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Kapitel 1

Einleitung

1.1 Polare Eisschilder als Klimaarchiv

Der antarktische und der gronldndische Eisschild speichern den grossten Teil des auf der Erde
vorhandenen Siisswassers. Aufgrund der vorherrschenden extremen klimatischen Bedingungen
wurden im Laufe der Jahrtausende die Niederschlige schichtweise abgelagert und erhalten.
Ein Teil dieses Schnees wird vom Wind verfrachtet oder zuriick in die Atmosphére subli-
miert. In den zentralen, hochgelegenen Gebieten der polaren Eisschilde sind diese Prozesse
jedoch vernachléssigbar und es kann von einer stetigen Akkumulation ausgegangen werden
(Abbildung 1.1). Frische Niederschléige iiberdecken die fritheren, Schnee verdichtet sich zu
porosem Firn und unter der zunehmenden Last der neu gefallenen Niederschlége bildet sich
schliesslich Eis. In diesem Eis eingeschlossen finden sich Luftblasen, welche mit zunehmen-
der Tiefe im Fisgefiige gelost werden. Trotzdem wachsen Eisschilder nicht beliebig an. Mit
der stetigen Massenzufuhr in den zentralen Gebieten ist ein ebenso stetiger Massenverlust
an den Réndern der Eisschilder verbunden (Abbildung 1.1), so dass ein einigermassen stabi-
les Gleichgewicht aufrecht erhalten wird und die Hohe der Eisschilder, bei gleichbleibenden
klimatischen Bedingungen, nicht nennenswert variiert.

Sucht man im Innern dieser Kaltewiisten Regionen auf, die sich durch eine ebenférmige
Topographie des Felsbettes unter dem Eis auszeichnen, findet man in den bis {iber drei Ki-
lometer méchtigen Eismassen ein regelmissig geschichtetes, liickenloses und hochaufgelostes
Archiv der vergangenen Niederschlige und in den Blasen die Zusammensetzung der fritheren

Abbildung 1.1: Antarktischer Eisschild bei Dome C und antarktische Kiiste bei Dumont d’Urville.



Atmosphérenluft. Mit Tiefenbohrungen durch das Eis bis zum Felsbett kann anhand der
gewonnenen Eisbohrkernen dieses Archiv, zuriickgehend in der Zeit, erschlossen werden.

Durch verschiedenste Prozesse wird die Zusammensetzung der Niederschlige und der At-
mosphére bestimmt und veréndert. Viele dieser Prozesse sind Schwankungen unterworfen,
die sich tageszeitlich, jahreszeitlich oder bedingt durch die Erdbahnelemente im Verlaufe von
Jahrtausenden verindern. Andere haben einen episodischeren Charakter. Vielen dieser Pro-
zesse ist gemeinsam, dass sie in einem komplexen Wechselspiel eng mit dem Klima verkniipft
sind, dieses beeinflussen und/oder von ihm beeinflusst werden. Die Eisbohrkerne sind somit
nicht nur ein Archiv fiir vergangene Niederschlige und Atmosphirenzusammensetzungen,
sondern enthalten komplexe Signale, die eng mit der Dynamik des Klimasystems der Erde
verkniipft sind.

Fiir vor allem in polfernen Breiten lebende Menschen scheint das vergangene Klima der
polaren Gebiete irrelevant zu sein. Das ist jedoch nicht der Fall, da das Klimasystem der
Erde iiber die Dynamik der Atmosphire und der Ozeane global gekoppelt ist und gerade
die polaren Gebiete empfindlich auf Verdnderungen reagieren oder ebensolche verstéirken. Die
polaren Gebiete spielen eine wichtige Rolle innerhalb des globalen Klimasystems.

Eisbohrkerne und die darin enthaltenen Informationen des vergangenen Klimas helfen das
Versténdnis iiber dieses komplexe System zu verbessern und relevante Mechanismen zu er-
kennen. Die Fragen sind aber zu komplex, als dass sie durch Untersuchungen der polaren Eis-
bohrkerne alleine beantwortet werden kénnen. Erst unter Einbezug verschiedener, weitrdumig
verteilter Klimaarchive sind signifikante Fortschritte innerhalb der Paldoklimatologie moglich.
Diese wiederum triagt nur einen Teil zum gesamten Versténdnis bei. Das langfristige Betreiben

150°W d4 °o 150°E

Abbildung 1.2: Antarktiskarte mit den im Text erwéhnten Tiefbohrungen.



von engmaschigen Messnetzen rund um den ganzen Globus, experimentelle Grundlagenfor-
schung und das Erstellen und Untersuchen von einfachen wie umfassenden Klimamodellen bil-
den weitere Eckpfeiler in der Erforschung des Klimas. Ein dritter, aktueller und umfassender
Uberblick iiber den Stand der Klimaforschung und insbesondere iiber die Klimaverinderungen
erschien im Jahre 2001 im Rahmen des Intergovernmental Panel on Climate Change IPPC
[IPCC, 2001].

1.2 Eisbohrkerne von Dome C und NorthGRIP

Nach den grossen Erfolgen mehrerer Tiefbohrungen in Gronland (unter anderen GRIP und
GISP2) und der Antarktis (unter anderen Byrd und Vostok) wurde in den Neunzigerjahren
das European Project for Ice Coring in Antarctica (EPICA) gestartet. Im Rahmen dieses Pro-
jektes sollen zwei neue Tiefbohrungen durchgefithrt werden, eine in Dome Concordia (Dome
C) und eine in Dronning Maud Land (Abbildung 1.2). Dome C ist einer der unwirtlichsten
Orte der Erde, auf 3233 m ii. M. in der Ostantarktis gelegen (75°06 Siid, 123°21’ Ost) und
gut 1000 km von der Kiiste entfernt (Abbildung 1.3). Die Jahresmitteltemperatur liegt bei
-54.5°C und der jihrliche Schneefall betragt knapp 3 cm in Wasseriquivalent. Der Eisschild
ist an dieser Stelle etwa 3310 m méchtig. Aufgrund der geringen Niederschlagsrate bietet
sich dieser Ort fiir eine Bohrung an, welche Eisbohrkerne fiir einen zeitlich moéglichst weit
zuriickreichenden Datensatz liefern soll. Obwohl die Bohrung (Abbildung 1.4) das Felsbett
noch nicht ganz erreicht hat, wurden an den gewonnenen Eisbohrkernen bereits Analysen
durchgefiihrt, die vielversprechende Resultate zeigen [EPICA community members, 2004].
Das Alter der tiefsten Schichten reicht 740 Tausend Jahre vor heute (ka BP) zuriick, so-
mit erstrecken sich die gewonnenen Klimainformationen iiber acht glazial-interglaziale Zyklen
und iibertreffen den bisher lingsten Eiskerndatensatz aus Vostok um gut 300’000 Jahre. Im
iiberlappenden Bereich stimmen die Daten sehr gut iiberein. Die neuen Daten von Dome C
(Abbildung 1.5) zeigen zwischen 430 und 740 ka BP weniger ausgeprigte, im Verhiltnis zu
den Kaltphasen jedoch linger dauernde Warmzeiten (Marine Isotope Stage MIS 11, 15, 17),
als die nachfolgenden Warmzeiten (MIS 5, 7, 9). Falls das verbleibende Eis bis zum Felsbett
noch gebohrt werden kann, was wegen der erhdhten Eistemperatur eine grosse Herausforde-
rung ist, wird der Datensatz schliesslich bis fast eine Million Jahre vor heute zuriickreichen.

Abbildung 1.3: Die Stationen von Dome C in der Antarktis und NorthGRIP in Groénland (Foto links
J. Fliickiger, rechts Universitit Kopenhagen).



Abbildung 1.4: Bohrzelt mit Bohrturm in Dome C; Bohrkopf mit Eisbohrkern (Foto rechts J. Fliickiger).

Der zweite Bohrort im Rahmen von EPICA liegt auf der entgegengesetzten Seite der Ant-
arktis, in Dronning Maud Land (DML) bei Kohnen Station (Abbildung 1.2). In dieser Region,
die an den Siidatlantik grenzt, m6chte man einen detailreichen Eisbohrkern gewinnen, der
moglicherweise Beziige zum Klima im nordatlantischen Raum aufweist.

Im nordatlantischen Raum kann man unter anderem Eisbohrkerne aus Gronland untersu-
chen. Diese reichen aufgrund der viel hoheren Niederschlagsraten weniger weit zuriick, aber
weisen eine bessere zeitliche Auflosung auf. Das ist sehr niitzlich, denn in den Eisbohrkernen
von Grénland zeigen sich wihrend der Eiszeit und im Ubergang zwischen Eiszeit und Warm-
zeit abruptere Schwankungen, als in den Klimadaten aus der Antarktis. Diese Schwankungen,
die sogenannten Dansgaard-Oeschger-Events (D/O) detaillierter zu untersuchen, war eines der
Ziele, weshalb zeitgleich zu EPICA ein kleineres Projekt unter der Fiihrung von dénischen
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Abbildung 1.5: Staubmessungen und 6D (ein Proxy fiir die lokale Temperatur) vom EPICA Dome C Eis-
bohrkern [EPICA community members, 2004].



Abbildung 1.6: Gronlandkarte mit den im Text erwahnten Bohrorten.

Forschern, mit breiter internationaler Beteiligung, in Nordgrénland (NorthGRIP) in Angriff
genommen wurde. In NorthGRIP (75°06” Nord, 42°19” West, 2917 m ii. M. — Abbildung 1.3
und 1.6) wurde das Hauptziel verfolgt, bis ins Eis der letzten Warmzeit (Eem) zu bohren. Die
Stabilitit der Eem-Warmzeit und die Ubergénge in die vorangehende und nachfolgende Eis-
zeit sind fiir die Klimaforschung von grossem Interesse. Im Sommer 2003 konnte die Bohrung
erfolgreich bis auf das Felsbett in einer Tiefe von 3085 m vorgetrieben werden. Gemessen an
der urspriinglichen Zielsetzung resultiert nicht in allen Punkten ein Erfolg. Wegen hoher geo-
thermischer Warme schmolz der Eisschild von unten her starker ab als erwartet, so dass das
ilteste Eis nur bis etwa in die Mitte der Eem-Warmzeit zuriickreicht. Dafiir ist die Schichtung
bis auf den Felsgrund erhalten und wegen der geringeren Ausdiinnung der einzelnen Schichten
ist die Auflésung besser als erwartet. Mit diesen neuen gronlédndischen Klimadaten kann nun
schliissig gezeigt werden, dass die beiden Datensétze der frither gebohrten Kerne GRIP und
GISP2 im untersten Teil (élter als 105 ka BP) vom Felsbett her gestort wurden und klimatisch
nicht interpretierbar sind [North Greenland Ice-Core Project (NorthGRIP) Members, 2004].

1.3 Spurenstoffe in polaren Eisbohrkernen

Die vorliegende Arbeit befasst sich mit der Messung und Interpretation von Spurenstoffen an
den beiden Eisbohrkernen von Dome C und NorthGRIP. Was sind Spurenstoffe, was ist ihre
klimatische Bedeutung, welchen Prozessen sind sie unterworfen?

Eine Vielzahl von Stoffen aus verschiedenen Quellen gelangen auf unterschiedlichen Wegen
in die Atmosphére und bilden dort das Aerosol | Warneck, 1999]. Dieses ist Bestandteil der
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Abbildung 1.7: Frisches Meereis zwischen McMurdo und Terra Nova Bay im November 2001; Frostblumen
auf neuem und altem Meereis, im Hintergrund die Endurance (Foto rechts F. Hurley, um 1915).

Luft, wird transportiert, modifiziert und unter anderem mit dem Niederschlag wieder aus
der Atmosphére entfernt. Wichtige Aerosolquellen sind das Meer (Seesalz), Wiistengebiete
(Mineralstaub), Vulkane, die Biomasse und die anthropogenen Emissionen.

Der Niederschlag in den zentralen Gebieten der KEisschilder und die polaren Luftmassen
sind im Vergleich zu Luft und Niederschlag aus niedrigeren Breiten in der Regel kaum ver-
unreinigt. Die auf den ersten Blick vernachléssigbar kleine Menge an Spurenstoffen in den
polaren Eisbohrkernen, zeigen jedoch bei genauerem Hinsehen einen immensen Informations-
gehalt iiber die Atmosphirenzusammensetzung und die klimatischen Bedingungen vergange-
ner Zeiten, aber auch iiber glazio-chemische Prozesse im Zusammenhang mit der Deposition.
Die Massenkonzentration der beobachteten Spurenstoffe kann um mehrere Gréssenordnungen
schwanken (Abbildungen 1.9, 1.10 und 1.11).

Neben der Nassdeposition von Spurenstoffen mit dem Niederschlag in Form von Schnee,
spielt vor allem in der Zentralantarktis, wo die Niederschlagsraten sehr klein sind, die Trocken-
deposition eine wichtige Rolle. Darunter versteht man die gravitations- oder windbedingte Ab-
lagerung von Aerosolen auf der Schneeoberfliche zwischen einzelnen Niederschlagsereignissen.
Einige der Spurenstoffe werden irreversibel deponiert. Von reversibler Deposition spricht man,
wenn Spurenstoffe, abhéngig beispielsweise von Temperatur und Akkumulationsrate, wieder
in die Atmosphire entweichen. Es kann auch spéter noch zu post-depositionalen Effekten
kommen, wenn sich Spurenstoffe zum Beispiel innerhalb der Eismatrix bewegen. All diese
Prozesse miissen entweder hinreichend bekannt oder vernachléssigbar sein, wenn man von der
Messung von Spurenstoffen an Eisbohrkernen auf deren atmosphérische Konzentration vor
der Deposition schliessen will.

Die atmosphiirische Konzentration gewisser Aerosole wiederum beeinflusst den Strahlungs-
haushalt der Erde und damit das Klima direkt, oder als Kondensationskeime bei der Wol-
kenbildung indirekt. Viele dieser Aerosoleffekte sind noch ungeniigend erforscht und ergeben
deshalb Unsicherheiten bei der Modellierung des Klimasystems [Anderson et al., 2003]. Einen
Uberblick iiber die wichtigsten Aerosolklassen und deren klimatische Effekte findet sich unter
anderem in der Dissertation von Rdthlisberger [2000].
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Speziell mit Spurenstoffmessungen an Eisbohrkernen befasst sich der Ubersichtsartikel von
Legrand und Mayewski [1997]. Drei neuere Arbeiten, die ebenfalls Spurenstoffmessungen an
Eisbohrkernen als Grundlage haben, seien hier kurz vorgestellt. Adams et al. [2003] fanden ei-
ne statistische Korrelation zwischen explosiven Vulkanausbriichen, aufgezeichnet in Eisbohr-
kernen, und anschliessenden El Nino Klimaereignissen im pazifischen Raum. Curran et al.
[2003] konnten zeigen, dass zwischen Methansulfonsdure in einem antarktischen Eisbohrkern
und satellitengestiitzen Beobachtungen der Meereisbedeckung im ostantarktischen Sektor ein
Zusammenhang besteht. Die Auswertung der so kalibrierten, weiter zuriickreichenden Me-
thansulfonsduremessungen wiesen auf eine Abnahme der Meereisbedeckung um 20% im un-
tersuchten Gebiet seit 1950 hin. Die Oberfliche des frisch gebildeten Meereises (Abbildung
1.7) in polaren Gebieten ist die bedeutendere Quelle fiir das Seesalzaerosol [ Wagenbach et al.,
1998; Rankin et al., 2002], als brechende Wellenkdmme, die in niedrigeren Breiten fiir die Pro-
duktion verantwortlich sind. Dieser Sachverhalt wurde von Wolff et al. [2003] dahingehend
interpretiert, dass Seesalzaerosolmessungen in antarktischen Eisbohrkernen eher Aussagen
iiber die Meereisbildungsrate zulassen und nicht wie bisher {iblich als Indikatoren fiir einen
verstéirkten meridionalen Transport gedeutet werden diirfen.

1.4 Beitrag dieser Arbeit

1.4.1 Feldarbeiten

Die Beteiligung an den zwei grossen Eiskernbohrungen in Dome C und in NorthGRIP bil-
den die Basis der vorliegenden Dissertation. Die Hauptarbeit in der ersten Phase bestand
darin, im Rahmen dieser internationalen Projekte zwei Messkampagnen vorzubereiten und
durchzufiihren. Diejenige in NorthGRIP im Sommer 2000 und diejenige in der Antarktis auf
Dome C im Siidsommer 2001/2002 [EPICA Dome C 2001-02 science and drilling teams,
2002; Fliickiger und Bigler, 2003]. In beiden Fillen wurde die an der Abteilung fiir Klima-
und Umweltphysik entwickelte und gebaute Continuous Flow Analysis (CFA) Messanlage ein-
gesetzt (Abbildung 1.8), die in den Publikationen Sigg et al. [1994], Rdthlisberger et al. [2000]
(Publikation im Unterkapitel 2.10) sowie im Kapitel 3 beschrieben ist. Vor den jeweiligen
Feldarbeiten wurde das Messsystem in Bern griindlich revidiert, optimiert, teilweise erwei-
tert und anschliessend nach Gronland, respektive in die Antarktis versandt (etwa 1000 kg
Material). Die wesentlichen methodischen Neuerungen, die im Rahmen der experimentellen
Arbeiten realisiert wurden sind (1) Verbesserungen des Sulfatnachweissystems (Unterkapi-
tel 3.3), (2) die Neukonstruktion eines Schmelzkopfes inklusive kleinerer Verbesserungen an
der CFA-Schmelzanlage (Abbildung 1.8, Unterkapitel 3.2), sowie (3) die Einfithrung eines
Partikelmessgeriites (Unterkapitel 3.4).

Wihrend den mehrmonatigen Messkampagnen wurde die CFA-Anlage jeweils wihrend
sechs Tagen pro Woche rund um die Uhr betrieben, mit dem Ziel, moglichst umfassende
und detailreiche Spurenstoffdatenséiitze aufzuzeichnen. Konkret wurden die wasserloslichen
Massenkonzentrationen von Kalzium Ca?t, Natrium Nat, Ammonium NH,t, Sulfat SO42~
(nur in NorthGRIP), Nitrat NO3~, Wasserstoffperoxyd HoO9 und Formaldehyd HCHO am
Schmelzwasser kontinuierlich geschmolzener Eiskernproben gemessen (in ngg~! oder gleich-
bedeutend ppbw). In gleicher Weise wurde auch die elektrolytische Gesamtleitfihigkeit des
Schmelzwassers erfasst (in puScm™1), sowie die Gesamtkonzentration und Grossenverteilung
der wasserunlslichen Partikel (in Anzahl Partikel ml~! oder ngg~'). Im Anschluss an die
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Abbildung 1.8: CFA-Schmelzkopf und CFA-Messanlage in Dome C 2001/2002 (Foto rechts J. Fliickiger).

Feldarbeiten erfolgte die zeitaufwendige Auswertung der hochaufgelosten Daten. Diese Ar-
beiten konnten fiir den im Jahr 2000 gemessenen Teil des NorthGRIP Eisbohrkerns abge-
schlossen werden. Beim 2001/2002 gemessenen Abschnitt des Dome C Kerns liegen mehr
als zwei Drittel der Daten fertig ausgewertet vor. Damit konnten im Rahmen dieser Dis-
sertation die verfiigharen CFA-Spurenstoffdaten vervielfacht werden. Zusammen mit einem
nordgronldndischen Firnkern (NGT B20, Diplomarbeit [Bigler, 2000]), der zu Beginn der
Dissertation fertig ausgewertet wurde, liegen nun drei umfassende, hochaufgeloste Spuren-
stoffdatensitze vor, die in der Folge kurz vorgestellt werden.

1.4.2 Spurenstoffdaten von Dome C

Der erste Teil der antarktischen Dome C Spurenstoffmessungen bis zu einer Tiefe von 585 m
wurde in der Dissertation von Rdéthlisberger [2000] versffentlicht. Mit den neuen Daten kommt
das Tiefenintervall von 585 bis 2162 m dazu. Der grosste Teil dieser Erweiterung (769 bis
2162 m) wurde wahrend der Feldsaison 2001/2002 in Dome C am Kern EDC99 gemessen. Die
knapp 200 m dazwischen stammen vom Kern EDC96 und wurden in einer kleineren Mess-
kampagne im Herbst 2000 am Alfred-Wegener-Institut (AWTI) in Bremerhaven verarbeitet. Bis
jetzt ausgewertet sind alle Messdaten bis in eine Tiefe von 1165 m und das Tiefenintervall von
1433 bis 1855 m. Dies entspricht den Zeitintervallen von der Gegenwart bis 78 ka BP und von
103 bis 151 ka BP. Abbildung 1.9 gibt einen Uberblick iiber alle bisher ausgewerteten CFA-
Daten von Dome C, es sind dies: Ca?", Nat, NHy;+, NO3~, HyO, HCHO, elektrolytische
Gesamtleitfahigkeit, Partikelgesamtkonzentration und -gréssenverteilung. In der Figur nicht
dargestellt sind die Resultate von HoO9 und HCHO, die abschnittsweise noch einen Offset auf-
weisen, weil die Blankmessungen nicht korrigiert wurden. Beide Komponenten zeigen jedoch
mit Ausnahme der obersten Firnabschnitte praktisch keine detektierbaren Massenkonzentra-
tionen. In Dome C wurde das SO42~ nicht mit der CFA-Nachweismethode gemessen, sondern
zusammen mit Chlorid mittels quasi-kontinuierlicher Ionenchromatographie (FIC) durch ei-
ne Gruppe der Universitit Florenz. Wasser der CFA-Schmelzanlage wurde nicht nur vom
FIC-System verwendet, sondern auch zur Speisung eines neugebauten Autosamplers, der dis-
krete Proben in einer Tiefenauflésung von ungefihr 10 cm fiir weitere Ionenchromatographie-
Messungen sammelte. Diese wurden oder werden noch von den verschieden an EPICA betei-
ligten européischen Labors analysiert. Neue CFA-Daten von Dome C wurden in den folgenden
Publikationen verwendet: Rdthlisberger et al., 2002; Rothlisberger et al., 2003; Bigler et al.,
2004; Bigler et al., 2004; Durand et al., 2004; Rdéthlisberger et al., 2004.
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Abbildung 1.9: CFA-Daten von Dome C zusammen mit 6D [EPICA community members, 2004]; grau 0.5 cm-
und schwarz 55cm-Mittelwerte; das Partikelmessgeridt wurde erst ab Saison 2001/2002 eingesetzt; die im
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Warmereignisse (Al bis AG).
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1.4.3 Spurenstoffdaten von NorthGRIP

Die neuen gronldndischen NorthGRIP Daten decken das Tiefenintervall von 1405 bis 2930 m
ab und umfassen damit den gesamten Ubergang in das letzte Glazial und den grossten Teil die-
ser Kaltzeit, etwas weiter zuriick als D/O-Event 23. Das entsprechende Zeitintervall reicht von
ziemlich genau 110 bis 10 ka BP. In NorthGRIP wurden alle CFA-Komponenten gemessen:
Ca’t, Nat, NH,t, SO42~, NO3~, HoO, HCHO, elektrolytische Gesamtleitfihigkeit, Par-
tikelgesamtkonzentration und -grossenverteilung. Im Vergleich zur Pionierarbeit von Fuhrer
[1995], die am GRIP-Eisbohrkern Messungen von Ca’T, NH4t, H,O5 und HCHO durchfiihrte,
konnte die Zahl der Komponenten und die Datenauflosung betrachtlich erhoht werden. Zu-
dem weist der neue NorthGRIP Datensatz bei NH4™ und HyOy weniger Liicken auf, deckt
hingegen das Holozén nicht ab. Abbildung 1.10 gibt einen Uberblick iiber die vollstindig
ausgewerteten CFA-Daten. Wie schon in Unterkapitel 1.4.2 sind die Resultate von HyO5 und
HCHO nicht abgebildet, welche abgesehen vom Ubergang in die letzte Eiszeit praktisch kei-
ne detektierbaren Massenkonzentrationen zeigen. Auch in NorthGRIP wurde ein Teil des
Schmelzwassers abgezweigt und von Hand und teilweise mit Hilfe eines Autosamplers fiir
spétere Ionenchromatographie-Messungen in Kopenhagen, Stockholm und Heidelberg gesam-
melt. Die Auflosung dieser diskreten Proben betrédgt normalerweise 55 cm. Teile der neuen
CFA-Daten von NorthGRIP wurden in den folgenden Publikationen verwendet: Ruth et al.,
2002; Mortensen et al., 2004; Svensson et al., 2004. Es ist geplant, die verbleibenden untersten
Eisbohrkerne in néchster Zeit zu analysieren und den Datensatz bis in die Eem-Warmzeit zu
vervollstdndigen.

1.4.4 Spurenstoffdaten von NGT B20

Die CFA-Daten von NorthGRIP decken im wesentlichen den glazialen Teil des Eisbohrkerns
und nur einen kleinen Teil des frithen Holozéns ab. Hochaufgeloste Holozén-Daten gibt es je-
doch vom Firnkern NGT B20, der im Rahmen der AWI-Nordgrénlandtraverse (NGT) gebohrt
und 1999 in Bern analysiert wurde (Diplomarbeit Bigler, 2000). Dieser 148 m lange Firnkern
stammt aus Nordostgronland (78°50” Nord, 36°30° West, 2147 m ii. M.), einem Gebiet, das
sich fiir gronlédndische Verhéltnisse durch eine kleine mittlere Jahresschichtdicke von nur 10 cm
auszeichnet. Jahresschichten sind jedoch iiber den ganzen Kern erhalten und kénnen zwischen
eindeutig identifizierbaren und genau datierten Vulkanhorizonten abgezéihlt werden. Die Da-
tierung des Firnkerns ist daher auf +5 Jahre genau. Folgende CFA-Komponenten wurden ge-
messen: Ca?t, Nat, NH; T, SO42~, NO3~, HyO9, und die elektrolytische Gesamtleitfihigkeit.
Die hochaufgelosten Daten sind in Abbildung 1.11 dargestellt. Sie fanden Eingang in folgenden
Veroffentlichungen: Bigler, 2000; Bigler et al., 2002; Rothlisberger et al., 2002.

1.4.5 Untersuchung klimatischer Mechanismen in der Siidhemisphire

Das siidliche Stidamerika ist die dominante Quelle des nach Dome C verfrachteten konti-
nentalen Aerosols [Delmonte et al., 2004]. Das wasserlosliche Ca?" gemessen am Dome C
Eisbohrkern kann jedoch nicht direkt als Indikator fiir das kontinentale Aerosol verwenden
werden, da insbesondere in Warmzeiten ein nicht unwesentlicher Teil vom Ca?* aus dem Meer
stammt. Umgekehrt ist das Meer nicht die einzige Quelle von Na™, das in Dome C deponiert
wird. Vor allem in den Kaltzeiten wird ein unbekannter Na™-Anteil mit dem kontinentalen
Aerosol eingetragen. Basierend auf den hochaufgelosten Daten und speziell auf ganz hohen
Peakwerten, wird in Bigler et al. [2004] (Publikation im Unterkapitel 2.1) ein Verhéltnis von
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kontinentalem (Na™/Ca®") abgeleitet, das die Trennung der beiden Quellenbeitriige zum ge-
samten Na™ und Ca?' ermdglicht. Das datenbasierte Verhéltnis passt gut zu Messungen,
die am heutigen Aerosol direkt in Patagonien durchgefiihrt wurden. Die Untersuchung ergibt
einen kleineren relativen Anteil des Seesalzaerosols am Gesamtaerosol als bisher angenommen.
Das bedeutet, dass vor allem unter glazialen Bedingungen die kontinentalen Quellen von Na™,
aber auch von C1™, wesentlich zum Aerosol beigetragen haben. Daher diirfen Na-Messungen
nicht als rein marines Signal interpretiert werden.

Wenn die beiden Quellenbeitriige zu Na® und Ca?* entkoppelt sind, man also das Seesalz-
Natrium (ss-Na™) und das Nicht-Seesalz-Kalzium (nss-Ca?") kennt, kann teilweise auf die
klimatischen Bedingungen in der jeweiligen Quellenregion geschlossen werden. Hohere Wer-
te eines irreversibel deponierten Spurenstoffes kénnen aber nicht ausschliesslich mit einer
grosseren Quellenstéirke erklart werden, sondern auch durch eine Intensivierung des Trans-
ports von der Quelle in die Antarktis. Viele Beobachtungen wurden bis anhin mit einer bedeu-
tenden Verstirkung des meridionalen Transportes withrend glazialer Perioden erklirt [Petit
et al., 1999]. Interpretationen von Modellresultaten weisen jedoch in letzter Zeit darauf hin,
dass sich der Transport nicht stark verdndert hat [Krinner und Genthon, 2003; Lunt und
Valdes, 2001] und dass sich glazial-interglaziale Verdnderungen in der Spurenstoffdeposition
durch Modifikationen der Quelle erkliren lassen, wie im Fall von ss-Na™t [Wolff et al., 2003].
Die folgenden zwei Publikationen gehen in dieselbe Richtung.

Die zweite Hilfte der letzten Eiszeit und der Ubergang von der letzen Eiszeit in die heu-
tige Warmzeit (Termination I) werden anhand von Dome C Daten der letzten 45 ka in der
Veroffentlichung von Rdthlisberger et al. [2002] (Publikation im Unterkapitel 2.2) untersucht.
Die Termination I wiederspiegelt zuerst vor allem eine klimatisch bedingte Abschwichung der
kontinentalen Aerosolquellen im siidlichen Siidamerika. Erst gegen Ende des Ubergangs hat al-
lenfalls eine Anpassung der atmosphérischen Zirkulationsmuster stattgefunden. Die wéirmeren
Abschnitte innerhalb der letzten Kaltzeit weisen so tiefe Ca?t-Messwerte auf, dass das Klima
im siidlichen Siidamerika zu der Zeit vermutlich feuchter war, als iiblicherweise in der Eiszeit.

Dank den neuen Daten von Dome C in Bigler et al. [2004] (Publikation im Unterkapitel
2.8) kann der Untersuchungszeitraum nun bis zuriick in die vorletzte Eiszeit ausgedehnt wer-
den. Damit lisst sich auch die letzte Warmzeit, das Eem, samt den beiden Ubergéingen am
Anfang und am Ende (Termination II, Inception I) im Detail untersuchen. Das Eem erweist
sich als stabile Klimaperiode und &hnelt im grossen und ganzen der heutigen Warmzeit, war
aber etwas wérmer [EPICA community members, 2004; Petit et al., 1999]. Vermutlich gab
es im frithen Eem weniger Meereis rund um die Antarktis, als im Holozin, was sich in sehr
tiefen NaT-Messwerten #dussert. Ca?" ist hingegen im ersten Teil des Eem héher als im Ho-
lozén, was auf ein feuchteres Klima im siidlichen Stidamerika schliessen lédsst. Erst am Ende
der Eem-Warmzeit und in der Inception I werden Holozén-dhnliche Werte erreicht. Da sich
die beiden Spurenstoffmessungen gerade entgegengesetzt verhalten, kann eine Veréinderung
der Transportmechanismen kaum fiir diese Beobachtungen verantwortlich gemacht werden.
Weiter wurde gefunden, dass die Meereisbildungsrate und die antarktische Temperatur in
Warmzeiten stérker gekoppelt sind, als in Kaltzeiten. Es scheint, als ob sich die Meereisbil-
dung unter einer gewissen Schwellentemperatur im Glazial nicht mehr stark veréindern wiirde,
obwohl die Temperatur gewissen Schwankungen ausgesetzt ist. Der Eintrag von kontinenta-
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lem Aerosol aus dem siidlichen Siidamerika, der in Warmzeiten unabhéngig scheint von der
antarktischen Temperatur und Meereisbildungsrate, reagiert hingegen empfindlich auf glaziale
Temperaturschwankungen.

Deshalb werden Ca?"-Messungen in Rathlisberger et al. [2004] (Publikation im Unterkapitel
2.4) beigezogen, um den Einfluss des atmosphérischen Staubeintrags auf die Eisendiingung
des siidlichen Ozeans abzuschéitzen und damit die Verinderungen der atmosphérischen COs-
Volumenkonzentration zu quantifizieren. Es kann gezeigt werden, dass Anderungen der bio-
logischen Produktivitidt im siidlichen Ozean, als Antwort auf den verdnderten Staubeintrag,
nur einen Viertel des COo-Anstiegs wihrend der Termination I erkldren kénnen. Der restli-
che Anstieg muss durch andere Prozesse erkliart werden. Einer davon ist der Staubeintrag in
den Nordpazifik, der zusétzlich maximal einen Zehntel des COo-Anstiegs erkldaren kann. Dies
fithrt iiber auf die Nordhemisphére, die jedoch iiber die Ozeanzirkulation und atmosphérische
Prozesse eng mit der Stidhemisphére gekoppelt ist.

1.4.6 Untersuchung klimatischer Mechanismen in der Nordhemnisphére

Der NorthGRIP Eisbohrkern reicht zuriick bis in die Mitte der Eem-Warmzeit, welche wie in
der Antarktis etwas wirmer war, als die heutige Warmzeit [North Greenland Ice-Core Project
(NorthGRIP) Members, 2004]. Bis jetzt liegt noch keine Publikation iiber die Messungen
der wasserltslichen Spurenstoffe des glazialen Teils des neuen Eisbohrkerns vor. Einzig die
Partikeldaten wurden interpretiert und in Ruth et al. [2003] (Publikation im Unterkapitel 2.5)
veroffentlicht. Anderungen im glazialen atmosphirischen Partikeltransport werden anhand
von Variationen der Partikelgrossenverteilungen und unter Einbezug eines einfachen Modells
abgeschéitzt. Durch Transportverinderungen allein kénnen die Messresultate nicht erklért
werden. Auch in der Nordhemisphére spielen Quellendnderungen eine wichtige Rolle. Ferner
wird gezeigt, dass Quellendnderungen und Transportéinderungen zwei unabhéingige Prozesse
sind, die durch externe Mechanismen angetrieben werden.

Fallstudien in Ruth et al. [2002] (Publikation im Unterkapitel 2.6) weisen darauf hin, dass
die Partikelgesamtkonzentration und das wasserlosliche Ca?" durchaus gut korrelieren, aber
sowohl in verschiedenen Klimaperioden (basierend auf Mittelwerten), wie auch in verschie-
denen Jahreszeiten (basierend auf den hochaufgelosten Daten) ein unterschiedliches Massen-
verhiltnis aufweisen. Bei hohen Massenkonzentrationen ist das Verhéltnis von Ca?* zu Staub
jeweils tief. Ist im Eis vulkanische Sdure vorhanden, veréndert sich das Verhéltnis ebenfalls,
weil mehr Ca?* gelsst wird. Das bedeutet, dass Ca?t-Messungen nicht uneingeschrinkt als
Indikator fiir die Partikelkonzentration verwendet werden diirfen.

Die withrend der Diplomarbeit [Bigler, 2000] gewonnenen SO42~-Daten wurden zusammen
mit weiteren CFA-Spurenstoffmessungen des nordostgronléindischen Firnkerns NGT B20 in
der Publikation Bigler et al. [2002] (Publikation im Unterkapitel 2.7) verwertet. Uber die
gesamte Linge des Kerns, der die letzten 1200 Jahre abdeckt, kann ein jahreszeitlich schwan-
kendes SO4%~-Signal nachgewiesen und zum Zihlen der Jahresschichten mit verwendet wer-
den. Die mittlere saisonale Maximalkonzentration hat sich wihrend dem deutlich sichtbaren
anthropogenen Anstieg im Vergleich zur vorindustriellen Zeit etwas mehr vom Frithsommer in
den Friihling verschoben. Sieht man von SO42~-Spitzen vulkanischen Ursprungs ab, konnen
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vor 1850 keine signifikanten langfristigen Verinderungen des SO42~-Hintergrundbeitrags fest-
gestellt werden. Der vulkanische Beitrag scheint jedoch um 1200 n. Chr. etwas hoher gewesen
zu sein als {iblich, denn in dieser Zeit ldsst sich eine Haufung iiberdurchschnittlicher SO4%~-
Peaks beobachten. Solche Peaks werden auch in Mortensen et al. [2004] verwendet, um im
NorthGRIP-Eisbohrkern mégliche Vulkanereignisse zu identifizieren, die nicht nur 16sliche
Séure, sondern auch vulkanische Gléser, sogenanntes Tephra, enthalten. Die Identifikation
von charakteristischen Tephra-Zusammensetzungen ermoglicht die genaue Zuordnung zu ein-
zelnen Vulkanausbriichen und damit die Synchronisation mit anderen Eisbohrkernen, aber
auch mit marinen Sedimentkernen aus dem ganzen nordatlantischen Raum.

1.4.7 Untersuchung glazio-chemischer Prozesse

Die Untersuchung von glazio-chemischen Prozessen scheint auf den ersten Blick speziali-
sierte Grundlagenforschung zu sein. Riickschliisse von Eisbohrkernmessungen auf die atmo-
sphérische Zusammensetzung und schliesslich die klimatische Interpretation sind jedoch nur
dann verldsslich moglich, wenn die Prozesse, die bei der Deposition und kurz- oder langerfristig
danach stattfinden, bekannt und quantifiziert sind. Dies gilt nicht nur fiir Spurenstoffe im
Eis, sondern auch fiir Gase in den Luftblasen und Klathraten [Flickiger, 2003; Monnin, 2004;
T'schumi, 1999]. Die nachfolgenden Publikationen beziehen sich aber ausschliesslich auf glazio-
chemische Prozesse im Zusammenhang mit Spurenstoffmessungen im Eis.

In der Publikation von Rdthlisberger et al. [2003] (Publikation im Unterkapitel 2.8) wird
die reversible Deposition von Chlorid CI~ in Dome C untersucht. Weil CI~ und Na® in
Warmzeiten vor allem aus dem Meer stammen, diirfte man eigentlich erwarten, dass deren
Meerwasserverhéltnis auch im Eis erhalten bleibt. Man beobachtet jedoch an der Oberfliche
einen Cl1™-Uberschuss und weiter unten einen Cl™-Mangel. Dies kann damit erklirt werden,
dass das Seesalzaerosol in der Atmosphére mit Salpeter- und Schwefelsiure reagiert, wobei
HCI gebildet wird. Dieses hat eine etwas ldngere Lebensdauer und wird vermutlich unabhéngig
vom restlichen Seesalzaerosol nach Dome C transportiert, was an der Oberfliche zu einem
Uberschuss fithrt. Vor allem wegen der geringen Akkumulationsrate ist dieser Depositions-
vorgang reversibel, HCI kann wieder in die Atmosphére entweichen, was schliesslich netto zu
einem Verlust fithrt. Unter glazialen Bedingungen scheint dieser Prozess nicht stattzufinden,
obwohl die Akkumulation noch viel kleiner ist. Es scheint, dass die hohe Verfiigharkeit von
basischem Mineralstaub zu einer Neutralisierung der atmosphérischen Salpeter- und Schwe-
felsdure fithrt, so dass die HCIl-Bildung beim Seesalzaerosol nicht stattfinden kann und das
C1l™ nicht vom Na™ entkoppelt wird, was wiederum post-depositionale Verluste verhindert.
In glazialen Zeiten beobachtet man daher ein erhaltenes Seewasserverhéltnis im Dome C Eis-
bohrkern. Weil aber in diesen Perioden der kontinentale Staubeintrag dominierend ist, der
auch kontinentales Na™ und C1~ nach Dome C bringt, muss das kontinentale Verhiltnis einen
dhnlichen Wert haben wie das marine [Bigler et al., 2004].

Neben C1™ ist gemiss Rdthlisberger et al. [2002] (Publikation im Unterkapitel 2.9) auch
NOj3~ post-depositionalen Effekten ausgesetzt. Anhand zahlreicher Daten von ganz Gronland
und aus der ganzen Antarktis konnte die Abhéngigkeit der rezenten NO3™-Deposition von
Temperatur und Akkumulationsrate demonstriert werden. Ob die Temperatur oder die Akku-
mulationsrate urséchlich ist, kann nicht beantwortet werden, weil beide stark korreliert sind. In
Gebieten mit hoher Akkumulationsrate beobachtet man tiefe NO3~-Massenkonzentrationen,



20

wenn die Temperatur hoch ist. In Niedrigakkumulationsgebieten werden NO3~-Verluste haupt-
sdchlich durch Fotodegradation verursacht.

Glazio-chemische Fragestellungen werden unter Beizug von CFA-Spurenstoffmessungen auch
in den Publikationen von Durand et al. [2004] und Svensson et al. [2004] angesprochen. In
der ersten wird der Einfluss von Verunreinigungen auf das Kornwachstum im Dome C Eis
untersucht, welches mit zunehmender Tiefe einen Trend zu immer grosseren Kristallkérnern
aufweist. In der zweiten Publikation wird unter anderem die hohe Korrelation zwischen hoch-
aufgelosten Spurenstoffmessungen und der optisch sichtbaren Schichtung im NorthGRIP-
Eisbohrkern diskutiert.

1.5 Ausblick

Nach dem Verlust des meisten CFA-Materials beim Riicktransport aus der Antarktis im
Friihjahr 2003, muss die Messanlage vollstdndig neu aufgebaut werden. Diese Arbeiten sind
im Rahmen einer Dissertation in Angriff genommen worden und bereits weit fortgeschrit-
ten. Dabei wird angestrebt, aus der Not eine Tugend zu machen, und das Equipment nicht
einfach nachzubauen, sondern wo immer moglich zu aktualisieren und optimieren, mit dem
Ziel, moglichst rasch ein noch verlésslicheres, und jeweils schneller auf- und abgebautes CFA-
System zu erhalten. Experimentelle Anpassungen und neue Software sollen zudem auch eine
schnellere Datenauswertung erméglichen und die Datenqualitét weiter erh6hen. Eine Verein-
fachung des gesamtem CFA-Systems wird es erleichtern, weitere Komponenten hinzuzufiigen.
Im Vordergrund stehen dabei C1™- und TOC-Messungen. Zudem wére eine Optimierung be-
stehender Komponenten, zum Beispiel SO4%~, durchaus wiinschenswert.

Die Transferfunktionen der reversibel deponierten Spurenstoffe NO3™ und Cl™ sind quan-
titativ nach wie vor nicht bekannt. Daher fehlt die notwendige Grundlage, NO3~ und Cl™
klimatisch interpretieren zu kénnen und als unabhéngige Indikatoren zur Rekonstruktion der
Akkumulationsrate zu nutzen. Um diese Liicke zu schliessen, braucht es Modellierungsarbei-
ten, sowie weitere Feld- und Labormessungen von Oberflichenschnee und der Atmosphére.

Ein grosser Teil der Dome C Daten ist noch nicht ausgewertet. Der Abschluss dieser zeit-
intensiven Arbeiten, die im Rahmen einer weiteren Dissertation durchgefithrt werden, wird
die Interpretation von Spurenstoffmessungen {iber mindestens acht glazial-interglaziale Zy-
klen oder bis mindestens 800 ka BP ermdoglichen. Eine solch lange Zeitspanne konnte anhand
von Eisbohrkernen noch nie untersucht werden. Haben die Mechanismen, die fiir die letzten
150 ka diskutiert wurden, iiber die gesamte Zeitspanne Giiltigkeit? Sind hochaufgeloste Spu-
renstoffmessungen in derart altem Eis noch interpretierbar oder haben post-depositionale,
diffusive Prozesse die Signalcharakteristik zerstort? Es ist bereits jetzt absehbar, dass der
Dome C Datensatz zukiinftige Referenz fiir Eisbohrkernresultate wird. Aber auch der zweite
EPICA Eisbohrkern von DML diirfte aufgrund der hohen Auflésung neue Massstidbe setzen
und Aussagen ermoglichen, die mit den Dome C Daten nicht moglich sind.

Es ist geplant, die NorthGRIP-Spurenstoffdaten anlésslich eines Post Doc Stipendiums (fi-
nanziert vom Schweizerischen Nationalfonds) in Kopenhagen vertieft zu interpretieren. Dazu
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sollen vor allem klimawirksame Prozesse untersucht werden, die auf jéhrlichen oder jahres-
zeitlichen Zeitskalen stattfinden und eine hohe Datenauflésung erfordern. Dazu gehort zum
Beispiel das Erstellen einer Vulkanchronologie iiber die letzte Eiszeit anhand der hochauf-
gelosten SO42~-Messungen. Weiter soll durch den Vergleich der beiden hochaufgelésten NH4*-
Datensétze von GRIP und NorthGRIP die rdumliche Variabilitdt der Signale untersucht und
bestenfalls auf Verdinderungen der Waldbrandaktivitdt auf dem nordamerikanischen Konti-
nent geschlossen werden. Bei beiden Untersuchungen geht es um die Charakterisierung des
nordhemisphérischen Klimas wihrend der letzten Eiszeit.

Basierend auf den umfassenden CFA-Datensédtzen, die in den letzten Jahren gewonnen
werden konnten, und die erst teilweise interpretiert worden sind, kann also in Zukunft noch
mit zahlreichen weiteren Erkenntnissen gerechnet werden.
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Abstract

Water-soluble ions like sodium Na', calcium Ca®*, and chloride CI~ preserved in ice cores, originating
from both marine and continental sources are important proxies to reconstruct past climatic processes.
However, it is difficult to quantify the contribution from the continental sources, particularly during
glacial periods. Based on high-resolution data from an East Antarctic ice core (EPICA Dome C), con-
tinental aerosol ratios of Na', Ca?* and Cl~ are deduced and compared to the water-soluble fraction of
aerosols from Patagonia and the southern Pampas, the most likely source region. By using the derived
ratios it turned out that during glacial maxima approximately 40-50% of Na“, and 30-40% of CI”
originate from continental sources, in contrast to previously estimated smaller quantities based on
mean crust values. Furthermore, the inferred continental CI™ to Na' ratio is similar to the marine one,
allowing for the preservation of the bulk seawater ratio of ClI~ and Na“ during glacial maxima, despite
the substantial contribution from continental sources.

1. Introduction

Impurities in ice cores bear information regarding past changes in their sources, transport patterns and
deposition mechanisms [Legrand and Mayewski, 1997]. However, many substances routindy analysed
in ice cores represent a mixture of several different sources, complicating the interpretation of the ob-
served variations in terms of climatic conditions in the different source regions and the large-scale
transport from the various sources to theice sheets.

Calcium Ca?, an important water-soluble inorganic ion in polar snow and ice, is commonly used as a
proxy for the continental aerosol, however, at a remote site such as Dome C in East Antarctica its pre-
sent-day contribution is of the same order as the Ca®* originating from the marine source
[Réthlisberger et al., 2002]. Sodium Na" and chloride CI™ on the other hand are generally considered
as marine proxies [Rothlisberger et al., 2003; Wolff et al., 2003], although some Na" and Cl” is pre-
sumably brought in by continental aerosols, especially during glacial periods when theinput was large.

Given the mean continental aerosol mass ratio (Na'/Ca®)oy and the mean marine mass ratio
(Ca®*/Na")ma the measured concentrations (in ng g™*) can be separated reasonably well into a sea-salt
(e.g. ss-Na') and a non-sea-salt part (nss-Ca’"):
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Marine ratios are strongly related to the well-determined bulk seawater ratios, and changes over gla-
cial-interglacial periods are assumed to be negligible. In addition (Ca?*/Na’)me = 0.038 [Bowen, 1979
is numerically small, therefore the calculation of nss-Ca?" is not particularly critical. On the other hand
the composition of the continental aerosal is fairly uncertain and depends strongly on the exact source
material [Warneck, 1999], with (Na'/Ca?")en ranging from 0.086 for mean sediment, 0.33 for mean
soils (with a range over several orders of magnitude) to 0.56 for mean crust [Bowen, 1979]. Therefore
the calculation of ss-Na' is associated with large uncertainties when the continental aerosol input is
dominant, especially under glacial conditions.

Source separation has so far been based on literature values for the mean crust [de Angelis et al., 1987;
Legrand et al., 1988; Rothlisberger et al., 2002], although the true ratios could differ significantly
from these assumed values, causing considerable uncertainty in the resulting ss-Na' and nss-Ca®* re-
cords.

In this study, we derive continental ratios of Na', Ca?* and CI~ from the aerosol deposited at Dome
Concordia based on high-resolution data from the European Project for Ice Coring in Antarctica
(EPICA) Dome C ice core. By comparing the Ca?*/Na’ ratios of single peaks, we obtain the range of
possible observed ratios. Events dominated by marine input will reflect the seawater ratio, whereas
major continental events will approach the continental aerosol ratio. As other sources of Ca?* and Na'
are negligible, the data has to lie within the boundaries set by the marine and the continental ratios.
Based on these ratios, we then calculate ss-Na* and nss-Ca?* and compare the marine and the continen-
tal contribution over the last two glacial interglacial transitions.

2. Analytical M ethods and Data

Water-soluble Na™ and Ca?* have been measured during four measuring campaigns between 1997 and
2002 using a Continuous Flow Analysis system (CFA) as described in Réthlisberger et al. [2000]. The
chronology and the accumulation rate estimates are according to Schwander et al. [2001] and EPICA
community members [2004]. The East Antarctic Dome C drill site (75°06’'S; 123°21'E; 3233 m about
sea leve) is characterised by a mean annual surface temperature of —54.5°C and a mean accumulation
rate today of 25 kg m~ a™. The records presented in Réthlisberger et al. [2004; 2002] are extended
back to 78 ka before present (BP) and from 103 to 151 ka BP, respectively (Figure 1). The older part
covers the entire last interglacial period, the Eemian, as wdl as the glacial maximum of the penulti-
mate glacial, thus allowing us to compare data from two interglacial periods (Holocene, Eemian) and
two glacial periods including their glacial maximum (GM 1, 11).

In this study we use high-resolution data (0.5 cm values), which represent sub-annual to annual resolu-
tion, except for GM I, during which the resolution is reduced towards biennial values. Considering
the very low accumulation rate at Dome C, predominant dry deposition of impurities [Legrand, 1987],
wind driven mixing of the surface snow and fractionation processes due to frost formation [lizuka et
al., 2004] the analytical resolution is sufficient to trace the preserved deposition of Na" and Ca®*. The
detection limits of the measurements were of the order of 4 ng g* for Na* and 0.4 ng g™ for Ca?', and
all our results are in good agreement with ion-chromatography (1C) measurements [Littot et al., 2002].
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Mean measurement errors of Na™ and Ca?* are less than 10% [Réthlisberger et al., 2000]. Supplemen-
tary 1C measurements on discrete samples from GM |l were done in the clean room at the British Ant-
arctic Survey in Cambridge.
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Figure 1. Na* and Ca?* measurements (concentration in ng g™) from the EPICA Dome C deep ice core (EDC96
and EDC99) in 0.5 cm (grey lines) and 55 cm (black lines) resolution covering two interglacial periods (Holo-
cene, Eemian) and partly two glacial periodsincluding their glacial maxima (GM |, I1).

3. Data-based estimate of continental aer osol ratios

In Figure 2a, we examine the rdationship between the high-resolution Na* and Ca?" measurements as
proposed by Warneck [1999]. For a single aerosol source for both Na™ and Ca?*, all data should be
aligned along a proportional line with the slope of the (Na'/Ca) ratio of the source material. How-
ever, such a simple relationship cannot be expected due to the contribution of material from a marine
and a continental source showing different ratios. Given the extraordinary high depth resolution of the
records, we assume to record both, events of only marine aerosol input and, under glacial conditions,
events of predominantly continental aerosol input. This then results in an upper and lower proportional
line (lying paralld to each other in a double logarithmic plot) representing the marine and continental
aerosol ratios.

Holocene and Eemian data in Figure 2a are indeed limited by the bulk seawater ratio. The same holds
true for data from the previous two glacial maxima, where the continental ratio is limiting, under the
assumption, that it is reasonably constant. If not, the limitation represents at least the lower bound of
the continental aerosol ratio. Apart from the predominantly marine or continental peaks, most events
represent a mixture of the two sources, resulting in values somewhere in between the two boundaries
given. The same applies to any averaged data, where possible unambiguous continental or marine
events are blurred.

Another striking limitation of data points appears as an upper envelope (dashed line in Figure 2a),
which is a mixing line giving the maximum contribution of marine to the total aerosol. If the continen-
tal aerosol contained almost no Na*™ and thus (Na'/Ca’*) o Were very small or zero, such a mixing line
would be horizontal. This is obviously not the case, indicating a substantial Na“ contribution from the
continental source.
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Figure 2. (a) Scatter plot of all Na" and Ca?* measurementsin 0.5 cm resolution (light grey) as shown in Figure
1; the minima of both axes are set to the detection limits. Dark grey represents the interglacial data (Holocene,
Eemian) at the bottom left, and the glacial maxima data (GM 1, 1) at the top right. Black dots are extraordinarily
high Ca®* peaks with reference to the background level and corresponding Na' values. Black lines indicate the
marine and continental aerosal ratios, the latter with an estimated error band. The dashed line at the top indicates
a mixing line giving the maximum contribution of marine to the total aerosol. (b) Ratio (Na'’/Ca®") of the ex-
traordinarily high Ca?" peaks versus the Ca?* value (black dots) with error bars accounting for measurement
uncertainty, and the data-deduced continental aerosol ratio (black line) with estimated error band.

The proportional line of the limiting continental ratio based on all data points is not very well defined.
So, to deduce (Na'/Ca)o from water-soluble Na'™ and Ca®* we selected extraordinary Ca®* peaks and
corresponding Na" peaks within + 0.5 cm (black dots in Figure 2a and 2b) which are likely to repre-
sent mainly continental aerosol input. As a restrictive and robust peak criterion, we used the running
median of a 2.5 m wide window plus four times the mean absolute deviation on the same window
based on the logarithmic 0.5 cm data. This resulted in 305 peaks, approximately one per mil out of
3-10° data points. Only a few of these extraordinary peaks are lying on the proportional line represent-
ing the continental ratio, most of them comprise a marine contribution as well. In Figure 2b the
(Na'/Ca™) ratios of these peaks are plotted versus the Ca?* concentrations, showing a convergence to
the lower envelope of (Na'/Ca")on = 1.0 + 0.3. The error is estimated based on the analytical uncer-
tainty and the possibility of a remaining marine contribution. The conservative estimate of —30% for
the lower error is justified by the fact that if there is just a small remaining marine contribution to Ca®*
quite high amounts of ss-Na' are resulting due to the numerically low (Ca?*/Na")n. ratio. However,
+30% is probably an overestimation of the upper error. In Figure 2a a good agreement of the peak
value-based continental aerosol with the limitation of all high-resolution measurements can be seen.

The data-derived continental ratio can now be used together with the bulk seawater ratio to calculate
the ss-Na'" and the nss-Ca’" contributions (Equations 1 and 2) of the Dome C data shown in Figure 1.
Results are given in Figure 3 smoothed with a Gaussian filter (cut off length 50m) to track the general
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features. For comparison our results are shown along with the temperature proxy 8D [EPICA commu-
nity members, 2004]. Conspicuous are the low ss-Na" fractions of 50-60% during glacial maxima (GM
[, 11), which increase to 60-90% during the last glacial period. On the other hand, ss-Na" contribution
during the last interglacial period, the Eemian, is lower than during the Holocene, whereas the situa-
tion for nss-Ca’* is opposite. The reason is, that the Na" levels during the Eemian are significantly
lower than Holocene values, while Ca®* was increased.
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Figure 3. Percentages of ss-Na' to the total Na' (black lines) and nss-Ca’" to the total Ca®* (grey lines) during
different climatic periods from the EPICA Dome C deep ice core along with the temperature proxy dD [EPICA
community members, 2004]; All data are smoothed with a Gaussian filter (cut off length 50 m).

Analogous to ss-Na' (Equation 1), ss-Cl~ can be calculated based on ClI™ and (Cl7/Ca)o, Whereas
nss-Ca® (Equation 2) can be expressed based on Ca?*, ss-Cl” and (Ca®/ Cl)ma. We therefore have
four equations altogether. With IC measurements of Ca®, Na* and Cl~ on 10 cm mean samples and the
(Na'/Ca®™)en: ratio as derived above, we can calculate the remaining unknown, (Cl7/Ca®") e, athough
even at a coarser resolution. Due to post-depositional effects affecting Cl™ preservation at Dome C,
only samples with a concurrent Ca?* concentration > 20 ng g are considered. In these cases post-
depositional effects are minor and additionally, volcanic contribution to ClI- can be neglected
[Réthlisberger et al., 2003]. The resulting databased average value of (Cl7/Ca®")eor is 1.7 and hence
(CI"/Na") et is 1.7, which is close to the bulk seawater ratio. We estimate errors at about 30%.
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Figure 4. Scatter plot of Na', Ca’* and CI~ measurements by IC from dusty glacial periods (Ca®* > 20 ng g%
within the EPICA Dome C deep ice core (EDC99) in 10 cm resolution (light grey). In black the calculated ss-
Na', ss-Ca’* and ss-Cl” values based on high-resolution-data-derived continental aerosol ratios (broken black
lines) and the marine ratios (black lines). The ratios (ClI7/Na") . and (ClI7/Na") e are very similar.
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Using this set of continental aerosol ratios to calculate the ss-Cl”, ss-Na* and ss-Ca®* during dusty gla-
cial periods (Ca®* > 20 ng g™ leads to the results shown in Figure 4. The few outliers of the chloride
measurements are related to post-depositional effects occurring even in dusty glacial periods. It is aso
obvious from Figure 4, that due to the coarser resolution (10 cm means), and therefore stronger mixing
of both source contributions, the data points show up clearly above the lower proportional line repre-
senting the mean continental aerosol ratios. To conclude, we suggest to use (Na'/Ca’)en = 1.0,
(CI"/Ca®) ot = 1.7 and (Cl"/Na ) = 1.7 for sea-salt and non-sea-salt calculations at the Dome C site
instead of mean crust values, especially for glacial periods, where the resulting fractions are heavily
influenced by theseratios.

4. Comparison with aerosol properties of the potential source region

Based on isotopic ratios measured on water-insoluble dust, the mainly southern South American con-
tinental origin was confirmed [Grousset et al., 1992] and declared to remain unchanged over different
glacial stages, despite the observed huge dust concentration variations [Basile et al., 1997]. Additional
evidence for a strong influence of this single dominant source for high southern latitudes comes from a
quite similar overall composition of the aerosol deposited on the Antarctic continent, despite the dif-
ferent meteorological conditions at different sites [Delmas and Petit, 1994]. Recently, the glacial con-
tinental aerosol source was even more restricted to regions south of 37°S, thus the southern Pampas
and Patagonia [Smith et al., 2003], which is the only land mass in the Southern hemisphere of signifi-
cant size located inside the belt of Westerlies. They control the climate by discharging most of their
water content in the Andes, continuing as dry winds to the east, producing an orographic desert, pick-
ing up large volumes of dust, and hence moving to the east-southeast crossing the latitude of 80°S
[Iriondo, 2000].

Demas and Petit [1994] postulated that the frequently exposed continental shelf during glacial periods
was the dominant aerosol source, providing a mixture of carbonate marine sediments, continental ma-
terial and sea salt. Furthermore they reported a similarity of the present Antarctic aerosol to the one
found in ice cores from glacial periods and speculated that the present Antarctic aerosol originates
mainly from ice age Aeolian deposits in southern South America. In contrast, significant contributions
of the continental shelf were ruled out based on isotope measurements [Basile et al., 1997], which was
explained by a probably humid environment on the exposed shef and, the presence of vegetation.
Again, Zarate [2003] doubted about this argumentation based on only a few isotopic ratio measure-
ments, regarding the complexity of the region consisting of glacial, glaciofluvial, and volcanic sedi-
ments derived from the Andes, being modified by aeolian and fluvial processes; he alludes to outwash
plains from the fluvial system probably formed on the emerged continental shelf with high sediment
availability. Therefore, the role of the exposed continental shelf during glacial sea level decrease
seems to be unresolved.

The reative content of Na" and CI” in the continental aerosol deposited in Dome C is higher than ex-
pected based on mean crust values [Bowen, 1979]. Assuming that the composition has remained more
or less constant over time and that modifications during transport are negligible or remain the same,
we compare our results from the glacial Dome C ice core to present-day properties of the aerosol and
sails in the southern Pampas and Patagonia, the dominant source regions. Bowen [1979] suggested that
the highly mobile ions CI~ and Na" are expected to be depleted at the surface of soils where rainfall is
abundant but enriched at the surface of aridisols as they appear in source region. Ramsperger et al.
[1998a; 1998b] examined wind blown dust at different sites around 38°S over several years. The min-
eralogical composition of soils and dust at these sites were similar and homogenous over time, sug-
gesting the common source of the dust. Dust and soils show distinctly higher salt concentrations com-
pared to average West African dust, for example. Additionally, salts originating from saline soils of
the Pampas and the neighbouring arid zone may contribute. Marine aerosol influence is only signifi-
cant for one site proximate to the coast [Ramsperger et al., 1998a; 1998b], which we exclude here.
They found the following ratios of water-soluble ions of the windblown dust, averaged over all sites
and data: (Na*/Caz*)paagc,niE,n as = 0.85 and (ClI"/Na)putagonion st = 2.0, which are in very good agree-
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ment with our results. When looking at soluble ion ratios in soil instead of dust then even higher en-
richments of Na" and CI™ are found [see also Bouza et al., 1993]. Prospero et al. [2002] pointed to the
fact that this arid and sub-arid area contains great saline areas and brackish streams. Therefore the
composition of the water-soluble aerosol contributions can be explained with the contribution of dust
from Patagonia or the southern Pampas, solely, although we cannot exclude a contribution from the
exposed continental shelf based on our analysis.

5. Conclusion

We showed evidence that for the very limited source area of continental glacial aerosols transported to
the East Antarctic ice sheet the contribution of water-soluble Na“™ and CI~ was higher than previously
assumed. Mean crust values that were up to now used for source contribution estimates turn out to be
unsuitable for this restricted source area. Therefore, previous studies underestimated the continental
contribution to Na" and ClI~ and overestimated the marine contribution during glacial times, as indi-
cated in Delmas and Petit [1994]. Referred to the entire water-soluble Na™ deposition, ss-Na" contrib-
utes only about 50-60% during the glacial maxima. Hence, records of total Na" [e.g. Petit et al., 1999]
do not represent a purely marine signal during glacial times. For Ca?', corrections are small, and pre-
vious studies are not significantly affected.

Under the condition that post-depositional effects are negligible during glacial maxima, the same as
for Na" holds true for Cl™ records, with a sea-salt-fraction of 60-70% referred to the total CI™. Until
now it was assumed that Cl™ has no significant continental source [Rothlisberger et al., 2003]. Because
we observed a ratio of (CI7/Na")en corresponding to (ClI7/Na")ma, the (CI7/Na’) during glacial maxima
corresponds to the bulk seawater ratio as wdl, although the continental aerosol contributes strongly. A
different explanation for this behaviour could be that the total Na™ content of the ice from the last gla-
cial maximum consists of ss-Na' only, thus the contribution of Na" and CI~ from the continental aero-
sol and their ratio relative to Ca® would be negligible. However, based on our high-resolution data
this hypothesis can be ruled out.

Similar estimates should be done on other ice core sections from the East Antarctic plateau and from
other Antarctic sites in order to corroborate our findings. This approach might also allow characteriz-
ing differences in dust source regions for different Antarctic sites. However, such an analysis requires
a network of high-resolution data that is not yet available from other ice cores.
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[1] A detailed record of non-sea-salt calcium, a proxy for
dust, and sea-salt sodium, a proxy for sea salt, covering the
last 45 kyr is presented. It shows that in the first part of the
transition from the last glacial period to the Holocene (18—
15 kyr BP), the changes in dust flux mainly reflect changes
at the dust source, namely vegetation cover and local
climate. The changes in the later part of the transition (12—
11 kyr BP) are similar in extent to the changes seen in sea
salt and most likely reflect a reorganization of the
atmospheric circulation. During the last glacial period,
considerable variation of dust but not of sea salt is
observed, pointing to climatic changes in Patagonia, the
main dust source for Dome C. A comparison of the glacial
records from Dome C and Taylor Dome suggests that
similar influences controlled aerosol input at both sites
during this period. INDEX TERMS: 3344 Meteorology and
Atmospheric Dynamics: Paleoclimatology; 1620 Global Change:
Climate dynamics (3309); 9310 Information Related to
Geographic Region: Antarctica; 0368 Atmospheric Composition
and Structure: Troposphere—constituent transport and chemistry.
Citation: Rothlisberger, R., R. Mulvaney, E. W. Wolff, M. A.
Hutterli, M. Bigler, S. Sommer, and J. Jouzel, Dust and sea salt
variability in central East Antarctica (Dome C) over the last 45
kyrs and its implications for southern high-latitude climate,
Geophys. Res. Lett., 29(20), 1963, doi:10.1029/2002GLO015186,
2002.

1. Introduction

[2] Dust and sea salt records from polar ice cores have
been widely used to infer past changes in atmospheric
circulation and climatic conditions in the source region as
well as in the Antarctic (e.g., [Legrand et al., 1988; Steig et
al., 2000]) and have served as a control for atmospheric
general circulation model (AGCM) simulations of atmos-
pheric dust distribution in the past [Reader et al., 1999;
Mahowald et al., 1999]. Generally, higher levels of impur-
ities have been observed during the last glacial period in all
Antarctic ice cores. The large increase in dust is assumed to
be caused by increased production in the dust source region
and more vigorous transport. Sea salt concentrations are

'British Antarctic Survey, Cambridge, England, UK.

2Climate and Environmental Physics, University of Bern, Bern,
Switzerland.

*Department of Hydrology and Water Resources, University of Arizona,
Tucson, Arizona, USA.

“Laboratoire des Sciences du Climat et de I’Environnement, Gif-sur-
Yvette, France.

Copyright 2002 by the American Geophysical Union.
0094-8276/02/2002GL015186$05.00

thought to be influenced by the sea ice position and wind
speed in the potential source region as well as the transport
from there to the ice core site.

[3] Compared to Greenland ice core records, the Antarc-
tic dust and sea salt records showed much smaller variations
during the last glacial period [Legrand et al., 1988; Legrand
and Delmas, 1988], which may at least partially be attrib-
uted to limited resolution. The only Antarctic record show-
ing marked variation of dust and sea salt during the last
glacial period was from Taylor Dome, a site next to the Ross
ice shelf, thus relatively close to the coast and possibly
susceptible to regional climate changes [Steig et al., 2000].

[4] Here we present the first high-resolution record of
calcium (Ca®", a proxy for dust [Fuhrer et al., 1999]) and
sodium (Na*, a proxy for sea salt) together with deuterium
(6D) from an inland Antarctic site. The drilling in the frame
of the European Project for Ice Coring in Antarctica
(EPICA) at Dome C (75° 06'S, 123° 24'E, 3233 m as.l.,
approximately 1100 km from the nearest coast) reached a
depth of 780 m by the end of the 1998/99 field season,
corresponding to an age of approximately 45 kyrs [Schwan-
der et al., 2001]. The detailed records are discussed in terms
of changes in aerosol source and transport and compared to
the near-coastal records from Taylor Dome.

2. Methods

[5] Ca*" and Na" were analysed using a continuous flow
analysis system (CFA) [Réthlisberger et al., 2000]. Gener-
ally, the detection limit was of the order of less than 1 ppb
for Ca®" and a few ppb for Na'. There may be some
intervals with larger uncertainty due to unstable conditions
of the analytical system, but a comparison with ion-chro-
matographic methods has shown a good overall agreement
[Littot et al., 2002]. Apart from 200 m that have been
analysed with the same setup at the Alfred Wegener Institute
in Bremerhaven, Germany in 2000, all analyses were made
at Dome C during the 1997/98 and 1998/99 field seasons.
dD measurements were carried out in Saclay, France using
the uranium reduction technique and an automatic sample
injection device [Vaughn et al., 1998].

3. Results and Discussion

[6] As some of the Ca®* found in the ice at Dome C is of
. .. 2+ . .

marine origin, the Ca” concentrations reflect changes in
dust and in sea salt levels. Similarly, some Na" derives from
continental dust. Assuming a Ca®"/Na" ratio of 0.038 for
marine aerosols (R,,) and 1.78 for average crust (R))
[Bowen, 1979], we calculated the sea-salt-Na' (ss-Na'=
Na“ - %) and the non-sea-salt-Ca®" (nss-Ca®” = Ca**

24 -1
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Figure 1. Fluxes of ss-Na* and nss-Ca”", as well as the 8D and the accumulation rate (yellow line, [Schwander et al.,
2001]) from the top 780 m of the EPICA Dome C deep ice core at 55 cm resolution. The vertical grey lines refer to the
beginning (a) and the end (b) of the Transition, the shaded area corresponds to the Antarctic Cold Reversal (ACR).

— R, - ss-Na"). In the Holocene, the terrestrial input at
Dome C is extremely low, the marine contribution to Ca®is
around 50% and the terrestrial Na" is of the order of 2%.
During the last glacial maximum (LGM, 18-24 kyr B.P.),
only 7% of Ca®" came from sea salt, whereas 24% of Na"
came from terrestrial dust. However, the Ca®>"/Na™ ratio
varies for different types of terrestrial material. We did the
above calculation also for average soil and average sedi-
ment Ca®"/Na" ratios. This led to similar percentages for
Holocene and glacial ss-Ca®>" and Holocene nss-Na*, while
the glacial nss-Na' ranged from 3% to 24% depending on
the Ca*'/Na" ratio used. However, based on aluminium
measurements [Legrand and Delmas, 1988], the ratio for
the average crust seems to be the most suitable value and
was thus used to calculate nss-Ca®" and ss-Na".

[7] In agreement with previous results obtained from
Antarctic ice cores (e.g., [Steig et al., 2000; Legrand et
al., 1988; Legrand and Delmas, 1988; Watanabe et al.,
1999]), nss-Ca®" and ss-Na" concentrations in the Dome C
record were higher during the last glacial period. At the
LGM, nss-Ca®" concentrations were approximately 50
times higher than during the Holocene, and ss-Na* approx-
imately 5 times. During the transition, nss-Ca®" and ss-Na"
concentrations decreased steadily from glacial levels to a
relatively stable level during the Antarctic Cold Reversal
(ACR, 14-12.5 kyr B.P.), and then further to Holocene
levels. Concentrations of nss-Ca®" changed by a factor of 23
from LGM to ACR levels, while ss-Na" concentrations
decreased only by a factor of 2. Both nss-Ca®" and ss-Na*
concentrations dropped further by a factor of 2.3 from the
ACR to the early Holocene. The changes seen in nss-Ca>"
concentrations agree with insoluble dust measurements
[Delmonte et al., 2001], with particle number and mass
concentration changing by a factor of 50 from the LGM to
the Holocene and a factor of 2 from the ACR to the
Holocene.

[8] At Dome C, the accumulation rate is very low (2.7 g
em 2 yr !, [Schwander et al., 2001]) and was reduced by a
factor of approximately 2 during the last glacial period.
Since there is so little precipitation, dry deposition is the

dominating process for sea salt and dust deposition
[Legrand, 1987]. In order to compensate as well as possible
for the dilution effect of changes in the accumulation rate,
we consider the changes in nss-Ca®" and ss-Na* flux calcu-
lated with the accumulation rates of Schwander et al., 2001
in the following discussion.

3.1. Transition

[9] The ss-Na' flux was almost constant during the last
glacial period and changed only by a factor of 2 from the
LGM to the early Holocene (Figure 1). Most of the changes
during the transition happened after the ACR [Stenni et al.,
2001]. nss-Ca®" flux on the other hand changed dramati-
cally in the early phase of the transition, and the change
from the ACR to the Holocene was of similar extent as for
ss-Na'. According to a recent study of dust transport to
Dome C based on back trajectory calculations [Lunt and
Valdes, 2001], the dust transport was reduced during the
LGM. These results are supported by dust particle measure-
ments [Delmonte et al., 2001], which showed a slightly
smaller particle mode and a smaller geometric standard
deviation of the particle size distribution in the glacial than
in the Holocene, indicative of a tendency to longer transport
paths and less meridional transport. On the other hand,
based on GCM simulations Krinner and Genthon [2002]
concluded that the dust transport from Patagonia to Dome C
was faster during the LGM, in contrast to the studies by
Lunt and Valdes [2001] and Delmonte et al. [2001]. But at
any rate, based on these studies the changes in dust transport
to Antarctica were small and cannot account for the large
changes seen in dust. Therefore, substantial changes at the
dust source, which is believed to be mainly located in
Patagonia [Basile et al., 1997], must have occurred in order
to explain the high dust input during the LGM and the
different behaviour of nss-Ca®>" and ss-Na® during the
transition.

[10] The potential dust source area decreased with rising
sea level, but the period of rapid sea level rise (around 14
kyr BP [Guilderson et al., 2000]) coincides with a period of
almost no changes in dust, suggesting that the contribution
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from continental shelves to the total dust transported to
Dome C is not dominant. This is in agreement with a study
comparing the isotopic composition of dust from the Argen-
tine continental shelf and the dust from Dome C and Vostok
[Basile et al., 1997]. Based on various palacoenvironmental
proxies, Patagonia experienced a warming and a concom-
itant glacier retreat around 17,330 yr BP (e.g., McCulloch
and Davis, [2001] and references therein). The warmer
climate promoted vegetation growth, which was supported
by an increase in effective moisture around 16,910 yr BP
[McCulloch and Davis, 2001]. Therefore, dust entrainment
was hindered by soil moisture and vegetation cover, which
led to a decrease in aeolian dust as observed in the Dome C
record. Changes in local wind speed might have had an
influence on dust uplift as well, with lower wind speeds
leading to less dust. From 15,330 yr BP to approximately
12,200 yr BP, McCulloch and Davis [2001] report a rela-
tively dry phase, accompanied by glacier advances. During
this period (ACR), the nss-Ca®" fluxes at Dome C remained
more or less constant. Around 12,200 yr BP, trees and shrubs
started to spread, indicating a second warming step in
southern South America. However, this second warming
was not paralleled by an increase in precipitation, but a
relatively dry climate prevailed for several millennia. None-
theless the nss-Ca®" flux at Dome C decreased further
between the ACR and the Holocene by almost a factor of
2. As the change is similar to the changes seen in ss-Na®, we
suggest that a reorganization of the atmospheric circulation
led either to changes in transport or source fluxes at both the
dust and sea salt source.

3.2. 25 to 45 kyr B.P.

[11] In the earlier part of the last glacial period, from 45
to approximately 25 kyr B.P., the 6D record showed a few
distinct oscillations. These variation in stable isotopes have
been observed in other Antarctic ice cores [Blunier et al.,
1998] and have been referred to as Al and A2 (Figure 1).
The nss-Ca”* flux changed considerably during these two
major events, but even on a shorter timescale, it parallels the
minor variations seen in 6D (Figure 1). The ss-Na" flux on
the other hand seems unaffected by these changes.

[12] As seen in Figure 2, the lowest nss-Ca® fluxes
during the oscillations in the glacial period were as low as
during the Holocene. At 39 kyr B.P., nss-Ca>" flux dropped
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Figure 2. Fluxes of ss-Na' and nss-Ca*" versus 8D, 55 cm
averages.
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Figure 3. Concentrations of ss-Na' and nss-Ca®" (100-yr
averages) from Dome C and Taylor Dome [Steig et al.,
2000].

from 30 to 3 ng cm 2 yr~ ! within approximately 400 years.
In contrast to nss-Ca®", the variation in the ss-Na~ flux
during the glacial period was small compared to the change
from glacial to Holocene ice. The fact that sea salt fluxes
were doubled during the last glacial period compared to the
Holocene despite the expansion of sea ice indicates that
atmospheric circulation and the hydrological cycle are most
likely the factors dominating sea salt aerosol flux at Dome
C. Major changes in these two factors should therefore be
reflected in ss-Na* as well as nss-Ca”". Thus, the cause of
the glacial flux changes only seen in nss-Ca*" must lie
instead in Patagonia, analogous to the above discussion of
the transition. This implies drastic changes in southern
Patagonian climate during the last glacial period, most
likely in temperature and precipitation, that were coeval
with changes in temperature at Dome C.

[13] In Figure 3, we compare the nss-Ca®" and ss-Na"
concentrations of Dome C with the ones measured at Taylor
Dome [Steig et al., 2000]. The data are shown as 100-yr
averages based on the st9810 timescale. However, Mulva-
ney et al. [2000] have shown that this timescale needs to be
revised around the transition from the LGM to the Hol-
ocene. We therefore only refer to the general shape of the
nss-Ca®" and ss-Na' records but not to the timing of the
changes. Sea salt and dust concentrations were higher at
Dome C than at Taylor Dome by about a factor of 2, which
reflects most likely the dilution effect of higher accumu-
lation rates at Taylor Dome than at Dome C. While one
would expect that large changes in dust input would
manifest at Dome C and Taylor Dome in a similar way
[Mulvaney et al., 2000], it is rather surprising that also the
general shape of the sea salt records of both sites are similar,
as the sea salt source is so much closer to Taylor Dome than
to Dome C. However, empirical orthogonal function (EOF)
analysis of the chemical records from Taylor Dome has
shown that the dominant EOF, which is thought to reflect
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atmospheric circulation systems, explains more than 90% of
the variability of sodium and calcium [Steig et al., 2000]
The similarity of the sea salt as well as the dust records of
the two sites during the last glacial period suggests that not
only sea salt and dust aerosol were closely linked through
large-scale circulation patterns, but that this influenced
primary aerosol input to central and near coastal Antarctica
in a similar way.

4. Conclusions

[14] The dust record of the EPICA ice core from Dome C
is closely linked with palaeoclimatic records from southern
Patagonia during the transition from the last glacial period
to the Holocene. The vast changes by a factor of 24 in nss-
Ca®" flux observed in the early part of the transition reflect
changes in vegetation cover and soil moisture in Patagonia
that prevented dust uplift. During the last glacial period,
considerable changes in the nss-Ca®" flux are observed, but
no changes in ss-Na'. It is unlikely that the massive
changes in atmospheric transport that would be necessary
to cause the changes in dust flux would not be reflected in
ss-Na'. Therefore, the nss-Ca>" record from Dome C
documents relatively rapid climatic changes in southern
South America, coeval with temperature variations at Dome
C. The nss-Ca" as well as the ss-Na" records from Dome C
and Taylor Dome are very similar in form during the last
glacial period, with little variation in the sea salt concen-
tration in contrast to huge changes in dust, indicating
similar influences controlling aerosol input in near coastal
and central Antarctica.
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Correction to “Dust and sea salt variability in central East Antarctica
(Dome C) over the last 45 kyrs and its implications for southern
high-latitude climate” by R. Rothlisberger et al.

Received 16 January 2003; published 6 March 2003.

INDEX TERMS: 3344 Meteorology and Atmospheric Dynamics:
Paleoclimatology; 0368 Atmospheric Composition and Struc-
ture: Troposphere—constituent transport and chemistry; 1620
Global Change: Climate dynamics (3309); 9310 Information
Related to Geographic Region: Antarctica; 9900 Corrections.
Citation: Rothlisberger, R., R. Mulvaney, E. W. Wolff, M. A.
Hutterli, M. Bigler, S. Sommer, and J. Jouzel, Correction to ‘‘Dust
and sea salt variability in central East Antarctica (Dome C) over
the last 45 kyrs and its implications for southern high-latitude
climate’” by R. Rothlisberger et al., Geophys. Res. Lett., 30(5),
1216, doi:10.1029/2003GL016936, 2003.

[1] In the paper “Dust and sea salt variability in central
East Antarctica (Dome C) over the last 45 kyrs and its
implications for southern high-latitude climate™ by Regine
Rothlisberger, Robert Mulvaney, Eric W. Wolff, Manuel A.
Hutterli, Matthias Bigler, Stefan Sommer, and Jean Jouzel
[Geophys. Res. Lett., 29(20), 1963, doi:10.1029/
2002GL015186, 2002], an incorrect version of Figure 1
was published. The correct Figure 1 and its caption appear
below.

[2] The following reference appeared incorrectly. The
correct version follows: Delmonte, B., J. R. Petit, and V.
Maggi, Glacial to Holocene implications of the new 27,000-
year dust record from the EPICA Dome C (East Antarctica)
ice core, Clim. Dyn., 18(8), 647—660, doi: 10.1007/s00382-
001-0193-9, 2002. Consequently, the correct citations for
this reference appear below.

[3] In paragraph [7], the last sentence should read as
follows: The changes seen in nss-Ca”>" concentrations agree
with insoluble dust measurements [Delmonte et al., 2002],
with particle number and mass concentration changing by a
factor of 50 from the LGM to the Holocene and a factor of 2
from the ACR to the Holocene.

[4] In paragraph [9], the fifth sentence should read as
follows: These results are supported by dust particle
measurements [Delmonte et al., 2002], which showed a
slightly smaller particle mode and a smaller geometric
standard deviation of the particle size distribution in the
glacial than in the Holocene, indicative of a tendency to
longer transport paths and less meridional transport. The
sixth sentence should read as follows: On the other hand,
based on GCM simulations Krinner and Genthon [2002]
concluded that the dust transport from Patagonia to
Dome C was faster during the LGM, in contrast to the
studies by Lunt and Valdes [2001] and Delmonte et al.
[2002].

[s] The following acknowledgment was incorrectly
published. In paragraph [15], the first sentence should
read as follows: Acknowledgments. This work is con-
tribution No. 49 to the “European Project for Ice Coring
in Antarctica” (EPICA), a joint ESF (European Science
Foundation)/EC scientific programme, funded by the
European Commission and national contributions from
Belgium, Denmark, France, Germany, Italy, the Nether-
lands, Norway, Sweden, Switzerland, and the United
Kingdom.
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Figure 1. Fluxes of ss-Na' and nss-Ca®", as well as the 8D and the accumulation rate (yellow line, [Schwander et al.,
2001]) from the top 780 m of the EPICA Dome C deep ice core at 55 cm resolution. The vertical grey lines refer to the
beginning (a) and the end (b) of the Transition, the shaded area corresponds to the Antarctic Cold Reversal (ACR).
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Abstract

The Eemian interglacial period as reflected in the chemical ice core record from Dome C, Antarctica,
shows a very stable behaviour. However, while the two last glacial maxima were very similar, the
conditions during the Eemian differed from the Holocene. During the early Eemian, lower sea salt (ss-
Na") fluxes compared to the Holocene are observed that point to a reduced sea ice production rate at
that time. On the other hand, continental aerosol (nss-Ca’) fluxes did not reach the low Holocene
levels during the early-mid Eemian, probably indicating wetter climatic conditions for southern South
America compared to a drier, Holocene-like period during the late Eemian and the first stage of
Inception I. This transition from the Eemian into the last glacial period is gradual and less abrupt than
both, Termination 1l and I. During transitions, the flux changes differ strongly for different species; the
largest changes are observed in nss-Ca®*, moderate changes in the marine sea salt proxy sodium ss-
Na', and the least changes in ammonium (NH,"), which remained almost constant over glacial-
interglacial periods. The different flux changes and the dlightly lower relative variability of the
annually resolved data during glacial maxima point to considerable changes at the different sources
rather than strong modifications of transport patterns. Concerning the sequence of events we found,
that nss-Ca? starts in the early stages of terminations coincident with 8D, while the flux of ss-Na'
remains high, presumably until the local temperature (8D) falls bellow a certain threshold. Only then
is a relationship between 8D and sea ice production rate established. In contrast, ss-Na" increases
steadily already during the Eemian, reaching full glacial values within Inception I, while nss-Ca?*
remains at interglacial flux levels far into Inception I, pointing to a decoupling of the southern South
American and Antarctic climate at that time.

1 Introduction

The characterisation of the Eemian interglacial period (Marine Isotope Stage MIS 5€) and the
preceding Termination Il is an important issue to understand the climate system of the earth. The
Eemian has often been referred to as an analogue of the present warm period, the Holocene. Although
other interglacial periods may show a greater similarity to the Holocene [Loutre and Berger, 2003],
the Eemian plays a key role in paleoclimatology due to its better availability and resolution in different
climate records [van Kolfschoten et al., 2003]. However, data for the Eemian climate are still not
abundant enough to build a complete picture. Global modd simulations of Eemian climate together
with local paleodata suggest that it may have been around 1°C warmer (global annual mean) compared
to the modern pre-industrial climate [Rahmstorf, 2002]. In Antarctica, the temperature offset was
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probably even higher, especially during the early Eemian [Petit et al., 1999], estimated to +3°C
[Jouzd et al., 2003], derived from water-isotope measurements (8D) on the East Antarctic plateau.

Of particular interest are investigations of the Eemian with regard to its stability and the shape of its
transitions: The first issue addresses whether the Eemian was characterised by stable climatic
conditions like the Holocene or by several abrupt cooling events as reported for example in
Ninnemann et al. [1999]. The second question is focusing mainly on determining how climate
responded at the onset and at the end of the last interglacial, in view of an improved understanding of
the governing processes and in order to better predict the future behaviour of the current warm period.

The ionic composition of the ice provides an excellent resource for investigating changes in the source
strength and transport patterns in the atmosphere [Legrand and Mayewski, 1997]. However there is
still a lack of high-resolution chemical ice core time series covering the Eemian. This gap can be
closed with the present study, discussing new records of sodium Na', calcium Ca?*, ammonium NH,"
and nitrate NO3~ from the EPICA Dome C deep ice situated on the East Antarctic plateau.

2  Acquisition and reduction of chemical ice core data

In the frame of the European Project for Ice Coring in Antarctica (EPICA) several fidd campaigns
have been carried out at Dome Concordia (Dome C) since 1995 [EPICA community members, in
press]. The Dome C drill site is situated on the East Antarctic Plateau at 75°06’S, 123°21'E and 3233
m above sea levd. A mean annual surface temperature of —54.5°C and a present time-day
accumulation rate of 25 kg m™® a* characterize it. Apart from drilling, logging and packing, some
analyses of the ice core have been done already in the field, amongst them measurements of the water-
soluble sodium Na', calcium Ca®*, ammonium NH," and nitrate NOs™ ion concentrations in ng g * with
a Continuous Flow Analysis system (CFA) as described in Rothlisberger et al. [2000a]. Detection
limits are 4 ng g * for Na', 0.4 ng g * for Ca®*, 0.1 ng g * for NH,", and 3 ng g * for NOs", respectively.
The CFA data agree wdl with ion-chromatography measurements [Littot et al., 2002] with the
exception of NH,4", for which ion-chromatography is prone to contaminations at such low levels.

The dating of the upper part of the core (EDC96) is according the time scale EDC1 [Schwander et al.,
2001], the lower part (EDC99) uses EDC2 [EPICA community members, in press]. The temporal
resolution of the data is roughly annual or higher which alows calculating annual mean values,
although they are not based on counting individual layers. We applied a Gaussian filter to the annual
mean data with a cut off period of 2000 years in order to show long-term patterns of the data. For this
study, we focus on two time periods: On the one hand, from 150 ka before present (BP) to 100 ka BP,
covering the penultimate glacial maximum (GM 1), Termination 1I, the Eemian interglacial period,
and Inception |, and on the other hand from 30 ka BP to present, including the last glacial maximum
(GM 1), Termination | and the present interglacial Holocene. The two sections are presented in Figure
1 together with deuterium measurements (D), a proxy for the temperature at the drill site [EPICA
community members, in press; Jouzel et al., 2001].

Both, Na" and Ca*, have a marine and a continental source. The marine source is clearly dominating
during interglacial periods, providing almost all of the total Na" and a significant fraction of the total
Ca®". Under glacial conditions, the continental source becomes more important, contributing almost all
of the total Ca?* and some of the total Na'. Based on the seawater ratio (Ca®*/Na’) = 0.038 [Bowen,
1979] and on the continental aerosol ratio (Na'/Ca®) = 1.0 [Bigler et al., in preparation], sea-salt
sodium (ss-Na’) and non-sea-salt calcium (nss-Ca’) were calculated. The uncertainty of the
(Na'/Ca®™) ratio of the continental aerosol is fairly large [Bigler et al., in preparation], and different
values have been used up to now, often relying on the ratio in mean crust [Bowen, 1979]. In order to
take this uncertainty into account, we show the total Na" and ss-Na" in Figure 2. As the influence of
this uncertainty is limited to the ss-Na" during glacial maxima, the main points of the paper are not
affected by the uncertainty of the correction.
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Considering the very low accumulation rate at Dome C it is appropriate to use fluxes instead of
concentrations because they are more representative of atmospheric concentrations when dry
deposition is dominant. To calculate fluxes, we used accumulation rates emerging from the timescales
EDC1 and EDC2. Although the accuracy of accumulation rate estimates based on isotope
measurements have been questioned [see for example Udisti et al., 2004], it remains the best guess
with regard to its homogenety over the whole data set. Our results would not be affected by
reasonable deviations of the true accumulation rate from the accumulation rate used. Gaussian filtered
fluxes of ss-Na', nss-Ca®*, NH," and NO;~ are shown in Figure 2 along with the 8D (for references see
above). Na', Ca®* and NH," are deposited irreversibly, and hence their fluxes reflect changes of source
and transport, whereas NOs is deposited reversibly and therefore subjected to post-depositional
effects. So, NO3™ represents not an unambiguous atmospheric signal.

Statistical parameters of the annual mean data for different time periods are summarized in Table 1
(rounded to two digits). Quantile-quantile-plots from data of GM Il in Figure 3 show, that the
concentration measurements are represented by a log-normal rather than a normal distribution.
However, even the latter one does not fit perfectly, especially for high Ca?* and NO;~ values, which
exceed the expected ones from the theoretical log-normal distribution; by contrast, low concentration
levels of Na" and NH," are lower than expected. With mean u and variance o of the logarithmised
data, the median and the variation coefficient of log-normal distributed data are given as follows:

median =10"
variation coefficient =+/10° —1

Variation coefficients, which give the relative variability, are calculated only for the original data and
not for ss-Na" and nss-Ca®", due to their interdependence in the calculation and slight uncertainties of
the depth assignment between both species, which would introduce a certain degree of artificia
variation. A visualisation of the flux changes and the variation coefficients over different climatic
periods can be found in Figure 4.

3  Fluxlevelsover glacial-interglacial periods

3.1 General behaviour during glacial-interglacial periods and terminations

The high flux medians of ss-Na", nss-Ca?* and NH," agree strikingly well over the last two glacial
maxima, GM Il and | (Figures 2 and 4, Table 1), pointing to comparable climatic conditions during
these extremely cold periods.

During transitions, changes in the flux differ strongly for different species. But comparing
Termination Il and | for any particular species the changes are quite similar: The ss-Na' flux changes
roughly by a factor 2 (GM Il — early and mid Eemian: 2.5; GM | — early and mid Holocene: 1.8),
whereas it is one order of magnitude larger for nss-Ca?* flux (GM |1 — mean Eemian: 16; GM | — mean
Holocene: 28). Surprisingly, the NH;" flux remains nearly constant over both Terminations,
considering the general variability and the measurement uncertainties (GM Il — mean Eemian: 1.6;
GM | — mean Holocene 1.2). It is obvious that such huge differences in the flux change between
different species cannot be explained by changes of the transport pattern during glacial-interglacial
periods only, but that considerable modifications at the source of the particular species have occurred.
Indications pointing to a less important role of the transport pattern as often assumed, is given as well
by the observation of slightly decreased relative variability of the annually resolved Na', Ca®" and
NH," data throughout glacial maxima (Table 1, Figure 4).

At first sight, the two last interglacial periods, the Holocene and the Eemian, compare quite well and
show a remarkably stable behaviour. Instabilities of the climate resulting in imprints in the chemical
ice core records cannot be observed, not even in the annually resolved data (Figure 1). However, there
are greater differences between both warm periods compared to the difference of the glacial extremes.
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Because the differences in the ss-Na* and the nss-Ca®* record are opposite, they are rather related to
source effects than to modifications of the transport. Specific features concerning the flux leves for
both interglacial periods are discussed in the following sections.

3.2 ss-Na" —amarine proxy related to the sea ice production rate

The good correlation of proxy data like 5D and ss-Na“ from the East Antarctic plateau with marine
sediment records was noted earlier [Kanfoush et al., 2002; Mortyn et al., 2003]. In these records each
interglacial period exhibits low icerafted debris and high foraminiferal abundance during the
respective early part, indicating relatively warm sea-surface temperatures and reduced influence of sea
ice. Changes in these proxies in the course of interglacial periods indicate a return to more glacial-like
conditions. The ss-Na', originating from frost flowers rather than from bubble bursting over the open
ocean according to recent publications, is used as a proxy for the sea ice production rate and probably
also extent [Rankin et al., 2000; Wolff et al., 2003]. Interpretations of the ss-Na" in this work rest on
these latest findings.

The 8D record of Dome C points to significantly higher temperatures especially during the early
Eemian [Jouzel et al., 2003]. It is plausible that the source areas of ss-Na" in the south polar ocean
were exposed to warmer temperatures as well diminishing the sea ice production rate. The observed
30% lower flux of ss-Na' (in the opposite direction than nss-Ca*") from Dome C in the early Eemian
compared to the early Holocene could therefore be related to a lesser sea ice production rate at this
time. Apart from the lower level in the early Holocene, the pattern within both interglacial periods is
very similar, showing a gradual increase in ss-Na“ concentrations (Figure 2, Table 1) related to
growing winter sea ice production as reported for the Holocene [Wolff et al., 2003, and references
therein]. A dlightly higher gradient towards the end of the Eemian can be observed, turning into a
steady increase during Inception I.

The correlation of the ss-Na“ with the local Antarctic temperature proxy 8D shown in Figure 5a is
based on averaged data (7 bag means, equivalent to 3.85 m); additional data from the last glacial
period reaching back to 78 ka BP (not shown in this paper) is used to account for the whole glacial
range of both proxies. During the interglacial periods, an anti-correation between the Dome C site
temperature proxy and ss-Na' is found (R* = 0.48). The appearance of this corrdation is strengthened
due to the extended range of observed temperature and ss-Na“ values in the Eemian. So, under
interglacial conditions, temperature variations recorded in Dome C are related with the sea ice
production rate. On the other hand, ss-Na" and 8D show almost no corrélation during glacial periods,
pointing to a minor relationship between ss-Na" and the local Antarctic temperature. This could be an
indication of ss-Na" and therefore the glacial sea ice production rate reaching some sort of a maximum
that is almost independent from further cooling. Additionally as reported in Vimeux et al. [2002],
moister transport and the sea salt transport to the ice sheet maybe controlled by processes in different
latitudes.

3.3 nss-Ca” — a continental proxy related to the southern South American climate

The most likely source of continental aerosols, and hence nss-Ca®, is southern South America,
particularly Patagonia and the southern Argentinean Pampa [Bigler et al., in preparation; Delmonte et
al., in press; Rothlisberger et al., 2002b]. Opposite to the observations of ss-Na', the general level of
the nss-Ca’" flux is higher during the Eemian than during the Holocene. The minimum early in the
interglacial periods, which was suggested to be an indication of wetter conditions at the dust source
area in the early Holocene [Delmonte et al., 2002], is doubled in the Eemian (Figure 2, Table 1). The
same holds true for the flux levels in the mid Holocene and Eemian, respectively. After maximum
interglacial values in the mid Eemian, a decreasing trend is observed towards the end of the Eemian
and far into Inception | with Holocene-similar values. If the hypothesis is correct, that the changes of
nss-Ca”* levels recorded in Dome C can be interpreted as changes of southern South American
climate, this pattern can be explained as the early and mid Eemian were drier than the Holocene
maintaining a slightly higher degree of dust mobilization as a precursor for higher values at Dome C.
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On the other hand the subsequent lower, Holocene-like levels during the late Eemian and in the early
Inception | point to wetter climatic conditions, similar to the Holocene, preventing an efficient dust
mobilization [R&thlisberger et al., 2002b]. Therefore, the southern South American climate was
probably slightly more variable during the Eemian than during the Holocene. Unfortunately there is
very little known about the climate of the Eemian interglacial in southern South America from other
paleorecords (personal communication Andreas Schellenberger, Institute of Geography, University of
Bern). Most of the records do not date back to the Eemian, contain gaps, or lie too much to the north.
Clapperton [1993] reported the Eemian as probably little different from much of the Holocene.
However there is evidence from a general circulation modd that moisture transport from ocean to land
decreased globally during the Eemian interglacial period with respect to the Holocene [Montoya et al.,
2000].

The above-discussed pattern is seen in the Ca?* concentration record too (Figure 1), but it is further
amplified by the changes in accumulation rate and by the differentiation between the marine and the
continental contribution to the total Ca?*, when considering nss-Ca?* fluxes. Examining the corrdlation
of the nss-Ca®* flux with 8D (Figure 5b; for details see section 3.2), almost no corrdation is found for
warm periods, whereas in glacial times the correlation is very good (R? = 0.72). This implies that the
relation between climate in the nss-Ca?* source region and the temperature on the East Antarctic
plateau is strong under glacial but uncoupled under interglacial conditions.

34 NH,* —amarine proxy for biogenic emissions

In Greenland, ice cores contain a spiky pattern of NH," allowing for the reconstruction of boreal zone
forest fires [Legrand et al., 1992], whereas the background levels were related to continental biogenic
soil emissions with almost no marine contribution [Fuhrer et al., 1996]. Compared to this, the
knowledge of the NH," sources, responsible for the low level depositions in central Antarctic deep ice
cores, is still limited. However, NH;" does certainly not act as a significant neutralizer of sulphur-
derived aerosol at high southern latitudes. At coastal stations, summer maxima of NH," coincided with
peaks of sulphur containing species provided by marine biogenic emissions, pointing to remote marine
emissions with a weak additional contribution from the polar ocean [Legrand et al., 1998; Legrand et
al., 1999].

In the high-resolution record from Dome C, the NH," concentration and flux levels are very low, and
there are hardly any spikes observed. NH," recorded on the East Antarctic ice sheet has therefore a
completely different behaviour than in Greenland. The most striking feature of our NH,
measurements is, that there are almost no flux changes between glacial and interglacial periods (Figure
2, Table 1). Such behaviour can hardly be explained by attributing NH," to a continental source,
bearing in mind that nss-Ca" flux changed dramatically over glacial-interglacial transitions. Although
the seasonality of NH," is presumably different from ss-Na' and nss-Ca?* [Sommer et al., 2000], the
characteristic of the NH," signal resembles more the marine ss-Na' than the continental nss-Ca?": The
variability of the signal (variation coefficient, Figure 4), as well as the log-normal distribution (Figure
3) of NH," are more like the ss-Na" than the nss-Ca’*. Due to significantly smaller changes in the
glacial-interglacial NH4" flux compared to the presumed sea ice proxy ss-Na', the main source lies
probably further north than for ss-Na'. Furthermore, there are no correlations found between local
temperature in Dome C and the NH," flux for both interglacial and glacial periods as shown in Figure
5c (for details see section 3.2). We therefore assume that the southern hemispheric oceans, and neither
a continental source nor the south polar ocean, seem to be the most probable source for the small
amount of NH," deposited on the East Antarctic plateau, which is in agreement with previous findings
[Legrand et al., 1999].

35 NO; —related to the accumulation rate during inter glacial periods

NO; is hard to interpret because it is reversibly deposited. Concentration levels measured in ice cores
are strongly affected by the local temperature, accumulation rate and the coinciding dust content
[R&thlisberger et al., 2002a; Réthlisberger et al., 2000b]. As main sources in central East Antarctic ice
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cores the NO;z™ production in the stratosphere, tropospheric lightning and an organic origin are
discussed.

During glacial periods, lower temperatures and the reaction of NOs~ with nss-Ca?* or dust reduce or
prevent NO;  from being lost despite lower accumulation rates, leading to higher levels as wdl as
higher variability [Roéthlisberger et al., 2000b]. This increase in the NO;™ variability during glacial
periods compared to interglacial periods is unique compared to the irreversibly deposited species that
show a dlight decrease in their variation coefficients (Figure 4, Table 1). Despite similar local
temperature and nss-Ca?*, the flux level of NO;™ is significantly lower in GM Il than in GM 1|, which
could indicate different NO5~ source strengths.

On the other hand, accumulation rate and temperature control NO;~ preservation, when nss-Ca?* is low
[Réthlisberger et al., 2000b]. However, because the temperature difference between Eemian and
Holocene (present-day mean annual surface temperature of —-54.5°C) probably does not exceed +3°C
[Jouzel et al., 2003], the temperature effect can be neglected and different NO; leves can
qualitativdly be explained with the direct or indirect effect of accumulation rate. Such an
accumulation rate dependency is of interest in the context of this past accumulation rate
reconstruction: The flux of NO; (Figure 2, Table 1) but also the concentration (Figure 1) is
significantly higher during the whole Eemian compared to the Holocene. Even the NOs™ peak rdated
to an accumulation rate maximum in the early Holocene is lower than all the value throughout the
Eemian interglacial. A similar peak in NOs™ in the early Eemian reaches twice the value of the early
Holocene. This result is an independent, qualitative indication for higher accumulation rates during the
whole Eemian, in good agreement with the commonly used dD-derived accumulation rates. The same
result is found when examining the (CI"/Na") ratios as in Rothlisberger et al. [2003]. Accumulation
rates derived directly from isotope measurements are thus a reasonable first order estimate of the true
accumulation rate, although some uncertainty may exist [Udisti et al., 2004].

The ambivalent behaviour of NO;™ shows up in Figure 5d (for details see section 3.2). The correation
between NO;™ and 8D is good during warm periods due to the temperature-accumulation effect on the
preservation of NO;~ (R? = 0.75). During cold periods, a correlation with 8D is found (R* = 0.61), even
though this is not the result of temperature and accumulation changes, but of the reaction of NO;~ with
dust, itsdf well correlated with 8D, which led to irreversible deposition.

During Transition I, Inception I, within the early glacial | and during Transition | (137-129 ka, from
113 ka on and 16-12 ka) NOz;™ shows minima: The dust level within these periods is aready low, the
accumulation rate ill low, so that NOs; losses are pronounced. However, to estimate the
accumulation rate quantitatively, the understanding of the air-snow-transfer of NO;™ needs further
improvement concerning measurements and modeling [Réthlisberger et al., 2002a].

4  Sequence of marine and continental signals

41 Time r eferences

The beginning of Termination |1 and | is set at the onset of the D increase and the nss-Ca® decrease,
at 137 ka BP and 18 ka BP, respectively. For the end of the terminations and the beginning of the
interglacial periods the turning point after the 8D increase and the ss-Na" decrease coincides: For the
Eemian at 128 ka BP, for the Holocene at 11.5 ka BP. We chose three sections for each of the two
examined interglacial periods (early, mid and late) according to the ages and given in Table 1. The end
of the Eemian and the beginning of Inception | are assigned to the turning point of the dD record
before the distinct decrease around 116 ka BP. At that point, no conspicuous marker is found in the
CFA measurements. We set the end of Inception | and the beginning of the Glacial | to 107 ka BP,
because a first glacial minimum is reached at this time by 8D, coincident with a nss-Ca* peak of
approximately 100 pgm2a ™.
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This timing of the Eemian from 128 ka BP to 116 ka BP is in agreement for example with uranium
and thorium ages from fossil reefs along the continental margin of Western Australia which resulted in
128 + 1 kaBP to 116 + 1 ka BP with the major episode of reef building from 128 ka BP to 121 ka BP
[Sirling et al., 1998]. Additionally, stalagmites from southern Tasmania, Australia, revedled the
fastest growth between 129 + 2 kaand 122 + 1 ka [Zhao et al., 2001].

4.2 Termination |1 and |

As mentioned above, the beginning of Termination 11 and | is coincident for nss-Ca?* and &D.
Termination |1 starts abruptly for nss-Ca?* around 137 ka BP, continued by a moderate decrease
together with a weak 8D increase from 137 to 134 ka BP. A stronger decrease in nss-Ca?" then follows
in a second stage of the Termination Il from 133-130 ka BP, reaching Eemian values while oD is till
increasing towards Eemian peak values. Termination | shows a gradual decrease in nss-Ca’* from 18
to 11 ka BP, somewhat weakened during the Antarctic Cold Reversal (ACR). Average Holocene nss-
Ca’" values were reached almost coincident with the plateau in 8D.

The situation is completely different for ss-Na' fluxes, which remains on glacial levels for most part of
both Terminations. Not until nss-Ca* has undergone most of the flux change ss-Na' begins its gradual
decrease around 132 ka BP during Termination |l and after 13.2 ka BP during Termination I.
Interglacial levels are reached at the sametime as dD.

This pattern for nss-Ca* and ss-Na' was explained in Rothlisberger et al. [2002b] for Termination | to
the extent that most of the nss-Ca®* flux change can be attributed to changes in the southern South
American dust source region, whereas the simultaneous decrease of nss-Ca® and ss-Na' after the ACR
could partly be related to a reorganisation of the atmospheric transport. As the general pattern for
Termination Il is very similar to Termination I, the same mechanism could be responsible.

At the beginning of a termination, nss-Ca® originating from southern South America reacts
immediately and sensitively to the changing climatic conditions. The source area seems to undergo
climatic changes, which efficiently reduce the potential of dust mobilization. Similar patterns are
observed during glacial warm events (eg. Al to A4, data not shown), when nss-Ca?* shows dips in
flux and concentration, reaching almost interglacial levels [RGthlisberger et al., submitted].

The start of a termination has no immediate effect on ss-Na' flux, changes occur only after several
thousand years delay. The sea ice production rate remains almost unchanged, even though the South
American continent to the North and Antarctica to the South of the sea salt source area are both
experiencing the onset of the termination. This could be an indication together with the observations
reported in section 3.2 that small temperature variations during glacial periods have no significant
influence on sea ice production, which is also evident from the glacial warm events (Al to A4),
revealing only very small changes in the ss-Na' flux compared to nss-Ca?*. We assume that a certain
threshold leve in the temperature has to be exceeded before the sea ice production rate collapses and
turns towards interglacial levels. This explains the absence of distinct ss-Na" flux changes during
glacial warm events and the delayed start of terminations for this proxy.

4.3 I nception |

Inception | as recorded in the Dome C ice core showed no abrupt events and was generally much more
gradual than both terminations. This is in contrast to for example a Chinese stalagmite record [Yuan et
al., 2004] where Inception | around 120 + 1 ka BP lasting less than 300 years was of similar
abruptness as Termination | at 129 + 1 ka BP lasting 200 years.

It is most noticeable that nss-Ca’* remains on interglacial levels far into Inception | between 115-110
ka BP, reaching even lower levels than in the early and mid Eemian, whereas ss-Na' has already
increased and reached full glacia values around 111 ka BP. This indicates that southern South
American interglacial climate lasted longer compared to the duration imprinted in the Antarctic Dome
C temperature record or the ss-Na' record, which remained at low interglacial levels for a quite short



47

time interval only. Looking at the nss-Ca?* record, glacial conditions seem to build up much more
slowly in southern South America than in Antarctica, evolving not until the sea ice production rate has
reached full glacial values. But this result can hardly be compared to direct evidence from South
America as mentioned in section 3.3, because it is not even clear yet how extensive Andean glaciers
were during the early cold part of thelast glacial period [Clapperton, 1993].

5 Conclusion

The last two glacial maxima are very similar in chemical ice core data from Dome C, Antarctica.
During Termination Il and I, changes in the flux of irreversibly deposited water-soluble ions develop
very differently, which is mainly related to source modifications: While the dust proxy nss-Ca’" is
extremey lowered, ss-Na', a proxy for the sea ice production rate, decreases only moderately and
NH,*, whose sources are assumed to be marine biogenic emissions, remains nearly constant. This
could be, together with the observed decrease in relative variability of the annually resolved data
during glacial maxima, an indication of only small changes in glacial-interglacial transport patterns.

Furthermore the high-resolution data point to very stable climatic conditions during the Eemian
interglacial period, which is known from water-isotope records like 8D as slightly warmer compared
to the Holocene. Based on 6D, higher accumulation rates are found as well in the Eemian. This finding
is supported by increased NO; preservation, which is strongly affected by accumulation rate
dependent post-depositional losses under interglacial conditions. Furthermore, the sea ice production
rate was smaller in the early Eemian than in the early Holocene based on the ss-Nat+ record; however a
distinct increase of ss-Na' is observed during both interglacial periods. On the other hand, the southern
South American climate during the Eemian seems to be dlightly more variable, with drier conditions
especially at the beginning and subsequently a wetter climate lasting far into Inception |. This
transition into the last glacial period shows up very gradually and less abruptly than both Termination
Iland|.

The marine proxy ss-Na* and the continental nss-Ca®* show quite a different behaviour: ss-Na' reacts
slowly during Terminations Il and I, but very sensitive at Inception I. Correation with local
temperature under interglacial periods and warm transitions is strong, while no significant correlation
is found under glacial conditions. This points to the presence of a temperature threshold below which
the sea ice production rate is independent from temperature variations, like for example during the
Antarctic glacial warm events. Meanwhile, nss-Ca® is strongly correlated with the Antarctic
temperature under glacial conditions, undergoing severe flux changes during the glacial warm events,
and subsequently reacting immediately and sensitively to the onset of Termination Il and |. However
no correation of nss-Ca®" and 8D is found during interglacial periods, and during most of Inception I,
nss-Ca?" remains on interglacia levels, pointing to an uncoupling of the climate of southern South
America and Antarctica.

In the future, it will be possible to further examine the described mechanisms and observations based
on chemical ice core data from several additional glacial-interglacial cycles preserved in the Dome C
ice core. This could give additional insights into the coupling of southern mid- and high latitudes over
glacia-interglacial transitions. A better and more quantitative understanding of post-depositional
effects affecting reversibly deposited species could provide accumulation rate estimates during
interglacial periods that are independent from 8D. Furthermore, additional examination of the
continental aerosol composition will improve the accuracy of the source assignment for constituents of
the continental and the marine aerosol. Both will improve the flux calculations that are essential to
examine climatic mechanisms related to ice core records.
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Na* concentration median (ng g %) 20 18 14 100 18 12 7.7 95
concentration variation coefficient (%) 27 26 26 16 20 22 29 12
flux median (ug m2 a’) 520 470 380 1300 510 380 290 1300
ss-Na* concentration median (ng g™ 19 17 14 58 17 11 6.9 56
flux median (ugm 2 a™) 500 440 370 740 480 340 260 790
ca® concentration median (ng g %) 15 14 1.0 44 1.6 1.8 1.0 41
concentration variation coefficient (%) 26 25 29 23 20 24 32 18
flux median (ugm2a?) 39 37 28 560 47 53 39 570
nss-Ca®  concentration median (ngg™) 0.74 0.77 051 42 0.96 13 0.76 38
flux median (ugm2a? 20 20 14 530 28 40 28 540
NH,* concentration median (ng g %) 0.76 0.74 0.65 18 0.48 0.55 0.38 17
concentration variation coefficient (%) 29 28 30 15 26 25 29 14
flux median (ugm~2a?) 20 19 17 23 14 17 14 24
NO;~ concentration median (ng g %) 14 - 17 50 19 22 21 36
concentration variation coefficient (%) 19 - 21 27 16 11 21 23
flux median (ugm2a?) 360 — 450 640 560 670 780 500

Table 1. Mass concentration medians, variation coefficients and flux medians of the last two interglacial periods
and the preceding glacial maxima from the EPICA Dome C ice core. All values are based on the log-normal

distributed annual mean data and are rounded to two digits.



92

Depth / m
0 200 400 600 1500 1600 1700 1800
-

i
| i

1 i 1 i ! 1 I
[T I Glaciall ! I Glacialll
=~

e — - T

1 e | ! e

£ -400 | TGMI | | o GMIE

, - - I | . .

. [
Holocene | »/\_I’,__\_, Eemian —

y e T L | O EE e H
0 10 20 30 110 120 130 140 150

Age / ka BP

Figure 1. Na*, Ca®*, NH," and NO;~ measurements (concentrationsin ng g ) from the EPICA Dome C deep ice
corein formal annual resolution (grey lines) and Gaussian-filtered (cut off period 2000a; black lines), along with
8D (in %o0) [EPICA community members, 2004; Jouzel et al., 2001], around the two interglacial periods
(Holocene, Eemian).
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Figure 2. Fluxes of ss-Na', Na*, nss-Ca’*, Ca?*, NH," and NO;™ (in pg m2 a™*) from the EPICA Dome C deep
ice corefiltered (Gaussian-filter, cut off period 2000a) along with 8D (in %.) [EPICA community members,
2004; Jouzel et al., 2001], around the two interglacial periods (Holocene, Eemian). In contrast to the other
records, NOs is subjected to post-depositional effects, therefore fluxes do not represent an atmospheric signal.
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Ice core evidence for the extent of past atmospheric CO;, change

due to iron fertilisation

R. Rt')thlisberger,1’2 M. Bigler,3 E. W. Wolff,' F. Joos,3 E. Monnin,3 M. A.

Hutterli®

An extended high-resolution ice core record of dust depo-
sition over the past 60 ka from Dome C, Antarctica, is pre-
sented. The data are in conflict with the idea that changes
in aeolian iron input into the Southern Ocean were the ma-
jor cause for the 80 ppm glacial-interglacial CO2 increase.
During the deglaciation, the COs increase shows a linear
relationship with the fall of the logarithm of the nss-Ca?"
flux, a proxy for dust deposition. However, the very large
variations in the nss-Ca?" flux related to the glacial Antarc-
tic warm events Al to A4 were accompanied by small CO2
variations only. Our data-based analysis suggests that de-
creased Southern Ocean dust deposition caused at most a
20 ppm increase in CO2 at the last glacial-interglacial tran-
sition. Rapid decreases in dust deposition to the northern
Pacific could have been responsible for a maximum of 8 ppm
in addition.

Introduction

The concentration of CO2 in the atmosphere over the last
420 kyr has alternated between about 180 ppm in glacial
maxima and 280 ppm in interglacials [Petit et al., 1999].
These changes act as a major amplifier in the climate sys-
tem, contributing to the strong glacial-interglacial contrast
that is observed. Determining the causes of the CO; in-
crease at glacial terminations, such as the ~80 ppm increase
at the last one (Fig. 1), is one of the major challenges in un-
derstanding the Earth system. Here we use high-resolution
chemical data from an Antarctic ice core to set limits on one
of the most pervasive mechanisms that has been proposed,
iron fertilisation of the oceans.

The ocean is the most important control on atmospheric
CO; concentrations on glacial-interglacial timescales [Sig-
man and Boyle, 2000; Archer et al., 2000]. The equilibrium
partial pressure of COz in seawater depends on the concen-
tration of dissolved inorganic carbon (DIC) amongst other
factors. In high-latitude surface waters, particularly in the
Southern Ocean and in the North Pacific, the concentra-
tions of nutrients and DIC remain high and chlorophyll lev-
els low throughout the year. Iron concentrations in these
high-nutrient low-chlorophyll (HNLC) regions are very low.
Several field experiments demonstrate that addition of iron
stimulates biological productivity and reduces surface wa-
ter pCO2 in the Southern Ocean and other HNLC regions
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[Boyd et al., 2000; Tsuda et al., 2003]. Consequently, it has
been suggested that enhanced aeolian iron deposition into
the Southern Ocean was the primary cause for the observed
low glacial CO2 values [Martin, 1990].

Different model analyses focusing on a range of iron-
related marine biogeochemical processes yield ambiguous
results, explaining little [Bopp et al., 2003] up to all [Mat-
sumoto et al., 2002] of the observed 80 ppm CO; increase
during past deglaciations. Several processes other than iron
fertilisation may be responsible for the low glacial CO2 con-
centrations [Sigman and Boyle, 2000; Archer et al., 2000;
Broecker and Henderson, 1998].

Here we analyse changes in atmospheric CO2 concentra-
tions [Indermiihle et al., 2000] and aeolian dust deposition
as recorded in Antarctic ice cores (Fig. 1). The strategy
is to estimate data-based bounds for the contribution of
iron fertilisation to atmospheric CO2 variations during pe-
riods where variations in aeolian dust supply are large, but
changes in other parameters affecting atmospheric CO2 re-
mained modest. For the first time, chemical data are avail-
able at a resolution capable of assessing the role of dust on
COg over the past 60 ka, i.e. covering the period of the last
four glacial Antarctic warm events and the last deglaciation.

Data

The chemical ice core records from Dome C have been
obtained by a Continuous Flow Analysis (CFA) system,
as described in [Rdthlisberger et al., 2000]. Back to 45
kyr B.P. the data originate from the EDC96 ice core,
mainly analysed during the 97/98 and 98/99 field seasons
[Rdothlisberger et al., 2002]. Data reaching further back in
time were obtained from EDC99 during the 01/02 field sea-
son. The Dome C EDC96 records are displayed on the EDC1
timescale [Schwander et al., 2001], EDC99 records on the
EDC2 timescale (pers. comm. Jakob Schwander, Univer-
sity of Bern). Temporal resolution of the chemical records
is of the order of at most a few years. Presented here are 50-
year averages of the high-resolution data. For comparison,
the widely-cited dust record from Vostok, Antarctica [Petit
et al., 1999] includes only approximately 80 data points over
the past 60 kyr.

The CO; data covering 8 to 22 kyr B.P. were measured
in the air bubbles of the EPICA Dome C ice core [Mon-
nin et al., 2001] (EDC96), whilst from 20 to 60 kyr B.P.
they originate from the Taylor Dome ice core [Indermihle
et al., 2000]. The Dome C deuterium record [Stenni et al.,
2003], an indicator of local Antarctic temperature, is so far
only published back to 45 kyr B.P., but a comparison of
Vostok isotopic records with the Taylor Dome CO2 data
[Indermiihle et al., 2000] has shown that the variation over
events A2 to A4 were similar in amplitude and timing to
event Al. The data from Taylor Dome are transferred to
the EDC2 timescale using CH4 to synchronise the records
[Brook et al., 2000] (J. Flickiger, University of Bern, un-
published data). Due to the uncertainty of Aage and of the
CH4 synchronisation, the exact timing of the CO variation
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relative to the changes in Antarctic temperature, nss-Ca®"
and Na™ remains elusive.

We use the non-sea-salt calcium flux (nss-Ca®") as a
proxy for dust and the sodium (Na™) flux as a first-order
estimate of sea ice coverage [Wolff et al., 2003]. Changes in
transport efficiency could alter the measured nss-Ca?* flux
at Dome C. However, it has been shown that changes at
the source were the dominant cause for the observed nss-
Ca’* variations [Rdthlisberger et al., 2002]. Hence, the nss-
Ca?" flux represents the magnitude of dust deposition to
the Southern Ocean.

Glacial period

During events A2 to A4 the nss-Ca’t flux was reduced
from high glacial values to levels similar to those of the
Antarctic Cold Reversal (ACR), i.e. only approximately
twice the Holocene level (Fig. 1). At event Al, nss-Ca®"
flux was reduced even further. These strong changes in dust
deposition were accompanied by changes in atmospheric
COz of up to 20 ppm [Indermiihle et al., 2000]. Changes
in other parameters potentially affecting atmospheric CO2
were much smaller during this time interval than during the
transition. This suggests that changes in aeolian iron deposi-
tion to the Southern Ocean of glacial-interglacial magnitude
have a limited effect on atmospheric CO».

Potentially, other factors could have masked an impact of
iron fertilisation on atmospheric CO2 during the Al to A4
events. However, SST variations and changes in the North
Atlantic thermohaline circulation have likely contributed to
the observed COs variations, suggesting that the net im-
pact of aeolian iron deposition to the Southern Ocean is
even smaller than the observed CO; variations.

Earlier studies [Stocker and Johnsen, 2003] link
the Antarctic warm phases to the Dansgaard-Oeschger
warm/cold cycles recorded in Greenland ice cores and to
changes in the North Atlantic thermohaline circulation in-
voking a ’thermal bipolar seesaw’. Model results [Marchal
et al., 1999; Scholze et al., 2003] suggest that a collapse of the
North Atlantic Deep Water formation and associated North-
ern Hemisphere cooling and Southern Hemisphere warming
and biogeochemical changes lead to a release of carbon both
from the ocean and the land biosphere. Thus, the reorgani-
zations in the North Atlantic thermohaline circulation and
associated changes in sea surface temperature and on land
have contributed to the observed high CO3 levels during the
Antarctic warm events.

Regardless of the mechanism responsible for the Antarc-
tic warm phases, the related sea surface temperature (SST)
increase in the Southern Hemisphere must have led to de-
crease in the solubility of CO2 in seawater and to outgassing
to the atmosphere. Data-based global reconstructions of
the spatio-temporal variability in SST over Al to A4 are
missing and a data-based quantification of the impact of
SST variations, complementing model-based analyses [Mar-
chal et al., 1999], is therefore currently not possible. A re-
cent record from the southwest Pacific east of New Zealand
[Pahnke et al., 2003] estimates a 3°C change in SST over
A1l to A4. However, variations of similar amplitude are ob-
served during the period from 60 to 20 kyr B.P. that are not
accompanied by similar CO2 changes.

Turning to sea ice, there is no evidence from the Na™
flux for significant changes in sea ice production over Al to
A4 [Wolff et al., 2003]. This suggests a small contribution
from changing sea ice coverage of the Southern Ocean to the
glacial CO2 variations.

The periods of low nss-Ca®" were shorter during Al to A4
than during the transition and atmospheric CO2 might not
have reached a new equilibrium. The glacial nss-Ca*" varia-
tions occurred on a multi-millennia time scale, implying that

ROTHLISBERGER ET AL.: EFFECT OF IRON FERTILISATION ON GLACIAL CO,

atmospheric CO2 must have fully responded to processes
with time scales of up to a millennium. The time scales
governing nutrient supply from sub-surface waters and ex-
port of biogenic material to the abyss, the coupling between
high- and low-latitude ocean processes, and the response of
atmospheric CO2 are in the range of decades to centuries
[Joos et al., 1991; Matsumoto et al., 2002]. On the other
hand, the effect on CO; of a potential readjustment of the
ocean’s alkalinity budget and the calcite lysocline [Archer
et al., 2000] and changes in the whole ocean nitrate inven-
tory, e. g. in response to iron-stimulated changes in the cal-
cite to organic matter rain ratio or changes in nitrate fix-
ation [Broecker and Henderson, 1998], would accrue on a
multi-millenia time scale only. However, observed changes
in the lysocline depth [Broecker and Henderson, 1998] and
co-limitation of biological production by phosphate suggest
a limited role for these slow-response scenarios. The Vostok
results [Petit et al., 1999] corroborate this analysis: During
the last three glacial periods, atmospheric CO2 decreased
from interglacial concentrations to 230 ppm before the on-
set of high dust deposition in the Vostok core.

In conclusion, the observed change of 20 ppm CO; dur-
ing the Antarctic warm events Al to A4 likely represents an
upper boundary for the effect of reduced iron fertilisation
due to a reduction in dust input into the Southern Ocean.

Transition

Transferring this insight to the situation during the tran-
sition implies that reduced iron fertilisation of the Southern
Ocean led to at most a 20 ppm increase in COz over the
first half of the transition (from 18 to 14 kyr B.P.), corre-
sponding to the period of largest reduction in dust (interval
I and II in Fig. 2). Over the same period, CO increased
by 40 ppm, i.e. other factors, including their interplay with
iron fertilisation, must have accounted for at least 20 ppm.
Since the dust flux changed little during interval IV, and
since dust in event A1l already reached (albeit temporarily)
Holocene levels, it is unlikely that much of the CO3 increase
in interval IV was connected to changing iron fertilisation.

The different relationship between CO3 and dust over Al
to A4 compared to the transition is shown in Fig. 3. As an
estimate of a maximum effect and in order to avoid a large
scatter due to the uncertainty in the synchronisation of the
two ice core records, we compare the maxima of the COq
concentration with the minima of the nss-Ca’* flux and vice
versa. For the transition, we selected data at the bound-
aries of the intervals indicated in Fig. 2; these CO2 and
nss-Ca’" data originate from the same ice core, therefore
the uncertainty in matching the corresponding data points
is small. The slope during the glacial period, being itself
an upper limit of the effect of dust on atmospheric COs, is
much smaller than during the transition. The difference be-
tween the glacial relationship and the one derived from the
data of the transition reflects the amount of CO2 changes
that needs to be caused by other factors.

At the end of interval IT and again at the end of interval IV
of the transition, CO2 concentrations increased by 6 - 8 ppm
within less than a few centuries [Monnin et al., 2001], coeval
with the large changes in CH4 that occurred at the warming
into the Bglling (corresponding to the end of interval IT) and
the warming after the Younger Dryas (end of interval IV).
This implies that these two increases are due to a north-
ern hemisphere, rather than a Southern Ocean, process. By
matching the methane records from Dome C and Greenland,
we can precisely align these two periods with datasets from
Greenland ice cores (Fig. 2). The two warming events were
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accompanied by large and rapid decreases in the dust input
to Greenland. The dust found in Greenland ice cores origi-
nates from Asia [Biscaye et al., 1997] and is transported by
the westerlies over the northern Pacific and North America
to Greenland. The rapid decrease by an order of magni-
tude suggests that also dust fallout en route was reduced
significantly. This could have had a considerable effect on
the northern Pacific productivity. While glacial dust supply
prevented iron limitation, the decrease in dust at the end
of interval IT and IV led to conditions similar to today, i.e.
a significant iron deficit [Tsuda et al., 2003]. The suddenly
decreased iron supply would be a relatively fast mechanism
influencing the carbon cycle and raises the possibility that
changes in dust deposition to the northern Pacific were the
factor leading to these observed 8 ppm increases in COa;.
However, the increase in dust at the onset of the Younger
Dryas did not leave a reverse imprint on the CO2 concen-
trations. One possibility is that the increased dust did have
a reverse effect, acting on a longer timescale, and that this
was masked by the overlying process that led to the ob-
served increase at a rate of 20 ppm/kyr during interval IV.
Based on the ammonium record from the Greenland GRIP
ice core [Fuhrer et al., 1996], the North American biosphere
evolved rapidly during interval III. If other regions showed
a similar development during this period, this could have
contributed to the observed temporary stabilisation of the
CO2 concentrations during this interval.

Conclusions

Data from Greenland and Antarctic ice cores suggest that
the overall effect of iron fertilisation on glacial-interglacial
COz changes is limited in extent and time. Changes of iron
supply to the Southern Ocean probably contributed at most
20 ppm to the CO; increase between 18 and 14 kyr B.P.
and were negligible thereafter. Reduction of the dust input
into the northern Pacific was much faster, but has a smaller
effect on CO3 of up to 8 ppm only. The remaining 50 ppm of
increase must thus be ascribed to other processes, possibly
acting in concert with iron fertilisation.
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Figure 1. Dome C ice core records covering 10 to 60
kyr B.P. COg3 concentrations were measured in the Dome
C ice core (diamonds) and in the Taylor Dome ice core
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Figure 2. Comparison of Dome C CO2 and CH4 records
with Greenland and Antarctic aerosol records over the
transition from the last glacial period into the Holocene.
The intervals I to IV correspond to the periods of different
rates of change in COs concentrations as indicated in
[Monnin et al., 2001] . Note that the y-axes of the two
Ca?* records are reversed.
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Figure 3. Empirical relationships between CO2 and nss-
Ca’®* flux at Dome C for different climatic periods. A
concentration minima and maxima over Al to A4 (blue
stars in Fig. 1). B COz and corresponding nss-Ca®" flux
(250yr averages) over the period from 30 to 60 kyr B.P.
C concentrations at the boundaries of intervals I to IV
(red stars in Fig. 1). D COz and corresponding nss-Ca*"
flux over the period 10 to 18 kyr B.P. The linear fits were
calculated based on A and C, with r?= 0.66 and r?= 0.96
respectively.
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[11 A novel laser microparticle detector used in conjunction with continuous sample
melting has provided a more than 1500 m long record of particle concentration and size
distribution of the NGRIP ice core, covering continuously the period approximately from
9.5-100 kyr before present; measurements were at 1.65 m depth resolution,
corresponding to approximately 35—200 yr. Particle concentration increased by a factor
of 100 in the Last Glacial Maximum (LGM) compared to the Preboreal, and sharp
variations of concentration occurred synchronously with rapid changes in the §'%0
temperature proxy. The lognormal mode p of the volume distribution shows clear
systematic variations with smaller modes during warmer climates and coarser modes
during colder periods. We find p ~ 1.7 pm diameter during LGM and p ~ 1.3 pm during
the Preboreal. On timescales below several 100 years p and the particle concentration
exhibit a certain degree of independence present especially during warm periods, when
generally is more variable. Using highly simplifying considerations for atmospheric
transport and deposition of particles we infer that (1) the observed changes of j in the ice
largely reflect changes in the size of airborne particles above the ice sheet and (2) changes
of p are indicative of changes in long range atmospheric transport time. From the
observed size changes we estimate shorter transit times by roughly 25% during LGM
compared to the Preboreal. The associated particle concentration increase from more
efficient long range transport is estimated to less than one order of magnitude.  NDEX
TERMS: 0305 Atmospheric Composition and Structure: Aerosols and particles (0345, 4801); 0322
Atmospheric Composition and Structure: Constituent sources and sinks; 0368 Atmospheric Composition and
Structure: Troposphere—constituent transport and chemistry; KEYWORDS: mineral dust, ice cores, size
distribution, continuous flow analysis, atmospheric circulation, paleoclimate

Citation: Ruth, U., D. Wagenbach, J. P. Steffensen, and M. Bigler, Continuous record of microparticle concentration and size
distribution in the central Greenland NGRIP ice core during the last glacial period, J. Geophys. Res., 108(D3), 4098,
doi:10.1029/2002JD002376, 2003.

ported to Greenland [Biscaye et al., 1997; Kahl et al., 1997,
Svensson et al., 2000; Bory et al., 2002], archives may hold
specific information about atmospheric transport in partic-
ular. Particulates found in Greenland ice overwhelmingly
derive from the insoluble fraction of dust (hereinafter
particles) [e.g., Thompson, 1977].

[3] Dust concentrations in ice cores vary by a factor of
~100 between the Holocene and the Last Glacial Maximum
(LGM) in central Greenlandic ice [Steffensen, 1997; Fuhrer
et al., 1999]. Continuous particle and Ca®>" measurements in
the Renland ice core [Hansson, 1994] and continuous Ca>"

1. Introduction

[2] Ice cores provide a wealth of paleoclimatic informa-
tion including records of windblown mineral aerosol (here-
inafter dust). Among all deposited components this
atmospheric constituent has a special quality because not
only its concentration but also the size distribution of its
insoluble fraction is preserved. As East Asian deserts have
been identified as the dominant source area for dust trans-

'Also at Alfred-Wegener-Institute for Polar and Marine Research,
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measurements in the GISP2 and GRIP ice cores [Mayewski
et al., 1994; Fuhrer et al., 1999] have shown that during
rapid climatic transitions the dust concentration varied
synchronously with the §'®0 temperature proxy. Explana-

1-1
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tions for the pronounced increase in dust concentration in
cold periods include changed atmospheric conditions [Petit
et al., 1981, 1990] and intensified sources [Fuhrer et al.,
1999]. Further specification of this general inference, how-
ever, remains difficult as the observed dust concentrations
are a combined result of a number of entangled mechanisms
ranging from dust mobilization in the source areas over
uplift and long range transport to deposition onto the ice
sheet. Fuhrer et al. [1999] discussed some of the relevant
processes, but the fact that changes of source aridity, surface
wind speed, uplift, transport, and deposition may all have
varied jointly on similar timescales [Porter and Zhisheng,
1995; Wang et al., 2001] makes it very difficult to assess
their relative importance. As yet, only limited clarification
can be expected from modeling approaches because current
dust models, although having improved considerably, still
are unable to reproduce accurately the change in dust
concentration observed in polar ice cores and cannot con-
fidently resolve the individual processes involved [4Ander-
sen et al., 1998; Mahowald et al., 1999; Tegen and Rind,
2000]. Also, models do not provide an adequate description
of the mixing mechanisms in the lower atmospheric boun-
dary layer over ice sheets which play an important role in
dust deposition.

[4] Size distribution measurements on particles in polar
ice cores have shown that the bulk of the particle volume
can be described by a single lognormal distribution with a
modal diameter around 1.5 to 2.0 pm [Royer et al., 1983].
This mode is found to be fairly robust in remote regions
worldwide [Zdanowicz et al., 1998]. But small systematic
shifts have been observed on various timescales in ice cores
from Greenland as well as from Antarctica [e.g., Steffensen,
1997; Delmonte et al., 2002]. As particle size distributions
may be indicative of atmospheric transport times it may be
possible to use this information to gain further insights into
the past dust cycle. But size distribution measurements are
scarce. So far they have been performed only in a discon-
tinuous spot check manner using microscopy or the well
established Coulter counting technique. For Greenland,
Steffensen [1997] found a tendency towards larger modal
diameters for colder climates, which are also associated with
higher dust concentrations in ice cores.

[5] The interpretation of particle size measurements is not
straightforward. Dry and wet removal during long range
transport is generally size fractionating [Junge, 1977]; as
well, in-cloud processing may occur [Wurzler et al., 2000],
and particles may be further size-fractionated on transfer
from air to snow [Unnerstad and Hansson, 2001]. Quanti-
fication of these processes is difficult, and our current
understanding about how different climatic situations may
have influenced the particle size distribution is limited.
Also, the forward modelling of particle size distributions
is not very accurate. Dust modules for general circulation
models (GCM) work with one or only few size classes (e.g.
four classes covering the range from 1 to 100 pm [Zegen
and Fung, 1994]) and cannot resolve fine shifts of the
mode.

[6] So far, no continuous ice core record of particle size
distribution covering the last glacial period has been pub-
lished. Here we present a comprehensive particle profile
from the North Greenland Ice Core Project (NGRIP) deep
ice core, drilled at (75.1N, 42.3W) in central Greenland

RUTH ET AL.: CONTINUOUS RECORD OF MICROPARTICLE CONCENTRATION

about 300 km north of the summit region. The record is
from 1405 m to 2930 m depth and spans the period from
~9.5 kyr to ~100 kyr before present (bp), i.e. it includes the
Pleistocene to Holocene transition and most of the last
glacial period. The core was analyzed continuously for
insoluble particle concentration and size distribution using
a new laser based sensor coupled to a continuous flow
system. To interpret the observed changes in particle size,
we present a simple model picture that describes the
modification of a particle size distribution during long range
transport and deposition.

2. Methods
2.1. Measurements

[7] The measurement procedure and the laser based par-
ticle detector have already been described by Ruth et al.
[2002] and therefore are only briefly outlined here. However,
the particle size calibration will be covered in greater detail.
The measurements took place in a warm laboratory (18°C)
during the NGRIP-2000 field campaign. Continuous sec-
tions of ice core were melted in a controlled fashion along
the core direction, and the melt water was passed through
established continuous flow analysis (CFA) systems [e.g.,
Rothlisberger et al., 2000; M. Bigler, dissertation in prepa-
ration, University of Berne] and to a particle counter. For
decontamination purposes the abutting faces of the core
sections were carefully cleaned using a stainless steel micro-
tome blade. In addition, the melter had two concentric
sections, and only the uncontaminated meltwater from the
inner section was used for the analyses as described by
Rothlisberger et al. [2000]. Peristaltic pumps and teflon
tubings were used to feed the water into the detection units.
Debubblers were used to eliminate air bubbles.

[8] In our measuring procedure the size distribution data
were accumulated over 1.65 m intervals (corresponding to
approximately 35-200 yr, see below), while the particle
concentration also was recorded at an effective depth reso-
lution of 1.0 cm [Ruth et al., 2002]. Count rates were
converted to concentrations using regular flow rate measure-
ments. To avoid coincidence distortion of the particle count-
ing the sample flow of glacial age ice was reduced to
approximately 0.15 ml min~'; however, to maintain an
optimal flow rate of 1.5 ml min~" through the detector the
sample was added to prefiltered (0.2 um) carrier water
(dilution). Dilution was performed below 1494.9 m depth,
i.e. for ice from the Younger Dryas period and older; in this
case, the volume of ice core liquid consumed for each 1.65 m
section was approximately 6 ml.

2.2. Size Calibration of the Particle Sensor

[9] The particle detection is based on laser light attenu-
ation by single particles. The sample water is pumped
through an illuminated detection cell, where each particle
is detected as a negative peak of transmitted light. The
peaks are counted and sorted by height into channels, that
can be adjusted to appropriate size intervals. Twelve chan-
nels were used in this application.

[10] The interrelation of peak height and particle size is
complex as both geometric shadowing and scattering pro-
cesses are involved. Shadowing depends on geometric
particle cross section, and therefore on a combination of
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Figure 1.
laser sensor (LS) data in bold lines. The laser sensor data is shown after the adjustment of its size axis.
The rise at the left end of the Coulter Counter curves is due to noise as the lower size limit is reached.
Listed is also the lognormal mode pu of the distributions as derived from CC and LS data. Calibration for
measurements without sample dilution is based on the Preboreal sample (A); calibration for
measurements with sample dilution is based on the other four samples (B).

particle volume, shape and orientation. Scattering in addi-
tion depends on optical particle properties and features
nonlinearities between particle size and scattered light
intensity. Only for particles larger than ~7 pm diameter
geometric shadowing dominates enough to allow a calibra-
tion with latex spheres of known diameter. In the remaining
main part of the spectrum scattering becomes increasingly
important, and a size calibration with latex spheres is
inaccurate because dust particles have different scattering
properties than latex spheres of identical volume, predom-
inantly due to their nonspherical shape [Saey, 1998].

[11] Therefore, a size calibration was achieved indirectly
through comparison with measurements obtained using a
Coulter Counter, which measures the particle volume
directly and independently of shape. At selected depths,
NGRIP ice core samples were also measured with a Coulter
Counter, and the laser sensor size axis was adjusted until the
laser sensor and Coulter Counter data showed optimal
correspondence. Samples from five different climatic peri-
ods (Preboreal Holocene, Younger Dryas (YD), Allered,
LGM, and pre-LGM cold glacial (CG)) were used for the
calibration, thus the full concentration range was covered.
Hereby the lower detection limit was recognized at 1.0 um
diameter, and proper sizing showed possible between 1.0
and 11 um. The total particle concentrations agreed within
approximately 5% to Coulter Counter measurements.

[12] During the calibration process it was discovered that
the dilution setup had had a modifying influence on the size
distribution, probably due to coagulation of particles in a
mixing cell with turbulent flow. Therefore, the measure-
ments of Preboreal Holocene ice (undiluted) and glacial age
ice (diluted) were calibrated separately. Figure 1 shows the
volume distribution spectra used for the two calibrations.
The Preboreal sample was used to calibrate the measure-
ments above 1494.9 m depth, that were done undiluted (A).
For the calibration of the measurements below this depth the
other four samples were used altogether for one separate

Size distributions by volume used for calibration. Coulter Counter (CC) data in thin lines,

calibration (B). After the adjustment of the laser sensor size
axis, the data sets of the two counters show good accord-
ance. Differences between the laser sensor and the Coulter
Counter data may result from the fact that the Coulter
Counter data covers only 0.55 m out of the 1.65 m long
section measured with the laser sensor so that the under-
lying size distributions possibly indeed slightly differed in
the respective samples. For calibration (B) the differences in
the underlying sample populations may be expected to
counterbalance each other as several samples could be used
for one calibration.

2.3. Data Parametrization

[13] A lognormal function was used to parametrize the
volume distribution data:

dVv 123 71(1111/41\}1)2
—_— 2 Ino N
dind \/2xInc i

where V) is the amplitude, p the mode and o the standard
deviation of the distribution. Because the width of the size
channels was quite large the fit procedure iteratively
accounted for the modeled distribution within each channel.
Furthermore, the relative quadratic error was minimized
thus assigning equal weights to all channels. The first nine
channels were considered for fitting, i.e. particles between
1.0 pm and 7.5 pm diameter.

[14] Other parameters are sometimes used to characterize
a particle size distribution: The volume V. of coarse particles
(d>d,)is used as well as the relative coarseness as V./V,,,; d..
was chosen as 7.5 pm in our study. The parameters ‘mean
volume diameter’ (MVD) and ‘mean number diameter’
(MND) as e.g. used by Zielinski [1997] denote the mean
diameter with respect to volume or number. These parame-
ters highly depend on the covered size range and thus are
intercomparable only for identically treated data sets. Fur-
thermore, the MVD was found to be ambiguous in our data:
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At high concentrations it tended to be in phase with changes
of the mode p and in antiphase with the relative coarseness
(i.e. it depended on the size of small particles); yet at low
concentrations it tended to be in antiphase with the mode and
in phase with relative coarseness (i.e. it depended on the
abundance of large particles). For these reasons, neither
MND nor MVD are used in this study.

[15] Because a considerable portion of the mass is con-
tributed by the small particles below the detection limit of
approximately 1.0 pm, mass concentrations reported in this
paper are derived as follows: For d >  the total measured
particle volume ¥~ " is taken by summation of all relevant
channels or fractions thereof; for d < p the volume is taken
from the fitted lognormal distribution, i.e. V,,, = ya w4
0.5 - Vy. Subsequently, the total mass concentration is
inferred by assuming a material density of 2.6 g cm >
[Sugimae, 1984].

2.4. Measurement Errors

[16] Occasionally, sections were affected from system
malfunction and were excluded from further processing. A
few sections showed a very high concentration of large
particles possibly resulting from contamination and were
also excluded. The measurement blank for small particles
was below 15% of the count rate for most low concentration
samples and was negligible in high concentration samples.
For coarse particles (d > 7.5 pm) the blank relative to
sample count rates was higher and more variable; since for
these particles counting statistics also deteriorate, caution
must be taken when interpreting the volume of the coarse
fraction. The error on the total number concentration for all
particles is predominantly due to flow rate uncertainties and
is estimated to typically 5%—10%. The uncertainty of total
volume or mass concentration as due to flow rate and size
calibration uncertainties is estimated to be about 15%—20%.

[17] The exact determination of the particle sizes is
hindered by the influence of the flow set up on the size
distribution, which may not be constant and therefore not at
all times be fully compensated for by the calibration.
Further, the calibration is affected from the fact that the
Coulter Counter data covers only part of the sample
population measured with the laser sensor, which may
explain the difference of about 0.1 pm between the fit
parameter p when derived from the Coulter Counter or
the laser sensor data (see Figure 1). The difference in p that
result from using calibration A or B for any given sample
was typically around 0.04 um. The analytical uncertainty of
the fit is variable and lies in the range from 0.01 pm to 0.1
pm diameter. We therefore estimate the possible error for
to be generally around 0.1 pm diameter; it may be larger for
the Holocene samples, where only one calibration sample
exists and also the uncertainty of the fit is large. Double
measurements on ice from the YD-Holocene transition, one
time performed without and the other time with the dilution
setup, yielded a discrepancy in p of up to 0.1 pm, which
supports the above estimates.

3. Results
3.1. Size Distributions

[18] Four individual volume size distributions are shown
in Figure 2 for illustration. They are representative for
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Figure 2. Individual size distributions by volume from

different climatic periods along with lognormal fits. a:
1831.50—1833.15 m (LGM); b: 2075.70-2077.35 m (S9);
c: 2121.90-2123.55 m (IS10); d: 1460.25-1461.90 m
(Preboreal). Indicated is the position of the mode and the
uncertainty of the fit [a: (1.73 + 0.02) pm; b: (1.65 £ 0.06)
pm; c: (1.54 £ 0.05) pm; d: (1.21 £ 0.11) pm].

different climatic periods, namely LGM (a), Stadial (S) S9
(b), Interstadial (IS) IS10 (c), and Preboreal Holocene (d).
The samples span a concentration range of more than two
orders of magnitude for particles smaller than 7.5 um. For
coarse particles larger than 7.5 pm the concentration range
of the four samples is less than one order of magnitude and
is not strictly correlated to the concentration of small
particles.

[19] The respective lognormal fits are also shown in
Figure 2, and the position and uncertainty of the mode p
are indicated. The fits describe the measured distributions
very well for high concentration samples. For low concen-
tration samples the description is still satisfactory, however
deviations of the data from the ideal model distribution are
larger. It may also be noticed that with higher concentrations
the mode tends to get coarser whereas the width of the
distribution tends to decrease.

3.2. Profiles

[20] Particle concentration and size distribution parameters
ofall samples are plotted as depth profiles in Figure 3. Shown
are the insoluble particle number concentration Cy, mass
concentration Cj,, lognormal mode p of the volume distribu-
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Figure 3. Profiles of microparticle concentration and lognormal size distribution parameters p
(diameter) and 0. Number concentration is based on counts of particles larger 1.0. Gaps arise either from
missing data or from data that did not allow for a proper lognormal fit. Selected climatic periods are
labeled: Preb = Preboreal Holocene, YD = Younger Dryas, B/A = Bolling/Allered, LGM = Last Glacial
Maximum; numbers refer to Dansgaard/Oeschger-events. The data of the bottom two panels was

truncated at the dashed line indicated.

tion, and lognormal standard deviation ¢. The concentration
profiles clearly exhibit all climatic events known from the
Greenlandic GRIP and GISP2 deep ice core records [Johnsen
et al., 1997; Grootes and Stuiver, 1997], some of which have
been labeled in the figure. In particular, the stadial-interstadial
fluctuations (or Dansgaard-Oeschger (D/O)-events) are
clearly resolved. Periods of low particle concentrations
correspond to warm phases while cold phases correspond to
high particle concentrations. Concentrations are lowest dur-
ing Preboreal Holocene (Cy &~ 1 - 10* ml™! or Cy,; ~ 70 pg
kg~ ") and highest during LGM (Cy ~ 1 - 106 ml™! or Cy; ~
8000 pg kg™ ). This compares well to the reported particle
mass concentrations from the GRIP core of 50 pg kg™ and
8000 pg kg~ ' for Preboreal and peak-LGM respectively
[Steffensen, 1997]; discrepancies may be due to differences
in the methods of measurement and data evaluation and need
not be of geographical origin. The relative changes of the
mass concentrations we observe across D/O-transitions range
from a factor of 5 to 18 and are typically around 8.

[21] As expected, the overall appearance of the particle
concentration profile closely resembles the continuous Ca*"
concentration profile from the GRIP core [Fuhrer et al.,
1999]. This means that the soluble and insoluble fractions of
dust varied largely alike. However, systematic changes of
the Ca”'/particle ratio by a factor <2 have been observed
[Steffensen, 1997; Ruth et al., 2002].

[22] The close correspondence of the particle profile to
the GRIP Ca*" or §'80 profiles permits to establish a
provisional timescale for our NGRIP particle profile by
matching respective climatic events and transferring the
GRIP SS09 timescale [Johnsen et al., 1997] to the NGRIP
core. Thereby we infer that the time spanned by each 1.65 m
section ranges from 35 to 200 years. We also infer that the
concentration changes at D/O-transitions may have hap-
pened within 100 years or less.

[23] The mode p of the particle size distribution shows
considerable systematic variability throughout the record,
and most major climatic events as identified from the
concentration profiles are also visible in the size distribu-
tion. These are, in particular, the YD and B/A periods, and
the most prominent D/O-events; but also smaller D/O-
events or the LGM as a whole are identifiable in the
profile. Typical values for p in the Preboreal are around
1.3 pm diameter; and peak values exceed 1.7 pm during
LGM. Typical values within the Pleistocene are around 1.6
pm during cold periods and may decrease to values
around 1.4 um or less during interstadial warm periods.
A marked increase of the mode can be noticed between
2600 m and 2500 m depth, which corresponds to the
transition from Marine Isotope Stage (MIS) 5 to MIS 4.
Below this depth (i.e. during MIS 5) p is generally about
0.2 pm smaller than above. During corresponding periods
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Figure 4. Correlation of the mode p and the mass
concentration C,. a: All data has been averaged such that
each data point represents 200 years. b: All data has been
averaged over climatic periods; circles denote warm
periods, squares denote cold periods. A logarithmic trend

line is also shown.

we find modes that are smaller than those of Steffensen
[1997] by 0.2 pm.

[24] The switching of the mode between states may
happen as fast as the concentration changes, but it is not
always as evident. Further, i tends to be more variable
(point-to-point variation) when dust concentrations are low.
This higher variability persists even when the data are
averaged over equally long time periods; so it is not a
consequence from formal counting statistics nor from the
fact that low concentration samples systematically cover
shorter time spans.

[25] The lognormal standard deviation also shows sys-
tematic variations. It ranges from about 1.55 during LGM to
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more than 2 during the warm periods of MIS 5 (below 2550
m depth). This indicates that in warm climates the mode
was more variable within the 35-200 year period covered
by each 1.65 m section. At these times p shows a large
point-to-point variability, which suggests increased varia-
bility also on longer timescales, however only with marginal
significance.

3.3. Systematic Changes of the Mode

[26] Figure 3 shows that the mode tends to increase with
larger particle concentrations. A systematic plot of these two
parameters is shown in Figure 4a, where data are averaged
to 200 years resolution to reduce the point-to-point scatter
for periods with higher layer thickness (and thus less time
spanned by each sample). A clear positive correlation is
exhibited. It also can be noted that the spread of the mode is
smaller by a factor of 3 for high compared to low particle
concentrations. Coarser modes and smaller spread for high
concentration samples are also observed if the data are
averaged over climatic periods (Figure 4b).

3.4. Detailed Profile Section

[27] A closer look at rapid transitions may bring further
insights into the dust regime. Figure 5 shows the enlarged
profile from IS 9 through IS 12 with size distribution
parameters, particle concentration, and §'%0 (isotope data:
personal communication from NGRIP-members, unpub-
lished data). Cold periods very clearly show high particle
concentrations and vice versa. Further, almost all high
concentration periods are concurrent with large modes;
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Figure 5. Detail from profiles showing various rapid D/O-
transitions. Shown are size distribution parameters o and p,
number concentration Cy, and §'0 (data is personal com-
munication from NGRIP-members). Shaded areas empha-
size interstadials as inferred from the profiles of p and o.
Circles mark instances where the timing of a transition may
be inferred differently from p and o or respectively from Vy
and §'%0. The arrow points to a transition where p seemingly
shows other timing than o and Cy. Numbers in the bottom
panel indicate interstadials.
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however, not all periods with low concentrations are
accompanied by smaller modes, and during low concen-
tration periods the mode is more variable. This shows an
independence of p and V which is especially pronounced
during warm periods.

[28] The fact that the mode is more variable during warm
periods may cause confusion when determining the exact
point of a transition. One such occasion at the beginning of
IS 11 is marked in Figure 5 with an arrow. Here, the size
distribution shifts synchronously with the concentration into
the “warm”-state as can be seen from the profile of o.
However, its increased variability allows the mode to stay
large for two more samples (corresponding to roughly 200
years). Only the increased values for o show that the
individual dust events contributing to the multiyear samples
were already more variable with respect to particle size, as
is typical for warm periods. Therefore, D/O-transitions seem
to show more clearly in o than in p.

[29] Another observation is that there may indeed be a
difference in the particular time when a transition occurs in
the concentration and in the size distribution of particles
(circles in Figure 5). No systematic leads or lags seem to
occur, but shifts range up to 200 years. This again shows
some independence of the processes influencing the particle
concentration or size distribution. The independence is
observed especially during warm periods, and it vanishes
if the data are averaged for several centuries.

4. A Simple Model Picture

[30] The atmospheric dust cycle starts with the production
of wind-erodible material in the source areas by weathering
processes [Pye, 1987]. The amount of dust entrained into
the atmosphere depends on the frequency and strength of
surface winds [Gillette et al., 1980], the mobility of the dust,
and the size of the source areas. The geographical overlap of
source regions and long range transport zones may be
another important factor [Chylek et al., 2001]. The transport
of dust depends on long range atmospheric circulation
patterns, which in turn are influenced by e.g. global heat
distribution or the ice cover of land and ocean [Krinner and
Genthon, 1998]. Transport efficiency depends on processes
removing aerosol en route. Finally, air-to-snow transfer of
dust depends on wet and dry deposition processes [David-
son et al., 1996].

[31] From ice cores and from other paleoclimatic archives
it has been inferred that atmospheric circulation during the
last glacial period differed from present day’s [e.g., Janecek
and Rea, 1985; Rea, 1994; Kapsner et al., 1995; Lamy et
al.,, 1999; Lagroix and Banerjee, 2002]; in particular, an
increased westerly flow has been proposed for both the
northern and the southern hemispheres. On the hypothesis
that transit times control the size distribution, we will
estimate in the following the degree to which transport
needs to have been faster to explain the observed size
changes of particles. First however, we will investigate the
extent to which the observed changes may be due to
changed deposition conditions during different climates.
Hereby, our very simple approach clearly is far from
capturing reality in its complexity; but at least the direction
of the various effects and rough estimates of their magni-
tudes may be attained.
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Figure 6. Conceptual illustration of the model picture.
The airborne particle size distribution with mode |z, at
the source is changed rapidly during uplift until ., is
reached. Here, per definition, long range transport across
source-free areas starts. During long range transport the
mode decreases slowly owing to size fractionating depletion
processes. Because the transit time ¢ during cold climates is
shorter than during warm climates the mode y1,;- of airborne
particles at the ice sheet is larger during cold climates.
During deposition the mode is shifted slightly towards
larger particles leading to ;... Upper indices ‘cold’ and
‘warm’ denote cold and warm climatic states, respectively.

[32] For comparison of two climatic states in the follow-
ing sections we use the upper index ‘cold’ to denote a cold
state and the upper index ‘warm’ to denote a warm state. A
conceptual illustration of our model picture sketched in
Figure 6.

4.1. Size Fractionation During Deposition

[33] Particles are transferred from the air to the snow by
dry and wet deposition [see, e.g., Alley et al., 1995]. Wet
deposition includes all precipitation related events and is
described by an effective wet deposition velocity v,,. Dry
deposition processes include all sinks not directly related to
precipitation, i.e. mainly sedimentation, impaction, and
snow drift scavenging, and are summarized as an effective
total dry deposition velocity v, We consider only multiyear
means (disregarding e.g. changed seasonality of precipita-
tion [Werner et al., 2000]) and assume that the precipitation
rate equals the accumulation rate; then the deposition flux
may be expressed as f'= (v,, + vy) Cuir = (€4 + vy) cqir With

€: scavenging ratio, i.e. particle concentration in new

snow divided by ¢,

A:  snow accumulation rate (in water equivalent), and
cqis  airborne particle concentration.

[34] As a first order approximation particle size fractio-
nation by dry deposition may be described by v, = kd" (d:
particle diameter, & and n: constants), although for large
particles v, may be rate limited through insufficient vertical
mixing. Wet deposition may be regarded as so efficient that
at least for sufficiently high precipitation rates its size
fractionating potential [Junge, 1977] is canceled; thus we
assume ¢ independent from particle size. In this picture the
size distribution is shifted towards larger particles by dry
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deposition but not by wet deposition; consequently the
degree of modification depends on the ratio of dry and
wet deposition fluxes. Therefore, a change in the snow
accumulation rate will change the archived particle size
distribution [see also Unnerstad and Hansson, 2001].

[35] Assuming a unimodal, lognormal distribution defined
by (i 0), the size distribution of particles in the air will
transform during deposition as (j;,, o) - (v, + v,). The mode
ice 0f the size distribution in the ice is found at the maximum
of this product and is given by

In (Mzce) _ ncrg Vd _ 22\’ kume
Hoair Vi vd e + k“lce

where 0, = In 0. The maximum shift in modal particle size
occurs if only dry deposition is active. In that extreme case
“‘“ = exp(no%); and with n = 2 (sedimentation) and ¢ = 1.7
a fatio of ~1.7 is obtained.

[36] Because the accumulation rate varied under different
past climates the particle size distribution shifts during
deposition were also different. To calculate the size shift
for two different accumulation rates we choose p; = 1.4
pm and assume constant values for n (n = 2), o (0 = 1.7), k
(k=83 -10"m™'s™" from Fuchs [1964]), and . The values
vor € are not well known, but 0.2 - 10° < e < 2.0 - 10°
seems probable as, Davzdsan et al., [1996] find € = (0.65 +
0.31) - 10° for Ca®" at Summit. For A" =02 ma ' and
A = 0.5 47" which reflects LGM vs. Preboreal
accumulation changes [Johnsen et al., 1997], we obtain
a difference A = (29 — 1S — (U™ = W™y of
A =0.08 pm fore =0.2 - 10°and A =0.01 um fore =2.0 -
10°, which typlcally is about 1/4 of the absolute shifts
u“e — i In our calculations. Similar results are
achieved if more realistic calculations of v, are used
[Sehmel, 1980].

[37] These calculated differences only account for roughly
3% to 20% of the observed change of p of .. of approx-
imately 0.4 pm. We therefore conclude that the observed
differences of p during different climatic periods predom-
inantly result from changed airborne size distributions over
Greenland. This also holds true if typical coatings of
soluble salts (e.g. CaCOs) are assumed around the airborne
particles.

4.2. Size Fractionation During Emission and
Long-Range Transport
4.2.1. Emission

[38] Surface wind speed mainly influences the abun-
dance of particles greater than 10 um diameter but has
little effect on the size distribution of particles that may be
carried long distances [Gillette et al., 1974; D’Almeida
and Schiitz, 1983]. Because we consider only particles
smaller than 10 um we therefore assume that the size
distribution of airborne particles above the ground is
independent from the source strength. The mode of this
distribution be gy
4.2.2. Long-Range Transport

[39] The change of particle concentration during long
range transport can be described by the term £+ ¢~ "7, with
. transit time between free troposphere at source and

deposition onto the ice sheet
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T: residence time governed by depletion processes en
route, and

fi correction factor in our one-dimensional approach to
account for external mixing with particle free air
(dilution).

We assume T(d) :ﬁ, where H denotes the mixing

height, v,, describes the depletion process en route due to

wet depletion and v, due to dry depletion. Dry depletion

again is assumed to be size fractionating according to v; =

kd", and v,, again is assumed to be so efficient that its size

fractionating effect is overridden.

[40] Following the motlon of an air parcel (po, o) trans-
forms as (pg,0)-f -e ~7 The resulting distribution is
not exactly lognormal; however, the new mode p is char-
acterized by:

H > bW
n(£)=—n.o2.= 1
“<M0> SERCE Ny M

which reflects that p decreases with time during transport.
Simultaneously, the distribution gets narrower, i.e. o, also
decreases. Consequently, the change of p occurs more
rapidly at the beginning, when o, is large.

[41] We now compare the size change during long range
transport under a cold and warm climatic state starting from

a common reference size distribution with the mode
cold _  warm

Hyef = Hyer = Hygs  in the free troposphere upon uplift. With
the assumption of identical initial widths of distributions
cz,”ld oz ™), dry deposition mechanisms (1 old — jwarmy

cold _ ~warm

dry deposmon strengths (Vdd =v,“"™), and mixing heights
(H" = H""™) the ratio War  of the airborne modes at the ice
sheet can be deduced from'equation 1 as

cold warm cold
t
In (:ﬁfr’:rm) =—In <':[:§rm> |:1 - twarm:|
air e

thus linking p&o/use™ with £°/¢*“™ (Figure 7). Since we

have only limited knowledge about ., three different values
have been applied for ;" /jyef™: All are based on p;- ™" =
1.3 pm, which is the average mode we observed for the
Preboreal; based on data from D ’Almeida and Schiitz [1983]
and Wagenbach and Geis [1989] i,/ " has been taken as 2.5
pm, 3.2 pm and 4.0 pm respectively.

[42] In Figure 7 typical ratios of pS2@/u@™ as based on
our measurements have been marked for LGM vs. Preboreal
and Stadial vs. Interstadial after a 10% correction for
different deposition scenarios was made. With the assump-
tion that differences in long range transport account for
these size changes the implied ratio of transit times can be
read from Figure 7. Our model sug%ests (oMpprarm 5075
for the LGM vs. Preboreal and °/f*“™ ~ 0.9 for the
Stadial vs. Interstadial comparisons respectively. These
reasonable values support the hypothesis that a variable
transit time may indeed have caused the observed particle
size changes.

)

4.3. Implications From Size Changes for
Concentration Changes

[43] The estimated ratio of transit times #°°/#"“™ impo-
ses limits on dust concentration change associated with
changed long range transport. The concentration change
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Figure 7. Implications from observed size changes p"%/
prem for the change in transit times °/f"™ Curves

consider different scenarios for .+ Shaded areas mark
LGM vs. Preboreal and Stadial vs. Interstadial (D/O)
changes, respectively.

resulting from varying long range transport between
cold and warm periods may be assessed as (C‘—”) =
o - X (S (1 — To f)). To calculate Co/C™ as
‘a function of °//f*@™ a number of parameters must be
estimated. For dilution with particle free air '~ 1/s is taken
where s is the transversal width of the airborne dust plume.
Assuming s = ,/D/t and no change of eddy diffusion
constants D yields f<*/f @™ = (£°4jp@ ™)~ The scaling
factor #""/T"“™ can be estimated from equation 1 by

A 13Um L, — ) (sedimentation), 0,=1In1.7,

taking “ﬁ = Lar
v, during warm climates, which

“Leold pwarm

0 e ™ 32um
and by assuming v, ~
renders Lo =3.2.

[44] In Figure 8 the resulting C<“/C"**™ is shown as a
function of /™ for two different assumptions of
pvarmypeold, pipgt, pWarmyzeold = 1 s taken for curve (A),
i.e. CM/C"™ resulting from changed transit times only.
For curve (B) the residence times were also varied, which is
more realistic; to estimate T*“"/7°°“ in this case it was
assumed that H(‘nld — Hwarm’ and i}gald _ i}avlvarm; i«/s)old/av;varm
was interpolated between 1 (no change) and 0.5 (for LGM
vs. Preboreal) to account for reduced wet depletion en route
during LGM [Andersen and Ditlevsen, 1998]. This leads to
7P7eb)rtGM = (75 and gives values for C“/C"™ of ~5
for LGM vs. Preboreal and /2 for a typical D/O transition.

[45] Compared to the observed concentration increases in
our data of 100-fold from Preboreal to LGM it is evident
even from our rough estimate that other processes must
have contributed more effectively to the concentration
increase than did changes of atmospheric circulation. These
other processes may have included source strength intensi-
fication through an increased frequency of dust storms,
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higher surface wind speeds or increased source aridity, as
these do not cause a change of the size distribution.

[46] The increase of airborne dust concentration due to
higher wind speed and a reduced hydrological cycle during
the LGM compared to present day has been calculated by
Andersen and Ditlevsen [1998] as well as Tegen and Rind
[2000]; their calculations suggest increases of 2-fold and 4-
fold, respectively. The similarity of these values to our own
estimates, which are based only on the observed size
changes and a number of independent assumptions, supports
the hypothesis that changes in transit times may have
controlled the size distribution of microparticles in polar
ice cores.

5. Comparison With Other Ice Core Records

[47] Much attention has been given to the question
“whether particles were larger during Holocene or LGM™.
However, this unspecific formulation allows for several
confusions. Firstly, the answer depends on the size param-
eter considered because various size parameters behaved
differently. In our data set we find instances where, for
example, the mode increases, absolute coarseness stays
unchanged, relative coarseness decreases, and the mean
volume diameter remains unchanged. Therefore, the size
parameter considered must always be specified. Secondly,
the stated question may be confused with the one
“whether particles were larger in conjunction with high

LGM vs.
Preb. | D/O |
10.B .
¢ 1 :
(;U 4 _
2 -N \ -
1
: , .
0.6 0.8

tcold / twarm

Figure 8. Proposed concentration change C<°/C"*"™ as a
function of changed transit time 7°/“/#*“"™ for two scenarios
of eM/rarm —(A): no change of residence times; (B):
reduction of wet removal during LGM as described in the
text; extrapolations are dashed. Shaded areas mark probable
values for /"™ for LGM vs. Preboreal and D/O

transitions as inferred from Figure 7.
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Figure 9. Correlation of Cy, and p in different ice cores
from Greenland (solid lines) and from Antarctica (broken
lines). a: NGRIP (this work); b: GRIP [Steffensen, 1997]; c:
Dye3 [Steffensen, 1995]; d1: EPICA Dome-C, Holocene
data until mid-transition (younger than ~14.5 kyr bp)
[Delmonte et al., 2002]; d2: EPICA Dome-C, glacial age
data starting mid-transition (older than =~14.5 kyr bp)
[Delmonte et al., 2002]; e: Dome-C (Holocene and glacial
samples) [Petit et al., 1981]; f: Vostock (Holocene and
glacial samples) [De Angelis et al., 1984]. For (e) and (f)
mass concentrations were inferred from the number
concentrations reported using a conversion deduced from
Delmonte et al. [2002].

or with low particle concentrations”; the necessity for this
differentiation has become apparent at least for Antarctica
from recent work (see below).

[48] Regarding the dependance of the mode on particle
concentration, observations from the Greenlandic Dye3
[Steffensen, 1995] and GRIP [Steffensen, 1997] ice cores
during the last glacial resemble each other closely with
respect to both rate of increase as well as absolute level
(see Figure 9). In the NGRIP core we find a similar rate
of increase, but a lower absolute level, which may be due
to methodical or unknown geographical differences. For
Antarctica, in early size distribution measurements, Petit
et al. [1981] and De Angelis et al. [1984] did not
perform lognormal fits, but their examination of the data
suggested increasing modes with increasing particle con-
centration (Figure 9). Both find this trend for glacial as
well as for Holocene samples. However, new Antarctic
data by Delmonte et al. [2002] contains increasing modes
with increasing concentration only for glacial ice older
than the Antarctic Cold Reversal (older than ~14.5 kyr
bp). Yet unexplained, the opposite behavior is clearly
exhibited for ice younger than ~14.5 kyr bp; and
although particle modes increase with concentration in
Pleistocene ice they are still larger during Holocene than

RUTH ET AL.: CONTINUOUS RECORD OF MICROPARTICLE CONCENTRATION

during LGM, which may be an important clue for the
understanding of past southern hemisphere climate. This
probably had not been observed in the earlier Antarctic
work [Petit et al., 1981; De Angelis et al., 1984] due to
limited number and nonrepresentative selection of sam-
ples. For Greenland such a split behavior is not observed
based on the very few Holocene measurements published
[Steffensen, 1997; Zdanowicz et al., 2000]. The larger
absolute values of p in Antarctica compared to Greenland
may result from higher contribution of size fractionating
dry deposition due to a lower accumulation rate at the
Antarctic sites.

[49] Regarding the relative coarseness of particles in ice
cores, a greater relative abundance of large particles con-
current with high concentrations had been reported for
Antarctica [Petit et al., 1981] but a smaller one for Green-
land [Steffensen, 1997]. However, like Steffensen [1997],
also Delmonte et al., [2002] find fewer large particles
during times of high concentrations. Since these new data
have a higher resolution than those of Petit et al. [1981], the
disagreement seems to be resolved. Also we find relatively
less large particles at high concentrations, so that it seems
evident that relative coarseness changed similarly in Green-
land and Antarctica. Although findings for Greenland and
Antarctica are in accordance at least during the glacial
epoch the atmospheric systems transporting dust to the
polar ice sheets may have behaved very differently in the
northern and southern hemispheres; whereas in Antarctica
the abundance of large particles clearly must be driven by
atmospheric transport, in Greenland also other causes such
as varying contributions of proximal sources or of bio-
logical particles may be important.

6. Conclusions

[s0] A laser microparticle detector was used for very
efficient counting and sizing of windblown dust particles
in the NGRIP ice core. A more than 1500 m long
continuous profile of particle concentration and size distri-
bution is provided spanning the period approximately from
9.5—-100 kyr bp. The laser sensor was easy to handle and
proved suitable for field usage. It was possible to calibrate
the laser sensor for proper sizing of windblown dust par-
ticles. In future usage the flow system between melter and
sensor should be as short as possible and kept unchanged
throughout the measurements. Calibrations may be achieved
indirectly by forced agreement to Coulter counter measure-
ments but should be based on multiple, identical samples
from different climatic periods, and should be verified.

[51] We find particle concentrations higher by a factor of
100 during LGM than during the Preboreal and concen-
tration changes by typically a factor of 8 at the sharp
transitions of D/O-events. The mode p of the lognormal
size distribution varies systematically with a tendency
towards smaller particles during warmer climates. During
warmer climates the variability of the mode is higher, and
the standard deviation o also increases. The latter may be
due to increased variability of the size distributions in
events contributing particles for each multiyear sample.

[52] We base our interpretation of the particle size dis-
tribution on a highly simplified, but quantitative model of
atmospheric transport and deposition of dust. From this we
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suggest the mode of the distribution as indicating atmos-
pheric transit times during transport from the source to the
ice sheet. Larger modes may indicate shorter transit times,
which may result from higher advection velocities and/or
shorter transport routes, i.e. changed atmospheric circula-
tion patterns. Both may be related to changes in the position
of the Polar Front. From our data we estimate a ~25%
shorter transit time during LGM than during the Preboreal.
We infer that circulation changes alone cannot account for
the observed particle concentration increase by a factor of
100. Therefore, other processes such as source intensifica-
tion might predominately have caused this increase. The
synchronism of respective changes in the source areas with
changes of large scale atmospheric circulation patterns
suggests strong mediating mechanisms.

[53] During warm periods a tendency towards longer
transit times is inferred; and transit times were much more
variable during these periods. Conversely, atmospheric
circulation appears to have been more stable when provid-
ing faster transport during cold climates. This may reveal
the variability of the Polar Front with respect to the source
areas: During cold periods the Polar Front may have always
been located far enough south to provide fast transport from
the East Asian source areas to Greenland. During warmer
periods, the Polar Front may have been located generally
further north but was subject to occasional southward
excursions.

[54] The variability of transit times during warm periods
is - on timescales of up to several 100 years - not
connected to concentration changes, which may be con-
trolled by variable source strength. This possible independ-
ence between dust production processes and long range
transport times may also be evident from occasional timing
differences of particle concentration and size distribution
parameters at rapid climatic transitions. This supports our
notion that source processes by themselves do not influ-
ence the size distribution of particles carried to Greenland.
It further suggests that source processes and long range
transport are two independent results from environmental
forcings.

[55] Clearly, the interpretation of particle size distribu-
tions in ice cores is limited through inadequate under-
standing of size fractionating processes. More accurate
model calculations for long range transport and particle
deposition are needed to check our findings and to draw
more differentiated conclusions from the size distribution
data. Particle size distribution measurements at high depth
resolution may assist the understanding of rapid climate
transitions during the last glacial period. Furthermore,
closer investigation of size distributions in Greenland dur-
ing the Holocene are desirable for a comparison to the
newest Antarctic results. As insights on variability, timing
and the systematics of changes are benefits from continuous
measurements, these should always be preferred over dis-
continuous measurements.
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ABSTRACT

A novel flow-through microparticle detector was deployed concurrently with continuous flow analyses
of major ions during the NGRIP 2000 field season. The easy handling detector performs continuous
counting and sizing. In this deployment the lower size detection limit was conservatively set to 1.0 pm
equivalent spherical particle diameter, and a depth resolution of < 1 cm was achieved for microparticle
concentrations. The dust concentration usually followed the Ca*" variability. Here results are presented
from an inspection of the Ca/dust mass ratio in 23 selected intervals, 1.65m long each, covering different
climatic periods including Holocene and last glacial maximum (LGM). A (Ca2+)/(insoluble dust) mass
ratio of 0.29 was found for Holocene and 0.11 for LGM. Changes of the Ca/dust ratio also occur on an
annual to multi-annual time scale exhibiting the same pattern, i.e. a lower Ca/dust ratio for higher crustal
concentrations. Moreover, the Ca*/dust ratio may increase significantly during episodic events such as
volcanic horizons due to enhanced dissolution of CaCOs. This questions the notion of deploying Ca2+
as a quantitative mineral dust reference species and stresses the importance of variable source properties
or fractionating processes during transport and deposition.

INTRODUCTION

The concentration of Ca ions (Ca®") is

The atmospheric mineral dust load, mainly
composed of insoluble mineral particles, is an
important part of Earth’s climatic system as it is
involved in direct and indirect radiative forcing
processes (e.g. Tegen and Fung, 1994). Equally,
the amount, size distribution and composition of
dust deposited on polar ice sheets may hold
valuable information about both, positions and
climatic conditions of source areas, as well as
about long range transport and deposition
processes (Biscaye and others, 1997; Fuhrer and
others, 1999). Over the last climatic cycle,
Greenland as well as Antarctic mineral dust
records exhibit changes on a huge dynamic range
(e.g. Hansson, 1994; Steffensen, 1997; Petit and
others, 1999). In Greenland these changes
occurred very rapidly and were coinciding with
changes in 80O at rapid climatic transitions
within the last Pleistocene as has been inferred
from high resolution measurements of Ca®" and
ECM on the GRIP and GISP2 ice cores (Taylor
and others, 1997; Fuhrer and others, 1999).

often being used as a proxy parameter for total
mineral dust in ice cores as it represents the major
part of the readily dissolved fraction of the dust
aerosol. But the soluble proportion of dust is not
constant over different climatic periods
(Steffensen, 1997), so using Ca”" as a proxy may
give a distorted view of the total dust
concentration. However, also dust measurement
techniques have specific disadvantages. Only low
resolution profiles or selected continuous sections
have been measured for insoluble microparticles
using the well established Coulter counting
technique (e.g. Steffensen, 1997) because it
requires extensive sample preparation and
handling. And high resolution continuous dust
measurements using 90° laser light scattering off
melt water (Hammer and others, 1985) or off ice
(Ram and Koenig, 1997) yield no size distribution
information or are difficult to calibrate.

Here we introduce a novel laser sensor
device for microparticle measurements deployed
for continuous recordings of microparticle
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concentration and size distribution during the
North Greenland Ice Core Project (NGRIP) 2000
field season. Apart from the methodical aspects,
we present and discuss case studies of the dust
concentration focussing on the Ca®"/dust ratio
under inconspicuous conditions as well as in
volcanic horizons.

EXPERIMENTAL SETUP

During the NGRIP 2000 field season,
extensive scientific processing was performed
shortly after retrieval of the ice core. This
included the operation of a warm laboratory for
continuous flow analyses (CFA) of Ca®', Na',
NH,", SO, NO;, H,0, and HCHO
concentrations, and of electrolytical conductivity
(Rothlisberger and others, 2000). Concurrently,
continuous microparticle counting and sizing was
performed. Discrete liquid samples were collected
at 55 cm resolution for subsequent ion
chromatography (IC) analysis; and over selected
depths, discrete samples for IC and acidity
measurements at approx. 6 cm resolution were
also collected by an automatic sampler. The
contamination free sample water for all these
analyses was drawn from the inner area of a melt
head, where the ice was melted at approx. 4 cm
min”'. For an overview of the setup see Figure 1.
By these means the core was continuously
analyzed from approx. 1400 m to 2930 m depth.

The particle sensor

The particle sensor, for general purpose
laboratory applications, is from Klotz GmbH, Bad
Liebenzell, Germany, and was specifically
modified in collaboration with the Institut for
Environmental Physics of the University of
Heidelberg (Saey, 1998; Armbruster, 2000). The
sample water is pumped through the detection
cell, where it is illuminated by a 1.5 um by 250
pm wide laser light beam of 670 nm wavelength.
The transmitted light is measured by a photo
diode detector (see Figure 2). When a particle
passes through the detection area the transmitted
light is attenuated by shadowing and scattering
which results in a negative peak of transmitted
light. The peak is counted and sorted by height
into 32 bins, that can be adjusted to appropriate
size intervalls.

The inter-relation of peak height and
particle size is complex. Geometric shadowing is
combined with scattering processes, both
depending not only on particle volume but also on
particle shape, material and orientation. A size
calibration was achieved by measuring NGRIP
ice core samples from different climatic periods
with a Coulter counter and tying the laser sensor
measurements of identical depths to the Coulter
counter spectra. The calibration measurements
showed the particle detection limit to be approx.
0.8 um of spherical equivalent particle diameter.
For our measurements, we used 1.0 um diameter
as the lower detection limit to be safely above the
level of detector noise.

In our measuring procedure, size
distributions were averaged over 1.65 m intervals.
Respective results including size calibration will
be presented elsewhere (Ruth, in preparation).
The bulk particle number concentration was
obtained continuously. To do so, the momentary
count rate, converted to an analogue output signal,
was recorded and the flow rate regularly
measured. The continuously recorded data was
later reduced to 1 mm depth intervals. Dust mass
concentrations were inferred by integrating the
particle size distributions that were obtained for
each 1.65 m section and a material density of 2.7
g cm™; on average, this yielded that 1000 count
ml”" are equivalent to 5.6 pg kg'. For each
section, the relative error of particle mass is about
15% due to size calibration uncertainties and
varying pump rates.

To avoid coincidence distortion of the
measurements the output signal is cut off by the
counter electronics if the counting rate exceeds
4000 particles s, so the sample flow needs to be
decreased for high particle concentrations.
However, as flow rates below 1 ml min™ increase
the sample dispersion in the flow system, the
sample water from glacial age ice, which has a
considerably higher dust concentration, was
diluted with 0.2 um prefiltered carrier water.
Hereby an effective sample flow of approx. 0.15
ml min" could be established while keeping the
flow through the sensor above 2 ml min"'. The
dilution  setup allowed for  measuring
concentrations lower than 15 pg kg and in
excess of 15,000 pg kg'l, thus, covering the full
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dynamic range from Holocene to last glacial
maximum (LGM). When used without the
dilution system, the detection limit in terms of
minimal count rate was about 200 particles ml™;
this value however is dependent on the flow rate.

As used in our setup, the depth resolution
of the microparticle measurement — expressed as
the observed 1/e-depth of a step signal —is <1
cm. It is generally similar to the depth resolution
of most other CFA-components, often slightly
better. Apart from the melt rate, the depth
resolution is limited by the conical surface of the
melt head, by dead volumes and by longitudinal
sample dispersion in the flow system. The
impairment in depth resolution from using the
dilution system was around 10%. In ice with low
particle concentration, the counting statistics also
impose a limit on the depth resolution by raising
the error of a data point if the number of counts
for this data point is low, thus, demanding an
increase of interval width for each data point.
However, the contribution of this statistical effect
is more than one order of magnitude less than that
of the mentioned physical factors.

Microparticle concentrations are reported
here for the size fraction from 1.0 um to 11.5 um
equivalent spherical diameter in pg kg”'. The
mass fraction not measured below 1.0 pum
accounts for about 10% assuming a typical
lognormal volume distribution.

List of samples

From the whole NGRIP core profile 23
sections, each 1.65 m long, are taken for this
study. These sections cover depths from 1420 m
to 2921 m and represent various climatic periods
including Holocene and LGM. For all sections
580 data are already available (personal
communication from NGRIP members, 2000).
For some sections acidity and standard IC anion
data is also available and will be included in our
discussion. Table 1 gives an overview of all
selected sections, many of which contain volcanic
horizons.

RESULTS AND DISCUSSION

A: The high resolution profiles

Articulate  variations of the dust
concentration are observed throughout large
sections of the core. Figure 3 shows two 1.65 m
long sections of the microparticle and Ca**
profiles, one out of the Holocene and one out of
the LGM. Typical peak heights for microparticles
are about 6 times (Ca2+: 4 times) the background
value in the Holocene and about 2.2 times (Ca®":
2.0 times) in the LGM section. Based on a
preliminary estimate of annual layer thicknesses
A, which was done by applying the GRIP ages
from Johnson and others (1997) to identified
horizons in the NGRIP core, we expect that the
variations may correspond to annual variations in
the Holocene section; in the LGM section partly
annual and partly multi-annual variations may be
resolved. The insoluble dust profile, therefore,
may assist the dating by annual layer counting
based on other high resolution profiles, such as
ECM, Ca*', Na’, or visual stratigraphy (e.g.
Meese and others, 1997).

B: Variation of the Ca**-to-dust ratio

Normally, a good correspondence is
observed between insoluble microparticle and
Ca®" concentrations for Holocene ice as well as
for glacial age ice. The correlation coefficients for
the two examples shown in Figure 3 are 0.92
(Holocene) and 0.89 (LGM) after slight
smoothing of both signals (see below). A
similarly high correlation is found throughout the
whole core. This at first sight may be seen as a
general confirmation for the wuse of Ca**
concentrations as a proxy for the insoluble
mineral dust variability.

A more detailed examination of the
Ca®"/dust ratio reveals, however, distinct
differences between the Holocene and the glacial
section. To inspect these, the Ca**/dust ratio was
calculated for each data point and smoothed to
weaken artifacts arising from incorrect peak
phasings and from different peak shapes caused
by signal noise, different sample dispersion or
different response characteristics of the two
detection systems. For the smoothing a 5.0 cm
wide hanning window was used, i.e. a gliding
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average using a cosinusoidal weighting function.
The smoothed Ca®"/dust ratio is included in
Figure 3. It varies significantly on the same depth
scale as peaks occur in the crustal concentrations
and tends to be enhanced during low dust levels.
The (mean Ca’") / (mean dust) ratio of the two
sections are ~ 0.29 for Holocene and ~ 0.11 for
LGM, which is similar to earlier findings from
Steffensen (1997) based on established Coulter
counter and standard IC measurements.

For all ice core sections listed in Table 1
the Ca®'/dust mean ratios were calculated; hereby
horizons with strong acid inputs, that showed
unusually high Ca®'/dust values (see below), were
excluded. Figure. 4 shows the such derived (mean
Ca®") / (mean dust) ratios plotted against 5'%0;
mean microparticle concentrations are also
shown. A gradual trend to lower mean ratios for
isotopically colder samples is exhibited. It can be
excluded that the observed trend is an artifact
arising from possibly higher relative errors of the
measurements for isotopically warmer samples,
which have lower concentrations of Ca®* and
dust; even Holocene concentrations are well
above detection limit, and both systems responded
very linearly to sample concentrations. Also the
Ca”" fraction derived from sea salt aerosol does
not contribute significantly.

In order to compare the measured Ry =
(Ca*")/(insoluble dust) ratios with data on the
elemental composition of airborne mineral dust or
source material, the ratios Ry need to be converted
to R = (total Ca) / (total dust). It is:

, where a = (total Ca) / (Ca®")

R +e
~1 is the ratio of total Ca to dissolved Ca*",
b =0.9 is the correction for the dust fraction not
measured below 1.0 um, and ¢ =2.5 is the mass
ratio of CaCOj; to Ca, assuming that the dissolved
dust fraction predominantly consisted of CaCO;
or of species with similar mass. This
approximation yields ratios of 0.16 for Holocene
and 0.08 for LGM. This Holocene value is in
weak agreement with a mean ratio of 0.09 (range:
0.06 — 0.18) deduced from measurements of total
Ca and Al in recent Greenland firn by atomic
absorption spectroscopy (Boutron, 1978), but it is
larger than the value of 0.05 deduced from total
Ca and Al analyses in Summit aerosol by Colin
and others (1997). For comparison to both

references, the reported Al masses were used to
infer the total dust mass by assuming a crustal
abundance of 8%.

The trend to lower observed values of
Ca®"/dust for lower 8'°0 remains under dispute as
several explanations may be invoked. These
include possible changes of source areas and
properties, or of fractionating transformation and
removal processes during long range transport or
deposition (e.g. Hansson, 1994; Wurzler and
others, 2000). The observed effect may also
possibly be explained by slower dissolution of
Ca®" due to alkaline conditions of glacial ice,
which would lead to lower observed Ca®"
concentrations by the immediate CFA-detection
method used here.

Changes of mineral dust source areas are a
controversial topic in the literature. De Angelis
and others (1997) — by comparing their Ca*/Mg**
ratios to Bowen (1979) — deduce mean sediment
sources for present day and marine carbonate
sources for the last glacial. Biscaye and others
(1997) — based on mineralogical and isotopic
studies — propose no significant change of source
area during times of variable dust fluxes within
the last glacial. Hinkley and others (1997) — on
the basis of mineralogical studies — presume a
present day tropospheric background aerosol
uniformly composed of average crustal rock and
not of carbonates. Maggi (1997) finds that
weathering processes may have been changed
with climate; but little is known about how this
might have affected the relative abundances of
CaCOs3 or CaSOy in the dust aerosol (Pye, 1987).
A comparison of our data with Ca abundances in
crustal material (Bowen, 1979) (see Table 2)
suggests that marine carbonates or limestone
sediments could have contributed significantly
only during Holocene and that that during LGM
mean crust and other sediments would have
dominated. Various soils could have contributed
at all times.

In the data presented here, it may be
noteworthy that the variations of the Ca®"/dust
ratio that occur on an annual to multi-annual scale
follow the same pattern as the variations just
discussed on a long time scale. As can be seen in
Figure 3 the Ca®'/dust ratio is small during large
dust concentrations, which at least for the
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Holocene may be driven by variability in the
transport efficiency as known for the Arctic Haze
phenomenon (Rahn and Borys, 1977). It seems
possible that also on an annual time scale these
variations may be attributed to changing source
areas or may be closely linked to changing
fractionation processes during long range
transport.

C: Special events in the microparticle and Ca**
profiles

Figure 5 shows an example of a 1.65 m
long section from the time between GRIP
interstadials 1 and 2 which exhibits several
anomalies (denoted by o — J). Event o is a strong
dust layer (note that the microparticle
concentration got cut off by the detector
electronics). Event & is an increase of the
Ca”*/dust ratio caused by a Ca>" peak that has no
corresponding microparticle peak; only NOj
exhibits a pronounced peak that may be related
(e.g. Wolff, 1984). Events B and v arise from two
very strong Ca®" peaks coinciding with only small
insoluble dust peaks; they have a Ca®'/dust ratio
about 100% and 200% higher than the typical
value. Coinciding are very strong peaks in S04~
and also enhancements of ECM, acidity, and F
(not shown) indicating volcanic horizons. These
phenomena were observed during cold glacial
times predominately, but they also occured during
warm interstadials.

From our size distribution measurements
we can rule out that the observed increase of the
Ca®'/dust ratio during events B and v is only an
artifact resulting from a dust size distribution
severely shifted towards larger particles during
these events. High inputs of acid however may
lead to enhanced Ca”'/dust ratios by promoting
the rapid dissolution of calcite particles or CaCO;
coatings. Indeed, all 13 anomalous Ca®’/dust
enhancements investigated in this study are
accompanied by a clear SO,> peak, indicating a
strong input of acid (see Table 1).

An ionic balance was evaluated using
major ion concentrations and acidity data for 10
of these sections, and it was found to be rather
constant — not zero, at a low peq kg™ level —
across the disturbed horizons, which indicates that

no unmeasured ionic species contributed
substantially during these events. From the ionic
balance, of course, it still cannot be distinguished
to which extent SO42' derived from H,SO; or
from mineral CaSQO4. But it seems much more
probable that during volcanic events the
predominant part of SO originates from
volcanic H,SO, and that the Ca*" peak is
produced by enhanced dissolution of CaCO;
during in-cloud processing or pre-analytical
sample melting.

CONCLUSIONS

The novel particle sensor proved to be a
reliable tool even under field conditions; it
provided the total particle concentration at < 1 cm
depth resolution backed up by size distribution
information. Thus, calibrated records of insoluble
particle mass concentrations are obtained.
Variations of the Ca/dust mass ratio were seen
during long term climatic changes as well as on
annual or multiannual time scales. This suggests
variable  source  properties or  variable
fractionation during transfer, which should be
investigated in more detail. If Ca>" measurements
are used as a quantitative proxy for mineral dust
care must be taken when considering data across
climatic transitions, at volcanic horizons, or at
subseasonal resolution.

A dedicated investigation of Ca ion
solubility in glacial meltwater and its implications
for the CFA and IC analytical methods is essential
as we are currently limited in our interpretation by
this uncertainty. To elucidate possible variations
in dust source areas and properties, or of changes
in fractionation processes during long range
transport, routine analysis of crustal reference
elements like Al are needed as they would help to
infer the total — i.e. soluble and insoluble — crustal
concentration.
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FIGURES AND TABLE S
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Figure 1. Flowchart of the analytical setup (highly simplified).
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Figure 2. Detection cell of the laser sensor (schematic). The cross section of the cell is 230 um X
250um;, the laser beam is 250 um X 1.5 um wide.
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Figure 3. Examples of the insoluble dust and the Ca’" measurements: (a) is in Holocene, (b) is during
LGM. Also shown is the Ca’"/dust ratio, which is smoothed (see text). A preliminary estimate of annual

layer thicknesses A is included. Note the different scales in all panels for (a) and (b).
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Figure 4. Ca’*/dust ratio and mean dust concentration for all 23 sections plotted against 8°O. Each

data point represents a 1.65 m long intervall.
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Figure 5. Examples of anomalous events in the microparticle and Ca’" profiles. The sample is from the
cold stadial between IS 1 and 2. The data for dust, Cd’ " SO42', and NOjs; were obtained by CFA; the
Ca’*/dust ratio was smoothed (see text); acidity was measured at approx. 6 cm depth resolution; in the
same panel the ECM data is shown in high resolution (preliminary calibration). The fine histogram
style lines represent the high resolution data reduced to the resolution of the acidity measurement.
Labeled Ca’" peaks refer to events discussed in text.
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BE | £% | £8 | g2 g8 |28 REge
1424.8 hol -35.87 44 0.29 - na -
1441.3 hol -36.04 57 0.29 - na -
1459.4 hol -36.74 58 0.17 + na +
1479.2 hol -38.45 99 0.22 - na +
1486.9 hol -36.60 48 0.24 - na -
1627.7 c-1/2 -42.07 1200 0.16 + + +
1642.6 c-1/2 -42.05 1347 0.17 + + +
1688.8 c-1/2 -42.73 1318 0.16 + + +
1716.8 c-1/2 -41.15 1353 0.15 + + +
1805.9 LGM -43.76 5589 0.14 - - +
1825.7 LGM -43.25 5373 0.11 - -
1855.4 LGM -43.00 1337 0.14 + + +
1895.0 c-4/5 -44.16 2755 0.18 - -* +
1931.3 c-4/5 -43.82 2418 0.16 + + +
2252.5 1S13 -41.59 440 0.23 + + +
2254.2 1S13 -39.75 280 0.23 + + +
2390.0 1S16 -39.72 298 0.19 + + +
2399.9 | c-16/17 | -41.68 810 0.17 - -* +
2708.5 | c-21/22 | -41.76 650 0.22 + - +
2901.5 | c-pre23 | -39.86 634 0.12 - - -
2904.8 | c-pre23 | -39.32 502 0.16 + - +
2918.0 |w-23/5e1| -37.34 122 0.20 - - -
2921.3 |c-postse1| -39.32 268 0.16 + - +

Table. 1. Overview of the NGRIP core sections used for this study. All sections are 1.65 m long. The
climatic period is preliminary, it was determined by matching the NGRIP dust profile to the GRIP 5"%o
profile (Johnson and others, 1997). The NGRIP 80 values given are from personal communication
from NGRIP members (2000). hol: Holocene,; IS n: GRIP interstadial n; ¢ m/n: cold stadial between SI
m and SI n; LGM: last glacial maximum, pre23c: cold stage before IS23; w23/5el: intermittent warm
stage between IS23 and Sel; postSel: cold stage after Sel. na: data not available; ‘+’: existing, ‘-‘: not
existing; -*’: no ECM peak observed but a visible ash layer.

Mean crust (igneous rocks) 0.041
Mean sediment 0.066
Marine carbonates 0.203
Mean limestone 0.340
Soils 0.015 (0.0007 — 0.50)

Table. 2. Mean weight fractions of Ca in different types of crust material (adapted from Bowen, 1978).
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ABSTRACT. A 150 m deep ice core from the low-accumulation area of northeast
Greenland was analyzed for sulphate, calcium, sodium and electrolytical meltwater con-
ductivity at a depth resolution of approximately I cm by continuous flow analysis (CFA).
The calcium and sodium profiles are used to establish a relatively precise ice-core chron-
ology by annual-layer counting back to AD 830. Inspection of the novel CFA method for
sulphate revealed relative errors typically around 15%, but at least +20ngg ! for con-
centrations <130 ngg ', and a current detection limit for routine ice-core analyses of
40ngg '. Annual sulphate peaks are shown to occur over almost the entire core, with only
a small shift in seasonality between the modern and pre-industrial sections. Inspection of
volcanic horizons allowed more accurate timing of these peaks and clear identification of
calciume-rich events. Disregarding clear volcanic peaks, significant long-term changes of
sulphate are only seen over the industrial period. However, a higher frequency of import-

ant volcanic inputs was identified around AD 1200.

INTRODUCTION

Sulphate components constitute a major part of the sub-
micron aerosol body and thus contribute significantly to
direct and indirect aerosol radiative forcing. While ice-core
clearly show that anthropogenic sulphur-dioxide
on controls the modern sulphate budget of the Northern
Hemisphere (Neftel and others, 1985 Mayewski and others,
1990; Fischer and others, 1998b), much less is known about
the natural sulphate source apportionment (mainly with
respect to marine dimethyl sulphide, soil dust, sea salt and
volcanoes) and about the possible long-term sulphate vari-
ability during the pre-industrial era. For sulphate, glacio-
chemical ice-core studies from Greenland have been
evaluated in detail mainly over the last 200 years (with only
few records available back to 500 years (e.g. Fischer and
others, 1998b)). Time series from the Greenland Summit exist
over the entire Holocene (and beyond) in up to biannual
(Mayewski and others, 1997) and in small sections at seasonal
resolution (Legrand and others, 1997). They were examined,
however, mainly in view of strong volcanic inputs (Zielinski
and others, 1994; Zielinski, 1995) or Holocene/Pleistocene
changes of atmospheric sulphur species ( Legrand and others,
1997). Here we report on detailed continuous high-resolution
sulphate analyses on an ice core from northeast Greenland
going back to approximately AD 830. This record covers both

the Little Ice Age and the Medieval Warming. Evaluation of

our dataset, which stands out as the first long-term sulphate
record in sub-seasonal resolution, is mainly aimed at: (1)
assessment of the reliability of the newly applied continuous
flow analyses (CFA) for sulphate (even at relatively low
levels), (2) the deployment of our high-resolution sulphate
record for the examination of distinct peaks such as volcanic

250

horizons made up by H,S0,, and (3) inspection of the last
1200 year period for possible long-term perturbation in the
background sulphate level.

METHODS
Sample collection and processing

Within the North Greenland Traverse (NGT) project, 13 ice
cores covering mainly the last 500 years were drilled, along
with numerous shallow firn cores and snow-pit samplings
(Fischer and others, 1998a). 1o use the potential of the high
depth resolution of the CFA system, we selected one of the
deeper cores (150 m) situated in the less explored low-accu-
mulation area of northeast Greenland, hereafter denoted as
B20 (78°50" N, 36°30" W; 2150 m a.s.1). For the geographical
position of B20 in relation to other drill sites see Figure 1.

Core sections, 3x3em” and 110em long, were trans-
ported to the Bern laboratory where they were continuously
melted on a special firn melt head (Réthlisberger and others,
2000), as an important part of the core consists of porous firn.
The uncontaminated meltwater from the central part of the
melt head, which has not been exposed to the ambient atmos-
phere, was permanently drained ofl, debubbled and split into
nine substreams at a flow rate of 0.9mLmin " cach for
concurrent online chemical analyses by CFA.

Chemical analyses

For the chemical measurements, a CFA system was used as
described in detail by Réthlisberger and others (2000). It
essentially consists of fluorescence or absorption spectro-
metric detection systems for sulphate, nitrate, calcium,
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Fig. 1. Geographical position of the B20 ice core in relation to
ather NGTdrill sites and Summit.

sodium, ammonium and hydrogen peroxide. In addition,
the electrolytical meltwater conductivity was measured
continuously as an estimate for the total ion concentration.

The newly developed sulphate detection system s
described by Rithlisberger and others (2000). The detection
principle is based on a standard photometric flow-injection
method using methylthymol blue (MTB) (Madsen and
Murphy, 1981) which was adapted to the existing CFA system.
Thereby sulphate is indirectly determined by competitive
reaction of M'TB with barium ions. The resulting absorbance
at 608 nm of MTB-barium complexes decreases as sulphate
concentration increases,

The sensitivity of the sulphate determination is strongly
affected by the quality of the M'TB reagent and by the regu-
larity of the various flow rates. The detection limit
(calculated as three times the standard deviation of the
baseline noise) is about 40 ngg ', which is higher by up to
a factor of four than the lowest concentration levels
expected in Greenland ice. The maximum of the linear
range of the calibration curve approaches 6000 ng g "and
exceeds the maximum values of the measured samples by up
to a factor of five. By evaluating multiple measurements on
the same core section, we estimate the total uncertainty of a
single data point selected out of the continuous record to be
about 15%, but at least £20ngg 1, for concentrations
<130ngg . This is still above the typical uncertainty of
around 10% achieved for all other CFA detection systems
described by Réthlisberger and others (2000). With a melting
rate of approximately 3.5 cm min ' and a temporal resolution
of typically 20s associated with the continuous sulphate
signal (corresponding to the time needed to drop to lfe of
the signal of a sulphate standard solution measurement after
switching back to blank), the characteristic depth resolution is
estimated to be about I cm.

Possible additional errors in the sulphate determination
could be: (1) baseline distortion due to small uncontrollable
flow-rate changes and due to flow interruption during valve
switches, leading to transient systematic errors in both direc-
tions; (2) deviations from the required 1:1 molar ratio of
MTB and barium in the reagent, causing a slightly smaller
slope of the calibration curve for low sulphate concentrations
which resulted in an underestimation for concentration

Bigler and others: Sulphate record from a northeast Greenland ice core

levels <200ngg ' and an overestimation for higher values;
and (3) disproportionate occurrence of gaps in the dataset at
low concentration levels due to unreliable readings close to
the detection limit, leading to systematic higher overall
means. A formal assessment of the sulphate data reliability,
particularly at lower concentration levels, remains difficult
at this stage. The same holds true for a realistic quantifica-
tion of the uncertainties encountered. In more recent deploy-
ments of the CFA system, these systematic errors have been
lowered by using non-linear calibration curves and by
decoupling the automatic valve from the detection unit.

Dating and data reduction

Dating of the core has been based on the identification of
well-known historic volcanic layers characterized, among
other things, by high sulphate concentrations. Only the very
distinct sulphate signals were used: Katmai, Alaska (AD 1912);
Tambora, Indonesia (ADI8I5):; Laki, Iceland (1783 AD);
Huaynaputina, Peru (AD1600); unknown source (AD1259);
and Eldgja, Iceland (AD934) (Fig. 2). On the other hand,
annual-layer counting was also possible, due to the high
depth resolution of the record, even though the annual snow
accumulation is only around 100 mm w.e. a ! A first criterion
for setting annual marks is the increase of the calcium signal
occurring around spring. In case of ambiguities, the typical
winter to early-spring peak of the sodium signal was also
used. The dating uncertainty between the reference horizons
is estimated to be +5 years,

Following Sommer and others (2000), the intervals
between two annual marks were divided into 12 equidistant
parts for which mean values from the included data points
were calculated. In this way, CFA time series at a formal
monthly resolution were generated.

Calculation of the sea-salt sulphate fraction by means of
the sodium record gave on average a contribution to the total
sulphate of only 8% during the pre-industrial epoch (this
fraction is even lower in recent times). Here, we report total
sulphate concentrations, i.e. without sea-salt correction.

RESULTS AND DISCUSSION
Sulphate mean values and seasonal features

Our sulphate CFA record is presented in Figure 2 at monthly
resolution over the period from AD 830 to present. Sodium
and calcium are also shown, because they are associated
with the rather constant sea-salt and crustal sulphate
sources. Sulphate shows the well-known anthropogenic
increase in the course of the 20th century, and some very
strong peaks obviously caused by volcanic deposits. In addi-
tion, the snow-accumulation rate as derived [rom annual-
layer counting is shown in Figure 2. The long-term mean
annual layer thickness A is fairly constant at 9.9 £ 3.8 cm w.e.
except for an excursion between AD 900 and 1300. A similar
deviation can be seen in the accumulation-rate record from
the NGT core BI8 (Schwager, 2000), about 200 km south of
B20, but not at other NG'T positions. However, the long-term
accumulation-rate changes are rather small and, according
to the deposition model by Fischer and others (1998a), have
only a minor influence on the mean sulphate concentrations
(not more than 7%). Other physical characteristics (e.g
elevation and distance from the coast) are negligible for this
interior area of Greenland.
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Fig. 2. Raw data of ion records at ( formal ) monthly resolution from B20 ice core from northeast Greenland. Annual layer thickness A
has been smoothed by applying a low-pass filter ( Gaussian filter with cut-off frequency of 100 years; bold line) to display long-term

changes in the snow accumulation rate.

For comparisons of our mean sulphate values from the
upper part of our core with those observed at Summit and
North Greenland, the most prominent volcanic peaks were
removed. It turned out that anthropogenic means (1850
1992) available from adjacent NGT cores (BI8: 119ngg L
B20: 114 ngg ' and B2L: 1l4ngg . values for BI8 and B2l
from Fischer and others, 1998b) are in perfect agreement,

confirming that there are no analytical problems at higher

concentration levels, A higher value with respect to Summit
(67 ngg " EUROCORE; personal communication from M.
Legrand, 2001) can be fully explained by the difference in
accumulation rates (Fischer and others, 1998a). In the pre-
industrial era back to AD 1500, however, the B20 mean data
appear to be systematically higher by about 20% than those

of adjacent NGT cores BI8 and B2I, even afier correction of

the small accumulation effect. The remaining systematic
overestimation of low background sulphate values is likely
to be explained by analytical effects of the CFA sulphate
detection method as described above.

To illustrate in more detail the sulphate variability on the
multi-annual scale, an expanded view is given in Figure 3,
along with calcium (which has served as the main dating
component) and the electrolytical conductivity. The sulphate
noise level is obviously larger than the calcium one, particu-
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larly at lower concentrations. On the other hand, the electro-
lytical conductivity profile frequently corresponds to the
sulphate variability even at lower levels. This indicates a
possible overestimation of the detection limit given above as
Hngg ! Furthermore the periodically occurring sulphate
peaks, found in the range of up to 200ngg "almost every
year concurrently with the annual calcium peaks, suggest a
persistent reliable seasonal sulphate signal can be detected
with CFA. Note that no clear volcanic event was identified
in the core section shown in Figure 3.

In order to evaluate the seasonal timing of the sulphate
1al, we used our formal monthly values as described

above. Because the accumulation distribution in the course

of the year is not the same for cach year, we stacked the
individual months over long pre-industrial and industrial
time intervals, respectively, to minimize the uncertainties
(for details and accuracy of this method see Sommer and
others, 2000). Note, however, that this method cannot
account for a systematic seasonal bias in the annual cycle
of snow accumulation, so each interval does not truly repre-
sent a single month. The adjustment of these formal months
to calendar months was accomplished by setting the marks
in the increasing calcium flank as February. Figure 4
illustrates mean seasonal cycles of sulphate for the industrial
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Fig. 4. Mean annual eycles of calcium and sulphate observed
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(b) for the pre-industrial era AD 830~ 1850. Bars correspond
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and pre-industrial eras, along with calcium serving as the
seasonal reference species. These seasonal cycles are in good
agreement with the present state of knowledge. At higher
sulphate levels during the industrial era (Fig. 4a), the sea-
sonality is mainly driven by the Arctic haze, leading to a sul-
phate maximum during spring (Laj and others, 1992;
Whitlow and others, 1992; Dibb and Jaffrezo, 1997). At lower
sulphate levels in pre-industrial epochs, the extension of this
peak towards summer (Fig. 4b) is consistent with the find-
ings of Legrand and others (1997) reported for a short 11 vear
period around AD1200, though at much lower time reso-
lution. It appears that the main feature of seasonal cycles
can be reliably reproduced, although we may expect the
seasonal amplitude to be biased by an analytical systematic
overestimation of sulphate minima, particularly during the
pre-industrial core section with lower mean values.

We may summarize that systematic eflects, particularly
at lower sulphate levels, lead to an overestimation of overall
mean values. The highly resolved sulphate, however, cap-
tures main features such as the typical seasonality quite
well. It is not yet known whether weak long-term changes
in the pre-industrial era might also be resolved.

Examination of episodic sulphate events

The examination of episodic volcanic events is a straight-
forward application of a sulphate record at sub-annual reso-
lution. Due to associated high concentration levels, the
analytical inaccuracy is of minor importance here. Differ-
ent types of volcanic events are presented in Figure 5.
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Fig. 5. Examples of distinct sulphate peaks from B20 ice core al sub-seasonal resolution: (a) multi-annual feature possibly from
Kuwae (AD 1452+ 10); (b) Katmai (AD1912) possibly followed by Hekla (AD1913); (¢) short-pulse feature, possibly from
Hekla (4D 1222) or Reykjaneshryggur (AD1223); (d) unknown source (AD1259) with bipolar occurrence. The H " concentra-
tion is derived from the ion-balanced CFA components ( for explanations see text ).

Figure 5a shows a broad peak over several years, probably
representing the huge Kuwae eruption (volcanic explosivity
index (VEI) 6) which occurred in AD 1452 410 in the south-
west Pacific region (Simkin and Sicbert, 1994). The typical
input from stratospheric material during spring and summer
(Beer and others, 1991) shows up for another 3 years after the
major event. Following Simkin and Sicbert (1994), this event
is possibly overlaid by another eruption that occurred in the
same time period (Aniakchak, Alaska, VEI 5, 14507).

In Figure 5b the potential of resolved sub-annual struc-
tures is demonstrated since two eruptions fit the two peaks
appearing in AD 1912 and 1913: Katmai, Alaska (VEI 6,
starting on 6 June 1912), and afterwards Hekla, Iceland
(VEI 2, starting on 25 April 1913). A Mexican eruption in
January 1913 is the only other significant one known in this
time period.
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A spike of very short sub-annual duration is presented in
Figure 5¢. Most likely it was produced from the AD1222
eruption of Hekla or the AD 1223 eruption of the submarine
Reykjaneshryggur, Iceland (VEI 2). The short distance to
Greenland suggests that the accompanying extraordinary
calcium spike reaching M40ngg " might be related to
volcanic-ash deposits. Because of the almost identical depth
resolution of the other CFA components, concurrent peaks
are emphasized. For this purpose the H™ concentration was
derived from the ion balance (driven here by the major
species sulphate and calcium) of CFA components. Missing
cl, Mg2 "and K’ contributions were inferred from Na’
assumed to be totally marine and from Ca®" assumed to be
totally crustal-derived. H" gave a relatively low value for
this event (see Fig. 5¢) which might not show up in an
ECM record (Clausen and others, 1997).
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Fig. 6. Comparison of volcanic ice-core events from B20 arranged according to three categories ( for details see text ) with a chronology
of volcanism. Full lines indicate obvious assignments, and dashed lines ambiguous ones.

A prominent volcanic event also seen in many other ice
cores from Greenland and Antarctica is the eruption of an
unknown source in AD 1259 410 (Fig. 5d). Because no out-
standing input of calcium occurred at the same time, the
estimated H' profile closely follows the sulphate signal at a
micro-equivalent ratio near unity. The high depth reso-
lution not only helps to distinguish more clearly between
adjacent events, but also allows accurate calculation of
inventories in kg sulphate km % We calculated an inventory
of a volcanic event as the integral over the sulphate peak
minus the prevailing mean background concentration
weighted with the particular mean density at this depth.
Integral limits are the feet of the volcanic peak where the
sulphate concentration values exceed the mean background
level. We estimated the inventories of the AD 1259 event and

the AD1912 Katmai eruption to be 41 and 10kgkm -,
respectively, which are noticeably lower values than those

from Summit based on ECM records (161 and 15 kgkm 2,
respectively, for GRIP; Clausen and others, 1997) or on
biannual sulphate records (145 and 27 kg km ? respectively,
for GISP2; Zielinski, 1995). One reason for this may be better
determination of the peak feet, and thus a clearer separation
of a volcanic event from the background level, due to a high-
resolution sulphate dataset. But the main reason for discrep-
ancies in the inventory values seems to be spatial deposition
differences which need to be carefully assessed when, for
example, the optical depth of the atmosphere based on ice-
core data is calculated.

Refined volcanic chronology
Another application of high-resolution sulphate records leads

to a refined volcanic chronology. 1o explore this possibility,
we first compiled a list of possible volcanic ice-core events
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Fig. 7. Low-pass filtered sulphate records from B20 ( solid lines ) and from B21 ( dashed lines ). Bold lines corvespond to 100 year,

thin lines to 30 year cut-off frequencies of the Gaussian fulter.
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during the time period AD 11001600 according to three dif-
ferent categories (see Fig, 6, lower plot): peaks with non-sea-
salt sulphate values of (1) 150-200ngg ', (2) 200400 ng g !
and (3) >400 ngg " Then we independently picked out from
Simkin and Siebert (1994) all listed eruptions with aVEI =5
(including Plinian ones), all Northern Hemispheric eruptions
with a VEI of 4, all Icelandic eruptions in view of their geo-
graphical proximity, and all unknown sources detected in
other ice cores. From this list we eliminated all eruptions
showing a dating uncertainty of > 410 years. Subsequently
we assigned our ice- core candidates to the literature-based
list. If the assignment was consistent with the maximum
dating uncertainty of +5 years, we marked it in Figure 6 in
the upper plot with a vertical line; if the assignment was
ambiguous we indicated this with a dashed line. Nearly 60%
of our candidates have been assigned, and about 45% of the
events from the literature-based list have been hit. Different
assignment qualities showed up for different time periods: a
relatively good agreement was found for AD 11501400 but a
poor one around AD1500. Noticeable is the 120 year period
of more frequent stronger events around AD 1200.

A high-resolution sulphate record leads to a refined volca-
nic chronology since even very narrow volcanic spikes can be
recognized as the relatively accurately dated Icelandic volca-
noes. Compared to ECM profiling, the advantages of direct
sulphate analyses are the low risk of interference from concur-
rent species and the more accurate calibration procedure in
terms of volcanic sulphate.

Long-term sulphate changes

To extract long-term sulphate variations from B20 in the
pre-industrial era, we looked at strongly smoothed sulphate
records over the entire period. We removed strong episodic
sulphate peaks in categories 2 and 3 according to the
procedure presented above, and calculated annual means
which were low-pass filtered afterwards (Gaussian filter
with cut-off frequencies of 30 and 100 years, respectively).

lor comparison we used the same filter procedures on
annually resolved raw data from B2l (Fischer and others,
1998b) in which episodic events have already been removed.
Figure 7 shows the long-term variations of both cores: B20
which reaches back to AD 830, and B21 which covers the more
recent period starting in AD 1400. The deviation between the
two records is comparable to the variability seen within the
extended B20 period back to AD 830. We thus conclude that
the observed long-term changes over the first hall of the last
millennium may not be significant with respect to the stated
analytical precision of the CFA sulphate method, nor to the
typical glacio-meteorological noise demonstrated by Fischer
and others (1998b) for ice-core records in the NG Tarea. Note
that this assessment holds true for the background sulphate
record only where we eliminated volcanic events in advance
of low-pass filtering. As in the previous section (see Fig. 6), we
noticed a 120 year period around ADI1200 with frequent
strong sulphate peaks mainly identified as volcanic horizons.
This suggests higher atmospheric sulphate loads during this
period, though they are a highly episodic feature.
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[1] Chloride (C17) and sodium (Na") in ice cores originate mainly from sea salt, and one
would thus expect the C17/Na" ratio to reflect the seawater ratio. However, at Dome C,
a low-accumulation site in East Antarctica, this is not the case in present-day snow.
Instead, a C1~ excess relative to Na' is observed in surface snow, and within a few meters
depth the C1™ concentration decreases, and the C1~/Na" ratio becomes significantly lower
than the seawater ratio. Aerosol studies at coastal Antarctic sites have shown that the
reaction of sea-salt aerosols with nitric and sulphuric acid leads to the formation of
HCI that eventually escapes the sea-salt aerosol. The observed decrease in Cl™
concentrations in the uppermost snow layers is due to reemission of HCI from the snow.
Postdepositional loss of HCI depends among other factors on the accumulation rate at the
site, with lower accumulation rates leading to larger losses. During the Last Glacial
Maximum (LGM) the C1 /Na" ratio is relatively stable and close to the seawater ratio,
despite the even lower accumulation rate during that time. The likely explanation for this
conflicting observation is that high levels of dust neutralized nitric and sulphuric acids
during the LGM which in turn reduced the formation of HCI from sea-salt aerosol. With
less or no HCI formed, postdepositional loss would be prevented, keeping the C1™/Na"
ratio close to that of sea water. INDEX TERMS: 0368 Atmospheric Composition and Structure:
Troposphere—constituent transport and chemistry; 0305 Atmospheric Composition and Structure: Aerosols
and particles (0345, 4801); 1615 Global Change: Biogeochemical processes (4805); 3344 Meteorology and

Atmospheric Dynamics: Paleoclimatology; 9310 Information Related to Geographic Region: Antarctica;
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1. Introduction

[2] Ice cores offer a unique possibility to reconstruct
variations of past atmospheric aerosol concentrations, trans-
port and transformation during transport. C1~ and Na' have
been used as indicators of sea-salt acrosols, as they are the
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main constituents of sea salt and are routinely analyzed in
chemical ice core analysis. Usually, sea-salt aerosol is
believed to originate from open water and it was assumed
that sea ice extent would influence the source area in the
vicinity of the Antarctic continent. More recently, evidence
for an additional sea-salt aerosol source, particularly in
winter, has been presented [Wagenbach et al., 1998]. On
the basis of the chemical signature of atmospheric aerosols,
back trajectory calculations and satellite imagery, Rankin et
al. [2002] showed that frost flowers, which form from the
brine on new sea ice, are the dominant contributors to
coastal Antarctic sea-salt aerosol. Sea-salt aerosols from
frost flowers are slightly depleted in Na*, but this depletion
is limited to approximately 10%. So whether the sea-salt
aerosol is produced over open water or fresh sea ice, one
would expect a Cl /Na" ratio close to the one found in
seawater.

[3] Other sources than sea salt are known to contribute to
the Na“ and C1~ concentrations of polar snow, which could
potentially change the Cl7/Na' ratio in snow and ice

17 - 1
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compared to the ratio found in seawater. Some Na* and a
negligible amount of C1~ comes along with mineral dust. Our
analytical method only accounts for the soluble fractions, i.e.,
dust is unlikely to contribute to the Na' concentrations
measured. However, there remains some uncertainty due to
insufficient knowledge of the availability of Na" from min-
erals. Nevertheless, even if all Na© of the mineral dust would
be dissolved during analysis, the terrestrial contribution to
Na' at Dome C would be below 10% during the Holocene
and below 25% in the Last Glacial Maximum (LGM) (based
on an average crustal Ca>*/Na™ ratio of 1.78 [Bowen, 1979]).
For C1, an additional source is HCI of volcanic origin. Such
emissions are easily identified as they are fairly episodic and
normally coincide with prominent SO3~ peaks.

[4] Past studies presenting Na” and Cl~ concentrations in
Antarctic snow and ice have shown that the CI7/Na' ratio is
very different from the seawater ratio [Legrand et al., 1988;
Legrand and Delmas, 1988a] with values at a single site
sometimes being higher and sometimes lower than in sea-
water. A mechanism based on the reaction of sea-salt aerosol
with acids leading to the formation of HCI has been
proposed [Legrand and Delmas, 1988b]. Postdepositional
HCI losses in surface snow have been observed on the East
Antarctic plateau [Wagnon et al., 1999], resulting in C1”/Na*
ratios below the seawater ratio at a few meters depth. During
the last glacial period, these losses seem less pronounced or
absent, which has been assigned to shorter atmospheric
residence times of the sea-salt acrosol [Legrand and Delmas,
1988b] allowing for less formation of HC1. However, there is
no evidence for significantly shorter transport times during
the last glacial period [Lunt and Valdes, 2001; Krinner and
Genthon, 2003], and a recent study of dust particle sizes
even tended to longer atmospheric residence times of the
particles deposited at Dome C during the LGM [Delmonte et
al., 2002]. Thus no consistent explanation for the variation
of the C17/Na" ratio has been found so far.

[s] The present work identifies the mechanisms leading
to changes in the C1 /Na" ratio preserved in Antarctic ice
cores and describes the changing interplay of these factors
over glacial-interglacial cycles. In order to explain the
various determining factors, we use the new record from
Dome C (75°06'S, 123°24'E) back to 45 kyr B.P. This
section has been drilled and analyzed in the framework of
the European Project for Ice Coring in Antarctica (EPICA)
from 1996 to 1999.

2. Methods

[6] The chemical analysis of the ice core from Dome C
was done by continuous flow analysis (CFA) for Na" and
Ca®" [Réthlisberger et al., 2000a], fast ion chromatography
(FIC) for C1™ and Norm [Udisti et al., 2000] and standard
ion chromatography (IC) for all major ions [Littot et al.,
2002]. CFA and FIC were done in the field during the core
processing campaigns. These two methods are based on a
continuous sample obtained by melting a subsection of the
ice core on a melter where the outer, possibly contaminated
part of the sample, is discarded. CFA uses spectrophoto-
metric methods for the determination of Na' and Ca®"
which produce data at a spatial resolution of the order of
1 cm (i.e., 0.35 yr during the Holocene and 0.9 yr during the
LGM). FIC takes one sample every minute which is then
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analyzed by ion chromatography, which results in a spatial
resolution of approximately 4 cm. IC analysis on discrete
samples was done in five European laboratories after retro-
grading of the core. Detailed description of the methods can
be found in the references cited above. Generally, we used
55-cm averages of the high-resolution records.

[7] In this study, we present C1~ and Na" data from the IC
analysis of discrete samples in order to compare Cl~ and Na*
data that were measured on exactly the same sample. How-
ever, using CFA or FIC data leads to the same conclusions.
The Ca>" record shown was measured by CFA. The advan-
tage of one method over the other and the agreement between
the methods used is discussed in detail by Littot et al. [2002].

[8] On the basis of the sulphate record [Udisti et al.,
2000], we identified sections with volcanic input and
checked for indication of significant amounts of Cl~ of
volcanic origin. However, there were few events that
showed markedly elevated Cl~ concentrations and the
impact on the 55-cm averages was negligible. Therefore,
we did not correct the record for potential volcanic C1™.

3. Observations

[9] The detailed CI~ and Na' records from Dome C
showed several different regimes with respect to the CI™/
Na' ratio. At the snow surface, a considerable surplus of CI™
relative to Na" is observed (Figure 1). However, in the first
few meters, the Cl™ concentrations decrease steadily and at
about 4 m depth, a C1~ deficit relative to Na' is observed.
This deficit is maintained throughout most of the Holocene,
except for the time period between 8.8 and 11.3 kyr B.P.
(Figure 2), where some excess Cl™ is observed. The excess
during this early Holocene period is smaller than the excess
found at the surface, but still remarkably high considering
the rest of the Holocene. During the Last Glacial Maximum
(18 to 24 kyr B.P.) the C17/Na" ratio was rather constant and
close to the ratio observed in seawater [Bowen, 1979]. In
contrast to that, the CI /Na" ratio showed large fluctuations
in the earlier glacial period (35 to 45 kyr B.P.). Similar to the
Cl™ concentrations also the nss-Ca®" (nss—Ca2+ =Cap’ —
0.038 * Na") concentrations changed dramatically during this
period, while the Na* concentrations were relatively stable.
During the Eemian, the previous warm period, excess Cl™
was found in the Vostok ice core [Legrand et al., 1988],
contrasting the distinct C1™ deficit observed during most of
the Holocene in Vostok as well as in Dome C.

4. Discussion

[10] In the following sections, we discuss the main
phenomena of the C17/Na" ratio of the Dome C record,
namely the observed Cl™ excess in surface snow and in the
early Holocene, the depletion of CI™ in the uppermost
meters of the snowpack, and the stable CI7/Na" ratio close
to the seawater ratio during the LGM. The factors respon-
sible for these three aspects allow a consistent explanation
of the C17/Na" ratio observed in Antarctic ice cores.

4.1. Surface Excess of C1™

[11] Several studies have emerged lately showing consider-
able CI™ depletion of sea-salt aerosols in coastal Antarc-
tica during the summer months [Kerminen et al., 2000;
Wagenbach et al., 1998]. Similar results have been
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Figure 1. Cl™ and Na' concentrations and C17/Na" ratio in

the top 4 m of snow at Dome C, Antarctica. The thick
horizontal line in the bottom graph reflects the C17/Na" ratio
in seawater. See color version of this figure in the HTML.

reported for South Pole summer aerosols [4Arimoto et al.,
2001]. Recently, these findings have been confirmed in the
context of a comprehensive, year-round aerosol monitoring
campaign at the French station Dumont d’Urville, coastal
Antarctica [Jourdain and Legrand, 2002]. The depletion
during summer ranged from 10% to 90%, depending on the
total sea-salt aerosol load and the aerosol size. On the basis
of size-segregated analyses of the aerosols, HNO; accounted
for some if not for most of the dechlorination of the aerosol
[Jourdain and Legrand, 2002; Kerminen et al., 2000] and
sulphur species, mainly H,SOy,, for the remainder. Dechlo-
rination can likely occur both during transport and in the
snowpack after deposition. This would then allow dechlo-
rination even of sea salt deposited in winter, when atmo-
spheric acidity in the coastal regions is low.

[12] The product of this dechlorination, HCI, has been
measured in the atmosphere at Dumont d’Urville during a
year-round monitoring campaign [Jourdain and Legrand,
2002]. It showed highest atmospheric HCI levels in summer,
when dechlorination of the aerosol is most pronounced. The
HCI concentrations matched the observed losses fairly well,
with HCI only slightly exceeding the Cl™ deficit in the
aerosol, which was attributed to a slightly longer atmo-
spheric lifetime of HC] compared to sea-salt aerosol.

[13] This difference in atmospheric lifetime could partly
explain the excess Cl™ observed in surface snow at inland
Antarctic sites. While the sea-salt concentrations in snow
drop rapidly with distance from the coast, the concentrations
of sulphate, which is related to smaller aerosols, decrease
more slowly [Minikin et al., 1994]. HCI is either in the gas
phase or associated to a smaller aerosol mode than Na" and
most likely behaves similar to sulphur species, i.e., due to
the longer atmospheric lifetime being transported more
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casily over long time periods. This results in the tendency
to higher Cl17/Na" ratios at sites further on the Antarctic
plateau (Figure 3). The longer the transport route, the more
transport favors Cl™ over coarse sea-salt particles and
relatively more excess Cl™ arrives at the site.

[14] During winter however, no dechlorination of the sea-
salt aerosol is observed at coastal Antarctica [Jourdain and
Legrand, 2002]. On the contrary, a slight excess of CI~ was
observed arising from sea-salt aerosol produced from frost
flowers. Wagenbach et al. [1998] reported a Na™ depletion
in winter aerosol at coastal Antarctica of up to 10%, which
would contribute to the C1~ excess at inland sites.

4.2. Postdepositional Loss of HCI

[15] As a result of the processes described, what is
transported inland is sea-salt acrosol that is partly dechlori-
nated, along with HCl in the gas phase or on smaller
aerosols. However, it has been shown that HCI is reversibly
deposited to the snow surface: Although excess CI™ is
found in surface snow, part of it is released back into the
boundary layer atmosphere. At some sites (e.g., Vostok
[Wagnon et al., 1999], Dome C (Figure 1)), this leads
gradually to Cl17/Na" ratios below the seawater ratio at a
few meters depth, i.e., most of the initially deposited HCI
has been reemitted and no longer balances the C1™~ deficit in
sea-salt aerosol. C1 /Na' ratios below the seawater ratio are
sustained during most of the Holocene (Figure 2, or for
Vostok see [Legrand et al., 1988]).

[16] Detailed investigations of postdepositional effects on
other reversibly deposited substances (formaldehyde
(HCHO) and hydrogen peroxide (H,0O,)) have shown that
apart from temperature also accumulation rate is a crucial
factor for preservation in snow [Hutterli et al., 2003]. There
is a critical accumulation rate, below which most or all of
the excess substance is released into the atmosphere again.
Although the quantitative knowledge of the postdepositional
processes affecting C1™ is less advanced than for HCHO and
H,0,, CI™ profiles from other Antarctic sites indicate that
the postdepositional losses are most pronounced at sites with
accumulation rates below 4 g cm™2 yr~ ! (see data archived
at the National Snow and Ice Data Center, http://www.nsidc.
org). At South Pole, for example, where the accumulation
rate is estimated to be around 8 g cm™2 yr~!, the CI7/Na*
ratio does not drop below 1.8 [Whitlow et al., 1992].

[17] Comparing the Dome C Holocene Cl7/Na' record
with the accumulation rate supports the hypothesis of accu-
mulation rate dependent preservation of C1~ (Figure 2). The
accumulation rate [Schwander et al., 2001], which has been
derived from the deuterium record 6D, was elevated during
the early Holocene, approaching the estimated critical accu-
mulation rate for the preservation of C1I” of 4 g em 2 yr L.
During this period, the C17/Na" ratio was again higher than
the sea water ratio but considerably lower than in the
uppermost snow layers (Figure 1), i.e., some HCI probably
still escaped the snowpack after deposition. But HCI losses
were reduced compared to the more recent Holocene due to
the increased accumulation rate that preserved some excess
CI™. This effect also explains the observed C1™ excess in the
Vostok record of the Eemian: The accumulation rate was
higher during the Eemian than during the Holocene (above
3 gem 2yr !, F. Parrenin, personal communication, 2002),
leading to better preservation of C1™ in the snow.
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Figure 2. Cl /Na’, Na', CI™ and nss-Ca®" records covering the past 45 kyr B.P. at 55 cm resolution
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version of figure in the HTML.

[18] In Figure 4a, the relationship between the C1 /Na"
ratio and the accumulation rate is shown. The lowest C17/
Na" ratio is observed during the Antarctic Cold Reversal
(ACR), and with increasing accumulation rate, the Cl /Na®
ratio increased as well. However, the fact that the C17/Na™
ratio was higher during the glacial period than during the
ACR despite even lower accumulation rates seems incon-
sistent with the postulated relationship between Cl17/Na" and
accumulation rate and is discussed in the following section.

4.3. Limited HCI Formation Due to High Dust Levels

[19] As seen in Figures 2 and 4a, the C1 /Na" ratio was
higher during the last glacial period than during the ACR and
most of the recent Holocene. In the LGM the C1~/Na" ratio
remained fairly stable at the level of the seawater ratio. If the
reactions between sea-salt aerosols and acids in the atmo-
sphere were still responsible for significant dechlorination of
sea-salt aerosol during the LGM, it would be very unlikely to
result in a C17/Na" ratio at Dome C that is so close to the
seawater ratio. We therefore suggest that the dechlorination
of sea-salt aerosol was suppressed during the LGM, limiting
the formation of HCI which could escape the snowpack after
deposition.

[20] It has been suggested that shorter residence times
reduced the reaction between sea-salt aerosol and H,SO,4
[Legrand and Delmas, 1988b], but there is no indication for
significant changes in residence time. The size distribution

of dust particles of the LGM suggests a tendency to longer
residence times during this period [Delmonte et al., 2002]
and current transport models give no evidence for signifi-
cantly faster transport in the LGM either [Lunt and Valdes,
2001; Krinner and Genthon, 2003].
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Figure 3. Cl /Na' ratio in surface snow along the 1990
International Trans-Antarctic Expedition (data from Qin et
al. [1999]). See color version of this figure in the HTML.
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[21] The CI"/Na' ratio remained close to the seawater
ratio during periods with high nss-Ca®" concentration
(a proxy for dust) as seen in Figure 2. It is known that
uptake on dust is an efficient pathway for HNO; removal
[Hanisch and Crowley, 2001] and there is evidence for such
reactions to have happened during the LGM in Antarctica
[Réthlisberger et al., 2000b]. It is conceivable that H,SOy is
neutralized as well, but unlike for HNOs, this has no effect
on the preservation of SO4>~ in snow and can thus not be
inferred from ice core records. Studies regarding the agents
responsible for the dechlorination of sea salt are not yet fully
conclusive: Kerminen et al. [2000] found that H,SO,4 causes
slightly more of the observed dechlorination than HNOs;,
and that even MSA (methane sulphonic acid) contributes to
some extent. Jourdain and Legrand [2002], on the other
hand, attribute most of the dechlorination to HNOs, with
little effect of the sulphur compounds.

[22] During the LGM, the Na" flux at Dome C doubled,
whereas the dust flux was more than 20 times higher than
during the Holocene [Rdéthlisberger et al., 2002a]. Such a
high dust load could reduce the atmospheric lifetime of
HNO; by a factor of 25 [Réthlisberger et al., 2002b] and
could make the effect of dechlorination caused by HNO;
negligible. On the basis of the balance of anions and cations,
we estimate that the dechlorination is equally caused by

HNO; and H,SO, under present-day conditions. By elimi-
nating the effect of HNOj3 under glacial conditions, dechlo-
rination would be reduced by a factor of 2. On the other
hand, the SO3 ~ flux during the LGM was comparable to the
Holocene flux [Traversi et al., 2002]. Given the greatly
enhanced abundance of dust relative to sea salt during the
LGM, it seems likely that some of the H,SO, reacted with
dust which led to a further reduction in dechlorination.

[23] In Figure 4b, the relationship between the C1 /Na"
ratio and nss-Ca®" is shown. During the LGM, the Cl /Na"
ratio is fairly constant, independent of the nss-Ca*" level. It
seems as if a critical atmospheric dust level to prevent
significant dechlorination is reached when nss-Ca>" concen-
trations at Dome C are around 20 ppbw. In the earlier part of
the glacial period, however, dust levels drop markedly (see
Figures 2 and 4c and Rothlisberger et al. [2002a]), leading to
the formation and subsequent postdepositional loss of HCI.
During the transition and the Holocene, dust levels are
extremely low and have no impact on the CI7/Na" ratio.

5. Conclusions

[24] The key to understanding the C17/Na' ratio of the
Dome C ice core record lies in the formation of HCI and the
subsequently partly independent transport of Cl1~ and Na*
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as well as the postdepositional formation and reemission of
HCI from the snow pack.

[25] We have shown that, under present-day conditions,
significant excess of C1~ over Na" is found at inland Antarctic
sites due to the formation of gas-phase HCI and the subse-
quent fractionation processes during long-range transport,
due to Na* depletion of winter sea-salt aerosol and due to
redeposition of HCI that has been emitted from deeper snow
layers. During the LGM the formation of HCI was strongly
reduced due to high dust levels relative to sea salt that
neutralized HNO5 and H,SO4 to some extent. Therefore, no
HCl that could be reemitted was formed and the C1/Na' ratio
at Dome C remained close to the sea water ratio. In the earlier
part of the glacial period, dust levels dropped and accordingly,
dechlorination of sea salt increased again, leading to the
formation and postdepositional loss of HCI.

[26] At sites with very low accumulation rates, the
reemission of HCI from the surface snow might contribute
to the abundance of HCI at the air-snow interface. The
reemission of HCI is highly dependent on the accumulation
rate, apart from other factors such as for example temper-
ature. At accumulation rates below 4 g cm™2 yr~!, the
postdepositional losses lead to a C1~ deficit relative to Na*
below the surface layers, as observed at Dome C during the
later part of the Holocene. The strong accumulation rate
dependency is most likely the reason for the increase in the
Cl /Na" ratio to values above the seawater ratio during the
early Holocene and the Eemian. This dependency could, if
quantified, serve as an independent indicator of changes in
accumulation rate within a small sensitive range. If addi-
tional substances with different accumulation sensitivities
are combined, one might achieve an estimate of the accu-
mulation rate. However, a prerequisite for this is a quanti-
tative understanding of the postdepositional processes
affecting C1™. For this purpose, atmospheric measurements
combined with surface snow analyses at inland sites (e.g.,
Dome C) as well as laboratory studies are needed.
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ABSTRACT. A compilation of nitrate

(NO; ) data from Greenland has shown that

recent NO3 concentrations reveal a temperature dependence similar to that seen in
Antarctica. Except for sites with very low accumulation rates, lower temperatures tend to
lead to higher NOy concentrations preserved in the ice. Accumulation rate, which is
closely linked to temperature, might influence the concentrations preserved in snow as
well, but its effect cannot be separated from the temperature imprint. Processes involved
1

NO; deposition are discussed and shown to be temperature- and/or accumulation-rate-
dependent. Apart from scavenging of nitric acid (HNOy) during formation of precipita-
tion, uptake of HNO; onto the ice crystal’s surface during and after precipitation seems to
contribute further to the NO3  concentrations found in surface snow, Post-depositional loss
of NO; from the top snow layers is caused by release of HNO4 and by photolysis ol NO; .
It is suggested that photolysis accounts for considerable losses at sites with very low accu-
mulation rates. Depending on the site characteristic, and given that the temperature and
accumulation-rate dependence is quantified, it should be possible to infer changes in

atmospheric HNOy concentrations.

INTRODUCTION

The nitrate (NO; ) record in polar ice cores is expected to
contain information about past atmospheric concentrations
of nitrogen oxides (NO, = NO + NO,) due to the close link
between NO4 and NO,. The increase in atmospheric NO,
concentrations in the Northern Hemisphere caused by rising
fossil-fuel combustion since approximately 1940, for example,
is reflected in higher NO3  concentrations in Greenland snow
(Neftel and others, 1985). However, past studies have shown
that factors other than atmospheric NO, concentrations also
influence NO5 records (WollT, 1995). In Greenland as well as
in Antarctica, reversible deposition of NO4 and net losses in
the top snow layers have been observed. It has been suggested
that either re-evaporation of nitric acid (HNOg) (Dibb and
others, 1998; Mulvaney and others, 1998; Réthlisberger and
others, 2000a) or photolysis of NOj3 in the top few centi-
metres of the snowpack (Honrath and others, 2000; Jones
and others, 2000) causes such p sst-clepositional alterations.

In earlier studies, relationships between NO3 and accumu-
lation rate have been proposed (Herron, 1982; Legrand and
Kirchner, 1990; Yang and others, 1995), with generally higher
accumulation rates associated with lower NO4y  concentrations

and higher NO;  depositional fluxes. In a more recent study
based on a macroscopic deposition model, Fischer and others
(1998) found a second-order polynomial dependence of average
firn concentration and inverse snow accumulation.

Based on a compilation of NO4  data from more than 50
Antarctic sites covering various temperature and accumu-
lation regimes, it has recently been suggested that tempera-
ture is also a key parameter in defining NO3  concentrations
in Antarctic snow and ice, with lower temperatures leading
to higher NO; concentrations preserved in the snow
(Rithlisberger and others, 2000a). Elevation has also been
linked to NOj; concentrations, for both Greenland and
Antarctica (Mulvaney and WolfT, 1994; Yang and others,
1996), but no statistically significant relationship has been
found in a more recent study (Kreutz and Mayewski, 1999).
The inherent connection between temperature, accumu-
lation rate and elevation makes it difficult to distinguish
between the separate effects, and no firm conclusions about
their relative importance have yet been reached.

Here, we provide a detailed description of the processes
involved in NOj3 re-emission and a discussion of how tem-
perature and accumulation rate affect those processes. In
analogy to the compilation of NOj3 data from Antarctic
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Table 1. Temperature, accumulation rate and NO 3 concentration for Greenland locations used in this study

Site { source ) Location Altitude  Temperature  Accumulation NOg pre-1940 NOg post-1970
Concentration  Number of years Concentration Number of years
m o gem Ya ppb ppb
1988-8' 64.6° N, 437° W 2550 199 57 94 2
1988-7' 64.8° N, 44.1°W 2745 -220 38 90 3
Dye 318C% 20D 650° N, 44.9° W 2617 -223 4 53,55 174" 30° 100,122,132 155,15
Dye 3% 6527 N, 43.8° W 2491 ~200 19 44,5252 10°n"220" 86,114,137 7.2
1988-4' 66.6° N, 45.5° W 2130 186 30 17 2
1988-5' 67.0° N, 44.5° W 2250 203 13 115 4
1988-6' 67.2° N, 43.8° W 2450 216 36 108 6
EGIG T05 69.9° N, 47.3° W 1910 180 16 18 5
EGIG T09" 700° N, 463° W 2170 20,0 4 134 9
EGIG T13 70.2° N, 45.0° W 2380 -226 16 107 8
Milcent” 7037 N, 46" W 2410 -22.0 49 (] 7%
EGIG T17 7047 N, 44.1° W 2530 -238 +“ "7 9
EGIG T2 7067 N, 43.0° W 2700 24.8 +“ 12 9
Site A®® 706° N, 35.8° W 3092 294 29 45,64,70 340 19"
Site D° 7067 N, 396° W 3018 283 34 73 19"
EGIGT27° 708 N, 41.6° W 2870 26,6 39 13 9
EGIG 'l'3l"’ 7097 N, 406" W 2970 215 34 133 10
EGIG T4 TLITN, 379° W 3150 ~295 25 144 12
Créte” TLITN, 373" W 372 =300 s HOB0 60", 2%
EGIG T43" 7LI°N, 373° W 3172 30.1 23 144,146 814
EGIG T47° 7129 N, 360° W 3099 299 22 143 8
Renland™® 7137 N, 267° W 2340 180 42 64,88 589
EGIG T53 714° N, 32.5° W 2864 280 23 134 9
1987-2' 716° N, 38.1° W 3157 ~304 25 128 5
EGIG NSTO08 719° N, 37.8° W 3220 ~31.0 2 153 5
1987-3' 7197 N, 39.8° W 3145 =303 30 123 2
1987-5' 72.0° N, 37.5° W 3187 315 2 130 6
EGIG T61 7227 N,323° W 2812 288 19 144 8
1987-1' 72.3° N, 37.9° W 3170 313 22 124 10
1987-4' 724° N, 40.2° W 3146 -315 27 130 5
GISP2 ATM' 724° N, 38.8° W 3200 ~320 2% 120,130,135,138 3593
EGIG T66" 72.5° N, 30.8° W 2678 -957 17 159 6
GIsp2-*" 726° N, 385° W 3200 -310 2 61,70 410°650"  108,125,126,135,136,149,149,167 307,366,224
GRIp>'" ¥ 726° N, 376" W 3232 316 20 68 30° 130,138,142 59,21
1987.7' 726° N, 359° W 3190 331 18 157 8
1990-2' 7287 N, 36.5° W 3200 338 17 136 1
1987-6" 730° N, 377° W 3224 338 17 148 8
NGTO 730° N, 37.7° W 3223 ~343 16 143 13
NGT03 Bl6™ 739° N, 376" W 3040 ~34.6 12 85 40" 132 23
North Central® 7467 N, 39.6° W 2930 320 13 83,12 9la” 164 5
NGT05" 749° N, 376° W 2873 353 1 189 12
NGRIP*" 751N, 42.1° W 2978 309 17 8l 156" 149,161 511
NGTI2Y 757° N, 364" W 2671 34.2 10 161 14
NGTI4 BI8" 76.6° N, 36.4° W 2508 ~350 10 73 10" 128 23
Camp Century” 772°N,6L1°W 1880 ~244 35 16,65,71 10%,134 100" 120 2
1988-1' 772°N,607° W 1650 246 29 101 7
1988-2,3' 77.2° N, 59.2° W 1700 237 31 96,107 12
Camp Century 11* 77.2° N, 60.8° W 1910 24.7 35 52 13"
NGT37 B26" 7737 N, 492° W 2598 ~30.0 18 69 440" 110 24
NGTI8" 775° N, 364° W 2319 -326 1 158 14
NGT23 B20" 78.8° N, 36.5° W 2147 315 10 83 130" 155 24
NGT27 B21" 80.0° N, 4L1° W 2185 296 1 80 10" 126 24
Hans Tausen® 80.5°N,37.5° W 1271 210 10 74 30° 9l 3

Notes: "Yang and others (1996), data obtained from http://nsidc.org. “Clausen and Langway (1989). *“Mayewski and others (1990). *"Neftel and others (1985).
*Fischer and Wagenbach (1996), “Steffensen (1988). "Hansson (1994), “H. B. Clausen, personal communication (2001). ""l’ang and others (1995). “'Univt:rsily of
Arizona, unpublished data. ""Clausen and others (1997). “Steffensen and others (1996). “Fischer and others (1998). "'L. B. Larsen, personal communication
(2001). "Hausbrand (1998). “Bigler (2000). *Continuous record up to 1940, "20th century, before 1940, “19th century, “18th century. “1th to 18th century. '15th

century. 13th century, "Holocene.

sites, NO3 data from many Greenland sites have been gath-
ered in order to illustrate the effect of temperature. Also, we
outline how calcium (Ca®") can inhibit NO4 re-emission.
Another aspect that has been discussed lately is the effect
on NO; concentrations of snow layers containing large
amounts of sulphuric acid (H,50,) of volcanic origin. Most
studies focused on a few well-known volcanic eruptions
during the Holocene which showed post-depositional dis-
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placement of NO3  away from the HyS0, peak. This beha-
viour has been found in single events in Greenland and
Antarctica (Legrand and Kirchner, 1990; Clausen and
others, 1997; Réthlisberger and others, 2000a). However, the
mechanisms leading to this effect are only vaguely under-
stood, and hypotheses have not been tested on a large number
of cases, because of a lack of sufficient high-resolution data.
In this paper, new high-resolution data from the North-
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Fig. 1. Spatial distribution of NOy across Greenland. Concen-
trations in snow deposited before 1940 are shown in paren-
theses; the other values correspond to concenlrations in snow
deposited after 1970. All concentrations are in ppb.

GRIP (North Greenland Ice Core Project) ice core are used
to investigate in more detail the effect of volcanic HySOy4 on
NO; . Volcanic events from the early Holocene, the Last
Glacial Maximum (LGM) and some earlier glacial periods
are compared and a hypothesis of the mechanism is given.

DATA

Many of the NO4 data used in this paper are compiled from
carlier studies (see Table 1 for sources). Furthermore, data
from selected sections of the NorthGRIP ice core (75.1° N,
42057 W; 2978 ma.s.l) are presented. These sections were
analyzed during the NorthGRIP 2000 field season with a
continuous flow analysis (CFA) system, as described in
Rothlisberger and others (2000b). Among other compounds,
nitrate (NOy ), sulphate (SO,” ) and calcium (Ca®") have
been measured at a resolution of approximately 1em.
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Fig. 2. NO; concentrations vs average temperatures in Green-
land and Antarctica with linear trends ( triangles: post-I970;
squares: pre-1940; solid lines: Greenland; dots and dashed
line: Antarctica). The data points at temperatures below

52°C correspond to sites with very low accumulation rates
and are not used for the calculation of the linear fit shown.
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Fig. 3. NOy concentrations vs accumulation rate in Greenland
and Antarctica ( triangles: post-1970; squares: pre-1940; dots:
Antarctica ).

NO,~, TEMPERATURE AND ACCUMULATION RATE

In Figure 1, average NO4 concentrations for different Green-
land locations are indicated. In order to account for the
anthropogenic increase in NO;  concentrations in Green-
land, the data have been split into two separate sets, one indi-
cating concentrations from before 1940, which are unaffected
by the anthropogenic emissions, and one from after 1970. The
data and their sources are listed in'Table 1. For both pre-1940
and post-1970, a decreasing trend in NOg  concentration with
increasing temperature is found (Fig. 2). A similar trend has
been found in Antarctica (Réthlisberger and others, 2000a),
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Fig. 4. Aceumulation rate vs average lemperatures in Greenland
and Antarctica ( squares: Greenland; dots: Antarctica ).

where also generally higher concentrations are found at sites
with lower temperatures, except for very low-accumulation
sites (e.g. Dome C). At Dome C, the concentrations in the
top few centimetres can be very high (up to 1000 ppb), but at
greater depths, only 15 ppb are preserved, despite the low
temperatures (annual mean temperature 2 ~54°C).

When NO;  concentrations are plotted against accumu-
lation rate, higher NO3 concentrations are found at sites
with lower accumulation rates (Fig. 3), but again, NO3 con-
centrations at very low-accumulation sites do not agree with
the general trend. Considering the close relationship between
temperature and accumulation rate (Fig. 4), it seems difficult
to separate their effects on NOy  concentrations. Only a
detailed consideration of the underlying microphysical pro-
cesses allows for assigning a temperature or accumulation-
rate dependence.

In the following discussion, we analyze the temperature
and accumulation-rate dependence of processes involved in
NO; deposition and re-emission, aiming for a better
understanding of:

the cause of the relationship between NO3  concentra-
tions and mean annual temperature and accumulation
rate at a site

the generally higher NO3  levels in summer snow than
in winter snow

the net loss of NOy - from snow after deposition,

NO; can either be predominantly incorporated in the
bulk or be adsorbed to the surface of a snow crystal, depend-
ing on the deposition pathway. In a cloud with a liquid-water
content of >00lgm * and pH >1, HNO;3 would be com-
pletely dissolved in water droplets due to its high solubility,
leaving virtually no HNOj in the gas phase (Seinfeld and
Pandis, 1998). Thus, in the case of liquid or mixed clouds,
essentially all HNO; is removed from the gas phase indepen-
dent of the cloud temperature. While there is no specific infor-
mation about the conditions at cloud level, typical liquid-
water contents of 0.1gm % and initial HNO; concentrations
of 20 pptv in the air would lead to NO3  concentrations of
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Table 2. Estimates of NOy concentrations in snow due to
different deposition mechanisms

Summit Newmayer South Pole
Summer Winter Summer Winter Summer Winter

Pressure (Pa) 67000 99 000 68 000
Accumulation rate 20 34 8.5
(gem “a’h)
Temperature (K) 259 230 269 247 M6 208
Relative humidity 0.75 0.75 0.8 0.8 0.75 0.6
HNOy atm. (pptv) 20 1 6 1 20 1
NO; snow (ppbw) 120 50 100
Co-condensation 7 9 1 2 26 160
(ppbw)
Solubility in ice (ppbw) 19 29 8 12 40 150
Surface uptake (ppbw) 1900 780 840 3300
Dry deposition (ppbw) 30 2 8 1 i 5

Note: The meteorological data are from automatic weather stations; the
atmospheric HNO4 summer concentrations are from Dibb and others
(1994) and Jones and others (1999). For South Pole, atmospheric concen-
trations of the same order of magnitude as in Summit have been a

The HNO3 winter concentration has only been m
and has been found to be approximately | pptv (pers
from R. Weller, 2001). In the absence of measurements for the otl
ons at Summit and South Pole
ions for co-condensation and solubility
in ice are based on Thibert 1 Dominé (1998). Surface uptake was
estimated using a linear regression through the values for temperature-
dependent uptake found by Abbatt (1997) assuming a typical surface
area of 4000 m* m ™ (Narita, 1971). Temperatures higher than 248 K have
not been included in the study
face uptake in Summit and Ni
deposition was calculated assuming a dry-deposition velocity of 0.5 cm s !
(Hauglustaine and others, 1994,

comimu on

we assume the winter concent

same

s in Neumayer. The caleul

approximately 350 ppbw in fresh snow. On the other
hand, the co-condensation of HNO; and water (H,O) mol-
ccules on ice crystals (Thibert and Dominé, 1998) would lead
to a bulk concentration of 20 ppbw only. In the absence of
liquid water, i.e. in ice clouds, the high NOy  concentrations
found in surface snow could not be explained. However,
Abbatt (1997) observed a temperature dependence of adsorp-

tion of HNOj on ice surfaces with higher uptake at lower
temperatures. For typical summer temperatures at South Pole
(246 K; data obtained from http://www.cmdl.noaa.gov), the
uptake capacity on [resh snow crystals exceeds the amount of
HNO; available in the cloud, implying that at very cold tem-
peratures where ice clouds predominate, essentially all HNO;
in a cloud is bound to the surface of the snow crystal. While
co-condensation, riming and adsorption of HNO; determine
the distribution of NO;  within the ice crystal, its concentra-
tion is defined by the initial atmospheric concentration of
HNO; and the amount of condensed water in the cloud. An
imprint of temperature is expected for surface uptake and
co-condensation, but not for the HNOj taken up in liquid
cloud droplets. Based on the results of Abbatt (1997), the snow
crystals are expected to efficiently scavenge atmospheric
HNOj; on their way to the surface, potentially further increas-
ing the NO4 concentration of the fresh snow.

Once on the ground, the formation of surface hoar frost
(co-condensation), rime (deposition of supercooled fog drop-
lets) as well as dry deposition (adsorption of HNO4 onto the
crystal’s surface) leads to additional NO3  deposition to sur-
face snow. For a given atmospheric HNO3 concentration, the
hoar-frost NO; concentration is determined by the water-
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Fig. 5. Examples of the influence of volcanic H»S0,on NO 3 in the NorthGRIP ice core. H'™ concentrations have been inferred
from electrical conductivity measurements on the solid ice. Due to very low H " concentrations, the scale of the y axis had to be
adjusted for the section shown in (b ). Of 28 events selected with SC )i concentrations exceeding 20 preql. " 1 showed a pattern
similar to (a), 12 similar to (b ), and 2 similar to (¢ ). The data are shown against depth, as the absolute age is not eritical lo the
illustration of the effect and an absolute time-scale is not yet avatlable.

vapour concentration (Thibert and Dominé, 1998), which is
mainly a function of temperature 7. Assuming that the
relative humidity at the site is similar throughout the year,
the NO3 concentration should depend linearly on [/7"in a
first-order approach. However, assuming that the HNO4
concentrations in the atmosphere as in'Table 2 are represen-
tative for the site, the estimated concentrations resulting
from co-condensation are lower than observed surface snow
concentrations, thus leading to dilution of the surface snow
(Table 2). Rime deposition, on the other hand, which is
likely to remove all HNOj from the air, shows concentra-
tions similar to those in fresh snow, provided that the atmos-
pheric HNO; concentration is similar to that at cloud level.
A net dry deposition of HNOj (adsorption of HNO3 onto
snow crystals) has the potential to increase the NO, con-
centration in snow. However, it will only contribute where
the surface is undersaturated, ie. at very cold sites and
during winter. The contribution in winter is small, due to
low atmospheric HNOj concentrations. During the summer,
the contribution of dry deposition to the NO3 - concentrations
in snow at South Pole might be considerable. However,
according to Hauglustaine and others, (1994), the dry-deposi-
tion velocity of 0.5 cm s "for HNO,, on snow has to be consid-
ered as an upper limit. At sites with higher accumulation
rates, a specific surface snow layer is buried more rapidly,
leaving less time to adsorb additional HNO; from the atmos-
phere, given that no saturation has been reached. Therefore,
a tendency to higher concentrations at lower accumulation
rates is expected.

Besides the diluting effect of co-deposition, processes cap-
able of reducing the NO;  concentration in snow are desorp-

tion of HNOj; from the snow crystal (Dibb and others, 1998;
Mulvaney and others, 1998; Rathlisberger and others, 2000a)
and photolysis (Honrath and others, 2000; Jones and others,
2000). In both cases, the NO3 ion has to be at the surface of a
snow crystal, since photolysis of NO3 - in the bulk is not effec-
tive (Dubowski and others, 2001). If a NO; ion recombines
witha H" ion to form HNOj, it then may desorb into the firn
air and eventually diffuse into the air above the snow. Diffu-
sion of NO; in ice has been investigated by Thibert and
Dominé (1998), who found that diffusion of NOj3 in ice is
slower at colder temperatures, with the diffusion coeflicient
D given by D = 1.37 x 10 W m? s ! with T'being the tem-
perature in K. During the summer, the typical time a NOjy
molecule needs to reach the ice surface (diffusion length of
40 pm, corresponding to an average crystal radius (Harder
and others, 1996)) is of the order of a couple of hours (e.g.
Neumayer) to a few days (e.g. South Pole).

The solubility of NO  in ice has been determined for vari-
ous temperatures (Thibert and Dominé, 1998). For summer
conditions, not only the surface snow but also deeper layers
are supersaturated with respect to the solubility of NO; in
ice (‘Table 2). In the case of South Pole, the surface remains
undersaturated, suggesting that NO3  that is expelled from
the bulk is simply transferred to the surface without affecting
the NO; concentration. At warmer sites (e.g. Neumayer or
Summit), the ice surface also might become supersaturated
during the summer, leading to release of HNOjg from the snow
into the interstitial air. From a thermodynamic point of view,
warmer temperatures during the summer should facilitate the
release of HNO; from the ice surface. But according to the
uptake experiment of Abbatt (1997), only up to 25% of the
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HNO; that has been taken up is released again afterwards.
However, his study emphasized the uptake rather than the
release of HNOy, and a temperature dependence of the
release has not been discussed. Once released from the snow
crystal’s surface, the HNO; molecule might make its way out
of the snowpack, leading to a net loss of NO4 in the snow. The
molecular diffusion of HNOj5 in the interstitial air is tempera-
ture-dependent as well, but probably this is not the limiting
factor controlling the transfer out of the snowpack. It is con-
ceivable that temperature-dependent, repeated adsorption
and subsequent desorption of a HNO4 molecule on ice crys-
tals will determine the removal from the snowpack.

Photolysis of NO3 in the top snow layers results in the
production of nitrogen dioxide (NO;) and hydroxyl radical
(OH). NO, is expected not to interact with the surrounding
snow but to be mixed into the boundary layer rather quickly,
leading to a NO5 depletion in surface snow. The influence is
presumably largest at low-accumulation sites, where surface
snow is exposed to sunlight for a long time. Furthermore,
photolysis should become more efficient at lower latitudes
due to more incoming ultraviolet radiation. At Dome C, the
top few centimetres of snow seem to reach saturated surface
coverage (concentrations in the range of several hundred
ppbw) (Réthlisberger and others, 2000b). Deeper layers are
then dramatically undersaturated considering surface cover-
age and solubility in the bulk. No quantitative estimate has
yet been made of how much NOj  can be lost by photolysis.
It therefore remains unclear whether photolysis alone can
account for the NO; profile seen in the snow at Dome C,
The estimate of the maximum surface uptake relies very
much on the surface area in snow and might change due to
recrystallization, which has not yet been taken into account.

Although elevation may affect the atmospheric HNO3
concentration, there is no obvious mechanism by which it
can have a direct physical influence on post-depositional
processes. A minor influence is expected on the photolysis
rate due to changes in the irradiance with altitude and on
the gas-phase diffusion due to lower pressure, but both
effects might only slightly modulate the changes in NOjy
concentrations.

INTERACTIONS OF NO5;~ WITH DUST

Recent studies have reported that NO4 and Ca”" concen-
trations are correlated in ice from the last glacial period
from Vostok and Dome C, Antarctica (Legrand and others,
1999; Réthlisberger and others, 2000a). During the last
glacial period, the Ca®" deposited on the East Antarctic
plateau is mainly of terrestrial origin and can thus be used
as a proxy for dust. It has been suggested that the reaction of
HNO; and CaCOj to form Ca(NOy), prevents NOy  from
being released from the snow into the gas phase.

In principle, the reaction could take place in the atmos-
phere or in the snow. For it to occur in the atmosphere, high
dust concentrations would need to be in the same season as
the maximum nitrate concentrations. A recent paper that
studied the reaction of CaCO4 with HNOj derived a formula
for the lifetime for removal of HNOj; by dust (Hanisch and
Crowley, 2001). Based on this, and using very rough estimates
for the surface area of dust (assuming spherical particles of
| ym diameter, a typical density of 2 gem %, and atmospheric
dust concentrations of 10 ng m %), we can estimate a HNO;
lifetime vs removal by dust in the present-day Antarctic
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atmosphere of around 50 days. This is unlikely to be import-
ant relative to other removal processes. However, this could
be reduced to 2 days under the dustier conditions of the
LGM, and in Greenland under LGM conditions one could
estimate a lifetime for this removal of only a few hours. It
seems possible therefore that under LGM conditions much
of the atmospheric HNOj3 could be converted to aerosol cal-
cium nitrate in the atmosphere. In addition, the reaction to
form Ca(NOs3), might take place in the snow, in which case
HNOj has to make its way to the snow layer where the Catt
has been deposited and, if Ca”" is inside the snow grain
rather than on its surface, diffuse through it.

INFLUENCE OF VOLCANIC H,50,; ON NOj3~

As shown lately in an Antarctic high-resolution record from
Dome C (Réthlisberger and others, 2000a), H,S0; of volcanic
origin can cause NO; to move in the ice. Several examples of
very low NO3  concentrations coinciding with HoSO, peaks
and increased NOj3  concentrations above and below this
layer have been found in the Dome C as well as the North-
GRIP record (Fig. 5a). At Dome C, the effect is first seen at
12 m depth, where the deposits of the Tambora (Indonesia)
eruption (AD 1815) are located. This indicates that the pro-
cesses involved take place or at least start in the firn.

Our hypothesis of the mechanism for NO3  displacement
in the firn relies on processes similar to those described above,
as it includes diffusion of HNOj in the firn air. The high con-
centration of H,SOy in a volcanic layer causes the equilib-
rium of H'+ NO; = HNOj to shift towards the righthand
side, as a large amount of H" from the HySOy is present.
Therefore, a locally elevated concentration of HNOj in the
firn air is caused, which prompts gas-phase diffusion of the
HNO; away from the volcanic layer towards either side. In
an adjacent layer with no excessive HySO4, HNOj favours
dissociation into H' and NOj , thus maintaining the gradi-
ent in the firn air by removing HNO, from the gas phase. It is
possible that the movement of NO3  progresses via a different
mechanism in the ice after pore close-off, possibly by diffu-
sion of ions in the veins.

Figure 5b shows an event where no NO;  displacement
occurred. In this section, large amounts of alkaline material
are present in the ice, as seen by the high Ca®" and negligible
H" concentrations. In the context of the above hypothesis,
the high concentrations of alkaline material (presumably
CaCOy3) neutralize the HySO, and prevent the formation
of HNOs. The assumption that in this case H,80, undergoes
some reactions is supported by the significantly narrower
SO,” peak compared to the ones seen in acid ice (personal
communication from P. Barnes, 2001).

Our hypothesis is challenged by the example shown in
Figure 5¢. Although much excess HySOy is present and far
too little Ca”" to compensate, no marked NO;3~ displacement
is seen. It is possible that the Ca®" was unable to neutralize
the HySOy, but that it managed to bind NOg | thus prevent-
ing it from being transferred into the gas-phase. The occur-
rence of ice layers limiting HNOj diffusion in the interstitial
air is rather unlikely in NorthGRIP.

CONCLUSIONS

The spatial distribution of nitrate concentrations in Greenland
is shown to be strongly related to site temperature, just as it is
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for Antarctica. Because temperature and snow-accumulation
rate are so closely linked, we cannot determine which of
these factors is the one exerting physical control on the con-
centrations seen. In either case, the relationship changes at
the very lowest accumulation rates, where it is clear that
post-depositional losses are the dominant control on the sub-
surface concentration.

By examining the individual processes that could contri-
bute to the nitrate concentration in snow, we find that many of
them are indeed temperature-dependent, with higher concen-
trations predicted at lower temperatures, as observed. Some
processes could also depend on the accumulation rate, if a
longer exposure time at the surface allows additional uptake.
Of the processes identified, either uptake by liquid droplets in
cloud, if present, or uptake onto the ice surface in the cloud or
after deposition can lead to concentrations in fresh snow that
arce as high as or higher than those observed. However, the
role of surface uptake at higher temperatures, as encountered
in coastal Antarctica and in Greenland in summer, needs to
be quantified. Co-condensation of nitric acid and water, and
dissolution of nitric acid within the ice lattice appear to give
concentrations that are too low compared to those observed.
This suggests tentatively that surface uptake and retention
might be rather important in determining the concentrations
we see. This process has a temperature dependence (approxi-
mately threefold greater uptake at —55"C compared to
—25°C. (Abbatt, 1997)) similar to that seen in Figure 2. How-
ever, according to Abbatt (1997), the uptake is not dependent
on the nitric acid concentration in air. The higher nitrate con-
centrations in post-1970 Greenland snow compared to pre-
1940 snow suggest that the snow concentration is somehow
related to atmospheric concentrations, and we suggest that
this is simply a question of limited supply to the ice surface,
because nitric acid is scavenged so efficiently. In that case, a
temperature- and accumulation-rate-corrected  Holocene
nitrate ice-core record of a site with adequate snow-accumu-
lation rate should reflect the flux of nitrate to the surface,
which should in turn be related to atmospheric NO, input.

For sites with very low accumulation rate, losses, possibly
due to photolysis, control the concentration seen in the
Holocene in such a dominant way that it is unlikely that
information about atmospheric nitrate or NO, can be
extracted, Once the ice becomes less acidic (in the last glacial
period), the concentration of nitrate seems to be strongly con-
trolled by the calcium or dust content of the atmosphere, and
the deposition processes might be significantly altered. The
ratio of nitrate to dust might give clues to the past nitrate con-
tent of the atmosphere, although in this case it is probable
that the nitrate uptake is determined by the content of the
atmosphere over the whole transport route of dust from its
source to the deposition site, and is not closely related to the
local nitrate concentration at the ice-core site.

A number of laboratory and field experiments would help
to test the above hypotheses. Laboratory uptake experiments,
similar to those carried out at 248 K and below (Abbatt,
1997), are needed at higher temperatures, appropriate to sum-
mer temperatures at coastal Antarctic or Greenland sites,
Laboratory experiments would also allow an assessment of
whether photolysis can account for the magnitude of nitrate
losses at low-accumulation sites. Field measurements of the
nitric acid content of the atmosphere are lacking for most
sites, and particularly for winter. Experiments that follow
the evolution of concentration from fresh snow to depth in
individual layers are also required.

Rithlisberger and others: Nitrate in Greenland and Antarctic ice cores

In summary, the factors that control nitrate concentra-
tion in ice cores are complex, and interpretation is likely to
involve different factors for different locations and time per-
iods. However, if the factors controlling deposition and loss
can be better understood, it may still be possible, in some
cases, to reconstruct information about the important NO,
cycle in the past.
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The very successful application of a CFA Continuous
flow analysis) system in the GRIP project dreenland Ice
Core Project) for high-resolution ammonium, calcium,
hydrogen peroxide, and formaldehyde measurements along
a deep ice core led to further development of this
analysis technique. We included methods for continuous
analysis of sodium, nitrate, sulfate, and electrolytical
conductivity, while the existing methods have been improved.
The melting device has been optimized to allow the
simultaneous analysis of eight components. Furthermore,
a new melter was developed for analyzing firn cores. The
system has been used in the frame of the European
Project for Ice Coring in Antarctica tEPICA) for in-situ
analysis of several firn cores from Dronning Maud Land,
Antarctica, and for the new ice core drilled at Dome

C, Antarctica.

Introduction

During the last few decades, ice core analyses have become
increasingly important in understanding global climate
change: In ice cores, a wealth of information about past
climate is archived at an extraordinarily high temporal
resolution. In particular, the study of soluble chemical trace
substances in ice cores provides a unique tool for obtaining
information on changes of the atmospheric aerosol load over
the last several hundred thousand years (1). Usually such
analyses have been carried out on discrete samples by ion
chromatography. However, this is very time-consuming, and
thus the spatial resolution is limited by the maximum amount
of samples that can be analyzed.

Continuous flow analysis (CFA) allowed fast analysis of
ammonium, calcium, formaldehyde, and hydrogen peroxide
along the GRIP ice core with an extraordinarily high spatial
resolution (2, 3). The analysis was carried out in the field;
hence, the risk of contamination due to sample handling,
storage, or transport could be minimized.

CFA is based on a steady sample flow combined with an
immediate detection of the compounds of interest. For

* Corresponding author phone: +41 31631 4465; fax: +4131631
8742; e-mail: regine@climate.unibe.ch.

T Presentaddress: Department of Hydrology and Water Resources,
University of Arizona, Tucson, AZ.
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detection, we used mainly fluorescence and absorption
spectrometric methods adapted from flow injection analysis
(FIA). To obtain a continuous sample stream, a subsection
of the ice core is melted continuously on a melting device
where the sample is permanently drained off by a peristaltic
pump and led into the analytical system.

With the prospect of EPICA, we aimed at lower detection
limits of the existing four components with respect to the
extremely low concentration levels in Antarctic ice. Also, we
wanted to extend the number of compounds to be analyzed,
and we wanted to apply this technique to porous firn cores.

In this paper, we describe an improved system capable
of simultaneous analysis of eight compounds in firn or ice
cores. The new system has been used for analysis of firn
cores from Dronning Maud Land, Antarctica, during the
reconnaissance in 1997/1998 and for the new deep ice core
from Dome C, Antarctica, 1997/1998 and 1998/1999 in the
frame of EPICA. A total of 20 m of ice core could be analyzed
daily with a depth resolution of approximately 1 cm. Data
acquisition as well as data processing was done with a laptop
computer running Labview (National Instruments). A detailed
discussion of the data will be published elsewhere.

Melting Devices

For all analyses with the described CFA system, we used a
small heated room (25 °C) adjacent to a cold room for ice
core processing (—20 °C). The melter was mounted in the
cold room with a piece of ice (approximately 1 m long, cross-
section typically 3 x 3 cm) placed above, so that the ice
sample was melted at one end. The meltwater was led through
a hole in the wall into the heated laboratory for analysis.

One of the main advantages of such a CFA system is the
very efficient decontamination of the sample. Thisis achieved
by the melter, which separates the meltwater into a clean
inner and a possibly contaminated outer fraction (2). The
melting progress was registered by an optical encoder. This
information was used to accurately assign the measured
concentrations to the corresponding depths.

Dome C Melter. As a result of the additional compounds
analyzed with the new CFA system, the water consumption
increased from 3.6 to 7 mL/min. Therefore, the melter was
enlarged by expanding the central area to a diameter of 20
mm. The melter is made of aluminum, ensuring high thermal
conductivity, and surface-coated with PTFE. It is heated to
a constant temperature of about 35 °C, depending on the
desired melting speed, with a thermostat controlling the
electrical heat source of 800 W.

Firn Melter. With the melter described above, it is more
difficult to analyze firn cores. Due to capillary forces in the
porous firn, meltwater is soaked up into layers above the
melting head. Thus, the spatial resolution of the measurement
decreases, and it is even possible that contaminated water
from the core surface reaches the inner part of the melter.
To avoid such effects, a melter for firn cores was designed
(Figure 1). It consists of a flat surface with many radial narrow
slits. These slits cause a capillary force downward into the
melter, which is higher than the one of the porous firn, and
thus prevents meltwater from being drawn up into the firn.
Below these 0.2 mm wide slits, a specific geometry similar
to the design of the Dome C melter allows a separation of
the meltwater into inner and outer fractions. Since a capillary
force can only be generated by a moistened surface, the
aluminum-made melter is hardcoated instead of having a
hydrophobic PTFE surface coating. The melter is heated by
two 350-W heat sources, analogous to the Dome C melter.

10.1021/es9907055 CCCn$19.00 © 2000 American Chemical Society
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FIGURE 1. Firn melter.

Continuous Flow Analysis

All analytical systems operate continuously, and an auto-
mated set of valves controls whether meltwater from the ice
core or blank or standard solution is analyzed. This con-
figuration prevents air from entering the detectors before
and after each piece of ice (2). Most of the tubing (including
reaction loops of different lengths) was made of PTFE (0.5
mm i.d.). We used Tygon pump tubing for the peristaltic
pumps, except for sulfate, where we used Ismaprene pump
tubing. A short piece of microporous polypropylene mem-
brane tubing (Accurel) was inserted before each detector
(indicated as small gray boxes in Figure 2) to remove air
bubbles.

For all systems, we used Milli-Q water for blank solutions
and preparation of standard and reagent solutions. See Table
1 for the reagent composition (and also Table 1 in ref 2 for
NH,4*, H,0,, and HCHO reagents).

To characterize the system performance, we determined
the detection limit and the temporal resolution for each
component. The detection limit is calculated as three times
the standard deviation of the blank, and the temporal
resolution corresponds to the time needed to reach 1/e of
the drop of a step function. The values are summarized in
Table 2. Given ameltspeed of typically 4 cm/min, this results
in a depth resolution of approximately 1 cm. For a detailed
setup of each component, see Figure 2.

NH.*, H,0,, and HCHO. The fluorimetric methods for
the determination of ammonium, hydrogen peroxide, and
formaldehyde were adopted from Sigg et al. (2). The
concentrations of the fluorescent complexes are measured

with self-built fluorescence spectrometers with either a
cadmium lamp (NH4*, H,0,) or a phosphor-coated mercury
lamp with its emission maximum at 406 nm (HCHO). To
improve the detection limit, we developed a new flow cell
(18 uL) with mirrored inside surfaces to increase the excitation
and emission of the fluorescence light. To prevent scattered
light from entering the detector, all surfaces except the
windows facing the light source and the detector were
blackened. Due to these changes, the detection limit of the
existing systems was lowered by a factor of 2.

Ca?". We chose a fluorimetric method (4) for the analysis
of calcium with a lower detection limit and with a smaller
flow cell than the absorption method previously used (2).
The reagent was merged to the sample stream protected
from daylight to prevent photolytic decomposition of the
fluorescent complexes. The fluorescence light was detected
in a self-built fluorescence spectrometer with a cadmium
lamp and a flow cell as mentioned above. The setup showed
a linear behavior in the concentration range from 0.1 to 100
ppb. If necessary, higher concentrations could be measured
by increasing the concentration of Quin-2 in the reagent.

Na'. A method for the detection of sodium was developed
according to an enzymatic FIA method described by Quiles
etal. (5). The photometric determination of sodium is based
on the absorbance of o-nitrophenol produced by hydrolysis
of o-nitrophenyl-$-p-galactopyranoside (ONPG) catalyzed
by p-galactosidase. Since the enzyme activity depends on
the sodium concentration in the medium, the sodium
concentration can be determined by monitoring the o-
nitrophenol concentration. We builtan immobilized enzyme
reactor (IMER, approximately 1 cm length, 1.2 mmi.d.), where
the reaction of ONPG and pj-galactosidase occurred. To
achieve maximal absorption of the o-nitrophenol, the pH of
the solution was raised to 9 with an Accurel membrane
hanging in a closed container above 40 mL of ammonia
solution (25% v/v). The absorption spectrometer consists of
a phosphor-coated mercury lamp (emission maximum at
406 nm), an interference filter from ORIEL (410 nm, 10 nm
bandwidth), a flow cell from Hellma (100 xL, 3 mm light
path, no. 176.002-QS), and a photosensor module from
Hamamatsu (H5701-50). The setup showed a linear behavior
in the concentration range from 1 to 100 ppb. The method
can also be used for concentrations up to 500 ppb; however,
above 100 ppb, the response is not linear any more.

Enzyme Immobilization for the Na™ Detection. All
chemicals are from Merck if not stated otherwise. First, the
controlled pore glass (CPG, Sigma, pore size 240 A, 120—200
mesh) was cleaned in nitric acid (5%, 80 °C, 30 min), then
thoroughly rinsed with Milli-Q water, and dried in an oven
at 95 °C. In a second step, 5 mL of 3-aminopropyltriethox-
ysilane was added to 45 mL of ethanol and heated to 40 °C.
CPG was added and whirled gently every 15 min for 5 h.
Then, the CPG was rinsed with ethanol and dried in an oven
at 50 °C. Next, the CPG was added into glutaraldehyde
solution (2.5 mL of glutaraldehyde 50% in a 0.1 M phosphate
buffer of pH 7) for 1 h. Every 10 min, the bottle was flushed
with nitrogen to remove oxygen. Afterward the CPG was
washed with Milli-Q water and then added to -galactosidase
in phosphate buffer (1500 unitsin 3—5mL 0.1 M, pH 6). This
was stored at 4 °C during at least 2.5 h and flushed with
nitrogen every 10 min. Finally, the CPG was rinsed with cold
phosphate buffer (pH 6) and stored at 4 °C in a Tris buffer
solution (Tris buffer, pH 7.2, adjusted with HCI, 8 mM of
MgSO4and 8 mM of bL-dithiothreitol from Fluka43817). The
immobilized enzyme was stored up to 2 yr at 4 °C without
significant losses. Before measurements, an IMER was made
out of a PTFE tube (1 cm length, 1.2 mm i.d.) filled with the
enzyme-coated CPG. After measurements, the IMER was
rinsed with the storage solution (see above) and stored at 4
°C. Every few days, the IMER was exchanged.
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FIGURE 2. Flow chart of the CFA system. Water from the melter goes through a debubbler where air is removed from the liquid sample.
The sample is then distributed to the eight components for analysis. Circles stand for the automatic valves, numbers in arrow boxes indicate
flow rates in mL/min, and a gray tubing represents Accurel microporous membrane. B, blanknSt, standard solutionoR, reagentoW, wasten
IMER, immobilized enzyme reactornCEC, cation exchange column. See text for more explanation.

TABLE 1. Composition of Reagents®

substance name concn

Ca?* Reagent

PIPES? 20 mM

NaOH¢ 35mM

Quin-2f 0.01 mM
Na* Reagent

ONPGY 8 mM

DTT? 8 mM

|V|QSO4'7H20C 8 mM

Tris¢ 100 mM

HCle 100 mM

pH Lifter

NH3¢ 25%
NO;~ Carrier

NH,4CI¢ 190 mM
NO;~ Reagent

NED 1TmM

Sulfanilamide® 75 mM

H3PO4¢ 1500 mM
S0, Reagent

methylthymol blue¢ 0.09 mM

BaCl,-2H,0¢ 0.09 mM

HCle 6 mM

ethanol® 86%

2 Abbreviations are explained in the text. The substances are from
bFluka, “Merck, and Sigma.

NO;z~. Nitrate is analyzed by a standard absorption
technique (6). This method involves reduction to nitrite with
copperized cadmium followed by diazotization with sulfa-
nilamide and naphthylethylenediamine (NED) to form a
pink—purple azo dye, thus the results indicate the total

340 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 34, NO. 2, 2000

TABLE 2. Detection Limit and Temporal Resolution (See Text)

of the CFA Setup as Well as Concentration Ranges
Encptér;tered in the Dome C Ice Core during the Holocene
erio

detection Dome C concn

limit gppb) resolution ) range pph)
NH4* 0.1 15 0-5
H.0, 0.1 13 0-30
HCHO 0.1 13 0-10
Ca2* 0.1 18 0—-20
Na* 0.5 16 0-100
NO3~ 1.0 16 0—-60
S042~ 20 20 0-800

2 The high values are usually only reached during short events.

amount of nitrate and nitrite. However, nitrite occurs at
extremely low levels in Antarctic ice and thus causes no
significant interference (7). The detection takes place in a
self-builtabsorption spectrometer provided with acadmium
lamp, an interference filter from Oriel (540 nm, 10 nm
bandwidth), and a photosensor module from Hamamatsu
(H5701-50). Depending on the desired concentration range,
aflow cell with a path length between 20 and 40 mm (Hellma
no. 178.010-QS) was used. The copperized cadmium (Aldrich,
no. 41,489-1, 30—80 mesh) was filled in a self-made Plexiglas
column (1 cm length, 4 mm i.d.). A new column was used
every few days.

SO4%~. At present, we are developing a method for
continuous sulfate measurements, based on a standard
method using methylthymol blue (MTB) (8). The indirect
determination of sulfate, based on competitive reaction of
sulfate and MTB with barium in solution, can be ac-
complished by measurement of absorption of either un-
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caused by breaks in the ice core and concomitant contamination.

complexed MTB or the MTB—barium complexes. We chose
the latter, where absorption at 608 nm decreases as sulfate
concentration increases. Since the complexation of barium
with MTB occurs only at high pH, a NaOH solution (0.066
M in ethanol 44% v/v) is added. To minimize degassing of
the solvent, a narrow PTFE coil (0.3 m length, 0.4 mm i.d.)
isinserted after the detector to create a higher back pressure
in the manifold. Due to the high ethanol content of the
reagents, Ismaprene pump tubing was used instead of Tygon.
Interferences caused by multivalent cations (e.g., magnesium
and calcium) are avoided by inserting a cation exchange
column (CEC, 1 cm length, 3 mm i.d., Dowex 50WX4, Na*
form, 100—200 mesh, Fluka) in the sample stream. The CEC
has to be regenerated daily with a 20% NacCl solution.

The detector is equipped with a phosphor-coated mercury
lamp (emission maximum at 615 nm), an interference filter
from ORIEL (610 nm, 10 nm bandwidth), a flow cell from
Hellma (150 uL, 20 mm light path, no. 178.010-QS), and a
photosensor module from Hamamatsu (H5701—50). With
this setup, a detection limit of 20 ppb can be achieved.
However, during routine measurements, the detection limit
was around 100 ppb. The detection limit is strongly affected
by slight variance of the flow rates and the composition of
the MTB reagent. Deviation of a 1:1 molar ratio of MTB and
barium chloride leads to a smaller slope of the calibration
curve for low sulfate concentrations. To estimate the purity
of the MTB in order to calculate the optimum amount of

barium chloride needed, we use a spectrophotometric
procedure (9).

The method shows a linear behavior to at least 2000 ppb.
So far, it has not yet been applied in the field, but at present,
firn cores from North Greenland are analyzed at our
laboratory for sulfate also.

Conductivity. Electrolytical conductivity was measured
with a conductometer from Radiometer (CDM230) and a
flow-through cell from Microelectrodes (volume 17 uL, cell
constant1.2cm™?). The cell was immersed in athermostated
water bath (25 + 0.1 °C) and calibrated regularly with 0.5%
NaCl solution.

Results and Discussion

In Figure 3, data from Dome C (75°06” S, 123°24" E) on the
left and from Dronning Maud Land (75°0.14" S, 0°0.42" E) on
therightare presented. The two intervals shown are of similar
age but of a different depth due to different snow accumula-
tion rates at the two sites. Due to logistic constraints, nitrate
and HCHO were not measured in Dronning Maud Land. As
mentioned above, the method for continuous sulfate mea-
surements has not yet been applied in the field.
Electrolytical conductivity shows a few volcanic events
that have been assigned in the Dronning Maud Land core
to 1287, 1278, 1270, and 1259 A.D. (10). In the Dronning
Maud Land core where the accumulation rate is estimated
at6.1 cm/yr (water equiv) (11), seasonal cycles of ammonium,
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calcium, and sodium are clearly visible and can be used for
layer counting. Due to the rather low accumulation rate,
annual cycles of H,O, have been smoothed out to a large
extent by post-depositional processes.

At Dome C, the accumulation rate is only approximately
2.8 cm/yr (water equiv) (12) so that seasonal cycles are not
preserved in the ice core. However, the volcanic events, most
prominently the one at 1259 A.D., can be seen clearly. At
locations with very low accumulation rates such as Dome C,
snow may be redistributed after deposition. Therefore events
which are affecting only afew annual layers may accidentally
be missing, such as presumably the eruption of 1278 A.D.

Measurements of our CFA setup have been compared
with ion chromatography, and the results are in very good
agreement. To test the reproducibility, 1 m of ice has been
analyzed in triplicate: twice melted top to bottom and once
bottom to top. The uncertainty in assigning the depth to the
concentration profile measured was approximately +1 cm.
The measured concentrations differed less than 10%, except
for sulfate where the measured concentrations were below
100 ppb and the error was around 20 ppb.

Itis shown that CFA allows us to quantify various relevant
trace substances in ice cores at a typical depth resolution of
1 cm down to the ppb and sub-ppb range with 20 m of ice
core routinely processed in 1 day.
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Kapitel 3

Experimentelle Arbeiten

Im ersten Unterkapitel (3.1) wird ein kurzer Uberblick iiber das CFA-Messprinzip gegeben.
In den darauffolgenden drei Kapiteln werden dann drei wesentliche Neuerungen vorgestellt
und dokumentiert. Es handelt sich um den neuen Schmelzkopf und um Anderungen an der
Schmelzanlage (Unterkapitel 3.2), um die Verbesserung des Sulfatnachweissystems (Unter-
kapitel 3.3) sowie um die Einfiihrung des neuen Partikelmessgeréites Abakus (Unterkapitel
3.4).

3.1 Continuous Flow Analysis (CFA)

Mit dem Berner Continuous Flow Analysis (CFA) System kénnen Spurenstoffmassenkonzen-
tarionen in Eisbohrkernen kontinuierlich und in hoher Auflésung bestimmt werden [Sigg et al.,
1994; Rdthlisberger et al., 2000]. Unterdessen verfiigt das System iiber die folgenden Kompo-
nenten: Kalzium Ca?", Natrium Nat, Ammonium NH,*, Sulfat SO4>~ (Unterkapitel 3.3),
Nitrat NO3~, Wasserstoffperoxid HoO5 und Formaldehyd HCHO. Weiter wird die elektroly-
tische Gesamtleitfahigkeit des Schmelzwassers und sowohl die Partikelgesamtkonzentration,
wie auch deren Grossenverteilung (Unterkapitel 3.4) gemessen.

Einer der entscheidenden Vorteile des Berner Continuous Flow Analysis (CFA) Systems,
welches fiir das effiziente Analysieren von grossen Probemengen ausgelegt ist, besteht in der
Schmelzanlage. Um einen kontinuierlichen Probenfluss zu erhalten, wird ein Eiskernstiick von
typischerweise 110 cm oder 165 cm Linge und 3 x 3 cm? Querschnittfliche in kalter Um-
gebung bei typischerweise —20°C langsam auf einem Schmelzkopf geschmolzen. Dieser wird
mittels einer Temperatursteuerung auf etwa 30°C beheizt. Ublicherweise wird eine Schmelz-
geschwindigkeit von 3 bis 4 cmmin~! angestrebt. Um bei der Datenauswertung eine genaue
Tiefenzuordnung zu erhalten, wird mit Hilfe eines Wegaufnehmers ein Weg-Zeit-Diagramm
des Schmelzprozesses aufgezeichnet.

Das Schmelzwasser wird mittels einer Schlauchquetschpumpe kontinuierlich in das CFA-
System, das sich in unmittelbarer Nahe in einem geheizten Labor befindet, eingespeist, entgast
und auf die verschiedenen CFA-Nachweissysteme aufgeteilt. Da fiir viele Anwendungen eine
gute Tiefenauflosung unerlésslich ist, werden alle Mischvolumen so klein wie moglich gehalten
und so die Dispersion verkleinert. Die Tiefenauflosung betrigt typischerweise 1 cm.
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Indem beim Schmelzen der Probe nur Wasser aus dem zentralen Bereich des Eiskernstiickes
fiir die Analyse verwendet wird und dieser kontinuierliche Probenstrom nicht mit der Um-
gebungsluft in Kontakt kommt, werden mdogliche Kontaminationen minimiert. Das zeit- und
arbeitsintensive Dekontaminieren von Einzelproben entfillt. Gerade aus diesem Grund ist der
Einsatz einer Schmelzanlage nicht nur fiir unser CFA-System, sondern auch fiir viele andere
kontinuierliche oder quasi-kontinuierliche Analysemethoden interessant. In den letzten Jahren
wurde die Berner CFA-Schmelzanlage bei Messkampagenen haufig mitbenutzt, das heisst ein
Teil des Probeflusses wurde jeweils abgezweigt und parallel zu den CFA-Messungen den betei-
ligten Gruppen zur Verfiigung gestellt oder von Hand oder per Autosampler in kleine Gefiisse
abgefiillt. Diese Entwicklung war nur moglich, weil der Schmelzkopf so weiterentwickelt wur-
de, dass ein grosseres Volumen geschmolzen und aus dem inneren Bereich abgesaugt werden
kann (Unterkapitel 3.2).

Dank der kompakten und modularen Messapparatur sind Messungen im Feld mdglich.
Dadurch werden mogliche Kontaminationen und Beschédigungen der Eis- und Firnproben
wéhrend Transport und Lagerung verhindert. Weiter stehen erste Messresultate rasch zur
Verfiigung. Mit dem CFA-System konnen im optimalsten Fall bis 35 m Eis pro Tag hoch-
aufgelost analysiert werden, vorausgesetzt dass rund um die Uhr im Schichtbetrieb gemessen
wird. Gerade bei Tiefbohrungen, die grosse Probenmengen ergeben, ist diese Kapazitéit wich-
tig, um innert niitzlicher Frist und mit vertretbarem Aufwand lange Zeitreihen zu gewinnen.
Es muss jedoch festgehalten werden, dass das entgiiltige Auswerten und Uberarbeiten der
Rohdaten mehr an Arbeitszeit in Anspruch nimmt, als das Messen selbst. Weiter ist der
Aufwand zur Vorbereitung einer Messkampagne gross und zeitraubend.

Alle CFA-Nachweissysteme fiir Ionen basieren auf absorptions- oder fluoreszenzspektro-
skopischen Nachweismethoden. Die theoretische Basis dazu kann unter anderem in Skoog
und Leary [1996] nachgelesen werden. Eine ausfiihrliche Beschreibung der Absorptionsspek-
troskopie findet sich auch in Bigler [2000] im Kapitel 4. Je ein typischer Messablauf einer
Absorptionskomponente (NO3~) und einer Fluoreszenzkomponente (Ca®") sind in der Figur
3.1 dargestellt. Vor und nach jeder Standard- und Probenmessung werden Blankintervalle
aufgenommen. Um leichte Drifts zu eliminieren, wird zwischen diesen linear interpoliert. Im
Folgenden wird kurz auf methodische Aspekte der Fluoreszenz- und Absorptionsspektroskopie
eingegangen, eine CFA-spezifische Fehlerabschidtzung durchgefiihrt und Kennzahlen definiert.

3.1.1 Fluoreszenzspektroskopie

Charakteristisch fiir die Fluoreszenzspektroskopie ist, bei nicht zu hoher Analytkonzentration,
die Linearitit zwischen Konzentration ¢ (in ppbw) des mit einem fluoreszierenden Komplex
markierten Analyten und dem Fluoreszenzsignal U (in V). Das Fluoreszenzsignal enthilt auch
ein Blanksignals Upjqnk (in V), das unter anderem durch die Eigenfluoreszenz der Reagenzien
verursacht wird (Gleichung 3.1).

U= 2 + UBiank (31)

Traditionellerweise verwenden wir in Bern als Proportionalititskonstante den Kalibrie-
rungsfaktor der Fluoreszenzmessung « in der Einheit ppbw V™!, der mittels Standardkali-
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Abbildung 3.1: Typischer Messverlauf a) einer Absorptionsmessung, als Beispiel hier NO3 ™, und b) einer
Fluoreszenzmessung, hier Ca?*.

brierung gewonnen wird. Dazu werden in regelméssigen Abstéinden Substanzen mit bekannten
Konzentrationen, sogenannte Standards, gemessen, um mogliche Anderungen der Messbedin-
gungen zu beriicksichtigen.

3.1.2 Absorptionsspektroskopie

Im wesentlichen basiert die Absorptionsspektroskopie auf dem Lambert-Beerschen Gesetz
(Gleichung 3.2). Dieses besagt, dass die Extinktion A eines Lichtstrahls durch die Losung
(nach DIN auch spektrales dekadisch Absorptionsmass genannt) logarithmisch vom Verhéltnis
der Strahlungsintensitdten bei Blankmessungen Ipg;.,r und bei Messungen an Standard oder
Probe I (in Wm™2) abhingt, respektive von den entsprechenden Spannungssignalen Upjank
und U des Photomultipliers (in V). Dieses Verhiltnis wiederum ist proportional erstens zur
Konzentration des mit einem absorbierenden Komplex markierten Analyten ¢ (in ppbw), zwei-
tens zur Kiivettenlinge b (in cm) und drittens zum Extinktionskoeffizienten e (in ppbw ! cm™1).
Ublicherweise fassen wir b und e zusammen zum Kalibrierungsfaktor der Absortptionsmessung
« mit der Einheit ppbw ™!, der wie bei den Fluoreszenzmessungen mittels Standardkalibrie-
rung gewonnen wird:

IBiank —lo

A = logg

U an
g10 % = ebc = ac (3.2)



122

3.1.3 Systematische und statistische Fehler

Prinzipiell ist jeder Messpunkt der kontinuierlich aufgenommenen Datenreihe eine Einzel-
messung. Die klassische Fehlerrechnung ist daher nicht die geeignete Methode fiir eine Feh-
lerabschitzung. Ursache statistischer Fehler ist das chemische und instrumentelle Rauschen,
das die Spannungsmessungen beeinflusst. Das Rauschen ist bei der Absorptionsmessung ge-
nerell grosser. Weiter kann ein statistischer Fehler bei der schrittweisen Verdiinnung der
Standardlosungen entstehen. Um die statistischen Fehler abzuschétzen, kann das Signal-zu-
Rausch-Verhiltnis bei Standardmessungen betrachtet werden (Gleichung 3.3 bei Absorptions-
spektroskopie, Gleichung 3.4 bei Fluoreszenzspektroskopie). Dieses ist hdufig recht konstant,
das heisst unabhéngig von der Signalhthe. Da es reziprok zur relativen Standardabweichung
der Extinktion respektive des Fluoreszenzsignals ist, kann es als Mass fiir die Prézision oder
Reproduzierbarkeit der Messung beigezogen werden.

S . Asy
ol - It 3.3
<N> abs Sagy ( )

S . Ust
fatl - -t 3.4
<N>ﬁ SUst ( )

Es muss jedoch klar festgehalten werden, dass meistens systematische Fehler dominieren, wel-
che sehr schwer aufzudecken sind. Hierzu sind Vergleichsmessungen zwischen verschiedenen
Labors hilfreich, um mit verniinftigem Aufwand solche Fehler zu quantifizieren, deren Ursa-
chen sehr vielfiiltig sein konnen. Erwahnt seien hier falsche Konzentrationswerte von Standard-
stammlosungen (Absolutkalibrierung), Kontamination und systematische Fehler bei den Stan-
dardverdiinnungsschritten (Dispensetten, Transferpetten), Kontamination des Blanks, Basis-
linienschwankungen, die mittels linearer Interpolation zwischen den Blankintervallen nicht
erfasst werden konnen, verursacht beispielsweise durch Anderungen der Fliessraten (Pump-
schlduche), Inhomogenitéten in den Reagenzlosungen, Luftblasen, schlechte Empfindlichkeit
von Reaktionssdulen und Reagenzien, abrupte Temperaturdnderungen im Labor und so wei-
ter. Abschétzungen des Gesamtfehlers kdnnen sich somit naturgemiss nie auf einen ganzen
Datensatz sondern ausschliesslich auf einzelne Abschnitte beziehen. Daher wurde der mittlere
Fehler verschiedentlich auf 10% veranschlagt [Rdthlisberger et al., 2000; Sommer, 2000; Big-
ler, 2000]. Alternativ dazu bieten sich Parallelmessungen am gleichen Eisbohrkern an. Solche
Messungen wurden mehrmals durchgefithrt und haben recht gute Ubereinstimmungen mit
obigen Schéitzungen gezeigt. Die Schwierigkeit bei Parallelmessungen besteht darin, dass eine
genaue Tiefenzuordnung die gerade bei steilen Signalflanken wichtig ist, meistens nicht er-
reicht werden kann. Zudem koénnen die Konzentrationsdifferenzen einzelner Spezies innerhalb
kleiner Horizontalabstéinde im Eisbohrkern betréchtlich variieren. Weitere Parallelmessungen
an gronlédndischen und antarktischen Eisbohrkernen finden sich in Bigler [2000].

3.1.4 Kennzahlen einer Nachweismethode

Neben der Abschitzung systematischer und statistischer Fehler der Nachweismethoden sind
auch die Detektionslimite, der Arbeitsbereich, die Selektivitdt und die zeitliche Auflésung
von Interesse. Detaillierte Definitionen dieser Kennzahlen findet man in Bigler [2000]. Zusam-
menfassend verstehen wir unter der Detektionslimite die mit Hilfe der Kalibrierungsfunktion
auf ppbw umgerechnete dreifache Standardabweichung des Blanksignals (in V). Als untere
Grenze des Arbeitsbereichs wird hingegen die zehnfache Standardabweichung verwendet; sie



123

Cond. uS cm‘l)
N

Na* (ppbw)
3

200

Ca* (ppbw)
.
S

2.0x10° -

1.5x10° [~ 1

0.0x10°

Dust (ml™)

400
300
200
100

0

NO; (ppbw)

200
150
100

50

0
30

(Ppbw)

+
4

NH

20

10

H,0, (ppbw)

1490.0 1490.5 1491.0 1491.5 1492.0

Tiefe (m)

Abbildung 3.2: Zweimaliges Messen eines 2m-Tiefenabschnittes in NorthGRIP-Eis aus dem Holozén.

ist somit etwa um einen Faktor drei hoher als die Detektionslimite. Die obere Grenze des
Arbeitsbereiches wird bei linearen Kalibrierungsfunktionen durch Abweichungen von der Li-
nearitét erreicht, aber auch bei der Verwendung nicht-linearer Kalibrierungsfunktionen wichst
die Ungenauigkeit sehr stark an, wenn die Kalibrierungsfunktion fiir hohe Konzentrationswer-
te abflacht. Im Gegensatz zur unteren Grenze, kann die obere Grenze hiufig durch experi-
mentelle Anpassungen an den auftretenden Konzentrationsbereich der zu messenden Spezies
angepasst werden. Mittels Selektivitdtskoeflizienten wird das relative Ansprechverhalten von
interferierenden Spezies angegeben. Diese Koeffizienten sind im Idealfall Null oder aber ihre
Konzentration im Probematerial ist vernachlissigbar. Die zeitliche Auflésung schliesslich er-
halten wir aus der Messung von Standardlosungen, die direkt auf den Schmelzkopf gegeben
wurden. Als Zeitkonstante definieren wir die Zeit, die das Standardsignal braucht, um 63%
der entgiiltigen Signalhohe zu erreichen, respektive um vom Plateau wieder bis auf 37% der
vorherigen Signalhdhe abzufallen. Weil die Signaldispersion bei dieser Prozedur aus verschie-
denen Griinden hoher ist als bei einer normalen Messung, wird die Zeitkonstante daher eher
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Abbildung 3.3: Zweimaliges Messen eines 2m-Tiefenabschnittes in NorthGRIP-Eis aus der Jiingeren Dryas.

iiberschitzt. Multipliziert man diese Zeitkonstante mit der Schmelzgeschwindigkeit erhélt
man eine konservative Abschétzung der Tiefenauflésung im Eis bei CFA-Messungen.

3.2 Schmelzsystem

In den letzten Jahren hat sich das kontinuierliche Schmelzen von Eiskernproben, anstelle
der arbeitsintensiven, manuellen Dekontamination von Einzelproben im Kiihlraum, fiir viele
Analysemethoden durchgesetzt. Es werden nicht nur CFA-Systeme (im Einsatz unter an-
derem auch in Heidelberg, Tucson, Cambridge und Bremerhaven) und quasi-kontinuierliche
Ionenchromatographie (FIC, in Florenz) zur Bestimmung von Ionen im Eis kontinuierlich
mit kontaminationsfreiem Schmelzwasser versorgt, sondern zum Beispiel auch Massenspek-
trometer zur Bestimmung von Wasser- und Luftisotopen an Eisproben (an unserer Abtei-
lung, Huber et al., 2003; Huber und Leuenberger, 2003; Huber und Leuenberger, 2002) und
ICP-Massenspektrometer zur Elementanalyse (am Departement fiir Chemie und Biochemie
der Universitidt Bern, Kniisel et al., 2003). Diese Schmelzsysteme stammen alle mehr oder
weniger von der hier in Bern entwickelten Schmelzanlage ab.
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Das scheinbar simple Problem Eisproben kontinuierlich zu schmelzen und das unkonta-
minierte Schmelzwasser nur vom zentralen Bereich abzupumpen, stellt sich als kniffliger
heraus als angenommen, vor allem weil die bendtigte Schmelzwassermenge in letzter Zeit
zugenommen hat (mehr CFA-Komponenten, zusétzlich ans CFA-System gekoppeltes FIC,
Autosampler, manuelle Probennahmen) und die Schmelzképfe immer grosser gebaut werden
mussten. Mit den bestehenden Schmelzkopfen ergaben sich verschiedentlich Probleme: Bei-
spielsweise konnte manchmal die Schmelzgeschwindigkeit nicht geniigend erhoht werden oder
das Schmelzwasser wurde vom zentralen Bereich nach aussen verdréngt und konnte nicht in
geniigender Menge abgepumpt werden, dafiir drang Luft ins System. Ein weiteres Problem
war, dass das Schmelzen zum Teil nur ohne PTFE-Beschichtung im zentralen Bereich und mit
Unterlegen von Unterlagsscheiben an den Réndern moglich war. Ausgehend von bestehenden
Plinen und Uberlegungen [Sommer, 2000], wurden daher neue, optimierte Schmelzkopfe kon-
struiert und gebaut. Die erste Neukonstruktion, die in NorthGRIP eingesetzt wurde, erfiillte
die Erwartungen noch nicht, auch der in Bremerhaven eingesetzte zweiteilige Schmelzkopf
befriedigte nicht. Erst fiir die Messkampagne 2001/2002 gelang es, einen zuverlissig funktio-
nierenden Schmelzkopf zu bauen, der in der Folge noch etwas optimiert wurde. Die endgiiltige
Konstruktion wird im folgenden Kapitel beschrieben. Der Vollstéindigkeit halber sei hier noch
erwihnt, dass sich fiir Firnkerne ein spezieller Firnschmelzkopf (mit engen Schlitzen zum
Ausgleichen der Kapillarkréfte im Firn), bewihrt hat, der von Stefan Sommer, Dietmar Wa-
genbach und Hans-Georg Junghans entwickelt wurde [Sommer, 2000; Rdéthlisberger et al.,
2000].

3.2.1 Neukonstruktion des Schmelzkopfes

Der innere Bereich weist eine leicht konische Form auf, damit die Kontaktfliche vergrossert
und der Warmeiibertrag verbessert wird. Das Gefille hat keinen Einfluss auf das Fliessverhal-
ten des Schmelzwassers, das ausschliesslich vom Stempeldruck des noch nicht geschmolzenen
Eises und des aufgelegten Gewichtes beeinflusst wird. Die konische Form darf nicht zu aus-
gepriagt gewihlt werden, weil sonst eine systematische Vermischung von Schmelzwasser aus
verschiedenen Tiefenbereichen des Eises resultiert, was die Tiefenauflosung verschlechtert.
Die Oberfliche muss sehr glatt ausgearbeitet sein, damit der Fluss des Schmelzwassers zu
den Abpumpbohrungen erleichtert und hartnéickige Verschmutzungen vorgebeugt werden.

Weil Messungen ergaben, dass das Schmelzwasser durch den obengenannten Stempeldruck
nach aussen gedriickt wird und damit nicht zur zentralen Abflussbohrung gelangt, sind neu
sechs Abflussbohrungen radial angeordnet (Schnitt A in der Abbildung 3.4). Der Abstand
der radialen Bohrungen zum Zentrum betrdgt 8 mm, bei einem Durchmesser des Inneren
Bereichs von 24 mm und sie liegen symmetrisch je 60° auseinander. Somit betrdgt der maxi-
male Abstand eines Punktes des inneren Bereiches von einer Abpumpbohrung etwa 6.5 mm,
das entspricht fast einer Halbierung, verglichen zu Vorgédngermodellen mit nur einer zentra-
len Bohrung. Aufgrund rdumlicher Gegebenheiten mussten die Bohrungen erneut schrig mit
einem Neigungswinkel von 45° aus dem Schmelzkopf gefithrt werden, was eine technische
Herausforderung darstellt.

Als Grundmaterial wird reines Kupfer eingesetzt. Dieses weist eine sehr gute Wérmeleit-
fahigkeit bei relativ kleiner Warmekapazitiat auf. Dadurch reagiert der Schmelzkopf viel we-
niger trige beim Beheizen und ist einfacher zu regeln. Ein Nachteil von Kupfer ist, dass es
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peraturfiihler (TF) und Hochleistungsheizpatrone(HHP).
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sehr schwierig zu bearbeiten ist. Zum Beispiel reisst die Oberfliche beim Drehen sehr gerne
auf oder Bohrer brechen ab, weil die Spane im Bohrloch stecken bleiben.

Die Oberfliche des Schmelzkopfes wird vergoldet. Das hat den Vorteil, dass sie chemisch
inert ist und die Haftung von Schmutzpartikeln eingeschréinkt wird. Im Gegensatz zu Teflon-
oberflichen (PTFE) wird eine sehr gute Wirmeleitfahigkeit erreicht. Weiter ist die mechani-
sche Belastbarkeit hinreichend gut. Um eine optimale Beschichtung zu erméglichen, sollte am
Werkstiick nur gedreht, gefrést oder gebohrt, nicht aber geschliffen oder poliert werden. Da
ein chemisches Vergolden direkt auf Kupfer technisch nicht machbar ist, musste der Schmelz-
kopf zuerst mit etwa 5 um chemisch Nickel, welches 7% Phosphor enthélt, beschichtet werden.
Darauf folgte eine Schicht von etwa 2 um Glanzgold, welches etwa 2% Silber enthélt. Diese
Arbeiten wurden von der Firma Collini-Flithmann AG in Diibendorf ausgefiihrt.

Testmessungen beim Schmelzkopf fiir NorthGRIP haben ergeben, dass der Abfluss des
Schmelzwassers aus dem inneren Bereich begiinstigt wird, wenn nur im Zentrum des Schmelz-
kopfes geheizt wird. Dann bildet sich ein Temperaturgradient zwischen dem inneren und dem
dusserem Bereich und die Schmelzgeschwindigkeit wird vor allem durch das Abschmelzen
des dusseren Bereiches der Eisprobe definiert. Die Eisprobe liegt also vor allem aussen auf, so
dass der innere Bereich besser abgedichtet und vor Kontamination geschiitzt ist. Innen ist eine
hohere Energie zum Schmelzen vorhanden, dadurch entsteht ein weniger diinner Wasserfilm,
so dass das Schmelzwasser einfacher zu den Abpumpbohrungen gelangen kann. Die Dichtheit
des Kranzes zwischen dem inneren und dem #usseren Bereich wurde am GRIP-Schmelzkopf,
welcher die gleiche Form aufweist (Hohe 2 mm, Dicke 2 mm, aussen konisch, innen senkrecht
abfallend) im Zusammenhang mit Tests fiir kontinuierliche Isotopenmessungen an Eisproben
nachgewiesen.

Geheizt wird der Schmelzkopf mit einer Hochleistungsheizpatrone (400 W von Electrolux
Professional mit metrisch geschliffenem Edelstahlmantel). Im Gegensatz zu den bisher ver-
wendeten Heizpatronen mit eingeschweisstem, nach innen gewdlbtem Patronenboden weist
die nun im Einsatz stehende Heizpatrone vorne einen flachen Kupferboden auf. Dadurch ist
eine bessere Wirmeiibertragung zum zentralen Bereich gewéhrleistet. Bedingt durch geome-
trische Gegebenheiten fiel die Wahl auf einen Patronendurchmesser von 16 mm. Um die nétige
Leistung zu erreichen, muss die Patrone mindestens 50 mm lang sein, weil die Leistungsdich-
te an der Oberfliche hochstens 20 Wem™2 bei Passung nach H7 betragen darf. Damit ein
allfilliger Ersatz der Heizpatrone moglich ist, wird sie jedoch nur 45 mm tief in den Schmelz-
kopf eingelassen, so dass sie mit einer Zange an den vorstehenden 5 mm (unbeheizte Zone)
herausgezogen werden kann. Denn die Erfahrung hat gezeigt, dass sich Heizpatronen nach
lingerem Einsatz in der Bohrung festsetzen und nicht mehr an den einreduzierten Glassei-
denlitzen herausgezogen werden kénnen. Der Einsatz von Heizfolien und Flachheizelementen
(Minco) wurde ebenfalls gepriift. Diese wiirden eine gleichméssige, flichige Energieverteilung
im gesamten Schmelzkopf ermdglichen und kénnten einfach mit einer Edelstahlplatte auf den
Schmelzkopfkorper aufgeschraubt und angepresst werden. Die mit Heizfolien mogliche Lei-
stungsdichte liegt jedoch weit unterhalb der erforderlichen, so dass der Einsatz von Heizfolien
und Flachheizelementen nicht realisierbar ist.
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Eigentlich wiirde sich der Einsatz von Hochleistungsheizpatronen mit eingebautem Tem-
peratur-Widerstandsfiihler aufdréingen, weil das Regelverhalten stabiler ist, wenn der Tem-
peraturfithler moglichst nahe beim Heizkorper liegt (kurze Regelstrecke) und weil bei den
sehr engen rdumlichen Verhiltnissen auf eine zusétzliche Bohrung fiir den Temperaturfiihler
verzichtet werden konnte. Eine Evaluation hat jedoch ergeben, dass die Heizpatrone mit einge-
bautem Fiihler bei der gewiinschten Leistung ungefdhr 90 bis 100 mm lang ausgefiihrt werden
miisste. Da jedoch die Heizleistung vor allem vorne erforderlich ist, und das weitere Ver-
grossern des Schmelzkopfes zu einer grosseren thermischen Trigheit fithren wiirde, wurde auf
den Einsatz solcher Patronen verzichtet und erneut eine spezielle Bohrung fiir einen Eigenbau-
Temperaturfithler ausgefiihrt. Dieser besteht aus einem Temperatur-Widerstandsfiihler Pt-
100, der an ein Koaxialkabel gelotet und in einem kleinen zylinderformigen Kupferstiick fixiert
ist. Dieses ist vorne kegelférmig abgedreht, so dass es optimal in die Bohrung passt und eine
gute Wirmeiibertragung moglich ist. Der Temperaturfiihlerkopf wird nun auf ein Kupfer-
rohrchen (6 mm AD, 4 mm ID) geschraubt, durch welches das Koaxialkabel gefiihrt wird.
Das Rohrchen und der Kopf wird mit Wirmeleitpaste bestrichen, in die Bohrung geschoben
und mit Schraube und Unterlagsscheibe fixiert. Auch hier stehen 5 mm hervor, damit der
Temperaturfiihler leicht ausgebaut werden kann. Die Temperatursteuerung erfolgt iiber eine
der mehrfach im CFA-System verwendeten Eigenbau-Temperatursteuerungen.

Damit alle Verbindungen dicht genug sind und nicht Luft eingesaugt werden kann, sind alle
Anschliisse mit UNF —%”—28—Fittingen versehen worden. Da die Oberflichenbeschichtung mit
chemisch Nickel und Gold an den Innenwénden der Bohrung (Durchmesser 1.6 mm) aus ver-
fahrenstechnischen Griinden nicht gewahrleistet werden kann, werden die PTFE-Schliuche
(1.6 mm AD, 0.5 mm ID) ohne Flansch durch die Bohrung bis fast zur Schmelzkopfober-
fliche gefiithrt. Die Fixierung geschieht durch ein etwa 2 mm langes Silikonschlauchstiick
(4.0 mm AD, 1.0 mm ID), das durch das Fitting zusammengedriickt wird und dadurch auch
den PTFE-Schlauch festhélt. Die Zusammenfithrung von je drei Leitungen aus dem inneren
Bereich geschieht mittels eines X-Stiickes mit vier UNF—%”—28—Anschlﬁssen.

Um das Ablaufen des Schmelzwassers vom &usseren Bereich zu unterstiitzen, wurde hier
nicht auf eine Neigung verzichtet, denn das Wasser darf nicht rund um die schmelzende Eis-
probe verbleiben. Bei einem moglichen Steckenbleiben der Probe wiirde dieses kontaminierte
Wasser vom #Husseren Bereich durch Kapillarkrdfte und die Pumpe in den inneren Bereich
gezogen. Sechs separate Wasteabfliisse mit separaten Pumpschlduchen vermindern zudem die
Uberlaufgefahr. Zur Illustration ist der Dome C 20001/2002 Schmelzkopf, der im wesentlichen
der aktuellsten Version entspricht, auf Seite 12 abgebildet (Abbildung 1.8).

3.2.2 Wegaufnehmer, Probenhalterung und Probenvorbereitung

Neu wurde ein Wegaufnehmer (Inkrementeller-Wellen-Drehgeber BSM 16.05K500-F4-H) von
Baumer Electric in Frauenfeld eingesetzt, mit 500 Impulsen pro Umdrehung, 5 V Ausgangs-
signal, einem sehr kleinen Drehmoment und einem Temperaturbereich von -20°C bis +85°C.
Weil die maximale radiale Wellenbelastung 6 N nicht iiberschreiten darf, musste eine zusétzlich
gelagerte Welle gebaut werden. Das Wegaufnehmerrad, iiber das ein diinner Stahldraht mit
angehdngtem Schmelz- und Gegengewicht fithrte, wurde durch ein Zahnrad ersetzt. Anstelle
des Stahldrahtes héngen die Gewichte nun an einem diinnen Zahnriemen. Dadurch wird ein
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Abbildung 3.5: Eisprobenvorbereitung und Protokollblatt.

Rutschen und damit fehlerhaftes Aufzeichnen des Schmelzvorgang verhindert, wie es gele-
gentlich bei der Verwendung des Stahldrahts beobachtet wurde. Noch optimaler wére eine
beriihrungsfreie Distanzmessung anstelle eines Wegaufnehmers. Die evaluierten Modelle sind
jedoch entweder sehr teuer, nicht genau genug oder nicht fiir Temperaturen unter dem Ge-
frierpunkt ausgelegt. Des weiteren wurde die bisherige Probenhalterung verbessert und neue,
einfacher einzustellende Schmelzschienen hergestellt, deren Oberflichen wie bisher teflonisiert
wurden. Dies fiihrt zu besserem Gleiten und weniger Kontamination in der Schiene.

Neue Halterungen zur Probenvorbereitung erméglichen ein schnelleres Arbeiten im Kaltla-
bor. Es hat sich bewéhrt, die beiden Enden der Eisproben und die Briiche nicht mehr mit der
Bandsége, sondern mit Microtome-Klingen senkrecht abzuschaben. Ein schriges Bearbeiten
fiihrt zu einem Verkeilen der Eisprobenstiicke in der Schmelzschiene und zum Steckenblei-
ben der Probe wihrend des Schmelzvorganges. Damit verbunden ist meistens das unliebsa-
me Einbringen von Luft in die CFA-Nachweissysteme. Fiir die Bearbeitung der Schnitt- und
Bruchflichen kamen Trimming-Klingen (80 mm, Feather, S35, F-80 von Stehelin AG in Basel)
zum Einsatz. Die Probenvorbereitung gemiss dem in Abbildung 3.5 dargestellten Verfahren
(samt Protokollblatt) hat sich bewihrt. In dieser Notation werden die Masse der Eisproben
und die Lage und Léinge der Briiche in das Auswertungsprogramm iibernommen und die Da-
ten entsprechend korrigiert. Grossziigiges Zuschneiden aller irregulédren Stellen an Eisproben
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lohnt sich, da eine Datenliicke leichter zu verkraften ist, als ein Kontaminationspeak, der
félschlicherweise als Signal interpretiert werden kénnte.

3.3 Verbesserungen bei der Sulfatnachweismethode

Die Sulfatnachweismethode ist ausfiihrlich dokumentiert in der Diplomarbeit Bigler [2000]
und kurz beschrieben in Réthlisberger et al. [2000] und Bigler et al. [2002]. Die im Hinblick
auf die NorthGRIP-Messkampagne realisierten Verbesserungen werden in diesem Kapitel kurz
beschrieben.

Das wesentliche Problem ist, dass die SO4%~-Absorptionsnachweismethode sehr empfindlich
auf kleinste Flussdnderungen reagiert, welche ein grosses chemisches Rauschen und Basisli-
nieninstabilitdten verursachen. Die Situation wird verschérft, weil der Gegendruck im System
sehr gross ist, wegen der notwendigen, grossen Kationentauschersdule und der Gegendruck-
schlaufe, die das Ausgasen des Probestroms verhindern. Die Ismaprene-Pumpschliuche, die
wegen dem hohen Ethanolgehalt der Reagenzien verwendet werden miissen, weisen eine nicht
besonders gute Pumpkonstanz auf. Eine wesentliche Verbesserung gelang daher durch das Ent-
koppeln der Fliisse nach der Kationentauschersiule mittels eines Pipettenspitzen-Debubblers.
Die Abbildung 3.6 zeigt den neuen Systemaufbau, der etwas komplexer ist, als bei den anderen
CFA-Komponenten.

Eine Verbesserung der Kalibration, vor allem bei tiefen Massenkonzentrationswerten, konn-
te durch das Anwenden einer nichtlinearen Kalibrationskurve erreicht werden. Fast bei jeder
Kalibration zeigt sich ndmlich, dass die hohen Werte auf einer Geraden mit negativem Or-
dinatenabschnitt liegen. Unterhalb einer bestimmten Schwelle knickt die Kalibrationskurve

Peristaltikpumpe Reaktionsschlaufen Absorptions- Gegendruck-
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Abbildung 3.6: Der neue Systemaufbau des Sulfatnachweissystems.
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ab und geht fiir kleine Konzentrationswerte proportional durch Null. Obwohl der Ubergang
bei der Schwelle fliessend ist, wird die Kalibration in zwei Abschnitte unterteilt, einen pro-
portionalen Teil unterhalb der frei widhlbaren Schwelle und einen linearen Teil oberhalb. Der
Ubergangspunkt wird visuell aufgrund der vier Standardmessungen ausgewihlt, die bei jeder
Kalibration durchgefiithrt werden. Die entsprechende Routine ist im Datenauswertungspro-
gramm eingebaut.

Aufgrund der fast Tausend Kalibrationsmessungen, die in NorthGRIP durchgefiihrt wur-
den, lidsst sich die mittlere Detektionslimite zu 36 ppbw (Standardabweichung 31 ppbw)
bestimmen. Dazu kommt eine, im Vergleich zu den anderen CFA-Komponenten, deutlich
schlechtere Zeitauflssung. Obwohl sich mit der Nachweismethode brauchbare SO42~-Daten-
sitze erzeugen lassen, vor allem bei glazialen Konzentrationen oder bei Vulkanpeaks, wére
eine Verbesserung der Kenndaten wiinschenswert, hin zu einer Detektionslimite von maxi-
mal 5 ppbw und einer besseren Zeitauflosung. Priifenswert ist zum Beispiel die Barium-
Dimethylsulfonazo-I1I-Methode [ Yang et al., 1997b; Yang et al., 1997a], die jedoch vermutlich
eine nicht wesentlich bessere Performance aufweist, als die eingesetzte Methylthymolblue-
Methode. Unter Umsténden wurden in den vergangenen fiinf Jahren neue Nachweismethoden
entwickelt, eventuell sogar Fluoreszenz-Nachweismethoden, die damals noch nicht verfiigbar
waren. Eine erneute Evaluation erscheint daher sinnvoll. Fest steht, dass das Potential des
bestehenden Nachweissystems ausgeschopft ist.

3.4 Messung der Partikelgesamtkonzentration
und der Grossenverteilung

3.4.1 Uberblick iiber den Partikelsensor und den Partikelzihler Abakus

Am Institut fiir Umweltphysik der Universitdt Heidelberg wurde in den letzten Jahren ei-
ne kontinuierliche, hochauflésende Messmethode zur Bestimmung der Gesamtkonzentration
und Grossenverteilungen unloslicher Mikropartikel im Schmelzwasser von Eisbohrkernen eta-
bliert. Anwendungsgebiete des kommerziell erhiltlichen Partikelsensors und Partikelzéihlers
Abakus der Firma Klotz (Bad Liebenzell, Deutschland, www.fa-klotz.de) sind die Reinheits-
kontrolle von Wasser, pharmazeutischen Losungen, Chemikalien, Getrdnken und die Korn-
grossenanalyse von technischen Suspensionen. Im Sommer 2001 wurde an der Abteilung fiir
Klima- und Umweltphysik der Universitit Bern ein ebensolches Gerédt angeschafft, welches
das bestehende CFA-System um eine weitere Messkomponente ergéinzt. Damit konnte das un-
befriedigend funktionierende Partikelmessgeréit der Universitit Kopenhagen ersetzt werden,
das in den vorangegangenen Messkampagnen in Dome C eingesetzt wurde. Das Ziel dieses
Kapitels ist es, das neue Gerét zu beschreiben sowie in dessen Handhabung einzufithren. Die
folgenden Informationen stammen vorwiegend aus der Gerdtebeschreibung des Partikelzéihlers
Abakus (Ausgabe 09/2001), dem Datenblatt des Partikelsensors LDS 2187, den Arbeiten von
Paul Saey und Urs Ruth [Saey, 1998; Ruth, 2002] und personlichen Mitteilungen der beiden,
sowie von Dietmar Wagenbach und von Mitarbeitern der Herstellerfirma.

Der Partikelsensor erfasst Mikropartikel in einem Probefluss mit Hilfe eines Diodenlasers,
der eine Wellenldnge von 670 nm aufweist. Im Vergleich zur Messung an Einzelproben mit-
tels der bewdhrten Coulter Counter Messmethode liefert das kontinuierliche Messen mit dem
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Abakus in Verbindung mit einer Schmelzanlage eine hohere Auflésung und reduziert die Kon-
taminationsgefahr, insbesondere bei kleinen Partikeln. Vergleiche der beiden Messverfahren
liefern gute Ubereinstimmung fiir die Partikelgesamtkonzentration, jedoch systematische Ab-
weichungen der Grossenverteilung. Zudem ist beim Abakus eine Partikelerfassung erst ab etwa
einem Partikeldurchmesser von 1 pum moglich, statt ab 0.6 pm wie beim Coulter Counter. Der
Partikeldurchmesser wird gemiss Klotz [1989] als Aquivalenzdurchmesser definiert, welcher
ein kugelformiges Partikel aufweist, das den gleichen Extinktionseffekt verursacht.

Als Partikelsensor wurde der Typ LDS 23/25 bs mit spezieller, linearer Verstéirkung gewihlt.
Dieser weist einen Messbereich von 0.8 bis 50 pm auf. Bei kleinster Partikelgrosse wird ein
Ziahlwirkungsgrad von mindestens 50% garantiert. Im kontinuierlichen Messbetrieb von Mi-
neralstaub erweist sich eine untere Nachweisgrenze des Partikeldurchmessers von 1 pm als
adiquater Wert. Die maximal erfassbare Konzentration liegt bei 150’000 Partikeln ml~! bei ei-
nem Koinzidenzfehler von etwa 8%. Die untere Nachweisgrenze der Partikelgesamtkonzentra-
tion betrigt ungefihr 500 Partikeln ml~'. Um Schlauchverbindungen mit UNF—%”—Q&Fittings
zu ermoglichen, wurden entsprechende Edelstahliibergangsstiicke mitbestellt. Diese diirfen nur
leicht festgezogen werden (Linksgewinde), so dass die Quarzglaskiivette nicht unter Druck ge-
setzt wird.

Der Partikelzéhler Abakus weist 32 frei definierbare Grossenklassen auf und ist mit einem
Analogausgang bestiickt. Auf unseren Wunsch hin, wurde durch Verwendung der Geratesoft-
wareversion ‘Korn 67 (2.91 01/09/11)’ der Analogausgang speziell fiir einen kontinuierlichen
Betrieb konfiguriert. Das heisst, dass eine einstellbare Partikelgesamtkonzentration von maxi-
mal 99’999 Partikeln pro Sekunde eine Ausgangsspannung von 10 V erzeugt. Standardméssig
gibt dieser Ausgang lediglich die integrierte Partikelgesamtkonzentration einer Messung aus,
wobei der errechnete Spannungswert bis zum Ende der nédchsten Messung ausgegeben wird.
Die Messergebnisse der Grossenverteilung kénnen in kumulativer oder distributiver Form auf
dem LCD-Display dargestellt werden. Der Messwertspeicher ist fiir 1400 Messungen ausgelegt;
er kann iiber die serielle Schnittstelle (RS 232) mit Hilfe einer Auswertesoftware ausgelesen
werden. Weitere Funktionen sind in der ausfiihrlichen Betriebsanleitung zum Gerédt und im
Unterkapitel 3.4.4 beschrieben.

3.4.2 Inbetriebnahme, grundsitzliche Handhabung und Lagerung

Die grosste Gefahr ist, dass die Laserdiode des Partikelsensors bei Uberlastung durchbrennt.
Dies kann geschehen, wenn der Laserdiodenstrom maximiert wird, weil die Durchflusszelle
des Partikelsensors luftgefiillt oder verstopft ist. Wird an einer der riickseitigen BNC-Buchsen
des Partikelzihlers ein Strom deutlich grosser als einige mV gemessen (maximal treten etwa
13 V an der einen beziehungsweise ungefihr 6.5 V an der anderen Buchse auf) muss das
Gerdt moglichst rasch am Netzschalter ausgeschaltet werden. Eine zunehmende Verschmut-
zung der Durchflusszelle des Partikelsensors dussert sich in einem langsamen Anstieg des
Diodenstroms von einigen mV in den Bereich von 1 V. Auch in diesem Fall muss das Gerét
ausgeschaltet und im ausgeschalteten Zustand griindlich gespiilt werden. Bei hartnéckiger
Verschmutzung schafft Spiilen mit 0.01M-HCI-Lésung, 50%-igem Ethanol oder kalklosender
Spiilmittellosung Abhilfe. Um einer zunehmenden Verschmutzung der Durchflusszelle des Par-
tikelsensors vorzubeugen, sollte praventiv die Durchflussrichtung téglich gewechselt werden.



133

Das regelmissige Wechseln der Durchflussrichtung fiithrt gleichzeitig zu einer verbesserten Da-
tenqualitéit. Hierzu ist eine Halterung hilfreich, die eine 180°-Drehung des Sensors erlaubt,
da die Durchflusskiivette immer von unten nach oben durchflossen werden muss, damit Luft-
blasen nicht héngen bleiben. Weil die UNF—%”—Q&F ittinge direkt am Partikelsensor miihsam
mit Teflonband abgedichtet werden miissen (Metall-Kunststoff-Schraubverbindung), sollten
bei der Anderung der Durchflussrichtung nicht diese Anschliisse gedffnet werden, sondern ei-
gens dafiir vorgesehene Fittinge und Kupplungen (Kunststoff-Kunststoff-Schraubverbindung)
einige Zentimeter von den heiklen Anschliissen am Partikelsensor entfernt. Werden wéhrend
einer Messkampagne fiir lingere Zeit keine Daten aufgezeichnet und der Laserdiodenstrom
nicht regelméssig iiberwacht, empfiehlt es sich, den Partikelzéhler auszuschalten.

Es hat sich verschiedentlich gezeigt, dass der Fluss durch den Partikelzéhler nicht zu klein
gewiihlt werden darf. Ideal ist ein Wert zwischen 1.5 mlmin~' und 6 mlmin~'. Ist vor-
auszusehen, dass die Partikelgesamtkonzentration Werte von 150’000 Partikelnml™' hiufig
iibersteigen wird, wie zum Beispiel in gronlédndischem Eis aus dem letzten glazialen Maximum,
ist ein Verdiinnungsschritt der Probe vorzusehen. Dazu wird am einfachsten Milli-Q-Wasser
mit einem T-Stiick in einem gleichbleibenden Verhiltnis der Probe beigemischt. Figur 3.7
zeigt den Systemaufbau der Partikelmessung wihrend der Feldsaison 2001/02 auf Dome C,
wo ein Verdiinnungsschritt nicht notwendig war. Die Durchflussrate betrug etwas mehr als
1.7 mlmin~!. Uberall wurden méglichst kurze PTFE-Schliuche mit einem Innendurchmesser
von 0.7 mm verwendet. Der Aufbau entspricht im wesentlichen dem iiblichen Aufbau einer
CFA-Komponente. Das automatische Ventil verhindert, dass vor und nach der geschmolzenen
Eisprobe Luft in den Partikelsensor gelangen kann. Als Blank wird Milli-Q-Wasser verwendet,
das bei ungeniigender Qualitdt gefiltert werden sollte.

Bis zu einigen Tagen sollte die Messzelle des Partikelsensors nass gelagert werden, das
heisst, es sollte beispielsweise durch Kurzschliessen der Anschlussschlduche sichergestellt wer-
den, dass diese nicht austrocknen kann und keine Luftblase hinein gelangen kann. Vor ldngerer
Lagerung sollte die Messzelle des Partikelsensors erst mit Wasser und dann kurz mit Ethanol
gespiilt werden. Nach moglichst staubfreier Trocknung sollten die Anschliisse durch Kurz-
schliessen der Anschlussschliuche oder durch Stopfen verschlossen werden. Bei drohenden
Temperaturen unter dem Gefrierpunkt muss die Messzelle des Partikelsensors unbedingt ge-
trocknet gelagert oder transportiert werden, weil sonst die Kiivette beschidigt wird.
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Blank—\ SC 0012:1.73 mi mint CFA-Komponente
= = ]
\S-Weg \4-Weg = S$C 0012: 1.73 ml min™* Waste ----1----;
Standard

Bubble-Detektor b

Handventil autom. Ventil Peristaltikpumpe Partikelzahler Abakus

Abbildung 3.7: Systemaufbau zur Messung Partikelgesamtkonzentration und der Grossenverteilung.
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3.4.3 Messung der Partikelgesamtkonzentration am Analogausgang

Der Analogausgang des Partikelzéhlers wird zur Angabe der Partikelgesamtkonzentration
in Volt in hoher zeitlicher Auflésung verwendet. Diese Auflosung ist im Vergleich mit den-
jenigen der iibrigen CFA-Komponenten sogar noch etwas besser. Der Analogausgang von
0 bis 10 V kann bei der 15-poligen Steckerbuchse (SUB-D) geréteriickseitig an Pin 7 ge-
gen Ground an Pin 14 oder 15 abgegriffen werden. Am besten benutzt man ein BNC-
Kabel mit einem entsprechenden 15-poligen Stecker. Im Hauptmenii kann unter ‘Einstellun-
gen/Geriteeinstellungen/Analogausgang’ die Partikelzéhlrate pro Sekunde eingestellt werden,
die das maximale Ausgangssignal von 10 V erzeugt. Der grosstmogliche einstellbare Wert
héngt von der verwendeten Gerédtesoftware ab und betrédgt bei unserem Gerét 99’999 Par-
tikels~1 (10V) ! (Geritesoftwareversion ‘Korn 67 2.91 01/09/11’). Am einfachsten probiert
man aus, welcher Wert den gegebenen Umsténden am besten entspricht: Partikelpeaks soll-
ten nicht oder wenigstens nicht zu héufig abgeschnitten werden, die Signale sollten jedoch
auch nicht zu niedrig sein, da die Auflésung sonst zu schlecht wird und das Signal nur noch
wenige diskrete Werte annimmt. Es ist ratsam, die Einstellung des Analogausganges bei sich
dndernden Partikelgesamtkonzentrationen haufig anzupassen. Ein paar abgeschnittene Peaks,
dann wenn die Partikelgesamtkonzentration plétzlich stark ansteigt, ist weniger gravierend als
standig zu kleine Ausgangssignale am Analogausgang. Die Einstellung des Analogausganges
muss fiir die spétere Datenauswertung unbedingt im Messprotokoll festgehalten werden. Bei
der Einstellung des Analogausganges darf ferner der Koinzidenzfehler nicht vergessen werden,
der bei einer Durchflussrate von 1.5 mlmin~' und einer Einstellung des Analogausgangs von
iiber 6000 Partikel pro Sekunde und 10 V Ausgangssignal bereits etwa 8% ausmacht. Der
Start der Messung geschieht im Hauptmenii des Partikelzdhlers unter ‘Messungen /Externer
Start/Stop’ durch Driicken von ‘MES’. Wird die Pumpe ausgeschaltet oder wird ldngere Zeit
Luft gepumpt, sollte der Abakus am Netzschalter ausgeschaltet werden.

Beim spéteren Auswerten wird auch die genaue Durchflussrate benotigt, um die Partikelge-
samtkonzentration in der Einheit Partikelanzahl (>1 pm) pro Milliliter anzugeben. Deshalb
muss mindestens einmal téglich, auf jeden Fall aber bei jeder Anderung am System (auch
vor und nach dem Spiilen), die Durchflussrate in mlmin~! gemessen und festgehalten wer-
den. Insbesondere empfiehlt sich die Messung der Durchflussrate knapp vor und nach dem
Wechsel des Pumpschlauches. Zur Bestimmung der Flussrate geniigt eine Stoppuhr sowie ein
kleiner, praziser Messzylinder oder eine Waage. Der daraus folgende Kalibrierungsfaktor k,
der bei der Auswertung mit dem Rohdatensignal (in V) multipliziert wird, hat die Einheit
Partikelanzahl ml~! V~! und berechnet sich aus der Durchflussrate f in in mlmin~! und der
Einstellung a des Analogausgangs in Partikelanzahls~! (10V)~! wie folgt:

00 (3.5)

m

k=

| e
8

3.4.4 Messung der Partikelgrossenverteilung

Fiir die Messung der Partikelgrossenverteilung ist es sinnvoll, alle zur Verfiigung stehenden
32 Kanéle zu nutzen und die Kanéle logarithmisch auf den Grossenbereich von ca. 0.8 ym bis
ungefihr 12 pm Durchmesser zu verteilen. Da fiir die Auswertung der Grossenverteilungen
der Bereich zwischen 0.8 ym und 5 pum besonders wichtig ist, kann die Kanaldichte hier
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n dy, A, n dp, A, n dn, A, n dp A,
(pm)  (um) (pm)  (um) (pm)  (um) (pm)  (pm)
08 08 |9 18 02 |17 39 04 |25 86 08
09 01 |10 20 02 |18 43 04 |2 95 09
1.0 01 |11 22 02 |19 48 05 |27 105 1.0
1.1 01 |12 24 02 [20 53 05 |28 11.6 1.1
1.2 01 [13 26 02 |21 58 05 |29 128 1.2
13 01 |14 29 03 |22 64 06 |30 141 1.3
14 01 |15 32 03 |23 71 07 |31 156 15
1.6 02 |16 35 03 |24 78 07 |32 oo 00

0 N O Ui Wi

Tabelle 3.1: Kanaleinteilung: Kanalnummer n, Intervallobergrenze d,, und Kanalbreite A,,.

hoher gewihlt werden. Fiir die Dome C Saison 2001/2002 wurden die Kanile geméss Ta-
belle 3.1 eingestellt. Sie weisen konstante logarithmische Grossenintervalle auf, welche al-
le 7 Kanile verdoppelt werden: d,1/d, =~ v/2. Vor der Messkampagne sollten die Spei-
cherparameter des Partikelzéhlers unter ‘Messwertspeicher/Organisation’ wie folgt gesetzt
werden: Datensitze auf ‘1°, Messungen auf ‘1265’. Auch die Uhr muss eingestellt werden:
‘Einstellungen/Geriteeinstellungen/Uhr stellen’. Die Messung wird wie gewohnt gestartet.
Nach der Beendigung der Messung durch Driicken auf ‘STOP’, muss die Grossenverteilung
in den Messwertspeicher geschrieben werden, dazu wird ‘MEM’ gedriickt. Achtung, nicht
versehentlich ‘BACK’ wahlen, dadurch wiirde die Grossenverteilung geloscht, ohne in den
Messwertspeicher geschrieben zu werden. Um ein mdéglichst kontinuierliches Signal der Par-
tikelgesamtkonzentration iiber den Analogausgang zu erhalten, empfiehlt es sich die neue
Messung schon wéihrend den Blank- und Standardmessungen der CFA-Komponenten sowie
wéhrend dem Schmelzen des Milli-Q-Eises laufen zu lassen. Ist die Anzahl der gemessenen
Partikel hoch, so wird die Grossenverteilung der anschliessenden Messung verfilscht. Deshalb
sollte in diesem Fall die Messung beim Ubergang von Milli-Q-Eis auf Probe kurz gestoppt und
nach dem Loschen der bisher aufgenommenen Grossenverteilung sofort neu gestartet werden.
Dies geschieht durch Driicken von ‘STOP’, ‘BACK’, ‘MES’. Das Starten und Stoppen hat
zur Folge, dass der Analogausgang kurz ausgeschaltet wird und je nach Softwareversion auf
Null oder den maximalen Ausgangsspannungswert geht; diese falschen Messwerte konnen bei
der Auswertung problemlos entfernt werden. Vorsicht ist geboten, da sich diese Tastenkom-
bination von derjenigen des Speichervorgangs nur wenig unterscheidet und dort das Driicken
auf ‘BACK’ einen Datenverlust zur Folge hat. Ein &hnliches Vorgehen empfiehlt sich beim
Messende.

Mit Hilfe eines seriellen Kabels kénnen die aufgezeichneten Gréssenverteilungen regelméssig
einmal ausgelesen werden. Dazu wird das Programm ‘Log and Show 2.22m’ gestartet, wel-
ches die Verbindung mit dem Partikelzéhler Abakus aufnimmt. Im Menii ‘Options’ muss
anschliessend ‘Read measuring buffer’ gewahlt werden. Nun koénnen die im Abakus gespei-
cherten Dateien ausgelesen und auf den Computer iibertragen werden.
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Latexpartikel Signal
Durchmesser (pm) (mV)

0.8 84

1 139
2 212
) 571
10 1288
15 2215
25 4066
40 6812
50 8720

Tabelle 3.2: Kennlinie des Partikelsensors vom 12. April 2001.

3.4.5 Kalibrierung

Der Code fiir den Zugriff auf das Kalibrierungsmenii des Partikelzéhlers lautet ‘4123’. Zum
Beispiel kann hier die Rauschspannung, als Mass fiir die permanente elektrische Hinter-
grundstorung, eingestellt werden, welche erfahrungsgemaéss zwischen etwa 60 mV und 200 mV
liegt. Die Rauschspannung unseres Partikelsensors betrug geméss Herstellerangaben bei der
Auslieferung 58 mV. Die Rauschspannung muss so eingestellt werden, dass sie {iber dem
Rauschen des angeschlossenen Partikelsensors liegt. Die Vorgabe der Rauschspannung erfolgt
iiber einen D/A-Wandler, das heisst in Schritten von knapp 10 mV, so dass die tatséchlich
eingestellte Spannung von der eingegebenen um einige Millivolt abweichen kann. Wenn die
Rauschspannung des Sensors nicht bekannt ist, kann ein automatischer Abgleich erfolgen.
Wihrend dem automatischen Abgleich ist unbedingt sicherzustellen, dass sich keine Parti-
kel im Partikelsensor befinden. Am besten stellt man einen Rauschspannungswert ein, der
zwischen dem Mittelwert und dem Maximalwert einiger automatischer Abgleichsmessungen
liegt. Die Kennlinie, welche mit Latexpartikeln ebenfalls vom Hersteller (12. April 2001) auf-
genommen wurde, ist aus der Tabelle 3.2 und der Figur 3.8 ersichtlich. Diese Kennlinie sollte
regelméssig neu aufgenommen werden.

Der Vergleich der Abakus-Messungen mit dem etablierten Coulter Counter Messverfahren
liefert eine recht gute Ubereinstimmung fiir die Partikelgesamtkonzentrationen, jedoch syste-
matische Abweichungen der Grossenverteilung. Zudem hat Urs Ruth festgestellt, dass Feld-
messungen andere Grossenspektren als die Kalibrierungsmessungen im Labor ergaben. Dies
liegt vermutlich daran, dass die kontinuierlichen Partikelmessungen im Feld anders durch-
gefithrt werden als die Einzelmessungen bei der Kalibrierung, was sich in einer unterschied-
lich starken Koagulation der Partikel dussern kénnte; bei der Feldmessung passiert die Pro-
be zwischen dem Schmelzkopf und dem Partikelsensor diverse Schlduche, Pumpschliduche,
Verbindungen, Ventile und Verteilerstiicke. Die Koagulation von Mineralstaubproben ist ein
grundsétzliches Problem, das die Herstellung eines zuverlissigen Standards sehr stark er-
schwert, wenn nicht gar verunmoglicht. Auf jeden Fall sollte nicht irgendeine Partikelsuspen-
sion zur Kalibrierung eingesetzt werden, da die atmosphérisch transportierten Partikel mei-
stens viel kleiner sind und ein anderes Formenspektrum aufweisen. Aus dem gleichen Grund
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Abbildung 3.8: Kennlinie des Partikelsensors vom 12. April 2001.

hat sich auch die Kalibrierung mit Latexpartikeln als unzulidnglich erwiesen, vor allem im
Bereich der ganz kleinen Partikel. Daraus lédsst sich schliessen, dass man fiir eine endgiiltige
Grossenkalibrierung Referenzspektren gemessen an identischem Probenmaterial mit einem
Coulter Counter heranziehen muss.

3.4.6 Weiterentwicklung der Partikelmessung

Eine erste grossangelegte Interkalibrierung wurde kiirzlich an der Universitdt von Grenoble
durchgefiihrt. Dort wurde mit allen innerhalb der EPICA Projekte (Dome C, DML) verwende-
ten Staubmessgeriten zahlreiche identische Proben von verschiedenen klimatischen Perioden
gemessen. Die Auswertung dieser Interkalibration steht noch aus und wird im Rahmen der
Dissertation von Fabrice Lambert weiterverfolgt. Ein erfolgreicher Abschluss dieser Interka-
librierung wird es moglich machen, die zahlreichen aufgenommenen Grossenverteilungen in
Volumen- oder Massenverteilungen umzurechnen und zu interpretieren. Vorerst stehen so-
mit nur hochaufgeléste Daten und Grossenspektren in der Einheit Partikelzahl pro Millili-
ter zur Verfiigung. Methodisch ist es wiinschenswert, zukiinftig die gesamte Steuerung und
Datenerfassung des Partikelzihlers mittels ASCII-Befehlen vom CFA-Messprogramm aus zu
iibernehmen und die laufende Messung auf dem Bildschirm des CFA-Messcomputers darzu-
stellen; dies wird den Messablauf vereinfachen und weniger fehleranféllig machen. Im weiteren
wére eine genaue, automatische und kontinuierliche Messung der Durchflussrate hilfreich. Die
meisten dieser Arbeiten wurden im Rahmen der laufenden DML-Messkampagne von Urs
Ruth in Angriff genommen. Der wichtigste Schritt um die hochaufgeltste, kontinuierliche
Partikelmessung mit dem neuen Partikelmessgerit weiter zu etablieren, wird jedoch die Zur-
verfiigungstellung von einfachen aber genauen Kalibrierungsroutinen sein.
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