures. As men tioned in secton 2.1,

during w arm p erio ds the di�eren t ionic impurities p eak at di�eren t times,

unlik e during the glacial where the di�eren t ionic comp onen ts p eak almost at

the same time whic h mak es it p ossible to use as w ell conductivit y for ann ual

la y er coun ting.

One of the purp oses of this thesis is to date the ice from the in terv als, I

ha v e measured. I ha v e t w o approac hes to this issue. F rom a fourier sp ectrum

of the pro�les, the dominan t frequency can b e determined and hence giv e an

estimate of the amoun t of y ears in a giv en section, but when actually dating

an ice core the seasonal v ariation p eaks are simply iden ti�ed and coun ted.

As the fourier approac h giv es an estimate of the ann ual la y er thic knesses, and

as this parameter c hanges with depth, it will therefore only b e an estimate

of the n um b er of y ears. Often this metho d will not giv e a usable result since

the ann ual p eaks can b e lost in noise.

In Figure 32 the fourier sp ectrum of the results from bag 2517 to 2526 is

sho wn. The pro cedure is describ ed in section 4.3. An ann ual p eak is seen at

around 7:69 cm
year .

In Figure 33 a section of m y coun ting is sho wn. The grey v ertical bars

mark the p eaks in ammonium so the phasing b et w een the comp onen ts are

clearly seen. So dium p eaks are in b et w een the ammonium p eaks, as this is

a win ter signal, and dust p eaks are righ t b efore (as seen on a time scale) the

ammonium p eaks, as this is a spring signal.

My total dating results are summed up in T able 1. The coun ting I trust

the most is the one made with the use of the ammonium record since this

signal seems to b e the most robust (and most una�ected b y con tamination).

A comparison with GICC05 is also listed. As m y ann ual la y er thic kness

estimate from the fourier analysis w as 7:69 cm
year , it �ts w ell with the estimate

from T able 1, as

1100cm
145� 1yr = 7 :59 � 0:05 cm

year .

Baseline trouble in the absorption measuremen t

Negativ e so dium concen trations are not an acceptable result, and these v al-

ues are caused b y a wrong lev el of blank w ater in m y measuremen t. When

measuring a bag, blank w ater is measured b efore and after the ice sample.

This blank w ater is assumed to ha v e a concen tration of zero ppb of the im-
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Figure 33: A section of my dating from bag 2509. Grey vertical ba rs ma rk the

annuals observed in the ammonium p eaks. The phasing of the seasonalit y of the

comp onents is clea rly seen.
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2507 to 2511 2512 to 2516 2517 to 2521 2522 to 2526 Sum

NH +
4 35 37 35 � 1 38 145 � 1

Na+
35 35 34.5 � 1:5 - -

Dust 34 37 36 � 1 38 145 � 1
GICC05 36 37 36 37 146

T able 1: Annual la y er counting of the Holo cene p erio d. All values a re in y ea rs.

The uncertaint y estimate is obtained from identi�cation of �uncertain� annual

la y ers which a re w eighted b y a half and with half a y ea r uncertaint y . So dium

values from bag 2522 to 2526 w ere a�ected b y contamination and do not count

in the result.

purities in question and is used in the calibration. Therefore it is a problem

to ha v e a blank lev el with a lo w er in tensit y , i.e. higher concen tration, than

the actual bac kground lev el of the ice. See Figure 34 for an example of a

blank lev el lo w er in in tensit y than the measuremen t. The red line indicates

m y in terp olated blank lev el in the giv en calibration.

A solution migh t b e to in terp olate a baseline with the use of the bac k-

ground in tensit y of the ice, but this, I estimated, w ould b e to o time consum-

ing compared to the gain. In Figure 34 a drifting baseline, whic h of course

is not go o d either, is also seen.

If w e assume that these negativ e v alues of so dium are caused b y some-

thing with our blank w ater and not something with the actual measuremen t
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Figure 34: Ra w data plot of so dium. The red line indicates the blank level in the

shifts from the b eginning to the end of the measurement, and ho w this level, when

interp olated, is lo w er in intensit y than the actual measurement. Contaminated

pa rts a re removed.
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Means KUP Means CIC Median KUP Median CIC

NH +
4 [ppb] 15.3 10.6 7.03 3.82

Na+
[ppb] 16.3 4.9 14.7 3.97

Dust [ # =mL ] 9400 2400 6900 1100

Cond [ �S=cm ] 1.3 1.21 1.1 1.12

T able 2: Means and medians of the four comp onents in the KUP and CIC setup.

KUP ( 1405m to 1420m ), CIC ( 1378m to 1389m ) Medians a re listed since these

values do wngrade the in�uence of la rge p eaks in the reco rds, and therefo re might

b e mo re reasonable to compa re b et w een the t w o setups.

of the ice, then a p ossible adjustmen t of the results w ould b e to just c hange

the lev el of zero. This can b e done with earlier CF A records of so dium from

the Holo cene ice if w e assume that the lev els are more or less constan t within

a h undred meters or so. T able 2 sho ws the means and medians of so dium,

ammonium, dust, and conductivit y measured with the KUP setup. Depth

is from around 1405m to 1420m .

If I try to adjust m y so dium lev els with the use of the results listed in

T able 2, I get a pro�le as in Figure 35. This is an acceptable result but it

tells me that m y so dium results are not go o d when studying absolute v alues.

It can still b e used for dating purp oses though.

Another problem with the so dium results is the drifting baseline. With an

appropriate baseline (assuming that the ice measuremen t itself drifts along),

this drift will probably not b e seen in the calibrated results. It should still

try to b e a v oided though. There should b e no drift in the measuremen t at

all so this tells me that something in the setup m ust ha v e an in�uence on the

signal. During measuremen t there w as often problems with air in the �o w cell

where the absorbance of the sample is measured. This air usually resulted

in an un usual drop in in tensit y , and when the air had passed through, the

in tensit y lev el w ould go bac k to normal. Although sometimes, in spite of the

remo v al of an air bubble, the in tensit y lev el did not jump bac k to the initial

lev el. This is one explanation of wh y m y baseline could b e at another lev el

after measuremen t, but often it w as clear that the baseline just drifted.

The drift migh t b e explained b y pressure problems in the setup. The CIC

setup di�ers from the KUP setup in where the p eristaltic pump is lo cated.

In Bern it is lo cated just after the melting head, and the sample is therefore

pump ed through the di�eren t c hannels. In Cop enhagen w e ha v e it after

some of the comp onen ts and b efore others. This means that the sample is

suc k ed through the distributor. This construction will unfortunately result
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Figure 35: So dium reco rd from bags 2512 to 2516. T op panel sho ws the so dium

signal after calib ration to concentration. The background level is sometimes

b elo w zero. Bottom panel sho ws the same calib rated reco rd when adjusted

acco rding to the mean level of the KUP data.

in an e�ect on the other comp onen ts if one comp onen t exp eriences problems.

Because w e wish to a v oid a melting pump in order to get a shorter distance

from the melting to the measuring unit, w e ha v e to ha v e a closed system in

Cop enhagen. This means that w e do not ha v e an excess pressure release in

the debubbler. If pressure builds up in the system, then a leak of pressure

from whatev er tin y holes there inevitably will exist will in�uence the signal.

If this happ ens during measuremen ts, I w ould imagine that it could result in

the drifting baseline. W e ha v e also not got a temp erature stabilization of the

detection instrumen ts in Cop enhagen either, and if the am bien t temp erature

c hanges during a measuremen t, this migh t a�ect the so dium signal. The

so dium signal is more sensitiv e to temp erature c hanges than ammonium, and

the optim um op eration temp erature for so dium is 16

�
C [Kaufmann, 2008].

Dust di�erences from one setup to another

T able 2 also sho ws a di�erence in dust lev el b et w een the t w o setups, but

there also exists a di�erence compared to the new KUP setup. The old

CF A setup has a mean concen tration of around 10:000 #
mL [Ruth, 2003 ], the

new KUP setup has a mean of around 100 #
mL [Kaufmann, 2008 ], and m y

results giv e a mean of around 2:500 #
mL . I ha v e not b een able to �nd the
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exact explanation of these di�erences, but in v estigation of the results and

rep eated calculations seem to p oin t at a di�erence in measuremen t metho ds.

With the old setup the detection limit w as not so w ell de�ned, and the

size distribution measuremen ts w ere done with only a few quite large size

c hannels (p ers. comm. M. Bigler). This migh t explain the di�erence in lev el

also considering the relativ ely lo w in terglacial v alues.

The new and old KUP CF A setup seem to simply di�er b y a factor of

100 when lo oking at p eak and bac kground lev els as these are around 300

#
mL

v ersus 30.000

#
mL and 20-30

#
mL v ersus 2.000

#
mL resp ectivly . This can not b e

the case when comparing the old KUP setup with the CIC setup. The CIC

setup has a bac kground lev el of around a 100

#
mL whic h is m uc h lo w er than

the lev el from the old CF A setup, but m y p eaks reac h v alues of 20.000

#
mL

where the old CF A setup ha v e p eaks up to 30.000

#
mL so from this, I can

conclude that it is not only a factor of di�erence b et w een these t w o setups.

With the CIC setup a calibration from a Coulter Coun ter is not done, but

I ha v e not found the direct in�uence of this calibration an ywhere, although

according to Ruth et al. [Ruth, 2003] it only had an in�uence of around 5%.

5.2 The Eemian and Early glacial pro�les

In this section I will presen t the results I ha v e obtained for the Eemian�

Early glacial p erio ds. As I ha v e measured four bags at eac h lo cation, whic h

corresp ond to 2:2m , this n um b er of bags ma y not b e enough to get a full

picture of whether ann ual la y ers are preserv ed or not, but it can giv e me

an idea of ho w the concen tration lev els of impurities w ere during these time

p erio ds.

Eemian CF A records

In Figures 36, 37, and 38 the pro�les from the three in terv als are sho wn.

These results clearly sho w a di�eren t p eak b eha vior than the Holo cene pro-

�les.

As w e are no w at almost 3km depth, the ann ual la y er thic knesses accord-

ing to ss09sea are around 1cm� 1:47cm. This results in a higher frequency of

p eaks in the impurities, but � as ob vious to the reader � it do es not seem

this w a y in ammonium for one. The Eemian ice w as visibly v ery di�eren t

from the Holo cene ice. Since the ice has b een lo cated so close to the b ottom

and th us b een more w arm due to geothermal heat, ice crystals ha v e had the

p ossibilit y to gro w v ery large.
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Figure 36: Pro�le of interval 1B. V ertical lines indicate the sepa ration of the

four bags measured. Contaminated data has b een removed, as w ell as b reaks in

the ice co re which result in data gaps.
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Figure 37: Pro�le of interval 2B. V ertical lines indicate the sepa ration of the

four bags measured. Contaminated data has b een removed, as w ell as b reaks in

the ice co re, which result in data gaps.
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Figure 38: Pro�le of interval 3B. V ertical lines indicate the sepa ration of the

four bags measured. Contaminated data has b een removed, as w ell as b reaks in

the ice co re, which result in data gaps.

An in teresting elemen t in the so dium measuremen t is the results for in-

terv al 2B. In this pro�le an un usual jump in lev el happ ens b et w een bag 5529

and 5530 (See Figure 37). The increase actually already happ ens during

the end of bag 5529. If the jump w as righ t b et w een the t w o bags, I w ould

assume that something had c hanged in the system, and that the data should

b e disregarded, but since this is not the case, I w ould think that it is a true

signal in the ice core although it migh t also b e some sort of con tamination

problem. During the Eemian�Early glacial measuremen ts w e had a lot of

problems with drilling liquid in the dust measuremen t

17

, but this problem

they also had in the Dome C

18

measuremen ts, and here they exp erienced no

e�ect on the c hemicals (p ers. comm. M. Bigler) whic h mak es me discard

this explanation.

If w e lo ok at the � 18
O climate b eha vior in just this section, w e see a shift

in � 18
O, alb eit small. See Figure 17 on page 22. Unfortunately the shift

is to w ards higher � 18
O v alues with depth whic h w ould suggest a smaller

amoun t impurities, and what w e see is a higher amoun t of impurities. Also

remark able is that, where so dium p eaks in in terv als 1B and 2B seem almost

17

Drilling liquid w as iden ti�ed b y lo oking at the size distribution where the same size

particles sho w ed up quite often and formed a certain S-shap e in the distribution (W ork

b y E. Kettner).

18

Dome C w as a ice core drilling made in East An tarctica.
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smo othed out, there is a c hange in this b eha vior righ t at the lev el shift. The

so dium sho ws more v ariations with rather distinct p eaks as if it w as not

smo othed out righ t here, or ma yb e something else pro duces these p eaks.

Dating in dust and conductivit y

In the Eemian and Early glacial pro�les w e clearly see that ammonium sho ws

no ann ual la y ering, and that so dium is not really reliable. So dium has a lot

of ups and do wns in its bac kground trend, and since the � 18
O do es not ha v e

h uge jumps, I then degrade the imp ortance of this comp onen t in m y further

study . Left is dust and conductivit y . In the Holo cene ice, I concluded that

ann ual la y ering is not seen in conductivit y but zo oming in on the pro�les from

the Eemian p erio ds I see a clear correlation b et w een dust and conductivit y .

(See �gure 39).
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Figure 39: The plot sho ws the very distinct simila rit y b et w een conductivit y and

dust. The data a re smo othed with a running mean of 5mm.

As dust usually exhibits seasonal v ariations, I will trust that this is still

true and assume that w e also see ann ual la y ers in conductivit y . It could b e,

that the bulk signal, that conductivit y is, in this old ice consists of other

amoun ts of the di�eren t ionic constituen ts and therefore could sho w ann ual

la y ering as it do es in the cold p erio ds.

The lev el of conductivit y is lo w er than in the Holo cene, and the signal

seems to ha v e a di�eren t b eha vior. It has spik es b oth up and do wn where

in the Holo cene the p eaks are mostly to w ards higher v alues sup erimp osed
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Figure 40: Ra w data sho wing the wiggles in conductivit y in the actual ice mea-

surement compa red to the ones in the mQ ice and in the blank w ater. This

excludes the theo ry that the dust and conductivit y signals a re simply noise.

on a bac kground lev el. This could indicate white noise

19

. One migh t argue

that the whole signal is just a noise signal, but in Figure 40 a comparison is

made b et w een the blank lev el, mQ ice v ariations, and the signal itself.

Since the conductivit y signal lo oks m uc h lik e the dust signal, the t w o

comp onen ts m ust ha v e something, that pro duces this signal, in common.

Ma yb e it is just a pump signal, but this explanation is ruled out due to the

p erio ds of the wiggles. They are m uc h longer than the pumping sequence.

The wiggles ha v e a p erio d of roughly around 30 seconds, and m y guess is that

the pump has a p erio d of half a second or so. Also the conductivit y and dust

ha v e t w o di�eren t instrumen ts and p o w er supplies so there can b e no elec-

tromagnetic in terference. The setup sp eci�cations are totally indep enden t;

therefore I conclude that it m ust b e a true signal from the ice.

As conductivit y and dust are so m uc h alik e, conductivit y could b e dom-

inated b y soluble calcium in the ice that has not mo v ed around and is not

released un til the ice is melted. This w ould explain the similarit y with the

insoluble dust. An in teresting measuremen t w ould therefore b e to ha v e had

a calcium measuremen t for comparison.

Assuming that w e do see ann ual la y ers in the Eemian�Early glacial pro-

�les, T able 3 sho ws m y coun ting of ann uals including uncertain ties together

with an estimate of the ann ual la y er thic knesses. These v alues are then

compared with the ss09sea results for these in terv als. I w ould sa y that the

19

White noise is a random signal or pro cess with a �at p o w er sp ectral densit y
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In terv al 1B [ cm
year ] In terv al 2B [ cm

year ] In terv al 3B [ cm
year ]

Dust

149:5
153:5� 8:5 = 0 :974� 0:057 103

101� 5 = 1 :020� 0:053 92
63:5� 5:5 = 1 :449� 0:137

Cond

198:5
204� 11 = 0 :973� 0:055 205:5

213:5� 10:5 = 0 :963� 0:05 194:5
173:5� 7:5 = 1 :121� 0:052

ss09sea 1.07 1.19 1.47

T able 3: Annual la y er counting in the Eemian and Ea rly glacial intervals together

with the co rresp onding annual la y er thicknesses. The estimated annual la y er

thicknesses from ss09sea is also listed. In interval 2B and 3B, the dust values

only include three and t w o bags resp ectively since contamination has a�ected

the others to o much. Esp ecially the dust annual la y er thickness estimate fo r

interval 3B should b e used with caution.
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Figure 41: P o w er sp ectrum of interval 1B. The annual p eak is not seen at all.

dating result is rather questionable and the fourier sp ectrum in this case

sho ws absolutely no ann ual p eak as seen in Figure 41.

In terv al 1B has results comparable to ss09sea when including the uncer-

tain ties. In terv al 2B results are a bit di�eren t from the ss09sea result, but

in in terv al 3B the results are quite o� compared to the ss09sea result when

lo oking at conductivit y . In in terv al 3B, con tamination ruined almost all the

dust data, and therefore the result should b e used with caution, although it

seems quite similar to the ss09sea result. My conductivit y results for in terv al

3B, on the other hand, sho w more y ears than exp ected and hence thinner

ann ual la y ers than suggested b y ss09sea. The e�ect of this, I will come bac k

to in m y discussion.
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6 General discussion

In this section I will discuss m y results further. First I will giv e an estimate

of the e�ect of the observ ed thinner ann ual la y ers in the Eemian p erio d on

the duration of the Eemian con tained in the NGRIP core. Then I will giv e

an o v erview and discussion of the lev els of impurities during m y measured

climate p erio ds together with the lev el around LGM. Comparisons of m y

impurit y pro�les with other results will also b e discussed. This include res-

olution of the ammonium record compared to the calcium and ammonium

record from the GRIP ice core, an explanation of lo w ECM v alues when large

ammonium p eaks o ccur, and a discussion of whether impurities � in this

case ammonium � will mo v e to crystal b oundaries in the deep ice. Finally

I will go through the impro v emen ts of the setup; what m ust b e done and

what could b e in teresting to lo ok in to.

6.1 Eemian ann ual la y ers and ss09sea

It is di�cult to determine whether the ann ual la y ers detected in the Eemian

ice are correctly observ ed or not, but b elo w I ha v e brough t out pros and

cons, and from this I will conclude that it is actually a true ann ual signal.

Pros

� The conductivit y and dust signal in the Eemian p erio d are v ery m uc h

alik e. Almost ev ery wiggle in one comp onen t can b e, although sometimes

w eakly , seen in the other comp onen t.

� The t w o comp onen ts are indep enden t in instrumen t sp eci�cations so

no common electromagnetic in terference can exist.

� Conductivit y w as seen in the Holo cene pro�les to sometimes resem ble

the dust signal so ma yb e it could b e p ossible that in the Eemian ice it

resem bles dust in almost ev ery p eak.

� The dating matc hes the ss09sea dating in t w o of the three in terv als.

Again it is only 2 consecutiv e meters for eac h in terv al and therefore a bias

migh t b e presen t.

Cons

� The conductivit y do es not lo ok lik e the signal from the Holo cene p erio d

b ecause it go es b oth up and do wn and therefore more resem bles noise.

� It seems unlik ely that conductivit y in the Eemian time p erio d only will

resem ble dust p eaks and not include large ammonium p eaks for instance
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� though this comp onen t is seen to b e smo othed out to some degree at

this depth, and therefore it w ould p erhaps only add to the mean lev el of

conductivit y .

� The dating w as quite di�cult b ecause it w as hard to determine exactly

whic h p eaks w ere ann ual p eaks and whic h w ere just noise.

� The fourier analysis sho w ed no ann ual p eak at all.

Whether I ha v e dated this signal with the righ t amoun t of y ears or not

is op en for discussion. If I assume that m y dating is correct, then T able

3 sho ws an in teresting p oin t. My estimated ann ual la y er thic kness, � , �ts

ok a y w ell with the mo delled thic kness in in terv al 1B and 2B, but in in terv al

3B a di�erence of around 0:35 cm
year is noticed. This means that there will b e

more y ears from the Eemian p erio d in the NGRIP ice core than estimated

b y ss09sea.

A ccording to the ss09sea mo del the age at the b ottom of the NGRIP core

is 123.000 y ears. If I try to calculate the age at the b ottom with a mean

ann ual la y er thic kness of what I ha v e observ ed for in terv al 3B in conductivit y

from 3069m (the start of in terv al 3B) to the b ottom, I get an age di�erence

of 328 y ears resulting in a total age of 123.328 y ears at the b ottom.

The b ottom melting at the NGRIP site is around 7mm ice p er y ear whic h

corresp ond to a geothermal heat �o w of 140mW
m2 . This high geothermal �o w is

at ypical for Precam brian shields that is b eliev ed to co v er most of Greenland

[NGRIP mem b ers, 2004 ]. Since the �o w is considered unexp ectedly high, it

migh t b e in teresting to try and tune some of the b ottom melting parameters

in the ss09sea mo del for NGRIP to see if an ann ual la y er thic kness of around

1:1cm
yr during the Eemian p erio d can b e obtained. This test is b ey ond the

scop e of this thesis though.

6.2 The atmospheric aerosol load through time

A comparison of m y Holo cene results with m y Eemian and Early glacial

results sho ws a clear di�erence. This is what I w ould exp ect since the ice

from v ery deep in the ice core has b een under a high pressure and exp osed to

more ice �o w, as w ell as b ottom melting, and b ottom top ograph y compared

to the Holo cene ice. This tak en in to accoun t, it will therefore b e in teresting

to study for instance concen tration lev els from the Eemian p erio d to see

if they are comparable to the presen t in terglacial. As men tioned in the

in tro duction, the Eemian w as ab out 5�
C w armer than the Holo cene, and

ma yb e the concen tration lev els of the impurities will re�ect this in form of

more extreme lev els than the Holo cene.
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Figure 42: Mean concentration levels of the four comp onents and including the

� 18
O level fo r the Holo cene, Glacial (LGM) and interval 1B to 3B. Note the

loga rithmic scale in the dust results.

I ha v e in Figure 42 sho wn an o v erview of the lev els of impurities found

in the Holo cene and in the three in terv als from the Eemian�Early glacial.

T able 4 lists the v alues of these lev els. Glacial v alues are tak en from ear-

lier measuremen ts made in Bern. As seen on the � 18
O v alues, the glacial

is remark ably colder than the Holo cene, and in terv al 1B is colder than the

Holo cene but w armer than the glacial. In terv al 2B is almost the same as the

Holo cene, and in terv al 3B is w armer than the Holo cene. I exp ected some

kind of re�ection of this in the impurit y con ten t. A short outline of the lev els

of the four comp onen ts is giv en here.

� I still do not trust the so dium results, at least not when comparing to

the glacial v alues. My so dium results ha v e, as men tioned earlier, negativ e

v alues, and the mean therefore do es not mak e as m uc h sense to lo ok at. It

will b e lo w er than exp ected.

� The ammonium lev els sho w a trend of higher lev els with temp erature.

It is increasing from in terv al 1B to in terv al 3B, but it do es not actually

56



In terv al 1A Glacial In terv al 1B In terv al 2B In terv al 3B

� 18O [p er mil] -35.22 -42.22 -37.22 -36.17 -32.40

NH +
4 [ppb] 10.6 5.6 5.3 7.2 9.8

Na+
[ppb] 4.9 77.5 20.8 27.13 4.7

Dust [ # =mL ] 2.400 298.930 5.310 4.960 2.420

Cond [ �S=cm ] 1.21 1.8 0.51 0.60 0.75

T able 4: Mean level values of the four comp onents including � 18
O as plotted on

Figure 42.

go ab o v e the Holo cene lev el whic h w ould b e exp ected if the lev el dep ended

solely on the temp erature.

� The dust lev els are v ery lo w compared to glacial v alues, and therefore

I ha v e sho wn this on a logarithmic scale. The Holo cene and Eemian v alues

are almost the same, and there is some trend that the colder p erio ds, in terv al

1B and 2B, are a bit higher than 3B but still not at all in the same order as

the glacial v alues.

� Conductivit y sho ws an in teresting trend. This comp onen t increases from

in terv al 1B to in terv al 3B but is still lo w er than the Holo cene lev el, and the

glacial lev el is the highest.

A rule of th um b is that when colder, for instance during the glacial, the

more impurities. This is true for so dium and dust, and the conductivit y

measuremen t sho ws the highest lev el as w ell during the glacial p erio d. As

esp ecially dust is remark ably higher during the glacial, it is due to the more

storm y w eather bringing lots of desert dust to the Greenland ice sheet in

these p erio ds. Glacial v alues as for instance at LGM are a factor of around

a 100 higher than in terglacial v alues [Ruth, 2003 ].

The ammonium ion is the only comp onen t (in m y measuremen t) that has

a lo w er v alue during the glacial. In F uhrer and Legrand 1997 [F uhrer, 1997 ]

a strong co v ariation b et w een ammonium and the solar radiation at 60�
N

is men tioned. In Figure 43 insolation at 65�
N through the last 900ka is

sho wn. Ammonium as a resp onden t to insolation, con tinen tal bioactivit y ,

and biomass burning has a direct temp erature dep endency .

The so dium v alues are rather unreliable b ecause of their negativ e v alues,

but it do es sho w larger v alues during the cold, glacial p erio d, whic h is to b e
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Figure 43: A compa rison b et w een the insolation at 65�
N and 75�

S during the last

800.000 y ea rs [EPICA 2004 ]. Ammonium is seen to co rrelate with the insolation

[F uhrer, 1997 ].

exp ected. The Eemian�Early glacial in terv als on the other hand do not seem

to ha v e a temp erature trend as in terv al 2B has higher v alues than in terv al

1B and in terv al 3B. This leads me to the conclusion that they can not b e

trusted v ery m uc h with regard to concen tration lev els.

Finally when lo oking at the conductivit y lev els, it do es not seem as

straigh t forw ard as for the other comp onen ts. It mak es sense that the colder

the more impurities and the higher a conductivit y lev el w e see, but then

w e see a temp erature dep endency as in the Eemian�Early glacial in terv als.

F rom in terv als 1B to 3B the climate is w armer, and the conductivit y in-

creases, but it do es not go ab o v e the Holo cene, in terv al 1A, lev el. This could

ma yb e b e explained b y com bining t w o di�eren t v ariabilities of conductivit y

with temp erature. When the climate is cold, it will b e more storm y and

dust is v ery w ell correlated with these storms and hea vy winds. Some impu-

rities tend to stic k to dust, and this is what w e call the irrev ersible sp ecies.

These sp ecies are not v olatile and will therefore sta y on the ice sheet when

dep osited, despite a lo w accum ulation rate. These impurities are for instance

calcium, so dium, and ammonium (p ers. comm. M. Bigler, 2009). This v ari-

abilit y of conductivit y pro duces an in v erse dep endence of conductivit y with

temp erature.

Another v ariabilit y of conductivit y with temp erature is caused b y the

rev ersible ionic sp ecies. If the temp erature is high, w e will see a higher

accum ulation rate. Due to a higher accum ulation, the v olatile sp ecies, suc h

as c hloride, nitrate, and methane sulphonate, will b e sort of �buried� in the

ice, and therefore will not escap e. This results in a direct dep endence of

conductivit y with temp erature. The �v olatile� term means that the sp ecies

can react with other ions to form gaseous molecules, for instance can c hloride
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react with H +
ions to form HCl . A reaction could b e:

2NaCl + H2SO4 ! Na2SO4 + 2HCl (9)

Ha ving a v ariabilit y of lo w er conductivit y with higher temp erature, w e

w ould see a trend that has a higher conductivit y , the colder it is. This is part

of what w e see in the conductivit y lev els during the di�eren t time p erio ds.

W e do ha v e a higher conductivit y lev el during the glacial compared to the

Holo cene, but in in terv als 1B to 3B this do es not hold. Com bining this

trend with the e�ect of the v olatile sp ecies acting on in terv als 1B to 3B only ,

w e will here see a higher conductivit y with temp erature. These t w o e�ects

together migh t explain the lev els in conductivit y w e see in Figure 42. (The

w eigh t of eac h e�ect is unkno wn.)

If the v olatile sp ecies are dominating in the conductivit y record during

the Eemian�Early glacial p erio d, a lo w er c hloride lev el compared to the

normal Na+ =Cl� ratio w ould b e presen t due to the reaction describ ed ab o v e.

Therefore it w ould b e in teresting to ha v e had the c hloride (or nitrate) record

to c hec k if this is actually true or not.

6.3 Mean lev els of impurites - Eemian v ersus Holo cene

As it has turned out, ann ual la y ers in the Eemian p erio d are hard to iden tify .

Some comp onen ts are smo othed out, and some migh t just sho w noise instead

of seasonal v ariabilit y , but if w e assume that the amoun ts of impurities from

dep osition are k ept the same ev en at this depth, I w ould, as describ ed earlier,

exp ect the concen tration lev els to b e more extreme in the Eemian ice than the

Holo cene ice. By this I mean that when the temp erature is higher, I w ould

in the direct temp erature dep enden t comp onen ts exp ect more impurities in

the Eemian ice, and in the in v ersely temp erature dep enden t comp onen ts

exp ect few er impurities in the Eemian ice. This has sho wn not to b e the

case. Ammonium do es, as exp ected, sho w a higher concen tration lev el with

temp erature, but the lev el of in terv al 3B is not ab o v e the lev el of in terv al

1A. Also the dust lev el for in terv al 3B do es not go b elo w the lev el for in terv al

1A. And �nally the conductivit y lev el, with an apparan tly direct temp erature

dep endency in in terv al 1B to 3B do es not ha v e a in terv al 3B lev el higher than

the in terv al 1A lev el either.

All this together sho ws that the concen tration lev els are not more ex-

treme in the Eemian ice although the temp erature is ab out 5 degrees higher

at this p oin t. This migh t b e due to di�usion pro cesses in the ice at this

depth, the fact that only 2:2m of ice in eac h section is measured, or that the

Eemian in terglacial simply had di�eren t atmospheric aerosol loads compared
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Figure 44: A plot of the mean levels of impurities with the � 18
O values. The

data p oints a re seen not to b e on a p erfect line.

to the Holo cene. In this case the impurit y loads are not linearly temp erature

dep enden t, so what can w e then exp ect if the global temp erature during the

next h undred y ears rises with sev eral degrees? It migh t seem as if the aerosol

load w ould reac h some sort of saturation lev el. See Figure 44 for a plot of

the mean lev els of impurities with � 18
O. The data p oin ts are seen not to b e

on a p erfect line.

The IPCC predicted temp erature rise also has other sources than the

higher temp erature during the Eemian so the impurities will probably re-

sp ond di�eren tly .

6.4 Resolution of NGRIP compared to GRIP records

Figure 45 sho ws a comparison of the p o w er sp ectra from previous measure-

men ts of GRIP Ca2+
and GRIP NH +

4 together with the p o w er sp ectrum of

m y NH +
4 results.

A ccording to Rasm ussen et al. 2005 [Rasm ussen, 2005 ], where a decon-

v olution metho d for CF A pro�les is presen ted, a di�erence b et w een the least

squares �t to the signal, Psignal (turquoise), and to the noise, Pnoise (grey),

can b e iden ti�ed in a fourier sp ectrum. This is done b y minimizing the to-

tal RMS

20

di�erence b et w een the sum of Psignal and Pnoise and the actual

sp ectrum. The in tersection b et w een these t w o lines will then suggest the

maxim um resolution of ann ual la y er thic knesses. As seen in the �gure, the

20

Ro ot Mean Square
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Figure 45: A p o w er sp ectrum of ammonium from NGRIP , ammonium from GRIP ,

and calcium from GRIP from co rresp onding depth intervals (NGRIP: 1383:80m�
1389:30). The annual p eak is sho wn. The intersection b et w een Psignal and

Pnoise describ es the maximum resolution in each comp onent as indicated b y the

vertical dashed lines.

GRIP data has a steep er declination in the b eginning and therefore do es

not ha v e as go o d a resolution whic h is indicated b y the v ertical lines at the

in tersection of Psignal and Pnoise in the sp ectra. These results w ere used

during m y measuremen t p erio d to predict whether w e w ere going to b e able

to detect Eemian la y ers, if presen t, and the results sho w ed a resolution of

appro ximately

1cm
2yr ( � 2cycles

cm see Figure 45), so w e w ould probably b e able

to detect ann ual la y ers.

6.5 Neutralization of the ice

Figure 31 on page 42 sho ws a comparison b et w een ammonium and ECM

(plotted on a log-rev erse scale) and b et w een ECM and conductivit y . So dium

is left out. A correlation is seen in the comparison of ammonium p eaks

and ECM lo ws. I ha v e sho wn the ECM data on a log scale and rev ersed

it so that p eaks in ammonium corresp ond to p eaks in ECM. The depth
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scale of the ECM record can b e a little o� due to the uncertain t y in ECM

measuremen ts. As ECM is measured with electro des simply dra wn along a

surface, it pro duces uncertain ties in the exact depth of the measuremen t.

W e see some similarit y in the t w o comp onen ts although not enough to sa y

that it is clearly visible.

If w e lo ok at the Eemian and Early glacial in terv als, this correlation

b et w een ammonium and ECM is still seen ev en though the ammonium in

this time p erio d seems to b e smo othed out. (See Figure 46 and Figure 47).

This indicates that there could b e a correlation b et w een the t w o records.
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Figure 46: A compa rison b et w een ECM and ammonium fo r bag 5528. Note that

ECM is plottet on a reversed loga rithmic scale. A distinct simila rit y is seen in

the lo w frequency vaiabilit y .

The ECM signal is though t to b e con trolled primarily b y the acidit y of

the ice, but studies ha v e sho wn that there ma y also exist a secondary e�ect

from the accompan ying anion [W ol�, 1997 ]. Figure 48 sho ws the ECM signal

and ammonium concen tration across a section of the GRIP core. The drop

in ECM when ammonium blo ws up is recognized. Ma yb e in some p eaks

the acidit y of the ice has b een reduced due to neutralization, but a more

reasonable explanation w ould b e that the H +
ions are partly una v ailable

due to their asso ciation with the w eak acid anions lik e formate ( HCOO �
)

and acetate ( CH3COO�
). These anions usually accompan y the biomass

burning ev en ts from whic h the ammonium is pro duced.
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Figure 47: A compa rison b et w een ECM and ammonium fo r bag 5529. Note that

ECM is plottet on a reversed loga rithmic scale. A distinct simila rit y is seen in

the lo w frequency vaiabilit y .

Figure 48: Plot of NH +
4 and ECM from W ol� et al. [W ol�, 1997 ]. The am-

monium signal is from a high-concentration event that has b een ascrib ed to the

a rrival of biomass burning plume at the site ([W ol�, 1997 ] Fig.2a)

Crystal b oundaries

Figure 15 on page 20 sho ws a comparison of the line scan images from the

Eemian ice ( i ) as w ell as the Holo cene ice ( a ) and ice in b et w een. A re-

mark able di�erence is seen. Where the Holo cene ice sho w some la y ering,

although nearly transparen t [Sv ensson, 2005], the Eemian ice has no suc h

thing. It mostly consists of crystal b oundaries, but not far in to the glacial
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Figure 49: A compa rison of ammonium p eaks with crystal b ounda ries as seen

on linescan images fo r interval 3B. V ertical lines indicate where some simila rit y

is seen.

clear ann ual la y ers, caused b y dust, are seen (see Figure 15 ( h ) on page 20).

As the line scan is p erformed on a 3cm thic k slab of ice, it migh t not resolv e

la y ering if this is just a little bit inclined compared to the depth direction.

An explanation of the ammonium signal from the in terv als 1B to 3B

can p erhaps b e found b y lo oking at the visual stratigraph y for the depths

in question. The ammonium is surely smo othed out, but it still has some

large p eaks once in a while. Figure 49 sho ws a comparison b et w een the

line scan images and the ammonium record for in terv al 3B (see App endix B

for in terv al 1B and 2B results). The line scan images clearly sho w large ice

crystals, but as the metho d only giv es the view from one side, it will not sho w

ev ery crystal b oundary in the ice. It is rather di�cult to sa y whether there

exists a clear correlation b et w een ammonium p eaks and crystal b oundaries

or core break es, but one migh t sa y that the big p eaks correlate with some of

the b oundaries in the ice. (The core probably breaks at crystal b oundaries

since it is more fragile here, and therefore the breaks should also b e tak en

in to accoun t when comparing to ammonium p eaks.)

6.6 Impro v emen ts of the setup

A djustmen ts during the measuremen ts

During measuremen ts w e exp erienced quite a lot of problems. A t �rst the

ice core w as not aligned v ery w ell on the melting device due to smaller ice

dimensions than an ticipated, and this could ha v e caused con tamination from

the outer parts of the ice section. A small adjustmen t piece w as inserted,

and for the Eemian�Early glacial cores a new melting device w as made. Still

the inner dimensions of the melting head w ere the same, but the core w as
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no w aligned again. Con tamination w as also presen t in the b eginning and

end of an ice section but mainly due to cutting the ends of with a sa w. This

is di�cult to a v oid without sp ending a lot of time cleaning the ends with a

microtome knife.

A t breaks in the ice, con tamination often o ccured and w as v ery promi-

nen t in the dust measuremen ts. T o a v oid this, the breaks w ere cut a w a y

b efore measuremen t so that no con taminated ice w en t through the system.

This means that a lot of data w as lost, but it prev en ted the dust record

from ha ving a tail of con tamination along with it. The con tamination often

consisted of drilling liquid that �nds its w a y in to the core where this is brok en.

A problem during measuremen ts, whic h did not ha v e a big in�uence on

the end results but still is v ery anno ying to ha v e to deal with, is air bubbles.

They come from the ice, from the blank w ater, dev elops in the debubbler,

dev elops in the join ts, and ma yb e also in other parts. It is prett y lab orious

to man ually remo v e these air bubbles, but it is required to get a nice impu-

rit y pro�le. It w ould b e b etter if they did not exist in the �rst place. This

means optimizing the debubbler so that it actually remo v es all air bubbles

from the ice. This is done b y a v oiding it getting dirt y on the inside b ecause

air bubbles lik e to stic k to the dirt and build up to v ery large bubbles that

are released further in to the system. Also the debubbler itself should not

pro duce air bubbles whic h is ensured when the construction is tigh t enough

in all join ts.

Often the problems with air o ccured during standard measuremen ts, es-

p ecially when measuring blank. This leads me to think that the bubbles

someho w are dissolv ed gases in the blank w ater, and when this blank w a-

ter runs through the system, the bubbles are released. This problem could

ma yb e b e solv ed b y inferring a v acuum pressure on to the blank w ater so that

air and tin y bubbles in the w ater are remo v ed.

F uture impro v emen ts

As the CIC setup is almost an exact cop y of the KUP setup with regard

to things lik e c hemicals, tubing and �o w rate, it w ould b e in teresting to

pla y around with these parts of the system. A c hec k of the di�eren t reagen t

concen trations could for instance b e made (old form ulas for reagen ts are

used righ t no w (p ers. comm. M. Bigler)), and whether shorter mixing coils

w ould impro v e the resolution of the signals. The detection limit should b e

main tained as w ell as the signal to noise ratio; or at least they should not b e

w orse. Ma yb e the coiled tubing used for w arming up and co oling do wn the
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ammonium sample w ater is longer than necessary . I w ould imagine that this

could b e an easy test to run and a quic k w a y to reduce some tubing length

and hence a v oid disp ersion in this section.

As I am informed, no other pump rate setting than 0.9mL/min for the

p eristaltic pump is used, so this could b e pla y ed around with. If the pump

rate is c hanged, the tubings also ha v e to b e c hanged since the inner di-

mensions of these should �t together with the pump rate. When measuring

so dium an absorbance metho d is used. It w ould b e in teresting to lo ok around

for for instance a w a y to measure so dium with �uorescence sp ectroscop y as

w e do with ammonium. This approac h is m uc h easier and simple, and it

migh t therefore enhance the resolution of the signal. Finally an �op en� de-

bubbler w ould b e an idea to w ork with. This op en debubbler is an easy

w a y of releasing excess pressure in the system whic h migh t help the drifting

baselines and negativ e v alues in so dium, but it migh t also cause a risk of

losing temp oral resolution due to the required usage of a melting pump. A

sk etc h of suc h an op en debubbler is sho wn on Figure 50.

Figure 50: A simple sk etch of the debubbler used with the KUP setup. The

p rinciple of the debubbler is a dripping w ater sample into a small pip ette, and an

over�o w to w aste. The sample is then collected from the b ottom of the pip ette

wherefrom air bubbles in the sample w ater should have raised to the surface and

dissolved.
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7 Conclusion

During this study CF A pro�les from the NGRIP ice core section from 1378:30m�
1389:30m , as w ell as from the depths 2995:30� 2997:50m , 3039:85� 3042:05m ,

and 3069:00 � 3071:20m ha v e b een obtained. A new CF A setup w as used

whic h in v olv ed a couple of tec hnical issues. The so dium instrumen t had

problems with a drifting baseline whic h also w as to o high in concen tration

and hence pro duced negativ e v alues.

Besides this, the setup w ork ed quite w ell except for small problems that

w ere adjusted for in the data pro cessing. The resolution of the setup w as

seen to b e v ery go o d, as an ticipated. A ccording to a sp ectral fourier analy-

sis, the setup w ould b e able to detect ann ual la y ers do wn to a thic kness of

around 0:5 cm
year whic h mean t that Eemian ann ual la y ers, if presen t, could b e

iden ti�ed.

A dating of the Holo cene p erio d w as obtained, and this dating matc hed

the existing GICC05 dating w ell; the GICC05 has 146 y ears in the measured

11m of Holo cene ice, and I ha v e coun ted 145 � 1 y ears. A dating of the

Eemian�Early glacial in terv als w as also made. This more questionable re-

sult w as compared to the mo delled ann ual la y er thic kness from the ss09sea

mo del. Although the dust and conductivit y results from this p erio d (that

w ere the only t w o comp onen ts where seasonal v ariation w as iden ti�ed) only

sho w ed ann ual la y ers w eakly , an estimate of ann ual la y er thic kness �tted to

some degree with the ss09sea mo del; at least for in terv al 1B and 2B. Here

an ann ual la y er thic kness of around 0:97 cm
year w as found.

In terv al 3B, on the other hand, sho w ed a smaller ann ual la y er thic kness

than predicted b y ss09sea, 1:12 cm
year compared to 1:47 cm

year , and if m y dating

is correct, this means that 328 y ears more (estimated from the b ottom 16m
of the ice core) from the Eemian p erio d are lo cated in the NGRIP ice core

than mo delled.

Finally the mean lev els of the atmospheric aerosol loads, con tained in the

ice core in the di�eren t climatic p erio ds, w ere compared. The Eemian, al-

though 5 degrees w armer than the Holo cene, did not sho w the more extreme

v alues that w ere exp ected. This migh t suggest that although the c hemical

comp onen ts dep end on temp erature, this is not a linear dep endency . On the

other hand it migh t simply indicate an e�ect of di�usion pro cesses.
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F urther w ork

� An ob vious next step w ould b e to impro v e the setup in general. This

includes increasing the sensitivit y of so dium, for instance b y constructing

temp erature stabilization b o xes for all comp onen ts but most imp ortan tly for

so dium. Besides this, an excess pressure release should b e added, ma yb e in

form of an op en debubbler and together with this, the resolution of the setup

could b e enhanced b y doing tests with shorter mixing coils or adjusting the

reagen ts solutions to impro v e sensitivit y as w ell.

� In the future, more comp onen ts could also b e added to the CIC CF A

setup, for instance SO2�
4 and Ca2+

. This unfortunately will decrease the

temp oral resolution of the setup.

� Finally , tuning the b ottom melting parameters in the ss09sea mo del w ould

b e in teresting to see if ann ual la y er thic knesses, as found in this thesis, can

b e ac hiev ed.

68



8 Danish summary � Dansk resumé

Meto den Continuous Flow A nalysis , CF A, bruges til målinger af k emisk e

urenheder, uopløseligt stø v og den elektrolytisk e ledningsevne for smeltet is,

konduktivitet . Meto den b en yttes til at opnå hø jtopløselige optegnelser o v er

sæson v ariationelle klimapro xier fra fortiden. CF A udføres v ed at placere en

55cm lang issektion med et tv ærsnit på 34mm� 34mm v ertik alt o v enpå et

smelteho v ed. Herfra smeltes isen og analyseres med forsk ellige apparater,

som inkluderer bla. �uorescens- og absorptionssp ektrosk opi. Jeg har i dette

sp eciale k oncen treret mig om følgende k omp onen ter; ammonium, som er en

indik ator for pro cesser af biologisk oprindelse, natrium, som k ommer fra

det marine miljø, uopløseligt stø v, som bliv er transp orteret til Grønland

pga. ørk enstorme og endelig k onduktivitet, som er et samlet signal o v er de

forsk ellige k emisk e urenheder.

Jeg har i løb et af mit sp eciale opnået CF A pro�ler fra 4 sektioner af

North Gr e enland Ic e She et Pr oje ct , NGRIP , isk ernen. Én sektion er fra den

n uv ærende mellemistid, Holo cæn, fra dyb den 1373; 80m � 1389; 30m . De 3

sidste er fra den sidste mellemistid, Eem, fra transitionen til istid, og endelig

en fra starten af istiden fra Dansgaar d-Oeschger event 25, DO-25. Disse

sektioner er henholdsvis fra dyb derne 3069; 00m � 3071; 20m , 3039; 85m �
3042; 05 og 2995; 30m � 2997; 50m .

Stø vmålingerne viste sig at ha v e ret forsk ellige middelv ærdier i forhold

til tidligere målinger. F orklaringen er ikk e umiddelbart ligetil, men det er

sandsynligvis et sp ørgsmål om målemeto de eftersom selv e pro�lerne udviser

go d sæson v arition på tro ds af til tider udbredt k on taminering. Ligeså har na-

trium vist sig at ha v e pæn sæson v ariation på tro ds af problemer med negativ e

k oncen trationsv ærdier og en hældende referenceniv eau. Middelv ærdierne for

alle �re k omp onen ter har vist sig at v ære ikk e-lineære i forhold til temp er-

atur, selv om de alle �re har en stærk temp eraturafhængighed.

Dateringen af Holo cæn-issektionen har vist sig at stemme go dt o v erens

med den eksisterende tidssk ala GICC05; h v or GICC05 har dateret 146år har

jeg talt 145� 1år . En forsk el �ndes dog i min datering af issektionen fra

Eem-p erio den i forhold til ss09sea-mo dellen. Min middelårlagst ykk else er

0:35cm
år

mindre end den mo dellerede årlagst ykk else. Denne forsk el resulterer

i 328år ekstra af Eem-p erio den i de nederste 16m af NGRIP isk ernen.

Endelig er forslag om implemen tering af en sulfat- og k alciumk omp onen t

fremført, ligeså v el som forb edringer af debubbleren og natriumsignalet b ør

tilstræb es.
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A Greenland in terstadials

Figure 51 sho ws the NGRIP isotopic pro�le from around 75ka to 123ka.

Num b ers indicated ab o v e the pro�le refer to Dansgaard-Oesc hger, DO, ev en ts,

and n um b ers indicated b elo w indicate Greenland Stadial, GI, ev en ts. My in-

terv al 1B is from DO-25.

Figure 51: The NGRIP isotopic p ro�le with indications of Greenland interstadials

including DO25 [NGRIP memb ers, 2004 ].
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B A dditional results

Holo cene CF A results

Figures 52, 53, and 54, sho w m y CF A pro�les from bag 2507-2511, 2517-2521,

and 2522-2526 resp ectiv ely .
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Figure 52: CF A p ro�le of bag 2507 to 2511 (Depth interval: 1378:30m �
1381:05m ). V ertical lines indicate sepa ration of bags.
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Figure 53: CF A p ro�le of bag 2517 to 2521 (Depth interval: 1383:80 �
1386:55m ). V ertical lines indicate sepa ration of bags.
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Figure 54: CF A p ro�le of bag 2521 to 2526 (Depth interval: 1386:55 �
1389:30m ). V ertical lines indicate sepa ration of bags.

Crystal b oundaries and ammonium

Figures 55 and 56 sho w m y comparisons of the ammonium record with the

line scan images for m y in terv als 1B and 2B.

Figure 55: A compa rison of ammonium p eaks with crystal b ounda ries as seen

on linescan images. V ertical lines indicate where some simila rit y is seen.
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Figure 56: A compa rison of ammonium p eaks with crystal b ounda ries as seen

on linescan images. V ertical lines indicate where some simila rit y is seen.
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