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Abstract

ABSTRACT

The ongoing global climate change in the recent years has created an urgent
demand for knowledge about our planet's climatic system. Given that it redistrib-
utes heat and moisture on a global scale, ocean circulation is a key player in the
Earth's climate system. In addition, continental weathering conditions and subse-
quent weathering inputs to the oceans also carry valuable information about the
variability of the climate. Thus, reliable evaluations and predictions of present-day
and future changes of the Earth's environment, respectively, ask for reliable recon-
structions of past variations.

The past and present variability of ocean circulation and weathering inputs
can be reconstructed from the geochemical composition of seawater and marine
sediments. Among other proxies, the radiogenic isotope compositions of neodymi-
um (Nd), hafnium (Hf) and lead (Pb) have been applied to reliably trace variations
in the ocean that have been related to climate change. However, not all mecha-
nisms and processes governing the geochemical cycling and redistribution of these
isotopes are understood in sufficient detail. In order to improve the understanding
of some of these mechanisms, the subject of the studies presented in this thesis are
the evolution of the radiogenic isotopes of Nd, Hf and Pb in the hydrosphere from
the first release into solution during continental weathering via the cycling in pre-
sent day seawater to the marine sediments, where the information about variations

in past ocean circulation and weathering inputs is stored.

The reconstruction of variations in past weathering intensities using Nd, Hf
and Pb isotope compositions are primarily based on differences in incongruent
weathering processes between these isotope systems during the weathering of
rocks. Accordingly, the Nd, Hf and Pb isotope signatures released during weather-
ing are the result of both the distinct isotope compositions of the rock-forming
minerals and their relative abundances as well as differences in their resistance to
dissolution. To date, however, there has not been a comprehensive experimental
investigation of these processes. Chapter 3 of this thesis provides first combined,
quantitative experimental evidence for the impact of the mineralogy of granitic
rocks on incongruent weathering of Nd, Hf and Pb isotopes. The experimental data
suggest that preferential dissolution of labile accessory minerals, in particular apa-
tite and sphene, dominate the release of radiogenic Nd, Hf and Pb during weak
chemical weathering. Nevertheless, under incipient weathering conditions Pb iso-
tope signatures, contrary to expectations, show congruent release of Pb from freshly
exposed mineral surfaces. During more intense chemical weathering, as well as en-

hanced physical weathering conditions, the dissolution of major minerals (e.g. feld-
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spars) becomes dominant for Nd and Pb isotope signatures resulting in isotope
compositions similar to those of the bulk rocks. Hafnium isotopes, on the other
hand, are still overprinted by contributions from more radiogenic minerals under
more intense weathering conditions. Leaching experiments of zircon separates were
performed to test the specific role of zircons for Hf isotope compositions of weath-
ering solutions. It is demonstrated that zircons are more efficiently dissolved when
physical weathering is enhanced. The increased Hf release from partial zircon disso-
lution, however, is not large enough to explain less radiogenic Hf isotope signatures
in seawater during climatic episodes of enhanced mechanical erosion. Moreover,
observed additions of Hf from the more congruent dissolution of the zircon-free
fractions due to increased physical weathering indicate that the latter minerals also
play an important role in controlling Hf isotope signatures released during chang-
ing physical weathering conditions.

When the weathering solutions reach the oceans, the isotope compositions
released from the weathered rocks are added to the mixture of local and advected
water masses. In recent years the direct measurement of dissolved Nd and Hf con-
centrations and isotope compositions in seawater has become a standard chemical
oceanographic tool for the estimation of water mass mixing ratios and the impact of
local weathering inputs. In this thesis, surface- and deep-water masses from the Bay
of Biscay were analyzed for combined Nd and Hf concentrations and isotope com-
positions together with Rare Earth Element (REE) concentrations (chapter 4). Sub-
surface Eastern North Atlantic Central Water (ENACW) shows a distinct Nd isotope
composition of eng = -12.0 at the southwestern most station and is significantly di-
luted on its way along the European margin by mixing with more radiogenic waters
from above and below. Furthermore, the Nd isotope data clearly show the declining
influence of radiogenic Mediterranean Outflow Water (MOW; eng = -10.1) at inter-
mediate depths on its way north as it is diluted with ENACW. It is demonstrated
that only 40% to 60% of MOW still present at the Galician margin arrives at sta-
tions further north along its pathway. A potentially temporal feature of Nd isotope
changes in MOW is identified when comparing the results of this study with those
of earlier studies from the same area, which possibly reflects the meandering flow
path of MOW. Higher proportions of MOW-like Nd signatures are also manifested
in elevated Nd and Hf concentrations likely originating from increased terrestrial
inputs to the Mediterranean Sea and are then transported as far as the Galician
margin. The deep-water Nd isotope signatures in the Capbreton region strongly
suggest exchange with local shelf sediments. In contrast, the Hf isotope composi-
tions of all water masses of the Bay of Biscay are generally overprinted by local in-
puts and do not reflect the mixing of respective water masses.
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In chapter 5 the reconstruction of past changes in ocean circulation and con-
tinental weathering inputs since the Mid-Miocene is presented using combined
seawater radiogenic Hf and Nd isotope compositions extracted from bulk sediment
leachates and foraminifera of Site 1088, ODP Leg 177, 2082 m water depth on the
Agulhas Ridge. Due to its intermediate water depth the sediments of this core sensi-
tively recorded changes in admixture of North Atlantic Deep Water (NADW) to the
Antarctic Circumpolar Current (ACC) as a function of the strength of the Atlantic
Meridional Overturning Circulation (AMOC). Nd isotope compositions range from
end = -7 to -11 with glacial values generally 1 to 3 eng-units more radiogenic than dur-
ing the interglacials of the Quaternary. The data reveal episodes of significantly in-
creased AMOC strength during the late Miocene and Pliocene warm periods where-
as peak radiogenic eng values mark a strongly diminished AMOC during the major
intensification of Northern Hemisphere Glaciation near 2.8 Ma and during the gla-
cials of the Pleistocene after 1.5 Ma. In contrast, the Hf isotope compositions docu-
ment a long-term transition in dominant weathering inputs, in that inputs from
South America were replaced by sources from Southern Africa. Moreover, peak ra-
diogenic values provide evidence for the supply of radiogenic Hf originating from
Patagonian rocks to the Atlantic sector of the Southern Ocean via dust inputs.




Kurzzusammenfassung

KURZZUSAMMENFASSUNG

Der rasante Klimawandel der vergangenen Jahre stellt hohe Anforderungen
an die Erforschung der grundliegenden Prozesse des Klimas auf unserer Erde. Die
Ozeanzirkulation spielt eine wesentliche Rolle bei der Verteilung von Warmeener-
gie und Feuchtigkeit auf globalen Skalen und ist deshalb einer der Schliisselfaktoren
in unserem Klimasystem. Weiterhin spiegeln die Verwitterungsbedingungen und
deren Eintrage in die Meere die Veranderungen in den klimatischen Bedingungen
auf den Kontinenten wider. Um verlassliche Aussagen iiber momentane wie auch
zukiinftige Verdanderungen der Umwelt auf unserem Planeten treffen zu konnen,
sind zuverlassige Rekonstruktionen vergangener Verdanderungen unseres Klimas

unerlasslich.

Die gegenwartige sowie vergangene Verdnderlichkeit von Ozeanzirkulation
und Verwitterungseintragen wird meist mit Hilfe der geochemischen Zusammen-
setzung von Meerwasser oder mariner Sedimente rekonstruiert. Neben anderen
Proxies, hat sich die Anwendung der Isotopenverhaltnisse von Neodym (Nd), Haf-
nium (Hf) und Blei (Pb) bei der Darstellung von mit dem Klimawandel zusammen-
hangenden Variationen im Meer bewahrt. Jedoch sind bis dato nicht alle Mecha-
nismen und Prozesse, welche die geochemischen Kreisldufe und Umverteilung die-
ser Isotope beeinflussen, vollstandig erforscht. Die Forschungsergebnisse, die in den
einzelnen Kapiteln dieser Arbeit prasentiert werden, sollen zum besseren Verstand-
nis einiger dieser Mechanismen und Prozesse beitragen. Dabei wird die Entwick-
lung der radiogenen Isotope von Nd, Hf und Pb in der Hydrosphare vom erstmali-
gen Losen durch die kontinentale Verwitterung tiber die Zirkulation im heutigen
Meerwasser bis hin zur Sedimentation am Meeresboden, wo die Information tiber
vergangene Veranderungen der Ozeanzirkulation und Verwitterungseintrage ge-
speichert ist, beleuchtet.

Rekonstruktionen von Verwitterungsintensitdten in der Vergangenheit mit
Hilfe von Nd, Hf und Pb Isotopenzusammensetzungen stiitzen sich hauptsachlich
auf Unterschiede in den inkongruenten Verwitterungsprozessen dieser Isotopensys-
teme wahrend der Zersetzung des Gesteins. Dementsprechend sind die Isotopenzu-
sammensetzungen von Nd, Hf und Pb, die wihrend der Verwitterung freigesetzt
werden das Resultat von einerseits der spezifischen Isotopenzusammensetzung der
gesteinsbildenden Minerale und deren relative Haufigkeit und andererseits ihrer
Bestandigkeit gegeniiber Verwitterung. Bislang gibt es jedoch keine eingehenden
Untersuchungen dieser Prozesse mit Hilfe von Experimenten. In Kapitel 3 werden
erste experimentelle Beweise fiir den Einfluss der Mineralogie granitischer Gesteine
auf die inkongruente Verwitterung von Nd, Hf und Pb Isotopen dargestellt. Die Er-
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gebnisse deuten darauf hin, dass die bevorzugte Zersetzung von labilen Spurenmi-
neralen, besonders Apatit und Titanit, die Freisetzung von radiogenem Nd, Hf und
Pb bei schwacher chemischer Zersetzung tiberwiegt. Wider Erwarten zeigen Pb Iso-
topenzusammensetzungen bei beginnender Verwitterung jedoch eine kongruente
Freisetzung von Pb aus frisch exponierten Mineralflichen. Unter intensiverer che-
mischer Zersetzung, sowie bei erhohter physikalischer Verwitterung, dominiert die
Auflésung der Hauptminerale (z.B. Feldspate) die Nd und Pb Isotopensignaturen,
was in einer Isotopenzusammensetzung dhnlich der des Gesamtgesteins resultiert.
Hf Isotope werden hingegen selbst unter intensiven Verwitterungsbedingungen
noch von den Einfliissen radiogenerer Minerale geprdagt. Um die spezifische Rolle
von Zirkonen fiir die Hf Isotopenzusammensetzung zu ermitteln, wurden Zerset-
zungsexperimente mit Zirkonseparaten durchgefiihrt. Dabei wurde festgestellt, dass
bei intensiver physikalischer Zerkleinerung die Zirkone effizienter angelost werden.
Die erhohte Hf Freisetzung aus der partiellen Auflésung von Zirkonen ist jedoch
nicht grof genug um die weniger radiogene Hf Isotopenzusammensetzungen von
Meerwasser zu erklaren, die wahrend klimatischen Phasen mit erhohter mechani-
scher Verwitterung beobachtet wurde. Die erh6hte Beimengung von Hf aus der
kongruenteren Verwitterung der Zirkon-freien Fraktionen unter erhohter physikali-
scher Beanspruchung hingegen, weist darauf hin, dass diese Mineralfraktion eben-
falls eine wichtige Rolle fiir die Hf Isotopenzusammensetzungen der Verwitterungs-
l6sungen unter veranderlichen physikalischen Verwitterungsbedingungen spielt.

Erreichen diese Verwitterungslosungen den Ozean, vermengen sich deren
Isotopenzusammensetzungen mit denen der dort vorhandenen Wassermassen. In
den vergangenen Jahren hat sich die direkte Messung der gelosten Nd und Hf Kon-
zentrationen und Isotopenzusammensetzung im Meerwasser als chemisches Stan-
dardwerkzeug der Ozeanographie durchgesetzt, um Wassermassenmischungsver-
haltnisse und lokale Verwitterungseintrage zu bestimmen. In dieser Arbeit wurden
die Hf und Nd Konzentrationen und Isotopenzusammensetzungen zusammen mit
den Seltenen Erden Element (REE) Konzentrationen von Oberflaichen- und Tiefen-
wasser aus der Biskaya analysiert (Kapitel 4). Eastern North Atlantic Central Water
(ENACW) weist dabei eine spezifische Nd Isotopenzusammensetzung von eng = -
12.0 in der stidwestlichsten Station auf und wird auf seinem Weg entlang der Iberi-
schen Halbinsel mit radiogenerem Wasser verdiinnt. Aufderdem demonstrieren die
Nd Isotopen Daten den sich in Stromungsrichtung verringernden Einfluss von radi-
ogenerem Mediterranean Outflow Water (MOW; eng = -10.1) im Zwischenwasser, da
es auf seinem Weg Richtung Norden mit ENACW verdiinnt wird. Es wird aufge-
zeigt, dass lediglich 40% bis 60% des sich am Galizischen Schelf befindlichen MOW
die weiteren Stationen seines Verlaufs erreichen. Des weiteren wurde ein vermut-

lich tempordres Merkmal der Nd Isotopenveranderung des MOW durch den Ver-
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gleich der Ergebnisse dieser Studie mit denen einer fritheren Studie desselben Ge-
biets identifiziert. Dieses Merkmal stellt wahrscheinlich den maandrierenden Fluss
des MOW dar. Hohere MOW Anteile werden ebenfalls durch erhohte Nd und Hf
Konzentrationen widergespiegelt und stammen vermutlich von erhohten terrestri-
schen Eintrdgen in das Mittelmeer. Die Tiefenwasser Nd Isotopensignaturen in der
Capbreton Region weisen stark auf einen Austausch mit den Schelfsedimenten hin.
Die Hf Isotopenzusammensetzung aller Wassermassen in der Biskaya hingegen sind
generell von lokalen Eintragen iiberpragt und reflektieren nicht die Mischungsver-

haltnisse verschiedener Wassermassen.

In Kapitel 5 wird die Rekonstruktion von Verdnderungen der Ozeanzirkula-
tion und kontinentaler Verwitterungseintrage seit dem mittleren Miozan beschrie-
ben. Dies geschieht mit Hilfe von der Kombination von Nd und Hf Isotopenzu-
sammensetzungen des ehemaligen Meerwassers, die aus marinen Sedimenten von
der ODP Site 1088 vom Agulhas Riicken extrahiert wurden. Aufgrund ihrer Lage in
einer mittleren Tiefe zeichneten die Sedimente dieses Bohrkerns die Veranderun-
gen in der Beimischung von Nordatlantischem Tiefenwasser (NADW) zu den Was-
sermassen des Zirkumantarktischen Stroms (ACC) als eine Funktion der Starke der
Atlantischen Meridionalen Umwalzungsbewegung (AMOC) auf. Die Nd Isotopen-
zusammensetzungen der Sedimente des Agulhas Riickens variieren zwischen exg = -
7 und -11, wobei glaziale Werte generell 1 bis 3 eng-Einheiten radiogener sind als die
Werte der Interglaziale im Quartar. Weiterhin lassen die Daten Episoden erhohter
AMOC Starke wahrend den Warmphasen des spaten Miozdns und Pliozans erken-
nen, wohingegen radiogene eng-Maxima stark verringerte AMOC Intensititen wah-
rend der Intensivierung der Vereisung der Nordhemisphdare (2.8 Ma) und wahrend
der Glaziale des Pleistozdns nach 1.5 Ma markieren. Die Hf Isotopenzusammenset-
zung hingegen dokumentiert eine langfristige Umstellung der dominanten Verwit-
terungseintrage in sofern, dass Eintrage von Siidamerika durch Eintrage aus dem
sidlichen Afrika ersetzt werden. Weiterhin belegen ep-Maxima die Zulieferung von
radiogenem Hf, welches durch Staubeintrdge aus Patagonien in den atlantischen
Sektor des Siidozeans gelangte.
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1 Introduction

1.1 Ocean circulation, climate and weathering

The interior of the oceans is stratified resulting in distinctive water masses
caused by differences in their heat and salinity contents. These differences are the
main drivers of the thermohaline circulation also described as the "global conveyor
belt" (Broecker 1991). Predominantly in the polar regions colder or more saline bod-
ies of water sink to form deep-waters flowing towards the equator. Examples for
deep-water masses are North Atlantic Deep Water (NADW), which forms in the
high northern latitudes of the Atlantic, Antarctic Bottom Water (AABW) and Cir-
cumpolar Deep Water (CDW), which are formed around the Antarctic continent.
The surface ocean, in contrast, is mainly affected by interactions with the atmos-
phere, such as heat, moisture, gas exchange, and wind stress. These surface ex-
change processes represent direct interactions between ocean circulation and global
climate, whereas the deep ocean water masses, being the main reservoir of climate
sensitive greenhouse gases, influence climate indirectly. These direct and indirect
interactions suggest that for example variations in ocean circulations cause changes
in global climate. In particular, the redistribution of heat and moisture from lower
to higher latitudes via ocean currents (e.g. Gulf Stream) has been shown to have a
significant impact on local and global climate (e.g. Haug and Tiedemann 1998).
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Figure 1.1: Salinity profile (A) through the Atlantic Ocean including schematic water masses and their
direction of flow as part of the Atlantic Meridional Overturning Circulation (NADW: North Atlantic
Deep Water; MOW: Mediterranean Outflow Water; NEACW: Northeast Atlantic Central Water; AAIW:
Antarctic Intermediate Water; CDW: Circumpolar Deep Water; AABW: Antarctic Bottom Water). (B)
Simplified global thermohaline circulation pathways. Yellow areas represent regions of deep-water
formation; red path segments: near-surface ocean circulation; blue path segments: deep-water circula-
tion; and purple path segments: bottom currents. The surface salinity gradient is also represented by
the color scheme decreasing from green to light blue to blue. Figure from Rahmstorf (2002).

One of the main parts of the global conveyor belt is the so-called Atlantic
Meridional Overturning Circulation (AMOC; Figure 1.1). Southward flowing NADW
is counterbalanced by northward moving water masses from the Southern Ocean
such as AABW, CDW and Antarctic Intermediate Water (AAIW) at different depth
levels of the Atlantic Ocean. The Agulhas leakage originating from the Indian
Ocean is the main source of warm and salty waters advected to the subpolar North
Atlantic as the upper limb of the AMOC (Biastoch et al. 2008) and representing the
only mode of a net energy transfer from the Southern to the Northern Hemisphere
(Hall and Lutjeharms 2011). Consequently, in agreement with the above-mentioned
impact of ocean circulation on global climate, past variations in water mass supply
from the Southern and Indian Oceans to the Atlantic Ocean, as well as advection of
water masses from the North Atlantic to the Southern Ocean reflect climate evolu-
tion on glacial-interglacial timescales (e.g. Rutberg et al. 2000; Piotrowski 2005; Yu
et al. 2016).
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Accordingly, the AMOC has been suggested to have operated at a shallower
and possibly more sluggish mode during glacials and was likely shut off almost en-
tirely during Heinrich-events (Figure 1.2; Rahmstorf 2002; B6hm et al. 2015).

On even longer timescales, before the intensification of Northern Hemi-
sphere glaciation, a strong thermohaline circulation in the Atlantic, however, was
most likely active during periods of early Pliocene warmth (e.g. Raymo et al. 1996;
Billups 2002), which may have acted as a precondition for the onset of Northern
Hemisphere glaciation 2.7 million years ago due to the persistent transport of mois-
ture to the high northern latitudes (e.g Haug & Tiedemann 1998; Bartoli et al. 2005).

a Warm mode Seaice Cold mode Seaice c Off mode lceberg discharge

Depth (km)

——TTT S S LA e S ——
30°S 0° 30°N 60° N 30°S 0° 30°N 60° N K X 30°N
Latitude Latitude Latitude

Figure 1.2: Schematic representation of different operation modes of AMOC in relation to climatic
stages (here in the North Atlantic). Mode (a) represents the modern or interglacial warm mode with a
deep and vigorous overturning circulation. In contrast, during glacials the AMOC operated in a shal-
lower more sluggish cold mode (b) or even halted during particular Heinrich Events (c). Modified from
Rahmstorf (2002).

The waxing and waning of continental ice shields, in turn, has had a pro-
nounced influence on regional climate and weathering conditions (e.g. Vance and
Burton 1999; Gutjahr et al. 2009, 2014; Kurzweil et al. 2010). Furthermore, global
climate has also been strongly affected by weathering rates of silicate rocks on tec-
tonic time scales as chemical weathering draws down CO, from the atmosphere
influencing the oceanic carbon cycling (e.g. Berner et al. 1983; Raymo and
Ruddiman 1992). Moreover, weathering intensities on the continents exert strong
influence on the abundance of nutrients in the ocean and can in this way create
climatic feedbacks when marine organic carbon sequestration was being increased
(e.g. Broecker 1982; Sigman and Boyle 2000; Hain et al. 2010). Hence monitoring the
variability of continental weathering regimes provides valuable information about

past climatic conditions on the continents.

Considering the current need for the understanding of the earth's climate
system it is essential to have an accurate knowledge of present and past variations
of ocean circulation and weathering conditions on the continents. In most cases the

reconstruction of these variations is based on proxies recorded in marine archives.
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1.2 Radiogenic isotopes as tracers of present and past ocean circulation and
terrestrial weathering

121 Neodymium isotopes as tracers of ocean circulation

Present ocean circulation is traced using conservative water mass properties
such as salinity, potential temperature or oxygen and nutrient content. In addition
to these classical water mass tracers, another group of geochemical proxies has
gained significant attention as tracers of ocean circulation and weathering - radio-
genic isotopes. One major advantage of these indirect proxies is that, in contrast to
the classical water mass tracers, their variations are recorded in marine sediments
and thus permit the reconstruction of changes in ocean circulation and weathering
in the past.

Ideally tracers of ocean circulation should comply with the following re-

quirements:

(1) The residence time of the tracers has to be on a similar scale as the global
overturning circulation (1500 years; Broecker and Peng 1983) allowing long distance
transport of deep water mass signatures but preventing complete homogenization.

(2) The dominant sources of the tracers are well known and deliver spatially
distinct signatures to the ocean. Water masses thus should be clearly distinguisha-
ble by their isotope signature and their mixing can be traced quasi-conservatively.

(3) Non-conservative inputs and fractionation processes are negligible or can
be evaluated on a site-by-site basis.

Radiogenic neodymium (Nd) isotopes have been shown to be potentially
ideal tracers of past (and present) ocean circulation in numerous studies (for a
review see Frank 2002). With the average residence time of Nd in the order of sev-
eral hundreds to about 2,000 years (e.g. Frank 2002 and references therein), Nd iso-
tope signatures that are transferred to seawater from continental inputs at a partic-
ular site can be traced along the entire global overturning circulation system. For
example, the two major deep-water end-members in the Atlantic Ocean NADW and
Pacific-influenced water masses (AABW, AAIW and CDW) have pronouncedly dif-
ferent radiogenic Nd isotope signatures. These differences are based on the distinct
Nd isotope signatures of the rocks of the continents surrounding these water mass-
es.

Furthermore, in contrast to traditional tracers such as stable carbon isotopes
(62C) or Cd/Ca ratios biological processes do not affect radiogenic Nd isotope com-

10
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positions significantly. Therefore, variations in seawater Nd isotope signatures are
principally driven by conservative mixing of water masses and to a lesser extent by
non-conservative (local) inputs, such as exchange with the sediments, the dissolu-
tion of sinking particles and adsorption-desorption processes (Lacan and Jeandel
20054, 2005b; Carter et al. 2012; Rickli et al. 2014). These processes, however, can be
assessed by evaluation of regional input systems, which is subject of this thesis.

1.2.2  Hafnium and lead isotopes as tracers of continental weathering inputs

There are radiogenic isotope systems that are sensitive to changes in conti-
nental weathering rates and regimes. The temporal and spatial distribution and
changes of radiogenic Hf and Pb isotopes for example are potential oceanic proxies
to track changes of continental weathering regimes. This is based on the fact that
different rock forming minerals with distinct Hf and Pb isotope compositions are
differently susceptible to weathering (e.g. Erel et al. 1994; von Blanckenburg and
Nagler 2001; van de Flierdt et al. 2002; Bayon et al. 2006; Crocket et al. 2013). In con-
trast to Nd and other proxies of continental weathering (such as Sr or Os isotopes),
the residence times of Hf and Pb in the oceans are relatively short (Henderson and
Maier-Reimer 2002; Rickli et al. 2009; Stichel et al. 2012), thus limiting the applica-
tion as water mass tracers but enabling reconstructions of short-term and regional
variations in weathering. Although, Hf and Pb have been applied as marine proxies
of continental weathering intensities their exact behavior during weathering pro-
cesses is not entirely understood and is one of the main topics of this thesis.

1.3 Geochemistry of Sm-Nd, Lu-Hf and U-Th-Pb in the solid Earth

The term "radiogenic" implies the generation of an isotope by radioactive de-
cay. The radiogenic isotope “*Nd is produced via a-decay of the radioactive isotope
“7Sm with a half-life of 1.18x10" years (Kinoshita et al. 2002). Consequently, the
abundance of "®*Nd in a rock is constantly growing (at a very small rate) depending
on the abundance of the radioactive parent isotope "*’Sm that leads to measurable
differences in the budget of "*Nd. Since these differences are very small they are

commonly given in the dimension-free e-notation:

/Abundance of primordial isotope)

Abundance of radiogenic isotope
(De= ( sample _ 1) %10,000.

Abundance of radiogenic isotope
( /Abundance of primordial isotope)CHUR

whereby in the case of radiogenic Nd isotopes the primordial isotope is natu-
rally occurring Nd and the ratio of the Chondritic Uniform Reservoir
(**Nd/"**Nd)cnur has a modern value of 0.512638 (Jacobsen and Wasserburg 1980).

11
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The radiogenic isotope "7°Hf is the product of the p-decay of the radioactive
isotope °Lu with a half-life of 3.7 x 10" years (Hult et al. 2014). Analogous to Nd,
the ingrowth and variation of radiogenic 7°Hf is also commonly presented in the &-
notation (1) with the primordial isotope being ““Hf and the ratio of CHUR
(‘7°Hf/"77Hf)cxur having a modern value of 0.282785 (Bouvier et al. 2008).

In the case of Pb there are three radiogenic isotopes **°Pb, *’Pb and ***Pb
that are the stable end products of the decay series of the respective parent isotopes
38, 25U and **Th with half-lives of 4.5x10°%, 0.7x10° and 14.01x10° years (Steiger and
Jager 1977), respectively. Abundances of radiogenic Pb isotopes are usually normal-
ized to primordial ***Pb.

During the differentiation of the Earth's crust from the mantle and the for-
mation of silicate rocks from magma or partial melts Nd, Hf and Pb as well as Sm,
Lu, U and Th are fractionated according to their ability to substitute for a major
element in the lattice of minerals. This so-called compatibility is based on the simi-
larity of ionic radii and oxidation state of major element and substituent. Samarium,
Nd and Lu all belong to the group of the Rare Earth Elements (REEs) showing very
similar chemical behavior, valence states and ionic radii. Nevertheless, in the case of
the Sm-Nd system Nd is somewhat less compatible than Sm leading to high Sm/Nd
ratios in minerals with early crystallization behavior (retained in the mantle) and
low Sm/Nd ratios in minerals that crystallize from depleted melts (migrating to the
crust). Similarly, Hf is less compatible than Lu, leading to an analogous behavior of
Lu/Hf ratios and Sm/Nd ratios. Since the compatibilities of Lu and Hf differ more
than those of Sm and Nd, the former are fractionated to a comparatively greater

extent.

Uranium and Th behave geochemically relatively similarly and are concen-
trated in the liquid phase during differentiation. Therefore, they are preferentially
migrating into the Earth's crust. The fact that the radioactive parent isotopes are
enriched in the crust and depleted in the mantle explains higher abundances of ra-
diogenic Pb in the rocks of the continental crust and unradiogenic compositions in
the rocks derived from the mantle (Figure 1.3A). The opposite is true for Sm-Nd and
Lu-Hf, for which the parent isotopes are depleted in the crust and enriched in the
mantle (Figure 1.3B). Therefore, the rocks of the continental crust (especially old
cratons that have already lost a significant amount of the parent isotopes due to
decay) are characterized by unradiogenic Nd and Hf compositions (low eng and epf).
In contrast, young volcanic rocks of mantle origin (Ocean island basalts or similar)
have higher abundances of radiogenic Nd and Hf (high enq and epg).

12
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Figure 1.3: Schematic evolution of A: Pb isotopes and B: Nd and Hf isotopes over time.

Average concentrations of U and Th in the common rock-forming minerals
are uniformly low while they are enriched in accessory minerals such as zircon,
monazite, apatite, sphene etc. (Faure and Mensing 2005). The REEs, on the other
hand, are present as constituents of accessory minerals as well as in trace amounts
in the major rock-forming minerals. Different minerals, however, tend to show dis-
tinct selectivity for different groups of REE. Apatite or feldspar for example tend to
concentrate the light REEs (including Nd and Sm) while zircon, pyroxene and gar-

nets tend to incorporate heavy REEs.

In particular, zircons are of fundamental importance for the Lu-Hf isotope
system. Due to the fact that Hf is a chemical twin element of Zr (the main constitu-

13
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ent of zircon), Hf is highly enriched in zircon minerals (up to 2 wt%). Compared to
Hf, the REE Lu is relatively rare in zircon leading to low Lu/Hf ratios and thus un-
radiogenic Hf isotope compositions of these minerals.

1.4 Geochemistry of Sm-Nd, Lu-Hf and U-Th-Pb during weathering

As described above, geochemical processes in the Earth's interior have pro-
duced rocks with distinct isotope compositions depending mainly on the time of
extraction from the Depleted Mantle (DM) or remelting of already differentiated
material. When those rocks are exposed to weathering processes their minerals are
dissipated according to their chemical resistance, which can lead to differences be-
tween isotope compositions of the host rocks and weathering fluids.

In the Sm-Nd system, parent and daughter isotopes are chemically similar
and therefore variations of Sm/Nd between different minerals are rather small. This
leads to relatively congruent weathering outputs. The Lu-Hf and U-Th-Pb systemat-
ics, on the other hand, produce parent to daughter isotope ratios that vary largely
between different minerals. Since the weathering resistance of the different miner-
als differs, the result is a largely incongruent behavior of Hf and Pb isotope compo-
sitions when these minerals are exposed to weathering. Thus these isotope systems

are sensitive to changes in weathering conditions.
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Figure 1.4: Cross-plot of Hf and Nd isotope compositions displaying the distinct systematics of terres-
trial rocks (terrestrial array; Vervoort et al. 1999) and seawater (seawater array; Albaréde et al. 1998).

When comparing the Sm-Nd and Lu-Hf isotope systems in seawater and
rocks (Figure 1.4) the two isotope systems behave relatively similar in igneous rocks
due to their similar fractionation behavior during the formation of the rocks. The
"seawater array" (Albaréde et al. 1998), on the other hand, is shifted towards more
radiogenic Hf isotope compositions in comparison with that of the igneous rocks
(Vervoort et al. 1999) and clearly displays the incongruent behavior of Hf isotopes
during continental weathering (van de Flierdt et al. 2007). The important role of
zircon minerals for this relationship was described as the "zircon-effect” (White et
al. 1986), which is based on the fact that zircons are highly resistant to chemical
weathering and therefore retain a significant fraction of the host rock’s (unradio-
genic) Hf during release to solution. Based on these assumptions excursions of ma-
rine Hf isotope signatures to more radiogenic values for a given Nd isotope compo-
sition coinciding with enhanced glacial activity on the continents has been associat-
ed with changing weathering regimes due to the more efficient Hf release from
physically ground zircon minerals (Piotrowski et al. 2000; van de Flierdt et al. 2002;
Dausmann et al. 2015). More recent studies, however, point out that for the oceanic
budget an easily accessible source of more radiogenic Hf (for example apatites) may
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also play an important role for the formation of the systematic variations in ep-éng
space (Bayon et al. 2006, 2009; van de Flierdt et al. 2007; Chen et al. 2011, 2013).

In the case of radiogenic Pb the decay of the parent isotopes via the interme-
diate daughter isotopes causes radiation damage to the crystal structure of a miner-
al. This leaves the radiogenic daughter isotopes more mobile at mineral boundaries
than non-radiogenic ***Pb. This fact raised the hypothesis that during weathering
radiogenic isotopes of Pb are released more easily and that this is the reason for Pb
isotope compositions of weathering solutions and finally seawater differing largely
from those of the source rocks (e.g. Erel et al. 1994; von Blanckenburg and Nagler

2001).
1.5 Geochemistry of Sm-Nd, Lu-Hf and U-Th-Pb in the ocean

The principal source of Nd, Hf and Pb in the ocean is the input originating
from the weathering of continental material (e.g. Frank 2002). Riverine inputs may
transport Nd, Hf and Pb in particulate or dissolved form, adsorbed to particles or as
colloids. Atmospheric transport of dust particles from the continents to the oceans
also delivers significant amounts of Nd, Hf and Pb as these particles dissolve direct-
ly in seawater. Thereby, again, Hf isotopes are fractionated due to the different
weathering resistance of the dust minerals, which may also have experienced some
sorting during weathering and transport prior to their arrival in the surface waters,
as has been demonstrated by analyses of dust inputs to the Eastern Atlantic (Rickli
et al. 2010) and in the frame of leaching experiments (Chen et al. 2013).

Another important source of Nd and Hf (and presumably Pb) is the direct
input from the sea floor via dissolution and exchange processes at the ocean-
rock/sediment interface (termed boundary-exchange; Lacan and Jeandel 2005b).
These non-conservative inputs (boundary exchange) have been shown to be im-
portant close to the sea-floor or continental margins (e.g. Rickli et al. 2009, 2014;
Carter et al. 2012) and modeling experiments have indicated that this source may be
at least as important as riverine inputs (Arsouze et al. 2009; Rempfer et al. 20m1).

Furthermore, the direct input of radiogenic isotopes at hydrothermal vent
sites has been under debate for a long time. For Nd this source, however, has been
shown to be of only minor importance as it is removed from the water-column close
to the vent sites (German et al. 1990; Halliday et al. 1992). Hafnium and Pb isotope
budgets have been suggested to be at least locally affected by hydrothermal inputs
(White et al. 1986; Barrett et al. 1987; Bau and Koschinsky 2006) but these sources
are probably not significant for the global oceanic Hf budget (Chen et al. 1986; van
de Flierdt et al. 2007).
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When introduced into seawater the concentrations of Nd, Hf and Pb are af-
fected by reversible scavenging and advection with water masses to variable extents.
Caused by the tendency of these elements to adsorb to sinking particles reversible
scavenging is not only responsible for the residence time of these elements in sea-
water (and thus their maximum travel ranges) but also their vertical distribution.
Consequently, concentrations of Nd, Hf and Pb in seawater are typically high in
regions of low scavenging rates (e.g. deep open oceans) and low at the ocean surface
where scavenging rates are high.

Seawater is labeled with the Nd isotope compositions of the source rocks at
the ocean margins and these are then advected with the water masses along the
global conveyor belt. The predominantly old and thus unradiogenic continental
rocks present in the North Atlantic region, for instance, are responsible for the rela-
tively unradiogenic Nd isotope composition of NADW, while the young mantle-
derived Ocean Island Basalts surrounding the Pacific lead to relatively radiogenic
Nd isotope compositions in this ocean basin. Hafnium and Pb, on the other hand,
are scavenged even more efficiently than Nd (e.g. Rickli et al. 2009) and therefore
lose their distinct isotope signatures much faster when advected over larger dis-

tances.

In the open ocean, as outlined above, the particle reactive elements show a
nutrient-like vertical distribution due to reversible scavenging, i.e. the adsorption to
and incorporation into particles at the surface, sinking and partial redissolution in
greater depth (e.g. Siddall et al. 2008). Neodymium, Hf and Pb are removed from
the water column with the particles, they are adsorbed to or are coprecipitated with
Fe-Mn oxihydroxides forming encrustations of sediment grains, test fragments or
rock surfaces (e.g. Koschinsky and Halbach 1995).

1.6 Major research goals

1.6.1  Origin of incongruent behavior of radiogenic isotopes during continental
weathering processes

The decoupling of isotope signatures of Nd and Hf in seawater has previously
been shown to be mainly caused by processes occurring during the weathering of
continental rocks (e.g. van de Flierdt et al. 2007; Chen et al. 2013). Similarly, it has
been demonstrated that radiogenic Pb isotope compositions of weathering solu-
tions vary significantly over time when weathering conditions are changing (e.g.
Erel et al. 1994, 2004; von Blanckenburg and Nagler 2001). However, the exact
mechanisms releasing distinct isotope signatures to weathering solutions is not
characterized sufficiently. Understanding how these dissolution processes work,
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nevertheless, is essential when relating combined Nd-Hf isotope data of modern
and paleoceanographic studies to present and past continental weathering condi-
tions. The particularly important role of differential weathering of both very re-
sistant minerals (such as zircon) as well as very reactive minerals (such as apatite)
has already been suggested in earlier studies (Bayon et al. 2006; Rickli et al. 2013,
2017). This thesis aims to test these hypotheses under different experimental set-
tings, simulating different weathering conditions with a particular focus on the ef-
fect of glacial activity on the continents.

1.6.2  Conservative and non-conservative processes governing the distribution of Nd
and Hf in seawater

The application of Nd and Hf isotopes as tracers of past ocean circulation is
based on understanding the cycling and input mechanisms of Nd and Hf in the
modern ocean. Ideally the two elements are delivered to the oceans solely from con-
tinental weathering and would then be conservatively mixed with the water masses.
Earlier studies, however, have suggested that other non-conservative processes can
significantly alter local Nd and Hf isotope distributions in seawater and therefore
obscure the advected information. To this end it is necessary to evaluate, on a site-
by-site basis, to which degree Nd and Hf isotope variability can be ascribed to
changes in ocean circulation or to non-conservative/local inputs. In this thesis, the
distribution of Nd and Hf concentrations and their isotopic compositions of surface
and deep-water samples from 5 sites in the Bay of Biscay are presented. These data
contribute to better understand quantitative water mass mixing and the relative
impact of non-conservative behavior of Nd and Hf in this region.

1.6.3 Paleoceanographic application: long-term reconstructions of Atlantic Meridi-
onal Overturning Circulation and weathering inputs from combined Nd and Hf
isotopes

Since advanced analytical techniques to extract Hf isotope compositions
from marine sediments have emerged only recently, there are only few studies
combining the evolution of Nd and Hf isotopes as paleoceanographic tracers of

ocean circulation and weathering inputs.

In this thesis, combined seawater radiogenic Hf and Nd isotope compositions
were extracted from bulk sediment leachates and foraminifera of Site 1088, Ocean
Drilling Program Leg 177, 2082 m water depth on the Agulhas Ridge in the Cape
Basin of the Southern Ocean.
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The new data provide a continuous reconstruction of long- and short-term
changes in ocean circulation and continental weathering inputs since the mid-
Miocene. Due to its intermediate water depth, Nd isotope signatures in the sedi-
ments of this core sensitively recorded changes in admixture of North Atlantic Deep
Water to the Antarctic Circumpolar Current as a function of the strength of the At-
lantic Meridional Overturning Circulation (AMOC). Hf isotopes, on the other hand,
are not likely to be affected by changes in ocean circulation and thus document the

long-term transition in dominant weathering inputs on the nearby continents.

1.7 Outline of the thesis and declaration of my own contribution to the fol-
lowing chapters

Chapter 1 introduces geochemical background and principles of radiogenic
isotopes of Nd, Hf and Pb in crustal rocks, marine sediments and seawater. Previous
applications in paleoenvironmental and paleoceanographic studies are also present-
ed. The major research questions including the origin of incongruent behavior of
radiogenic isotopes during weathering and their impact on the application in long-
term paleoceanographic studies are discussed.

Chapter 2 presents the principal chemical procedures applied to extract and
purify the Nd-Hf fractions of leachates and detrital fractions from marine sediments,
and seawater. The mass spectrometric measurements of Nd and Hf isotopes are also
described in detail.

The following chapters 3, 4 and 5 address the research goals listed in section
1.6 following different approaches.

Chapter 3 (submitted to Chemical Geology) discusses the importance of the
partial dissolution of accessory mineral phases during continental weathering for
the distribution of Nd, Hf and Pb isotopes in the aqueous system based on a series
of dissolution and leaching experiments of granitic rocks.

Chapter 3 declaration: Marcus Gutjahr proposed the study and him, Urs

Schaltegger (University of Geneva) and myself collected the sample material. Kalin
Kouzmanov performed the automated mineralogical analyses. I designed and car-
ried out the experiment and the elemental and isotopic analyses, interpreted the
data and wrote the manuscript. All co-authors helped improving the manuscript.

Chapter 4 describes conservative and non-conservative processes governing

the distribution of Nd and Hf in water masses in the Bay of Biscay.
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Chapter 4 declaration: Martin Frank proposed the study. Moritz Zieringer

and Martin Frank collected the samples during RV Meteor cruise M84-5. I carried
out the analyses, interpreted the data and wrote the chapter. Martin Frank revised
and improved this chapter.

Chapter 5 (published in Paleoceanography, 32, 265-283, 2017) presents the
extraction of seawater Nd and Hf isotope compositions from authigenic Fe-Mn frac-
tions of marine sediments from the Atlantic Sector of the Southern Ocean for a
long-term reconstruction of AMOC strength and weathering inputs from near-by
continents since the mid-Miocene. The results include evidence for reduced over-
turning circulation during glacial episodes throughout the analyzed period of time.

Chapter 5 declaration: Martin Frank proposed the study. I have selected in-
tervals to be analyzed and retrieved the sample material from the IODP core reposi-
tory in Bremen. I carried out the analyses and interpretation and wrote the manu-
script. All co-authors and three anonymous reviewers helped to improve the manu-
script.

The last chapter (Chapter 6) presents a brief summary of this thesis and an
outlook to future studies.
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2 Methods

In this chapter a complete description of the applied analytical procedures
for the extraction, purification and measurement of the seawater and sediment
samples for Hf and Nd concentrations and isotope compositions is given. Further
details concerning material and methodology, especially the experimental setup in
chapter 3, are described in the material and methods subsections of the respective
chapters.

2.1 Nd and Hf from seawater samples

The procedures applied to extract and analyze Nd and Hf differ only little
from those described in previous studies (e.g. Godfrey et al. 2009; Rickli et al. 2009;
Zimmermann et al. 2009; Stichel et al. 2012) and the protocols follow the ones ap-
proved by the GEOTRACES program for the measurement of radiogenic Nd and Hf
isotope compositions of seawater.

2.1.1  Sample collection and chemical procedures prior to ion chromatographic puri-
fication of the samples

Sample volumes of 20 to 8o | were recovered from the entire water column
using Niskin bottles mounted to a stainless steel CTD rosette and were subsequent-
ly collected in acid-cleaned 20 1 LDPE-collapsible cubitainers and filtered through
0.45 pm Millipore® filters within 12 h after collection. The same happened for the
surface water samples (between 20 and 140 1), which were collected using a stainless
steel towed fish while the ship was underway. The filtered seawater samples were
then acidified to pH ~2 using distilled concentrated nitric acid. From each sample
an aliquot of 2 liters was kept: 1 liter for isotope dilution concentration analysis of
Nd and Hf and another liter aliquot for the determination of REE concentrations by
Online-Preconcentration ICP-MS and for potential other future measurements.
About 5 mg iron (Fe) per liter, in the form of dissolved Fe-chloride (FeCl3, ~ 200 mg
Fe per ml) was added to the main sample volumes and equilibration was allowed for
24 hours. The Fe chloride had previously been cleaned by dissolution in 6 M HCI,
liquid-liquid extraction with ether (whereby the trace metals stay in the acid) and
subsequent back-extraction with de-ionized water. In a second step, ammonia solu-
tion (25%, suprapure) was added to bring the pH to 8 in order to co-precipitate the
dissolved trace metals with FeOOH (i.e. Hf and Nd). The supernatant was discarded
and the residual FeOOH precipitate was transferred into 2 L wide mouth LDPE-
bottles for transport to the home laboratory.
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The FeOOH precipitates were centrifuged for 10 minutes at 3500 rpm in the
home laboratory at GEOMAR in Kiel (Germany) and rinsed at least three times with
de-ionized water (18.2 MQ) followed by centrifugation to wash out major ions (Ca,
Mg, K etc.). The samples were then dissolved in the centrifuge tubes with distilled
6M HCI, transferred into 6oml Teflon vials and then evaporated to dryness on a
hotplate over night. Subsequently 4 ml aqua regia were added and left for at least 24
hours at 10°C in the closed vials to destroy organic components. Thereafter the
samples were evaporated to dryness again and transferred to Cl-form by adding 4
ml of 6M HCI followed by another evaporation step. Afterwards, 4 ml of 6M HCI
was added to redissolve the samples. The previously added amount of Fe was sub-
sequently reduced in order not to exceed resin capacity during the following ion
chromatographic separation step. For this purpose the iron was extracted by adding
a suitable amount (5-15 ml) of previously cleaned di-ethyl ether to the dissolved
samples. The ether and the samples separate into two phases due to the density
contrast and the iron was transferred into the ether phase by homogenization with
a pipette tip, while the trace metals stayed in the acidic phase. The ether complex
containing about 9o% of the iron was siphoned off with a pipette and discarded for
each sample. This procedure, which is from hereon referred to as Fe-extraction, was
repeated twice or more often until the sample solutions became pale yellow. Most
of the samples formed a jelly-like precipitate, which scavenged about 90% of the Hf
from the sample. This precipitate was separated from the sample by centrifugation
and dissolved by adding 2M HF. After evaporation, the remainder of the sample was
added to this precipitate followed by another evaporation step.

2.1.2  Preparation for isotope dilution measurements

The chemical procedure followed the ones of Rickli et al. (2009) and Stichel
et al. (2012). Previously weighed "*°Hf-single spike and *°Nd/**°Sm double-spike so-
lutions were added to an acidified 1 L aliquot of each sample. The samples were left
for 4 to 5 days for complete isotopic equilibration, and 12 pl to 15 pl of FeCl3 solu-
tion (~ 200 mg Fe per ml) were added to each sample. After 12 to 24 hours the Fe
was co- precipitated at pH 7 to 8 by adding 300 pl to 600 pl of ammonia solution
(25%, Merck® suprapure). The precipitates were transferred into centrifuge tubes,
centrifuged for 10 minutes at 3500 rpm and washed three times with Milli-Q water
during subsequent centrifugation steps. The washed samples were then transferred
into Teflon vials using 300 pl of concentrated HCI. After evaporation 0.5 ml of 1M
HCl / 0.05M HF was added to redissolve the samples for column chemistry (see be-
low).
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2.2 Extraction of trace metals from marine sediment samples

2.2.1  Bulk sediment leaching procedures

Seawater Nd and Hf isotope signatures were extracted from authigenic fer-
romanganese oxyhydroxide coatings of bulk sediment samples (approximately 3 g;
freeze-dried) following the leaching protocol of Gutjahr et al. (2007). The carbonate
fraction was partly removed by adding 20 ml 2.8M acetic acid, 1M Na-acetate (pH
~4) on a shaking table for 2.5 h in order to reduce the amount of the disturbing car-
bonate matrix (which can result in a less efficient removal of Yb during chromato-
graphic separation). The authigenic Fe-Mn oxyhydroxide fraction was subsequently
dissolved in 25 ml 0.005M hydroxylamine hydrochloride, 1.5% acetic acid, and
0.03M Na-EDTA solution (HH) buffered to pH4 with suprapure NaOH for go min
at room temperature (i.e., 10 times diluted relative to concentrations used by Gut-
jahr et al. 2007). Subsequently, the samples were centrifuged and the supernatants
were dried and redissolved for ion exchange chromatography (see below).

2.2.2 Total dissolution

Bulk sample residues processed to extract seawater signatures (section 2.2.1)
were further treated with a stronger reductive leaching solution (0.025 M HH) for 1
day to ensure complete removal of remaining Fe-Mn oxyhydroxides. Afterward, the
samples were dried, ground, and 5% H,O, was added for 72 h to oxidize organics
that might otherwise disturb chemical purification. The samples were then further
treated in aqua regia on a hotplate at 140°C preceding digestion in a mixture of con-
centrated HNO; and HF in steel jacketed high-pressure bombs at ~180-200°C for 4
days. After subsequent evaporation, fluorides that formed during cooking in con-
centrated HF were removed by the reaction with 1 ml perchloric acid, evaporating at
~180-190°C. Remaining perchloric acid was removed by evaporation together with
concentrated HNO; multiple times at ~180-190°C. Finally, the samples were trans-

ferred into chloride form and redissolved for ion exchange chromatography (see
below).

2.2.3 Extraction from foraminifera tests

Seawater Nd isotope signatures were also extracted from "uncleaned" mixed
planktonic foraminifera samples following the procedure first described by Roberts
et al. (2010). On average, 125mg of foraminifera tests were handpicked from the size
fraction >315um under a light microscope from freeze-dried and clay-free (wet-
sieved at 63um) sediment samples. The microfossil shells were subsequently
cracked between glass plates to ensure that all chambers were opened and were ul-
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trasonicated several times in deionized water and then in ethanol to ensure the re-
moval of most of the clays and other silicate particles. The carbonates and associat-
ed ferromanganese coatings of the samples were then progressively dissolved by
stepwise addition of dilute nitric acid. The solution was then centrifuged to ensure
removal of smallest detrital particles, and subsequently transferred into chloride
form before redissolving for ion exchange chromatography (see below).

2.3 Ion exchange chromatography

For the analysis of Nd, Hf and Pb isotope ratios on a MC-ICP-MS, it is essen-
tial to previously isolate and pre-concentrate the elements to be measured. There-
fore, dissolution and pre-concentration procedures described above are all followed
by ion exchange chromatography separating Nd, Hf and Pb from other elements
and chemical compounds that can cause isobaric interferences and matrix effects,

respectively, during measurement.

2.3.1 Ion exchange chromatographic purification of Nd and Hf for isotope dilution

measurements

Neodymium and Hf separation was achieved by a cation chromatographic
column separation step (1.4ml BIORAD® AG50W-X8, 200-400 pm mesh-size; Table
2.1). Hafnium was collected directly after loading onto the resin bed and washed
down completely by adding another 2 ml of 1M HCl / 0.05M HF. Neodymium was
eluted having washed out the Fe in 5 ml of 3M HCI and subsequently the barium
(Ba) in 12 ml 2M HNOj;. The application of a '*°Hf spike required an additional step
of column separation removing interfering *°W from the first Hf cut (1.6ml BIO-
RAD® AGiX-8 resin CI” form, 200-400 pm mesh-size; Table 2.2) following the proto-
col of Sahoo et al. (2006). The respective Hf and Nd cuts were evaporated to dry-
ness. Organic components were chemically removed prior to measurement on the
MC-ICPMS by o.5ml 0.5 MHNO3/0.1MHF + 100oul H202 and 0.5MHNO3 + 100pl
H202 for Hf and Nd, respectively.
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Table 2.1: AG50W-X8 (200-400 pm mesh-size, 1.4 ml resin bed) column chemistry.

Step Volume Reagent
Pre-clean 10 ml 6MHNO,/0.5 M HF
Change the acid 2x1ml MQ
Pre-clean 0.5 ml 1MHCl/o.05 HF
Pre-condition 1ml 1MHCl/o.05 HF
Load and directly collect Hf 1ml 1IMHCl/o.05 HF (sample)
Collect Hf 1.5 ml 1MHCl/o.05 HF
Elute Fe 5 ml 3M HCl
Change the acid 2x1ml MQ
Elute Ba 10 ml 2M HNO,
Collect Nd/REE 6.5 ml 6M HNO,
clean 10 ml 6M HNO,/ 0.5M HF
Pass/store 2 +3ml MQ

Table 2.2: BIORAD® AG1X-8 (Cl form, 200-400 pm mesh-size, 1.6ml resin bed) column chemistry.

Step Volume Reagent
Cleaning 8 ml oM HCl/1iM HF
Cleaning 2x 8 ml MQ

Pre-condition 8 ml 01 M HF
Load the sample 2 ml 0.1 M HF (sample)
Elute Fe, Ti 4 ml 0.1 M HF + 2% H.O,
Elute Zr, Ti (Hf) 3ml 1M HF + 0.2% H,O,
Wash resin 3ml MQ
Collect Hf 6 +2ml 6M HCl
Cleaning, elute W 8 ml oM HCl/1iM HF
Pass/Store 2 +3ml MQ

2.3.2 Ion exchange chromatography for isotope compositions measurements of Nd,
Hf and Pb

After extraction from their original phase the pre-concentrated sample solu-
tions were dissolved and loaded onto columns containing ion exchange resins de-

signed for the separation of ions as a function pH and presence of certain chemicals.

For the analysis of Pb, 10% of the total amount of the dissolved samples was
passed through anion exchange columns, filled with 100 pl of AGi-X8 resin, mesh
size 100-200 pm following a slightly modified version of the procedure of Galer and
O'Nions (1989) shown in Table 2.3. For the isolation of Nd and Hf, the rest of the
sample (in the case of the seawater samples the entire sample) was loaded onto cat-
ion exchange columns filled with 0.8 ml AG 50WX8 resin, mesh size 200-400 pum, to
separate High Field Strength Elements (HFSE; including Hf) from REE (including
Nd) following the elution scheme in Table 2.1. Then the HFSE and REE cuts were
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each further purified using 1ml Eichrom®Ln-Spec (100-150pum; Table 2.4) following
Miinker et al. (2001) and 2 ml Eichrom® Ln-Spec (50-100 pm mesh size; Table 2.5)
resin following Pin and Zalduegui (1997), respectively.

Table 2.3: AG1-X8 resin (NO, form, 100-200 pm mesh size, ~100 pl resin bed) column chemistry for Pb

purification.
Step Volume Reagent

Clean resin 2x1ml 0.25M HNO,

Condition 2x100 pl  0.5M HNO; - 0.2M HBr
Load sample 300 pl 0.5M HNO; - 0.2M HBr
Elute matrix 100 pl 0.5M HNO; - 0.2M HBr
Elute matrix 100 pl 0.5M HNO; - 0.2M HBr
Elute matrix 150 pl 0.5M HNO; - 0.2M HBr
Elute matrix 150 pl 0.5M HNO; - 0.2M HBr

Collect Pb 150 pl 0.5M HNO; - 0.03M HBr

Collect Pb 300 pl 0.5M HNO; - 0.03M HBr

Collect Pb 300 pl 0.5M HNO; - 0.03M HBr

Table 2.4: Eichrom® Ln-Spec (100-150 pm mesh size; 1 ml resin bed) column chemistry for Hf purifica-
tion.

Step Volume Reagent
Pre-cleaning 15 ml 6MHCI
Pre-cleaning 15 ml 2M HF

Wash HF 2ml 3M HClI
Conditioning 2x3ml 3MHCI

Add ascorbic acid to each
sample/Load the sample

Elute matrix, REE 2 x 25 ml 6M HCl
Change the acid 2x3ml MQ
0.45MHNO,+ 0.09M citric

4 ml+o0.8 ml 3MHCI+ 0.4M ascorbic acid

Elute Ti 30 ml acid + 1%wt H,0,
Change the acid 2x3ml MQ
Elute Zr 5 ml 2MHCl+0.1M HF
Collect Hf 6 ml 3MHCl+0.2M HF
Clean 25 ml 6M HCI
Clean 25 ml 2MHF
Pass/store 3ml 1M HCl
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Table 2.5: Eichrom® Ln-Spec resin (50-100 pm mesh size, 2 ml resin bed) column chemistry for Nd puri-

fication.

Step Volume Reagent

Pre-clean 8 ml 6M HCl
Pre-conditioning 0.5 ml 0.1M HCl
Pre-conditioning 1ml 0.1M HCl
Load sample 0.5 ml 0.1M HCl
Wash in/elute Ba 0.5 ml 0.1M HCl
Elute LREE 7.5 ml 0.25M HCl
Collect Nd 5 ml 0.25M HCl

Clean 8 ml 6M HCl

Pass and store 1+1 ml 0.3M HCl

2.4 Mass spectrometry

2.4.1 Precise Nd and Hf concentration measurements using isotope dilution

The measurement of Nd and Hf concentrations is based on the addition of a
known amount of spike-solutions that are artificially enriched in the isotopes "°Nd
(5°Nd/"“**Nd = 199.6356) and '*°Hf ("*°Hf/'" Hf = 42.6962) in comparison to the natu-
ral ratios (*°Nd/**Nd = 0.235873 and "*°Hf/”°Hf =1.285879) to 1 liter aliquots of the
samples. After the chemical treatment described above the isotope ratios were
measured on a Nu Plasma (Nu Instruments Limited). These ratios are a combina-
tion of the relative abundances present in the spike and those of the samples and
depend on the amount of spike added and the amount of Nd and Hf in the samples.
To minimize the uncertainty of an ID measurement it is ideal to reach the optimum
abundance ratios of *°Nd/**Nd = 6.86 and "*°Hf/'”®Hf = 7.41 (see Stichel, 2010 and
Chen, 2013). Thus, it is important to estimate the amount of Nd and Hf expected for
a particular sample (e.g. from literature data of nearby locations or previous rough
measurement). The detailed calculations of the ID method are described in Stichel
(2010) and in Chen (2013).

2.5 Acquisition of Nd, Hf and Pb isotope ratios

Most Nd, Hf and Pb isotope data were measured on a Neptune Plus (Thermo
Scientific) MC-ICP-MS at GEOMAR, Kiel. Gain calibration for the Faraday cup was
performed on the same day before the samples were measured and samples were
introduced into the mass spectrometer dissolved in the carrier acid 0.5 M HNO; (for
Nd and Pb) or 0.5 M HNO; 0.1 M HF (for Hf).

Before the actual isotope measurements were conducted, sample concentra-
tions were estimated by diluting a small fraction of the sample in the carrier acid.
Measuring sample intensities together with a series of standards with different con-
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centrations allowed the approximation of sample concentrations, which were then
adjusted to match those of the standards measured together with the samples. In-
strumental mass bias was corrected applying an exponential mass fractionation law
with a natural 7°Hf/77Hf ratio of 0.7325 and “3Nd/"**Nd of 0.7219, respectively. Ad-
ditionally, mass bias correction during Nd isotope measurements on the Neptune
Plus for samples with *°Ce/**Nd < 1 were carried out following the approach of
Vance and Thirlwall (2002). Mass bias correction during Pb isotope analyses was
done externally using the Tl-doping technique (Belshaw et al. 1998) via addition of a
NIST997 Tl standard solution (Pb:TIl = ~4:1). Given that Tl and Pb fractionate slight-
ly differently during ionisation (cf. Vance and Thirlwall 2002) ***T1/**Tl were de-
termined on a session by session basis so that NBSg81 Pb isotope compositions
matched published compositions of Baker et al. (2004). Standard concentrations for
all analyzed elements were adjusted to sample concentrations of each measurement
batch based on the above-mentioned concentration approximation and the desolv-
ating unit (Aridus II) was rinsed with a solution of 0.sM HNO3-0-05M HF between
samples to ensure proper washout of both Pb and TI. 7°Hf/"77Hf ratios of all samples
were normalized to JMC475 = 0.282160 (Nowell et al. 1998). "*Nd/"**Nd ratios were
normalized to JNdi-1 = 0.512115 (Tanaka et al. 2000). Pb isotope ratios were normal-
ized to NIST NBSg81 (**°Pb/***Pb = 16.9416, >**’Pb/***Pb = 15.4998 and ***Pb/***Pb =
36.7249; Baker et al. 2004).
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3 Experimental evidence for a mineral-controlled release of radiogenic
Nd, Hf and Pb isotopes from granitic rocks during changing weathering con-
ditions

Submitted to ChemGeol as: Dausmann, V., Gutjahr, M., Frank, M., Kouzmanov, K. and Schaltegger, U.: Exper-
imental evidence for a mineral-controlled release of radiogenic Nd, Hf and Pb isotopes from granitic rocks dur-
ing changing weathering conditions.

Abstract

The role of accessory minerals in the incongruent release of Hf and Pb during
continental weathering and its implications for the generation of distinct seawater
isotope compositions has been invoked in a number of studies. Accordingly, the Hf
and Pb isotope signatures released by dissolution of rocks are the result of the rela-
tive abundances of minerals with distinct radiogenic and unradiogenic composi-
tions and differences in their resistance to dissolution. To date, however, there has
not been a comprehensive experimental investigation of these processes. The pre-
sent study provides first combined quantitative experimental evidence for the im-
pact of the mineralogy of granitic rocks on incongruent weathering of Nd, Hf and
Pb isotopes. Combined with major and rare earth element concentrations our new
isotope data reveal systematic preferential release of radiogenic Nd, Hf and Pb iso-
topes primarily controlled by dissolution characteristics of the host rock’s accessory
and major minerals. The data demonstrate a high degree of coherence between all
isotope systems, which suggests preferential dissolution of labile accessory miner-
als, in particular apatite and sphene, dominating the release of radiogenic Nd, Hf
and Pb during weak chemical weathering. Moreover, Pb isotope signatures of incip-
ient weathering conditions, contrary to expectations, indicate congruent release of
Pb from freshly exposed mineral surfaces. During more intense chemical weather-
ing, as well as increased physical weathering conditions, the dissolution of major
minerals (i.e. feldspars) becomes dominant for Nd and Pb isotope signatures,
whereas Hf isotopes are still dominated by contributions from radiogenic accesso-
ries. Leaching experiments of zircon separates were performed to test the specific
role of zircons for Hf isotope compositions. It is demonstrated that zircon is more
efficiently dissolved when physical weathering is enhanced. This increased Hf re-
lease from partial zircon dissolution, however, is not large enough to explain less
radiogenic Hf isotope signatures in seawater during episodes of enhanced mechani-
cal erosion. Moreover, observed additions of Hf from the more congruent dissolu-
tion of the zircon-free fractions due to increased physical weathering indicate that
these minerals also play an important role in controlling Hf isotope signatures re-
leased under deglacial conditions. Our results document the important role of con-

tributions from accessory minerals as a major source of variations in the isotope
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compositions of Nd, Hf and Pb released during changing weathering conditions on
the continents.

3.1 Introduction

The distribution patterns of the radiogenic isotope compositions of Nd, Hf
and Pb dissolved in oceans and rivers have been shown to respond sensitively to
changes in water mass provenance and mixing as well as to variable weathering
conditions on the continents (Silver et al. 1980; Patchett et al. 1984; White et al.
1986; Erel et al. 1994; Vance and Burton 1999; Ohlander et al. 2000; Harlavan and
Erel 2002; van de Flierdt et al. 2002, 2004, 2007). In particular, the combined analy-
sis of the Sm-Nd, Lu-Hf and U-Th-Pb systems provides powerful tools to investigate
present-day continental weathering regimes and linked environmental conditions
as well as their evolution over time (Albarede et al. 1998; Vervoort et al. 2o11; Chen
et al. 2012; Gutjahr et al. 2014; Dausmann et al. 2015, 2017; Bayon et al. 2016).

Principally, dissolved radiogenic Nd, Hf and Pb isotope compositions in
weathering solutions are controlled by changes of the intensity of chemical and
physical weathering, which depend on a variety of environmental factors including
precipitation, temperature, timescales of water-rock interaction, the presence of
continental ice (shields), oxygenation, the activity of organisms and many more. In
addition to that, the age and lithological properties of weathered rocks exert an im-
portant influence on the transfer of radiogenic isotope signatures to weathering
solutions. The physical and chemical properties of major and accessory rock-
forming minerals determine its susceptibility to chemical or physical weathering.
Furthermore, these rock-forming minerals vary significantly in their elemental Sm-
Nd, Lu-Hf and U-Th-Pb compositions. The preferential dissolution or retention of
particular mineral phases commonly leads to incongruent behavior of the respective
isotope systems during weathering and may result in isotope compositions of the
weathered runoff signals vastly different from those of the bulk rocks.

It has been demonstrated that Sm and Nd are fractionated during weathering
processes, with Sm/Nd in weathering residues increasing with progressing altera-
tion (e.g. Ohlander et al. 1996, 2000; Andersson et al. 2001) and resulting in Nd iso-
topic compositions of the weathered rocks and soils more radiogenic than those of
unweathered host rocks. At the same time Nd isotopic compositions of the rivers
draining these soils showed less radiogenic values in a field study from northern
Sweden (Andersson et al. 2001). This has been attributed to enhanced release of rel-
atively unradiogenic Nd lost with Rare Earth Element (REE) rich minerals such as
monazite and allanite, which are preferentially dissolved during weathering.
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Fractionation of Hf isotopes during weathering processes is even more pro-
nounced, leading to the generation of typical Hf-Nd isotope relationships in global
seawater (Albarede et al., 1998) most likely caused by two mineral-controlled ef-
fects. The so-called “zircon effect” describes the preferential retention of unradio-
genic Hf in zircon which has been suggested as the principal mechanism controlling
incongruent weathering of Hf isotopes (e.g. White et al. 1986; Albaréde et al. 1998;
David et al. 2001). This is based on the fact that zircons, which host most of a whole
rock’s Hf (e.g. Gargon et al. 2013b), are highly resistant to chemical weathering (e.g.
Balan et al. 2001) and thus efficiently retain unradiogenic Hf thereby preventing its
transfer to weathering solutions, which has been shown to dominate the Hf isotope
budget of the ocean (e.g. Bayon et al. 2006, 2009; van de Flierdt et al. 2007).

A second process suggested to contribute to the incongruent weathering of
Hf is the preferential dissolution and release of a labile and highly radiogenic Hf
fraction from Lu-rich accessory minerals (e.g. apatite, sphene) in the zircon-free
portions of a rock termed the "phosphate effect” (Bayon et al. 2006; Godfrey et al.
2008, 2009), which has been proposed to explain highly radiogenic dissolved Hf
isotope signatures in rivers of the Moselle Basin and the Hudson River. The relative
importance of this readily accessible radiogenic Hf fraction increases with the in-
completeness of chemical dissolution processes and therefore also depends on resi-
dence times and reactivity of weathering solutions at the site of weathering (Bayon
et al. 2009, 2016; Rickli et al. 2017). Accordingly, the incongruence produced during
weathering of Hf isotopes has been shown to be dependent on run-off and climatic
conditions in the drainage basins in a broad variety of different settings (Rickli et al.
2010, 2013; Bayon et al. 2016). This was further complemented by observations of
Gutjahr et al. (2014) who concluded that less congruent release of Hf was caused by
the transition from a dominantly cold-based to a warm-based Laurentide Ice Sheet
linked to increased leaching of Lu-rich minerals in sub-glacial deposits. Another
logical implication of the preferential dissolution of easily alterable minerals is that
Hf isotopes released during weathering should gradually become more congruent
with increasing soil maturation (age), which has, however, not been assessed to
date (Ma et al. 2010; Bayon et al. 2016).

The interplay and variable relative importance of these effects are most likely
also reflected in past seawater Hf isotope records. Long-term records obtained from
Fe-Mn crusts indicate that Hf isotopes have been weathered more congruently since
the intensification of the Northern Hemisphere glaciation at 2.8 Ma (Piotrowski et
al. 2000; van de Flierdt et al. 2002; Dausmann et al. 2015). This was further demon-
strated for stadial and high glacial periods of the last glacial cycle based on Fe-Mn
oxyhydroxide leachates of sediment cores from the Blake Ridge (Gutjahr et al. 2014)
and central Artic sediments (Chen et al. 2012). Based on these interpretations it has
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been hypothesized that enhanced mechanical erosion and physical weathering
caused by the continental ice sheets made parts of the unradiogenic Hf bound in
the zircon fraction available to chemical weathering (decreased zircon effect). This
is based on the increase of the reactive surface of these minerals during glacial
grinding (cf. Anderson 2007).

Different stages and intensities of silicate weathering have been simulated
experimentally (e.g. Erel et al. 1994, 2004; Harlavan et al. 1998; Harlavan and Erel
2002). The results showed that the incongruent release of radiogenic Pb follows the
preferential sequential dissolution of particular mineral phases during the dissolu-
tion of granitic rocks. Based on Pb isotopes and REE patterns, Harlavan and Erel
(2002) demonstrated that weathering solutions are dominated by the dissolution of
accessory minerals such as allanite, apatite and sphene during the early stages of
granitoid weathering, represented by increased **°Pb/**’Pb and ***Pb/**’Pb ratios
and REE patterns in solution compared to those of the bulk rock itself. The release
of radiogenic Pb is further favored by the damage of mineral lattices at the site of
radioactive decay of the parent U or Th isotopes known as a-recoil effect (e.g. Silver
et al. 1980; Fleischer 1982). Once these accessory minerals are mostly lost the disso-
lution of feldspars (evident by increased release of unradiogenic Pb) and refractory
minerals starts to govern Pb isotope signatures and REE patterns in weathering so-
lutions. Furthermore, Erel et al. (2004) have been able to relate these stages of gran-
itoid weathering to the duration of exposure to weathering conditions in temperate
climates by comparison with field measurements in soil chrono-sequences from the
Wind River and the Sierra Nevada Mountains (USA).

The presence of large ice-sheets on nearby continents has been shown to
modify weathering inputs into the nearby ocean basins as evident from Fe-Mn
crusts and authigenic phases in marine sediments (von Blanckenburg and Nagler
2001; Foster and Vance 2006; Gutjahr et al. 2009; Kurzweil et al. 2010; Crocket et al.
2012, 2013). Vance et al. (2009) suggested that reactive soil substrate is produced
during glacial periods and weathered effectively during the following interglacials
and may thus contribute to high time-integrated silicate weathering rates.

In summary, the Nd, Hf and Pb isotope compositions of weathering inputs
into seawater (and finally the oceanic budget) is ultimately controlled by the inter-
play of environmental parameters such as host rock and soil age, morphology, cli-
matic boundary conditions including glacial activity, temperature and precipitation.
The impact of these key variables further depend on the mineralogical composition
of weathered rocks, in particular the presence of specific accessory minerals. How-
ever, to date the significance of these parameters for each isotope system is not well

constrained.
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It is the main goal of this study to simulate incipient chemical weathering
following mechanical grinding (glacial weathering) of essentially unweathered zir-
con-bearing rocks, in order to better understand the processes controlling the re-
lease of Hf, Nd and Pb isotopes from zircons and the zircon-free fraction to weath-
ering solutions and into the dissolved (riverine/marine) reservoir. These results are
compared to equivalent leaching experiments of sediments derived from the same
parent rock, which had already experienced (de-)glacial weathering. The specific
role of zircon minerals for a more congruent release of Hf (and Pb) during glacial
weathering is assessed by dissolution experiments of ground and non-ground zircon

mineral separates.

3.2 Experimental Setup and Analytical Procedure

3.2.1  Sampling and Material

In total approximately 20 kg of unweathered and partly weathered (sedi-
ments from a small streambed) granite were collected in early September 2014 close
to the Damma glacier in Switzerland. All sampled rocks belong to the Central Aar
Granite with an age of 298+2 Ma (Schaltegger and Corfu 1992), which is part of a
group of Variscan granitoid plutons that intruded an older basement between 350
and 295 Ma ago.

Three different facies of fresh granite (Gfi, 2 and 3) were selected to cover dif-
ferent formation conditions and thus mineral compositions. All three granite sam-
ples are metaluminous, calc-alkaline and have experienced a low-grade metamor-
phic overprint during the Alpine orogeny, which did, however, not strongly alter
the original mineralogical composition (Ca-rich garnet and possibly muscovite are
most likely of Alpine origin). Sample Gf2 exhibits slight foliation, indicating a high-
er degree of ductile shearing during Alpine tectonic processes. A detailed descrip-
tion of the mineralogical composition of the analyzed granite samples is provided
below in section 3.3.2.
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Figure 3.1: Scanning electron microscope images of different stages in the zircon leaching experiment.

(A) shows a pristine zircon mineral grain as leached in subgroup N. (B) depicts ground zircon material

directly after grinding and before any leaching. (C) shows ground zircon material after all incomplete

leaching steps. Note that the fine fraction (<3pum) was essentially lost completely (either due to disso-
lution or washed away) during the leaching experiment.

All collected material was prepared for the leaching experiments in the facili-
ties of the University of Geneva. Granite samples were crushed and milled to grain-
sizes smaller than 4oopm using a jaw crusher and a steel ring mill. Subsequent min-
eral separation by density was achieved using a Wilfley-table. The heavy mineral
fraction was then further parted by magnetic separation (Frantz magnetic separa-
tor) in two steps (0.5 A and 1.5 A current). Minerals that were not magnetic at a cur-
rent of 1.5 A were further separated by heavy liquids (3.32 g/cm?). Minerals heavier
than the heavy liquid mostly comprised zircons, which were kept for the leaching
experiment (group Z). Zircon fractions of the three granite facies were kept sepa-
rate. Aliquots of the zircon fractions were manually milled to a fine powder using an
agate mortar directly before the leaching procedure was started. Images of some of
the zircon aliquots were taken under large magnification using a scanning electron

microscope at the Institute for Geosciences of the University of Kiel (Figure 3.1).

Aliquotes of mixed samples of all three granite facies after crushing (grain-
sizes from gravel to clay; termed grains) and fine milling (agate disk mill; grains
<125 um; termed powders) were treated in leaching experiment group G.

The riverbed samples (group S) were dried, sieved and subsequently split in-
to 6 grain-size fractions (>1 mm, 1-0.5 mm, 0.5-0.4 mm, 0.4-0.3 mm, 0.3-0.125 Mm
and <o0.125 mm) that were subjected to leaching without further treatment. Remain-
ing organics (small roots, branches and plants) were removed by picking. Note that
the smallest grain size fraction of the riverbed samples did not represent rock pow-
ders but also contained fragments of grain sizes up to 0.125 mm.

3.2.2  Automated mineralogy (QEMSCAN)

Thin sections (25 x 37 mm) of the three granite samples (perpendicular to the
foliation in sample Gf2) as well as grain mounts of the sediment fractions smaller
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than 1 mm were prepared for quantitative evaluation of mineral composition by

Quantitative Scanning Electron Microscopy (Qemscan).

Automated mineral analysis and textural imaging of the studied samples
were performed using an FEI QEMSCAN" Quanta 650F facility at the Department of
Earth Sciences, University of Geneva, Switzerland. The system is equipped with two
Bruker QUANTAX light-element energy dispersive X-ray spectrometer (EDS) detec-
tors. Analyses were conducted at high vacuum, accelerating voltage of 25 kV, and a
beam current of 10 nA on carbon-coated polished thin sections. Fieldlmage operat-
ing mode (Pirrie et al. 2004) was used for analyses. In total 221 individual fields were
measured per sample, with 1500 pm per field, and point spacing of 5 pum. The stand-
ard 1000 counts per point were acquired, yielding a limit of detection of approxi-
mately 2wt% per element for mineral classifications. Measurements were performed
using iMeasure v5.3.2 software and data processing using iDiscover v3.3.2 software
package.

Table 3.1: Setup scheme, procedure description and sample/group nomenclature of the leaching exper-

iment.
Setup: step: Description: Procedure: Volume (acid): pH: Temperature:
PD Pre-Leach 1.5 hrsin 2M HF 0.2ml 1.42 Room temperature (RT)
2 1 week in citric acid G/S: 20 ml;
5 A Weak acid leach (0.05 M) Z:1.5ml 2.2 RT
3 1weekin 0.6 MHNO3  G/S: 18 ml;
g B Intermediate acid leach w/ 0.05 M citric acid Z:1.5ml 0.2 RT
- 2d in 3M HNO3 w/
§ C Strong acid leach 0.05 M citric acid 15 ml 0 RT
- 2din 6M HNO3 /
Cz Incomplete zircon digestion 0.5 M HF 1ml 0 RT
2
<
E D Partial dissoltion (Zircon rims) 3din 2M HF 1.5ml 1.42 120°C
S
T3
ES Grind; Follow TD procedure
23 R/WR/WS Total dissolution (TD) (supplement) iml 0 see TD procedure in supplement
Groups/Material: G: unweathered granite S: Riverbed Sedi ( hered granite) Z: Zircon separates
N: 1-2 mm size whole
Subgroups: P: powder fraction whole rock 6 grain size fractions P: S1-5; N: S6 Sediment P: powder | N:grains fresh zircons
. . ) equal
all G samples are mixed aliquots of all three granite (;14;::,"5’:Sozai;oafn"r‘nr?‘s:aoo;- mixture of 21-3: zircons from different facies (Gf 1-3);
o facies (Gf 1,2,3) 0.125mm, 6: <0.125mm) all _gram- Z4: mixture of zircons from 2 facies (Gf 1+2)
Description: sizes
all13 mg 13,11,11
Step: mg
Z1p, Z2p, Z1g, 72g,
PD initial weight initial weight Z3p 3g
5000 mg 5000 mg 5000 mg
Z1p, Z2p, Z1g, 72g,
A G1, G2 G3, G4 S1,S2,S3, 54, S5, S6 Z3p Z3g
Z1p, Z2p, 21g, 22g,
B G1, G2 G3, G4 S1,S2, S3, 54, S5, S6 Z3p Z3g
C G1,G2 G3, G4 S1,52, 53, 54,55, 56
Z1p, Z2p, Z1g, 72g,
Cz | Z3p | Z3g
D
200 mg 200 mg 200 mg 200 mg 200mg
R/WR/WS [WRLWR2 | | [wsiws2 | ]

3.2.3 Leaching experiments

Table 3.1 shows the basic scheme and nomenclature of our leaching experi-
ment. All steps are described below. All leaching solutions (termed leachates below)
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were centrifuged after each step (twice in the case of Z-P samples), the supernatants
were pipetted off and the residual material was rinsed with MQ water between eve-

ry step.

Step PD: Pre-digestion (PD): Zircon sample powders and grains were pre-
digested for 1.5 hours in 0.25 ml 2 M HF at room temperature in order to dissolve

remaining fragments of extraneous minerals.

Step A: All samples were leached in 0.05 M citric acid for 1 week at room
temperature on a shaking table (18 ml for S and G samples and 1.5 ml for Z samples).

Step B: All samples were leached in 0.6 M HNO;/ 0.016 M citric acid for 1
week at room temperature on a shaking table (18 ml for sediment and granite sam-
ples and 1.5 ml for zircon samples).

Step C/Cz: Sediment and granite samples were leached in 15 ml 3 M HNO; /
0.025 M citric acid for 2 days at room temperature on a shaking table (C). Zircon
samples were leached in 1 ml 6 M HNO; / 0.5 M HF for 2 days at room temperature
on a shaking table (Cz).

Step D: All zircon samples were leached in 1.5 ml 2 M HF for 3 days at 110°C
on a hotplate.

Step R/Wr: All residual sediment and granite samples as well as two zircon
powder samples and two fresh whole rock samples were dried, ground in an agate
mortar, and 5% H,0O, was added to remove organics for 72 hours. Then the samples
were further dissolved using aqua regia on a hotplate at 140°C before they were fi-
nally completely dissolved in a mixture of concentrated HNO; and HF in steel jack-
eted autoclaves at ~180-200°C for 4 days.

All steps were performed consecutively on the same material. In addition, 2
samples of pristine granite and 2 samples of pristine sediment (equally mixed from
all grain-size fractions) were digested completely (termed whole rock/sediment;
Wr/Ws). One pristine zircon powder sample was added for step D and the total
dissolution.

After leaching all supernatants were dried down and re-dissolved in a 411
mixture of concentrated HNO; and 30% H,O,. Subsequently, all samples were
transferred into 2% HNO; and 10% aliquots were taken for element concentration
measurements. The residual solution was brought into HCl form and another 10%
of the original volumes were separated for chromatographic cleaning of Pb while
the remaining 80% were used for the separation of Hf and Nd.
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3.2.4 Chemical purification and mass spectrometry

All samples for the analysis of Pb isotopes were purified using ion chroma-
tography following the procedure of Galer and O'Nions (1989). For the separation of
HFSEs and REEs a cation exchange resin (AG 50WX8) was used at first. Then the
HFSE and REE cuts were each further purified with Ln-spec resin following Miinker
et al. (2001) and Pin and Zalduegui (1997), respectively.

Most of the isotope analyses were performed on a Thermo Scientific Neptune
Plus MC-ICP-MS at GEOMAR, Kiel. Only a set of 9 Nd samples was measured on a
Nu Instruments MC-ICP-MS at GEOMAR. Instrumental mass bias was corrected
applying an exponential mass fractionation law with a natural 7°Hf/'”’Hf ratio of
0.7325 and "®Nd/"**Nd of o.7219, respectively. Additionally, mass bias correction
during Nd isotope measurements on the Neptune Plus for samples with “*°Ce/"**Nd
<1 were carried out following the approach of Vance and Thirlwall (2002). Mass bias
correction during Pb isotope analyses was done externally using the Tl-doping
technique (Belshaw et al. 1998) via addition of a NISTgg7 TI standard solution
(Pb:T1 = ~4:1). Given that Tl and Pb fractionate slightly differently during ionisation
(cf. Vance and Thirlwall 2002) **TI1/***T] were determined on a session by session
basis so that NBS981 Pb isotope compositions matched published compositions of
Baker et al. (2004). Standard concentrations for all analysed elements were adjusted
to sample concentrations of each measurement batch and the desolvating unit
(Aridus II) was rinsed with a solution of 0.5M HNO;-0-05M HF between samples to
ensure proper washout of both Pb and T1. 7°Hf/"77Hf ratios of all samples were nor-
malized to J]MC475 = 0.282160 (Nowell et al. 1998). "*Nd/"**Nd ratios were normal-
ized to JNdi-1 = 0.512115 (Tanaka et al. 2000). Pb isotope ratios were normalized to
NIST NBS981 (**°Pb/***Pb = 16.9416, **’Pb/***Pb = 15.4998 and *°*Pb/***Pb = 36.7240;
Baker et al. 2004). Isotopic compositions as well as external reproducibilities of Hf
and Pb standards with different concentrations are listed in Table 3.2.
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Table 3.2: Standard reproducibilities of Nd, Hf and Pb isotope analyses. The sum of all offsets of our Pb
measurements from the values of Baker et al (2004) is always equal to zero for each batch, except for
differently concentrated standards of batch 3 where the sum of the offsets of the average of all stand-

ards (10 ppb and 1 ppb together) is equal to zero.

Nd JNdi-1; conc. [ppbl _n _ "*Nd/"*Nd 20 £xg 20
Neptune Plus ICP-MS
single corrected; 5 ppb 13 0.511873 + 60 -14.92 1.17
single corrected; 50 ppb; batch 1 24 0.512056 + 18 -11.35 0.34
single corrected; 50 ppb; batch 2 11 0.512044 + 19 -11.58 0.36
double corrected; 50 ppb 34 0.512118 + 13 -10.13 0.25
NU ICP-MS
single corrected; 50 ppb 18 0.512115 + 15 -10.20 0.29
Hf JMC475: conc. [ppbl n___ *Hf/""Hf 20 £ue 26
1 7 0.282157 + 36 -21.63 1.26
2 4 0.282157 + 17 -21.65 0.60
3 6 0.282159 + 17 -21.57 0.62
4 5 0.282160 =+ 20 -21.55 0.71
10 6 0.282159 + 14 -21.56 0.50
20 11 0.282160 + 8 -21.55 0.28
50 11 0.282159 + 7 -21.56 0.25
Pb__NBS981: conc. [ppbl n___ Pb/*"Pb 27pb/ %P pb/ AP **Pb/"Pb__ *"Pb/"*Pb calc.
Ist batch : 28 ppb 9 16.94185 15.49984 36.72521 2.16772 0.91489 2.36939
offset [ppm] from Baker et al. (2004) 15 2 8 -13 -10 -3
2nd batch; 28 ppb 17 16.94197 15.49994  36.72523 2.16771 0.91488 2.36938
offset [ppm] from Baker et al. (2004) 22 9 9 =20 -14 -6
3rd batch; 10 ppb 15 16.94158 15.50012 36.72575 2.16779 0.91492 2.36939
offset [ppm] from Baker et al. (2004) -1 20 23 19 22 -3
3rd batch; 1 ppb 7 16.94160 15.49980 36.72490 2.16775 0.91490 2.36940
offset [ppm] from Baker et al. (2004) -415 -53 -152 223 338 -115

Major and trace element concentrations were measured in a ten-fold dilution
of the original leaching supernatants using an Agilent 7500-CE Quadrupole ICP-MS
at GEOMAR (data in Table A1 in the appendix). Two different standard calibrations
were employed to cover samples of high and low trace element concentrations with
reproducibilities strongly dependent on the respective element. Typically analyses
of lighter elements yielded higher uncertainties than those of the heavier ones.

Note that all concentration measurements were converted into yield values
(Table A1 in the appendix). The yield is the concentration of particular elements
dissolved in the leachates in nanograms divided by the initial concentration of the
bulk sample in milligrams (ng/mg = ppm). Bulk rock normalized elemental yields
for the respective fractions are plotted in Figure 3.2.
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Figure 3.2: Bulk rock normalized element yields of unweathered granite samples (a), streambed sedi-
ments (b), zircon grains (c) and powdered zircons (d). Raw data are provided in the supplementary
material. Samples are marked by distinct symbols. The colors refer to the different steps of the exper-
iment.

48



3. Weathering experiment: Nd, Hf and Pb isotopes

3.3 Mineral and major element distributions

3.3.1  Partial dissolution of pure zircon mineral material

Comparison of electron microscopy images of freshly ground zircons and
leached zircon powders indicate that very fine-grained material (<3um) was lost
during leaching (Figure 3.1 B, C). On the other hand, no significant indication of
leaching activity (round edges, etch marks etc.) was observed on larger zircon
grains and fragments (Figure 3.1 A).

3.3.2 Bulk rock and riverine sediment mineral assemblages

Relative abundances (based on area% from the Qemscan analysis) of all ma-
jor and accessory minerals of the three different granites and all analyzed sediment
fractions are listed in Table 3.3. The significance of these mineralogical composi-
tions is, however, difficult to constrain since only a randomly chosen area of 8.75
cm” (Figure 3.3) was analyzed and actual abundances of accessory minerals may
vary spatially within the rocks. Thus, the following results are considered as a rough

measure of major and accessory mineral compositions in our samples.

Mineral Name Area % Mineral Name Area %

Elriagiociase Feldspar 453139 Clouertz 349858 Mineral Name Area %

avart 216874 Driagiociase Felgspar 317119 334145

13,8641 B k-retdspar 202082 326628
48423 286755
29721 20740
05525 [ siotite/Phiogopite 14640

e 03381 Eevidote 07832
0.155 O timonite-clay interface  0.5005

Dothers 03108

Dvimonite-clay interface 02514 00724 04701
Eapatite 02200 00711 01354
D sackground 01319 00410 01316
B ReE-Epidote 00891 00361 0.0536

Zircon 00338 00296 00507
[ amphibole (Hornblende)  0.0165 00221 00316
Ecarnet 00105 00183
W umenite 0.0097 H rutile/Anatase 00157
O chiorite 0.0027 ] Amphibole (Hornblende)  0.0037
Deyrite 0.0010 Dl cakcite 00005
B Kaolinite' (clay) 0.0001 -':aalml\te' (clay) 00002

imenite

eni 00001
O chiorite 0.0000

Figure 3.3: QEMSCAN results of analyzed granite samples.
3.3.2.1 Granite facies classification by mineral composition and zircon abundances

The mineral assemblage of the granite sample Gfi is monzonitic
(monzogranite). Furthermore, compared to the other facies types, Gfi is enriched in
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micas, epidote and accessory minerals. The granite samples Gf2 and Gf3 are typical
syenogranites. The slight metamorphic overprint of sample Gfz is not reflected in its
mineral composition. Estimated weight percentages of zircon minerals (based on
Qemscan analyses) are 0.06, 0.04 and o0.007 for Gfi, Gf2 and Gf3, respectively, as-
suming the density of zircon being 4.714 g/cm’ (Anthony et al. 2001) and that of the
bulk rock being 2.6 g/cm? (Schon 2015). The average weight percentage of zircon in
the analyzed Aar granite is thus 0.036. Average apatite and sphene percentages are

o0.12 and o.4, respectively (applying density values given in Anthony et al. 2001).
3.3.2.2 Sediment mineral assemblage

The enrichment/depletion of particular mineral phases as a function of grain
size in the sediments is displayed by normalization to the average granitic assem-
blage (Table 3.3; lower part). All accessory minerals, as well as quartz, biotite and
epidote are highly enriched in the finest sediment fraction (S6; <o.125mm), mostly
at the cost of K-feldspar and plagioclase, which are depleted by 50 and 30%, respec-
tively. For the sediment grain size fraction between 0.3 and 0.125 mm (S5) a similar
although not as pronounced pattern is observed. The coarser fractions (S2, S3 and
S4) show a reverse assemblage characterized by enrichment of feldspars and deple-
tion in quartz, glimmers and accessory minerals. Classical sedimentary minerals
such as chlorite and hornblendes, however, are enriched in all sediment fractions
relative to the unweathered granite material.

Table 3.3: Mineral distributions in unweathered granite and streambed sediment samples acquired

from QemScan analyses. Enrichment/depletion of certain minerals due to mineral sorting processes
are emphasized by normalization to the average fresh rock composition.

Area % | Major minerals | Accessory Minerals
Sample Plagioclase Quartz K-Feldspar Biotite Muscovite  Epidote Sphene Apatite Garnet Zircon Amphibole  Chlorite Monazite
Gfl 453 21.7 13.9 7.6 4.7 5.4 0.624 0.220 0.011 0.034 0.017 0.003
Gf2 317 35.0 242 3.0 4.8 0.6 0.156 0.041 0.036 0.022 0.004
Gf3 28.7 327 334 1.5 2.1 0.8 0.132 0.032 0.054 0.004 0.004 0.006
Average 35.2 29.8 23.8 4.0 3.9 2.2 0.304 0.098 0.033 0.020 0.008 0.003 0.006
S2 44.6 20.2 273 23 35 0.9 0.290 0.070 0.024 0.012 0.051 0.156
S3 442 20.4 27.2 2.4 3.6 1.3 0.270 0.096 0.042 0.016 0.033 0.075
sS4 44.5 234 245 2.1 32 12 0.389 0.081 0.026 0.009 0.058 0.103 0.003
S5 340 42.7 16.7 1.6 22 1.4 0.449 0.096 0.078 0.037 0.105 0.123
S6 25.9 47.8 12.2 4.8 3.7 2.8 0.615 0.429 0.179 0.141 0.113 0.631 0.001
Normalized area % against average unweathered granite:
Gfl 13 0.7 0.6 1.9 1.2 24 2.1 2.3 0.3 1.7 2.0 1.0
Gf2 0.9 1.2 1.0 0.7 1.2 03 0.5 0.4 1.1 1.1 0.5
Gf3 0.8 1.1 1.4 0.4 0.5 0.4 0.4 0.3 1.6 0.2 0.5 1.0
S2 1.3 0.7 1.1 0.6 0.9 0.4 1.0 0.7 0.7 0.6 6.2 57.7
S3 1.3 0.7 1.1 0.6 0.9 0.6 0.9 1.0 1.3 0.8 4.1 27.9
S4 1.3 0.8 1.0 0.5 0.8 0.5 1.3 0.8 0.8 0.4 7.2 38.0 0.52
S5 1.0 1.4 0.7 0.4 0.6 0.6 1.5 1.0 2.3 1.8 12.8 454
S6 0.7 1.6 0.5 1.2 0.9 1.2 2.0 4.4 5.4 7.1 13.8 233.6 0.15

3.3.3 Major element concentrations

3.3.3.1 Magnesium and Lithium

There is a large difference in normalized Mg and Li abundances between
leaches of granite/sediment and zircon fractions. While both elements are signifi-
cantly depleted in zircon leaches (incomplete and complete) Mg is highly enriched
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and Li is only slightly depleted in incomplete leaches of groups G and S. The en-
richment of Mg (and less pronounced also Li) in the solutions leached from un-
weathered rocks and sediments during steps B and C are most likely derived from
the dissolution of biotite minerals. These observations suggest that biotite was suc-
cessfully removed from the zircon separates.

3.3.3.2 Aluminum

Al is also highly depleted in all zircon leaches. Furthermore, there is a clear
tendency of Al-depletion in step A leaches of G and S samples. All other leaches are
neither particularly enriched nor depleted in Al.

3.3.3.3 Titanium

Ti is depleted compared to the bulk granite in step A of groups G and S. In
solutions of steps B and C in the same groups, however, Ti is slightly enriched. In
leaches of zircon material Ti abundances tend to be enriched over other main group
elements by an average factor of 50 (in comparison with a factor of 2 for G/S leacha-
tes).

3.3.3.4 Strontium

Sr abundances of incomplete leaches in groups G and S are highly depleted
in relation to the bulk rocks. Zircon leaches exhibit relative Sr abundances similar
to or slightly enriched compared to those of Al and Ti. The residue of sample G4 is
slightly enriched in Sr compared to other residues of the same group.

3.4 Trace metal element distributions and mineral mapping

3.4.1 Rare Earth Element (REE) abundances and ratios

Generally, leaches A and B of groups G and S produced a higher enrichment
in REEs than steps C (Figure 3.2). While generally element concentrations of leacha-
tes from incomplete leaching steps (A, B and C) in group Z are very low, they are
markedly enriched in REEs suggesting the preferred dissolution of REE-rich (easily
weatherable) minerals from a contaminant (non-zircon) phase present in the heavy
mineral fraction which is not resolved in semi-complete leaching steps D and PD.
The total dissolution of zircon material resulted in an inclined pattern from highly
depleted LREE to more abundant HREE.

3.4.2 REE distribution patterns and normalized ratios

The shapes of REE distribution patterns were assessed using the following
characteristics:
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1) LREE: average normalized abundances of La, Pr and Nd.

2) MREE: average normalized abundances of Gd, Tb and Dy.

3) HREE: average normalized abundances of Tm, Yb and Lu.

4) REE bulge: MREE divided by the average of LREE and HREE.

5) REE slope: HREE divided by LREE.

6) Eu anomaly (Eu/Eu*): normalized Eu abundance divided by average normalized

abundance of Sm and Gd.

The REE patterns of weak leaches A and B of all groups exhibit a consistent
upward convex shape (pronounced REE bulge) which is also visible in C leachates of
group Z. Strong and complete leaches of group G and S produced essentially flat
REE patterns (shallow REE slope) while, in contrast those of step PD, D and total
dissolution in group Z are enriched in HREEs (steep REE slope).

Eu anomalies are highly negative for A and B leaches of groups G and S. Ex-
periment C in groups G and S delivered weakly negative Eu/Eu* with exceptions of
positive anomalies for samples G4 and S1, S2, and S3. In group Z all Eu/Eu* were
negative with sample Z1 being less negative than samples Z2 and Z3. PD and D val-
ues of Eu/Eu* were zero due to the fact, that Eu abundances were below the detec-

tion limit of the instrument.

A weak Tm anomaly is observed in some leachates of steps D and PD of
group Z, whereas the anomaly is stronger in subgroup N.

3.4.3 REE mineral mapping

By comparison of our experimentally acquired REE patterns with those of
published single mineral analyses from the same rock formation (Schaltegger and
Krahenbiihl 1990) and/or similar rock-types we are able to perform a qualitative
estimation of mineral dissolution. For this correlation the numerical coincidence
(R*) of the normalized REE patterns of all leachates in our experiment (Figure 3.2)
with those of several idealized minerals (Figure 3.4) was calculated using a linear
regression algorithm (SciPy, Millman and Aivazis 2011). For each leachate the two
minerals with the highest R* were selected. The results of this mineral mapping are
presented in Table A2 in the appendix and are not described in detail here.
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Bulk normalized yield

@ Allanite
107 - @ Biotite
©® Garnet
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Figure 3.4: Elemental patterns of selected rock forming and accessory minerals. Colored fields re-
present typical ranges for I-type granites. Points with dotted line are data from Schaltegger & Krahen-
biihl (1990). Apatite data from Sha & Chappel (1999). All other mineral data from Bea (1996).

3.4.3.1 Incomplete sample homogenization in samples with large grain sizes

The fact that samples of the same origin (such as G3 and G4) delivered dif-
ferent REE patterns suggests that distinct mineral compositions were dissolved dur-
ing our experiment. We thus conclude that in the case of coarse samples a volume
of 5g was not large enough to deliver homogenous mineral composition. This may
also apply for the coarse-grained riverbed sediments of group S (S1-4).

3.5 The mineral controlled availability of Nd, Hf and Pb to experimental
weathering solutions

As a first measure of mineral availability (for chemical dissolution) based on
our results we assume that dissolution processes in our leaching experiment follow
the typical sequence of mineral alteration during weathering (Goldich 1938;
Harlavan and Erel 2002; Erel et al. 2004) which categorizes the rock-forming and
accessory minerals by their resistance to dissolution into easily alterable (e.g. apa-
tite and sphene), moderately resistant (e.g. plagioclase, k-feldspar and biotite) and
highly resistant (zircon and garnet). As a more accurate tool for the identification of
dominant mineral phases the geochemical properties (normalized REE patterns,
mineral specific element ratios and concentrations) of the leachates were monitored
in each step of the experiment (section 3.4.3; Table A 2 in the appendix).

Based on these assumptions and due to the fact that the individual minerals
in many cases exhibit highly different parent to daughter element ratios, a corre-
sponding degree of fractionation is expected for each radiogenic isotope system as a
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consequence of sequential leaching (i.e. Bayon et al. 2006). The different leaching
reagents were employed to identify chemical dissolution processes during incipient
(A, B) and progressive chemical weathering (C).

Measured radiogenic isotope ratios are shown in Table A 3 in the appendix.
Table A 4 in the appendix lists systematic differences in isotopic ratios between
leaching experiments of powdered and non-powered samples. Distributions of Hf,
Nd and Pb were calculated from the relative yield in one leaching step normalized
to the sum of all leaching steps of the same sample including the total dissolution of
the residue (Table A 5 in the appendix). Since for practicability reasons only a frac-
tion (200 mg) of the residual material was separated for total dissolution and thus
two different volumes of the same sample are compared these normalized distribu-
tions are not quantitatively correct but the differences between them allow con-
straining differences in the budgets semi-quantitatively.

Generally the observations from all three isotope systems are consistent with
each other considering the availability of certain minerals to weathering as a func-
tion of the intensity of weathering and whether or not the samples were pulverized
prior to leaching.
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Figure 3.5: Progress of experimental steps for Hf (a-c) and Nd (d-f) isotope analyses, Hf-yields (g-i),
Nd-yields (j-1), Lu-Hf ratios (m-0) and Sm-Nd ratios (p-r). 26 uncertainties were always smaller than
symbol size.
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3.5.1  Sm-Nd isotope system

3.5.1.1 Sequential leaching isotope ratios

The ratio of parent to daughter elements of Sm-Nd (Figure 3.5 p-r) is general-
ly higher in weak leaches (A and B). With increasing strength of the leaching rea-
gents (step C and R) Sm/Nd ratios approach the value of the bulk rock composition.

Nd yields, on the other hand, are highest in the residues of groups G and S.
However, there are two exceptions (G4 and Si, Figure 3.5 g and f), which released
the largest proportions of their Nd during incomplete leaching (61 and 71%; Table A
5 in the appendix). The incomplete leaching experiment step B yielded the largest
proportions of all experiments. In group Z the strong leaches D and PD released
almost no Nd. Consequently, Nd from zircons was primarily released during exper-
iments A and B, again implying the presence of contaminant accessory minerals. No
systematic differences between subgroups N and P are obvious from Nd distribution
patterns.

For the unweathered granite and the riverbed sediments experimental steps
A and B delivered Nd isotope ratios that were systematically more radiogenic (aver-
age end = -0.9) than the bulk rock compositions (enxd = -4.1). Average eng from strong
leaching step C and the residues in G and S (exd ~-4), on the other hand, were close
to the bulk rock composition. Only sample G4 showed a significant offset towards a
more radiogenic value in step C. Zircon leaches exhibited a wider range in eng (-5.4
to +25) with generally larger differences between zircons from different granitoid
facies in steps PD, A, and B. The range in eng was widest in PD (-5.4 to +4.9) and
became more narrow in A and B (-1.8 to +3.2); while step C produced a narrow
range (-3.5 to -1.6). While semi-complete leaches of zircon samples that were al-
ready leached (step D) again delivered a wider range of Nd isotope ratios in step D
(-2.7 to +0.7), values of fresh zircons in the same experiment were closer to the ra-
diogenic end of this range. The residual zircon material produced the most radio-
genic value of +25, which is consistent with enhanced Sm/Nd values for the same
sample. The total dissolution of fresh (unleached) zircons, on the other hand, was
much less radiogenic (+0.9). The wide range of Nd isotope signatures strongly sug-
gest that Nd in group Z is derived from various of contaminant minerals whereas
the zircons themselves only deliver minor amounts of (highly radiogenic) Nd when
all other contaminations are fully dissolved.

3.5..2 Incongruent weathering of Nd isotopes in the inital stages of the experiment

The Sm-Nd isotope system is expected to be fractionated only very little dur-
ing weathering processes (e.g. Goldstein et al. 1984) since Sm/Nd ratios do not differ
largely between different rock forming and accessory minerals given that both ele-
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ments are REEs. Measured Sm/Nd ratios (Figure 3.5 p-r) vary between 0.4 and 0.17
in G and S leachates and show a tendency to higher values in Z leachates (average
0.4; pure zircon 1.5). Easily alterable minerals dissolved during steps A and B in
groups G and S generally exhibit Sm/Nd values near the upper end of the observed
range (0.3 to 0.4), which is also reflected by more radiogenic Nd eng signatures be-
tween -2 and -o0.5 (Figure 3.5 d,e). In step C Sm/Nd and Nd isotope signatures ap-
pear to be mainly dominated by the dissolution of plagioclase and k-feldspar (which
constitute ~60% of all minerals) as suggested by REE-patterns and further support-
ed by overall more positive Eu-anomalies. Allanite and monazite, which has been
demonstrated to contribute significantly to the Nd budget (Gar¢on et al. 2013) are
probably also mainly dissolved in this step. Nevertheless, Nd yield data suggest that
the dissolution of easily alterable minerals (apatite and sphene), despite being less
abundant, still represent a significant source of more radiogenic Nd under incipient
weathering conditions. However, the similarity between Nd isotope signatures of
the whole rock and those of the more resistant mineral phases dissolved in step C
and R of our study clearly confirms the subordinate role of easily weatherable min-
erals for the total Nd budget compared with the observed Hf and Pb isotopic trends
of the same fractions.

Our experimental data thus indicate that incongruent weathering of Nd iso-
topes is possible under far-from-equilibrium conditions (step A and B) reflecting
the very early stages of chemical weathering of immature rock surfaces. Analogous
to Hf and Pb isotopes, this incongruent Nd release is also more radiogenic than
bulk rock compositions (see sections 3.5.2 and 3.5.3). Under more corrosive condi-
tions (step C; comparable to progressing chemical weathering) fractionation of Nd
isotopes during the dissolution of rocks is only of minor importance. The latter

stage likely represents average weathering conditions in natural environments.

Furthermore we cannot confirm the findings of earlier studies suggesting in-
congruent preferential release of unradiogenic Nd from easily accessible accessory
minerals from old cratonic host rocks (Ohlander et al. 2000; Andersson et al. 2001;
von Blanckenburg and Négler 2001). On the contrary, our data support the conclu-
sion that the very easily alterable mineral phases release a significantly more radio-
genic Nd isotope signal from the younger host rocks in our experiment, which is in
agreement with the results of a recent study revealing incongruent distribution of
Nd isotopes within particulate material and the dissolved pool in river waters from
the Amazon and its tributaries (Merschel et al. 2017). Considering different crystal-
lization ages and geochemical backgrounds it is very likely that not only the indi-
vidual mineral assemblage but also the REE distribution in the respective minerals
themselves varies significantly between different host rocks. Sm/Nd ratios have
been demonstrated to range between well below and well above a ratio of 1 in apa-
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tites depending on their geochemical origin (Nagasawa 1970; Bea 1996; Sha and
Chappell 1999). A similar variation is possible for sphenes (Bea 1996). We thus ex-
pect the Nd isotope compositions released from the labile fraction during dissolu-
tion to vary according to the variations of Sm/Nd.

3.5.1.3 Differences between powdered and non-powdered samples

G-P samples (average eng = -1.6) released Nd, which is on average about 1 exg
unit less radiogenic than G-N fraction in step A (G3 & G4 average eng =~-0.6), dif-
ferences between the subgroups were negligible in step B. Analogously, fine-grained
sediment sample S6 was 1.5 exg-units less radiogenic than those of coarse-grained
sediments (average S1-S3: eng ~-0.7) in step A and is not distinguishable from the
others in step B.

In group Z PD-leachates of samples Z2p and Z3p yielded eng values about 7
and 5 eng-units less radiogenic than corresponding N samples. The offset for sample
Z1 was only 2.5 enxg-units with subsample Zip being more radiogenic than Zig. Dur-
ing leaching step A these offsets decrease to a maximum of 2 eng units (sample Z3).
In steps B, C and D offsets between powdered and non-powdered (Ap.N) samples
further decrease to below 1 eng unit.

Comparing our results of pulverized (P) and non-pulverized (N) fresh rock
leachates it is obvious that during mild leaches (steps A and B) the dissolution of
very easily alterable minerals (probably apatite) is dominant in subgroup N as mani-
fested in the release of relatively radiogenic Nd isotope signatures (exqg between -0.9
and -0.5), a feature also supported by the '7°Hf/'”7Hf and *°°Pb/***Pb isotopic evolu-
tion (described below). In subgroup P the release of more congruently released Nd,
probably from a wider variety of minerals (including larger quantities of sphene, as
indicated by REE patterns), appears to be dominant over apatite-sourced Nd under
the same conditions resulting in a less radiogenic isotope signature (eng be-
tween -1.7 and -0.8).

Moreover, under more intense chemical alteration in step C the two samples
of subgroup N diverge significantly pointing to incomplete sample homogenization
(see section 3.4.3.1). While sample G4 released Nd incongruently with isotopic sig-
natures more radiogenic than the bulk composition, sample G3 released a congru-
ent composition during step C. It is likely that in sample G3 all radiogenic minerals
accessible to dissolution were largely dissolved, they were still abundant in sample
G4. Furthermore, sample G4 was likely enriched in minerals with more radiogenic
signatures such as sphene, amphibole, and epidote, as indicated by the REE pat-
terns (Table Az in the appendix) and elevated eng (-3.3) in step R. Leachates from
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subgroup P in step C, in contrast, are identical within errors to whole rock composi-
tions and the residues.

From these observations we conclude that the mechanical disaggregation of
a rock substrate, serving as the experimental analogue for glacial abrasion in our
study, accelerates the initial dissolution of easily weatherable minerals and leaves
more resistant minerals behind. More congruent Nd isotope signatures in incom-

plete leachates of subgroup P support this finding.
3.5.2 Lu-Hfisotope system
3.5.2.1 Abundances and distribution of lutetium, hafnium and zirconium

Generally, Lu is enriched with respect to Hf (and Zr) in weak leach experi-
ments (steps A, B and C). Especially during step B high amounts of Lu were released
to solution. Zr and Hf, on the other hand, were highly depleted in all incomplete
leaches of G and S. In the residual material the abundances of Zr and Hf are gener-
ally similar to all other elements (including Lu) and even exhibit small peaks in
samples G3, S5 and S6.

There is a marked difference in Lu, Zr and Hf yields between all leaches of
zircon subgroups P and N (see Figure 3.2 and Table A 4 in the appendix). Incom-
plete leaches of subgroup N are similar to equivalent leaches of groups G and S, ex-
hibiting relatively high Lu/Hf. On the other hand, incomplete dissolution of pow-
dered zircons yielded on average 25 and 10 times higher Zr and Hf abundances than
respective leaches of non-powdered zircons. For steps D and PD the difference is
even larger with subgroup P delivering on average 100 times more Zr and 70 times
more Hf (Table A 4 in the appendix). The difference between subgroups P and N is
also resolvable for incomplete leaches of G and S, however, not as markedly
(Zrp/Zrn=2, Hfp/Hfy=1.5).

Almost all Hf (and Zr) in samples from groups G and S was contained in the
residual material (average = 99.2%). G samples of subgroup P released about 1.5% of
their total Hf during incomplete leaching while subgroup N released only 0.55% in
the same leaches. Incomplete leaches of samples from group S tend to release
smaller amounts of Hf with decreasing grain-size. Hf distribution patterns in Z
samples differ strongly between the two subgroups. While a large portion (62-74%)
of the total Hf is released during the pre-leach from powdered zircons, the same
treatment released only 17 to 33% from zircon grains. On the other hand, Hf con-
tents in incomplete leaches were small (7-8.5%) in subgroup P while they were ra-
ther large for subgroup N (23-33%). Consequently, the largest proportion of Hf re-
leased from zircon grains was during experiment D, whereas powders that have al-
ready suffered severe loss of Hf in step PD discharged only a minor proportion dur-
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ing that step (note that absolute concentrations in the leachates of zircon powders
were still much larger than those of grains).

3.5.2.2 Hfisotope compositions

The range of our experimental Hf isotope ratios (Figure 3.5 a-c) is much wid-
er than that of Nd with eyf values from -5.7 to +2358. Highly radiogenic values be-
tween +150 and +2358 were measured in all incomplete leaches (steps A, B, C) of
groups G and S, which is consistent with high Lu/Hf ratios in the same leachates.
While in group G and for sample S6 leaching step B produced the most radiogenic
values, a decreasing trend in enf was observed during consecutive leaching experi-

ments in group S.

In contrast, leaches of pure zircon samples produced on average less radio-
genic ey close to the whole rock value. However, incomplete leaches of zircon sam-
ples also produce radiogenic ep¢ values of up to +300 (especially in subgroup Z-N).

Comparison of Hf isotopes in dissolutions of powdered and non-powdered samples

Incomplete leaches of powdered samples in group G produced Hf isotope
compositions that were between 630 and 1300 €y¢ units less radiogenic than non-
powdered samples. In contrast, residual material of powders in group G was 2.8 epr
units more radiogenic than corresponding non-powdered samples. While during
leaching step A fine-grained sediments (S6) yielded Hf isotope ratios that were 730
enr units less radiogenic than those of coarse sediments (S1-Ss), steps B and C of the
same sample-group produced more radiogenic values (offset by 400 and 330 enf
units) than coarse sediments. Differences between ey signatures of the residue of

fine and coarse sediments are insignificant.

Offsets between powdered and non-powdered zircons were even larger with
average ey values of weak incomplete Z-P leaches being 6-220 ey units less radio-
genic than Z-N leaches. Zircon leaches varied strongly with the presence of hydro-
fluoric acid (HF) in the leaching reagent. Consequently, strong and semi-complete
leaching steps (Cz, D, PD) generally produced smaller offsets between powdered
and non-powdered zircon samples (4 - 8 eyr units). Furthermore, a systematically
larger offset between Z-P and Z-N (~2 eyf units) was observed for pristine zircon
samples in comparison with the respective samples that were already leached. This
observation and the fact, that weak leaching steps (A, B and Cz) produce values
more radiogenic than expected for zircons (Figure 3.5 ¢) demonstrates the presence
of a contaminant residue of non-zircon minerals in the zircon separates. The occur-
rence of apatites, which are often included in zircons, may serve to explain these
radiogenic Hf isotope compositions in weak leaching steps of group Z.
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3.5.2.3 The role of mineral sorting

The fact that leachates of step A in experiment S (excluding S6) contained
more radiogenic Hf than the same leachates in experiment G suggests that an easily
accessible fraction of less radiogenic minerals is missing in the sediments. It is likely
that unradiogenic (accessory) mineral phases are depleted in sediment samples Si,
S2, S3, S4 and S5, while they are enriched in S6. Based on this, we suggest that min-
eral sorting processes are responsible for the observed discrepancy between G and S
(see also Gargon et al. 2013a). Furthermore, the results obtained from sample S6 are
consistent with fresh rock leachates indicating that it best represents the mineral
composition of the host rocks.

The observation that the residual material of powdered bulk rock samples is
more radiogenic in its Hf isotope composition and less radiogenic in ***Pb/*°*Pb
than the bulk rock and residues of non-powdered samples in the same group is
most likely an artifact of sample preparation (Figs. 3a,b and 6g, h). Overall de-
creased Hf-yields of samples G1 and G2 together with a more radiogenic Hf isotope
composition strongly suggest the loss of zircon minerals during the leaching pro-
cess: While whole rock powders for the total dissolution of an untreated aliquot
were transferred directly, only a small proportion of the previously leached powder
samples G1 and G2 was transferred to the total dissolution procedure. We thus con-
clude that zircon minerals were not distributed homogeneously within the residual
material of G1 and G2 and that the fractions that were transferred to total dissolu-
tion were physically depleted in zircon minerals compared to the whole rock.
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Figure 3.6: Hf versus Nd isotope results. The letters in the symbols refer to the respective experiment
steps. Note that the y-axis scale changes at +20. 26 uncertainties were always smaller than symbol size.

3.5.2.4 Preferential release of Hf from easily alterable minerals versus retention in

zircons

The Hf isotope compositions of the incomplete leaches suggest an availabil-
ity-dependent mixture of multiple end members (Figure 3.6) including at least one
ultra-radiogenic phase (with eyf values significantly above +1000) and a less radio-
genic mineral phase dissolving during the incipient dissolution. Interestingly, as
described for Nd, maximum Hf isotope ratios (eur > +1000) correlate with REE pat-
terns that most closely resemble those of apatite (Table A 2 in the appendix). On
the other hand, leachates with more intermediate gyf values (+150 to +600) exhibit
REE patterns that resemble those of sphene. Both minerals have been shown to be
extremely radiogenic in eyr. Single grain analyses of pure apatites ranged between
enr of +130 and +60,000 while those of a single sphene gave values near +70 (Barfod
et al. 2003, 2005). These observations demonstrate that under incipient weathering
conditions (steps A and B) but also under more corrosive conditions (step C) disso-
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lution of these minerals dominates the Hf isotope budget of the weathering solu-

tions.

1 O T T T T T T T

EHf

whole rock

—— igneous rock array

—— seawater array

—-10 —— glacial seawater array

@ ALV539 glacial seawater
* Blake Ridge LGM

B Labrador Seawater

*® Past Arctic Seawater

L Il L Il Il

-14 -12 -10 -8 -6 -4 -2 0
ENd

-15

Figure 3.7: Compilation of Hf versus Nd isotope compositions of glacially affected seawater from the
present day Labrador Sea (Filippova et al. 2017) together with data for past seawater from the North
Atlantic (Burton et al. 1999; Piotrowski et al. 2000), the Blake Ridge (Gutjahr et al. 2014), the Lomono-
sov Ridge of the Arctic Ocean (blue circles; Chen et al. 2012) and from the Canada Basin (blue stars;
Dausmann et al. 2015). 26 uncertainties were always smaller than symbol size. The regression line rep-
resent to the the seawater data and is referred to as "glacially affected seawater array” (egs= 0.46- €xg +
3.58). Also depicted are the regression lines of river/seawater and igneous rocks of Bayon et al. (2009).

While contributions from unradiogenic phases during weak chemical weath-
ering conditions appear to be negligible, these phases clearly dominate the residual
material (enr -5 to -1.9) and the whole rocks (enf = -3.1), which plot close to the "ig-
neous rock” array (Bayon et al. 2009, Figure 3.7). Consequently, previous studies
concluded that the most significant repository of unradiogenic Hf are zircon miner-
als which are discriminating against Lu during crystallization and can host up to 2
weight percent of Hf (e.g. Patchett et al. 1984; White et al. 1986; van de Flierdt et al.
2007; Chen et al. 20m1). In our study, dissolutions of pure zircon mineral fractions
from the Aar granite provide a first direct assessment of Hf contributions to the
weathering cycle and surface runoff from this unradiogenic phase. While incom-
plete leaches of these fractions clearly exhibit contributions from remaining con-
taminant minerals with radiogenic Hf isotope compositions still attached to sepa-
rated zircons (see section above), strong leaches (PD, D and R) of zircon powders,
which are least prone to contamination, range between -4.2 and -5.7. The average
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zircon epr signature of the analyzed Aar granite samples is thus -5.1 (Zircon-
dominated ey in Figure 3.6). This value is in good agreement with the "zircon-
bearing sediment” array lying below the igneous rock array in eyseng space (Figure
3.7; Bayon et al. 2009) .

3.5.2.5 Additional release of unradiogenic Hf during increasing physical weathering

The observations presented above raise the question under which conditions
the Hf release from highly resistant zircon minerals can be enhanced. There are two
basic mechanisms that control weathering regimes in nature: (1) changing physico-
chemical conditions controlling dissolution processes (temperature, availability of
humic acids, runoff, redox conditions etc.) and (2) changes in mechanical break-
down of minerals controlling the surface area of the minerals and disrupting miner-
al lattices thereby enhancing their availability for dissolution.

In our experiment we tested the differences in isotope signatures that are
created by enhancement of the corrosiveness chemical environment (leaching steps
A-D) as well as by increasing mechanical stress (powders versus granular material).
Differences in the chemical environment have revealed the different availabilities of
particular mineral phases according to their relative chemical stability as described
above. In addition to that, the grinding of bulk rock samples as well as zircon min-
eral separates provides clear evidence for the overall enhancement of dissolution
processes of the actual zircons with decreasing grain size. Furthermore, the compar-
ison of subgroups P and N in the bulk rock experiment shows that not only more Hf
was released from the ground samples but also that the respective isotopic signa-
tures were very different.

The circumstance that pulverized samples in our experiment always deliv-
ered a more congruent Hf isotope signature (i.e. less radiogenic) suggests that more
resistant minerals, bearing less radiogenic Hf, become accessible to dissolution due
to favorable surface to volume ratios. In fact, the results of the leaching of zircon
separates demonstrate that a fraction of the very resistant zircon minerals can be
dissolved even under very weakly corrosive conditions. While Hf released from con-
taminant mineral phases (enr above +40) significantly affects incomplete leachates
of zircon grains (estimated 3 to 10% of contamination; Figure 3.8), those of pulver-
ized zircon separates are clearly dominated (only 0.3 to 0.5% of contamination) by
zircon-sourced Hf (max eyf = +16).
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Figure 3.8: Hf yield plotted against Hf isotope composition. Hypothetical binary mixing between unra-
diogenic endmember (zircon) and potential radiogenic endmembers (apatite and sphene) is depicted
with the gray line. Theoretic proportions of radiogenic contaminations of leachates of zircon separates
were calculated via binary mixing of Hf isotope compositions of pure zircon (¢Hf = -5.1) and the most
radiogenic leachate (eHf = +2350).

On the other hand, Hf from the dissolution of easily alterable minerals is
clearly dominant in incomplete leachates of bulk granite samples when considering
the whole rock system. However, the predominance of apatite present in samples of

subgroup N is less defined in subgroup P indicating that incongruent weathering
decreases due to mechanical grinding.

In addition, observations from ground zircon samples in group Z suggest that
the zircon-effect is also less intense in these samples given that some zircon-
sourced Hf is released to dissolution. This is further supported by increased Zr/Nd
in leachates of pulverized granite samples (2.6 fold compared to non-pulverized
samples) documenting an enhanced dissolution of a Zr-rich mineral phase even
during incomplete leaches. While sphene minerals may hold significant amounts of
Zr they are usually highly enriched in REEs (e.g. Gargon et al. 2013b) and can thus
not account for the observed higher Zr/Nd ratios. Consequently we conclude that
elevated Zr/Nd ratios in leachates of ground, unweathered granite indeed indicate
enhanced Zr release from zircon.
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3.5.3 U-Th-Pb isotope System
3.5.3.1 Abundances and distributions of Pb, Th and U

Relative to the other leaching steps Pb and U are enriched in the weak leach
steps A and B in group G while Th is depleted (Figure 3.9). Experiment C in the
same group delivered a reversed pattern with Th being slightly enriched relative to
Pb and U. The residue of sample G4 produced a higher depletion in Th than the
other three residues, exhibiting a shape similar to steps A and B, though less pro-

nounced.

In group S leaching experiments A and B delivered patterns similar to those
of group G. Deviations from these observations emerge for S2-4 during step B. Ob-
servations in experiment C are analogous to group G with the exception of samples
Ss5 and S6, which are basically identical to the patterns described for steps A and B.
Residues in S show the same patterns as group G with samples S1 and S3 behaving
analogous to G4.

Samples of group Z show a large range of different Pb-Th-U patterns. Pre-
leaches in both subgroups yield high amounts of Pb and U, while they are depleted
in Th (V-shape in Figure 3.2 ¢ and d). Patterns of weak leaching experiments A and
B vary between an essentially flat pattern (U/Th/Pb- ratios close to 1) and a V-shape
similar to PD. There is a tendency towards flat shapes in A and B of powdered zir-
cons compared to the same experimental steps for zircon grains. Experiment C gen-
erally produced an increasing depletion in Pb and U while Th became more abun-
dant. In leachates of step D and R in both subgroups Pb was highly depleted while
Th was at intermediate levels and U was strongly enriched. There is a tendency to-
wards higher enrichment in Th and U in the powdered subgroup.

In contrast to Hf and Nd, large proportions of Pb are released from samples
of groups G and S during incomplete leaching. Coarser sediments (S1-S4) tend to
retain more Pb during incomplete leaching (63-69%) while more Pb is released in
the same leaching procedures from fine-grained sediment fractions S5 and S6. Con-
sistently, larger proportions of Pb were dissolved during step B (18-38%) in pulver-
ized granite samples as well as fine-grained sediment compared to coarse sedi-
ment/granite samples (12-22%). Pb release from zircons is largely analogous to ob-
servations made for Nd with insignificant amounts of Pb discharged during experi-
ments PD and D, as well as no significant differences between zircon powders and

grains.
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3.5.3.2 Pbisotopes

All Pb isotope data are presented in Figure 3.9. Generally, the variations of
the ratios of radiogenic **°Pb and **’Pb to primordial ***Pb (Figure 3.9 a-f) were sim-
ilar whereas *°®Pb/***Pb (Figure 3.9 g-i) showed distinct patterns. The trends of
208ph 2P (Figure 3.9 j-l) are reversed when compared with corresponding
*°°Ph/>°4Pb. This suggests that variations in *°°Pb are controlling ***Pb/>°°Pb rather

than variations in 2°°Pb.

All Group G samples exhibit the same *°°Pb/***Pb and **’Pb/***Pb pattern
with consecutive leaching (Figure 3.9 a and d). Radiogenic values, relative to the
bulk rock, were obtained during step B, whereas less radiogenic values were re-
leased from the total dissolutions of the residual samples. Interestingly both steps A
and C produced values identical to the bulk rock composition. ***Pb/***Pb, on the
other hand, peaked in experiment C and was always depleted relative to bulk rock
composition in incomplete leachates.

Group S generally exhibited larger variations than group G (Figure 3.9 b, e
and h). Leaches of step A delivered the least radiogenic values in all fractions. While
samples S1 and S6 reached their peak **°Pb/>°**Pb and **’Pb/***Pb in step B (similar
to group G) all other samples reached their maximum Pb isotope values in step C.
Residual materials were again unradiogenic while those of the whole sediment
(mixed aliquots) produced intermediate values. A similar pattern was observed for
*°8ph/**4Pb with values peaking in step C. The only exception was sample S6, which
reached its maximum *°*Pb/*°*Pb value in the residual material.

Pure zircon leaches produced very large ranges in Pb isotope ratios of up to
1385 for *°°Pb/***Pb, 87 for **’Pb/***Pb and 214 for ***Pb/***Pb (Figure 3.9 c, f and i).
The most radiogenic values were reached in steps with high rates of zircon dissolu-
tion (D and R).

Differences between powdered and non-powdered samples

All Pb isotope compositions of pulverized G samples were identical in all Pb
isotope systems for the respective leaching procedures whereas leaches of non-
pulverized G samples produced markedly different values (no systematic trend to
more or less radiogenic compositions). In general, leaches of powdered zircon sam-
ples delivered Pb isotope ratios significantly more radiogenic than non-powdered

zircons.
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3.5.3.3 Congruent release of *°°Pb/***Pb and **’Pb/*°*Pb during the initial stage of
leaching

Generally higher yields in U and Th during a leaching step should reflect the
enhanced dissolution of U-bearing and Th-bearing minerals, respectively. This rela-
tionship is clearly documented by an overall similarity of the patterns of U yields to
those of 2°°Pb/>*°*Pb and >°’Pb/>°*Pb, which is also observable for Th yields and
298P} 2°4Ph ratios (see Figure 3.9).

During the initial stage of the experiment, leachates from pulverized un-
weathered granite (group G-P) released *°°Pb/***Pb and >*’Pb/*°*Pb congruently
with their respective Pb isotope ratios being identical to those of the whole rock
(19.9 and 15.72 respectively). Although U yields (Figure 3.2) document the dissolu-
tion of U-bearing minerals no increase in radiogenic **°Pb and **’Pb compared to
the whole rock value is recorded. In contrast, less radiogenic ***Pb/>°*Pb signatures
and minimal Th yields reflect an apparent resilience of Th-bearing minerals towards

dissolution compared with other rock-forming minerals.

The leachates of subgroup G-N, on the other hand, show heterogeneous Pb
isotope compositions. This is most likely due to the fact that the two coarse grained
samples G3 and G4 were composed of different assemblages of minerals (see section
3.4.3.1). While REE patterns of G4 in step A suggest a significantly increased dissolu-
tion of unradiogenic minerals (i.e. epidote,), those of G3 document the dominant
dissolution of apatite in the same step (Table A 2 in the appendix). The elevated
presence of easily alterable U-bearing minerals in G3 is reflected in more radiogenic
*°°Ph/>°4Pb and *’Pb/*°*Pb in step A (Figure 3.9) whereas the minerals of G4 release
smaller amounts of radiogenic **°Pb/***Pb and **’Pb/***Pb under the same condi-

tions.

Erel et al. (2004) ascribed this initial phase (step A) of bulk rock weathering
to the dissolution of trace amounts of unradiogenic minerals. In fact, the congruen-
cy of leachates of pulverized rocks in step A suggests the release of Pb from fresh
(reactive) surfaces of many different minerals, representing the average composi-
tion of the bulk rock. These reactive mineral surfaces are not available in the follow-
ing weak leaching steps. It is likely that this unradiogenic pool (needed to compen-
sate for the preferential dissolution of radiogenic minerals) is derived from the dis-
solution of supposedly more resistant minerals, most likely fragments of feldspars.
From this we infer that the fresh mineral surfaces that were generated during the
pulverization of many different minerals congruently comprise a highly reactive and
consequently congruent source of *°°Pb, **’Pb and *°Pb.
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In coarse-grained sample G3 no significant quantities of such mineral surfac-
es (of unradiogenic minerals) were available and the dissolution of easily accessible
accessory minerals such as apatite was dominant. The unradiogenic signature of the
initial leach of sample G4, on the other hand, is probably the product of the in-
creased availability of an unradiogenic accessory mineral phase, possibly epidote, as
suggested by REE patterns.

3.5.3.4 Accessory mineral phases causing incongruent weathering

In step B the release of Pb from U-bearing minerals is documented by peak U
yields in almost all G and S samples (Figure 3.9 m and n). Consistently, **°Pb/***Pb
and **’Pb/***Pb signatures also reach their peak radiogenic values. At the same time,
the amount of Th released to dissolution only increases slightly accompanied by a
small shift towards more radiogenic, but still highly depleted ***Pb/>**Pb signatures
(with the exception of sample G3).

For this stage Erel et al. (2004) argued that the isotopic signal is dominated
by dissolution of more radiogenic minerals. REE patterns as well as Nd and Hf iso-
tope signatures (described above) confirm the dominant role of accessory phases
such as apatite in step B. Accordingly, leachates that exhibit a larger imprint from
apatite dissolution (G3, S1, S2, S6; see Table A 2 in the appendix) also released Pb
with more radiogenic **°Pb/***Pb and **’Pb/***Pb signatures. Th-rich sphene, on the
other hand, controls the incongruent release of *°°Pb/***Pb. Consequently, in-
creased yields of Ti (and Th) in step B are also reflected by the release of more radi-
ogenic *°*Pb/***Pb signatures.

Based on our data we suggest that only insignificant amounts of more re-
sistant minerals (rich in ***Pb) were dissolved in step B and thus the purest (radio-
genic) accessory mineral signature was captured, consistent with the observations
from Nd and Hf isotopes. While freshly exposed mineral surfaces lost their reactivi-
ty during weathering phase A, various U/Th-rich accessory minerals still preferen-
tially dissolve in phase B leading to less congruent **°Pb/***Pb and >°’Pb/***Pb sig-
nals in the runoff during progressive weathering.

3.5.3.5 The release of unradiogenic *°**°’Pb/***Pb and radiogenic *°*Pb/***Pb with
progressing weathering

Principally, we observe two different trends in the Pb leaching experiment.
Firstly, in leaching experiment C a general decrease in Pb yields is accompanied by a
decrease in radiogenic *°°Pb/***Pb and **’Pb/***Pb. More radiogenic *°**Pb/***Pb, in
contrast, is enriched in step C compared to steps A and B. These observations sug-
gest that Pb release from easily accessible U-bearing minerals is already exhausted
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(with the exception of samples S2 and Ss), which is further supported by minimal U
yields. The dominant dissolution of more resistant minerals such as plagioclase,
however, is reflected by the corresponding REE patterns at this stage of the experi-
ment. These minerals are typically poor in radiogenic Pb (c.f. Erel et al. 1994, 2004)
leading to less radiogenic *°°Pb/***Pb and **’Pb/***Pb close to or below the whole
rock values (Figure 3.9).

The residual materials (step R) of all samples (with the exception of G3, S5
and S6) exhibit **°Pb/***Pb and **’Pb/***Pb signatures significantly less radiogenic
than the corresponding bulk rock composition. This is due to the fact that radio-
genic Pb was preferentially removed from the easily weatherable minerals during
the previous steps leaving the residues enriched in unradiogenic Pb. While the U
yields indicate that some refractory U-bearing minerals were still left in the resi-
dues, *°°Pb/***Pb and **’Pb/*°*Pb are clearly dominated by unradiogenic lead mainly
originating from plagioclase and alkali feldspars (as confirmed by REE patterns; Ta-
ble A 2 in the appendix). In the case of samples G3, S5 and S6 more radiogenic
budgets strongly suggest a higher abundance of accessory minerals carrying radio-
genic *°°Pb/*°**Pb and *’Pb/***Pb signatures. From our data we infer that the in-
creased amounts of radiogenic Pb in these samples are most likely derived from
more abundant easily accessible minerals, as well as more abundant radiogenic re-
fractory minerals (possibly zircons as discussed below) in the residual material. In
contrast, the negative *°Pb and **’Pb budgets with respect to the whole rock of
sample G4 emphasize the relative depletion of U-rich minerals in this sample.

In agreement with the findings of Erel et al. (2004) that a significant fraction
of radiogenic Pb from Th-bearing minerals is less susceptible to dissolution, increas-
ing Th yields with the progressing leaching experiment (Figure 3.9 s and t) reveal
contributions of Th-bearing minerals producing more radiogenic ***Pb/***Pb signa-
tures in all samples (except G3, which was most likely dominated by the release of
common Pb from feldspars in step C). A relatively close correlation (R* >0.5) with
REE patterns of sphene and peak Ti yields in step C leachates suggests that these
Th-rich minerals released increased amounts of Th, as well as radiogenic *°**Pb into
dissolution during this stage of the experiment. Correspondingly, increased Th
yields from residual materials of most samples in groups G and S reflect the dissolu-
tion of Th-rich minerals (most likely also thorite and polycrase; Schaltegger and
Krahenbiihl 1990). This is particularly pronounced in sample G3. In contrast sam-
ples G4, S1 and S2 represent an exception with Th yields being low and ***Pb/>°*Pb
being less radiogenic. Both these observations suggest the absence of Th-bearing
minerals available in these samples. Furthermore, Sample S4 is unradiogenic alt-
hough Th yields are relatively high, most likely because the release of common Pb
from feldspars dominated the ***Pb/>°*Pb signatures.

71



3. Weathering experiment: Nd, Hf and Pb isotopes

Only samples S3, S5 and S6 exhibit ***Pb budgets with isotope signatures
close to that of the whole rock, whereas all others were depleted in radiogenic ***Pb
to different degrees. From our Th data we conclude that sample material of G4, S1
and S2 was highly depleted in Th-rich refractory minerals and consequently in ***Pb
relative to the bulk rock material. Although residual material of G1, G2 and G3 con-
tained significant amounts of Th-rich refractory minerals the sample material was
slightly depleted in Th-rich accessory minerals compared with the whole rock. The-
se observations strongly suggest the important role of sorting processes during the
sample treatment, e.g. due to the loss of refractory zircons (see also section 3.5.2.3).

3.5.3.6 Radiogenic Pb from zircon minerals and estimation of the alpha recoil-effect

The analyses of the total digestions of zircon mineral separates confirms
their expected highly radiogenic **°Pb/>°*Pb, **’Pb/>***Pb and ***Pb/***Pb signatures
(up to 1385, 87 and 214 respectively). Furthermore, the release of radiogenic Pb from
zircon minerals is clearly controlled by the availability of fresh mineral surfaces.

Analogous to observations from Nd and Hf isotopes, Figure 3.9 c and f illus-
trate the fact that contaminant minerals (exhibiting a more unradiogenic Pb signa-
ture), releasing a Pb isotope signature similar to that of the whole rock composition,
dominate the incomplete leachates of non-powdered zircons (circles with dashed
lines). The unradiogenic Pb isotope signature suggests that these contaminant min-
erals are mostly feldspars, which is plausible given that they represent the largest
mineral group of the studied rocks.

Weak incomplete leachates of powdered zircon separates, on the other hand,
exhibit more radiogenic Pb signatures (except in sample Z3p) suggesting the pres-
ence of a labile pool of radiogenic Pb from fresh and reactive mineral surfaces (zir-
cons as well as contaminant minerals) and/or damages of their mineral lattice
caused by the recoil of multiple a-decays of the U and Th decay series isotopes (e.g.
Silver et al. 1980; Davis and Krogh 2001). These two mechanisms, however, are hard
to distinguish since a higher abundance of reactive mineral surfaces increases both
the congruent release of Pb during dissolution as well as due to the recoil-effect.
Nevertheless, the recoil-effect would have its greatest impact during the initial
phase of weathering as proposed in earlier studies (Erel et al. 1994; von
Blanckenburg and Nagler 2001). In our zircon leaching experiment, in contrast, in-
creases in leaching intensity even correspond to more radiogenic Pb isotope signa-
tures suggesting a subordinate role of the recoil-effect. This is in coherence with the
observations from initial weathering conditions in group G and S, which do not
show more radiogenic Pb signatures that would have been expected from a domi-
nant recoil effect.
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The fact that experiment B that released most radiogenic **°Pb/***Pb,
**’Pb/***Pb during G and S leaching shows the least radiogenic signatures for zircon
separates strongly suggests that zircon minerals do not release much of their radio-
genic Pb during this step.

Increased Hf and Zr yields in the residual material of sample G3, however,
indicate the increased abundance of zircons in this sample. Similarly, S5 and S6 are
enriched in zircon minerals as demonstrated from QemScan analyses and high Hf
yields in step R. Thus it is not surprising that the budgets of these three samples are
shifted towards more radiogenic Pb, which is mainly visible in the total digests of
the residual material.

3.5.3.7 Comparison of fresh rock and streambed sediment leaches

In general, our Pb yield data (Figure 3.9 j-1) demonstrate that fresh granite
samples (group G) release Pb more readily from easily alterable minerals, most evi-
dently in step A and BThe sediments contain higher relative proportions of Pb in
refractory minerals in step R (Table A 5 in the appendix). This observation suggests
that the streambed sediments have experienced some degree of alteration, which is

resolvable in our experiment.

Furthermore, leachates of group S provide no evidence for the depletion of
(more radiogenic) easily weatherable minerals present in the streambed sediments.
This is confirmed by low Pb concentrations in the leachates compared to those of
the bulk rock supporting only a small amount of Pb being mobilized. Therefore, in
line with the conclusions of Erel et al. (2004) we suggest that weathering processes

have not been at work for more than 10,000 years.

In contrast to fresh bulk rock samples in group G, the streambed sediments
have likely received significant contributions of unradiogenic Pb of anthropogenic
origin. While initial **°Pb/***Pb and **’Pb/***Pb signatures are in the same range as
the residues of the fresh granite samples it is highly likely that anthropogenic con-
tributions are significant. Moreover, fresh (reactive) mineral surfaces have most
likely already experienced alteration and are thus not expected to influence Pb iso-
tope signatures.

Other variations between group G and S are most likely based on differences
in mineral availability in the respective samples (described above), which is in turn
controlled by mineral sorting processes in the stream sediments.
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3.6 Implications for the decoupling of Hf and Nd isotopes during chemical
and physical weathering in the terrestrial regime

The decoupling of Nd and Hf isotope signatures in our experimental data is
clearly visible in step C of all groups. In this step Hf isotope signatures stay very ra-
diogenic (except for subgroup Z-P), whereas Nd isotopes are released almost con-
gruently (Figure 3.5 a-f). This clearly demonstrates the different geochemical char-
acter of the two isotope systems and serves to explain the observed decoupling in
seawater (e.g. Albarede et al. 1998). The highly incongruent isotope compositions of
Hf, on the other hand, are pointing out the important role of radiogenic trace min-
erals for this isotope system, which will be described in the following sections.

3.6.1 Chemical weathering of Hf-bearing minerals: incongruent dissolution of the
zircon-free portion (ZFP) and the zircon effect

Based on the measured concentrations of Hf in pure zircon mineral analyses
(10166 ppm) and on that of the whole rock (5.3 ppm), as well as the average weight
percentage of zircon minerals in the bulk rock (0.036%; see section 3.3.2.1) we de-
termine the amount of Hf in the zircon free portion (ZFP) to be 1.7 ppm and conse-
quently the percentage of zircon-bound Hf in our granite samples to be 69% ac-

cording to:
(31) f _ [Hflwg — [Hf]zgp
' Hf'in zircons [Hf] WR
[Hﬂ WR _f;aure zircon [Hﬂpure zircon
(3-2) [Hf]zp=

1—f
pure zircon

where fhfin zircons is the percentage of Hf bound in zircon minerals and fyure zir-
con 18 the weight percentage of zircon minerals in the whole rock. This result agrees
well with the conclusions of van de Flierdt et al. (2007) and Chen et al. (2011) who
suggested an average crustal percentage of 65% Hf stored in zircons based on model
data. With known Hf isotope compositions of the pure zircon material and of the
whole rock we calculate the theoretical Hf isotope composition of the ZFP:

EHFEWR _foin zircons €Hf-zircon

(3:3) EHfZFP =
s 1 _foin zircons

Applying the above-described results for fyfin zircons We calculate the eyr of the
ZFP to be +1.3, which corresponds to a bulk rock ey signature of -3.1. However, giv-
en the weight percentages are based on the Qemscan analyses the values for fyrin
zircons and gpr of the ZFP can only be used as a coarse estimate with uncertainties of
up to 100% (section 3.3.2).
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Nonetheless, with the calculated e¢ of the ZFP being well below the range
which is expected for sea and river water at the given Nd isotope composition of the
seawater array (see Figure 3.8) and supported by the offset observed between the
dissolved and the suspended Hf in a study of four Swiss rivers (Rickli et al. 2013), we
conclude that the mere retention of unradiogenic Hf in zircons (zircon effect) can-
not alone account for radiogenic Hf isotope compositions found dissolved in natu-
ral waters. This confirms conclusions drawn from model-data (Chen et al. 2011) and
empirical data defining the zircon-free sediment array (Bayon et al. 2009).

These observations further corroborate earlier suggestions that a significant
fraction of the radiogenic Hf responsible for the seawater array must be derived
from the preferential dissolution of the ZFP. Apatite and sphene have been shown
to carry highly radiogenic Hf isotope signatures (see also Figure 3.6). On the other
hand, a large fraction of less radiogenic Hf in the ZFP has to be released in order to
compensate for the supply from radiogenic minerals to result in intermediate Hf
isotope signatures (close to the zircon free sediment array of Bayon et al. 2009).

Assuming that the total amount of Hf bound to the ZFP fraction in the ana-
lyzed rock samples is about 1.7 ppm and an average of 0.015 ppm was dissolved dur-
ing incomplete leaching we estimate that during our experiment only about one
percent of the Hf contained in the ZFP was released. Thus, our leaching experiment
data demonstrate that this small preferentially released fraction is dominated by
highly radiogenic mineral fractions (apatite and sphene; Figure 3.6), which supports
the conclusions of Bayon et al. (2006) that the Hf isotope composition of river wa-
ters is primarily controlled by preferential dissolution of accessory phases (i.e., apa-
tite, sphene, allanite) rather than more resistant minerals (e.g., biotite, plagioclase,
K-feldspar). This is further supported by observations from Nd and Pb isotopes,
which attest a strong influence of radiogenic Nd and Pb most likely originating from
apatites.

Considering a weight percentage of apatite minerals of 0.12% (section 3.3.2.1),
an assumed [Hf]qpasite of 0.06 ppm (Barfod et al. 2003), and an en¢ signature as radio-
genic as +2358 we infer that in the theoretical case of a complete retention of all Hf
in zircon minerals an apatite-sourced fraction of only 0.2% in the released Hf is suf-
ficient to generate a Hf isotope signature on the seawater array. These implications
suggest, that the incongruent dissolution of the ZFP ("ZFP effect") alone could in
fact account for the generation of the seawater array.

Moreover, if we take into account zircon dissolution on the order of 0.3 %
the dissolution of an apatite-sourced fraction of only 0.34% is still sufficient to raise
the Hf isotope signature to a typical seawater value. In addition, incomplete leach-
ing of zircon mineral grains (Z-N steps A & B) lends evidence to a significant "zircon
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effect" during chemical weathering. Since these leachates are clearly dominated by
radiogenic Hf released from contaminant mineral phases (sections 3.5.1.1, 3.5.2.2 and
3.5.3.6) we conclude that no significant amounts of Hf are released from mechani-
cally unaltered zircons under incipient weathering conditions.

Zircon powders, in contrast, clearly release zircon-sourced Hf to solution,
which will be highly significant for the Hf isotope composition of weathering solu-
tions, in particular after the retreat of glaciers leaving behind fine-grained rock
powders. This feature may become important during glacial maxima or late-glacial

stages at ocean margins near major ice sheets.

We conclude that during incipient weathering conditions a combination of
both the “zircon effect” as well as the “ZFP effect” controls the Hf isotope composi-
tion in the weathering solutions. As weathering progresses these effects are weaken-
ing given that increasing amounts of Hf are also released to dissolution from more
resistant minerals, which results in the Hf isotope compositions of the solutions

becoming increasingly more congruent.

3.6.2 Physical weathering: more congruent Hf isotope signatures under glacial
weathering conditions from the ZFP?

The conclusions drawn above suggest that under natural weathering condi-
tions accompanied by glacial grinding the partial dissolution of zircon minerals also
constitutes a significant source of unradiogenic Hf to the oceans as proposed in
previous studies (Piotrowski et al. 2000; van de Flierdt et al. 2002; Gutjahr et al.
2014; Dausmann et al. 2015). In contrast, the more congruent release of Hf via disso-
lution of the ZFP-minerals, as demonstrated by far more congruent Hf isotope sig-
natures during incomplete leaches of ground samples in group G (Figure 3.10 A),
can also account for more congruent weathering during glacials.
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Figure 3.10: (A) Cross-plot of Lu/Hf and Zr/Nd ratio (Note the logarithmic scale of both axes) illustrat-
ing the close relationship between the dissolution of zircon mineral material and the Lu-Hf isotope
system, which is closely linked to the relationship between Lu/Hf and Hf-isotope signatures depicted
in B. The Zr-Nd ratio is mainly a function of the amount of zircon material dissolved since Zr is highly
enriched, whereas Nd is strongly depleted in zircons.

Figure 3.8 shows a compilation of combined Hf-Nd seawater isotope data
from glacially affected regions of the North Atlantic and Arctic Ocean, which appear
to define a subdomain of the seawater array. This "glacially affected seawater" array
resembles the seawater array but is shifted to less radiogenic Hf isotope values by 2
to 5 epf units, supporting more congruent weathering under glacial conditions. The
slope of this array defined by enf = 0.46- eng + 3.58 is almost parallel to that of the
seawater array.

Thus within some uncertainty we can calculate the theoretical ey of seawater
controlled by the glacial weathering of continental rocks with the properties of our
whole rock to be in the order of +1.6, which is about 3 ey¢ units lower than the
theoretical seawater value generated from these rocks (+4.6 following relations
described in Albarede et al. 1998 and Bayon et al. 2009). Below we illustrate why
enhanced glacial weathering of zircon alone cannot account for the more congruent

Hf-Nd seawater isotope systematics:

The theoretical case that all additional (unradiogenic) Hf released due to gla-
cial activity originates from zircons is highly unlikely, since it is unrealistic that only
zircons are weathered more congruently due to glacial grinding. The other extreme
case, however, that the unradiogenic Hf discharged due to glacial weathering pro-
cesses is derived solely from the congruent weathering of the ZFP can theoretically
only be achieved if about 90% of the Hf in glacial seawater is derived from congru-
ent dissolution of the ZFP. This implies that while the congruency in the weathering
of zircon is unchanged the shift in ey can be generated by more congrent
weathering of the ZFP alone (Figure 3.10 A).
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The dominant role of the ZFP-effect due to physically ground minerals is fur-
ther supported by the fact that while powdered zircon separates deliver about one
order of magnitude more Hf than their non-powdered counterparts, the same
leaching procedure dissolved only 1.5 times more Hf from subgroup G-P when com-
pared to G-N. If the more efficient dissolution of zircon under enhanced mechanical
breakdown were the dominant process for the whole rock dissolution, we would
expect the enhancement in the Hf yield to be similar in both experiments, G and Z.

Nonetheless, increased Hf yields from ground zircon separates attest that
zircons are in fact weathered more efficiently after mechanical grinding. This sug-
gests that although the more congruent weathering of the ZFP is the dominant fac-
tor controlling the Hf budget in dissolution, even the “reduced zircon effect” may
still exert significant influence, particularly in the light of extensive continental ice
sheets at work during Pleistocene glacial cycles. In experiment G evidence for in-
creased influence from the dissolution of zircon minerals arises from increased
Zr/Nd ratios (Figure 3.10 B) documenting an increased Zr output while Nd at the
same time remains more or less constant. This validates the aforementioned as-
sumption that mechanical breakdown of zircons enhances their availability for
weathering in general. However, our experimental data show that this is not the
dominant process leading to more congruent weathering of Hf isotopes under gla-

cial conditions.

In nature, most likely a combination of both processes is responsible for the
observed signatures which is probably also controlled by other environmental fac-
tors such as different water-rock interaction times as demonstrated in a recent
study comparing glacially and non-glacially dominated rivers in Greenland (Rickli
et al. 2017). Accordingly contributions from reactive/radiogenic minerals are favored
by short interaction times (efficient drainage/run-off) as present under non-glacial
conditions. Glacial rivers, on the other hand, receive continuous contributions from
waters of distributed sub glacial drainage systems thus exposed to long interaction
times and experience a higher influence from zircon-sourced Hf. This temporal fac-

tor cannot, however, be resolved in our experiment.

The reduction of 3 epr units representing the shift to a glacially dominated
weathering regime, finally, can have many different reasons. Our new experimental
data demonstrate that, together, a decreased zircon-effect and the more congruent
weathering of the ZFP are certainly the key processes for these changes in the
oceans' Hf isotope compositions.
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3.7 Summary and Conclusions

In this study, the release of Nd, Hf and Pb from a granitic rock and its miner-
als during chemical and physical weathering processes was simulated by sequential
leaching experiments. These experiments document the systematic preferential re-
lease of radiogenic Nd, Hf and Pb isotopes primarily controlled by dissolution char-
acteristics of the host rock’s accessory and major minerals. The data demonstrate a
high degree of coherence between all isotope systems, which suggests that the pref-
erential digestion of labile accessory minerals, in particular apatite and sphene,
dominates the release of radiogenic Nd, Hf and Pb during weak chemical weather-
ing of fresh rock surfaces. The degree of incongruent release of radiogenic Nd is
surprising since differences in Sm/Nd between mineral phases are small. The overall
effect of mineral-controlled fractionation on Hf isotopes is much larger and also
persists under enhanced chemical weathering intensities. Consequently, we find
that the about 69% of the total Hf in the analyzed host rocks contained in highly
resistant zircons were hardly dissolved or released at all during the incomplete

leaching experiments.

The fact that radiogenic *°*°Pb and **’Pb in powdered unweathered granite
material are dissolved congruently under incipient weathering conditions implies
that an easily accessible fraction originating from different minerals (probably
mostly feldspars) are available for dissolution at this stage of weathering due to the
increased availability of reactive mineral surfaces. This feature is observed despite
elevated U release rates during incipient weathering experiments providing clear
evidence for preferential U-rich accessory mineral dissolution. With continued
weathering/leaching, reactive surfaces of other rock-forming mineral phases appear
to decrease leading to enhanced release of radiogenic **°Pb and **’Pb due to the dis-
solution of a labile uranogenic mineral phase (probably apatite). Our results also
suggest that washout of alpha-recoiled radiogenic Pb during incipient chemical
weathering likely does not alter the Pb isotope composition of the runoff to a re-
solvable degree. In contrast to **°Pb and **’Pb, radiogenic ***Pb in the simulated
weathering solutions is depleted with respect to the whole rock composition since
Th-bearing minerals, the main sources of radiogenic **®Pb, are generally more re-
sistant to dissolution. Overall, the differences in Pb isotope trends between the sub-
groups of the experiment are mainly controlled by differences in mineral availability
and are probably also controlled by mineral sorting processes.

Mechanical grinding of rocks and their mineral phases clearly reduces the
fractionation of Hf and Nd isotopes during dissolution of the host rocks through
increasing the fraction of more resistant minerals of the zircon-free fraction acces-

sible to weathering. In addition, more efficient dissolution of zircon minerals is
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documented by enhanced release of Hf from ground zircon separates and thus fur-
ther contributes to the more congruent release of radiogenic Hf isotopes to weath-
ering solutions and ultimately to the ocean under enhanced glacial weathering con-
ditions.
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4. Nd and Hf isotopes in the Bay of Biscay

4 Radiogenic neodymium and hafnium isotope compositions of sea-
water in the Bay of Biscay: Conservative mixing versus non-conservative in-

puts.

To be submitted to GCA as: Dausmann, V., Frank, M. and Zieringer, M.: Radiogenic neodymium and hafnium
isotope compositions of seawater in the Bay of Biscay: Conservative mixing versus non-conservative inputs.

Abstract

We present dissolved neodymium and hafnium concentrations and isotope
compositions of surface and deep-water masses from the Bay of Biscay together
with Rare Earth Element concentrations. Hafnium and Rare Earth Element concen-
trations in subsurface waters mainly reflect a nutrient-like increase with depth in
the Bay of Biscay. The Nd isotope data acquired in this study range from enxg= -12.9
to -9.4. It is demonstrated that radiogenic Nd isotope signatures in the analyzed
surface waters of the Bay of Biscay are dominated by local weathering inputs from
the rocks of the surrounding continental margin. Subsurface Eastern North Atlantic
Central Water (ENACW) shows a distinct Nd isotope composition of exg = -12.0 at
the southwestern-most station and is significantly diluted on its way along the Eu-
ropean margin by mixing with more radiogenic waters from above and below. Fur-
thermore, the Nd isotope data clearly show the declining influence of radiogenic
Mediterranean Outflow Water (MOW; eng = -10.1) at intermediate depths on its way
north as it is diluted with ENACW indicating that only 40% to 60% of MOW still
present at the Galician margin arrives at the stations further north. A potentially
seasonal/temporal feature of Nd isotope changes in MOW is identified when com-
paring the results of this study with those of earlier studies from the area, which
possibly reflects the meandering flow path of MOW. Higher proportions of MOW-
like Nd signatures are also manifested in elevated Nd concentrations likely originat-
ing from increased terrestrial inputs to the Mediterranean Sea and are then trans-
ported as far as the Galician margin. In agreement with observations from Nd iso-
topes we infer that the Hf isotope composition of MOW was affected by large-scale
inputs of dust as can be deduced from elevated Hf concentrations at the Galician
margin. The deep-water Nd isotope signatures in the Capbreton region strongly
suggest exchange with local shelf sediments. Similarly, Hf isotopes in all water
masses of the Bay of Biscay are generally overprinted by local inputs. Therefore, Hf
isotope compositions in the Bay of Biscay do not reflect the mixing of respective
water masses. Combined with Nd, however, Hf serves as a useful indicator whether
a water mass is more proximally affected by inputs from weathering or if it has been
advected over long distances.
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4.1 Introduction

The radiogenic isotopes of neodymium (Nd) and hafnium (Hf) are common-
ly used tools for the reconstruction of paleoceanographic properties such as water
mass circulation and mixing, as well as erosional inputs and related conditions on
the continents (e.g. Burton et al. 1997; Piotrowski et al. 2000; Rutberg et al. 2000;
Frank 2002; van de Flierdt et al. 2002; Chen et al. 2012). In order to faithfully inter-
pret past isotope records, however, the biogeochemical behavior of Hf and Nd in
present-day seawater needs to be understood. Therefore, the water-mass related Hf
and Nd isotope distributions in a number of regions of the oceans have been stud-
ied (e.g. Piepgras and Wasserburg 1982, 1983; Jeandel 1993; Godfrey et al. 2009;
Rickli et al. 2009; Stichel et al. 2012).

The applicability of these radiogenic isotope systems as tracers of ocean cir-
culation is primarily based on their "quasi-conservative" behavior in seawater and
residence times similar to the global mixing time of the ocean. This requires that
the seawater isotope compositions at a given location principally reflect relative
contributions of the respective element from the mixing of water masses. However,
non-conservative processes, such as scavenging, vertical regeneration in the water
column or inputs from the sediments may obscure advected signals (Goldstein and
Hemming 2003; Siddall et al. 2008).

In the case of Nd isotopes it has been demonstrated that in the open ocean
the system mostly behaves conservatively with residence times ranging from 500 to
2000 years (e.g. Jeandel et al. 1995; Tachikawa 2003). Nevertheless, a number of
studies have observed that Nd can be released or exchanged along continental mar-
gins (Lacan and Jeandel 2005a, 2005b; Rickli et al. 2009; Carter et al. 2012; Wilson et
al. 2013), implying a non-conservative behavior at least close to the sediment-water

interface.

For Hf, on the other hand, there is recent evidence for a much shorter resi-
dence time in seawater compared to that of Nd (Rickli et al. 2009, 2014). Rickli et al
(2009) argued, that Hf and Nd behave significantly different in the water column,
despite that the same processes affect both elements. Accordingly, there is evidence
for partial dissolution of terrigenous inputs into surface waters in the case of Nd,
while this is not observed to the same extent for Hf. It was thus concluded that
scavenging of Hf is more efficient than of Nd while at the same time particulate Hf
may be less readily dissolved when introduced into seawater. The mostly non-
conservative behavior of Hf in seawater consequently restricts the use of Hf isotopes

as tracers of ocean circulation to basin-scales.
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The main sources of Hf and Nd in seawater are weathering inputs from the
continents. During weathering Nd is released to seawater essentially congruently
whereas Hf is released incongruently. This reflects the preferential release of radio-
genic Hf from easily weathered minerals (such as apatite and sphene) with high
Lu/Hf (Bayon et al. 2006; Rickli et al. 2017; chapter 3) and the efficient retention of
unradiogenic Hf in robust zircons (Patchett et al. 1984; chapter 3). These incongru-
ent inputs of Hf explain the offset towards more radiogenic Hf isotope compositions
for a given Nd isotope composition observed in seawater and seawater-archives
(termed “seawater array”; Albaréde et al. 1997) when compared to Hf-Nd composi-
tions measured in continental and igneous rocks (termed “terrestrial array”;

Vervoort et al. 1999).

Furthermore, records of past seawater obtained from hydrogenetic sediment
phases provide evidence that enhanced physical (glacial) weathering and mechani-
cal grinding of the rocks on land leads to more congruent weathering of Hf. This
results from a more efficient release of unradiogenic Hf from more resistant miner-
als (Piotrowski et al. 2000; van de Flierdt et al. 2002; Gutjahr et al. 2014; Dausmann
et al. 2015) pointing to changing continental weathering regimes. In addition to
that, local inputs of Hf directly from the continents (riverine, estuarine or atmos-
pheric) or from boundary-exchange with the marginal sediments have been demon-
strated to modify the seawater Hf isotope composition (Godfrey et al. 2008; Rickli et
al. 2010, 2014; Dausmann et al. 2017). These local inputs reflect environmental con-
ditions on close-by continents (Bayon et al. 2016) and the provenance of suspended
particles, such as dust.

In summary, studies applying Nd and Hf isotopes need to evaluate, on a site-
by-site basis, to which degree temporal variations of Nd and Hf isotope composi-
tions can either be ascribed to changes in ocean circulation or to non-conservative
processes related to inputs from land. The Western European margin and the Bay of
Biscay are ideal sites to examine the behavior of the radiogenic isotopes given that
the isotopic evolution of the water masses is affected by different continental and
sedimentary inputs along their pathway.

Here we present new seawater Hf and Nd isotope composition and concen-
tration data together with rare earth elements (REE) distribution patterns to inves-
tigate the modification and mixing of North Atlantic water mass signatures during
their advection in the Bay of Biscay.
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4.1.1  Hydrography

Water samples were taken at five sites along the European continental mar-
gin of the Bay of Biscay during German research vessel Meteor cruise M84/5, May
31st - June 21st 2011, from the port of Vigo (Spain) to the port of Brest (France).
Deep-water samples were collected in submarine canyons close to the continental
slope at four of these sites (the Mugia Canyon, the Pages Escarpment, the Capbre-
ton Canyon and the St. Nazaire Canyon). Surface water was collected at an addi-
tional site close to the port of La Coruna. The sampling sites are referred to as Re-
gions I to V along the cruise track (Figure 4.1).

The Bay of Biscay is characterized by a mixed surface layer depth of about 50
m. It is underlain by cyclonically flowing Eastern North Atlantic Central Water
(ENACW; Pollard et al. 1996; Jenkins et al. 2015) extending down to about 500 m
depth, which is characterized by a salinity minimum of 35.60 psu in its core. Below
that, salinity increases rapidly marking the presence of northward flowing Mediter-
ranean Outflow Water (MOW), which extends down to a depth of around 1500 m.
MOW is formed by the admixture of Mediterranean seawater to Atlantic water
masses in the Gulf of Cadiz (e.g. Tchernia 1980). Coriolis forcing results in its flow
along the continental margin of Western Europe. Along its flow path MOW is dilut-
ed by mixing with water masses below and above as reflected by the decreasing sa-
linity maximum at 1100 m depth from 36.17 in Region I to 35.8 in Region V. Below
MOW, North Eastern Atlantic Deep Water (NEADW) occupies the deep and bot-
tom waters in the study area. In the uppermost part of NEADW at ~2000 m depth
the presence of Labrador Sea Water (LSW) is reflected in a salinity minimum (van
Aken 2000).
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Figure 4.1: A) Overview map showing the locations of the CTD casts during M84/5 in the Bay of Biscay
and other relevant stations in the area (see legend). B) Water masses present in the regions sampled in
this study as identified by their potential temperature and salinity. In addition the water mass profiles

of Copard et al. (2011) are displayed.

4.2 Material and Methods

A set of 6 surface water samples and 42 samples from depths between 124
and 3250 m were taken. In total, 15 profiles were sampled using Niskin bottles
mounted to a stainless steel CTD rosette. These profiles are grouped into five geo-
graphical regions (see section 4.1.1 and Figure 4.1).

Sample volumes of 20 to 8o 1 were collected in acid-cleaned 20 1 LDPE-
collapsible cubitainers and filtered through o.45 pm Millipore® filters within 12 h
after collection. The same happened for the surface water samples (between 20 and
140 1), which were collected using a stainless steel towed fish while the ship was un-
derway. The filtered seawater samples were then acidified to pH ~2 using distilled
concentrated nitric acid. For each sample two aliquots of 1| were separated for the
measurement of Hf and Nd concentrations by isotope dilution (ID) and the deter-
mination of REE concentrations. All samples were taken and analyzed for REE con-
centrations and Nd isotope compositions following the GEOTRACES standard pro-
tocols (van de Flierdt et al. 2012).

4.2.1  Hf and Nd isotope measurements

For the analysis of Hf and Nd isotopes 4oopl of cleaned FeCl; solution was
added to all samples and Hf and Nd were subsequently coprecipitated with ferric
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hydroxide by the addition of ammonia solution raising the pH to 8 (cf. Rickli et al.
2009; Stichel et al. 2012). After settling of the precipitate, most of the supernatant
was discarded and the residue was transferred into 2 1 PE-bottles for transport to
the home laboratory.

In the clean laboratory facilities of GEOMAR the precipitates were then sepa-
rated from remaining supernatants by centrifugation and further rinsed at least
three times with MilliQ water to remove major ions from seawater. Subsequently,
the precipitates were dissolved in 4 ml of aqua regia and cooked for at least 24 h at
110 °C in 6oml Teflon vials in order to destroy organic components. After the sam-
ples had been dried and brought to chloride-form by dissolution in 6 M HCI the
largest proportion of the added Fe was removed by solvent extraction with purified
di-ethyl ether.

Some samples formed jelly-like precipitates (containing ~90% of the Hf in
the samples) when dissolved in 6M HCI. The precipitates were separated by centrif-
ugation and subsequently dissolved in 2M HF. After evaporation, the jelly separates
were dissolved in 6M HCI and added to each sample again.

Hf and Nd were then separated from all other elements following previously
established ion exchange chromatographic procedures (Pin and Zalduegui 1997;
Miinker et al. 2001). The total procedural blank for Hf was negligible at 10 pg com-
pared to typical sample sizes of 2 to 10 ng. For Nd the total procedural blank was
below 30 pg and thus considered negligible.

The amounts of Hf and Nd available for measurement varied between 1.4 and
11 ng and between 20 and 200 ng, respectively. All isotope measurements were per-
formed on a Thermo Scientific Neptune Plus at GEOMAR. Measured Hf and Nd
isotope compositions were corrected for instrumental mass bias to 7°Hf/"”’Hf of
0.7325 and “°Nd/**Nd = 0.7219 applying an exponential mass fractionation law. Ra-
diogenic Nd and Hf isotopic compositions are given as € values, which correspond
to the normalized differences of the sample ratio from the one of the chondritic
uniform reservoir (CHUR) times 10,000 with "Nd/**Ndcyur being 0.512638
(Jacobsen and Wasserburg 1980) and "7°Hf/"”7Hfcur being 0.282785 (Bouvier et al.
2008). The external reproducibility of our Hf isotope analyses was estimated from
repeated measurements of the J]MC475 standard at concentrations of 1, 2, 5 and 10
ppb and corresponded to 1.18, 0.97, 0.45 and 0.37 eye-units respectively (2 S.D.,n =9
for each beam size, average external reproducibility: 0.74 €nf). The external repro-
ducibility of the Nd isotope measurements was estimated based on repeated meas-
urement of the JNdi-1 standard (n = 29) and an in house laboratory standard (n = 14)
run at 50 ppb and 30 ppb and gave 0.22 and 0.28 eng (2 S.D.), respectively. All Nd
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and Hf isotope analyses were normalized to the accepted literature values of
1BNd/"*Nd = o.512115 for the JNdi-1 standard (Tanaka et al. 2000) and 7°Hf/"77Hf =
0.282160 for the JMC475 standard (Nowell et al. 1998).

4.2.2 Hf and Nd concentration measurements

Accurate Hf and Nd concentrations were obtained by isotope dilution (ID)
following the procedures described in Rickli et al. (2009) and Stichel et al. (2012).
Precisely known amounts of Hf single-spike and Nd double-spike solutions, artifi-
cially enriched in '*°Hf, °Sm and "°Nd respectively, were added to one of the 1l-
aliquotes of every sample. Hf and Nd pre-concentration was achieved by iron co-
precipitation as described above for the large sample volumes. For Nd sufficient
purification was achieved by a single cation chromatographic column separation
step (1.4ml BIORAD® AG50W-X8, 200-400 pum mesh-size). The application of a
"®°Hf spike required an additional step of column separation removing interfering
oW (1.6ml BIORAD® AG1X-8 resin Cl" form, 200-400 pm mesh-size) following the
protocol of Sahoo et al. (2006). The procedural blank levels were assumed to be
similar to those described in Stichel et al. (2012). Analogously blanks of Nd corre-
sponded to less than 1% and no blank corrections were applied. In the same labora-
tory Stichel et al. (2012) estimated the procedural Hf blank to be 5+0.7 pg (n=1) cor-
responding to less than 1% of the Hf content of our samples and are thus considered
negligible

4.2.3 Rare earth element concentration measurements

Rare earth element concentration measurements were conducted on an 8 ml
sample loop using an online preconcentration technique (OP) ICP-MS at GEOMAR
employing an automated "SeaFast" system (Elemental Scientific Inc.) coupled to an
Thermo Scientific Element XR analogue to the procedure described by Hathorne et
al. (2012). During the measurements, reference seawater from the Bermuda Atlantic
Time Series (BATS, 15 m; BATS, 2000 m; van de Flierdt et al. 2012) was used to track
the reproducibility and accuracy of the data and are listed for each element in Table
A 6 in the appendix. Seawater, from which all the REEs had been removed by Fe-
coprecipitation (see above), was used as a procedural blank, which was subtracted
from the data.

4.3 Results
4.3.1 Hfisotope distribution

A set of 21 deep-water samples and one surface sample was successfully ana-
lyzed for Hf isotope compositions (Table A 7 in the appendix and Figure 4.2). The
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measured range in eyr between -0.6 and +2.8 agrees well with Hf isotope measure-
ments of seawater samples from nearby stations (RV Polarstern ANT XXIII/1 station
69/3 and station 69/6; eyf ranging between -0.9 and +3.3; Rickli et al. 2009). The
surface water sample from Region I shows an ey value of +1.8, which is within error
identical to the nearby surface water measurement sw 2 of Rickli et al. (2010). Shal-
low water masses above 450 m depth exhibit eyf values within a narrow range close
to o in all regions (average -0.1 + 0.5 1 S.D., see Figure 4.2). Below 450 m depth sea-
water throughout the Bay of Biscay show more variable eyf signatures with a range
between -0.6 and +1.4 with an average value of +0.4. Intermediate waters from Re-
gion III and a single measurement from Region IV at 511 m depth show relatively
radiogenic Hf isotope signatures (eur between +2.1 and +2.8). A less radiogenic eHf
signature between -0.6 and +0.4, however, marks MOW in Region I. The data for
Region IV on the other hand, exhibit intermediate ey values between +0.3 and +1.0
below 500 m in close agreement with the measurements of Rickli et al. (2009).
Deeper water masses (below 1500 m) in Regions I and V display a trend towards
more radiogenic exr between +1.4 and +2.2. It is only the deepest sample of Region
III (3250 m) that again shows a significantly less radiogenic e¢ value of +o.5.
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Figure 4.2: Hafnium isotope compositions (A) and concentration data (B) of all measured samples from
the Bay of Biscay plotted together with data from near-by stations of Rickli et al. (2009).
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4.3.2 Nd isotope distribution

The Nd isotope data acquired in this study range from eng = -12.9 to -9.4 (Ta-
ble A 7 in the appendix). The overall patterns of our Nd isotope signatures agree
well with those found in previous studies in the Bay of Biscay (Figure 4.3). The sig-
natures of our Region I and Ovide st.15 (Copard et al. 2011) and those of Region III
and the CAROLS stations (Copard et al. 2011) agree particularly well for most depths
but also show some distinct differences. The surface waters are characterized by
relatively radiogenic eng values between -10.9 and -9.4 in all five regions, with the
most positive values reached in Region II. Nd isotope compositions then decrease
with depth to a local minimum (eng = -12 to -11.5) at depths of 500 - 800 m, which is
most pronounced and shallowest in most southwesterly Region I. Intermediate wa-
ter masses between 800 and 1500m water depth (MOW) are again characterized by
more radiogenic Nd isotope compositions reaching maximum values (-10.1) at a
depth of 1100 m in Region I. The radiogenic maximum at 1000 - 1200 m water depth
is also observed in all other regions though less pronounced. Below, the Nd isotope
signatures drop again to less radiogenic values between exg= -13 and -12, reaching
minima at depths between 1650 m (Region V) and 1900 m (Region III). This feature
is much shallower (1200 m) in Region IV. Bottom water masses below 1800 m (be-
low 1200 m in Region IV) again show a trend towards more radiogenic Nd signa-
tures.
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Figure 4.3: Neodymium isotope compositions (A) and concentration data (B) of all measured samples
from the Bay of Biscay plotted together with data from near-by stations of Copard et al. (2011) and Rick-
li et al. (2009).

4.3.3 Hf and REE concentrations

All REE analyses acquired from OP-ICP MS measurements are listed in Table
A 6 in the appendix. Most elements show relatively homogeneous distributions
throughout the water column with a slight trend to low concentrations in the sur-
face and higher concentrations in the deeper water masses (particularly in Region
V; see Figure 4.4). Region I and II, however, show slightly enhanced REE concentra-
tions in shallow waters. Cerium, however, shows significantly higher concentrations
in shallow water masses compared to deep-water masses. Furthermore, in Region

IV Ce concentrations are generally enriched (especially below a depth of goo m).

Hf and Nd concentration patterns acquired from ID are similar to those of
other particle-reactive metals in that lowest concentrations are observed in near
surface waters and then grow with depth (Figure 4.2 B and 4.3 B). Hf concentrations
(ID) show no large variability throughout the sampled regions in the Bay of Biscay.
However, we observe a sudden rise in Hf concentrations between 600 and 8oo m
water depth from concentrations between 0.4 and 0.6 pmol/kg in the shallow water
masses to concentrations between 0.7 and 0.9 pmol/kg below (Figure 4.2 B). This
steep increase is most prominent in Regions I and III. Furthermore, Hf concentra-
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tions of intermediate waters between 800 and 1500 m water depth are slightly in-
creased in Region I (about 0.05 pmol/kg) compared to the other regions.

The Nd concentrations (ID) show a larger spatial variation in the Bay of Bis-
cay. Prominent features of the Nd concentrations are local maxima in Region I at
intermediate depths (between 800 and 1500 m) and in Region IV below 9oo m
(Figure 4.3 B). The Nd concentrations in intermediate waters of Region I are elevat-
ed by 0.5 to 1 pmol/kg compared to the other regions (average at the same depth is
~17 pmol/kg). In Region IV the Nd concentrations below a depth of goo m are in-
creased more pronouncedly and reach maximum values of up to 23.6 pmol/kg at
1200 m depth. At bottom depth all regions exhibit slightly increased Nd concentra-

tions.
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Figure 4.4: REE concentrations (pmol/kg), HREE/LREE (Er/Nd) ratios and Ce anomalies (Ce/Ce* =
2[Ce]/([La]+[Pr])) versus water depth (m). All shown REE concentrations were obtained by OP-
ICP-MS.
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4.4 Discussion
4.4.1 The elemental distribution of Hf and REE in the Bay of Biscay

The generally homogeneous distribution of Hf and REE concentrations in the
uppermost 1000 m throughout the sampled regions in the Bay of Biscay suggests
that the concentration of Hf is primarily controlled by particle scavenging at the
surface and release in the subsurface waters thus mainly reflecting a nutrient-like
increase with depth.

4.4.1.1 Surface water

Surface water in most analyzed regions of the Bay of Biscay is affected by in-
puts of REE from continental weathering as visible from decreased Ce-anomalies,
comparably high REE concentrations (especially Region I and II) and increased
La/Yb ratios (Figure 4.4). Only Region V, which is also the remotest of our regions,
shows open ocean-like REE concentrations ([Nd] = 10.2 pmol/kg).

4.4.1.2 ENACW and MOW

The sharp rise in Hf concentrations observed at the interface between shal-
low and intermediate waters in Regions I, III, and IV suggests that the concentra-
tion of Hf is related to a water mass boundary. A similar enrichment in intermediate
waters of Region I is observed for Nd concentrations (Figure 4.3 B). It is likely that
this represents increased amounts of Hf and Nd advected by the plume of MOW,
which in the Mediterranean received large inputs via partial dissolution of terri-
genous material from the surrounding continents, including Saharan dust (e.g.
Meloni et al. 2008). This is further supported by the fact that concentrations are not
elevated in the more distal regions (Il and V) where the removal of excess (MOW-
sourced) Hf and Nd has apparently already been completed. Elevated Ce concentra-
tions in Regions III and IV, on the other hand, suggest the in-situ dissolution of par-
ticles. A similar feature, however, is not resolved in Nd or Hf isotope compositions
or other REE concentrations.

Nd concentrations below goo m in Region IV are even higher than in Region
I and can thus not be interpreted as Nd inputs from MOW (see below). The fact
that the MOW plume is more pronounced in Nd concentrations than in Hf concen-
trations lends further support to the conclusion of Rickli et al. (2009) that Hf is re-
moved more efficiently from the water column than Nd.
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4.4.1.3 Deep water masses

Elevated Nd concentrations (18 to 24 pmol/kg) in the deeper water masses
(>900 m) of Region IV (Figure 4.3 B) fall in a similar range as the 'mid-depth’' (2000
m) increase in Hf and Nd observed by Rickli et al. (2009). In conjunction with a
similar observation of increased amounts of dissolved Fe in nearby water samples
(Laés et al. 2003) this enrichment in Nd was interpreted to be sourced by the inter-
action of LSW with slope sediments before entering the Bay of Biscay from the
north. In contrast to the observations of Rickli et al. (2009) we did not find a similar
feature in our Hf and Nd concentration profiles suggesting that the enrichment ob-
served by Rickli et al. (2009) may have been linked to a turbidite event. Regarding
the confined position of Region IV in the Capbreton canyon, inputs of Nd from local
sedimentary sources below 1000 m water depth is more likely. Supported by in-
creased Ce concentrations (Figure 4.4) the high Nd concentrations are interpreted
as a reflection of the release of Nd originating from partial dissolution of the detrital
fraction of shelf sediments (Lacan and Jeandel 2005a; Rickli et al. 2014) or reminer-
alization in deep waters (cf. Rickli et al. 2009), which is further discussed in section

4.4.3.

4.4.2 Hf isotope distribution in the water masses of the Bay of Biscay: conservative

versus non-conservative behavior

While the overall range in Hf isotope compositions in this study matches the
one obtained by Rickli et al. (2009) the structure of our profiles differs markedly in
some regions. It is only the seawater profile from Region IV that agrees quite well
with those of stations 69/3 and 69/6 (with the exception of one data point from 450
m water depth; see Figure 4.2 A).

4.4.2.1 Surface water

The surface water Hf isotope composition in Region I is likely affected by lo-
cal inputs from terrigenous (dust), riverine and/or anthropogenic sources of Hf.
Therefore, we assume that the relatively radiogenic ey value of +1.76 does not re-
flect surface water mass advection but is rather the product of locally introduced Hf
originating from the erosion of rocks from the Galician hinterland which are of Var-
iscan age (e.g. Martinez Cataldn et al. 2007; Sdnchez Martinez et al. 2o11). These
rocks are likely to be relatively radiogenic in €y as can be inferred from radiogenic
whole rock eng values (Sanchez Martinez et al. 2011).
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4.4.2.2 ENACW

The ENACW in our study is marked by a distinct Hf isotope composition
close to eur = 0 (-0.1 + 0.5; 1 S.D.), slightly less radiogenic than measurements or
identical within error to those of Rickli et al. (2009) that were in the range from +0.3
to +0.7 albeit with a relatively large uncertainty of +0.6.

At a water depth near 500 m Hf isotope compositions in the analyzed regions
of this study drift apart significantly. While in Region V ENACW stays less radio-
genic (eyr = -0.2), it reaches significantly more radiogenic values of up to +2.8 in
Regions III and IV. This clearly implies that the same water mass, as demonstrated
by their physical properties (Figure 4.1 B), is labeled with distinct Hf isotope signa-
tures in the different regions of the Bay of Biscay and therefore (at least) some of
these signatures cannot reflect conservative water mass properties but are the
product of local additions of Hf from a different origin. This radiogenic excursion is
continued in the intermediate waters of Region III down to a depth of 2000 m. In
Region IV, on the other hand, the Hf isotope signatures return to less radiogenic
values at 700 m depth. Regarding the fact that most analyzed samples of ENACW
(excluding Region III and the 511 m value of Region IV) fall into a range between ey¢
= -0.6 to +0.9 combining the results of this study and the results of Rickli et al
(2009) it is likely, that the Hf isotope composition of ENACW expected from con-
servative mixing is within this range. Due to the relatively low Hf concentrations in
this shallow water mass, however, local inputs of Hf can easily result in a significant
alteration of the Hf isotope signature. The increased Hf concentrations in Region III
clearly demonstrate this non-conservative process and hence explain the distinct Hf

isotope composition in this region.
4.4.2.3 MOW

The intermediate waters of Region I (600 to 1500 m), which show the least
diluted hydrographic properties of MOW, exhibit relatively unradiogenic Hf isotope
signatures in its core (enf = -0.6 at 1300 m; Figure 4.5 A). Together with slightly in-
creased Hf concentrations (as well as Nd concentrations as described in section
4.4.1) at the same depth intervals these observations suggest that the measured Hf
isotope compositions in Region I mainly reflect conservative admixture of MOW
(being slightly less radiogenic than ENACW; see section 4.4.4). This feature, howev-
er, is absent or overprinted in all other regions (Figure 4.5 B, C and D) emphasizing
the sensitivity of Hf isotope signatures to local inputs. Local additions of Hf, in the
case of the analyzed seawater, are most likely derived from interactions with the
shelf sediments (e.g. the flanks of the canyons), partial dissolution of lithogenic par-
ticles and/or reversible scavenging (e.g. Rickli et al. 2014).
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Figure 4.5: Hafnium isotope and concentration data plotted for each region in the Bay of Biscay plot-
ted together with salinity data for the respective region.

4.4.2.4 LSW/NADW

Below 1500 m water depth LSW and NADW occupy the deep Bay of Biscay.
In the depth interval between 1500 and 2000 m these water masses are character-
ized by a Hf isotope signature between +0.8 and +2.2, which agrees with the value of
+1.3 of Rickli et al. (2009) at 2000 m water depth. However, similar to the interpre-
tations of Rickli et al (2009) these values are too low for NADW, which has been
shown to be more radiogenic in other regions of the Eastern Atlantic (eHf= +3.1 to
+3.7; Rickli et al. 2009). Rickli et al. (2009) have argued that less radiogenic Hf was
added non-conservatively as a result of the interaction of LSW with shelf sediments
as evident by increased Hf concentrations in that depth. In our dataset, however, we
cannot find evidence for the addition of Hf from a sediment-source suggesting that
the non-conservative behavior observed by Rickli et al. (2009) was a short-term
event. Furthermore, a more recent study revealed the less radiogenic Hf isotope
composition (by about 2 to 3 eppunits relative to NEADW/NADW) of LSW in the
Labrador Sea (Filippova et al. 2017). Consequently, it is plausible that the isotopic
structure of deep-waters in the Northwest Atlantic is transferred quasi-
conservatively to the Northeast Atlantic Ocean and to the Bay of Biscay.

The relatively unradiogenic Hf isotope signature of one measurement at a
depth of 3250 m (eur = +0.4) in Region III is not in agreement with the values found
by Rickli et al. (2009) for these water masses (enf = +3.1 to +3.3). The influence of
LSW seems unlikely in these water depths making the quasi-conservative admixture
of less radiogenic water unrealistic. Thus we infer that this value also reflects non-
conservative behavior, likely due to interactions with shelf sediments or from the
partial dissolution of particles.
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4.4.3 Nd isotope distribution in the water masses of the Bay of Biscay

The structure of our Nd isotopic compositions (Figure 4.6 A) acquired for the
Bay of Biscay is consistent with those found by the studies of Copard et al. (2011)
and Rickli et al. (2009). Variations in eng along the European margin arise from the
mixing of Mediterranean waters with those of the Northeast Atlantic and some local
inputs from the continents and the shelfs. Copard et al. (2011) already described the
evolution of MOW along the Iberian Peninsula. Consequently Nd isotope data from
this study is aimed to complement their record as well as reveal possible short-term
variations in enq as were recently observed at near margin sites in the Panama Basin

(Grasse et al. 2017) and in the Bay of Bengal (Yu et al. 2017).
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Figure 4.6: Neodymium isotope compositions plotted against Nd concentration (A) and salinity (B).
Dotted lines represent conservative mixing trends between MOW (gng = -8.9; [Nd] = 24.1 pmol/kg; sal =
38.4 psu; Tachikawa et al. 2004) and ENACW (gng = -12.4; [Nd] = 17.9 to 19.1 pmol/kg; sal = 35.61 to 35.65
psu; Stichel et al. 2015). Scavenged MOW represents an endmember, which lost 5 pmol/kg due to the
removal of Nd with sinking particles following the conclusions of Tachikawa et al. (2004) and Stichel et
al. (2015). Two different surface seawater endmembers are displayed (see text for description). LSW
endmember data (eng = -14; [Nd] = 18 pmol/kg; sal = 34.9) is derived from measurements in the Labrador
Sea (Filipova et al. 2017).

4.4.3.1 Surface water

The relatively radiogenic Nd isotope compositions in the surface mixed-layer
of the Bay of Biscay (average end = -10.4) are most likely derived from radiogenic re-
gional weathering inputs (dissolved and particulate) mixed with less radiogenic Nd
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from the water masses below. The rock formations on the surrounding continents
are mostly part of the Variscan Belt, which in nearby Galicia have a Nd isotope
composition ranging from eng = +5.9 to +9.9 (Sdnchez Martinez et al. 2011). These
whole rock values from the Cabo Ortegal Complex are in the direct vicinity of Re-
gion II and are reflected by strongly increased Nd concentrations and the most ra-
diogenic surface water value of the entire dataset (exd = -9.4). A more unradiogenic
Nd isotope composition was observed in the most depleted surface water
([Nd]=10.2) in Region V. This agrees well with surface water Nd composition of
Rickli et al. 2009.

4.4.3.2 ENACW

The core of ENACW at a depth of 400-500 m off the coast of Portugal is
marked by an engq value of -12.0 while further north in the Bay of Biscay it is -11.7 at a
depth of ~300 m (Copard et al. 2011). Consistently, our new data for the minima in
end related to ENACW range between -12.1 in Region I and -11.6 in Region IV. Never-
theless, our data disagree with those of Copard et al. (zomn1) in that these minimum
end values are reached at greater depth further north in the Bay of Biscay than at the
Galician margin. In Region I, where the ENACW is least diluted, the minimum val-
ue of -12.1 is reached at a depth of 480 m. Further north ENACW is generally charac-
terized by slightly more radiogenic Nd isotope compositions at depths between 200
and 500 m, while the minimum is reached in a depth of about 600 m, 700 m and
8oom in Region III, IV and V, respectively. Furthermore, the upper 500 m in Region
V are more radiogenic and reach engq signatures of -10.7 to -11.0. The general inter-
pretation of Copard et al. (2011) that ENACW loses some of its unradiogenic imprint
while it travels along the Iberian Peninsula due to dilution is also reflected in our
dataset. Moreover, the data from the stations further along the way into the Bay of
Biscay (especially in Region V) indicate that more radiogenic Nd isotope signatures
are transferred vertically to ENACW from the weathering-affected surface layer
(Figure 4.6).

4.4.3.3 MOW

Similar to ENACW, MOW is diluted along its way north as has been demon-
strated by Copard et al. (2011). In Region I more radiogenic Nd isotope signatures
together with enhanced Nd-concentrations are recorded from 8oo to 1300 m depth
with its core at a depth of 1100 m showing a radiogenic eng peak of -10.1 demonstrat-
ing the presence of a large proportion of MOW (also inferred from the mixing dia-
gram in Figure 4.6 A). Further north the "radiogenic plume" of MOW only occupies
a thinner and shallower layer peaking between -11.2 and -10.8 near goo m.
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The maximum value in Region I is even more radiogenic than the value of
Copard et al. (20m1) for their station off the coast of Portugal (Ovide st. 15; -10.9 at
1200 m). Furthermore, in comparison with Ovide st. 15 the overall more radiogenic
signatures of our data set in Region I suggest that MOW had a stronger influence
and was less diluted than in the study of Copard et al. (20m1). This is in agreement
with potential temperature and salinity (T-S) data where the peak of MOW (36.08
psu) at Ovide st. 15 is exceeded by the peak value of 36.17 psu in our Region I profile
(Figure 4.1 B and Figure 4.6 B). Together, our Nd isotope data and T-S relations
clearly demonstrate the presence of a thicker layer of MOW in our dataset, in com-
parison with the data of Copard et al. (20m).

(4.1) e _ _ eNa-MowXINdImowXSmow XS +éNd-ENacwXINdlgnacw>XSENAcw X (1~ )
) Nd-mix [NdImowXSmow +[NAlENacwXSENACW

Taking into account the "pure” MOW characteristics of eng-mow = -8.9 to -
9.4 [Nd]mow = 24.1 pmol/kg and Syow = 38.5 psu determined in the region of its
inflow at the Strait of Gibraltar (Spivack and Wasserburg 1988; Tachikawa et al.
2004) and those of ENACW being eng-enacw = —12.4, [Nd]enacw = 18.5 pmol/kg and
Senacw = 35.6 psu (Stichel et al. 2015) we estimate that MOW in Region I (eng =
-10.1) is produced by conservative mixing of 58 to 72% MOW and 42 to 28%
ENACW (depending on the Nd isotope composition of the MOW endmember).
Calculating the mixing proportions solely based on the salinity budgets of both the-
se water masses, on the other hand, results in a very different proportion of approx-
imately 20% MOW and 80% ENACW. Similar to the conclusions drawn by Copard
et al. (2011) we suggest that MOW is already diluted with a third low salinity water
mass before it arrives in Region 1. In support of this, salinity data of Piepgras and
Wasserburg (1983) demonstrate that the highly saline outflow of Mediterranean-
source water is already diluted to a salinity of 36.6 psu in the Gulf of Cadiz, resulting
in a mixture of approximately 57% MOW and 43% ENACW in Region I. This agrees
well with the lower end of mixing proportion of MOW calculated from Nd isotope

compositions.

Taking water masses present in Region I as endmembers only about 40% of
the MOW present in Region I arrive in Regions III and V, whereas in Region IV the
same water mass constitutes about 60%. This suggests that the dilution of MOW
along the Iberian margin does not occur in linear relation with distance from its
origin but that the flow path of the water mass much rather meanders (as indicated
in Figure 4.1 A), therefore explaining spatial and temporal differences in mixing
proportions (such as the discrepancy between the data of Ovide St. 15 and those of
Region I).
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4.4.3.4 LSW/NADW

Nd isotopic compositions in the Bay of Biscay (with the exception of Region
IV) are strictly decreasing towards a minimum between -12.9 and -12.2 at a depth of
about 1700 -1900 m. The same feature was already observed by Rickli et al. (2009)
and Copard et al. (2011) and was interpreted to reflect the presence of LSW in the
Bay of Biscay, which is labeled with a unradiogenic Nd isotope composition of
around -15 at its origin in the Labrador Sea (Lacan and Jeandel 2004). The greatest
influence of LSW in our new data was found in Region III (see Figure 4.6 A and B).

Below the LSW Nd isotope signatures rise again (eng = -12.4 to eng = -11.8),
which Copard et al. (201n1) attributed to the presence of a mixture of NEADW (-12.1
to -12.7; Filippova et al. 2016) and LDW (a derivative of AABW; -10.6 to -11.7; Jeandel
1993). This interpretation is supported by the new Nd data from Regions I, IIT and V.
In Region III (the deepest profile) contributions of LDW grow with depth from a
proportion of about 75-25 NEADW-LDW at a depth of 2000 m to 28-72 NEADW-
LDW at a depth of 3250 m.

Furthermore, two deep-water (below 1500 m) measurements in Region IV
and one in Region I (~1900 m) are significantly more radiogenic than in correspond-
ing depths of the other regions. Since there is no evidence for different water mass-
es from T-S characteristics the addition of Nd with a more radiogenic signature is
most likely affecting these sites. Particularly the fact that Nd concentrations (Figure
4.5 A and 4.7 B) are also significantly increased at these depths in Region IV (see
section 4.4.1) supports this hypothesis. Remineralization and/or boundary exchange
with the close-by shelf sediments (cf. Lacan and Jeandel 2005; Rickli et al. 2014) in
the confined canyon systems and their higher likelihood of increased turbidity are
the most likely processes explaining these additions. The latter process is supported
by sediments along the margin of the Bay of Biscay having mean exq values of near
-10 (e.g. Parra et al. 1998).
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Figure 4.7: West to East section through the Bay of Biscay showing the distribution of Nd isotope (A)
and concentration (B) data of all measured samples in this study. Note that Region V is more to the
west of Region IV.

4.4.4 Combined Hf and Nd isotopes

As described in section 4.4.2, Hf isotopes alone are of limited use as a water
mass tracer since Hf isotope signatures may vary significantly within the same water
masses. This is due to the fact that Hf is easily affected by local inputs as overall
concentrations are low and residence times in seawater are short (due to extensive
scavenging, e.g. Rickli et al. 2009). Nevertheless, if combined with Nd isotope anal-
yses, Hf isotopes provide valuable information about the weathering and/or climat-
ic conditions on the continents that the water masses pick up on their way along
the continental margins. Our Hf-Nd data all plot close to the well defined seawater-
array in Hf-Nd space (Figure 4.8) which was first determined for Fe-Mn hydroxide
records (Albarede et al. 1997) and was confirmed by later studies of seawater sam-
ples (Godfrey et al. 2009; Rickli et al. 2009; Zimmermann et al. 2009; Stichel et al.

2012).
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Figure 4.8: Cross-plot of Hf isotope versus Nd isotope data together with the data from the Eastern
Atlantic of Rickli et al. (2009) and the arrays of seawater or seawater-archives (Albaréde et al. 1997) and
terrestrial rocks (Vervoort et al. 1999).

Accordingly, Hf isotopes are released incongruently exhibiting more radio-
genic values in seawater when compared to the whole rock composition, while Nd
isotope show only negligible degrees of incongruence. This incongruent release of
Hf, moreover, can be modified by the style of weathering (predominantly chemical
versus physical weathering; e.g. Piotrowski et al. 2000; van de Flierdt et al. 2002) on
the continent of origin or the mode of influx in which Hf was introduced into the
ocean (dust inputs, estuarine activity, hydrothermal activity; e.g. Bau and
Koschinsky 2006; Godfrey et al. 2008; Rickli et al. 2010). On the other hand, the de-
gree of congruency is strongly dependent on the age and type of the weathered
source-rock. Hence, older rocks typically release Hf of highly incongruent composi-
tions to weathering solutions as they exhibit a wider range of different Hf isotope
signatures in their different mineral phases (their radiogenic minerals, which are
typically weathered more easily become more radiogenic over time; see chapter 3).
By implication, younger igneous rocks (such as present at the European margin and
in the Mediterranean region) typically release a more congruent Hf weathering sig-
nal. Therefore, we argue that "proximally affected" water masses are characterized
by a more congruent Hf isotope composition (below the seawater-array in Figure
4.8) since they carry mostly Hf derived from Mesozoic rocks from the European
continent. Water masses from more distal regions (e.g. NEADW from the Western
Atlantic or NEACW from remote regions), on the other hand, exhibit distinct prop-
erties (more incongruent in the case of NEADW, since it is derived from a region
affected by weathering of old continental rocks). In addition, it is likely, that MOW
is strongly affected by the in situ dissolution of Hf from Saharan dust deposited in
the Mediterranean sea by local wind systems as deduced from increased Hf concen-

trations in this water mass.
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4.5 Conclusions

New Hf and Nd isotopic compositions and concentrations are presented for
seawater from five regions in the Bay of Biscay. The overall water mass structure

found agrees with and confirms the data from nearby stations in the Bay of Biscay.

Radiogenic Nd isotope signatures in the surface waters of the Bay of Biscay
are explained by local weathering inputs from the surrounding rocks. ENACW is
significantly diluted on its way along the European margin by mixing with more
radiogenic waters from above and below. Similarly, the influence of MOW at inter-
mediate depths decreases on its way north as it is diluted with ENACW, as was al-
ready shown in earlier studies. By comparison with the data of Copard et al. (20m)
we identify a potentially seasonal/temporal feature of Nd isotope changes in MOW.
A higher proportion of MOW-like Nd signatures is also manifested in elevated Nd
concentrations. These likely originate from increased dust inputs to the Mediterra-
nean Sea and are then transported as far as the Galician margin but not to the other
regions of this study further north.

Our interpretations of deep-water Nd compositions in the Bay of Biscay
mostly follow those of the studies of Copard et al. (2011) and Rickli et al. (2009).
However, we find seawater in the Cap Breton region most likely affected by ex-
change with shelf sediments.

Hafnium isotopes are generally found not to be a conservative water mass
property but are often overprinted by local inputs. This lends support to the hy-
pothesized more efficient removal of Hf (compared with Nd) from the water col-
umn as the water masses travel along the continental margin. Combined with Nd,
however, it may be a useful indicator if a water mass is more proximally affected by
inputs or if it has been advected over long distances. Similar to Nd we infer that the
Hf isotope composition of MOW was affected by large-scale inputs of dust as can be
deduced from elevated Hf concentrations at the Galician margin.
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5 Glacial reduction of AMOC strength and long term transition in
weathering inputs into the Southern Ocean since the Mid Miocene: Evidence
from radiogenic Nd and Hf isotopes

Published as: Dausmann, V., Frank, M., Gutjahr, M. and Ricklj, J., 2017. Glacial reduction of AMOC strength
and long-term transition in weathering inputs into the Southern Ocean since the mid-Miocene: Evidence from
radiogenic Nd and Hf isotopes. Paleoceanography, 32(3), pp.265-283. DOI:10.1002/2016PA003056

Abstract

Combined seawater radiogenic hafnium (Hf) and neodymium (Nd) isotope
compositions were extracted from bulk sediment leachates and foraminifera of Site
1088, ODP Leg 177, 2082 m water depth on the Agulhas Ridge. The new data provide
a continuous reconstruction of long and short-term changes in ocean circulation
and continental weathering inputs since the Mid-Miocene. Due to its intermediate
water depth the sediments of this core sensitively recorded changes in admixture of
North Atlantic Deep Water (NADW) to the Antarctic Circumpolar Current (ACC)
as a function of the strength of the Atlantic Meridional Overturning Circulation
(AMOCQ).

Nd isotope compositions (eng) range from -7 to -1 with glacial values gener-
ally 1 to 3 units more radiogenic than during the interglacials of the Quaternary. The
data reveal episodes of significantly increased AMOC strength during late Miocene
and Pliocene warm periods whereas peak radiogenic eng values mark a strongly di-
minished AMOC during the major intensification of Northern Hemisphere Glacia-
tion near 2.8 Ma and in the Pleistocene after 1.5 Ma.

In contrast, the Hf isotope compositions (en¢) show an essentially continuous
evolution from highly radiogenic values of up to +11 during the Miocene to less ra-
diogenic present day values (+2 to +4) during the late Quaternary. The data docu-
ment a long-term transition in dominant weathering inputs, where inputs from the
South America are replaced by those from Southern Africa. Moreover, radiogenic
peaks provide evidence for the supply of radiogenic Hf originating from Patagonian
rocks to the Atlantic sector of the Southern Ocean via dust inputs.

5.1 Introduction

It has been demonstrated by numerous studies that global climate has been
closely linked to the strength of the meridional overturning circulation in the Atlan-
tic Ocean (AMOC) (e.g. Broecker et al. 1985; Enfield et al. 2001; Sutton and Hodson
2005). In this context it is important to understand the processes governing present
and past changes in the strength and flow paths of the water masses of the AMOC.

18



5. Nd and Hf isotope evolution in the Southern Ocean

Variations of AMOC strength have been monitored directly during the last decade
and have been attributed to adjustments of water mass density in the Labrador Sea
due to changes in temperature and salinity in the North Atlantic (e.g. Robson et al.
2015; Jackson et al. 2016). Furthermore, variations in the net heat transfer from the
southern to the northern hemisphere via the Agulhas Leakage are thought to con-
tribute to fluctuations in AMOC strength (Biastoch et al. 2008). The export of heat
and salt from the Southern Ocean (SO) and Indian Ocean regulates chemical and
physical properties of water masses in the Atlantic, especially in the formation re-
gion of the North Atlantic Deep Water (NADW) (Gordon et al. 1992).

There is general consensus that millennial-scale and glacial-interglacial (G-I)
climate oscillations have been linked to a seesaw between a 'warm' and a 'cold’
mode of NADW export to the Southern Ocean and thus AMOC strength (e.g. Boyle
& Keigwin 1982; Curry & Lohmann 1982; Oppo & Fairbanks 1987; Rutberg et al.
2000; Piotrowski 2005; Lynch-Stieglitz et al. 2007). From North Atlantic records it is
evident that NADW was less dense and was exported at shallower depths during
peak glacial conditions in late MIS 3 and MIS 2 to be replaced by southern sourced
waters but that the AMOC was at the same time vigorous (Bohm et al. 2015). Pro-
nounced glacial perturbations (such as freshwater inputs from iceberg discharge
during Heinrich events), however, were strong enough to diminish or even shut
down the AMOC (McManus et al. 2004; Lippold et al. 2012; Bohm et al. 2015), while
during interstadials the AMOC remained strong (Henry et al. 2016). In the SO, in
contrast, shallower and reduced import of warm and saline NADW has been in-
ferred to have led to a higher degree of stratification, which likely acted as a positive
feedback mechanism for global cooling during glacial episodes due to enhanced
carbon sequestration to the deep ocean (e.g. Adkins 2013; Yu et al. 2016).

Weathering inputs to the oceans from the continents, on the other hand,
have also responded to climatic changes on similar time scales. Changes in the hy-
drological conditions, for instance, influence weathering style and transport mech-
anisms (aeolian, fluvial, ice-rafted), while source regions of weathering inputs have
changed on both geological and shorter time scales (e.g. Petschick et al. 1996; Wal-
ter et al. 2000; Diekmann et al. 2003). Moreover, there is evidence that increased
dust supply may act as a feedback mechanism to climatic changes, serving as ferti-
lizer for marine productivity in the high southern latitudes leading to enhanced CO,
draw-down (e.g. Martin 1990; Jaccard et al. 2013). Changes in sources and mecha-
nisms delivering continental inputs to the ocean are thus not only considered to
react to changes in climate but also to modify these.
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5.1.1  Background

Combined radiogenic isotope signatures of neodymium (Nd) and hafnium
(Hf) have been applied as reliable tracers of water mass mixing, provenance of
weathering inputs and changes in continental weathering regimes (e.g. Frank 2002;
Goldstein and Hemming 2003). In dissolved form, Nd is moderately particle-
reactive and has an average oceanic residence time between 360 and 1500 years
(Jeandel et al. 1995; Tachikawa 2003; Siddall et al. 2008; Arsouze et al. 2009;
Rempfer et al. 2011). A longer residence time of Hf compared to Nd has been pro-
posed based on relatively homogenous Hf isotope ratios across different ocean ba-
sins and its speciation in seawater (e.g. White et al. 1986; Godfrey et al. 2008). How-
ever, more recently evidence emerged that Hafnium is more efficiently adsorbed to
particles (Stichel et al. 2012a) and that its residence time in seawater is likely shorter
than that of Nd (Rickli et al. 2009; Firdaus et al. 2011; Stichel et al. 2012a; Chen et al.
2013b; Filippova et al. 2016).

Seawater is labelled with the Nd and Hf isotope composition of rocks on the
surrounding continents via dissolved weathering inputs by rivers, exchange with
particulate material in the water column or with shelf sediments (e.g. Lacan and
Jeandel 2005; Bayon et al. 2006; van de Flierdt et al. 2007; Rickli et al. 2009, 2010)
and potentially also via hydrothermal inputs in the case of Hf (Bau and Koschinsky
2006). Radiogenic Nd and Hf isotopic compositions are given as € values, which cor-
respond to the normalized differences of the sample ratio from the one of the chon-
dritic uniform reservoir (CHUR) times 10,000 (“*Nd/“**Ndcpyr = 0.512638 (Jacobsen
and Wasserburg 1980) and "7°Hf/"”’Hfcxur = 0.282769 (Nowell et al. 1998)). The sea-
water derived isotopic composition of Nd and Hf extracted from marine sediments
has been applied to reconstruct water mass mixing-processes and local weathering
inputs to the oceans (e.g. Piepgras and Wasserburg 1982; Ling et al. 1997; Burton et
al. 1999; Piotrowski et al. 2000; Rutberg et al. 2000; Chen et al. 2012). In fact, while
Nd isotopes in the intermediate and deep SO essentially reflect water mass mixing,
Hf isotopes were demonstrated to be homogenous in the entire Atlantic sector of
the SO (Stichel et al. 2012a) and thus are not suitable to trace water mass mixing in
this ocean basin.

The modern hydrography of the Atlantic Sector of the Southern Ocean is
dominated by northward flowing Antarctic Intermediate Water (AAIW) at inter-
mediate depths (500 to 1000 m, eng = -8.5) and Antarctic Bottom Water (AABW) at
abyssal (eng = ~-9), whereas depths between 2000 and 3500m are affected by the
admixture of less radiogenic northern sourced NADW (eng = ~-11) (Stichel et al.
2012a; see Figure 5.1). The well-mixed Circumpolar Deep Water (CDW) of the ACC
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also has an &g signature of ~-9. At the surface, warm and saline water masses enter-
ing from the tropical Indian Ocean (Agulhas Current AC; eng between -7 and -8;
Stichel et al. 2012a) are separated from cold southern sourced surface waters at the
sub-polar front (Figure 5.1). The Agulhas Ridge rising more than 2500 m from the
surrounding seafloor is a part of the Agulhas-Falkland Fracture Zone (AFFZ). The
ridge basement is of tectono-magmatic origin and was uplifted at least until the
early Oligocene (cf. Uenzelmann-Neben and Gohl 2004). It forms a natural barrier
for northward flowing bottom water masses and its top is located in the mixing
zone of modern CDW and NADW.

Seawater Nd isotope records obtained from Fe-Mn crusts and authigenic Fe-
Mn oxyhydroxide coatings of bulk sediments and of foraminifera in the deep SO
revealed a significantly decreased influence of unradiogenic North Atlantic sourced
water masses (Northern Component Water NCW) during the last glacial cycle
(Rutberg et al. 2000; Piotrowski et al. 2004, 2008; Piotrowski 2005; Skinner et al.
2013) and during the Mid Pleistocene Transition (MPT: 1.2 to 0.7 Ma) (Pena and
Goldstein 2014).

Previous studies have also demonstrated that the Lu-Hf and the Sm-Nd iso-
tope-systems behave differently during continental (silicate) weathering and may
thus deliver important information on sources and mechanisms of weathering when
combined. Distinct relationships for different reservoirs formed during weathering
processes such as the 'seawater array' (Albaréde et al. 1998) and the 'clay array' (e.g.
Bayon et al. 2009, 2016) emerge when directly comparing radiogenic Nd and Hf iso-
tope signatures. These relationships are based on the fact, that very large propor-
tions of a rocks' Hf is bound in zircon minerals, which are very resistant to chemical
weathering (e.g. Balan et al. 2001). Intensified physical weathering (e.g. due to gla-
cial erosion) destroying mineral lattices and increasing mineral surface area availa-
ble for weathering likely enhances the release of less radiogenic Hf from zircons,
causing a higher congruency between bulk rock and dissolved Hf isotope composi-
tions (Piotrowski et al. 2000; van de Flierdt et al. 2002). Partial dissolution of aeoli-
an and fluvial transported particles, on the other hand, leads to a particularly in-
congruent release of Hf isotopes as heavy zircon minerals are lost during transport
(e.g. Rickli et al. 2010; Chen et al. 2013b). Spatial and temporal variations in Hf iso-
tope compositions in seawater have thus been modified by changes in inputs from
physical and chemical weathering processes on the close by continents.
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Figure 5.1: Section and map of the study area showing the locations of ODP Site 1088 and nearby sedi-
ment cores and ferromanganese crust samples. Schematic pathways of major water masses of the
modern Southern Ocean (Reid 1996) are displayed by grey arrows. Black dashed lines represent ap-
proximate locations of oceanic frontal zones (Orsi et al. 1995). Abbreviations: AABW: Antarctic Bottom
Water; AAIW: Antarctic Intermediate Water; AC: Agulhas Current; ACC: Antarctic Circumpolar Current;
U/L/CDW: Upper/Lower Circumpolar Deep Water; NADW: North Atlantic Deep Water. Produced using
Ocean Data View (Schlitzer, R., Ocean Data View, http://odv.awi.de, 2016).

Here we present the first dataset reconstructing mid Miocene to Holocene
water-mass mixing and continental weathering inputs using seawater Nd and Hf
isotope signatures obtained from sediments on the Agulhas Ridge in the Atlantic
sector of the Southern Ocean. This location is ideal to study variations in interme-
diate depth water mass mixing between the North Atlantic, the Southern Ocean,
and the Indian Ocean. These data are further complemented by detrital Nd and Hf

isotope signatures reflecting changes in continental weathering inputs. The new
data provide the first continuous record of changes in intermediate depth ocean
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circulation and continental inputs in the Atlantic Sector of the Southern based on
radiogenic isotopes since the mid Miocene, which includes major climatic transi-
tions such as the onset of Northern Hemisphere Glaciation.

5.2 Material and Methods

5.2.1  Sedimentology

The studied core of Site 1088 (ODP, Leg 177, December 1997), located on the
Agulhas Ridge at 41°8.163'S, 13°33.770'E, was recovered from a water depth of ~2082
m reaching a length of 223.4 m. The sediments predominantly consist of carbonate
nannofossil foraminiferal ooze with carbonate contents ranging between 8o and
95%, which increase downcore (Gersonde et al. 1999). While relative abundances of
foraminifers are high in the topmost 20 m they decrease progressively downhole
and nannofossil percentages increase accordingly. In the section younger than ~2.8
Ma interbeds of darker, less foraminifera-rich sediment (up to 80% foraminifers)
commonly incorporate ice-rafted debris (IRD), rare drop stones, and occasionally
diatoms. Some of these darker beds also show erosional contacts with the underly-
ing pale nannofossil ooze (cf. Gersonde et al. 1999).

In total, 18 depth intervals were sampled spanning the entire length of the
core. However, 80% of all samples were taken in the section younger than 4 Ma
while the remainder of the samples have ages between 14 and 4 Ma.

5.2.2 Age model

The initial age model based on calcareous nannofossil biostratigraphy for the
entire core was published in the Initial Report of the Shipboard Scientific Party
(Gersonde et al. 1999) and was later refined by Censarek and Gersonde (2002) and
Marino and Flores (2002). The biostratigraphy was extended by tuning benthic
foraminiferal (Cibicidoides) 8O records to the records of Bassinot et al. (1994) and
Mix et al. (1995) for the interval covering the uppermost 1.2 Ma (Hodell et al. 2003a).
In addition, tuning of §3C and 8O records of planktonic (G. bulloides) and benthic
(Cibicidoides) foraminifers to the records of Mix et al. (1995) support the nanofossil
stratigraphy for the interval between 2.5 and 8.6 Ma (Billups 2002; Billups et al.
2008). Sedimentation rates decrease towards the younger part with an overall range
between 30 and 7 m per Myr (Diekmann et al. 2003). In addition, a hiatus was iden-
tified between 12.3 and 12.7 Ma.
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5.2.3 Sample preparation and radiogenic isotope analysis

5.2.3.1 Extraction of bottom water signatures from ferromanganese oxyhydroxide
coatings of bulk sediments

Seawater Nd and Hf isotope signatures (84 samples and 63 samples, respec-
tively) were extracted from authigenic ferromanganese oxyhydroxides of bulk sedi-
ment samples (approx. 3 g; freeze-dried) following the leaching protocol of Gutjahr
et al. (2007). The carbonate fraction was partly removed by adding 20 ml 2.8 M ace-
tic acid - 1 M Na-acetate (pH ~4) on a shaking table for 2.5 hours in order to reduce
the amount of the disturbing carbonate matrix (which can result in a less efficient
removal of Yb during element separation). The authigenic Fe-Mn oxyhydroxide
fraction was subsequently dissolved in 25 ml 0.005 M hydroxylamine hydrochloride,
1.5% acetic acid and 0.03 M Na-EDTA solution (HH) buffered to pH 4 with su-
prapure NaOH for go minutes at room temperature (i.e., ten times diluted relative
to concentrations used by Gutjahr et al. 2007). Subsequently, the samples were cen-
trifuged and the supernatants were dried and re-dissolved for ion exchange chroma-
tography.

5.2.3.2 Extraction of bottom water signatures from planktonic foraminifera

On average 125 mg of mixed species planktonic foraminifera tests were hand
picked from the size fraction >315 um under a light microscope from 60 freeze-dried
and clay-free (wet-sieved) sediment samples. The microfossil shells were subse-
quently cracked between glass plates, to ensure that all chambers were opened and
were ultrasonicated several times in deionized water and then in ethanol to ensure
the removal of most of the clays and other silicate particles. The carbonates and
associated ferromanganese coatings of the samples were then progressively dis-
solved by stepwise addition of dilute nitric acid. The solution was then centrifuged
to ensure removal of smallest detrital particles and subsequently the Nd was chemi-
cally purified using the same chromatographic method as above.

5.2.3.3 Detrital material

A total of sixteen samples were selected for measurement of the detrital Nd-
Hf isotope compositions. Bulk sample residues processed to extract seawater signa-
tures (section 2.3.1) were further treated with a stronger reductive leaching solution
for one day to ensure complete removal of remaining Fe-Mn oxyhydroxides. After-
wards, these samples were dried, ground, and 5% H202 was added for 72 hours to
oxidize organics that might otherwise disturb chemical purification. The samples
were then further treated in aqua regia on a hotplate at 140°C preceding digestion in
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a mixture of concentrated HNO3 and HF in steel jacketed high-pressure bombs at
~180-200°C for 4 days.

5.2.3.4 Chemical purification and mass spectrometry

A cation exchange resin (AGs50W-X8) was used to first separate HFSEs and
REEs. Subsequently, the HFSE and REE cuts were further purified with Ln-spec res-
in following Miinker et al. (2001) and Pin and Zalduegui (1997), respectively. Hf and
Nd isotope compositions were measured at GEOMAR in Kiel on a Nu Instruments
MC-ICP-MS (all Nd samples, 20 Hf leachates and all detrital Hf samples) or on a
Thermo Scientific Neptune Plus MC-ICP-MS and on a Thermo Scientific Neptune
Plus MC-ICP-MS at the ETH in Zurich (43 Hf leachate samples). Instrumental mass
bias was corrected applying an exponential mass fractionation law using a natural
"9Hf/'77Hf ratio of 0.7325 and “°Nd/"**Nd of 0.7219, respectively. While average Nd
yields were ~goo ng in bulk sediment leachates and ~30 ng from foraminifers, Hf
yields from sediment leachates were quite low with an average of 13 ng. Blanks were
at an average of 0.93 ng for Nd and 0.18 ng for Hf. Respective isotope standards
were measured at similar concentrations as samples during each measurement
batch. 7°Hf/"77Hf ratios of all samples were normalized to the literature value of
JMC475 (0.282160, Nowell et al. 1998) while "*Nd/"**Nd was normalized to the liter-
ature value of JNdi-1 (0.512115, Tanaka et al. 2000). 20 external reproducibilities of
the Hf and Nd isotope measurements were in the range of 0.2 to 0.4 € units (for 50
and 10 ng Hf standards, respectively) and 0.1 to 0.34 € units (for 50 and 20 ng Nd
standards, respectively), respectively.

Since Hf beam intensities were very low for some samples internal uncertain-
ties exceeded the external reproducibility for some of the sediment leachates (see
Table A 8 in the appendix). The reliability of data produced from these measure-
ments is addressed in section 5.3.1. Using a jet sampler and x skimmer cone inter-
face, the sensitivity of the Neptune Plus MC-ICP-MS was sufficient to perform pre-
cise and accurate Hf isotope measurements even for solutions containing as little as
1.4 ng Hf. "°Yb interferences on 7°Hf were negligible for the samples measured on
the Neptune. Nevertheless, Yb doped standards were used to assure adequate inter-
ference correction was applied. The addition of 1% Yb and 1% Lu (not exceeded in
sample solutions) to some of the standards produced an average deviation from the
standard value (20) 0.14 €-units smaller than the pure Hf standard, hence within
measurement uncertainty. An additional correction of Yb interferences was there-
fore not applied.
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5.3 Results

All engand ey signatures presented in this study were not corrected for radi-
ogenic ingrowth since deposition. Maximum contribution of decay to both radio-
genic isotope systems was calculated to be 0.2 e-units in the oldest samples, which
is within analytical uncertainty. Results of all seawater Hf and Nd isotope measure-
ments and their respective uncertainties are presented in Figure 5.2 C and F and are
summarized in Supplementary Table A 8 in the appendix. Detrital Hf and Nd iso-
tope measurements and their respective uncertainties are presented in Figure 5.2 D
and G and in Table A 8 in the appendix.
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Figure 5.2: Temporal evolution of geochemical proxies in ODP Site 1088 from the Agulhas Ridge. A:
Benthic oxygen isotope time series obtained from Cibicidoides (Billups 2002; Hodell et al. 2003; Billups
et al. 2008). In the background the global benthic oxygen isotope evolution is plotted and global ma-
rine isotope stages are displayed as blue bars (Lisiecki and Raymo 2005). B: Sediment color expressed
as reflectance of red visible light with wavelength of 650-750 nm (Gersonde et al. 1999). C: Seawater Hf
isotope time series from ODP 1088 (this study). D: Detrital Hf isotope time series from ODP 1088 (this
study). E: Benthic carbon isotope time series Cibicidoides (Billups 2002; Hodell et al. 2003; Billups et al.
2008). F: Seawater Nd isotope time series from ODP 1088 (this study). G: Detrital Nd isotope time series
from ODP Site 1088 (this study). The error bars denote the 26 external reproducibility of the ey¢and eng
measurements. Note that the age scale on the x-axis changes at 3 and 1 Ma.
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5.3.1 Seawater Nd isotope signatures

The eng values of all samples ranged between -10 and -6.6 at an average ex-
ternal reproducibility of 0.29 (20) (Figure 5.2, 5.3). The exg values of samples older
than ~1 Ma varied within a narrower range of -8 + 1.5. Thereafter, values dropped to
less radiogenic values averaging -9 +1. The Holocene eng values of our record (-10)
matched modern seawater from a nearby location (-9.9; Station 101 of Stichel et al.
2012a). In general, our eng time series oscillated in harmony with marine isotope
stages (MIS) (Lisiecki and Raymo 2005) in that more radiogenic values prevailed
during glacial stages than during interglacial stages. For samples older than 1 Ma it
was more difficult to unambiguously assign particular MIS. The covariation of exg
with colour reflectance, however, was still very clear and served to identify glacial
and interglacial period. A pronounced maximum (enxg = -6.6) consisting of two data
points occurred at about 2.8 Ma. Furthermore, we observed two pronounced posi-
tive eng peaks during the mid to late Miocene (around 11 Ma and between 7.7 and 7
Ma, marked with brown dashed fields in Figure 5.2).

The Nd isotope data of bulk sediment leachates and foraminifera were iden-
tical within the 20 uncertainties. Only one sample from the mid Miocene corre-
sponding to an age of 11.2 Ma showed a larger offset of 1.1 exg-units, with the forami-
niferal eng being more radiogenic than that of the bulk sediment leachate, which is
likely caused by inhomogeneity of the sediment material of this one sample. The
data obtained from the leachate and foraminifera thus both reliably reflect past bot-

tom water signatures.
5.3.2 Detrital Nd isotope signatures

All detrital eng values ranged between -13 and - 8, with only 5 of the 16 sam-
ples being more radiogenic than -10, and thus were generally less radiogenic than
the respective seawater fractions. However, in particular during the Pleistocene, the
detrital eng signatures varied with the climatic stages similar to the seawater Nd
isotopes in that more radiogenic signatures reflected glacial stages (Figure 5.2).

5.3.3 Seawater Hf isotope signatures

The seawater ey signatures ranged from highly radiogenic +12.5) to unradio-
genic +1.9. There was a clear secular trend from more radiogenic compositions (+5.5
to +12.5) in the Miocene and early Pleistocene (3 to 13 Ma) to a relatively uniform Hf
isotope composition between +2 and +5 over the last 3 Myr. While the ey signatures
exhibited three radiogenic peaks at ~11.2 Ma, 7.3 Ma, and 2.8 Ma interrupted the
otherwise steady decline in the Miocene and Pliocene, they reached values 1.5 Myrs
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ago. The average enr composition of this stable episode (+3.5 +0.9) agreed with that
of the nearest measured modern seawater sample (+3.5 +0.8, 2000m water depth,
St. 104; Stichel et al. 2012a).

5.3.4 Detrital Hf isotope signatures

The contrasts between detrital and authigenic eyf values were more pro-
nounced than those of eng. Although the detrital Hf isotope signature was generally
much less radiogenic than seawater with values ranging from -10.4 to -0.3, its evolu-
tion has been parallel to seawater with the exception of an excursion to more radio-
genic detrital values between 1 and 0.4 Ma.

5.4 Discussion

5.4.1 The role of non-conservative Nd behaviour

Before we interpret our data in terms of bottom seawater variability con-
trolled by deep water mass mixing we have to consider that non-conservative effects
may have biased the isotopic compositions of bottom waters. Boundary exchange in
shelf and/or continental rise settings (Lacan and Jeandel 2005; Arsouze et al. 2000;
Rempfer et al. 2012) or the presence of easily dissolvable volcanic ashes and/or high
amounts of IRD in the sediment (e.g. Wilson et al. 2013; Roberts and Piotrowski
2015; Blaser et al. 2016) can potentially alter seawater isotopic compositions and,
hence, authigenic sedimentary signatures. While the key controls driving the effects
and strength of boundary exchange at a given location are still not well understood,
it is likely that the resulting effects were stronger during phases of sluggish AMOC
(e.g. Lang et al. 2016) and may thus have modified seawater enq to variable degrees
across G-I cycles. Considering that detrital and authigenic Nd signatures varied in
parallel during some periods of time of our record we cannot fully exclude slight
shifts of the extracted seawater signatures originating from exchange with the detri-
tal fraction of the sediments or even contributions from the pore waters (Abbott et
al. 2015). We stress, however, that modern ambient deep-water enxg were successful-
ly captured supporting our bulk sediment leaching approach. In addition, the Nd
isotope signatures of the bulk sediment leachates and corresponding foraminifera
agree for most of the data. This is consistent with the location of our core site at a
large distance to continental landmasses and reactive sediment input from land.

Volcanic ash was mainly observed in the interval between 6.3 and 7.3 Ma but
is present in small amounts in many sections of this core (Gersonde et al. 1999).
Even though it is unlikely that the seawater Nd isotope composition was altered by
instantaneous release of Nd from volcanic ash over an extended period of time it is
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possible that volcanic-ash derived Nd was released during the bulk sediment leach-
ing (Wilson et al. 2013; Blaser et al. 2016). However, we expect such contamination
by volcanic material to be negligible as indicated by our measurements performed
on foraminifera tests which are clearly not influenced by volcanic ash particles.

5.4.2 Variations in AMOC strength during the last 14 Ma inferred from Nd isotope

evolution

At present, the Nd isotope signature of the waters above the Agulhas Ridge
reflects essentially conservative mixing between NCW (NADW) and CDW, the Nd
composition of which is ultimately controlled by admixture of both Pacific and At-
lantic sourced waters with negligible contributions from boundary exchange with
the Antarctic continent (Carter et al. 2012; Stichel et al. 2012a). We therefore assume
binary mixing between water masses delivered from the North Atlantic (NCW) with
water mass delivered from the Pacific (Southern component water; SCW) to have
prevailed over the past 14 Myr.

Following the binary mixing model of Piotrowski et al. (2004) modern SO
seawater exg is the product of a NCW-SCW mixture of about 3:1. These calculations
are based on exng signatures of modern NCW of -13.5 and -4.5 for SCW together with
Nd concentrations [Nd]ncw = 22 pmol and [Nd]sew = 42 pmol (Goldstein and
Hemming 2003). In the present study it is assumed that water masses with these
compositions have been mixed conservatively in the SO and inputs from exchange
processes with the ocean boundary on their respective pathways did not significant-
ly affect NCW and SCW Nd isotope ratios and concentrations (c.f. Piotrowski et al.
2004 and references therein). Holocene samples in our record (eng = -10 to -9.3)
agree very well with the modern seawater composition of the SO of ~-9.9 measured
at a depth of 200om in the Cape Basin close to the Agulhas Ridge (Stichel et al.
2012a), indicating that the location experienced no resolvable addition from pre-
formed ferromanganese phases of continental origin. This is in contrast, for in-
stance, to the Angola Basin where Congo-derived ferromanganese phases have been
shown to contribute significantly to the authigenic fraction of the sediments (Bayon
et al. 2009).
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Figure 5.3: Comparison between the seawater Nd isotope evolution of the intermediate depth Southern
Ocean at ODP Site 1088 (this study, Pena and Goldstein 2014; Hu et al. 2016) and compositions of the
North Atlantic (O’Nions et al. 1998; Burton et al. 1999) and Pacific Ocean (Abouchami et al. 1997; Ling et
al. 1997) endmembers, as well as near-by Late Quaternary records of cores RC11-83 and TNO57-21 from
the deep Cape Basin (Piotrowski et al. 2008). Grey lines represent calculated mixing proportions of
North Atlantic sourced water (NCW) with Pacific sourced water (SCW) according to the variable end-
member Nd compositions and constant Nd concentrations of [Nd]ycw = 22 pmol/kg and [Nd]scw = 42
pmol/kg (Goldstein and Hemming 2003). The error bars denote the 206 external reproducibility of the
€ng measurements. Note that the age scale changes at 3 and 1 Ma.
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In order to reconstruct changes in the Nd isotope compositions of Pacific
and Atlantic sourced waters through time, Fe-Mn crust data from the North Atlan-
tic (O’Nions et al. 1998; Burton et al. 1999) and Pacific (Abouchami et al. 1997; Ling
et al. 1997) were used to assess the evolution of the end-member Nd isotopic com-
positions at a coarse (>100 kyr) temporal resolution (Figure 5.3). Past variations in
end-member Nd concentrations, however, cannot be constrained given that there is
currently no proxy for past seawater Nd concentrations. Systematic changes in the
concentrations over time cannot be ruled out and have to be considered as a source
of uncertainty. In order to quantify these uncertainties, we have tested the impact
of changes [Nd]scw/[Nd]ncw on our calculations by simulating deviations from the
current concentration ratio by up to 20%. These simulations show that an increase
in [Nd]scw by 20% translates into a 4% increase of NCW advection; while an in-
crease of the Nd concentration in NCW by 20% translates into a 5% decrease in
NCW advection.

Our reconstructions show that the mid Miocene to Holocene proportions of
NCW oscillated between a minimum of 49% and a maximum of 84%. The average
of the entire time series of 69% NCW is close to the Holocene composition ranging
between 72-78% NCW, suggesting that general oceanographic configuration has
remained similar to today. This 69% NCW contribution is thus considered the base-
line of similar-to-modern SO water mass mixing at the Agulhas ridge. These records
hence corroborate earlier suggestions (e.g. Scher and Martin 2008) that water mass-
es from the North Atlantic have been advected to the SO in significant amounts
since at least the mid Miocene. Clearly, however, there were pronounced gla-
cial/interglacial differences in AMOC strength over the past 3 Myr and distinct epi-
sodes with significantly different mixing proportions stand out in our record and
will be discussed in chronological order in the following sections.

5.4.2.1 Miocene to Pliocene AMOC variability

During the mid Miocene (14 to 6 Ma; orange background in Figure 5.2) the
intermediate depth SO Nd isotope composition only showed a relatively small vari-
ability of +0.6 eng-units (1 SD) around a mean value of -8.1. The Oligocene and early
Miocene long-term trend of decreasing exg described by Scher and Martin (2008)
did not continue until the older parts of our record. Consistent with interpretations
of Scher and Martin (2004), who measured an eng(t) of ~-8.5 for the Early Miocene
in fossil fish teeth from ODP Site 689 from the Maud Rise, the resemblance of our
Miocene data to modern SO mixing proportions suggests an Atlantic circulation
pattern similar to modern conditions. Maximum NCW contributions (minimum &ng

values in Figure 5.3) in the mid to late Miocene were of the same order as during the
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Pleistocene interglacials and the Holocene. Analogous to observations of Scher and
Martin (2008) we did not find any correlation of our data with potentially changing
weathering inputs during major drops in eustatic sealevel, which are attributed to
Antarctic glaciation events (cf. Miller et al. 1998).

Moreover, radiogenic exg peaks at 11.2 Ma and between 7.7 and 7 Ma, which
translate into intervals of low NCW admixture of about 60%, are in the same range
as eng peaks throughout the entire section and are thus considered robust evidence
for reduced NCW import during these episodes. Low NCW admixture between 8
and 7 Ma is consistent with conclusions drawn from §2C gradients between the SO,
the North Atlantic and the Pacific (Billups 2002).

Similar to the observations of Billups (2002), our record suggests a stronger
late Miocene AMOC preceding a global warm period at 6 Ma that was possibly am-
plified by the shoaling of the Central American Seaway (CAS; Haug and Tiedemann
1998) and/or by the widening of the Arctic-Atlantic gateway (Knies et al. 2014).

Between 6 and 3 Ma enhanced NCW export to the Southern Ocean resulted
in an average of 76%ncw and was thus up to 10% stronger than the modern intergla-
cial circulation mode. More radiogenic engq values above -8 indicating weaker NCW
export were only reached again close to the end of this period. These observations
are in good agreement with interpretations of Billups (2002) who, based on a com-
pilation of benthic §2C records from the North Atlantic, Pacific and SO, inferred
enhanced admixture of a northern sourced water mass similar to modern NCW
near 6.0 Ma and in excess of the modern admixed proportions during the early Plio-
cene at ODP Site 1088. With global mean temperatures of up to 3.5 °C warmer and
atmospheric CO, levels about 35% higher than the pre-industrial value the early and
mid Pliocene have been identified as a time of prolonged warmth associated with a
vigorous AMOC (e.g. Raymo et al. 1996; Martinez-Boti et al. 2015).

In contrast to the benthic §2C record of the same core, our Nd isotope time
series suggests a return to reduced AMOC strength in the late Pliocene (around 3
Ma) as indicated by a trend to more radiogenic eng marking the transition into an
episode of global cooling.

5.4.2.2 The intensification of Northern Hemispheric Glaciation

At 2.8 Ma maximum eng values of -6.6 (Figure 5.4 B) mark a pronounced
weakening of the AMOC with NCW percentages below 50%. Consequently, the rel-
ative fraction of SCW in the SO increased by about a factor of 2 compared to its av-
erage proportion (from 25%gcw to more than 50%scw). At this time, the Northern
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Hemisphere experienced a major acceleration in the build up of continental ice
shields (see Figure 5.4 E) known as the Intensification of Northern Hemispheric
Glaciation (INHG; ~3.6-2.4 Ma; Raymo 1994). An age control point at 2.84 Ma for
27.54 med (Billups et al. 2008) decreases the age uncertainty (control point spacing
300-400 kyr; Billups et al. 2008) to only a few thousand years for the eng peak at
2.82-2.83 Ma (27.3-27.4 mcd), Furthermore, colour reflection data from the same
core (Figure 5.4 A) clearly document glacial or interglacial stages (low reflections
and low carbonate content typically marks glacial stage conditions and vice versa).
Consequently we are confident to assign the observed eng peak to glacial MIS Gio,
which has previously been identified as the first glacial marked by build-up of large
ice sheets in the Northern Hemisphere (Jansen et al. 2000).

Comparison of evidence for marked incursions of SCW to the North Atlantic
based on Nd isotope data obtained from core Ui313 (situated in the core of modern
NADW at 41°N, 32.5°W and a depth of 3426 m) shows that the shift of 1.6 exg-units
(from -13.1 to -11.5; Figure 5.4 C; Lang et al. 2016) triggered by the incursion of SCW
into the North Atlantic during MIS Gio was identical to that observed in our eng
record (from -8.2 to -6.6; Figure 5.4 B). This supports rapid SCW expansion deliver-
ing more radiogenic Nd signatures to the North Atlantic accompanied by a reduc-
tion of NCW. Lang et al. (2016) have argued for a connection of changes in deep
water circulation and global climate to be driven by the interplay of Southern
Ocean conditions, notably deep-water densification through increased sea-ice for-
mation (Ferrari et al., 2014) versus northern forcing agents such as a reduction in
NCW formation during the glacials due to its sensitivity to freshwater forcing in the
North Atlantic (B6hm et al. 2015).
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5.4.2.3 The transition to the modern Icehouse World

Between 2.8 and 1.5 Ma the variability of the eng signatures was limited
around a mean value of -8.4 + 0.4, corresponding to a NCW percentage of 71+6%.
The invariance observed in our eng record suggests a time of a stable and strong
AMOC in this section on glacial interglacial time scales. This further indicates that
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glacial conditions during this episode did not significantly reduce the export of
northern sourced water masses, consistent with a strong but shallow deep-water
formation cell suggested by benthic carbon isotope data in the North Atlantic cov-
ering the latest Pliocene/early Pleistocene (Venz and Hodell 2002).

After 1.55 Ma a marked decline of glacial §°C values was recorded in the
Southern Ocean (Hodell and Venz 1992; Venz and Hodell 2002) as well as in the
deep North Atlantic (Raymo et al. 1990). These shifts were attributed to a major re-
organization in deep circulation patterns of the North Atlantic, also documented by
end records from the northeast Atlantic (Khélifi and Frank 2014). Based on a signifi-
cant shift of interglacial bottom water eng Khélifi and Frank (2014) suggested a di-
minished production of well-ventilated deep waters in the Nordic Seas between 1.6
and 1.4 Ma. This in turn may have lead to a major reduction in NCW production
and export to the SO. Revealing first major cyclic radiogenic excursions directly af-
ter 1.5 Ma, our eng record adds new evidence for diminished glacial NCW admixture
(resulting in SO proportions as low as 50%ncw) after 1.5 Ma, marking the transition
to Late Quaternary glacial-interglacial variability.

Between 1.2 and 0.9 Ma, our Nd isotope record confirms a phase of strong
AMOC during both glacials and interglacials consistent with previous observations
by Pefia and Goldstein (2014). The Nd isotope data translate into high NCW propor-
tions of 70-80% in the intermediate-depth SO at the time (Figure 5.2 F, 5.3). This is
consistent with §2C records from the North Atlantic indicating that the glacial-
interglacial variability in AMOC strength was very low from ~1.1 to 0.9 Ma (Venz
and Hodell 2002).

From the "Thermohaline Circulation Crisis" described by Pefia and Goldstein
(2014) to the present, the AMOC-system operated in the modern G-I oscillation
mode including strong reductions in NCW export to the SO by up to 40% during
glacials (cf. Rutberg et al. 2000; Piotrowski et al. 2004; Piotrowski 2005; Pefia and
Goldstein 2014).

In coherence with a recent study by Hu et al. (2016) that includes higher res-
olution Nd isotope data of the same core, our new MIS 2 enq value of intermediate
waters from the Agulhas Ridge was less radiogenic by up to ~2 eng units than rec-
ords from the deep Cape Basin (RC11-83 and TNOj57-21; see insertion in Figure 5.3)
indicating a higher glacial contribution of NCW to the intermediate waters at the
Agulhas Ridge relative to the deep waters in the surrounding deep basins. The Hol-
ocene and MIS 3 interglacial enxg values, on the other hand, were identical in the
deep Cape Basin and the intermediate waters at the Agulhas Ridge. These observa-
tions reflect the (modern) interglacial state of vigorous mixing of essentially the
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entire water column of the SO. Moreover, this confirms previous findings pointing
towards reduced glacial NCW advection to shallower depths and a more persistent
influence of NCW in the upper circulation cell (above ~3,500 m) in the Southeast
Atlantic (Hodell et al. 2003b; Adkins 2013; Hu et al. 2016).

5.4.3 Changes in regional oceanography and weathering conditions on the sur-

rounding continents

5.4.3.1 Invigoration of regional circulation and long term change in sediment prove-

nance

Terrestrial material supplied to the Southern Ocean from Antarctica, South-
ern Africa and South America is redistributed by ocean currents at all depths
(Hegner et al. 2007). Understanding sources and pathways thus helps to reconstruct
regional ocean current patterns and inputs, which have been related to enhance-
ments of micronutrient release and thus of the fuelling of the biological pump (e.g.
Martin 1990; Jaccard et al. 2013).

Radiogenic isotopes of Nd, Sr and Pb together with other proxies such as clay
mineral composition (e.g. Petschick et al. 1996; Diekmann et al. 2003) are common-
ly used to determine detrital provenance and have been applied to identify shifts in
sediment provenance in the Atlantic sector of the SO over the last glacial cycle (e.g.
Walter et al. 2000; Noble et al. 2012). In general, the less radiogenic Nd isotope end-
member represents inputs from South Africa and eastern Antarctica, while the more
radiogenic end-member mainly originates from Patagonia/South America and
western Antarctica. More radiogenic detrital exg during glacial stages have been
interpreted as increased glaciogenic continental inputs from Patagonia and West
Antarctica imported via the strong ACC or via dust deposition whereas during in-
terglacial stages sediment inputs from Southern Africa supplied mainly via the
Agulhas Current were clearly dominant (Franzese et al. 2006). The ODP Site 1088
detrital eng signal younger than 1 Ma shows a G-I cyclicity analogous to the observa-
tions for the last glacial cycle (Noble et al. 2012) with more radiogenic values during
phases of relatively weak AMOC (see Figure 5.2 G) lending further support to the
above-mentioned climate-dependant variations in regional scale circulation dynam-
ics. Changes in detrital Nd isotope signatures recorded by the Pliocene and Miocene
sediments, on the other hand, do not correlate well with AMOC variability suggest-
ing that a different mode of detrital sediment transport prevailed at that time.
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Figure 5.5: Variability of ODP Site 1088 sedimentary components (A-C, Diekmann et al. 2003) and the
Hf isotope record (D and E). Authigenic Hf isotope records from crusts from the North Atlantic, equa-
torial Indian Ocean and the Indian sector of the Southern Ocean (Piotrowski et al. 2000, 2009) are also
shown in (D). The linearly interpolated sedimentation rate record (LSR) of ODP Site 1088 (Diekmann
et al. 2003) is shown in (F). The error bars denote the 26 external reproducibility of the gy¢and eng
measurements. Note that the age scale changes at 3 and 1 Ma.

In addition to that, detrital Hf isotope signatures (Figure 5.5 E), can also be
applied as a sensitive proxy for changes in grain size and thus transport pathways. A
trend towards more radiogenic Hf is commonly expected with decreasing grain size
in marine sediments, mainly caused by zircon loss during (long distance) sediment
transport (e.g. Vervoort et al. 1999, 2011, Bayon et al. 2009, 2016; Chen et al. 2013a).
In agreement with increasing amounts of silt in 1088 sediments over time (Diek-
mann et al. 2003, Figure 5.5 B) we observe a continuously decreasing trend in our
detrital enr record across the Miocene and Pliocene, which is reflected by a change
from the clay array towards the terrestrial array in eye-€ng space (green arrow in Fig-
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ure 5.6; cf. Bayon et al. 2016). For the age interval between 1 and 0.6 Ma the general
trend in Figure 5.5 E is reversed before it declines again until the Holocene, which is
also reflected in the grain-size record although not as pronounced.

Accordingly, it is highly likely that variations in the admixture of sediment
sources represent the first order control on detrital eyr. Analogous to Nd isotopes,
the radiogenic compositions in the older parts of the record (detrital eyf = -1 to -3) is
in theoretic agreement with a distant South American/Patagonian provenance (also
more radiogenic due to the presence of relatively young volcanic rocks from the
Andean Belt), while the less radiogenic compositions in the younger sections (detri-
tal ey¢ = -12 to -10) represents a proximal South African provenance (predominantly
old cratonic rocks with unradiogenic Hf signatures).

Consequently, we infer that the evolution of detrital Hf isotopes represents a
combination of the effect of coarsening sediments (Figure 5.5 B) induced by the in-
vigoration of regional ocean circulation (namely the Agulhas current, Diekmann et
al. 2003) and hence a simultaneous transition in sediment provenance from South
America/Patagonia to the African craton, which was also inferred from clay mineral
assemblages of the same core (Figure 5.5 C, Diekmann et al. 2003).

5.4.3.2 Sources and implications of seawater Hf isotope changes

Previous studies have focussed on marine Hf isotopes as indicators of chang-
es in climatic conditions and thus weathering regimes on nearby continents (van de
Flierdt et al. 2002; Gutjahr et al. 2014; Dausmann et al. 2015; Bayon et al. 2016). Con-
sequently the presence of ice sheets on the surrounding continents is expected to
lead to decreases of the marine ey signatures, which has been observed in Fe-Mn
crust records from the Arctic Ocean (Dausmann et al. 2015), as well as in Fe-Mn
crust records (Piotrowski et al. 2000) and Late Quaternary sedimentary records
from the North Atlantic (Gutjahr et al. 2014). Moreover, recent work by Bayon et al.
(2016) demonstrated the relationship between climatic conditions (temperature and
precipitation) and congruency in Hf weathering. Accordingly, a large scale global
cooling potentially favours the release of more unradiogenic Hf.

In the modern SO, however, there is no evidence for the predominant release
of unradiogenic Hf from the close-by glaciated regions of Eastern Antarctica
(Stichel et al. 2012b) and Western Antarctica (Rickli et al. 2014). In addition, there is
no indication for the presence of large ice sheets and glaciers on the nearby South-
ern African continent over the past 14 million years. Considering the relatively short
residence time of Hf in the SO, as inferred from recent seawater studies in the At-
lantic Ocean pointing to high rates of scavenging and the lack of enrichment in
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deep water Hf concentrations (Rickli et al. 2009, 2010, 2014), the admixture of distal
sourced Hf (e.g. from South American runoff) is unlikely.

In agreement with this evidence, our seawater Hf isotope record from the
Agulhas Ridge does not exhibit systematic G-I variations during the Pleistocene,
clearly showing that seawater Hf isotope signatures have not been sensitive to gla-
cial to interglacial variations of circulation or weathering inputs in the Atlantic sec-
tor of the SO over the past 14 Myr. Furthermore, there is no evidence for climatic
variations (temperature and precipitation) related to global cooling during glacials
on the close-by continents.

Instead the Hf isotopic compositions (Figure 5.5 D) continuously decreased
from highly radiogenic values of up to + 11 and an average of +8 during the Miocene
and early Pliocene to reach stable conditions in the Pleistocene near the modern
day eur of seawater above the Agulhas Ridge (+3.5; 2000m St. 104; Stichel et al.

2012a).

Based on these observations we infer that the SO seawater evolution towards
less radiogenic dissolved Hf isotopic ratios was not caused by the evolution of a
more congruent mode of weathering. The highly radiogenic Hf isotope composi-
tions in the early part of the record, which apparently indicate strongly incongruent
weathering conditions (Fig. 6), were most likely caused by aeolian supply and par-
tial dissolution of young volcanogenic particles supplied from Patagonia, which de-
creased over time as indicated by decreasing sedimentation rates (Figure 5.5 F) and
increasing grain sizes (Figure 5.5 B). The radiogenic Hf isotope signature was ampli-
fied by the prevailing fine-grained material dominated by labile minerals with high-
ly radiogenic Hf isotope signatures (cf. chapter 3 and described below).
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Figure 5.6: Cross-plot of seawater and detrital Hf and Nd isotope compositions from the Southern
Ocean of the past 14 Myr. The dashed line represents the global seawater array defined by Fe-Mn crust
and seawater data (Albareéde et al. 1998). The solid grey line represents the global terrestrial array
(Vervoort et al. 1999). The red dotted line represents the clay array (Bayon et al. 2016). The red arrow
represents the temporal evolution of weathering inputs from the surrounding continents during in-
terglacial conditions from highly incongruent in the Miocene to more congruent in the Pleistocene.
The blue arrow expresses the development during glacials reflecting the changes in NCW advection
affecting the seawater Nd isotope compositions. The green arrow represents the evolution of the detri-
tal material related to both changes in grain-size distributions and provenance of the sediment. Error
bars denote the 26 external reproducibility of the €y¢and €yg measurements.

The evolution of dissolved Hf in the Atlantic sector of the Southern Ocean

Based on the results discussed above we interpret more radiogenic Hf iso-
tope ratios (enr above +5) in the Miocene and Pliocene (see Figure 5.5 D) to be de-
rived from partial dissolution of young volcanogenic particles of South American
provenance. Although large contributions from this source are not evident in pre-
sent-day seawater in the SO (Stichel et al. 2012a; Rickli et al. 2014) it is likely that
different wind fields in the past (e.g. westerly wind field further polewards in the
warmer Miocene and Pliocene, cf. Toggweiler et al. 2006) delivered larger amounts
of South American sourced dust to the Agulhas Ridge. While in the modern SO Hf
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concentrations in seawater close to the Agulhas Ridge are extremely low, unradio-
genic Nd isotope compositions show that terrigenous inputs from the Southern Af-
rican continent are significant (Stichel et al. 2012b). This shows that inputs from an
additional external source may have altered the seawater Hf isotope composition
easily. Thus it is likely that South American dust-derived Hf dominated the sea-
water signature when atmospheric import of dust from the west were enhanced and
lead to more radiogenic Hf isotope ratios at the Agulhas Ridge without significantly

affecting the detrital and dissolved Nd isotope compositions.

With the end of the Pliocene the influence of South American dust particles
on dissolved Hf ceased and the predominance of (less radiogenic) Hf of Southern
African origin was established. Although ice-core and sedimentary records from
Antarctica and the SO show that dust from South America was also exported to the
region during the Pleistocene (e.g. Basile et al. 1997; Diekmann et al. 2000) and even
strengthened during glacial episodes (Lambert et al. 2008) it did not exert signifi-
cant influence on the dissolved Hf in seawater above the Agulhas Ridge any more.
These interpretations are in agreement with progressively increasing abundances of
kaolinite minerals (from tropical and subtropical Africa; Figure 5.5 C) mirroring the
gradual strengthening of the Agulhas leakage until it stabilized in the latest Plio-
cene (Diekmann et al. 2003). Subsequently, the stronger Agulhas current largely
prevented radiogenic Hf from partial dissolution of South American dust particles
to reach the surface waters at the Agulhas Ridge.

Accordingly, the apparently parallel evolution of our Agulhas ridge seawater
enr record and those of North Atlantic crusts ALV539 and BMi1g69g (Figure 5.5 D)
after 3 Ma is the result of the long term evolution in particle provenance due to
changes of atmospheric and oceanic circulation in the Southern Hemisphere. The
similarity in the records does thus not reflect a causal relationship.

Tracing inputs of Patagonian dust in the Southern Ocean

Radiogenic peaks of 2-3 € units in our seawater ey record at ~12 to 10.6 Ma
and at ~7 Ma, as well as at 2.8 Ma in the late Pliocene reaching values above +8 were
likely the result of highly incongruent dissolution of erosional products of the South
American continent. Partial dissolution of the mostly volcanogenic dust likely acted
as a significant source of highly radiogenic Hf given that other detrital inputs at the
Agulhas Ridge have been very low. The isotopic composition of dust itself varied
with atmospheric loading and likely amplified highly incongruent Hf isotope com-
positions (e.g. due to zircon loss during aeolian transport, Rickli et al. 2010).
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Increased input and partial dissolution of dust particles from arid regions
was demonstrated to be an important source of radiogenic Hf to the ocean as re-
flected by elevated Hf concentrations for surface waters west of the Sahara, which
are up to 10 gyr units more radiogenic than the bulk dust composition (Rickli et al.
2010). Consequently, the dominating westerly winds in the region that have deliv-
ered large amounts of South America sourced dust to the SO have contributed sig-
nificantly to the oceanic Hf budget. Phases of increased dust deposition from South
America were a consequence of past environmental conditions (e.g. Sugden et al.
2009), which were probably also linked to the uplift of the Andean mountain range
since the Miocene, which reached elevations severely altering South American cli-
mate between 4 and 3 Ma (e.g. Hartley 2003).

5.5 Conclusions

(1) Past mixing proportions between precursors of modern NADW and
CDW/Pacific waters are reconstructed using seawater Nd isotope compositions. An
average of 69%ncw similar to modern SO water mass mixing at the Agulhas ridge
suggests that the general configuration of the circulation system has prevailed for
the past 14 Myr, which was, however, interrupted by short-term perturbations
throughout the entire investigated period of time.

(2) The continuous evolution from highly radiogenic to less radiogenic Hf
isotope signatures between 14 Ma and at the Pliocene indicates the gradual increase
in the supply Hf originating from partial dissolution of particles from Southern Af-
rica, which were transported by a stronger Agulhas current at the expense of South
American sourced Hf, which prevailed during the Miocene and early Pliocene. Hf

isotopes in the SO do not reflect variations due to glacial activity and subsequent
changes of the AMOC.

(3) We attribute Miocene/Pliocene excursions around 11 Ma, from 8 to 7 Ma,
and near 2.8 Ma present in both Hf and Nd isotope signatures to phases of substan-
tially decreased NCW admixture. Switches to more arid conditions in South Ameri-
ca causing increased inputs of highly radiogenic Hf via aeolian dust occurred at a

similar timing.

(4) A period of early Pliocene warmth was accompanied by enhanced AMOC
strength and NADW inflow into the Southern Ocean.

(5) At 2.8 Ma, during MIS Gio, the first large-scale glaciation in the Northern
Hemisphere was accompanied by a pronounced weakening of the AMOC and a sub-
sequent expansion of SCW, which was also notable in the North Atlantic.
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(6) A phase of stable and relatively strong AMOC between 2.5 and 1.5 Ma was
finally followed by the Late Pleistocene icehouse conditions, during which major
glacial drops in NADW supply occurred. Analogously, increased glacial AMOC
strength is evident in our records for roughly 200 kyr before the goo ka trans-glacial
event (Pena and Goldstein 2014) which marked the transition to the modern mode
of G-I oscillations in AMOC strength at the 100 kyr periodicity.

(7) A comparison of eng values of intermediate waters from the Agulhas
Ridge and the deep Cape and Agulhas Basin points to a less well-mixed SO during
the last glacial. This is in agreement with recent findings of Hu et al. (2016).
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6 Summary, conclusions and outlook

6.1 Summary and conclusions

An integrated view of different geochemical aspects for the application of ra-
diogenic isotopes in paleoceanography is presented in the three main chapters of
this thesis. In principle, the different topics presented here accompany the evolu-
tion of radiogenic isotopes of Nd and Hf in the hydrosphere from the first release
into solution during continental weathering (chapter 3; including Pb isotopes) via
the cycling in present day seawater (chapter 4) and finally to the marine sediments
where the information about past ocean circulation is stored (chapter 5).

Chapter 3 aims at improving the understanding of the mechanisms releasing
distinct isotope signatures to weathering solutions, which is essential when relating
e.g. combined Nd-Hf isotope data of modern and paleoceanographic studies to pre-
sent and past continental weathering conditions. The particularly important role of
differential weathering of both highly resistant minerals (such as zircon) as well as
highly reactive minerals (such as apatite) was studied by simulating different
weathering conditions with a special focus on the effect of glacial processes on the
continents. The experiments performed during this study document the systematic
preferential release of radiogenic Nd, Hf and Pb isotopes to weathering solutions in
agreement with the resistance of the rocks' minerals to weathering. The results
show that the digestion of labile accessory minerals, in particular apatite and
sphene, dominates the release of more radiogenic Nd, Hf and Pb during weak
chemical weathering of fresh rock surfaces. The degree of incongruent release of
radiogenic Nd observed during this study is surprisingly high since differences in
Sm/Nd between mineral phases are typically small. The overall effect of mineral-
controlled fractionation on Hf isotopes is much larger and also persists under en-
hanced chemical weathering intensities given that variations in Lu/Hf ratios in
rocks are comparably large. Furthermore, it is demonstrated that, similar to previ-
ous estimates, about 69% of the host rocks' Hf is contained in highly resistant zir-
cons, which were hardly dissolved during the weak leaching experiments. Mechani-
cal grinding of rocks and their mineral phases, on the other hand, clearly reduces
the fractionation of Hf and Nd isotopes during dissolution of the host rocks. Pri-
marily this is achieved by an increase of the fraction of non-zircon minerals that are
accessible to weathering. In addition to that, a more efficient dissolution of zircon
minerals is documented by enhanced release of Hf from ground zircon separates,
which thus also contributes to the more congruent release of radiogenic Hf isotopes
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to weathering solutions and ultimately to the ocean under enhanced glacial weath-

ering conditions.

Furthermore, it is demonstrated that radiogenic **°Pb and **’Pb in ground
granite material are dissolved congruently under incipient weathering conditions.
This implies that an easily accessible mélange of all kinds of different minerals
(probably mostly feldspars) is available for dissolution at this stage of weathering
due to the increased availability of reactive mineral surfaces. This feature is ob-
served despite elevated U release rates, providing clear evidence for preferential U-
rich accessory mineral dissolution. Therefore, the results from the granite samples
in this study indicate that the washout of radiogenic Pb released due to alpha recoil
during incipient chemical weathering likely does not alter the Pb isotope composi-
tion of the weathering liquids to a resolvable degree. With continued weather-
ing/leaching, reactive surfaces of other rock-forming mineral phases appear to dis-
appear leading to enhanced release of more radiogenic **°Pb and **’Pb due to the
dissolution of labile U-bearing mineral phases (such as apatite). Radiogenic ***Pb in
the simulated weathering solutions, in contrast, is depleted with respect to the
whole rock composition, since Th-bearing minerals, the main sources of radiogenic
298Pl are generally more resistant to dissolution. Overall, the differences in Pb iso-
tope trends between the subgroups of the experiment were mainly controlled by
differences in mineral availability and were probably also controlled by mineral
sorting processes.

Chapter 4 focused on the better understanding of quantitative water mass
mixing and the relative impact of non-conservative behavior along the European
margin in the Bay of Biscay. It is demonstrated that radiogenic Nd isotope signa-
tures in the analyzed surface waters of the Bay of Biscay are dominated by local
weathering inputs from the rocks of the surrounding continental margin. Subsur-
face ENACW shows a distinct Nd isotope composition of exg = -12.0 at the south-
western-most station and is significantly diluted on its way along the European
margin by mixing with more radiogenic waters from above and below. Furthermore,
the Nd isotope data clearly show the declining influence of MOW at intermediate
depths on its way north as it is diluted with ENACW indicating that only 40% to
60% of MOW still present at the Galician margin arrives at the stations further
north. A potentially seasonal/temporal feature of Nd isotope changes in MOW is
identified when comparing the results of this study with those of earlier studies
from the area, which possibly reflects the meandering flow path of MOW. Higher
proportions of MOW-like Nd signatures are also manifested in elevated Nd concen-
trations likely originating from increased terrestrial inputs to the Mediterranean Sea
and are then transported as far as the Galician margin. In agreement with observa-
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tions from Nd isotopes we infer that the Hf isotope composition of MOW was af-
fected by large-scale inputs of dust as can be deduced from elevated Hf concentra-
tions at the Galician margin. The deep-water Nd isotope signatures in the Capbre-
ton region strongly suggest exchange with local shelf sediments. Similarly, Hf iso-
topes in all water masses of the Bay of Biscay are generally overprinted by local in-
puts. This lends support to the hypothesized more efficient removal of Hf from the
water column as the water masses travel along the continental margin. Combined
with Nd, however, Hf serves as a useful indicator whether a water mass is more
proximally affected by inputs from weathering or if it has been advected over long
distances.

Chapter 5 reconstructs past mixing proportions between precursors of mod-
ern NADW and CDW/Pacific waters using seawater Nd isotope compositions ex-
tracted from the sediments of the Agulhas Ridge. Furthermore, the Hf isotope evo-
lution from the same sediments was established, reflecting changing weathering
contributions to the region. The data suggest that a long-term average of 69% of
northern sourced water was admixed to Southern Ocean (SO) water masses over
the last 14 Myr. This is similar to modern SO water mass mixing ratios at the Agul-
has ridge, which suggests that the general configuration of the circulation system
has prevailed for the past 14 Myr. Furthermore, however, the Nd isotope data doc-
ument that this configuration was interrupted by short-term perturbations
throughout the entire investigated period of time. Miocene/Pliocene excursions to
more radiogenic Nd isotope signatures around 11 Ma, from 8 to 7 Ma, and near 2.8
Ma are for example attributed to phases of substantially decreased admixture of
northern sourced water. Switches to more arid conditions in South America causing
increased inputs of highly radiogenic Hf via aeolian dust are, in contrast, suggested
to be responsible for excursions in the Hf isotope signatures that occurred at a simi-
lar timing. The period of early Pliocene warmth (~7-3 Ma) was accompanied by en-
hanced AMOC strength and northern sourced inflow into the Southern Ocean re-
flected by less radiogenic Nd isotope compositions of around eng = -9. In contrast,
peak radiogenic Nd isotope signatures (enq = -6.7) during MIS Gio (~2.8 Ma) reflect
a pronounced weakening of the AMOC and the subsequent expansion of southern
sourced water masses, which accompanied the first large-scale glaciation of the
Northern Hemisphere. This was followed by a phase of relatively stable and strong
AMOC (with 65 to 75% northern sourced water) between 2.5 and 1.5 Ma. Finally, the
Late Pleistocene icehouse conditions were established after 1.5 Ma, which intro-
duced major drops in NADW supply (reflected by radiogenic peaks in the order of
end from -7 to -8) during glacials. Moreover, a relatively strong glacial AMOC is evi-
dent in our records for roughly 200 kyr before the goo ka trans-glacial event, which
was introduced by Pena and Goldstein (2014) and marked the transition to the
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modern mode of glacial-interglacial oscillations in AMOC strength at the 100 kyr
periodicity.

Hf isotopes in the SO, on the other hand, do not reflect variations caused by
glacial activity and/or changes in overturning circulation. The essentially continu-
ous evolution from highly radiogenic to less radiogenic Hf isotope signatures be-
tween 14 Ma and at the Pliocene is interpreted as the gradual increase in the supply
of Hf originating from partial dissolution of particles from Southern Africa, which
were transported by a stronger Agulhas current at the expense of South American
sourced Hf, which prevailed during the Miocene and early Pliocene.

In summary, the following conclusions can be drawn from this thesis:

(1) The quantification of present and past water mass mixing can be reliably
achieved using Nd isotope signatures for the sites studied in this thesis. Incongru-
ent weathering during continental weathering was observed in chapter 3. Its influ-
ence on the total budget of Nd isotopes in seawater, however, is insignificant. In the
case of the Bay of Biscay, the distribution of Nd isotopes can mostly be attributed to
conservative water mass mixing. Only in confined locations close to the continent
and to the sediment-seawater interface non-conservative inputs were observed. The
seawater Nd isotope extracted from the sediments of the Agulhas Ridge reliably
track variations in the admixture of northern sourced water masses as a measure of

AMOC strength on glacial-interglacial timescales.

(2) Hafnium isotopes, on the other hand, are less well suited as a tracer of
water mass circulation. Chapters 4 and 5 demonstrate that regional non-
conservative processes easily overprint Hf isotope signatures of water masses. Thus
Hf isotope variations are generally not suitable to investigate water mass mixing.
Chapter 3, however, clearly suggests that Hf isotopes serve as a sensitive tracer of
changes in weathering style/strength. Furthermore, observations of Hf isotope data
in chapter 5 imply that the changing provenance of regional weathering inputs can
be traced.

(3) Similar to Hf isotopes Pb isotopes are well suited as a tool of tracking
weathering intensities. Radiogenic *°*°Pb and **’Pb are released congruently under
incipient weathering conditions of freshly ground material but show distinct signa-
tures for non-ground material. Under progressing weathering conditions the disso-
lution of labile U-bearing minerals leads to incongruent weathering, releasing more
radiogenic *°°Pb/***Pb and **’Pb/*°*Pb signatures. Radiogenic **°Pb, on the other
hand, is released incongruently under most weathering conditions since Th-rich
minerals are typically very resistant to dissolution.
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6.2 Outlook and perspective of future work

From the new insights presented in this thesis new questions arise. Some is-
sues that should be addressed in future work include:

A more comprehensive isotopic characterization of different mineral phases
of the zircon-free portion in future studies will help to better quantify fractionation
processes that occur during chemical and physical weathering. Analyzing several
different lithological backgrounds of host rocks (e.g. basalts, metamorphic rocks,
sedimentary rocks) would provide further insight into the control of variable lithol-
ogy on Nd, Hf and Pb isotopes in weathering solutions. Moreover, repeated dry and
wet climatic cycles (Ganor et al. 2005), the residence time of weathering agents
(Hindshaw et al. 2011; Rickli et al. 2017), as well as the role of colloids (i.e. Merschel
et al. 2017) should be considered as important factors for future experiments. Fur-
thermore, the important role of transport and removal mechanisms of dissolved
trace metals has to be investigated in order to understand the cycling of radiogenic
isotopes. Especially the influence of climatic conditions on these mechanisms needs
to be understood, when applying these tracers for the reconstruction of paleocli-
mate. Continuous-flow experiments simulating accelerated natural processes
similar to those carried out by Erel et al. (2004) for Pb isotopes could be realized for
Nd and Hf isotopes. More field experiments (spanning several years/seasons) such
as those of Rickli et al. (2013; 2017) will also help to estimate these factors when ana-
lyzing weathering solution for different species of dissolved trace metals.

Another important factor is the behavior of radiogenic isotopes during and
after burial in the sediments as well as their cycling within and between different
sedimentary phases. In this context, also the differences in removal and sedimenta-
tion mechanisms of Nd and Hf in seawater need to be investigated in more detail in
order to apply combined Hf-Nd isotope evolution in studies reconstructing changes

in past weathering regimes and connected environmental conditions more reliably.

The comparison of exg values of intermediate waters from the Agulhas Ridge
and the deep Cape and Agulhas Basin points to a less well-mixed Southern Ocean
during the last glacial. This is in agreement with recent findings of Hu et al. (2016).
Further studies with higher sampling resolution investigating these differences are
needed to elucidate the vertical water mass structure over glacial-interglacial cycles
and during shorter term climatic changes in the Southern Ocean and will help to
better constrain possible feedback mechanisms between circulation changes and
glacial CO, draw down.
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APPENDIX

Table A 1: (Chapter 3) Elemental vields of all leachates. All vields are given in ppm.

Step __ Group/Sample _ Subgroup _Calibration RSD% Mg RSD% Al RSD% Ti RSD% Sr 86 RSD% Sr88 RSD% 71 90 RSD% La 139 RSD% Pr 14l RSD% Nd 144 RSD% Nd 146 RSD% Sm 147 RSD% Fu 153 RSD%

A G1 P high 2.63 1.34 231 123 978 1.38 30.14 0.92 1.50 0.63 1.50 0.68 0.13 4.73 0.28 0.84 0.10 0.53 0.42 0.63 0.45 0.01 0.12 1.01 0.01 0.50
B Gl P ‘high 13.87 231 1522 173 3141 2.05 207.44 113 1.24 0.24 125 0.54 0.07 4.83 043 037 0.25 023 1.26 0.36 1.35 0.00 0.44 0.43 0.03 0.12
C Gl P ‘high 6.81 0.75 678 0.48 1457 0.44 229.60 0.76 0.44 0.68 0.46 0.58 0.07 421 043 0.27 0.09 0.56 0.31 0.54 0.34 0.01 0.06 041 0.01 0.15
A G2 P high 2.78 0.81 241 0.78 1017 0.93 31.10 0.41 1.53 0.62 1.52 0.10 0.11 7.62 0.27 0.39 0.10 0.84 0.41 0.42 0.44 0.01 0.12 0.43 0.01 338
B G2 P ‘high 14.80 1.55 1638 1.63 3439 172 208.64 2.07 1.28 0.74 129 134 0.06 0.96 0.86 1.40 0.38 0.98 179 1.06 1.92 0.01 0.58 0.89 0.03 0.75
C G2 P ‘high 6.19 0.65 637 041 1373 1.02 234.24 033 049 0.16 0.51 033 0.07 097 048 0.51 0.11 0.85 035 0.51 0.38 0.01 0.07 1.49 0.01 1.36
A G3 N high 1.56 L1l 57 0.78 237 0.28 523 0.97 0.28 0.59 0.30 0.14 0.04 1.10 0.14 0.48 0.05 0.16 0.25 0.57 0.26 0.00 0.10 0.19 0.00 292
B G3 N ‘high 1747 0.45 497 0.34 1470 0.62 74.74 118 0.34 0.38 0.36 0.45 0.04 0.32 0.35 0.57 0.15 0.35 0.70 0.71 0.74 0.01 0.28 1.02 0.01 0.51
C G3 N ‘high 6.99 0.28 244 0.66 690 0.40 56.06 0.34 0.07 0.43 0.10 0.52 0.03 0.46 0.20 0.34 0.04 0.67 0.15 0.74 0.16 0.00 0.03 1.36 0.00 5.55
A G4 N high 0.30 1.62 95 1.20 220 L18 1179 1.08 0.54 0.76 0.55 0.53 0.04 0.75 0.25 0.51 0.15 0.99 0.75 0.89 0.81 0.01 0.24 1.44 0.01 0.61
B G4 N ‘high B 1.68 1498 1.62 2832 1.90 143.04 2.10 0.78 0.13 0.78 0.62 0.07 0.22 0.56 0.58 0.38 0.84 1.91 0.04 2.05 0.01 0.62 0.62 0.04 122
C G4 N ‘high 2.67 0.82 1093 0.21 1964 0.98 268.48 0.41 0.10 191 0.12 0.40 0.03 0.58 0.04 0.61 0.02 0.31 0.07 1.05 0.08 0.01 0.02 el 0.01 0.67
A S1 N high 0.21 0.36 50 1.42 101 0.89 382 0.32 0.36 0.80 038 0.40 0.03 0.34 0.13 031 0.07 0.28 0.37 0.76 0.37 0.00 0.12 0.50 0.01 2.40
B S1 N ‘high 3.37 1.52 587 1.51 937 1.43 61.78 1.32 0.30 0.71 0.31 0.34 0.03 0.46 0.26 0.44 0.11 0.62 0.53 0.52 0.57 0.00 0.17 0.44 0.01 0.87
C S1 N i 2.89 1.60 552 1.47 792 1.63 81.60 1.16 0.03 221 0.06 0.70 0.03 0.27 0.07 0.10 0.02 0.40 0.06 0.62 0.06 0.01 0.01 0.21 0.00 0.78
A S2 N high 0.40 1.30 91 0.98 187 0.47 7.85 0.63 0.61 0.77 0.62 0.70 0.04 122 0.23 0.86 0.12 035 0.58 0.80 0.62 0.01 0.21 0.67 0.01 0.80
B S2 N ‘high 4.44 0.56 891 0.68 1364 0.32 92.08 1.00 0.28 0.81 0.30 043 0.04 0.52 0.29 0.41 0.11 0.36 0.53 0.22 0.57 0.00 0.17 0.11 0.01 1.50
C S2 N ‘high 243 1.11 629 1.38 830 1.27 89.68 1.02 0.06 0.61 0.09 0.85 0.03 0.63 0.06 0.44 0.01 0.27 0.05 0.80 0.05 0.00 0.01 3.08 0.00 5.76
A S3 N high 0.48 1.30 107 1.85 219 121 9.78 0.72 0.68 1.01 0.70 0.89 0.08 0.49 0.25 0.59 0.13 1.14 0.66 0.27 0.71 0.00 0.23 0.18 0.01 0.29
B S3 N ‘high 3.76 0.75 767 117 1176 0.92 81.52 0.82 031 0.80 033 0.26 0.03 0.06 023 0.16 0.09 049 041 0.73 0.44 0.01 0.13 0.55 0.01 113
C S3 N ‘high 1.99 1.92 529 2.07 700 2.20 76.26 1.83 0.22 1.08 0.24 1.03 0.03 0.29 0.09 0.85 0.02 1.06 0.07 0.47 0.07 0.01 0.02 2.28 0.00 145
A S4 N ‘high 0.48 0.87 106 0.76 225 0.91 8.97 0.42 0.79 0.43 0.80 0.10 0.04 0.57 0.29 0.31 0.14 0.69 0.69 0.15 0.75 0.00 0.24 1.13 0.01 0.05
B S4 N ‘high 459 1.98 898 147 1391 0.69 93.84 0.86 0.34 0.58 0.35 0.74 0.03 0.10 0.44 0.56 0.16 0.54 0.67 0.30 0.72 0.01 0.21 0.48 0.01 2.10
C S4 N ‘high 1.92 1.07 481 0.79 647 0.30 69.66 0.30 0.07 2.62 0.09 0.38 0.03 0.30 0.24 0.74 0.05 1.28 0.17 0.30 0.19 0.00 0.03 1.71 0.00 2.25
A S5 P ‘high 0.54 0.31 115 0.97 236 116 10.66 0.86 0.76 122 0.77 0.76 0.04 0.50 0.21 0.63 0.10 0.49 0.50 0.45 0.54 0.00 0.17 1.30 0.01 1.71
B S5 P ‘high 3.93 0.80 794 0.90 1203 1.52 83.28 0.92 0.41 0.24 0.43 0.23 0.04 0.27 0.32 0.56 0.11 0.44 0.50 0.39 0.54 0.01 0.15 0.20 0.01 0.80
C S5 P hij 0.62 0.59 129 0.26 263 0.87 11.42 0.25 0.76 0.83 0.77 0.22 0.05 0.15 0.21 0.76 0.10 0.23 0.49 0.58 0.53 0.01 0.17 0.87 0.01 1.69
A S6 P high 1.09 0.48 277 0.47 581 0.42 24.98 0.82 0.90 0.47 0.91 107 0.06 0.59 0.26 0.37 0.11 0.84 0.49 0.56 0.53 0.00 0.16 041 0.01 154
B S6 P ‘high 7.12 124 1604 0.97 2211 0.90 139.52 1.94 114 0.83 1.16 1.20 0.04 0.25 0.23 0.08 0.15 0.16 0.77 0.30 0.82 0.00 0.27 0.63 0.02 021
C 1.20 R 631 1.54 26.58 . 0.91 0.69 0.93 E X 0.40 . 0.49 0.11 0.74 . . 0.53 X 0.15 1.00 0.01 1.09

PD N 0.01 X X 0.00

A Zlg N low 0.21 2.56 0.17 0.85 0.48 0.93 032 0.84 3.56 0.18 143 2.06 7.80 0.48 4.77 1.01 2353 1.05 25.75 0.49 7.45 110 0.32 173
B Z1g N low 0.07 139 0.04 0.99 0.06 0.71 0.13 1.04 0.48 045 0.69 173 1.28 0.32 0.53 0.90 2.28 0.34 248 023 0.69 1.07 0.03 2.56
C Zlg N lTow 0.09 5.25 0.06 3.50 1.44 2.70 9.75 RE 5.53 0.86 8.31 133 2.13 0.60 0.61 0.85 2.47 1.34 2.70 0.44 0.69 1.93 0.08 0.77
PD Zlp P low 4.74 1238 0.40 8.18 0.65 724 19.52 5.05 0.25 3.18 3093.08 237 0.01 4.04 0.01 13.63 0.03 11.44 0.03 292 0.01 2523 0.00 43.05
A Zlp P low 0.25 336 0.10 248 0.99 168 0.38 125 3.89 0.40 135.96 1.05 2.78 0.65 1.89 0.77 9.08 0.78 10.03 0.38 171 1.04 0.07 288
B Zlp P low 0.10 110 0.03 1.09 0.19 0.75 0.51 0.68 2.00 0.16 5327 0.69 1141 0.17 483 036 2142 0.41 23.46 0.13 6.50 0.47 031 233
C P

PD N
A N
B N ' . X
C Z2g N low 0.74 0.63 0.05 0.61 1.10 0.79 0.73 1.12 2.79 0.75 18.00 0.44 8.74 0.50 2.51 0.55 9.29 0.36 10.16 0.25 2.85 1.06 0.06 2.21
L b zg N w 055 030 005 03 o o5 008 23 06 10l 468 088 006 073 00l 470 006 a3 006 315 00l 1516 000 2650 |
D Z2p P Tow 5.98 0.21 0.29 112 1.66 L1l 127 0.50 0.32 0.37 2382.69 097 0.01 4.07 0.00 10.35 0.02 3.58 0.02 3.63 0.00 16.34 0.00 10.98
A Z2p P Tow 0.26 0.53 0.03 0.75 0.14 0.52 0.02 0.95 112 0.48 24.12 0.27 7.20 0.07 4.20 045 21.10 0.34 22.83 0.12 8.51 0.15 0.12 1.72
B Z2p P low 0.12 1.38 0.03 0.75 0.15 0.45 0.10 0.98 1.43 0.20 21.27 0.51 11.92 0.15 6.02 0.07 28.64 0.37 30.92 0.20 12.30 0.37 0.14 1.07
C Z2p P low 0.37 0.91 0.04 0.38 0.84 0.68 0.28 0.46 2.37 0.44 247.85 0.81 14.16 0.53 3.76 0.45 13.38 0.59 14.68 0.12 3.96 1.09 0.07 3.62
L o zp b bw 03 72 008 18 o L 02 o5 od3 129 102885 033 000 880 000 3472 00l 1038 000 267 000 ST 000 2407 |
PD Z3g N low 288 1.12 0.16 0.23 0.86 0.19 0.26 0.71 0.09 337 16.21 1.40 0.00 >100 0.00 40.87 0.00 3.20 0.00 #WERT! 0.00 91.44 0.00 9.26
A Z3g N Tow 0.48 142 0.13 1.33 0.41 1.02 0.03 0.98 1.79 0.27 sl 0.43 4.03 0.15 291 0.81 17.17 0.54 18.22 0.16 9.77 0.18 0.15 1.84
B Z3g N low 0.50 1.73 0.07 2.40 0.09 1.03 0.03 2.03 0.89 4.82 1.63 6.18 425 0.44 2.80 0.32 15.05 0.87 16.17 0.24 6.99 1.34 0.07 372
C Z3g N low 0.66 0.36 0.06 0.12 0.75 0.60 0.52 0.40 2.83 0.15 23.70 0.50 4.75 0.90 1.36 1.35 5.22 0.75 5.72 0.15 1.81 049 0.06 3.54
L bz N bw 085 42 003 075 odo 43 02 o o3 1 sie6 1% 002 176 000 375 002 loo4 002 734 00l 201 000 1227 |
PD Z3p P low 528 0.10 0.34 021 172 0.28 0.87 041 034 2.74 2599.23 045 0.01 0.92 0.01 6.52 0.04 1.84 0.04 0.99 0.01 13.01 0.00 17.75
A Z3p P Tow 0.30 282 0.08 1.39 0.61 1.68 0.02 2.67 175 0.51 20.23 0.55 6.21 0.55 4.13 0.52 22.73 0.89 24.61 0.35 9.93 0.50 0.13 113
B Z3p P low 0.12 1.76 0.03 1.55 0.13 132 0.07 1.07 1.44 0.57 27.00 0.69 8.47 0.32 4.14 0.48 20.74 0.65 2232 0.43 10.39 1.16 0.15 1.65
C Z3p P low 0.30 0.49 0.04 0.77 0.63 0.06 0.21 0.77 293 0.56 221.42 0.30 6.10 0.41 1.70 0.90 6.42 0.48 7.00 0.27 244 1.26 0.06 1.63

165



Appendix

90 0691 i [T v 070 3 q 6 [ g q 170 i i g 107 { ] 150 €55 { I 101
T 05T i wen o orl siss st ’ 1 oIl i i o €67 i i 3 i oe's1 . o9 oIl 01z : : 601
0T LTell se0l sel 9Tl g 0 S50 3 y ¢ 15 : 7 ; Pl i f6€ 080 9591 : . %0
szzo 090 sriel Lol ) 670 1660 060 SU6r _L¥0 6601 STO___ST60L SO 100 i3 H00 081 (17 <00 100 15 <00 07 )
i
$070 9900 00 Oy 6v0 ey 1w gl 6r0  scedl T sl €0 ' €90 $90 €60 3 9970 190 €y 70 oIl [ 807 <60 650 101 15T
520 5590 9T 09l (€T WSt 61T SISE 9T 9€IsE 999 $10 s #10 0zt Lo 11 #s's 0 Lo 96's €1 807 wl 0701 ort 891 +T1 83 @
§70 5901 PO P 90 SIS6 90 ¥ wo s T 970 907 610 €0 o @ ozt sl €0 4 9970 sUe o ws 090 8T €0 opel v
seo- 1000 900 sersi €50 61 S0 STIP 0 oxor el §60 591 660 605 100 Isi <00 000 §5, 100 51 000 <661 100 0ry 000 869L 000 ad
Toewo w98 Is&¢ 6lt  pgel 19 80 Ope &0 60C &0 09T I [fel @00 8t 910 9pel 100 8 90 9k @0 W00 00 Wy 00 s w0 a
L S000 @o Tz 601 ROl 80 $67 1L0 T S0 070l o geol 160 170 70 S0 0 50 %0 VTr 690 i1 860 oL9 670 o'l Lro i 5
9670 €t oS8 Wl seTl SOl syl €01 s8Il @l o0 oe'l 60 190 07 990 siEl 070 o8l 0 1571 160 s07 %0 61 1o e 050 g
1550 650 8SE 10 0056 050 €TL9 110 1679 89¢ #60 §50 06 1o 67t oo el #10 81 w0 sy 097 65 o SISt 1v0 0zt €0 v
E 0000 pe'l 2617 197 670 £l (951 050 orst 60 pses 0 Ews S0 000 05 100 ouse 0009001 100 617 000 orr 100 139 000 stT ad
oo www M0 0e0z 60 9yl el ©0 91 80 L0 I8¢ 0T ¢ e 00 0T &0 [es @0 e 000 el W0 s 00 ¢ 100 88 @0 a
9600 €0 e 0zo sl 950 0 15T 753 60 %0 0 060 o1 90 0£0 53 950 90 €0 97 060 9¢'1 870 EH €0 030 ST sLe 5
1190 290 8ISl 970 650s 150 1666 OF0  SS66  STE 70 ) 610 #50 101 0 L 650 Y 810 958 Lro or'e o oLl %00 %7 €0 Lrst q
{ 0SS0r  EL0 8966 RO P9 . w19 st 070 i 810 650 : 09 810 i 610 ws 610 81 sz0 i ; ¥l 1¥0 g v
syp1 190 057 0 seol g 6701 5 c50 i o3 or'c 3 i 00 5391 3 w6 200 19°% 100 s X 1 000 cc91 i as

070 850 = - = = 100 1 7 . v o - 7 v 7 - 7 ” 7 ST0
610 SE0 L0 X { i 1 100 LA 1 €0 1 4 1 1 150 { d 1 1 L L X 650
50 170 oc1 - s - . 100 677 7 - - . 7 0 - . 7 o > - 7 50
SL0 el ] 150 (3] J J X I A i ' i o | ' { 170 8E0 . 680

w1 890 I L i SL0 el f 1 i 1 1 1 L 1 1 1 5 oro l 1 J 810 6L°0 X 050
150 0 " - - 90 L1 v - 7 - 7 7 7 - 7 o 0 7 7 v 0 0 7 0

360 €10 170 60 850 9070 wl 00 950 000 WL 000 150 000 ST 100 e 000 €60 100 1T 000 60 00 or'e 000 09T 00 D)

si1 50 1£0 01 0 wo oro wo o7 000 wl 000 s£0 100 vel 500 910 100 0 600 €0 00 050 s10 w0 00 &0 s1o g

570 10 910 o 7o 051 560 05’1 s61 100 ¢ 000 101 W00 1.0 51 1 w0 190 110 €60 900 10 570 060 S0 210 170 v

EY) 170 050 160 0 £0°0 50 800 W 000 ST 000 000 670 W0 or's 000 170 100 Wl 000 150 00 9970 000 680 00 B

) or't 150 951 €60 30 sr0 EY) €51 000 w1 000 w0 190 oro ¥el w0 970 1o 9970 00 10 070 920 00 9970 070 q

: 691 6+ 101 570 o1 1 460 05’1 oc¢ 100 be'l 000 W00 o1t €1 s w0 $50 510 9c 500 $10 570 2o 070 +0 +70 v
Cowmw T e e Re0gel e 180 P sfL st 0el SF6IC #0881 80 G0 ®0 ¢ 90 8¢ S0 ke @0 ¢ w0 ¢ 90 ¥ |

L €600 ) €70 SLo 11 i ¥I0 S0 10 [ 000 €01 000 o 000 1w 100 87 000 880 100 197 000 oyl 00 w0 000 i 00 )

s150 550 so1 180 070 €0 60 0 €60 €1 000 71 000 vl w0 o€ 1o 060 w0 060 o 550 00 190 170 880 00 S50 070 4

3 stro 1L0 §50 060 §70 560 550 pral 50 €51 000 161 000 190 100 or't 500 101 100 551 500 510 £00 o 510 7o <00 160 510 v
Toee www [ fgl @00 050 80 P 80 pp el el 0 &l 10 00 sl [0 8090 60 &0 @%C W0 &C 0 0l %0 60 80 ¥

$900 ) 070 070 w1 970 L1 190 i w1 000 5 000 08T 000 L£0 100 st 000 i 100 95T 000 850 00 ET) 000 867 00 D)

oo L1 130 1 070 70 1 50 090 100 057 100 160 00 910 150 ot 00 150 160 €10 660 190 w0 1o 70 690 g

98¢0 sl 570 ot 570 prat el 091 i §17 100 17 000 050 200 950 z1 ot 00 ¥i0 250 500 1.0 ) o0t 00 950 170 v
Townwww @b Oee 60 s [y0 8 80 be8  §rc e &0 op 81 sc0  90C 8l 6l €0 60 0cl 90 0 990  f0¢ L0 90 el 0eC W

o €10 970 w0 101 €0 61 w0 61 107 000 ot 000 i 100 650 00 Lro 100 0 €00 9970 100 €l 00 €01 100 670 00 B)

5690 €50 097 70 570 590 e 0 85 17T 100 wi 000 €00 090 070 ozl €00 970 070 i) 100 60 650 960 00 160 #€0 g

aro 510 or'1 050 050 +60 £ 590 555 wi 100 0T 000 200 §50 010 z1'l 100 0L0 500 997 <00 110 910 500 500 99'1 €1 v

<200

610 997 610 650 or'l 070 150 670 050 53 100 100 1w <00 100 €0 w00 60 100 sel 00 or't 100 660 800 )

S50 w1 oyl se'l PIl 171 sy 1w 897 1o 100 00 680 i) 00 860 s€0 60 €10 w0 90 w1 1o 81 990 g

8870 001 fau s +1'0 910 157 50 sz 011 100 i i i w0 prat 01 100 601 010 o'l <00 Lol 519 bi 500 w1 b1'0 v
Tommrwww T e e scp #60 &9 p0 0e9 061 #6l &0 gl 1@l 90 &0 T ©0 0 @& &l g0 &0 &l pc w0 w0 s T W

L5 L1 050 el 9610 90 50 s70 €t 100 os's 100 £ 100 197 00 oyl 100 550 00 2o 100 $50 9070 €0 100 170 100 )

$70 861 Lo 6L0 10 S0 997 sov KA 100 y ; 970 00 120 o w0 00 150 0 oro i) o 950 w0 600 050 50 q

3 1 : 3 :

070 6L0 X X i i ' i i 1£°0 i X K i 1 1 K i £00 LTO 910 090 £0'0 1£0

0
%Sy LS1PD A8

0
%Sy £914a 0S¥y 651491

0
$91 °H

DA

0
691 Wi

0
s Ll 9A

0
Sy %Sy asy w1E 2asy

0
2%Asy 6LIIH SLIIH

0
%Sy €10 asy €T %Sy 80T 9d asy L0T49d 2asy

‘urdd Ul UDATS 91 SP[IIA [[V *S91eyded] [[e JO SP[AIA [RJUSWA[Y :(PANUNU0D) 1y d[qe],

166



Appendix

Table A 2: (Chapter 3) Coincidence factors (R2) of leachate REE patterns with those of selected rock-forming and accessory minerals. Colors indicate the coincidence

Bulk unweathered Granite:  Whole rock

Whole sediment

K-Feldspar
Plagioclase
Amphibole
Zircon

(Red: no coincidence to Green: high coincidence)
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Appendix

Table A 3: (Chapter 3) Summary of all isotope analyses conducted from leachates and total dissolu-
tions. Sample and step nomenclature according to Table 3.1. For a more details the reader is referred to
the supplementary dataset.

Step Sample N/ "Nd £ 26 VS T HE Er 26 206pp, 204py, 26 207pp, 2%py, 26 208py, 204pyy 26 [Pb batch]
WR WRI1 0512226 +5 41 0.1 [a] 0282491 +2 2.9 0.1 19.889 0.001 15719 0.000 39.591 0.001 [
WR WR2 0512219 + 6  -42 0.1 [a] 0282461 +2 32 0.1 19.917 0.000 15.721 0.000 39.567 0.001 [
A Gl 0512470 =6  -17 0.1 0297606 =7 1482 02 19912 0.001 15.719 0.000 39.232 0.001 [
B Gl 0512557 5 08 0. 0349833 =7 6705 02 20.196 0.001 15.733 0.000 39.204 0.001 [
© Gl 0512218 + 10 42 02 0310021 =6 2724 02 19.905 0.001 15.718 0.000 39.474 0.001 [
PR Gt 0512210 +5 43 01 [a] 0282592 +2 -1.9 0.1 19.493 0.000 15.698 0.000 39.489 0001 [
A G2 0512467 =5  -17 0l 0297926 =5 1514 02 19913 0.001 15719 0.001 39.235 0002 [
B G2 0512546 =5 09 0. 0355579 =8 7279 03 20.224 0.001 15.736 0.000 39.205 0.002 [
C G2 0512227 8 41 02 0309946 =6 2716 02 19.930 0.001 15.720 0.000 39.465 0.001 [
R @ 0512215 +6  -42 0.1 [a] 0282658 +2 -1.3 0.1 19.453 0.001 15.697 0.000 39.414 0.001 [
A G3 0512581 +8 06 02 0357341 =9 7456 03 20.259 0.001 15.736 0.000 39.323 0.001 [
B G3 0512589 +7  -05 0.1 0451191 =16  1684.1 0.6 20.657 0.001 15.759 0.001 39.422 0.002
C G3 0512249 +8 39 02 0396755 +13 11397 04 19.628 0.001 15.705 0.000 39.285 0.001 [
PR G 0512199 +6 44 0.1 [a] 0282284 +2 -5.0 0.1 19.805 0.001 15.715 0.001 39.436 0.002 [
A G4 0512570 =8 07 02 0364255 =8 8147 03 19.382 0.001 15.688 0.001 38.928 0.001
B G4 0512552 =5 09 0.1 0518535 =14 23575 0.5 19.867 0.001 15.710 0.001 39.008 0.002
C G4 0512490 =5  -15 0. 0370384 =17 8760 0.6 19.601 0.001 15.700 0.001 39.116 0.001 [
R s 0512309 +8 33 02 [a] 0282403 +3 3.8 0.1 19.177 0.001 15.675 0.001 38.857 0.002 [
A S1 0512583 +7 05 0.1 0386327 =20 10354 0.7 19.524 0.001 15.695 0.000 39.087 0.001 [
B s1 0512548 =6 09 0. 0380262 =19 9748 0.7 21142 0.001 15.780 0.001 39.386 0.001
C sl 0512284 =6 35 0. 0304950 =15 2217 05 20.554 0.001 15.752 0.000 39.663 0.001 [
PR si 0512409 +9 23 02 [a] 0282287 2 -5.0 0.1 19.431 0.001 15.695 0.000 39.068 0.001 [
A s2 0512554 =8 08 02 0397696 =9 11491 03 19.596 0.001 15.698 0.001 39.021 0.001 [
B s2 0512555 +4 08 0.1 0365308 =23 8252 0.8 21413 0.001 15.793 0.001 39.262 0.001 [
C s2 0512339 6 30 0.1 0299116 =8 1633 03 21.819 0.001 15.817 0.001 39.667 0.001 [
R s 0512285 +6  -3.5 0.1 0282431 3 3.5 0.1 19.717 0.001 15.712 0.000 39.330 0.001 [
A S3 0512584 + 10 05 02 0398598 = 11 1158.1 0.4 19.525 0.001 15.694 0.001 39.004 0.001 [
B S3 0512557 5 08 0.1 0350244 =21 6746 0.7 20.249 0.000 15.732 0.000 39.215 0.001 [
C 3 0512297 +9 34 02 0317795 =21 350.1 0.8 20.279 0.001 15.736 0.000 39.529 0.001 [
PR s 0512203 +5 43 0. 0282451 =2 33 0.1 19.706 0.000 15.709 0.000 39.605 0.001 [
A S4 0512533 +8  -10 02 0396682 = 194 11390 69 19.539 0.001 15.695 0.001 39.011 0002 [
B sS4 0512495 =6  -14 0.1 0351136 =76  683.5 27 20.682 0.001 15.755 0.001 39.243 0.002 [
© s4 0512190 + 10 45 02 0311901 =14 2912 05 20.693 0.001 15.757 0.001 39.653 0.001 [
PR s 0512219 +4 42 0.1 0282532 +2 2.5 0.1 19.814 0.001 15.689 0.001 39.377 0.004 [
A S5 0512542 =9 10 02 0369642 = 14  868.6 05 19.616 0.001 15.699 0.001 39.039 0002 [
B S5 0512546 +4 09 0. 0346633 =15 6385 05 20.408 0.001 15.740 0.000 39.536 0.001 1
C S5 0512209 +8 43 02 0315591 =234 3281 8.3 21.441 0.001 15.795 0.001 39.846 0.001 [y
PR s 0512273 +3 3.6 0. 0.282459 =+ 2 3.3 0.1 20.389 0.001 15.745 0.000 39.711 0.001 [
A S6 0512424 =5 21 01 0313991 =51 3121 18 19.434 0.001 15.690 0.001 38.886 0.001 [
B S6 0512493 +6  -15 0.1 0398815 + 11 11603 04 21.258 0.001 15.785 0.001 39.324 0.002 [
C S6 0512309 +8 33 02 0343143 =15 603.6 05 20316 0.001 15.735 0.001 39.323 0.002 [
PR s6 0512225 =3 41 0.1 0282457 +3 33 0.1 20.184 0.001 15.734 0.001 39.820 0.002
WS WSl 0512205 =5 43 01 0282370 =3 41 0.1 21.067 0.001 15782 0.000 39.753 0.001 [y
ws wSs2 0512235 8  -40 02 0282408 =2 3.8 0.1 20.322 0.001 15.734 0.001 39.753 0002 [
PD Zlg 0512112 + 76 53 L5 0282725 =10 06 0.4 19.752 0.004 15.704 0.003 39.053 0.009 [
A Zlg 0512553 =5 08 0. 0287155 =10 437 0.4 20.186 0.001 15.728 0.001 39.467 0.003 [
B Zlg 0512458 =3 -18 0. 0292578 =798 979 282 20.620 0.002 15.753 0.002 40.186 0.004 1
C Zlg 0512481 =3 -16 0. 0283235 =15 45 05 20.932 0.002 15.768 0.001 39.396 0.004 [u]
Zlg 0512487 +32  -15 06 0282480 =4 3.1 0.1 27.408 0.020 16.082 0.011 40.254 0.026 [u]
Zlgu 0512713 +28 07 05 0282721 =4 0.6 02 19.800 0.001 15.715 0.001 39.302 0002 [uy)
PD Zlp 0512361 + 67 28 13 0282356 =+ 3 43 0.1 29.183 0.003 16.195 0.002 40.888 0.005 [
A Zlp 0512500 +8  -14 02 0282493 =3 2.9 0.1 26.596 0.001 16.061 0.001 41.279 0.002 [
B Zlp 0512497 +5  -14 0.1 0282940 =4 15 02 22335 0.001 15.843 0.001 40.231 0.002 [
C Zlp 0512445 7 19 0.1 0282405 =3 38 0.1 26.108 0.004 16.042 0.002 40.830 0.006 [
Zlp 0512409 + 19 23 04 0282360 =2 43 0.1 71.334 0.062 18373 0.018 48.073 0.044 [
Zlpu 0512615 + 17  -02 03 0282351 =2 -43 0.1 22.989 0.005 15.874 0.004 40.282 0.009 [
Zlp 0515126 =9 249 02 [a] 0282337 %5 -4.5 02 1385.016  1.036 87.071 0.065 214.105 0.156 [
Zlpu 0512727 =+ 09 02 [a] 0282362 +7 4.2 02 265.252 0.028 28.547 0.003 71.499 0.007 [
PD 72g 0512859 =57 22 LI 0283166 =6 338 02 20.196 0.001 15.730 0.001 39.247 0.002 [
A 22g 0512646 =3 01 0. 0299939 =31 1715 L1 20.844 0.001 15.761 0.000 40.746 0.001 [
B 22g 0512649 =6 01 0. 0309927 =32 2714 L1 20.632 0.001 15.757 0.001 39.903 0.002 [
C 22g 0512359 =7 28 0.l 33.341 0.003 16.420 0.001 44.148 0.004 [u]
PO 7 0512712 13 07 02 0.282676 =+ 4 -1.1 0.1 39.300 0.007 16.720 0.003 44.083 0.009  [un
PD Z2p 0512096 + 131 -54 25 0282211 +2 57 0.1 22815 0.000 15.872 0.000 39.779 0.001 [
A 72p 0512636 =9 00 02 0284397 =6 16.1 0.2 22.570 0.001 15.854 0.001 41131 0.001 [
B 72p 0512626 +5  -0.1 0.1 0283125 =5 34 02 19.679 0.001 15.707 0.001 39314 0.001 [
C 72p 0512288 +6 35 0.1 0282368 =2 42 0.1 32.135 0.002 16.352 0.001 42.391 0.003 [
e 7z 0512691 +29 05 06 0.282246  + 3 5.4 0.1 269.642 0.185 28.797 0.015 77.459 0.042 [y
PD Z3g 0513127 + 188 49 37 0282845 =5 0.6 02 20.016 0.001 15724 0.000 39.391 0.001 [
A Z3g 0512961 =6 32 0.1 0282711 3 0.7 0.1 20.127 0.000 15732 0.000 39.584 0.001 [
B Z3g 0512737 6 1.0 0. 0312287 = 114 2950 4.0 18.768 0.001 15.678 0.001 38.963 0.001 [
© Z3g 0512453 9 19 02 0283520 =5 73 02 18.846 0.001 15.680 0.000 38.965 0.001 [
[ AN 0512371 +46 27 09 0282767 +3 0.2 0.1 25.762 0.002 16.023 0.001 40.150 0.004 [y
PD Z3p 0512651 =37 01 07 0282252 =3 53 0.1 21.051 0.001 15.776 0.000 39.309 0.001 [
A Z3p 0512766 =+ 13 01 0282910 =3 13 0.1 19.887 0.001 15.709 0.000 39.072 0.001 [
B Z3p 0512770 =5 13 01 0283288 =4 5.0 0.1 20.099 0.001 15.721 0.000 39.175 0.001 [
C Z3p 0512424 =3 21 0l 0282430 =3 3.6 0.1 23.550 0.002 15.896 0.001 39.363 0.003  [u]
Z3p 0512589 +72 05 14 0282248 =2 54 0.1 62.907 0.016 17.972 0.004 44.721 0011 [y
Z4g 0512630 + 40 0.1 08 0283044 =4 2.6 0.1 24.656 0.005 15.959 0.003 41.697 0.009 [y
Z4p 0512676 _+ 171 04 33 0282304 +2 4.8 0.1 23.760 0.001 15.924 0.001 41.038 0.003 [
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Table A 4: (Chapter 3) Differences of subgroup P relative to subgroup N

Hf  Nd  eNd gHf  ppygeph204  Pb207/Pb204  PH208/PH204

yield yield diff diff  gifr diff diff
Group G
grains: G 3&4 A 176 0.83 -1.1 6304 0.093 0.0067 0.108
1321.
powder:G1&2 B 120 1.17 -0.1 6 -0.052 -0.0002 0.079
C 160 3.05 -1.5 735.9 0.303 0.0167 0.269
Group S
grains: S1-5 A -1.2 758.0 -0.125 -0.0060 -0.146
powder: S6 B -0.5 401.0 0.479 0.0250 -0.004
C 0.5 332.7 -0.641 -0.0360 -0.349
Group Z
113.2
Average PD 9 33  -64 4.362 0.2283 0.762
A 11.70 -0.8  -66.7 2.632 0.1344 0.562
B 11.13 0.3 218.1 0.698 0.0273 -0.111
123.9
Z1 PD 0 25 3.7 9.431 0.4910 1.835
A 2631 -0.3 -46.6 6.410 0.3328 1.812
B 2201 0.5 -96.4 1.715 0.0893 0.045
C 1692 -04 83 5.175 0.2737 1.434
104.6
Z2 PD 1 -7.6  -9.6 2.619 0.1421 0.532
A 484 -0.4 1554 1.727 0.0929 0.385
B 435 -0.1 268.0 -0.953 -0.0501 -0.589
C 1140 -0.7  -3.6 -1.207 -0.0684 -1.756
111.3
73 PD 5 -48 -59 1.035 0.0519 -0.082
A 396 -1.8 2.0 -0.240 -0.0226 -0.511
B 7.03 0.5 290.0 1.331 0.0426 0.212
C 6.51 -0.3 -10.9 4.704 0.2152 0.398
74
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Appendix

Table A6: (Chapter 4) REE concentrations obtained by OP ICP-MS (pmol/kg). La/Yb ratio and Ce anomaly are also shown.

Region Depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La/Yb Ce/Ce*
I 3 24.96 21.91 4.26 19.88 3.23 0.88 6.26 1.02 6.70 1.48 5.00 0.62 3.82 0.86 0.33 0.49
I 250 25.82 12.75 4.54 18.37 3.15 0.82 428 0.96 6.18 1.54 5.10 0.61 4.82 0.69 0.27 0.27
I 480 22.38 8.68 3.49 13.45 2.25 0.78 3.58 0.81 5.52 1.57 4.78 0.65 3.86 0.73 0.29 0.23
I 800 21.52 7.61 3.76 14.26 2.33 0.92 5.13 0.92 4.72 1.74 5.58 0.65 432 0.70 0.25 0.20
I 1100 21.52 7.81 3.54 16.67 2.93 0.78 5.64 0.96 5.47 1.59 5.16 0.83 4.86 0.76 0.22 0.21
I 1300 28.40 14.74 4.67 18.78 2.93 1.24 5.79 1.02 5.80 1.70 5.62 0.87 4.28 0.97 0.34 0.30
I 1500 26.25 8.41 4.20 18.78 2.48 0.82 4.55 1.01 6.08 1.97 5.68 0.92 5.28 0.94 0.25 0.18
I 1700 24.10 7.21 3.72 17.67 2.55 0.98 5.13 0.87 6.13 1.84 4.65 0.80 4.20 0.76 0.29 0.17
I 1869 24.53 5.18 4.11 15.96 2.63 0.73 5.05 0.83 5.52 1.79 4.87 0.79 4.61 0.87 0.27 0.12
I 2300 33.13 14.34 4.17 15.66 3.00 0.96 5.21 1.00 5.85 1.41 5.00 0.77 4.44 0.97 0.38 0.27
I 3 21.08 23.11 4.08 21.29 3.00 1.09 5.52 1.06 6.46 1.67 5.04 0.69 3.99 0.69 0.27 0.58
I 3 21.52 15.14 3.58 16.06 2.63 0.88 4.39 0.76 4.86 1.43 3.74 0.51 3.66 0.44 0.30 0.40
11 200 21.08 7.57 3.15 13.45 2.85 0.86 4.47 0.77 5.19 1.61 4.71 0.80 4.11 0.81 0.26 0.21
11 450 25.82 8.60 3.86 16.27 3.30 0.80 4.47 0.72 6.23 1.68 5.33 0.71 4.28 0.85 0.31 0.20
11T 511 20.65 7.37 4.15 14.26 2.33 0.52 4.24 0.74 5.66 1.52 4.33 0.68 3.90 0.78 0.27 0.19
11 700 35.71 23.90 4.40 17.47 2.70 0.86 4.74 0.81 6.27 1.71 4.78 0.78 4.65 0.82 0.39 0.43
11 760 26.25 9.96 3.88 16.67 3.00 0.84 4.63 0.82 5.19 1.81 5.04 0.87 3.95 0.94 0.34 0.23
111 1000 26.25 9.16 4.15 15.46 2.25 0.88 4.66 1.04 6.13 1.67 5.71 0.77 4.86 0.93 0.27 0.20
11 1148 32.27 4.78 4.99 20.48 2.78 0.80 5.05 1.03 6.89 2.13 5.91 0.83 5.11 1.06 0.32 0.09
11 1248 24.96 4.86 3.38 16.57 3.08 0.73 5.01 0.82 5.00 1.59 5.52 0.83 4.82 0.81 0.26 0.12
111 1400 24.96 7.29 4.04 18.67 2.63 0.67 3.93 0.93 5.90 1.90 4.49 0.83 4.90 0.81 0.26 0.17
11 1800 21.08 4.58 3.27 14.26 3.15 0.92 4.82 0.86 5.05 1.52 4.52 0.77 4.15 0.76 0.26 0.13
11 1893 24.53 5.22 4.04 20.88 2.93 0.80 5.01 0.80 6.27 1.71 5.00 0.73 5.07 0.90 0.25 0.12
111 1993 23.24 7.13 3.33 16.97 2.55 0.73 4.70 0.84 4.72 1.36 4.62 0.90 4.28 0.85 0.27 0.18
11 2500 36.15 8.33 4.67 17.87 2.18 0.98 5.01 0.96 5.90 1.75 5.33 0.99 5.69 0.98 0.32 0.14
11 3250 33.13 8.05 4.51 18.57 2.85 1.03 4.82 1.01 6.46 1.57 4.58 0.86 4.86 1.06 0.35 0.15

v 3 18.50 14.74 3.13 14.26 2.63 0.80 5.36 0.87 6.27 1.58 4.84 0.55 4.11 0.78 0.23 0.45

v 3 19.79 15.14 3.40 14.06 2.10 0.69 4.55 0.74 5.00 1.59 4.33 0.66 2.78 0.69 0.36 0.43

v 124 20.65 10.36 3.72 17.17 3.53 1.07 3.85 1.01 5.85 1.71 5.16 0.71 4.44 0.85 0.24 0.27

v 200 19.79 8.88 3.36 13.96 2.33 0.84 4.59 0.95 4.67 1.57 3.81 0.68 4.07 0.67 0.25 0.25

v 223 25.39 12.35 4.40 17.47 3.90 0.88 5.52 0.99 6.41 1.65 5.23 0.71 5.11 0.82 0.25 0.27

v 450 26.25 13.94 4.01 17.57 2.93 0.98 6.10 1.17 6.93 2.03 5.13 0.82 4.90 0.93 0.27 0.31

v 700 30.12 23.11 4.67 24.10 3.60 0.92 6.22 1.08 7.12 1.93 6.42 0.94 5.69 1.04 0.27 0.45

v 900 24.10 4.34 3.79 20.78 3.38 1.01 5.75 1.09 7.03 1.88 6.10 0.94 5.32 0.97 0.23 0.10

v 1500 38.30 15.94 3.97 19.18 3.08 0.88 5.67 1.04 7.03 2.16 6.07 0.96 5.28 0.94 0.37 0.28

v 1800 3141 13.94 4.74 18.78 2.48 1.26 5.91 1.20 7.40 2.01 5.33 0.83 5.44 1.02 0.29 0.26

v 2300 37.44 23.50 6.12 25.10 3.75 1.26 6.88 1.13 7.07 2.04 6.17 1.00 5.82 1.08 0.33 0.36

\% 3 15.06 9.16 2.22 10.24 1.59 0.61 3.65 0.61 3.87 1.13 3.62 0.56 2.66 0.42 0.29 0.36

\% 200 18.50 9.16 3.88 15.06 2.48 0.73 4.24 0.86 5.00 1.62 4.71 0.63 3.45 0.85 0.27 0.25

Y 550 24.53 5.70 431 18.57 2.63 0.94 5.13 0.84 5.38 1.95 4.94 0.84 4.94 0.78 0.25 0.13

\% 750 23.67 5.74 4.01 16.37 2.40 0.98 4.90 0.85 5.66 2.11 4.87 0.77 4.86 0.81 0.25 0.14

\% 798 28.40 5.70 3.67 15.86 2.93 0.88 5.25 0.88 6.04 1.61 5.04 0.77 4.65 0.89 0.31 0.13

A 900 21.95 4.54 3.74 14.26 2.93 1.03 5.32 0.92 4.90 1.92 5.13 0.80 4.40 0.93 0.25 0.12

\% 1300 30.55 6.02 4.85 18.07 2.78 0.90 4.74 1.06 6.79 1.89 5.62 0.84 4.94 0.86 0.31 0.11

\% 1650 34.42 7.61 4.69 19.98 3.15 0.82 5.40 0.92 6.27 1.94 4.75 0.85 5.48 0.94 0.32 0.14

\ 2013 30.12 7.57 4.49 20.78 2.85 0.98 4.31 0.94 6.41 1.65 5.46 0.90 5.23 0.97 0.29 0.15

GEOTRACES BATS intercalibration (van de Flierdt et al. 2012)

AVG 15 1.61 12.68 2.52 0.73 491 0.73 6.01 1.56 5.38 0.60 3.54 3.85 0.66
stdev*2 0.07 2.80 0.71 0.22 0.49 0.13 1.83 0.35 0.38 0.15 0.53 0.34 0.13
%2stdev 4.56 22.08 28.37 30.24 10.00 17.50 30.51 22.57 7.10 24.61 15.06 8.90 19.10
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Appendix

Table A 8: (Chapter 5) Results of Nd measurements on uncleaned, mixed-planktonic foraminiera, bulk
sediment leachates and detrital material.

# Sample (Site/Hole/Core/Core-type/Section/Interval) Type Depth [med] Age [Ma]  143Nd/144Nd 26 eNd 26 176Hf/177Hf 20 cHf 206 Y%NASW
1088 B I H 1 13-20 foram 0.165 0.01 0.512160 0.000015 9.3 0.30 72%
1088 B 1 H 1 43 - 44 foram 0.435 0.03 0.512241 0.000017 -7.8 0.32 55%
1088 B I H 1 92-94 foram 0.93 0.09 0.512212 0.000016 -8.3 0.31 61%
1088 B I H 1 125 - 127 foram 1.26 0.11 0.512179 0.000017 9.0 0.34 69%
1088 B I H 1 129 - 131 foram 13 0.12 0.512175 0.000016 9.0 0.32 69%
1088 B 1 H 2 73-74 foram 2235 0.21 0.512136 0.000013 9.8 0.26 77%
1088 B 1 H 2 117 - 119 foram 2.68 0.27 0.512197 0.000016 -8.6 0.31 66%
1088 B I H 3 5-7 foram 3.06 0.31 0.512167 0.000017 9.2 0.32 72%
1088 B I H 3 37-39 foram 3.38 0.34 0.512186 0.000018 -8.8 0.36 68%
1088 B I H 3 62 - 64 foram 3.63 0.36 0.512208 0.000015 -8.4 0.29 64%
1088 B I H 3 107 - 109 foram 4.08 0.40 0.512170 0.000017 9.1 0.33 72%
1088 B I H 3 137-139 foram 4.38 0.42 0.512167 0.000029 9.2 0.56 73%
1088 B 1 H 4 12- 14 foram 4.63 0.43 0.512266 0.000016 <13 0.32 51%
1088 B 1 H 4 40 - 42 foram 491 0.48 0.512161 0.000019 93 0.37 74%
1088 B 2 H 1 9-12 foram 5.605 0.52 0.512215 0.000019 -8.3 0.37 63%
1088 B 2 H 1 22-24 foram 573 0.52 0.512161 0.000020 9.3 0.39 74%
1088 B 2 H 1 26- 28 foram 577 0.52 0.512197 0.000019 -8.6 0.37 67%
1088 B 2 H 1 102 - 104 foram 6.53 0.58 0.512208 0.000013 -8.4 0.25 64%
1088 B 2 H 1 137- 139 foram 6.88 0.60 0.512137 0.000018 9.8 0.35 78%
1088 B 2 H 2 27-29 foram 7.28 0.63 0.512197 0.000017 -8.6 0.32 67%
1088 B 2 H 2 50-52 foram 7.51 0.64 0.512254 0.000013 -1.5 0.25 54%
1088 B 2 H 2 127 - 129 foram 8.28 0.69 0.512160 0.000020 9.3 0.39 74%
1088 B 2 H 3 67 - 69 foram 9.18 0.76 0.512206 0.000016 -8.4 0.32 65%
1088 B 2 H 3 140 - 142 foram 9.91 0.80 0.512278 0.000016 -1.0 0.32 48%
1088 B 2 H 4 25-27 foram 10.26 0.83 0.512188 0.000017 -8.8 0.33 69%
1088 B 2 H 4 97-99 foram 10.98 0.88 0.512263 0.000013 <13 0.26 52%
1088 B 2 H 5 10-12 foram 11.61 0.93 0.512264 0.000011 -7.3 0.22 52%
1088 B 2 H 5 67 - 69 foram 12.18 0.97 0.512179 0.000016 9.0 0.31 1%
1088 B 2 H 5 139 - 141 foram 12.9 1.02 0.512134 0.000019 9.8 0.37 80%
1088 B 2 H 5 141 - 143 foram 12.92 1.02 0.512176 0.000018 -9.0 0.35 72%
1088 B 2 H 6 45-47 foram 13.46 1.04 0.512193 0.000015 -8.7 0.29 69%
1088 B 2 H 6 77-179 foram 13.77 1.06 0.512134 0.000016 9.8 0.31 80%
1088 B 2 H 6 121-123 foram 14.22 1.09 0.512158 0.000019 94 0.37 75%
1088 B 3 H 1 43-45 foram 15.44 121 0.512161 0.000017 -9.3 0.32 75%
1088 B 3 H 1 128 - 130 foram 16.29 132 0.512183 0.000019 -8.9 0.37 1%
1088 B 3 H 2 37-39 foram 16.88 1.40 0.512158 0.000018 9.4 0.34 76%
1088 B 3 H 2 53-55 foram 17.04 1.42 0.512223 0.000011 -8.1 0.21 63%
1088 B 3 H 2 111 - 113 foram 17.62 1.50 0.512184 0.000015 -8.9 0.30 1%
1088 B 3 H 4 28-31 foram 19.795 1.80 0.512228 0.000014 -8.0 0.26 61%
1088 B 3 H 4 62 - 64 foram 20.13 1.85 0.512179 0.000014 9.0 0.28 72%
1088 B 3 H 4 78 - 80 foram 20.29 1.87 0.512216 0.000017 -8.2 0.34 65%
1088 B 3 H 4 127 - 129 foram 20.78 1.94 0.512208 0.000016 -84 0.32 67%
1088 B 4 H 1 13- 15 foram 24.64 2.47 0.512204 0.000022 -8.5 0.43 69%
1088 B 4 H 1 137- 139 foram 25.88 2.66 0.512259 0.000019 -7.4 0.37 58%
1088 B 4 H 2 24-26 foram 26.25 2.70 0.512209 0.000018 -8.4 0.35 1%
1088 B 4 H 2 73-175 foram 26.74 2.75 0.512202 0.000019 -8.5 0.38 72%
1088 B 4 H 2 129 - 131 foram 27.3 2.82 0.512300 0.000018 -6.6 0.35 46%
1088 B 4 H 5 134 - 136 foram 31.85 3.40 0.512216 0.000029 -8.2 0.57 69%
1088 B 5 H 3 138 - 140 foram 38.39 4.27 0.512178 0.000016 9.0 0.32 77%
1088 B 6 H 6 78 - 80 foram 51.79 5.76 0.512159 0.000016 9.3 0.31 81%
1088 B 7 H 7 20-22 foram 62.21 6.38 0.512220 0.000019 -8.2 0.36 70%
1088 B 8 H 6 134 - 136 foram 71.35 7.01 0.512278 0.000019 -1.0 0.38 55%
1088 B 10 H 3 84 - 86 foram 85.35 7.76 0.512250 0.000018 -7.6 0.35 63%
1088 B Il H 4 139 - 141 foram 96.9 8.57 0.512191 0.000017 -8.7 0.33 78%
1088 C 4 H 3 105 - 107 foram 145.5 10.58 0.512244 0.000016 =17 0.32 66%
1088 C 5 H 5 30-32 foram 157.25 10.69 0.512228 0.000015 -8.0 0.29 70%
1088 c 8 X 1 30-32 foram 174.05 10.91 0.512269 0.000013 <72 0.25 60%
1088 cC 9 X 2 81-83 foram 185.06 11.24 0.512279 0.000014 -7.0 0.28 56%
1088 Cc 11 X 3 34-36 foram 205.36 12.07 0.512204 0.000016 -8.5 0.32 76%
1088 CcC 13 X 1 20-22 foram 222.05 14.04 0.512223 0.000011 -8.1 0.22 72%
1088 B 1 H 1 14-15 leachate 0.145 0.01 0.512126 0.000006 -10.0 0.12 0.282850 0.000006 29 0.21 78%
1088 B I H 1 45-49 leachate 0.47 0.04 0.512228 0.000009 -8.0 0.18 0.282875 0.000024 3.7 0.85 58%

duplicate leachate 0.47 0.04 0.512230 0.000011 -8.0 0.22 58%
1088 B 1 H 1 97 - 99 leachate 0.98 0.09 0.512180 0.000017 -8.9 0.34 0.282880 0.000009 39 0.33 68%
1088 B 1 H 2 28 - 30 leachate 1.79 0.16 0.512214 0.000015 -8.3 0.29 0.282864 0.000007 33 0.26 62%
1088 B 1 H 2 62 - 64 leachate 213 0.19 0.512148 0.000011 9.6 0.22 0.282863 0.000006 33 0.21 75%
1088 B I H 2 77-179 leachate 2.28 0.21 0.512145 0.000015 -9.6 0.29 0.282877 0.000005 38 0.19 76%
1088 B I H 3 5-7 leachate 3.06 0.31 0.282824 0.000041 1.9 1.46
1088 B I H 3 17-19 leachate 3.18 0.32 0.512139 0.000015 9.7 0.28 0.282849 0.000007 2.8 0.24 77%
1088 B I H 3 37-39 leachate 3.38 0.34 0.282826 0.000027 2.0 0.94
1088 B I H 3 42-44 leachate 343 0.35 0.512238 0.000016 -7.8 0.32 0.282881 0.000008 4.0 0.27 56%
1088 B I H 3 62 - 64 leachate 3.63 0.36 0.282842 0.000045 2.6 1.59
1088 B I H 3 81-83 leachate 3.82 0.38 0.512150 0.000015 9.5 0.29 0.282893 0.000006 4.4 0.23 75%
1088 B I H 3 116 - 119 leachate 4.175 0.41 0.512125 0.000010 -10.0 0.19 0.282873 0.000007 3.7 0.24 80%
1088 B 1 H 4 10- 12 leachate 4.61 0.43 0.512255 0.000011 <15 0.21 0.282899 0.000013 4.6 0.45 53%
1088 B 1 H 4 40 - 42 leachate 4.91 0.48 0.282855 0.000027 3.1 0.96
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Appendix

Table A 8 (continued).

# Sample (Site/Hole/Core/Core-type/Section/Interval) — Type Depth [med] Age [Ma]  143Nd/144Nd 20 eNd 26 176Hf/177THf 26 eHf 26 %NASW
1088 B I H 4 44 - 46 leachate 4.95 0.49 0.512143 0.000011 -9.7 021 T7%
duplicate leachate 4.95 0.49 0.512133 0.000010 -9.9 0.19 0.282884  0.000024 4.1 0.86 79%
1088 B 2 H 1 22-24 leachate 5.73 0.52 0.282853  0.000026 3.0 0.92
1088 B 2 H 2 22-24 leachate 7.23 0.62 0.512153 0.000012 9.5 0.24 0.282874 0.000008 3.7 0.27 75%
duplicate leachate 7.23 0.62 0.512155 0.000017 9.4 0.32 75%
duplicate leachate 723 0.62 0.512165 0.000012 9.2 023 3%
1088 B 2 H 2 27-29 leachate 7.28 0.63 0.282830 0.000013 22 0.47
1088 B 2 H 2 70-72 leachate 7.71 0.65 0.512237 0.000015 <78 0.29 0.282886 0.000009 4.1 0.32 58%
1088 B 2 H 3 27-29 leachate 8.78 0.73 0.512214 0.000017 -83 0.33 0.282875  0.000008 3.7 0.27 63%
1088 B 2 H 3 64 - 66 leachate 9.15 0.76 0.512208 0.000014 -8.4 0.26 0.282872  0.000008 3.6 0.27 64%
1088 B 2 H 3 90 - 92 leachate 9.41 0.77 0.512125 0.000011 -10.0 0.22 0.282892 0.000008 43 0.29 80%
1088 B 2 H 3 105 - 107 leachate 9.56 0.78 0.282843 0.000010 2.6 0.35
1088 B 2 H 3 137-139 leachate 9.88 0.80 0.512272 0.000012 -7.1 0.23 0.282855  0.000006 3.0 0.22 50%
1088 B 2 H 4 102-104 leachate 11.03 0.89 0.512245 0.000012 <17 022 0.282878  0.000012 39 0.42 57%
1088 B 2 H 5 67 - 69 leachate 12.18 0.97 0.282863 0.000013 33 0.46
1088 B 2 H 5 98 - 100 leachate 12.49 1.00 0.512139 0.000011 -9.7 0.21 0.282876 0.000015 38 0.53 79%
1088 B 2 H 5 117-119 leachate 12.68 1.01 0.512195 0.000011 -8.7 021 0.282851  0.000035 29 1.25 68%
1088 B 2 H 5 141-143 leachate 12.92 1.02 0.282870 0.000013 3.6 0.45
1088 B 2 H 6 83 -85 leachate 13.84 1.06 0.512137 0.000015 9.8 0.28 0.282901 0.000010 4.7 0.36 79%
1088 B 3 H 1 118-122 leachate 16.2 1.31 0.512262 0.000009 <13 0.18 0.282876  0.000007 3.8 0.25 53%
1088 B 3 H 2 37-39 leachate 16.88 1.40 0.512154 0.000011 9.4 021 0.282910  0.000057 5 2.00 7%
1088 B 3 H 2 53-55 leachate 17.04 1.42 0.512242 0.000014 <17 0.28 0.282834 0.000042 23 1.50 59%
1088 B 3 H 2 111 - 113 leachate 17.62 1.50 0.512170 0.000013 9.1 0.25 74%
1088 B 3 H 4 28-31 leachate 19.795 1.80 0.512225 0.000013 -8.1 0.26 0.282868  0.000042 35 1.50 63%
1088 B 3 H 4 62 - 64 leachate 20.13 1.85 0.512184 0.000011 -8.9 022 2%
1088 B 3 H 4 127 - 129 leachate 20.78 1.94 0.512223 0.000012 -8.1 0.24 65%
1088 B 3 H 5 47 - 49 leachate 21.46 2.03 0.512214 0.000027 -8.3 0.52 68%
1088 B 3 H 5 83-85 leachate 21.82 2.08 0.512180 0.000015 -8.9 0.30 75%
1088 B 3 H 5 136 - 138 leachate 2235 2.15 0.512188 0.000018 -8.8 0.35 3%
1088 B 3 H 6 2-4 leachate 22.51 2.17 0.512190 0.000015 -8.7 0.29 T3%
1088 B 3 H 6 23-25 leachate 22.72 2.20 0.512213 0.000017 -83 0.32 68%
1088 B 3 H 6 52-54 leachate 23.01 224 0.512207 0.000014 -8.4 0.28 70%
1088 B 3 H 7 2-4 leachate 23.84 235 0.512189 0.000013 -8.8 0.26 T4%
1088 B 3 H 7 12- 14 leachate 23.94 237 0.512227 0.000014 -8.0 0.27 67%
1088 B 4 H 1 17-19 leachate 24.68 247 0.512229 0.000012 -8.0 0.23 0.282945  0.000013 6.2 0.47 67%
1088 B 4 H 1 92-94 leachate 25.41 2.57 0.512200 0.000016 -8.6 032 3%
1088 B 4 H 2 18-20 leachate 26.19 2.69 0.512203 0.000008 -8.5 0.15 0.283013 0.000024 8.6 0.84 73%
1088 B 4 H 2 73-75 leachate 26.74 275 0.512218 0.000014 -8.2 0.27 0.282899 0.000045 4.6 1.60 69%
1088 B 4 H 2 92- 94 leachate 26.91 2.77 0.512191 0.000016 -8.7 032 75%
1088 B 4 H 2 113 - 114 leachate 27.125 2.79 0.512231 0.000017 -1.9 0.33 66%
1088 B 4 H 2 138 - 140 leachate 27.39 283 0.512296 0.000011 -6.7 0.22 0.282972 0.000013 72 0.45 49%
duplicate leachate 27.39 2.83 0.512285 0.000010 -6.9 0.19 52%
1088 B 4 H 3 45-6 leachate 27.5375 2.84 0.512216 0.000018 -8.2 0.34 70%
1088 B 4 H 3 123-124.5 leachate 28.715 3.00 0.512239 0.000025 -7.8 0.49 65%
1088 B 4 H 5 119 - 121 leachate 31.7 338 0.512163 0.000011 9.3 021 0.282945 0.000007 6.2 0.26 82%
1088 B 4 H 5 134-136 leachate 31.85 3.40 0.512248 0.000012 -7.6 0.24 0.282929  0.000010 5.7 0.35 63%
1088 B 5 H 1 2-4 leachate 34.03 3.63 0.512201 0.000010 -8.5 0.19 0.282933  0.000021 5.8 0.74 74%
1088 B 5 H 2 67 - 69 leachate 36.18 3.96 0.512182 0.000011 -8.9 0.22 0.282959 0.000033 6.7 118 79%
1088 B 6 H 2 36-38 leachate 45.37 525 0.512201 0.000010 -8.5 0.20 0.282999 0.000032 8.1 1.14 75%
1088 B 6 H 4 56 - 58 leachate 48.57 5.53 0.512160 0.000013 9.3 0.25 0.282946  0.000023 6.2 0.83 84%
1088 B 6 H 6 78 - 80 leachate 51.79 5.76 0.282937 0.000009 59 0.32
1088 B 7 H 3 100 - 102 leachate 57.01 6.07 0.512220 0.000009 -8.2 0.18 70%
duplicate leachate 57.01 6.07 0.512207 0.000010 -8.4 0.19 73%
1088 B 7 H 7 20-22 leachate 62.21 6.38 0.282939  0.000005 6.0 0.17
1088 B 8 H 3 128 - 130 leachate 66.79 6.65 0.512186 0.000011 -8.8 0.22 0.282925 0.000020 55 0.70 78%
1088 B 8 H 6 134 - 136 leachate 71.35 7.01 0.282944 0.000008 6.2 0.29
1088 B 9 H 5 2-4 leachate 78.03 7.37 0.512226 0.000011 -8.0 0.22 0.283027  0.000026 9.1 0.91 69%
1088 B 10 H 3 84- 86 leachate 85.35 7.76 0.512234 0.000010 =19 0.20 67%
duplicate leachate 85.35 7.76 0.512262 0.000014 <13 0.26 0.282981 0.000012 75 0.43 59%
1088 B 1l H 4 139 - 141 leachate 96.9 8.57 0.512200 0.000013 -8.6 0.24 0.282953 0.000006 6.5 0.20 76%
duplicate leachate 96.9 857 0.512196 0.000011 -8.6 0.20 7%
1088 B 12 H 7 2-4 leachate 109.53 9.45 0.512225 0.000011 -8.1 0.22 70%
1088 B 14 H 2 113 - 115 leachate 122.14 9.94 0.512221 0.000009 -8.1 0.17 0.283031 0.000035 9.3 1.24 T1%
1088 C 3 H 1 92- 94 leachate 132.87 10.26 0.512225 0.000012 -8.1 0.24 0.283001 0.000011 8.2 0.39 70%
duplicate leachate 132.87 10.26 0.512236 0.000010 =19 0.19 68%
1088 C 4 H 3 105 - 107 leachate 1455 10.58 0.512238 0.000012 <78 0.23 0.282982 0.000006 75 0.22 66%
duplicate leachate 1455 10.58 0.512221 0.000009 -8.1 0.18 T1%
1088 C 4 H 3 106-108 leachate 145.51 10.58 0.512221 0.000016 -8.1 0.32 0.283050  0.000013 9.9 0.45 1%
1088 C 5 H 5 30-32 leachate 157.25 10.69 0.512229 0.000012 -8.0 0.23 0.282983  0.000024 7.6 0.84 69%
duplicate leachate 157.25 10.69 0.512210 0.000009 -8.4 0.18 T4%
1088 c 8 X 1 30-32 leachate 174.05 10.91 0.512249 0.000011 <76 0.21 0.282981 0.000009 75 0.31 64%
duplicate leachate 174.05 10.91 0.512254 0.000010 215 0.19 63%
1088 cC 9 X 2 81-83 leachate 185.06 11.24 0.512222 0.000011 -8.1 0.22 0.283079 0.000015 11.0 0.52 T1%
duplicate leachate 185.06 11.24 0.512221 0.000008 -8.1 0.16 72%
1088 C 10 X 2 77-179 leachate 19522 11.66 0.512229 0.000014 -8.0 0.28 0.283081 0.000011 11.0 0.37 70%
1088 c 1 X 3 34-36 leachate 205.36 12.07 0.512217 0.000013 -8.2 0.25 0.283030  0.000010 9.2 0.35 3%
duplicate leachate 205.36 12.07 0.512220 0.000009 -8.2 0.17 72%
1088 C 12 X 1 7-9 leachate 21232 1291 0.512199 0.000013 -8.6 0.24 0.283015 0.000010 8.7 0.37 8%
1088 C 13 X 1 20-22 leachate 222.05 14.04 0.512184 0.000016 -8.9 0.31 0.282999  0.000014 8.1 0.51 82%
duplicate leachate 222.05 14.04 0.512196 0.000008 -8.6 0.16 79%
1088 B 1 H 1 14-15 detrital 0.15 0.01 0.512069 0.000013 -11.1 0.25 0.282565 0.000005 <72 0.18
1088 B 1 H 1 43 - 44 detrital 0.44 0.03 0.512227 0.000012 -8.0 0.22 0.282556 0.000004 <15 0.14
1088 B 1 H 2 73-74 detrital 224 021 0.511992 0.000010 -12.6 0.20 0.282475  0.000006 -10.4 0.22
1088 B I H 3 37-39 detrital 338 0.34 0.512110 0.000020 -10.3 0.38 0.282598 0.000008 -6.0 0.28
1088 B 1 H 3 137- 139 detrital 4.38 0.42 0.512125 0.000010 -10.0 0.20 0.282578 0.000004 -6.8 0.15
1088 B 2 H 2 27-29 detrital 7.28 0.63 0.512127 0.000009 -10.0 0.18 0.282722  0.000006 -1.7 0.22
duplicate detrital 7.28 0.63 0.512124 0.000012 -10.0 0.24
1088 B 2 H 2 50-52 detrital 7.51 0.64 0.512208 0.000012 -8.4 0.23 0.282666 0.000007 -3.6 0.24
1088 B 2 H 3 105 - 107 detrital 9.56 0.78 0.512115 0.000011 -10.2 021 0.282628 0.000007 -5.0 0.26
1088 B 2 H 4 97-99 detrital 10.98 0.88 0.512227 0.000029 -8.0 0.57 0.282584  0.000004 -6.6 0.15
1088 B 2 H 5 67 - 69 detrital 12.18 0.97 0.512059 0.000011 -11.3 021 0.282533  0.000005 -8.3 0.18
1088 B 2 H 6 77-79 detrital 13.77 1.06 0.512043 0.000011 -11.6 0.21 0.282531 0.000007 -8.4 0.24
1088 B 3 H 4 78 - 80 detrital 20.29 1.87 0.512163 0.000032 9.3 0.62 0.282605 0.000007 -5.8 0.25
1088 B 4 H 5 134-136 detrital 31.85 3.40 0.511982 0.000012 -12.8 0.23 0.282573  0.000007 -6.9 0.24
1088 B 6 H 6 78 - 80 detrital 51.79 5.76 0.512125 0.000014 -10.0 0.28 0.282670 0.000007 -3.5 0.24
1088 B 11 H 4 139 - 141 detrital 96.90 8.57 0.512079 0.000017 -10.9 0.33 0.282658 0.000006 -39 023
1088 Cc 1 X 3 34-36 detrital 205.36 12.07 0.512238 0.000025 1.8 0.49 0.282761  0.000007 -0.3 0.26
duplicate detrital 205.36 12.07 0.512226 0.000012 -8.0 0.24
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Appendix

Table Ag: Total dissolution procedure.

Step Remark Time

Preparation: Grind sam- | disintigrate grains

ples finely with agate

grinder and transfer 100

mg into TD vials.

2 ml H,0, (30%), 10 ml oxidize organics 60 hours

MQ, room tempera-

ture loose lids, over week-

end

dry down at 100°C 12 hours

3 ml conc. HCI, iml conc. | oxidize organics 12+ hours

HNO; (aqua regia) close

vials, at 140°C overnight

dry down at 140°C 4 hours

1ml conc. HNOB, 2ml dissolve silicate 12+ hours

conc. HF close vials, at

140° overnight

dry down at 140° remove Si 3 hours

2 ml conc. HNO;, 1 ml dissolve refractory

conc. HF, 0.5 ml HCIO 4 minerals and organ-
ics

dry down at 180-190°C 3.5 hours

overnight

2 ml conc. HNOj;, 4ml dissolve refractory 4 days

conc. HF minerals (zircons)

to high pressure digestion

at 190-200°C for 4 days

dry down at 140°C 5 hours

1 ml perchloric acid +2 ml | destroy fluorides

HNO3 conc

dry down at 180-190°C remove perchloric 3 hours
acid

2 ml conc. HNO,

dry down at 180-190°C remove perchloric 1 hour
acid

0.5 ml conc. HNO,

dry down at 180-190°C remove perchloric 0.25 hours
acid

1 ml cone. HC change to Cl form

dry down at 100°C 1.5 hours

reflux overnight with 12+ hours

loading solution
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