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AbstratContinuous Flow Analysis (CFA) desribes the method of measuring hem-ial impurities, insoluble dust, and the eletrolytial meltwater ondutivityin ie ores. The method is used to obtain a high-resolution paleolimatiarhive of season variations. The measurement is done by ontinuously melt-ing a 0.55m longitudinal setion of ie with a ross setion of 34mm×34mmand analyzing the resulting meltwater. The di�erent CFA omponents; am-monium (a biologial omponent), sodium (a marine omponent), dust (in-soluble desert dust), and ondutivity (a bulk signal of all ioni onstituents)are analyzed by �uoresene spetrosopy, absorbane spetrosopy, by apartile detetor and with a ondutivity meter respetively.CFA pro�les are obtained from four setions of the North Greenland IeSheet Projet (NGRIP) ie ore; Holoene setion (1378.30m−1389.30m), anEarly glaial setion from Dansgaard-Oeshger Interstadial 25 (2995.30m −

2997.50m), a setion from the transition between the Eemian interglaial andthe glaial (3039.85m − 3042.05m), and �nally a setion from the Eemianperiod (3069.00m − 3071.20m).Dust levels are seen to be subjet to a mean onentration di�ereneompared to earlier obtained results and sodium experienes negative anddrifting baseline values presumably due to pressure problems in the setup.Therefore improvements in general of the setup are suggested, espeially withregard to improving the sodium signal but also towards the onstrution ofthe debubbler.The mean level onentrations of the four omponents show non-lineardependeny with the δ18O temperature proxy and suggest a saturation levelon the basis of the mean onentration levels of the 5 degree warmer Eemianperiod ompared to the Holoene.A dating of the pro�les math well with other time sales for the Holoenesetion, but a dating of the Eemian setion shows a di�erene in mean annuallayer thikness of 0.35 cm
year

ompared to the ss09sea model whih orrespondto 328 extra Eemian years in the bottom 16m of the NGRIP ie ore.
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1 IntrodutionOne of the most evolving disussion topis today is the limate. What willour future limate be like, and are we able to predit this by studying thepast limate? The e�et of human impat on the limate is the main partof the disussion these days, and this impat is exatly the interest of theIntergovernmental Panel on Climate Change (IPCC). Their job is to evaluatethe risk of limate hange aused by human ativity. The latest report isthe Fourth Assesment Report whih predits a global temperature rise ofa ouple of degrees before the year 2100 [IPCC, 2007℄. This risk has to betaken seriously, and therefore thousands of sientists around the world areright now �guring out ways to stop or derease this global warming. In orderto derease the warming, we have to understand the past so that we knowwhat the soures of limate hange are.This is exatly why studying ie ores is of suh great interest. Thisvery pure, old, hard ie hides a great deal of information about the pastlimate. So where and how do we obtain this ie? On the ie overed island ofGreenland several deep drillings of ie ores have been made during the lastseveral deades. The �rst ie ore from Greenland was the Camp Centuryie ore drilled by the Amerians, and it was the �rst ie ore projet todrill all the way through the inland ie. The drilling ended in 1966. Afterthis, other ores were drilled. In Figure 1 the drill sites on Greenland areshown, and at this moment a new ie ore drilling in Greenland has started.This is the North Greenland Eemian Ie Drilling (NEEM). The ie orefrom this drilling hopefully aries ompletely new information. The drillingis supposed to reah bedrok in 2010/2011 and ontains ie from the lastinterglaial, the Eemian, period. In Figure 2 the δ18O (see setion 2.1)reord from the NGRIP ore is shown on a depth sale (top) and on anage sale (bottom). δ18O is a temperature proxy used in ie ore researh.The �gure gives an overview of the present interglaial, the Holoene, thelast glaial period, and the previous interglaial, the Eemian period. Thetransition from glaial to interglaial, whih inluded �rst a small warmingperiod alled Bølling-Allerød and next a small old period alled YoungerDryas, is shown.For my study I am using ie from the North Greenland Ie Sheet Projet(NGRIP) ore as the NEEM ie drilling has not yet �nished. The NGRIPore, whih also ontains ie from the last interglaial, is unfortunately af-feted by bottom melting. This means that the ie near bedrok is at thepressure melting point −2.4◦C, and this will a�et the annual layer thiknesstowards the bottom. The deepest layers will be thiker than with no bottom1



Figure 1: A map of Greenland with loation of drill sites. NGRIP is loated at75.12◦N 42.32◦W. Drilling fats are from [Centre for Ie and Climate, 2009℄.melting. The NEEM ie ore drilling is geographially loated on the basisof minimizing bottom melting.This thesis will try to show that we are able to observe interesting infor-mation about the limate all the way bak to the Eemian period despite thebottom melting. Ie from the Eemian period is loated in the very bottomof the Greenland ie sheet at the NGRIP site.2



Figure 2: Reord of the δ18O limate proxy. Top panel shows δ18O on a depthsale, and the bottom panel shows δ18O on an age sale. The warm periods,Holoene and Eem, are indiated with a light red olor, and the transition fromthe last glaial period to the Holoene period is indiated with a green olor.The transition inluded the warm period, Bølling-Allerød, and the old period,Younger Dryas.So what is hiding in the ie ores that make them so interesting to study?�Impurities� is the answer. The main purpose of impurity analysis is toobtain information on hanges in atmospheri transportation and hemistry,to disover the soures and sinks of the impurities, and to analyse whatdepositional e�ets exist. This is all resolved from an impurity analysis, andwith a high temporal resolution, information on hanges of the atmospheriaerosol load over the last several hundred thousands of years an be obtained.The method to obtain detailed reords of impurities is alled ContinuousFlow Analysis (CFA) whih I will desribe in further detail at the end of thissetion. I have used a ompletely new CFA setup, loated in Copenhagen,for my thesis results. This setup, the CIC1 setup, is in part a opy of thesetup used at University of Bern, KUP2 setup (desribed in Kaufmann etal. [Kaufmann, 2008℄), but the CIC setup does not measure as many om-ponents as the KUP setup whih means that our temporal resolution an bemuh higher beause a smaller amount of sample water is required.Why do we want a higher temporal resolution? The important result,when measuring impurities, is that these impurities often exhibit seasonal1Centre for Ie and Climate.2Klima- und Umweltphysik 3



variations whih means that we are able to identify the annual layers in theie where they still exist. The annual layering of impurities are sometimesa�eted by for instane bottom melting, di�usivity proesses, and bottomtopography whih an result in a disturbane of the ie. If the time res-olution is high enough, entimeter thin annual layers an be observed andaording to the ss09sea, whih is a modelling of annual layer thiknesses[Johnsen, 2001℄, the annual layer thikness of the Eemian ie in the NGRIPie ore is approximately 1.47cm. Measuring hemial impurities in theEemian ie has not been done on Greenlandi ie ores before this study butwill also be done with the NEEM ie ore drilling. Identifying annual layersare important in the dating of ie ores.Another purpose with this thesis, besides deteting annual layers, is tostudy the onentration levels of the impurities. These levels will hopefullytell us something about the past limate whih an be ompared to thepresent limate and perhaps give us an idea of the future limate. The lastinterglaial was about 5 degrees warmer than the Holoene in Greenland,and with the IPCC predited temperature rise then the future limate mightresemble this.1.1 Continuous Flow AnalysisA ontinuous �ow analysis is done by plaing a longitudinal setion of an ieore on top of a melting devie loated inside a freezer. The ie is then meltedontinuously while the inner and outer part of the ie setion is separatedin order to avoid ontamination. It is important only to remove what isneessary of the outer parts in order to have enough sample water to domeasurements on. This sample water ontains impurities and air bubblesaptured in the ie, and although the air bubbles arry a lot of informationabout the gases in the past atmosphere they are a waste part in our setupright now. With the CIC setup, four omponents are measured. Theseare ammonium, NH+
4 , sodium, Na+, insoluble dust, and the eletrolytialmeltwater ondutivity (from here on ondutivity). If more omponents areadded to the setup, the temporal resolution will derease. A piture of theCFA setup in Copenhagen, where the freezer with the ie setion is loatedleft of the piture, is shown in Figure 3.After measuring the ie setion, a proessing of the data is done. Aalibration of eah omponent, exept ondutivity, is required, and artifatsin the ie ore or problems during the runs have to be removed. When this isall done, the results are ready to be analyzed. Ie from the Holoene periodand the Early glaial and Eemian period is measured. These setions are then4



used for dating purposes where the Holoene CFA pro�les will be omparedto the GICC05 time sale (desribed in setion 2.1), and the Eemian�Earlyglaial CFA pro�les will be ompared to the ss09sea model (also desribedin setion 2.1). For part of this, a fourier transform, whih an identify theannual layer peak and give an estimate of the resolution of the setup, will beused. A omparison, espeially with regard to onentration levels of the twosetions, Holoene and Eemian�Early glaial, will also be presented. Whenanalyzing the results, omparisons with other data will be used as well.

Figure 3: A piture of the setup. The freezer is loated left of the piture, thestandards in the bottom left, the peristalti pumps and analysis instruments inthe middle, and the omputer in the right side of the piture.OutlineSetion 2: In setion 2, I will go through the basi knowledge of ie oreanalysis required for my study.Setion 3: In setion 3, I will desribe from where my ie samples are taken.Setion 4: In setion 4, I will desribe the CIC CFA setup in further detailinluding a look into the resolution of the setup.Setion 5: In setion 5, I will present my results obtained with the CICCFA setup.Setion 6: In setion 6, I will give a disussion of my results and omparisonswith other data.Setion 7: In setion 7, I will presents my onlusions of the study.5



2 Ie ore analysis2.1 Seasonal variations and limate reordsWhen snow falls year after year on top of the Greenland ie sheet, the layersare gradually ompressed by the weight of the overlying layers, and this pro-dues annual layers down through the ie sheet. As the snow is transformedinto ie and moves downward and to the sides, the annual layer thiknessdereases so at the bottom, a high resolution analysis is required to observeannual layers. See Figure 4. A hronologial order of annual layers downthrough the ie ap is produed as seen in Figure 5. If bottom melting o-urs, the annual layers will not be as thin, but the oldest ones will meltaway.When we analyse ie ores from Greenland, we observe seasonal variationin di�erent parameters for instane in the δ18O limate proxy value but alsoin the hemial impurities. These parameters an be used for ounting theannual layers and hene give a quite aurate dating of the ie ore.Stable isotope methodWhen dating the ie ores, di�erent parameters and methods are used. The
δ18O value is a orner stone in dating proesses of ie ores.The oean water onsists mainly of H16

2 O but also isotopes, H17
2 O and

H18
2 O are present. Due to small di�erenes in the vapour pressure of thedi�erent water isotopes, the heavier isotope H18

2 O will have a slightly hardertime evaporating than the lighter isotope H16
2 O, as well as the heavier iso-tope will ondense slightly easier than the lighter isotope. This will therefore

Figure 4: A sketh of a box of ie moving downwards through the ie sheet. Attime, t, the box has ertain dimensions, and at time, t + ∆t, the box has been�attened and elongated due to the weight of the overlying layers.6



Figure 5: A sketh of the movement of ie in an ie sheet. Flow lines areindiated and goes down and outwards towards the edges. I indiates the iedivide where a hronologial order of annual layers an be obtained, and whenstanding at C, vx indiates the horizontal veloity of the ie �ow.result in a di�erene in the fration of the 18O isotope onentration to the
16O isotope onentration in evaporation and preipitation proesses. Thismeans that when an air mass ools and ondenses to form preipitation, theremaining water vapour will be inreasingly depleted in the 18O isotope. Asthe amount of preipitation from an air mass, sine its last water uptake,depends on the temperature gradient from soure area to the plae of depo-sition, and that the temperature over ie varies muh more than over sea,the frationation of the two isotopes will depend on the temperature overthe ie. The fration between the onentration of 18O and 16O is given bythe δ18O value in an ie sample:

δ18O =

( [18O]
[16O]sample

−
[18O]
[16O]V SMOW

[18O]
[16O]V SMOW

)

· 1000 o/oo (1)where VSMOW is the Vienna Standard Mean Oean Water whih has aknown isotopi omposition. Due to the de�nition, and that glaier ieontains less 18O than VSMOW, the δ18O value is always negative. Themore negative, the older the limate is.As the δ18O value is higher, i.e. less negative, during the summer thanduring the winter, it is possible to identify the annual layers from for instanethe summer peaks. It will only be possible, though, to detet these annuallayers down to a ertain depth beause they get too thinned out whih makesit di�ult to distinguish the winter signal from the summer signal. The δ18Ovalue is related to temperature [Dansgaard et al. 1969℄ and therefore gives a7



good piture of the limate bak in time even though it will not resolve theannual layers.Di�erent methods are used for measuring δ18O. One method is using amass spetrometer whih de�et the moleules more or less depending onthe mass of the moleule. Another measurement is using a laser spetropho-tometer where the absorbane of the laser light is measured. This absorbanedepends on the properties of the moleules.An overview of impurities measured in ie oresBesides the δ18O value, other limate parameters are measured in ie ores.Air bubbles trapped in the ie allow analyses of atmospheri onentrations oftrae gasses. Besides gases, dust an be trapped in the ie. Large amounts ofdust an ome from volanoes in form of ash. Some volani ash layers are sopronouned that they an be seen in ie ores all over the world. These layersserve as referene layers and an be used in the important synhronization ofie ore reords. Analyses of impurities suh as ammonium, sodium, nitrate,and sulphate give information of soure areas and transport routes of theatmospheri irulation in the past.All in all we get proxies for, among others, temperature, preipitation,and we get the hemistry and gas omposition of the lower atmosphere, andwe will be able to identify volani eruptions and forest �res.When hoosing the omponents that was to be measured with the CICCFA setup, it was important to have one typial marine omponent, a typ-ial dust omponent, and a biologial omponent. The marine omponentwas sodium whih is a fall-winter and winter-spring signal due to intensi�-ation of the atmospheri irulation in these seasons. The dust omponentwas insoluble dust. Calium ould have been an alternative for dust, butthis omponent is measured by an absorption method whih is muh moreompliated than measuring with an Abakus instrument (see setion 4.1).The mineral dust peaks during spring as desert storms are more ommonat this season. The biologial omponent was ammonium whih is mainlyan indiation of biomass burning events that are more ommon during sum-mer. Finally a omponent as ondutivity was hosen. This omponents isalso observed with an easy measurement tehnique whih is important forretaining a high resolution of the signal. The ondutivity measures a bulksignal of all ioni onstituents, both positive and negative. During warmperiods the ondutivity does not exhibit pronouned seasonal variation asthe other hemial omponents and mineral dust, as it is a measure of thedi�erent hemial impurities in the ie that peaks at di�erent seasons. In8



old periods, like the glaial, though, the di�erent impurities tend to peakat the same time, and therefore will ondutivity also have an annual peak[Rasmussen, 2006℄.CFA pro�lesChemial impurity data is gathered in CFA pro�les. The KUP system hasbeen used to measure the NGRIP ore, but until now, no Eemian ie hasbeen measured3. The Eemian ie requires a very high temporal resolution,sine the annual layer thikness in this depth is around 1.47cm aording tothe ss09sea model whih will be desribed in the end of this setion.Previous results are important when dealing with a new setup sine thesean be used to hek my results from the CIC setup. If my data ompareswell with earlier results, it gives me an idea of whether I an trust whatI measure in the ie from the Eemian period. As this period has not beenmeasured with CFA before, we do not know what to expet regarding annuallayer thiknesses, and whether the impurities in question still exhibit goodseasonal variation.In Figure 6 the results of ammonium, sodium, insoluble dust and on-dutivity from the KUP setup are shown. The KUP pro�les are shown in
5mm resolution and ontain data from approximately 1404m to 2930m depth(data is provisional and unpublished). The 5mm resolution means that itwill not resolve annual layers from the deep ie very well.The ammonium reord is seen to be espeially good when ounting an-nuals. This omponent has been used for dating in the GICC05 time sale(desribed in the end of this setion) with support of other omponents.When ounting annuals, a fully trustable year ounts as 1, and an uner-tain year is ounted as 1

2 ±
1
2 . In the end, the years and unertainties aresummed up [Andersen, 2006℄. Figure 7 shows an example of the seasonalvariation of the di�erent omponents during 1m of Holoene ie. Peaks inammonium are marked with grey vertial bars. It is seen that sodium peaksare in between the ammonium peaks, and dust peaks are right before (on atime sale) ammonium peaks indiating a spring signal.3From approximately 1404m to 2930m one CFA setup was used, but this setup wentmissing during a shipment from Antartia, and a new is therefore built in Bern. Thissetup has measured impurities from 1394m to 1403m [Kaufmann, 2008℄.
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Figure 6: NGRIP CFA pro�le from depths 1404m to 2930m measured on theKUP CFA setup. Climate variations in the four omponents are seen as forinstane very high dust and sodium values and low ammonium values during theglaial. Data is provisional and unpublished.
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Figure 7: 1 meter of NGRIP CFA pro�le from depth 1405m to 1406m. Datais provisional and unpublished. Grey vertial bars indiate peaks in ammonium.The seasonality of the other omponents is seen. Sodium peaks are in betweenthe grey bars, and dust is mainly right before, indiating a spring signal.10



Time sales used in ie ore researhTime sales are important in ie ore researh beause dating the Greenlandie ores will provide a paleolimati arhive in whih the absolute datingan be performed ontinuously by ounting annual layers from present dayand into the glaial period. Di�erent ountings of Greenlandi ie ores aremathed together into the Greenland Ie Core Chronology 2005 (GICC05)whih dates the ores bak to approximately 60ka b2k4 [Svensson, 2008℄ witha maximum ounting error of approximately 4% in warm interstadials to 7%in old stadials [Andersen, 2006℄. When annual layer ounting is not possi-ble, modelling of the limate an be used as for instane with the ss09seamodel. Below is a short desription of the GICC05 and ss09sea time sales.
• GICC05: In 2005 a multiparameter ounting of annual layers was de-veloped for the last 42ka and later extended to 60ka. The time sale isbased on di�erent types of measurement on ie ores from DYE-3, GRIPand NGRIP. It is important to have several independent datings of the ieores to avoid the risk of missing annual layers. Comparisons with other timesales are made, for instane with the ss09sea model. The two time salesgenerally ompares well, but the GICC05 suggests that the model underes-timates the duration of ertain intervals, but also that this is ompensatedfor in other parts of the model. Figure 8 gives an overview of whih analysistehniques that have been used at whih depths when onstruting the timesale.

• ss09sea: ss09sea is a modelled time sale. It was initially onstrutedfor the GRIP ie ore and was later applied to the NGRIP ie ore. Thistime sale is onstrained by two �xed points; the Younger Dryas/Holoenetransition at 11.554yr b2k and the transition at 110ka b2k ouring in GS-255. ss09sea is a modelling of the thinning of annual layers with the use ofan aumulation model based on sea-orreted measured δ18O values. TheGICC05 and ss09sea time sales show good agreement overall although thess09sea from Last Glaial Maximum (LGM) and bak to 42ka b2k showsthinner annual layers than GICC05. This indiates that the model tuningparameters may need some adjustments [Svensson, 2006℄. Figure 9 shows aomparison of the two time sales bak to 42ka b2k. Figure 10 shows thefull pro�le of annual layer thiknesses modelled down to the bottom of the4before the year 20005GS-25 is a old period during the last glaial. See Appendix A11



Figure 8: An overview of the data series used for the di�erent parts of the GRIPand NGRIP ie ores in order to onstrut the GICC05 time sale. VS=VisualStratigraphy, ECM=Eletrial Condutivity Method. [Rasmussen, 2006℄ � mod-i�ed.NGRIP ie ore. Figure 10 also shows the δ18O values and a setion of δ18Oand annual layer thikness values from the Eemian and Early glaial.2.2 Soures and transport routesAn overview of the soures, variations, and orrelations of the hemial im-purities, dust and ondutivity in and of the ie ores, that are of interestfor this thesis, are given in this setion.AmmoniumAmmonium, NH+
4 , originates from biomass burning, anthropogeni emis-sions as for instane exreta and fertilizer losses, and soil and vegetation.The variations depend on hanges in transport routes, deposition meha-nisms, and furthermore hanges in the soure regions and soure strengths[Fuhrer, 1996℄. Ammonia, NH3, is emitted into the atmosphere for instaneduring biomass burning events. It is responsible for part of the neutraliza-tion of the atmospheri aidity. Ammonium salts (mainly sulphates) are theprinipal omponent of the submirometer fration of atmospheri aerosols,and ammonium is therefore responsible for a degradation of atmospheri12



Figure 9: Comparison of annual layer thiknesses between the ss09sea andGICC05 time sales. The two time sales show overall good agreement despitethinner ss09sea annual layers from LGM and bak to 42ka. [Svensson, 2006℄

Figure 10: Left panel shows the full pro�le of ss09sea annual layer thiknesses,
λ, in meters together with the δ18O values. Right panel shows a segment of themodel ontaining my Eemian and Early glaial periods. The Eemian period andDansgaard-Oeshger event DO-25 are indiated.13



visibility [Genfa, 1989℄.The ammonia moleule ats as a weak base and reats in the atmosphereto form ammonium sulphates. The ammonium ion is then reorded in theanalysis of ie ores. There has been reorded no overall anthropogeniinrease in ammonium over the last 300 years, but the spring onentrationshas doubled sine 1950 whih ould indiate the e�et of industrialization[Fuhrer, 1996℄. Before the industrialization, biomass burning events were amajor soure of ammonium in ie ores. This soure aounts for about 10to 40 perent of the ammonium onentration found in Greenland ie oresduring the Holoene [Fuhrer, 1996℄. There has been reorded no orrelationbetween the area burned in North Ameria and the summer onentrationsover the last 100 years. North Ameria is onsidered the main soure areaof the ammonium onentration found in Greenland ie ores due to thewestern atmospheri irulation pattern.The ammonium, whih omes from natural soures suh as vegetationand soils, is seen as a bakground signal in the ie ores. The ammoniumreord shows very low values during the winter. The bakground signalhas also been dereasing during the Holoene. This suggests that the tem-peratures has gone down beause suh a trend will ause a lower ammoniaemission. Variations in �ux (onentration times aumulation) gives a hintof in whih diretions possible hanges in form of deposition and transportroutes in atmospheri irulation our.SodiumSodium in ie ores derives mainly from sea-salt. Sea-salt as an atmospheriaerosol load has an ative role in the Earth's limate system. It an be usedto reonstrut the limate onditions in the soure regions as well as thelarge-sale atmospheri transport patterns. The sea-salt load depends onyloni ativity and wind speeds. High wind speeds produe an e�ientsea-salt aerosol formation as well as e�ient transportation [Fisher, 2007℄.Sea-salt is deposited both by dry and wet depostion. The amount ofsodium from wet deposition is proportional to the snow aumulation, butthe amount of sodium from dry deposition is not alulated as straight for-wardly. The sea-salt derives both from open oean dispersion and fromsea-ie, and the in�uene of one derivation ompared to another is still anopen question. The dispersion of seawater over the open oean depends onthe wind speed. The amount of sea-salt therefore depends on yloni a-tivity espeially along polar fronts in both hemispheres. We still need morestudies on the sea-salt soures to answer the question of how muh in�uene14



Figure 11: The hemial dust omponent Ca2+, and the sea-salt omponent
Na+ over the last glaial yle as reorded in the GISP 2 ie ore. Also markedare the Preboreal (PB) period and the Last Glaial Maximum (LGM) as wellas rapid limate events suh as the Younger Dryas (YD), the Bølling/AllerødOsillation (BA), and the Dansgaard-Oeshger events 1-22. Dashed-dotted linesindiate Holoene levels ([Fisher, 2007℄ Figure 2).the sea-salt emmision from sea-ie has [Fisher, 2007℄.During the glaial periods the load of sea-salt as well as mineral dust andalium is muh larger than in the interglaial periods (See Figure 11). Thisis a result of stronger soures, more e�ient transport, and/or less depositionen route.As the sodium omponent in ie ores mainly derives from sea-salt (NaCl),we have a positive orrelation between sodium and hloride sine they bothhave a ommon marine soure. As the ratio between sodium and hloride hasbeen observed to be around the same ratio for these omponents in sea-water,we an onlude that the main soure must be sea-sprays [Busenberg, 1979℄.15



Higher values may be due to rustal addition from oastal Greenland anddust from Asia in winter. The sodium onentration usually has fall-winterand winter-spring highs aused by the intensi�ation of atmospheri iru-lation during these seasons. Oasional summer highs in the sodium on-entration ould be explained by melting of sea ie during summer whihinreases the open oean areas.A study of the sodium/hloride ratio of old preindustrial ie and newie shows that the geohemial yle of Na+ and Cl− has not been a�etedvery muh by industrialization. The old ie had a ratio of 2.2 and the newa ratio of 2.1, ompared to seawater with a ratio of 1.8 (hloride to sodium)[Busenberg, 1979℄.Mineral dustDust (windblown mineral aerosols) is the most abundant primary aerosolin the atmosphere apart from sea-salt. It enhanes marine bioprodutivity[Ruth, 2008℄, and to understand the past limate, it is neessary to have anaurate quantitative reonstrution of the past atmospheri dust loads andthe aeolian6 dust �uxes. The dust ompound is also important in formationand development of soil in remote land areas. The most ommon proxyfor dust is to measure the insoluble partile onentration but sometimesalso the onentration of alium ions is used. When measuring the dustompound, it is often not spei�ed whih proxy is used, and we do not knowhow they quantatively relate to eah other[Ruth, 2008℄.There is usually a very big di�erene between the dust loads during oldperiods and warm periods. When it is old, it is often very windy and dry.This brings a lot of dust to the ie ore sites, and therefore we often seethat the di�erent limati periods di�er in dust onentration by a fator of
∼100 although this fator di�ers by a fator of 2 depending on the methodsused for analyzing [Ruth, 2008℄. Dust is a loal fator and an hene vary alot from ie ore to ie ore whereas the gaseous impurity speies are mixedglobally and will often be similar from ore to ore.The volume distribution of the dust partiles also vary between warmand old periods. Aording to Ruth et al. [Ruth, 2003℄, a single lognormaldistribution an desribe the bulk of the partile volume. The modal diam-eter or �mode�, µ, desribes the dominating diameter of the partiles, andit varies systematially with δ18O. During warm periods, like the Preborealperiod, µ = 1.3µm, and during old periods, like at LGM, µ = 1.7µm (see6Wind driven. 16



Figure 12: Pro�les of miropartile onentration, CN , and lognormal size dis-tribution parameters, µ (diameter) and σ (standard deviation). CN is based onpartiles larger than 1µm in diameter. Gaps arise from missing data or from datathat did not allow for a proper lognormal �t. Preb=Preboreal, YD=YoungerDryas, B/A=Bølling-Allerød, LGM=Last glaial Maximum. Numbers refer toDO events. The data from the bottom two panels was trunated at the dashedline. [Ruth, 2008℄Figure 12); that is during old periods, the dust partiles are a lot oarserthan during warm periods due to a di�erene in the long range atmospheritransport time. Coarser partiles will be more ommon on shorter transportroutes beause they will not be depleted en route.CondutivityCondutivity is a bulk signal of all ioni onstituents. Large sulphate peaks� due to volani eruptions and non-eruptive volanoes � often show up inthe ondutivity signal sine the volanoes emit SO2 to the atmosphere whihthen reats to form H2SO4. As alium is a soluble dust ion, the ondutivitymeasurement will also detet this ion and will therefore sometimes resemblethe dust signal. Besides these ions, a big part of the ondutivity signalomes from biogeni ativity and organi material.17



Figure 13: A sketh of the utting plan for the NGRIP ie ore. 1: Physialproperties, 2: Gas measurement, 3: CFA, 4: Stable isotope measurement, 5:Shipped to Copenhagen.2.3 Other measurements in ie ore analysisWhen an ie ore is drilled, it is divided into 5 di�erent setions, and eahsetion is used in a spei� analysis. On the NGRIP site, the ore was dividedinto two halfs where one half is shipped to a storage freezer in Copenhagen.Figure 13 shows the division of the ie ore. Setion 1 is used for measuringphysial properties of the ie; for instane when mapping the rystal stru-ture. The part onsisting of setion 2, 3, and 4 is used for Visual Statigraphy(VS) before separating these setions from eah other. Setion 2 is used forgas measurements and setion 3 is then used for CFA measurements. Finallysetion 4 is used in stable isotope measurements. Before setion 5 is shippedto Copenhagen, it is used for Eletrial Condutivity Measurement (ECM).Below I have shortly desribed three of the analyses, eah of whih I will usepreviously obtained results to ompare with in my further study.Gas measurementsBy melting or rushing the ie, the past atmospheri air an be releasedand measured. This air will have a di�erent age than the surrounding ie.When snow falls on an ie sheet it is at �rst very porous, and as more snowfalls on top, it gets more and more ompressed. In the top of the ie sheet(approximately down to 80-100 meters) the snow is alled �rn. The air inthis setion is not yet losed o� from the surrounding atmosphere over theie sheet. Therefore there an be an exhange of the air in the snow or �rnuntil the so-alled pore lose o�. Below this point the air is trapped in theie and stays there. This proess makes the air trapped in the ie youngerthan the surrounding ie, and this of ourse has to be taken into aount18



Figure 14: A sketh of the proess of snow moving down an ie sheet olumnwhile transforming to ie. Air above the pore lose o�, around 80m − 100m,still exhanges with the air above the ie sheet, but below this pore lose o�,the air is trapped. [Shwander, 1996℄when dating trae gases in the ie. Figure 14 shows the phenomenon. Thedi�erene in age is alled the ∆age.The fat that the gases are younger than the surrounding ie an be usedwhen studying the old ie where proesses like folding or other disturbane ofthe layers an our. If these proesses are present, there would be a physialhange in the ie whih would result in a simultaneously immediate hangein the ie and the gas. If it is a limate shift, the shift in the gas reord willbe loated further down in the ie than the shift in the ie reord; around7 meters in the Greenland ores [NGRIP members, 2004℄. When lookingat transitions in the old ie, we have to see the same transition in the gasesafter a time omparable to the ∆age value, or else this transition ould be anindiation of ie mixing or folding of the layers aused by bottom topographyor disturbing ie �ow for instane. Measurements of the NGRIP ie oresuggest that this is not the ase [NGRIP members, 2004℄, and therefore wean onlude that no folding has oured in the Eemian-Early glaial setionsI am measuring.
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Figure 15: Example of line san images from various depths. In order to visualizethe stratigraphy the ontrast of the images is enhaned. (a) Holoene ie, (b)ie from Younger Dryas, () old glaial ie, (d) ie from around LGM, (e) iefrom the sharp limati transition into the mild glaial interstadial 19 (IS19), (f)ie from the old period preeding IS19, (g) mirofolding around 2600m, (h) iefrom around 2900m, horizontal layering is blurring out, (i) ie from the Eemianperiod, visible grain boundaries of large rystals. ([Svensson, 2005℄ Figure 2)Visual StratigraphyA so-alled line sanner is used on a polished setion of ie in order to reordthe visible layering whih is espeially pronouned in the dirty, glaial ie. Ian use these reords when hoosing whih setions of Eemian ie to measurebeause a piture of breaks in the ie ore is obtained, and I would like toavoid suh breaks. Towards the bottom, the ie is very warm, nearly atthe pressure melting point due to geothermal heat. When the ie is warm,rystals have a tendeny to grow larger whih will in�uene the VS pro�les ofthese setions. Figure 15 shows the line san pitures from di�erent setionsof the NGRIP ie ore. I have measured ie from just around setions (a)and (i).
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Figure 16: A shemati drawing of the ECM measurement. The two eletrodesare simply drawn along the surfae and an hene result in small depth di�ereneswhen omparing the ECM reord to other reords.Eletrial Condutivity MethodBefore setion 5 is shipped o� to Denmark, it is leaned with a mirotomeknife and used for eletrial ondutivity measurements. A mirotome knifeis a very sharp knife that peels thin layers of the ie. It is also used forleaning the surfae before linesan measurements. The ECM measurementan be done straight away after the drilling sine it only onsists of two ele-trodes drawn along a plain surfae of the ie ore measuring the ondutivityof the ie. The result is a measure of the aidity of the ie sine it is mainly
H+ ions that an move freely on the ie surfae. The ECM reord will revealpast volani eruptions beause these eruptions emit large amounts of SO2,whih in the atmosphere is turned into sulphuri aid, H2SO4, that showsup in the ECM reord.Figure 16 shows a shemati drawing of the method used. Unfortunatelywith this type of method, there an be some unertainty in the depth sale(pers. omm. Svensson, 2009).
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3 SamplesI have measured ie ore samples from four depth intervals in the NGRIP ieore. The ie is stored in the freezer at the Rokefeller Institute at −25◦Cfor further investigation. 11m of Holoene ie is measured. I have hosenbags in the interval 2507 to 2526 whih orrespond to a depth interval from
1378.3m to 1389.3m (Interval 1A). Aording to the GICC05 time sale thisdepth setion is from the ages 9.920 to 10.060 years b2k., whih is just around1.500 years after the onset of the Preboreal period7. This onset is dated to11.554 b2k [Svensson, 2006℄.
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Figure 17: A setion of δ18O and annual layer thikness (ss09sea). My threeEemian and Early glaial intervals are indiated as 1B, 2B, and 3B.From the Eemian�Early glaial period I have measured three intervals of
2.2m length eah. One setion is from the DO-25 event [NGRIP members, 2004℄(see Appendix A) and is from the depths 2995.30m−2997.5m (Interval 1B),one is from around the transition from interglaial to glaial and is from7Preboreal � the period just after Younger Dryas, YD.22



Figure 18: NGRIP δ18O reord inluding my sample intervals indiated as 1A,1B, 2B, and 3B. Last Glaial Maximum is indiated as well.the depths 3039.85m − 3042.05m (Interval 2B), and the last one is from theEemian interglaial, and is from depths 3069.00m− 3071.20m (Interval 3B).The loations of the three Eemian�Early glaial intervals are marked on theplot of δ18O in Figure 17. All four intervals, that I have measured ie from,are indiated on the δ18O pro�le in Figure 18. The samples are hosen withan eye on the line san images in order to avoid breaks and other artifatsin the ie.
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4 SetupA shemati overview of the CIC setup is shown in Figure 19. The freezerwith the ie sample is shown in the left side of the diagram. Below thesample, is a ube of ie made from puri�ed water alled mQ8 and on topwe use one more (not shown on the �gure) just under the weight (arriage).The ie is kept in plae by the sample holder. Attahed to the weight on topis an optial enoder wire.From the freezer, the ie sample is melted and �ows through a tube out-side the freezer and is lead through an LED bubble detetor. This detetorould be used for automatially shifting between ie sample and blank waterwhen there is no more ie, or if the ie gets stuk whih will be implementedin the setup at another time. Afterwards the sample is lead through the inje-tion valve. This valve hooses between the ie sample or the blank/standard.From here the sample goes through a debubbler that leads all the gas en-losed in the ie slip out9. After the debubbler the sample is heked forbubbles again in another bubble detetor. The sample now enters a dis-tributer where it is distributed into four lines. One line goes to the partiledetetor and another one to the ondutivity meter. The sample is sukedthrough these two instruments sine the peristalti pump is loated after-wards. The two other lines go through the pump and are mixed with theirrespetive reagents and bu�ers before they enter their measuring units. Alldata is then olleted by a omputer.The CIC setup is slightly di�erent from the KUP setup. It has a di�erentmelting devie, the pump is loated after the valves, we have a di�erentmelting speed, and the debubbler is onstruted in a di�erent way.4.1 Desription of the instruments usedMelting devieThe melting devie is a unit with an outer dimension of 34mm×34mm. Theie, whih is approximately 55cm long, is plaed vertially on top of themelting devie where a melting head is loated. The melting head is heatedup to about 40 degrees Celsius ontrolled by a monitor outside of the freezer.The melting head is divided into two setions; an outer one and an inner8�mQwater� or �blank water� onsists of puri�ed water. It is leaned in suh a way, thatfor instane the total organi arbon, TOC, is under 4ppb, and the amount of minerals islow. This is ensured so that the blank water has onentration values of the omponents,that I measure, lose to zero.9This gas ould be olleted and investigated for atmospheri gas omposition.24



Figure 19: Shemati overview of the setup. The melting devie is loated in afreezer in the left part of the diagram, and the analysis units are loated in themiddle and right part. Sketh by M. Bigler - modi�ed.one. The system suks the inner setion of the melted ie into the samplesystem via the drain hannels, and the outer part is waste (see Figure 20).To ensure that no ontamination from the outer parts takes plae, a smallover�ow from the inner part towards the outer part is enabled by pumpinga little less water than what the melted ie produes. The dimension of theinner part is 26mm×26mm.The temperature of the melting head is kept onstant and together witha small weight on top of the ie it ensures that the melting speed is onstant;towards the end where the weight of the ie itself dereases, we usually hadto turn the temperature up to keep the desired melting speed. An opti-al enoder onneted to the weight on top of the ie sample keeps trakof the melting speed. For my measurements, I want a melting speed ofapproximately 1.5 cm
min

whih produes a higher resolution than earlier mea-surements with CFA. The problem is to reah the �ne line between highresolution ahieved by a slow �ow rate and enough sample water to injetinto the instruments. The latter de�nes the lower limit for the melting speed.
25



Figure 20: The melting devie seen from above and through a ross setion.It is seen how the inner and outer parts of the ie ore are separated to avoidontamination.EnoderThe enoder is a wire attahed on a weight on top of the ie. When theie melts, the wire moves down with it, and in the other end of the wirethe movement is reorded by an optial enoder. This enoder measures themovement in ounts per seond and 25 ounts orrespond to 1mm. Withthe use of this optial enoder, it is possible to aurately link the measuredimpurity onentrations to the orresponding depths.From the di�erential ounts (ounts per seond), the melting rate anbe found and with information on the start depth of the ie segment, thedepth sale an be alulated. The start depth an be alulated from thebag number sine every bag is 0.55m long when no artifats are present.Some of the ends of the ie ores are ut o� whih of ourse is taken intoaount. Sometimes there are breaks in the middle of the ie ore and toavoid ontamination from drilling liquid or anything else, these breaks areut out and then put bak in during the data proessing as NaNs10.Unfortunately the enoder �jumps� sometimes. It is most likely an errorin the software when overload ours, but it ould also be a real jump in thewire. Either way, it ruins data and it needs to be adjusted for in the dataproessing. This will also have an e�et on the auray of the depth salebeause sometimes the jumps are very small and hene will not be found in10Not a Number; whih means that no value is assigned.26



the proessing. In theory the depth sale should be preise down to 1
25mm.Fluoresense spetrosopyThe ammonium omponent is deteted using a reagent alled o-phthaldialdehyde� OPA. A bu�er is added, separately from the reagent, to the sample waterin order to improve sensitivity. The hemial reation is aelerated whenthe sample water is heated up for whih we use a 85◦C warm water bath.When this heating happens, the detetion sensitivity is further inreased.Afterwards the sample is ooled again. This ensures that emerging bubbles,due to the heating in the water bath, are dissolved. Still existing tiny bubblesare afterwards removed with an Aurel whih is a small piee of mirop-orous membrane. This piee lets air slip out due to a small overpressure andlets the sample water pass on.In the �uorimetri detetion, the photosensor modules are mounted or-thogonally to an LED light soure. A mirrored miro �ow ell is mounted inthe light path for enhaning exitation and emission. In �uoresense spe-trosopy a beam of light exites a moleule by absorbane of a photon. Themoleule will now be in a new, unstable energy state. The extra energy anbe released as heat prodution by vibrations of the moleule or as radiationbeause the eletron deays to ground state. This will happen by emissionof a photon. The emitted light will have a lower energy (or same) and henea longer wave length than the exitation light. (See Figure 21 for a skethof the energy levels). Only the emitted light will be reorded. For this anemission �lter is used. In my ase the intensity of the emitted light will tellme about the onentration of the substane. The higher onentration, themore photons will be emitted and hene a higher intensity is measured.When alibrating the ammonium signal, I use a standard solution witha onentration of 30ppb. With suh low-level standards, extreme are isneeded. Freshly deionized water should be used and making sure the stan-dard is not exposed to ambient air is important. Also the standard shouldbe used right away. Espeially the ammonium standard an inrease inonentration just by standing around. The �uoresene alibration is easysine the onentration ats linearly with respet to intensity. The onlyadjustment required is to subtrat the baseline of the blank (Iblank) from themeasurement (I). Iblank is assumed to be at zero ammonium onentration.Then the onentration is simply alulated from how many ounts a givenonentration equals, (αf ), as in Equation 2:
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Figure 21: Fluoresense spetrosopy: A moleule is exited into a higher energystate by absorption of a photon, and when the moleule deays to ground state,a photon is emitted.
c =

I − Iblank

αf

(2)A standard alibration is made after every two bags.Absorption spetrosopyThe sodium omponent is deteted with an absorbane method. The sam-ple water is pumped through the system and at �rst mixed with a sodiumreagent. For mixing, oiled tubings are used. This initializes turbulent in-stead of laminar �ow whih then mixes the two individual �ows. After this,the sample water is pumped through a reation olumn (IMER - IMmobilizedEnzyme Reator). This olumn onsists of a living organism that enhanesthe sodium signal in the sample suh that it is more easily deteted.Afterwards a bu�er is added. This bu�er inreases the pH by adding a
17mM11 ammonia solution to the �ow. The bu�er is important for assuringthat the pH is nearly onstant whih keeps the enzyme alive.The determination of sodium is done by a photometri method whih isbased on the absorbane of o-nitrophenyl that is produed in a hydrolysis ofo-nitrophenyl-β-D-galatopyranoside (ONPG) atalysed by β-galatosidase[Röthlisberger, 2000℄. The enzyme ativity then depends on the sodiumonentration. Therefore the sodium onentration an be determined by11milliMolar. 28



Figure 22: A beam of light illuminates the sample water in order to reord theabsorption of light, whih gives information of the properties of the substane. lis the length of the �ow ell, that is illuminated, I0 is the intensity of the inidentlight, and I1 is the intensity of the transmitted light.monitoring the o-nitrophenol onentration. To ahieve maximum absorp-tion, we use an ammonia solution of 25% v/v12 whih results in a pH of 9[Röthlisberger, 2000℄. The durability of the IMER is approximately 2 yearsat 4◦C.Finally the sample is lead through a light path inside a �ow ell. The�ow ell has a length orresponding to the expeted onentrations, usually
10−40mm [Kaufmann, 2008℄. The instrument then observes the absorbaneof the light through the sample. The measurement depends on temperature,�ow rate, and other physial properties.The absorption of light an empirially be related to the properties of thematerial the light passes through. This law is alled the Beer-Lambert law.As my substane �ows through a ell and a beam of light shines through thematerial, a logarithmi dependene, between the transmission, T , and theprodut of the absorption oe�ient, α, of the material and the distane, ℓ,the light travels through the material, is observed.The absorption oe�ient an hene be expressed as a produt of theabsorptivity, ǫ, of the material and the onentration, c, of the absorbingelements in the material. For liquids we get:

T =
I1

I0
= 10−α ℓ = 10−εℓc (3)where I1 is the intensity of the light after it has passed through the liquid,and I0 is the intensity of the inident light. See Figure 22. The absorbane12volume to volume 29
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Figure 23: A plot of the alibration method for sodium. Top panel shows thethree standard onentrations and the orresponding absorption, A. Bottompanel shows the alibration oe�ients alulated from the �t of absorption asa funtion of onentration.is for liquids de�ned as:
A = − log10

(

I1

I0

) (4)When alibrating the signal the trend of the baseline is at �rst removed. Thisis de�ned by the interpolation of the blank level in the beginning and at theend. Next the so-alled alpha oe�ients are alulated. In Figure 23 theoe�ients are found by �tting the exponential relation between absorptionand onentration to the standard values. See Equation 5 [Kaufmann, 2008℄.
A(c) = α1(1 − exp−α2c) (5)Three known sodium dilutions are used in order to make the �t. From thealpha oe�ients I an then alibrate the intensity levels to a onentrationin ppb by Equation 7.

∆I =
I0

I1
(6)30



c =
ln(1 −

log10(∆I)
α1

)

−α2
(7)The sodium onentration ats almost linearly with respet to absorp-tion up to around 100ppb. Hereafter a slight urve is introdued whih istherefore taken into aount in Equation 7. During measurements a problemwith noise oured, and it seemed as if the sensitivity of the measurementwas bad. This ould be aused by the enzyme being too old, but lookinginto the Limit of Detetions, LODs, (see Setion 4.2) of the standard runsvalues around 2.7ppb are observed whih is onsidered aeptable omparedto earlier measurements of sodium in for instane Dome C. Here the Eemiandata has an LOD of 2.6ppb, and the overall data has an LOD of 3.6ppb (pers.omm. M. Bigler). This makes me believe that the olumn material is stillokay. This material onsists of an enzyme that with time will be less sensi-tive. Espeially ontat with water an a�et the enzyme, and this is quitedi�ult to avoid ompletely.During my Eemian measurements a �owytometer was implemented inthe system. This is done with the input of more lines and an extra peri-stalti pump, and my guess is that this would perhaps ause some sensitiv-ity hanges. I do not know how muh in�uene it would have, and if it isatually notieable in the sodium measurement.Abakus - a partile detetorThe measuring of dust is done with a partile detetor. The deteor uses alaser beam to determine the partile size. The sample water passes througha �ow ell with this beam, and the attenuation of the partiles are thenmeasured. This way the size of the partiles an be deteted. A alibrationof size is usually done by the use of a omparative measurement with aCoulter Counter13, but in my results this alibration was not done.A alibration of the dust results are neessary for omparison with otherdata. The Abakus produes results in particles

second
and I want particles

mL
. Thetransform is given by:

dust[part.
s

] · 60

x[ mL
min

]
, x=dust �ow (8)13A Coulter Counter uses miro hannels that separate two hambers ontaining ele-trolyte solutions. When a partile passes through, the resistane of the liquid �lling themiro hannels is hanged. This hange an be reorded as eletrial urrent whih thentells about the partile size. 31



where the dust �ow in my ase is 2.25 mL
min

.Condutivity instrumentThe ondutivity is measured by a ondutivity meter onneted to a miro�ow ell. A ondutivity meter uses a potentiometri method and is usuallyonstruted with four eletrodes. An alternating urrent is applied to theouter pair of eletrodes, and the potential between the inner eletrodes ismeasured.The de�nition of eletrial ondutivity is a substane's ability to on-dut an eletrial urrent. An eletrial urrent will form when a poten-tial di�erene is plaed aross a ondutor. Therefore the ondutivity isa measurement of the ioni onstituents in the ie inluding both positiveand negative ions ompared to the ECM whih predominantly measures theamount of H+.4.2 ResolutionTemporal resolutionAn important fator when analysing ie ores is to have a good temporalresolution. This resolution an be studied by looking at the response timesfor the di�erent omponents when ating on a standard measurement. InFigure 24 a omparison of the response of ammonium and ondutivity whensubjeted to an ammonium standard solution is shown.It is obvius that there is a di�erene in the resolution in this ase. Thetemporal resolution is de�ned as the time required for the signal of a stepfuntion to rise from 10% to 90% of the �nal height [Kaufmann, 2008℄. A stepfuntion is in my ase a swith from blank to the standard solution. From thetemporal resolution the depth resolution for the di�erent omponents an bealulated from the melting speed (in my ase approximately 1.5 cm
min

).I have in Figure 25 used a measurement of a multi-standard. The topplot just shows that the resolution does not depend on the onentration ofthe standard. The three lines indiate the di�erent time spans, the multi-standard was injeted during, and learly the resolution is almost the samesine the shapes of the peaks are the same. The middle plot shows the tem-poral resolution di�erene in ondutivity, ammonium, and sodium. Con-dutivity (green) is seen to have a very fast response to the standard.Finally the bottom plot shows the resolution di�erenes between the stan-dard put between two mQ ie ubes and then melted (s1) and the standardinjeted diretly via the master valve (s2). In this ase, I would expet a32



Figure 24: A omparison of the temporal response of a standard solution seenin ammonium and ondutivity. The vertial lines indiate 10 and 90% of theinrease of the total onentration level respetively. The di�erene in temporalresolution for the two omponents is easily seen. Both plots are shown on a 150seond interval.big di�erene in resolution due to the ie going through the melting deviewhere mixing of the �uids ours. But atually the di�erene is not so bigwhih leads me to think that it is not as important. Another part of thesystem, where mixing happens is, in the debubbler. The debubbler has arather big volume ompared to the tubings and other parts, and therefore Iimagine that a great deal of dispersion happens here.The three plots are all normalised to 1 for omparison of the resolutionsine the dispersion does not depend on the onentration used in the stan-dards. The shape and steepness of the peak tells me about the resolutionof the data [Rasmussen, 2005℄. A very steep urve with sharp edges is bestsine this means that the instrument quikly responses to the standard andquikly gets it out of the system again. The quiker the response, the morenarrow peaks an be observed when measuring real ie.An additional usage of this multi-standard is to determine the time spanbetweeen the di�erent instruments' response to a given sample. This will beused in the data proessing.Figure 26 shows a omparison of the KUP setup and the CIC setup inthe spatial spetrum14. We learly see a di�erene in the shape of the peakswhere the CIC resolution is better than the KUP resolution, but here we14Voltage and ounts are linearly dependent so no alibration is required33
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Figure 25: Top panel shows the temporal resolution for 1/3, 1/2, and 1 seond ofinjetion of an ammonium solution. Middle panel shows the response of NH+
4 ,
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Figure 26: Spatial resolution omparison of the KUP setup with a �ow rate of
4.0 cm

min
and the CIC setup with a �ow rate of 1.5 cm

min
. The CIC resolution is seen(from the shape of the peaks) to be higher than the KUP resolution, but mainlydue to the di�erent �ow rates. The ammonium omponent in the KUP setuphas reahed maximum voltage, and I have therefore tried to give an estimate ofthe top of the peak.have to take into aount the fat that in Bern they measure ie with ahigher melting speed whih of ause a�ets the resolution. To ompare thetwo setups on a fair basis, I tried to make this plot with a melting speed of

4.0 cm
min

for both setups. This results in a plot as seen in Figure 27. Here weatually still see a di�erene but not as distint as before. This makes methink that the resolution di�erene is mainly aused by the di�erent meltingspeeds. The ondutivity resolution, however, is still muh higher in the CICsetup.DeonvolutionAs the resolution is limited by the geometry of the melting devie and thedebubbler, and the turbulent mixing in the di�erent parts of the setup, highfrequeny signals in the ie an be lost. With the use of a deonvolutiontehnique, some of these yles an be restored [Rasmussen, 2005℄. Unfortu-nately this only inludes the mixing that happens in the analysis part of thesetup; it does not inlude the mixing happening in the melting devie or thedebubbler. 35



Figure 27: Spatial resolution omparison of the KUP setup with a �ow rateof 4.0 cm
min

and the CIC setup with a �ow rate of 4.0 cm
min

The CIC and KUPresolution is seen to be almost similar exept for the ondutivity signal wherethe CIC setup resolution is still quite higher. The ammonium omponent in theKUP setup has reahed maximum voltage, and I have therefore tried to give anestimate of the top of the peak.As seen in Figure 25 the ondutivity signal has the fastest responseto a multi-standard injetion. The ondutivity measurement ontains lesstubing and no mixing or reation oils whih results in less dispersion. Themixing in the ondutivity sample an therefore be regarded as an estimateof the maximum mixing taking plae in the melting part of the setup and inthe debubbler.To inorporate these parts in the deonvolution, a measurement of per-fetly lean ie with a uniform onentration should be used, and suh ieis not available from natural soures or by self prodution. The lean ieshould also have a lean air ontent that is similar to that found in ie oresso that the sample-to-air ratio is the same and hene is omparable to realonditions. So far the deonvolution method has therefore only been used torestore data lost in the other mixing volumes in the setup.Limit of detetionThe limit of detetion desribes a measure of how weak a signal you anreord with your instrument. It is a way of determining whether you an36



distinguish a given substane from the signal value of a blank substane.Detetion limits are de�ned in terms of error.The detetion limit is estimated from the mean of the blank, the standarddeviation of the blank, and a on�dene fator [Harsham 1995, ACS Comm 1980℄.Di�erent kinds of detetion limits exist. These are:
• IDL: Instrument detetion limitThis limit is de�ned as three times the standard deviation of the blank.Physially the IDL is the onentration required to produe a signal greaterthan three times the standard deviation of the noise level.
• MDL: Method detetion limitThe more steps involved in a measurement the more errors there will be.If all steps are inluded, the detetion limit is alled MDL. An easy wayto measure this limit is to take the dilution of the substane multiplied bythe IDL. This will underestimate the MDL sine no aount is taken to thepreparation steps.
• LOQ: Limit of quanti�ationThe LOQ determines at whih limit we an di�er between two di�erent val-ues of a substane. Mostly the PQL15 is used. This limit is �ve times theLOQ whih aounts for the fat that most laboratories are di�erent.Detetion limits depend on both noise level and signal strength. There-fore it is of utmost importane to improve the signal to noise ratio. In mymeasurement the IDL is used when for instane omparing the sensitivity ofthe sodium olumn material to earlier measurements as mentioned in setion4.1.4.3 Data proessingThe raw data from the data aquisition needs to be alibrated and adjustedinto usable results. Aligning the omponents is neessary beause the di�er-ent instruments reieve the sample water at di�erent times. This proedureis quite simple. By using a multi-standard solution it is easy to detet andalulate the di�erene from the sample entering one instrument to another.This di�erene turns out to be the same from measurement to measurementwithin a few seonds. These ouple of seonds an be ignored sine 2 seonds15Pratial Quantitaion Limit 37



orrespond to approximately half a millimeter of ie whih is negligible inmy measurements.Besides the alignment, a alibration of eah omponent exept ondu-tivity has to be made. The ondutivity measurement already produes thedata in the desired unit whih is µSiemens per entimeter. The alibrationof sodium and ammonium is made with the use of standard solutions asdesribed earlier.During my measurements plenty of undesired situations happened. Thesewere for instane when the ie got stuk on the melting devie whih pro-dued air in the system, when small air bubbles was not aught by thedebubbler, and �nally when the enoder jumped; produing problems withthe depth alibration. Often the ie got stuk when a break in the ore se-tion oured. This also lead to ontamination of espeially the dust signal.These problems need to be manually adjusted for in the data proessing.This introdues errors in the results due to the fat that it is di�ult todo very aurately, but it should not have an e�et on the overall piture.Contaminated ie turned out to be a big problem, and I had to remove muhdata beause of this.A big issue with removing data is when looking for annual layers. In thisase it is best to have a full set of data in order not to miss any years. Theammonium signal showed lear annual layers and was very una�eted bythings like ontamination and air in the system. Sodium on the other handseemed to behave very badly. During measurements the baseline almostalways drifted, and sometimes the level of the baseline was higher than thebakground onentration in the ie ores whih produes negative results.The dust reord also showed lear annual yles but was easily ontaminatedby ore breaks. Condutivity showed the niest temporal resolution but is ameasurement of a sum of di�erent impurities and does therefore (at least inthe Holoene ie) not show annual yles.In the �rst 10 bags, from interval 1A, I measured, a big problem was toomany air bubbles in the system. Air bubbles espeially messed up the on-dutivity measurement. With that many data points needed to be removed,it will be too time onsuming to do manually; therefore I used Matlab to�nd sharply delining data points instead and eliminate these. That workedquite well.Problems with the ie ore getting stuk during the measurement was,on the other hand, easy to adjust for beause the enoder stood still at thattime, and the problem was thus removed when alibrating the enoder todepth sale.The depth sale is alulated from the enoder data as desribed in se-38
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where ∆t is the resolution of the data - in my ase 1mm. The Matlabode is: Y = fft(NH4_interp)Y(1) = [ ℄n = length(Y)power = abs(Y(1:floor(n/2)))�2nyquist = 1/(2*0.1)freq = (1:n/2)/(n/2)*nyquistI remove the �rst value in the fourier transform sine this is just the sum ofthe data. In the power equation, I use only half the fourier spetrum sinethe result, when alulating a fourier transform, is symmetri around thefrequeny n
2 .
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5 Results and disussion5.1 The Holoene pro�leIn Figure 30 a setion of my results is shown. 5 bags are shown in the depthinterval 1381.05m to 1383.80m. The blak urve is ammonium, NH+
4 , theblue is sodium, Na+, the red is dust, and the green is ondutivity. (Therest of the Holoene results are in Appendix B.)
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Dating of the Holoene setionIn my Holoene pro�les I de�nitely see seasonal variations in both ammo-nium, sodium, and in dust. Often we see peaks in ondutivity that areomparable to the dust peaks. This is probably due to the soluble dust inform of alium, that ondutivity measures. As mentioned in seton 2.1,during warm periods the di�erent ioni impurities peak at di�erent times,unlike during the glaial where the di�erent ioni omponents peak almost atthe same time whih makes it possible to use as well ondutivity for annuallayer ounting.One of the purposes of this thesis is to date the ie from the intervals, Ihave measured. I have two approahes to this issue. From a fourier spetrumof the pro�les, the dominant frequeny an be determined and hene give anestimate of the amount of years in a given setion, but when atually datingan ie ore the seasonal variation peaks are simply identi�ed and ounted.As the fourier approah gives an estimate of the annual layer thiknesses, andas this parameter hanges with depth, it will therefore only be an estimateof the number of years. Often this method will not give a usable result sinethe annual peaks an be lost in noise.In Figure 32 the fourier spetrum of the results from bag 2517 to 2526 isshown. The proedure is desribed in setion 4.3. An annual peak is seen ataround 7.69 cm
year

.In Figure 33 a setion of my ounting is shown. The grey vertial barsmark the peaks in ammonium so the phasing between the omponents arelearly seen. Sodium peaks are in between the ammonium peaks, as this isa winter signal, and dust peaks are right before (as seen on a time sale) theammonium peaks, as this is a spring signal.My total dating results are summed up in Table 1. The ounting I trustthe most is the one made with the use of the ammonium reord sine thissignal seems to be the most robust (and most una�eted by ontamination).A omparison with GICC05 is also listed. As my annual layer thiknessestimate from the fourier analysis was 7.69 cm
year

, it �ts well with the estimatefrom Table 1, as 1100cm
145±1yr

= 7.59 ± 0.05 cm
year

.Baseline trouble in the absorption measurementNegative sodium onentrations are not an aeptable result, and these val-ues are aused by a wrong level of blank water in my measurement. Whenmeasuring a bag, blank water is measured before and after the ie sample.This blank water is assumed to have a onentration of zero ppb of the im-43
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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±1GICC05 36 37 36 37 146Table 1: Annual layer ounting of the Holoene period. All values are in years.The unertainty estimate is obtained from identi�ation of �unertain� annuallayers whih are weighted by a half and with half a year unertainty. Sodiumvalues from bag 2522 to 2526 were a�eted by ontamination and do not ountin the result.purities in question and is used in the alibration. Therefore it is a problemto have a blank level with a lower intensity, i.e. higher onentration, thanthe atual bakground level of the ie. See Figure 34 for an example of ablank level lower in intensity than the measurement. The red line indiatesmy interpolated blank level in the given alibration.A solution might be to interpolate a baseline with the use of the bak-ground intensity of the ie, but this, I estimated, would be too time onsum-ing ompared to the gain. In Figure 34 a drifting baseline, whih of ourseis not good either, is also seen.If we assume that these negative values of sodium are aused by some-thing with our blank water and not something with the atual measurement
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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 3.97Dust [#/mL℄ 9400 2400 6900 1100Cond [µS/cm℄ 1.3 1.21 1.1 1.12Table 2: Means and medians of the four omponents in the KUP and CIC setup.KUP (1405m to 1420m), CIC (1378m to 1389m) Medians are listed sine thesevalues downgrade the in�uene of large peaks in the reords, and therefore mightbe more reasonable to ompare between the two setups.of the ie, then a possible adjustment of the results would be to just hangethe level of zero. This an be done with earlier CFA reords of sodium fromthe Holoene ie if we assume that the levels are more or less onstant withina hundred meters or so. Table 2 shows the means and medians of sodium,ammonium, dust, and ondutivity measured with the KUP setup. Depthis from around 1405m to 1420m.If I try to adjust my sodium levels with the use of the results listed inTable 2, I get a pro�le as in Figure 35. This is an aeptable result but ittells me that my sodium results are not good when studying absolute values.It an still be used for dating purposes though.Another problem with the sodium results is the drifting baseline. With anappropriate baseline (assuming that the ie measurement itself drifts along),this drift will probably not be seen in the alibrated results. It should stilltry to be avoided though. There should be no drift in the measurement atall so this tells me that something in the setup must have an in�uene on thesignal. During measurement there was often problems with air in the �ow ellwhere the absorbane of the sample is measured. This air usually resultedin an unusual drop in intensity, and when the air had passed through, theintensity level would go bak to normal. Although sometimes, in spite of theremoval of an air bubble, the intensity level did not jump bak to the initiallevel. This is one explanation of why my baseline ould be at another levelafter measurement, but often it was lear that the baseline just drifted.The drift might be explained by pressure problems in the setup. The CICsetup di�ers from the KUP setup in where the peristalti pump is loated.In Bern it is loated just after the melting head, and the sample is thereforepumped through the di�erent hannels. In Copenhagen we have it aftersome of the omponents and before others. This means that the sample issuked through the distributor. This onstrution will unfortunately result46
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Figure 35: Sodium reord from bags 2512 to 2516. Top panel shows the sodiumsignal after alibration to onentration. The bakground level is sometimesbelow zero. Bottom panel shows the same alibrated reord when adjustedaording to the mean level of the KUP data.in an e�et on the other omponents if one omponent experienes problems.Beause we wish to avoid a melting pump in order to get a shorter distanefrom the melting to the measuring unit, we have to have a losed system inCopenhagen. This means that we do not have an exess pressure release inthe debubbler. If pressure builds up in the system, then a leak of pressurefrom whatever tiny holes there inevitably will exist will in�uene the signal.If this happens during measurements, I would imagine that it ould result inthe drifting baseline. We have also not got a temperature stabilization of thedetetion instruments in Copenhagen either, and if the ambient temperaturehanges during a measurement, this might a�et the sodium signal. Thesodium signal is more sensitive to temperature hanges than ammonium, andthe optimum operation temperature for sodium is 16◦C [Kaufmann, 2008℄.Dust di�erenes from one setup to anotherTable 2 also shows a di�erene in dust level between the two setups, butthere also exists a di�erene ompared to the new KUP setup. The oldCFA setup has a mean onentration of around 10.000 #
mL

[Ruth, 2003℄, thenew KUP setup has a mean of around 100 #
mL

[Kaufmann, 2008℄, and myresults give a mean of around 2.500 #
mL

. I have not been able to �nd the47



exat explanation of these di�erenes, but investigation of the results andrepeated alulations seem to point at a di�erene in measurement methods.With the old setup the detetion limit was not so well de�ned, and thesize distribution measurements were done with only a few quite large sizehannels (pers. omm. M. Bigler). This might explain the di�erene in levelalso onsidering the relatively low interglaial values.The new and old KUP CFA setup seem to simply di�er by a fator of100 when looking at peak and bakground levels as these are around 300 #
mLversus 30.000 #

mL
and 20-30 #

mL
versus 2.000 #

mL
respetivly. This an not bethe ase when omparing the old KUP setup with the CIC setup. The CICsetup has a bakground level of around a 100 #

mL
whih is muh lower thanthe level from the old CFA setup, but my peaks reah values of 20.000 #

mLwhere the old CFA setup have peaks up to 30.000 #
mL

so from this, I anonlude that it is not only a fator of di�erene between these two setups.With the CIC setup a alibration from a Coulter Counter is not done, butI have not found the diret in�uene of this alibration anywhere, althoughaording to Ruth et al. [Ruth, 2003℄ it only had an in�uene of around 5%.5.2 The Eemian and Early glaial pro�lesIn this setion I will present the results I have obtained for the Eemian�Early glaial periods. As I have measured four bags at eah loation, whihorrespond to 2.2m, this number of bags may not be enough to get a fullpiture of whether annual layers are preserved or not, but it an give mean idea of how the onentration levels of impurities were during these timeperiods.Eemian CFA reordsIn Figures 36, 37, and 38 the pro�les from the three intervals are shown.These results learly show a di�erent peak behavior than the Holoene pro-�les.As we are now at almost 3km depth, the annual layer thiknesses aord-ing to ss09sea are around 1cm−1.47cm. This results in a higher frequeny ofpeaks in the impurities, but � as obvious to the reader � it does not seemthis way in ammonium for one. The Eemian ie was visibly very di�erentfrom the Holoene ie. Sine the ie has been loated so lose to the bottomand thus been more warm due to geothermal heat, ie rystals have had thepossibility to grow very large. 48



5447 to 5450

N
H

4+  [p
pb

]

2995.4 2995.6 2995.8 2996 2996.2 2996.4 2996.6 2996.8 2997 2997.2 2997.4
0

50
N

a+  [p
pb

]

2995.4 2995.6 2995.8 2996 2996.2 2996.4 2996.6 2996.8 2997 2997.2 2997.4
0

50

D
us

t [
#/

m
L]

2995.4 2995.6 2995.8 2996 2996.2 2996.4 2996.6 2996.8 2997 2997.2 2997.4
0

5000

10000

15000

Depth [m]

C
on

d 
[µ

S/
cm

]

2995.4 2995.6 2995.8 2996 2996.2 2996.4 2996.6 2996.8 2997 2997.2 2997.4
0.4

0.6

0.8

Figure 36: Pro�le of interval 1B. Vertial lines indiate the separation of thefour bags measured. Contaminated data has been removed, as well as breaks inthe ie ore whih result in data gaps.
5528 to 5531

N
H

4+  [p
pb

]

3040 3040.2 3040.4 3040.6 3040.8 3041 3041.2 3041.4 3041.6 3041.8 3042
0

50

N
a+  [p

pb
]

3040 3040.2 3040.4 3040.6 3040.8 3041 3041.2 3041.4 3041.6 3041.8 3042
0

50

100

D
us

t [
#/

m
L]

3040 3040.2 3040.4 3040.6 3040.8 3041 3041.2 3041.4 3041.6 3041.8 3042
0

5000

10000

15000

Depth [m]

C
on

d 
[µ

S/
cm

]

3040 3040.2 3040.4 3040.6 3040.8 3041 3041.2 3041.4 3041.6 3041.8 3042

0.6

0.8

1

Figure 37: Pro�le of interval 2B. Vertial lines indiate the separation of thefour bags measured. Contaminated data has been removed, as well as breaks inthe ie ore, whih result in data gaps.49



5581 to 5584

N
H

4+  [p
pb

]

3069 3069.5 3070 3070.5 3071
0

50

N
a+  [p

pb
]

3069 3069.5 3070 3070.5 3071
0

20

40

D
us

t [
#/

m
L]

3069 3069.5 3070 3070.5 3071
0

5000

10000

15000

Depth [m]

C
on

d 
[µ

S/
cm

]

3069 3069.5 3070 3070.5 3071

0.6

0.8

1

Figure 38: Pro�le of interval 3B. Vertial lines indiate the separation of thefour bags measured. Contaminated data has been removed, as well as breaks inthe ie ore, whih result in data gaps.An interesting element in the sodium measurement is the results for in-terval 2B. In this pro�le an unusual jump in level happens between bag 5529and 5530 (See Figure 37). The inrease atually already happens duringthe end of bag 5529. If the jump was right between the two bags, I wouldassume that something had hanged in the system, and that the data shouldbe disregarded, but sine this is not the ase, I would think that it is a truesignal in the ie ore although it might also be some sort of ontaminationproblem. During the Eemian�Early glaial measurements we had a lot ofproblems with drilling liquid in the dust measurement17, but this problemthey also had in the Dome C18 measurements, and here they experiened noe�et on the hemials (pers. omm. M. Bigler) whih makes me disardthis explanation.If we look at the δ18O limate behavior in just this setion, we see a shiftin δ18O, albeit small. See Figure 17 on page 22. Unfortunately the shiftis towards higher δ18O values with depth whih would suggest a smalleramount impurities, and what we see is a higher amount of impurities. Alsoremarkable is that, where sodium peaks in intervals 1B and 2B seem almost17Drilling liquid was identi�ed by looking at the size distribution where the same sizepartiles showed up quite often and formed a ertain S-shape in the distribution (Workby E. Kettner).18Dome C was a ie ore drilling made in East Antartia.50



smoothed out, there is a hange in this behavior right at the level shift. Thesodium shows more variations with rather distint peaks as if it was notsmoothed out right here, or maybe something else produes these peaks.Dating in dust and ondutivityIn the Eemian and Early glaial pro�les we learly see that ammonium showsno annual layering, and that sodium is not really reliable. Sodium has a lotof ups and downs in its bakground trend, and sine the δ18O does not havehuge jumps, I then degrade the importane of this omponent in my furtherstudy. Left is dust and ondutivity. In the Holoene ie, I onluded thatannual layering is not seen in ondutivity but zooming in on the pro�les fromthe Eemian periods I see a lear orrelation between dust and ondutivity.(See �gure 39).
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Interval 1B [ cm
year

] Interval 2B [ cm
year

] Interval 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 ± 0.137Cond 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 ± 0.052ss09sea 1.07 1.19 1.47Table 3: Annual layer ounting in the Eemian and Early glaial intervals togetherwith the orresponding annual layer thiknesses. The estimated annual layerthiknesses from ss09sea is also listed. In interval 2B and 3B, the dust valuesonly inlude three and two bags respetively sine ontamination has a�etedthe others too muh. Espeially the dust annual layer thikness estimate forinterval 3B should be used with aution.
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Figure 41: Power spetrum of interval 1B. The annual peak is not seen at all.dating result is rather questionable and the fourier spetrum in this aseshows absolutely no annual peak as seen in Figure 41.Interval 1B has results omparable to ss09sea when inluding the uner-tainties. Interval 2B results are a bit di�erent from the ss09sea result, butin interval 3B the results are quite o� ompared to the ss09sea result whenlooking at ondutivity. In interval 3B, ontamination ruined almost all thedust data, and therefore the result should be used with aution, although itseems quite similar to the ss09sea result. My ondutivity results for interval3B, on the other hand, show more years than expeted and hene thinnerannual layers than suggested by ss09sea. The e�et of this, I will ome bakto in my disussion. 53



6 General disussionIn this setion I will disuss my results further. First I will give an estimateof the e�et of the observed thinner annual layers in the Eemian period onthe duration of the Eemian ontained in the NGRIP ore. Then I will givean overview and disussion of the levels of impurities during my measuredlimate periods together with the level around LGM. Comparisons of myimpurity pro�les with other results will also be disussed. This inlude res-olution of the ammonium reord ompared to the alium and ammoniumreord from the GRIP ie ore, an explanation of low ECM values when largeammonium peaks our, and a disussion of whether impurities � in thisase ammonium � will move to rystal boundaries in the deep ie. FinallyI will go through the improvements of the setup; what must be done andwhat ould be interesting to look into.6.1 Eemian annual layers and ss09seaIt is di�ult to determine whether the annual layers deteted in the Eemianie are orretly observed or not, but below I have brought out pros andons, and from this I will onlude that it is atually a true annual signal.Pros
• The ondutivity and dust signal in the Eemian period are very muhalike. Almost every wiggle in one omponent an be, although sometimesweakly, seen in the other omponent.
• The two omponents are independent in instrument spei�ations sono ommon eletromagneti interferene an exist.
• Condutivity was seen in the Holoene pro�les to sometimes resemblethe dust signal so maybe it ould be possible that in the Eemian ie itresembles dust in almost every peak.
• The dating mathes the ss09sea dating in two of the three intervals.Again it is only 2 onseutive meters for eah interval and therefore a biasmight be present.Cons
• The ondutivity does not look like the signal from the Holoene periodbeause it goes both up and down and therefore more resembles noise.
• It seems unlikely that ondutivity in the Eemian time period only willresemble dust peaks and not inlude large ammonium peaks for instane54



� though this omponent is seen to be smoothed out to some degree atthis depth, and therefore it would perhaps only add to the mean level ofondutivity.
• The dating was quite di�ult beause it was hard to determine exatlywhih peaks were annual peaks and whih were just noise.
• The fourier analysis showed no annual peak at all.Whether I have dated this signal with the right amount of years or notis open for disussion. If I assume that my dating is orret, then Table3 shows an interesting point. My estimated annual layer thikness, λ, �tsokay well with the modelled thikness in interval 1B and 2B, but in interval3B a di�erene of around 0.35 cm

year
is notied. This means that there will bemore years from the Eemian period in the NGRIP ie ore than estimatedby ss09sea.Aording to the ss09sea model the age at the bottom of the NGRIP oreis 123.000 years. If I try to alulate the age at the bottom with a meanannual layer thikness of what I have observed for interval 3B in ondutivityfrom 3069m (the start of interval 3B) to the bottom, I get an age di�ereneof 328 years resulting in a total age of 123.328 years at the bottom.The bottom melting at the NGRIP site is around 7mm ie per year whihorrespond to a geothermal heat �ow of 140mW

m2 . This high geothermal �ow isatypial for Preambrian shields that is believed to over most of Greenland[NGRIP members, 2004℄. Sine the �ow is onsidered unexpetedly high, itmight be interesting to try and tune some of the bottom melting parametersin the ss09sea model for NGRIP to see if an annual layer thikness of around
1.1 cm

yr
during the Eemian period an be obtained. This test is beyond thesope of this thesis though.6.2 The atmospheri aerosol load through timeA omparison of my Holoene results with my Eemian and Early glaialresults shows a lear di�erene. This is what I would expet sine the iefrom very deep in the ie ore has been under a high pressure and exposed tomore ie �ow, as well as bottom melting, and bottom topography omparedto the Holoene ie. This taken into aount, it will therefore be interestingto study for instane onentration levels from the Eemian period to seeif they are omparable to the present interglaial. As mentioned in theintrodution, the Eemian was about 5◦C warmer than the Holoene, andmaybe the onentration levels of the impurities will re�et this in form ofmore extreme levels than the Holoene.55
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Interval 1A Interval 3BInterval 2BInterval 1BGlacial LGMFigure 42: Mean onentration levels of the four omponents and inluding the
δ18O level for the Holoene, Glaial (LGM) and interval 1B to 3B. Note thelogarithmi sale in the dust results.I have in Figure 42 shown an overview of the levels of impurities foundin the Holoene and in the three intervals from the Eemian�Early glaial.Table 4 lists the values of these levels. Glaial values are taken from ear-lier measurements made in Bern. As seen on the δ18O values, the glaialis remarkably older than the Holoene, and interval 1B is older than theHoloene but warmer than the glaial. Interval 2B is almost the same as theHoloene, and interval 3B is warmer than the Holoene. I expeted somekind of re�etion of this in the impurity ontent. A short outline of the levelsof the four omponents is given here.
• I still do not trust the sodium results, at least not when omparing tothe glaial values. My sodium results have, as mentioned earlier, negativevalues, and the mean therefore does not make as muh sense to look at. Itwill be lower than expeted.
• The ammonium levels show a trend of higher levels with temperature.It is inreasing from interval 1B to interval 3B, but it does not atually56



Interval 1A Glaial Interval 1B Interval 2B Interval 3B
δ18O [per 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 4.7Dust [#/mL℄ 2.400 298.930 5.310 4.960 2.420Cond [µS/cm℄ 1.21 1.8 0.51 0.60 0.75Table 4: Mean level values of the four omponents inluding δ18O as plotted onFigure 42.go above the Holoene level whih would be expeted if the level dependedsolely on the temperature.
• The dust levels are very low ompared to glaial values, and thereforeI have shown this on a logarithmi sale. The Holoene and Eemian valuesare almost the same, and there is some trend that the older periods, interval1B and 2B, are a bit higher than 3B but still not at all in the same order asthe glaial values.
• Condutivity shows an interesting trend. This omponent inreases frominterval 1B to interval 3B but is still lower than the Holoene level, and theglaial level is the highest.A rule of thumb is that when older, for instane during the glaial, themore impurities. This is true for sodium and dust, and the ondutivitymeasurement shows the highest level as well during the glaial period. Asespeially dust is remarkably higher during the glaial, it is due to the morestormy weather bringing lots of desert dust to the Greenland ie sheet inthese periods. Glaial values as for instane at LGM are a fator of arounda 100 higher than interglaial values [Ruth, 2003℄.The ammonium ion is the only omponent (in my measurement) that hasa lower value during the glaial. In Fuhrer and Legrand 1997 [Fuhrer, 1997℄a strong ovariation between ammonium and the solar radiation at 60◦Nis mentioned. In Figure 43 insolation at 65◦N through the last 900ka isshown. Ammonium as a respondent to insolation, ontinental bioativity,and biomass burning has a diret temperature dependeny.The sodium values are rather unreliable beause of their negative values,but it does show larger values during the old, glaial period, whih is to be57



Figure 43: A omparison between the insolation at 65◦N and 75◦S during the last800.000 years [EPICA 2004℄. Ammonium is seen to orrelate with the insolation[Fuhrer, 1997℄.expeted. The Eemian�Early glaial intervals on the other hand do not seemto have a temperature trend as interval 2B has higher values than interval1B and interval 3B. This leads me to the onlusion that they an not betrusted very muh with regard to onentration levels.Finally when looking at the ondutivity levels, it does not seem asstraight forward as for the other omponents. It makes sense that the olderthe more impurities and the higher a ondutivity level we see, but thenwe see a temperature dependeny as in the Eemian�Early glaial intervals.From intervals 1B to 3B the limate is warmer, and the ondutivity in-reases, but it does not go above the Holoene, interval 1A, level. This ouldmaybe be explained by ombining two di�erent variabilities of ondutivitywith temperature. When the limate is old, it will be more stormy anddust is very well orrelated with these storms and heavy winds. Some impu-rities tend to stik to dust, and this is what we all the irreversible speies.These speies are not volatile and will therefore stay on the ie sheet whendeposited, despite a low aumulation rate. These impurities are for instanealium, sodium, and ammonium (pers. omm. M. Bigler, 2009). This vari-ability of ondutivity produes an inverse dependene of ondutivity withtemperature.Another variability of ondutivity with temperature is aused by thereversible ioni speies. If the temperature is high, we will see a higheraumulation rate. Due to a higher aumulation, the volatile speies, suhas hloride, nitrate, and methane sulphonate, will be sort of �buried� in theie, and therefore will not esape. This results in a diret dependene ofondutivity with temperature. The �volatile� term means that the speiesan reat with other ions to form gaseous moleules, for instane an hloride58



reat with H+ ions to form HCl. A reation ould be:
2NaCl + H2SO4 → Na2SO4 + 2HCl (9)Having a variability of lower ondutivity with higher temperature, wewould see a trend that has a higher ondutivity, the older it is. This is partof what we see in the ondutivity levels during the di�erent time periods.We do have a higher ondutivity level during the glaial ompared to theHoloene, but in intervals 1B to 3B this does not hold. Combining thistrend with the e�et of the volatile speies ating on intervals 1B to 3B only,we will here see a higher ondutivity with temperature. These two e�etstogether might explain the levels in ondutivity we see in Figure 42. (Theweight of eah e�et is unknown.)If the volatile speies are dominating in the ondutivity reord duringthe Eemian�Early glaial period, a lower hloride level ompared to thenormal Na+/Cl− ratio would be present due to the reation desribed above.Therefore it would be interesting to have had the hloride (or nitrate) reordto hek if this is atually true or not.6.3 Mean levels of impurites - Eemian versus HoloeneAs it has turned out, annual layers in the Eemian period are hard to identify.Some omponents are smoothed out, and some might just show noise insteadof seasonal variability, but if we assume that the amounts of impurities fromdeposition are kept the same even at this depth, I would, as desribed earlier,expet the onentration levels to be more extreme in the Eemian ie than theHoloene ie. By this I mean that when the temperature is higher, I wouldin the diret temperature dependent omponents expet more impurities inthe Eemian ie, and in the inversely temperature dependent omponentsexpet fewer impurities in the Eemian ie. This has shown not to be thease. Ammonium does, as expeted, show a higher onentration level withtemperature, but the level of interval 3B is not above the level of interval1A. Also the dust level for interval 3B does not go below the level for interval1A. And �nally the ondutivity level, with an apparantly diret temperaturedependeny in interval 1B to 3B does not have a interval 3B level higher thanthe interval 1A level either.All this together shows that the onentration levels are not more ex-treme in the Eemian ie although the temperature is about 5 degrees higherat this point. This might be due to di�usion proesses in the ie at thisdepth, the fat that only 2.2m of ie in eah setion is measured, or that theEemian interglaial simply had di�erent atmospheri aerosol loads ompared59



Figure 44: A plot of the mean levels of impurities with the δ18O values. Thedata points are seen not to be on a perfet line.to the Holoene. In this ase the impurity loads are not linearly temperaturedependent, so what an we then expet if the global temperature during thenext hundred years rises with several degrees? It might seem as if the aerosolload would reah some sort of saturation level. See Figure 44 for a plot ofthe mean levels of impurities with δ18O. The data points are seen not to beon a perfet line.The IPCC predited temperature rise also has other soures than thehigher temperature during the Eemian so the impurities will probably re-spond di�erently.6.4 Resolution of NGRIP ompared to GRIP reordsFigure 45 shows a omparison of the power spetra from previous measure-ments of GRIP Ca2+ and GRIP NH+
4 together with the power spetrum ofmy NH+

4 results.Aording to Rasmussen et al. 2005 [Rasmussen, 2005℄, where a deon-volution method for CFA pro�les is presented, a di�erene between the leastsquares �t to the signal, Psignal (turquoise), and to the noise, Pnoise (grey),an be identi�ed in a fourier spetrum. This is done by minimizing the to-tal RMS20 di�erene between the sum of Psignal and Pnoise and the atualspetrum. The intersetion between these two lines will then suggest themaximum resolution of annual layer thiknesses. As seen in the �gure, the20Root Mean Square 60
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Figure 45: A power spetrum of ammonium from NGRIP, ammonium from GRIP,and alium from GRIP from orresponding depth intervals (NGRIP: 1383.80m−
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2yr
(∼ 2 cycles

cm
see Figure 45), so we would probably be ableto detet annual layers.6.5 Neutralization of the ieFigure 31 on page 42 shows a omparison between ammonium and ECM(plotted on a log-reverse sale) and between ECM and ondutivity. Sodiumis left out. A orrelation is seen in the omparison of ammonium peaksand ECM lows. I have shown the ECM data on a log sale and reversedit so that peaks in ammonium orrespond to peaks in ECM. The depth61



sale of the ECM reord an be a little o� due to the unertainty in ECMmeasurements. As ECM is measured with eletrodes simply drawn along asurfae, it produes unertainties in the exat depth of the measurement.We see some similarity in the two omponents although not enough to saythat it is learly visible.If we look at the Eemian and Early glaial intervals, this orrelationbetween ammonium and ECM is still seen even though the ammonium inthis time period seems to be smoothed out. (See Figure 46 and Figure 47).This indiates that there ould be a orrelation between the two reords.
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Figure 48: Plot of NH+
4 and ECM from Wol� et al. [Wol�, 1997℄. The am-monium signal is from a high-onentration event that has been asribed to thearrival of biomass burning plume at the site ([Wol�, 1997℄ Fig.2a)Crystal boundariesFigure 15 on page 20 shows a omparison of the line san images from theEemian ie (i) as well as the Holoene ie (a) and ie in between. A re-markable di�erene is seen. Where the Holoene ie show some layering,although nearly transparent [Svensson, 2005℄, the Eemian ie has no suhthing. It mostly onsists of rystal boundaries, but not far into the glaial63



Figure 49: A omparison of ammonium peaks with rystal boundaries as seenon linesan images for interval 3B. Vertial lines indiate where some similarityis seen.lear annual layers, aused by dust, are seen (see Figure 15 (h) on page 20).As the line san is performed on a 3cm thik slab of ie, it might not resolvelayering if this is just a little bit inlined ompared to the depth diretion.An explanation of the ammonium signal from the intervals 1B to 3Ban perhaps be found by looking at the visual stratigraphy for the depthsin question. The ammonium is surely smoothed out, but it still has somelarge peaks one in a while. Figure 49 shows a omparison between theline san images and the ammonium reord for interval 3B (see Appendix Bfor interval 1B and 2B results). The line san images learly show large ierystals, but as the method only gives the view from one side, it will not showevery rystal boundary in the ie. It is rather di�ult to say whether thereexists a lear orrelation between ammonium peaks and rystal boundariesor ore breakes, but one might say that the big peaks orrelate with some ofthe boundaries in the ie. (The ore probably breaks at rystal boundariessine it is more fragile here, and therefore the breaks should also be takeninto aount when omparing to ammonium peaks.)6.6 Improvements of the setupAdjustments during the measurementsDuring measurements we experiened quite a lot of problems. At �rst theie ore was not aligned very well on the melting devie due to smaller iedimensions than antiipated, and this ould have aused ontamination fromthe outer parts of the ie setion. A small adjustment piee was inserted,and for the Eemian�Early glaial ores a new melting devie was made. Stillthe inner dimensions of the melting head were the same, but the ore was64



now aligned again. Contamination was also present in the beginning andend of an ie setion but mainly due to utting the ends of with a saw. Thisis di�ult to avoid without spending a lot of time leaning the ends with amirotome knife.At breaks in the ie, ontamination often oured and was very promi-nent in the dust measurements. To avoid this, the breaks were ut awaybefore measurement so that no ontaminated ie went through the system.This means that a lot of data was lost, but it prevented the dust reordfrom having a tail of ontamination along with it. The ontamination oftenonsisted of drilling liquid that �nds its way into the ore where this is broken.A problem during measurements, whih did not have a big in�uene onthe end results but still is very annoying to have to deal with, is air bubbles.They ome from the ie, from the blank water, develops in the debubbler,develops in the joints, and maybe also in other parts. It is pretty laboriousto manually remove these air bubbles, but it is required to get a nie impu-rity pro�le. It would be better if they did not exist in the �rst plae. Thismeans optimizing the debubbler so that it atually removes all air bubblesfrom the ie. This is done by avoiding it getting dirty on the inside beauseair bubbles like to stik to the dirt and build up to very large bubbles thatare released further into the system. Also the debubbler itself should notprodue air bubbles whih is ensured when the onstrution is tight enoughin all joints.Often the problems with air oured during standard measurements, es-peially when measuring blank. This leads me to think that the bubblessomehow are dissolved gases in the blank water, and when this blank wa-ter runs through the system, the bubbles are released. This problem ouldmaybe be solved by inferring a vauum pressure onto the blank water so thatair and tiny bubbles in the water are removed.Future improvementsAs the CIC setup is almost an exat opy of the KUP setup with regardto things like hemials, tubing and �ow rate, it would be interesting toplay around with these parts of the system. A hek of the di�erent reagentonentrations ould for instane be made (old formulas for reagents areused right now (pers. omm. M. Bigler)), and whether shorter mixing oilswould improve the resolution of the signals. The detetion limit should bemaintained as well as the signal to noise ratio; or at least they should not beworse. Maybe the oiled tubing used for warming up and ooling down the65



ammonium sample water is longer than neessary. I would imagine that thisould be an easy test to run and a quik way to redue some tubing lengthand hene avoid dispersion in this setion.As I am informed, no other pump rate setting than 0.9mL/min for theperistalti pump is used, so this ould be played around with. If the pumprate is hanged, the tubings also have to be hanged sine the inner di-mensions of these should �t together with the pump rate. When measuringsodium an absorbane method is used. It would be interesting to look aroundfor for instane a way to measure sodium with �uoresene spetrosopy aswe do with ammonium. This approah is muh easier and simple, and itmight therefore enhane the resolution of the signal. Finally an �open� de-bubbler would be an idea to work with. This open debubbler is an easyway of releasing exess pressure in the system whih might help the driftingbaselines and negative values in sodium, but it might also ause a risk oflosing temporal resolution due to the required usage of a melting pump. Asketh of suh an open debubbler is shown on Figure 50.
Figure 50: A simple sketh of the debubbler used with the KUP setup. Thepriniple of the debubbler is a dripping water sample into a small pipette, and anover�ow to waste. The sample is then olleted from the bottom of the pipettewherefrom air bubbles in the sample water should have raised to the surfae anddissolved.
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7 ConlusionDuring this study CFA pro�les from the NGRIP ie ore setion from 1378.30m−

1389.30m, as well as from the depths 2995.30−2997.50m, 3039.85−3042.05m,and 3069.00 − 3071.20m have been obtained. A new CFA setup was usedwhih involved a ouple of tehnial issues. The sodium instrument hadproblems with a drifting baseline whih also was too high in onentrationand hene produed negative values.Besides this, the setup worked quite well exept for small problems thatwere adjusted for in the data proessing. The resolution of the setup wasseen to be very good, as antiipated. Aording to a spetral fourier analy-sis, the setup would be able to detet annual layers down to a thikness ofaround 0.5 cm
year

whih meant that Eemian annual layers, if present, ould beidenti�ed.A dating of the Holoene period was obtained, and this dating mathedthe existing GICC05 dating well; the GICC05 has 146 years in the measured
11m of Holoene ie, and I have ounted 145 ± 1 years. A dating of theEemian�Early glaial intervals was also made. This more questionable re-sult was ompared to the modelled annual layer thikness from the ss09seamodel. Although the dust and ondutivity results from this period (thatwere the only two omponents where seasonal variation was identi�ed) onlyshowed annual layers weakly, an estimate of annual layer thikness �tted tosome degree with the ss09sea model; at least for interval 1B and 2B. Herean annual layer thikness of around 0.97 cm

year
was found.Interval 3B, on the other hand, showed a smaller annual layer thiknessthan predited by ss09sea, 1.12 cm

year
ompared to 1.47 cm

year
, and if my datingis orret, this means that 328 years more (estimated from the bottom 16mof the ie ore) from the Eemian period are loated in the NGRIP ie orethan modelled.Finally the mean levels of the atmospheri aerosol loads, ontained in theie ore in the di�erent limati periods, were ompared. The Eemian, al-though 5 degrees warmer than the Holoene, did not show the more extremevalues that were expeted. This might suggest that although the hemialomponents depend on temperature, this is not a linear dependeny. On theother hand it might simply indiate an e�et of di�usion proesses.
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Further work
• An obvious next step would be to improve the setup in general. Thisinludes inreasing the sensitivity of sodium, for instane by onstrutingtemperature stabilization boxes for all omponents but most importantly forsodium. Besides this, an exess pressure release should be added, maybe inform of an open debubbler and together with this, the resolution of the setupould be enhaned by doing tests with shorter mixing oils or adjusting thereagents solutions to improve sensitivity as well.
• In the future, more omponents ould also be added to the CIC CFAsetup, for instane SO2−

4 and Ca2+. This unfortunately will derease thetemporal resolution of the setup.
• Finally, tuning the bottom melting parameters in the ss09sea model wouldbe interesting to see if annual layer thiknesses, as found in this thesis, anbe ahieved.
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8 Danish summary � Dansk resuméMetoden Continuous Flow Analysis, CFA, bruges til målinger af kemiskeurenheder, uopløseligt støv og den elektrolytiske ledningsevne for smeltet is,konduktivitet. Metoden benyttes til at opnå højtopløselige optegnelser oversæsonvariationelle klimaproxier fra fortiden. CFA udføres ved at plaere en
55cm lang issektion med et tværsnit på 34mm×34mm vertikalt ovenpå etsmeltehoved. Herfra smeltes isen og analyseres med forskellige apparater,som inkluderer bla. �uoresens- og absorptionsspektroskopi. Jeg har i dettespeiale konentreret mig om følgende komponenter; ammonium, som er enindikator for proesser af biologisk oprindelse, natrium, som kommer fradet marine miljø, uopløseligt støv, som bliver transporteret til Grønlandpga. ørkenstorme og endelig konduktivitet, som er et samlet signal over deforskellige kemiske urenheder.Jeg har i løbet af mit speiale opnået CFA pro�ler fra 4 sektioner afNorth Greenland Ie Sheet Projet, NGRIP, iskernen. Én sektion er fra dennuværende mellemistid, Holoæn, fra dybden 1373, 80m − 1389, 30m. De 3sidste er fra den sidste mellemistid, Eem, fra transitionen til istid, og endeligen fra starten af istiden fra Dansgaard-Oeshger event 25, DO-25. Dissesektioner er henholdsvis fra dybderne 3069, 00m − 3071, 20m, 3039, 85m −

3042, 05 og 2995, 30m − 2997, 50m.Støvmålingerne viste sig at have ret forskellige middelværdier i forholdtil tidligere målinger. Forklaringen er ikke umiddelbart ligetil, men det ersandsynligvis et spørgsmål om målemetode eftersom selve pro�lerne udvisergod sæsonvarition på trods af til tider udbredt kontaminering. Ligeså har na-trium vist sig at have pæn sæsonvariation på trods af problemer med negativekonentrationsværdier og en hældende refereneniveau. Middelværdierne foralle �re komponenter har vist sig at være ikke-lineære i forhold til temper-atur, selvom de alle �re har en stærk temperaturafhængighed.Dateringen af Holoæn-issektionen har vist sig at stemme godt overensmed den eksisterende tidsskala GICC05; hvor GICC05 har dateret 146år harjeg talt 145 ± 1år . En forskel �ndes dog i min datering af issektionen fraEem-perioden i forhold til ss09sea-modellen. Min middelårlagstykkelse er
0.35 cmår mindre end den modellerede årlagstykkelse. Denne forskel resultereri 328år ekstra af Eem-perioden i de nederste 16m af NGRIP iskernen.Endelig er forslag om implementering af en sulfat- og kaliumkomponentfremført, ligesåvel som forbedringer af debubbleren og natriumsignalet børtilstræbes. 69



A Greenland interstadialsFigure 51 shows the NGRIP isotopi pro�le from around 75ka to 123ka.Numbers indiated above the pro�le refer to Dansgaard-Oeshger, DO, events,and numbers indiated below indiate Greenland Stadial, GI, events. My in-terval 1B is from DO-25.
Figure 51: The NGRIP isotopi pro�le with indiations of Greenland interstadialsinluding DO25 [NGRIP members, 2004℄.

70



B Additional resultsHoloene CFA resultsFigures 52, 53, and 54, show my CFA pro�les from bag 2507-2511, 2517-2521,and 2522-2526 respetively.
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Figure 52: CFA pro�le of bag 2507 to 2511 (Depth interval: 1378.30m −

1381.05m). Vertial lines indiate separation of bags.
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Figure 53: CFA pro�le of bag 2517 to 2521 (Depth interval: 1383.80 −

1386.55m). Vertial lines indiate separation of bags.71
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Figure 54: CFA pro�le of bag 2521 to 2526 (Depth interval: 1386.55 −

1389.30m). Vertial lines indiate separation of bags.Crystal boundaries and ammoniumFigures 55 and 56 show my omparisons of the ammonium reord with theline san images for my intervals 1B and 2B.
Figure 55: A omparison of ammonium peaks with rystal boundaries as seenon linesan images. Vertial lines indiate where some similarity is seen.
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