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A. J. Cronin

Life is no straight and every corridor along
which we travel free and unhampered,
but a maze of passages,
through which we must seek our way,
lost and confused, now and again
checked in a blind alley.

But always, if we have faith,
God will open a door for us,
Not perhaps one that we ourselves
would ever have thought of,
But one that will ultimately
prove good for us.
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1. Introduction and aims

1.1 Cretaceous-Paleogene boundary

Two large asteroids collided in the Main Asterogltltbetween Mars and Jupiter approximately 160
million years ago [1-3]. The collision of these tvodies with diameters of 60 and 170 km produced
over 1000 of fragments with a diameter of more th&m. Work done by Bottke et al. (2007) [3] and

Reddy et al. (2013) [4] showed that one of thesgfrents was the 10 km diameter Chicxulub
projectile which collided with our planet 66 millioyears ago [5]. The impact of this collision

changed the geological history of planet Earthifigantly. The impact and its effects caused one of
the largest mass extinctions on planet Earth, diclyithe demise of the dinosaurs [1-3]. This impact
reshaped the global ecosystem and marked the cftdite Paleogene period and the end of the
Cretaceous period. This chronological transitiomwaied the K/Pg boundary. The 180 km diameter
Chicxulub crater located on the Yucatan peninsiiexfco) still withesses to this event today.

However, to date, the severity of indirect effeofsthe meteorite impact on, e.g., continental

denudation, deforestation and continental weatbgesma global scale are largely unknown.
1.2 Introduction to stable isotope research

Determination of the variations in the isotopic gmsition of elements such as H, Li, B, C, N, O, Mg,
Si, S, CI, Ar, K, Ca, V, Fe, Cu and Zn has provisnvalue in all branches of geological and space
sciences [6,7]. These isotope ratios form the stilgyed the tool in research regarding many scientif
hypotheses, e.g., in paleoclimate research. Admmpperature changes on Earth were, e.g., revealed

based o@*°N andd*°Ar determination [8].
1.3 Li isotoperatio as a proxy for weathering

Lithium (Li) has two stable isotoped:i (~7.5 %) & Li (~92,5 %) [9]. The relative mass difference
between these two isotopes is approximately 16 18é. lithium isotope ratio, expressed@ki (%o),
in geological samples acts as a promising proxgnewer questions in Earth and planetary sciences
[10-13].6°Li is expressed as the relative deviation from LE&Vstandard (expressed in per mil) as
shown in equation 1.1.:
7Li
77 (6_u)sample
d’Li (%0) = TN | T 1 x 1000 Eq. 1.1.

(Tu)standard
Lithium is known as an indicator for weathering geeses of different kinds of rocks, as these
processes are often accompanied by fractionatidawee® the lithium isotopes [9,10,14-16].
Weathering is a surface process, which breaks doweks through physical and chemical influences.
More intensive weathering is linked to largexgative shifts iro’Li values, because the heaviei
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isotope is preferably lost during weathering, whiie lighter®Li isotope is preferably retained by the

mineral undergoing the weathering process [15].
1.4 Research topic and experimental approach

This work focuses on lithium isotopic analysis eb@pgical samples via multi collector - inductively
coupled plasma - mass spectrometry (MC-ICP-MS).

The main aim was to determine the lithium isotopaenposition of clay fractions extracted from
limestone deposits. The limestone samples originatan the Umbria-Marche region (Italy), which
are linked in age to the Chicxulub impact event.

A possible link between the impact of the extradsirial body and a shift id'Li values was
investigated. The Chicxulub impact suddenly chanedglobal ecosystem leading to a(n) (in)direct
perishing of the fauna and flora living at the timelarge deforestation took place, which potehtial
led to increased weathering. Hence, the goal of tinesis was to test the hypothesis of increased
global weathering across the K/Pg boundary, ushmey lithium isotope ratio proxy method. A
significant negatived’Li shift at the K/Pg boundary would serve as aetiin to validate the
hypothesis.

Since accurate and precise determination of lithisotope ratios is crucial, MC-ICP-MS was
selected as analytical technique. This technigue deaeloped in the nineties of the previous century
It is able to determine isotope ratios of a broaage of elements with high accuracy and precision.
MC-ICP-MS has the advantage to be less time-cormsythian thermal ionization mass spectrometry
(TIMS) [6]. In addition, the ICP source provideglher ionization efficiency, such that elements that
are difficult to be measured by TIMS can be analysea straightforward way, e.g., Hf [17]. The
simultaneous measuring of the different ion beams MC-ICP-MS allows the noise originating from
the ICP source to be compensated for [17,18].

However, for accurate and precise determinatioritbium isotope ratios with MC-ICP-MS, the
analyte is preferably introduced as acidic solutiaty containing the analyte and the counter ioee f
from any matrix elements. Hence, development ofuied sample preparation method was an
important part of this project. Individual stepssisted of (1) isolation of the clay fractions frahe
limestone deposits, (2) acid digestion of the dtagtion, (3) isolation of lithium from its clay rra
using ion exchange chromatography, aiming at qtsive recovery, and (4) evaporation and final re-

dissolution in diluted acid.

In addition, the optimization of lithium isotopeticmdetermination with MC-ICP-MS was an equally
important goal of this research project. A seriésexperiments aimed at (1) optimization of the
measurement conditions, (2) evaluation of differemtrection methods for mass discrimination, (3)
selection of appropriate amplifiers for the Faraday detector configuration and (4) determinatibn o

maximum allowable sodium (Na) concentration infihal sample solutions.
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Finally, a depth profile of lithium isotope ratiasross a 10 m limestone deposit section from Umbria
Marche was composed. In cooperation with geologistgas attempted to discuss the results obtained

in light of the paleo-characteristics of the Umkarche samples.

Figure .l modified from Don DAVIS/NASA via [19]naartist’s impression of the impact of the extradstrial object
(with a diameter of 10 km) leading to the Chicxutubter.



2. Instrumentation

Six large segments can be distinguished in an IG&#Mtrument: (1) the sample introduction system,
(2) the ionization source, (3) the interface, (@ tens system, (5) the mass spectrometer anth€6) t
detector. To obtain valuable results, these segrente to work as one harmonic entity. Each of the

numbered segments mentioned above is shown ind-Rydr

A

quadrupole | _________________. SRR computcv‘ - (1)
rf/DC Control | 8

" peristaltic pump
A

quadrupole power ‘ ICP
rf generator e rf generator
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P ) 9 e—
! . LTy - v4if
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computer v <
- f i v * * < nebulizer &
# ( vacuum pumps ) ( . spray chamber

. samp
il an
AN sample

) solution

Figure 2-1 Modified from Vanhaecke (2012) [23]: sofatic overview of an ICP-MS

instrumentthe instrument shown isquadrupol-based instrumenQ-ICP-MS).
2.1. Sample introduction system

The sample introduction system transports the samphk representative part of it to the ionization
source. Different types of introduction systemssexiThe standard sample introduction system
consists of three major parts through which thaitigsample passes chronologically: (1) pump, (2)
nebulizer and (3) spray chamber. Two important fions of the introduction system are: (1) aerosol
generation and (2) selection of droplets.

A constant introduction rate of liquid sample itib@ system, is regulated by a peristaltic pump.[20]
The liquid flow is introduced into a pneumatic nkber [20]. The pneumatic nebulizer consists of a
combination of a liquid sample capillary and anoargas tube and creates an aerosol. The gas tube
becomes narrow towards the end [20]. Two main tyggmeumatic nebulizers exists: (1) the cross-
flow and (2) the concentric nebulizer, both showrg9.2 [20]. In a cross-flow nebulizer, the liquid
sample capillary tube and argons gas tube are glpegendicularly, while, on the other hand, in a
concentric nebulizer both tubes run parallel [20]both cases, the aerosol is generated by interact
with a high speed argon gas flow, which disperkeslijuid into tiny aerosol droplets [20]. Also a
micro-concentric design exists, which requires los@mple introduction flow ratése. 0.1 ml/min

instead of 1 ml/min [20]. The aerosol droplets gatexl are not uniform in size, with droplets up to
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100 um. To select only the smallest droplets amdethy prevent overload of the plasma, a spray
chamber is placed after the nebulizer [21]. In th&y, the overall sample introduction efficiency is
only 1-2 % [20]. To increase the thermal stabilitgduce oxide formation and allow aspiration of
volatile organic solvents, the spray chamber is etones cooled by an external cooling element,
typically to 2-5°C [20].

A variety of spray chamber types exists. The madely used are the double-pass Scott-type spray
chamber and the cyclonic spray chamber. Anothex tfpspray chamber offering improved stability
consists of cyclonic and Scott-type sub-units [20]the cyclonic part, centrifugal forces, origimat
from the tangential flow of aerosol and argon gasjove the larger droplets [20]. Smaller droplets
move along with the gas [20]. The gas flow procettutlsugh the central tube of the double-pass
Scott-type segment. The smaller droplets are stgghfeom the larger ones by gravity, as the larger
droplets collide with the wall of the central tubeare removed by gravitational settling [20], such
that only the sufficiently small particles are tséarred towards the ICP source [20]. Both spray

chambers are shown separately in § 9.2.
2.2. lonization source

2.2.1. lonization source

The function of the ionization source is to iontbe analyte elements. The ionization source of an
ICP-MS is an inductively coupled plasma. Other zatibn sources exist, such as a heating filament,

used in TIMS, a direct current plasma (DCP) or arawave-induced plasma (MIP) [22].

The ionization source consists of a (1) plasmahto(2) radiofrequency (RF) coil and (3) power

supply. The plasma torch consists of three coniwentbes: (1) sample injector tube, (2) middle tube
and (3) outer tube. Argon gas flows through eaclhete concentric tubes at different flow rates.
Each argon flow has a different function within tteech. The most inner tube, called the sample
injector, contains the argon nebulizer gas, whities the sample aerosol [22—-24]. The nebulizer ga
originates from the spray chamber flows at ~1 |/aniial punctures a channel into the plasma [22-24].
Within this channel, the analyte ionization takéacp [23]. Between the sample injector and the
middle tube, the auxiliary gas flows at a rate @flfmin. The plasma position, relative to the torch

and the coil, can be adapted by modifying this fiate [22,23]. Between the middle tube and the
outer tube, the plasma gas flows tangentially #bwa rate between 12 and 20 I/min [22,23]. The

function of the plasma gas is to maintain the pkgdiscussed further in §82.2.2.) and to form a
thermal barrier between the torch and the plasngauré€ 2-2 shows a schematic overview of a quartz

torch.



Quartz "torch" made RF load coil
of concentric tubes

Radio frequency voltage induces
rapid oscillation of Ar ions and
electrons -> HEAT (~10,000 K)

Auxiliary or

coolant gas ——4
Carrier or
injector or —
nebulizer gas

Sample aerosol is carried
through center of plasma ->
dried, dissociated, atomized,

Plasma gas — ionized ~6500 K.

Figure 2-2 from Agilent Technologies (2005) [263hematic presentation of a quartz.
The tubes are typically manufactured from quartthoagh the sample injector can also exist of
alumina, platinum or sapphire, depending on thepdaiwharacteristics. Measurements in HF solution,
e.g., require a sapphire sample injector [22].

The RF coil, which mostly consists of copper, ip@ied by RF power by a generator [22]. An
alternative current, with the same frequency asRRegenerator, oscillates through the coil [22,23].
This oscillation generates an electromagnetic falthe top of the torch [22,23].

In most ICP-MS systems, the RF generator works fsuencies of 27.12 or 40.68 MHz and output
powers between 1000 and 2000 W [25]. These twauéeges don'’t interfere with frequencies for
other applications [22].

2.2.2. Plasma Formation

Uncharged plasma gas is introduced tangentially the outer tube of the torch, while the radio
frequent coil generates a strong electromagneéild fvarying at RF frequency [22,23]. A tesla
generator creates a high voltage spark [22,23].eSelectrons of this spark are able to ionize alsmal
amount of argon atoms, each releasing an additeleatron [22,23]. The magnetic field accelerates
both the electrons and positively charged argomatdout due to the lower mass of the electrons, the
latter acquire a higher acceleration [22]. The breged electrons undergo new collisions with argon
atoms, giving rise to new electrons and argon tonsugh the process of electron impact ionization:
Ar + € - Ar" + 2¢€ [23]. These new electrons, on their turn, are alscelerated and the process
sustains itself [22,23]. This process continuebbag as RF energy is added to the load coil and new
argon atoms are supplied. Eventually, the plasraehes a steady state when the amount of electrons
supplied is equal to the amount of electrons lgatime system [22,23]. The motion of the free
electrons heats up the argon gas reaching a tetopergp to ~10000 K, although temperatures vary

greatly according to the exact position in the plag24].
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Figure 2-3 from Agilent Technologies (2005) [26ifferent steps occurring within the central charofethe plasma.

The nebulizer gas containing the sample aerosotrisduced into the plasma, and the sample aerosol
is desolvated, the molecules vaporized and atomarneldthe atoms formed ionized; dropletsdf0

pum are processed efficiently [21]. This processhiswn in Figure 2-3.

Often, the torch is equipped with a platinum guatectrode, which is able to reduce the kinetic
energy spread by capacitive decoupling [24].
A typical ionization temperature of 7500 K is altte ionize most elements with high efficiency,

making the ICP source suitable for multi-elemeralgsis [23].

1.1
1.0 e A
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Figure 2-4 from Taylor (1992) [27]: degree of iaatipn in an ICP as a function of the element’szatibn energy.

2.3 Interface

The interface region plays a crucial role in thansfer of ions from the plasma, operated at
atmospheric pressure, to the mass spectrometeratefeunder high vacuum conditions;>1010°
mbar [23,28]. An interface is built in-between tplasma and mass spectrometer to reduce the
pressure stepwise. The interface region containscmes: (1) the sampler cone and (2) the skimmer
cone. These cones have small orifices, typicaBy102 mm and 0.4-0.8 mm, respectively [28]. The

cones are manufactured from Ni or Pt [24].



The ion beam, generated by the plasma, first pabsesgh the sampler cone and then through the
skimmer cone [28]. Between these two cones, a presd 1-3 mbar is maintained by vacuum pumps

[24]. After the skimmer cone, fore vacuum condigiai 10* mbar are prevalent [24].

Supersonic expansion of the ion beam takes plaweeba the two cones. Supersonic expansion is the
phenomenon that occurs when an ion beam passegthtbe orifice of the sampler cone towards

vacuum conditions. During this expansion, the ckapicrecombination between an electron and an
ion is strongly reduced, and a representative ibacdf the sample, ionized in the plasma, passes
through the skimmer cone aperture [23].

Interface

|

104 mbar 1-3 mbar I 1 bar

skimmer cone sample cone

Figure 2-5 from Bouman (2008) [24]: schematic oi@mwof the interface region.

2.4. 1on focusing system

An electrostatic lens, placed after the interfagsiesn, selectively attracts the positively chargets

[29]. In addition to the extraction lens, the iatdising system consists of a series of electrastati
lenses. This system is located between the skincorex and the mass spectrometer (Figure 2-1). The
ion focusing system consists of metallic parts na@ned at a certain voltage. The main functions of
the focusing system are to (1) efficiently trangpons to the mass spectrometer and (2) to remove
particles other than ions before reaching the rapsstrometer.

After the interface, there are still some neutrces and photons present, which can elevate the
background signal and cause signal instability [Z2¢moval of these interfering particles can be
achieved in different ways. A first approach iptace the ion extraction lens slightly off axis.dén
these conditions, the positive ions are deflectethb presence of the extraction lens and aretable
reach the mass spectrometer, while the other fewtare not deflected and therefore don’t reach the
mass spectrometer [29]. A second approach is al mlista The ions are deflected around the disk,
while the other particles collide with the disk sar@ physically stopped [29].

In addition, the lens system needs to compensatepfice-charge effects. After the skimmer cone, a
pressure drop results in a diffusion of electron$ of the ion beam, while the extraction lens
electrostatically attracts the positively chargpdaes [29]. Consequently, space charge effectsrpocc
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i.e. positively charged particles repel each othenltiegy in a favoured preservation of high-mass
elements in the central ion beam [29]. The lendesysfocuses the beam to compensate for these

repelling Coulomb forces [29].
2.5 Mass spectrometer

The mass spectrometer selects ions according tortfass-to-charge ratio and passes them towards
the detector. The mass spectrometer typically eper@nder high vacuum conditions [23].
In the following paragraphs, the concepts of mas®lution and mass range are explained first,

followed by the basic principles of different typglsmass spectrometers.

2.5.1. Mass resolution

Mass resolution, R, expresses the extent to wivohpeaks are separated from each other in the mass
spectrum [23]. Higher R values indicate that twakseare more separated. The concept of mass
resolution can be approached in two different ways, (1) an experimental approach and (2) a
theoretical approach. The first approach calculdtesesolution based on an experimentally observed
peak. This is accomplished via the equation givelnw:

R—m Eq. 2.1
=1 g. 2.1.

Am is the width of the peak at 5 % peak height adsma.

The second approach uses the masses of two peaies i intensity, to calculate which resolution is
required to separate them [23]. A threshold value0d% of the maximum peak height intensity is set.
The peaks are considered to be separated if tighthei the valley between the two peaks is at or
below this threshold value [23]. This approach #@led the 10 % valley definition [23]. The

corresponding calculation is illustrated by Eq..2.2
(m1 + mz)

2

N e 7 Eq. 2.2.
m; — my

R =

Three modes of mass resolution can be achieved:(83®8-400), medium (3000-4000) and high
(>10000) [30].

2.5.2. Mass range

The mass range of interest within an ICP-MS insemtiranges between 0 and 250 amu, as only

elemental ions are studied [23].



2.5.3. Quadrupole filter

A quadrupole filter is a mass spectrometer comgjsti four cylindrical or hyperbolic rods made from
a conductive material [23,31]. The rods are alth&f same length and diameter, typically 15-20 cm
and 1 cm, respectively [31].

The rods are placed two by two, opposite to eabkrpforming two pairs of electrically connected
rods [23]. A positive voltage (+ U), resulting froendirect current (DC) power source, in combination
with an alternating current (AC) voltage is appliedthe first pair. The ions will be focused toward
the axis of the quadrupole by the applied positigstage. The AC will defocus the ions for half a
period and refocus them during the second pati@period. Lighter ions are more influenced by the
AC component and will therefore be defocused, waeitgeavier ions are less influenced by the AC
component and stay focused as a result of the eapplositive DC voltage (+ U). A negative DC
voltage (- U), of the same magnitude as applied tre first pair, in combination with an AC voltage
shifted 180° with respect to that applied onto firg pair, is applied to the second pair [23]. Bot
heavy and light ions will be deflected through th#uence of the applied negative voltage [23].
Nevertheless, light ions are able to pass throbhghntass filter as their deflections are sufficientl
corrected for the influence of the AC component][Zdherefore, the rods operated with a positive
voltage act as a high mass filter, whereas the opésated with a negative voltage act as a low mass
filter [23]. By changing the voltages, only ionstlwva certain mass-to-charge ratio are able to {he&ss
guadrupole filter towards the detector [23]. Théetted ions leave the quadrupole filter througle on

of the openings, or they collide against one ofrtus.

to

quadrupole rods detector

stable path

entrance slit unstable path

Figure 2-6 from Gates (2013) [86] : stable and alnistion paths in a quadrupole.

2.5.5. Sector field mass spectrometers

These types of mass spectrometers consist of aatiagsector and an electrostatic sector. The
magnetic sector separates the ions according to rnieess-to-charge ratio. The electrostatic sector
selects the ions by their kinetic energy. Both@ecare discussed below and shown in figure 2.7.
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2.5.5.1. Electromagnetic sector

Before entering the mass spectrometer, the ionsaecelerated through an entrance slit with a
potential difference \[V] [23]. The accelerated ions are subsequently inted into a magnetic field
[23]. The field lines of the magnetic field are pendicularly oriented to the plane in which thesion
enter the mass spectrometer [23]. Due to the Lpréte, incoming ions are forced to move in a
circular path [23]. This is shown in Eq. 2.3.

muv?

F = = quB Eqg. 2.3.

r

F [N] is the force exerted on the ion,[ky] is the ion mass, km sY] is the velocity, [m] is the radius of the circular path

along which the ion moves,[€] is the ion charge and [B] is the magnetic field.

The radius can be expressed as:

mv

T=q—B

Eq. 2.4.
The kinetic energyJ] the ion obtained upon acceleration is expressed by
1
Epin = Emv2 =qV Eqg. 2.5.

The velocity of the ion is thus given by:

2qV

v= |— Eq. 2.6.
m
Substituting Eqg.2.6. in Eq.2.4. gives:
V2Vm
r= Eq. 2.7.

BJa

The radius of an ion can be expressed as a funotida mass. By keeping the magnetic field and the
applied potential difference at the entrance sitstant, ions can be separated according to their

mass—to-charge ratio, as they move according tfieaeht radius in the magnetic field.
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Figure 2-7: (a) from Vanhaecke (2012) [23]: procefsan ion deflected in an electromagnetic sedipfrom Vanhaecke

(2012) [23]: process of an electrostatic sectterfihg ions with different kinetic energy.

An exit slit is placed after the mass spectroméel@e width of the slit determines the transmission
efficiency and the resolution of the mass specttemdhe strength of the magnetic field, B, and

potential difference, V, are adapted for selecthiydesired mass-to-charge ratio of the ion [23].

2.5.5.2. Electrostatic sector

lons entering the magnetic sector can show a sspadlad in their kinetic energy [23]. A lighter ion
with a higher kinetic energy is able to show thesaadius as a heavy ion with lower kinetic energy,
and vice versa. The presence of an electrostatimrseounteracts this effect by focusing the ions
according to their kinetic energy independentlytltéir mass-to-charge ratio [23]. The ions move
through two bended electrodes with the same, thopglosite, potentials [23]. Under influence of the
electric field, the ions are forced to follow aatifar path [23].

muv?

E is the strength of the electric field.

Taking the kinetic energy into account, the radfighe ions throughout the electrostatic sector is
described by:

mv? 2 Eyy
qE ~ qE

r = Eq 2.9.

Hence, ions with the same kinetic energy will beufsed in one point [23].An exit slit is placed afte
the electrostatic sector. The width of the slitedetines the transmission efficiency of the ions toed

allowable spread in kinetic energy [23].

A magnetic sector in combination with an electrostsector has an improved resolution compared to
mass separation with a magnetic sector only [23rta&dh combinations of the magnetic and
electrostatic sector, which meet specific requineisidoth in combination of these sectors and in
these sectors individually, are called double fouyssetups [23]. Different double focusing

geometries exist; two of them are described furi@8i. A double focusing geometry realises both

energy focusing and directional focusing, as a eqguence ions of the same mass-to-charge ratio,

12



showing a spread in kinetic energy and/or directame focused into one point [23]. This double
focusing setup allows the use of a wider slit betwée magnetic and electrostatic sector without

largely compromising ion transmission efficiencylatill attaining high mass resolution [23].

2.5.5.3. Double-focusing geometries

Different double-focusing setups can constructeg].[th Nier-Johnson geometry, the electrostatic
sector is placed in front of the magnetic sect@j.[Zhis geometry is used in MC-ICP-MS [23]. Only
a part of the mass spectrum can be measured simealialy in this setup [23]. In reverse Nier-
Johnson geometry, the magnetic sector is plac&dmm of the electrostatic sector [23]. This georpet
is mostly used in single-collector (SC) ICP-MS [23]

High energy
Magnetic sector fon Electrostatic sector

,_‘_,"m s ST
Traj. 1 =Y

Traj. 2

A
Energy selection | F<{ 77
slit

(intermediate slit)|
R —— . |
Im/

Low energy ion

~ —
Source slit Collector slit

Figure 2-8 from Vanhaecke (2012) [23]: reverse Ni@nson geometrie.
2.6. Detector

Subsequently, the separated ions have to be detelctethe following paragraphs, the electron
multiplier and Faraday cup are discussed. Findlly tletector output is further handled by the

software of the instrument.

2.6.1. Electron multiplier

When an ion strikes the surface of an electroniplidt, one or more electrons are released [23]. A
potential difference across the electron multipdigracts the electrons towards the end of thectiate

As the electron moves towards the end of the dmtettcollides several times with the surfacelof t
electron multiplier [23]. With each of these caliiss, more electrons are released from the surface
[23]. The incoming ion generates an “avalanchel@f- 1C electrons, which can be converted into a
measurable electrical pulse [23]. The detectorbmnsed in two modes: (1) pulse counting mode and
(2) analog mode [18].

In pulse counting mode, every ion is counted irdlraily [18]. Every counted ion requires a certain
treatment time, during which no other ions can éected. This period is called the dead time [A8].
correction is required for the lost measuremene fifr8].

In analog mode, the electron multiplier is usedasnalog multiplier [18].
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Figure 2-9 (a) from Agilent technologies (2005) Ji28ectron multiplier (b) from Bouman (2008)
[24]: Faraday cup.
2.6.2. Faraday cup

A Faraday cup is a metal or graphite electrode ectaa to ground via a high ohmic resistor [32]. An
impacting ion is neutralized by electrons flowingdugh the high ohmic resistor, leading to a
measurable potential difference over the resif8}. [This potential difference has to be amplifiad,

discussed in 85.3. [23]. Faraday cups are lesstisenthan the electron multipliers described above
and hence, require higher ion currents [32]. Faradaps have a longer lifetime than electron

multipliers and do not suffer from dead time [32].
2.7. Instruments used during this work.

During this work, three different types of ICP-MSsirumentation were used: (1) quadrupole-based
inductively coupled plasma - mass spectrometry GB-MS), (2) single-collector sector-field
inductively coupled plasma - mass spectrometry GE-MS) and (3) multi-collector sector-field
inductively coupled plasma - mass spectrometry (IKZ€-MS).

In addtion, also an inductively coupled plasma ticap emission spectrometer (ICP-OES) was used.

2.7.1. Q-ICP-MS

The Q-ICP-MS instrument used during this work ie ¥+Series 2 (Thermo Scientif{remen,
Germany)) in operation at the Analytical Chemistgpartment of Ghent University. The instrument
was equipped with a peristaltic pump for sampleonhiiction, a 1 ml/min concentric nebulizer and an
impact bead spray chamber cooled to 1 °C. The mspsstrometer is a quadrupole, used in
combination with an electron multiplier detectioystem. For each measured element, a calibration
curve has to be constructed. In addition, an imfestandard is necessary. Different parameters are
adapted to obtain optimal output signals; the umatrnt settings are listed in §89.2. Figure 2-1 shows
the setup of a Q-ICP-MS instrument.

Before each measurement, a performance test is tdodeeck if background signals, the levels of

doubly charged species and of oxides are belowestbld level set by the manufacturer.

2.7.2. SC-ICP-MS

The SC-ICP-MS instrument used during this work nsEdement XR (Thermo Scientif{@remen,
Germany)) in operation at the Earth Sciences deyat of the University of Cambridge. The

instrument was equipped with a micro-concentricutiebr and a Scott-type spray chamber. The mass
14



spectrometer is a sector field analyser of revéimg-Johnson geometry in combination with an

electron multiplier and an additional Faraday cup.

2.7.3. MC-ICP-MS

The MC-ICP-MS instrument used during this work isNeptune(Therm& scientific, (Bremen,
Germany))in operation at the Analytical Chemistry departin@gnGhent University The instrument
was equipped with a micro-concentric nebulizer angigh-stability spray chamber, consisting of a
cyclonic and a Scott-type sub-unit. The mass spewtter is a double-focusing sector field analyzer
in Nier-Johnson geometry in combination with niregdélay cups and four ion counters. In this work,
a maximum of two Faraday cups were used at the $amee The multi-collector setup is able to
compensate for the influence of drift as it measutle signals of the isotopes of interest
simultaneously.

Different parameters are adapted to obtain optmughut signals; the settings of the instrument are
listed in 8 9.2.

variable
multicollector

amplifier
housing

plasma interface and
ion transfer optics

ESA g By - = torch

Figure 2-10 from Bouman (2008) [24]: instrumentataf the Neptune, MC-ICP-MS

2.7.4. ICP-OES

In this section, we focus on the characteristicshefSpectr& Arcos ICP-OES instrumen(Kleve,
Germany)used during this work.

The sample introduction system and ICP parts ofrteeument are similar to those used in ICP-MS.
Only, the plasma torch can be placed in axial diataposition [33]. The axial position results in
better limits of detection, but has limited robests against samples with a heavy matrix [33]. The
radial position results in higher limits of detectiand is mostly used for samples with high salinit
and organics content [33]. The ICP source is usegitite the atoms and ions. Analyte atoms and
ions emit light of typical wavelengths. The emittigght is guided through a system of lenses and
mirrors to a polychromator. The polychromator sepes the light beam according to wavelength. A
Paschen-Runge mounting of detectors is used iAtbes instrument, as shown in Figure 2-11 [33].
The emission lines of interest are measured simedtasly using a linear array consisting of 32 CCD
15



detectors [33]. This detector array is able to meathe whole spectrum between 130 nm and 770 nm
[33]. The resolution in the range of 130 to 340isr@.5 pm, whereas in the range of 340 to 770 tim, i
is 15 pm [33].

For each measured element, a calibration curvesnaede constructed. In addition, an internal
standard is necessary. Different parameters aggedito obtain optimal output signals.

Before each measurement, a test is done to chedtiffdrent parameters, are meeting the

corresponding threshold values, set by the marufactThe different parameters are shown in § 9.2.

Grating

ax2

5
exl

Figure 2-11 from IUPAC [34] : Pasche-Runge mountimgn ICP-OES.
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3. Reagents and standards

This Chapter describes both the reagents and mstruparameters used throughout this work. If
conditions differ from those described below, itllwie explicitly mentioned. During this work,
experimental work was carried out at the departroéAnalytical Chemistry of Ghent University and
at the Earth Sciences department of the Univerdit€¢ambridge. A distinction between these two

universities is made.
3.1. Acids

3.1.1. Department of Analytical Chemistry, Ghent Uiversity

Single-distilled hydrochloric acid was preparednir@ro-analysis grade hydrochloric acid using a
quartz sub-boiling distillation setup.

Single-distilled nitric acid was prepared from moalysis grade nitric acid using a Teffosub-
boiling distillation setup (Cupola stilRicoTracé). All dilutions were prepared using 18.2CMem

Milli-Q water. All sample preparations were perf@dhunder class-10 clean lab conditions.

3.1.2. Earth Science department, University of Cantidge:

Double-distilled hydrochloric acid was preparednirgeagent grade hydrochloric aciflischef®,
using a Teflofi sub-boiling still.

All sample preparations and column chemistry wemégomed under class-100 clean lab conditions.
3.2. I sotopic Standards

IRMM-016 Li,CO; (IRMM, Geel, Belgium) isotopic reference matemas used as lithium isotopic
standard. NIST 951 boric acid was used as bordop#ostandard. Thé.i/®Li ratio is 12.177 + 0,013
and*'B/*°B ratio is 4.043 + 0,003 [35,36].

The L-SVEC lithium standar{NIST, Gaithersburg USA$} the internationally accepted Li isotopic
reference material relative to which téLi values are calculated. Both L-SVEC and IRMM
standards are kCO;. Both originate from the same geological source mateSpodumenen and
petalite from the Foote Mine, Kings Mountain, NCSAJ [37]. Grégoire et al. (1996) [37] reported
isotopic uniformity between these standards. Tl values calculated against these respective

standards are supposed to be equal.
3.3. Elemental standards

Elemental standard solutions of 1 g/l (Inorganiawees (Nieuwegein, The Netherlands)) of Li, Be,
Na, Mg, Al, P, K, Ca, Sc, Ti, Cr, Mn, Fe, Co, NiuCSr and Y were used. All standards, except for
Be, were used for calibration curves relied upan®@P-OES and Q-ICP-MS analysis. Be was used as

an internal standard.
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4. Description of K/Pg boundary samples and optimizaobn of the

isolation and digestion of the clay fraction

4.1. Geological background of the K/Pg boundary

The K/Pg boundary is linked to the fifth and mastent mass extinction on planet Earth [38]. For a
long time, volcanic activity was considered to be tause of this mass extinction [39,40]. However,
Alvarez et al. proposed a hypothesis of an exinmeg&ial event in 1980 [38]. Alvarez et al. (1980)
[38] discovered an anomaly of iridium (Ir) and atlpéatinum group elements (PGE) in the K/T clay
layer of the Umbrian region (ltaly). These elemearts classified as siderophile according to their
geochemical behaviour and therefore, natural cdrettons of these elements are low in the Earth’s
crust, but enriched in extra-terrestrial object$][]4n 1991, Hildebrand et al. (1991) [42] linkeuet
180 km diameter impact crater located on the Yurcgéninsula (Mexico) to the K/T boundary
impact event [42,43].Figure 4-1 shows the locadityhe Chicxulub impact crater.

Nowadays, the largest part of the scientific comityusgrees that an impact event took place and that
it was the primary cause of the mass extinctior].[4Be iridium originating from the Chicxulub
projectile has been homogenously spread out atiegdanet [44].

An iridium anomaly was found across more than li#f@mnt marine and continental sections across
the globe [44,45]. Next to the Ir anomaly, alsoestbvidence for a K/T boundary impact at Yucatan
peninsula (Mexico) exists: e.g. minerals that aeglishock metamorphic features, impact glass,

impact-derived diamonds and Ni-rich spinels [40436].

K/T Boundary 66 Ma

uh

T
e | America
i /

SATLANTIC
f; OCEAN —

L

—— T e S, .—-._.? =

Antarctica B

Figure 4-1 from [87]: map of planet Earth showihg situation 66 million years ago.
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4.2. Description of the samples

4.2.1. Geological background of the samples

The samples analysed during this Master thesigewkgical samples originating from different sites
in the Umbria-Marche region (ltaly). The Umbria-Mhe region consists of marine sedimentary
rocks. The region was an epeiric sea from the Laiassic (~235 million years ago) to the
Pleistocene (~2.58 million years ago) [47]. A mApwing the palaeography of the world 66 million
years ago is shown in Figure 4-1. The samples ims#uds work are between ~64.7 and ~71 million
years of age and originate from the following laoad (1) Petriccio (PTC), (2) Furlo Pietralata (P
and (3) Fonte d’Olio (FDO), all indicated on Figure.

Figure 4-2: (a) from Montanari 2000 [47]: map vvlmluilcatmn of the dlffe'rent sampllng S|tes (b)

depth profile of FPL sampling site with indications

From the sampling localities Petriccio (F1/PTC) &aohte d’Olio (F3/FDO), only geological samples
at the K/Pg boundary were used for analysis. 890dvs a detailed picture of the clay layer at FDO.
The sampling site Furlo Pietralata was studied anendetail. The K/Pg boundary (F2/FPL) was set as
the chronological reference point and is considécetepresent a depth of zero, as shown in Table
4-1. Different depth intervals up to 5 m below amabve the K/Pg boundary samples were also
studied. Samples below the K/Pg boundary were tinkehe Cretaceous (K/FPL), while on the other,
samples above the K/Pg boundary were linked toPtleogene (P/FPL). The sampling depth and

estimated age of deposition of each individual dangppshown Table 4-1.
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Table 4-1: information on the depth of the sampéstively to F2/FPL (K/Pg boundary) and their agestimations based

on mean sedimentation rates of few mm/1000 yearsaidoonates in the Umbria-Marche section).

Sample Depth (m) Age (million years)
P1/FPL 5 ~64.7
P2/FPL 4 65
P3/FPL 3 ~65.3
P4/FPL 2 ~65.5
P5/FPL 1 ~65.8
P6/FPL 0.1 65.95
F2/FPL 0 66
K7/FPL -0.1 ~66.1
K8/FPL -1 ~67
K9/FPL -2 ~68
K10/FPL -3 ~69
K11/FPL -4 ~70
K12/FPL -5 ~71
F1/PTC 0 66
F3/FDO 0 66

The geological samples are all composed of claylimestone matrix. But the ratio of clay/limestone
differs for each sampling depth and/or site. Th®raf clay to limestone ranged between < 1 % and

87.6 % taking all samples into account.

The different sampling sites contain clay mineialshe illite, smectite, kaolinite and mixed laygre

illite-smectite type [48]

4.2.2. Platinum group elements in the clay samplésom the Umbria-Marche sequence

The worldwide deposition of clay at the K/Pg bouyda considered to caused by the impact [44].
Samples of the same locality and section as destiiib Goderis et al. (2013) [44] were used in this
work. Goderis et al.(2013) have shown that thesepsss contain higher amounts of Ir and other
PGE, as shown in Figure 4-3. The red hexagonsatalithe concentrations of different PGEs in the
average continental crust. The blue pentagons atelithe concentrations present in the average
continental crust mixed with 5% of a CM-type cardoeous chondrite meteorite (the meteorite type
suggested to have impacted [49,50]). The valuesttferclay samples originating from different
sampling sites are shown in purple. Not only aeeRIGE concentrations of the clay samples elevated,
they also show a flati.é. chondritic) signature, different from the fractaded pattern typically

observed for terrestrial rocks.
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Figure 4-3: from Goderis (2013) [44]: Different pfaum group element concentrations on a Cl group

carbonaceous chondrite-normalized logarithmic scale

4.2.3. Position of lithium in clays

Two types of lithium exist in minerals: (1) struulithium and (2) exchangeable lithium, as shown
in Figure 4-4 (a). Structural lithium is incorpadtin tetrahedrons or octahedrons as the centiahca
bound to oxygen or hydroxyl, where it replaces atreg silicon atom [10].

This is also demonstrated by Vigier et al. (200BL]{ during smectite formation, lithium is
incorporated into the octahedral sites of the alaperal as shown in Figure 44&) [51]. It is
preferentially théLi that acts as the central atom, which leads atojse fractionation and forms the
basis of the lithium isotope proxy [9,10,51]. Inné@st with structural lithium, the exchangeable
lithium in clays is easily replaced with other oats in solution [51]. There, it is part of the ildger

between two tetrahedron/octahedron sheets.
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Burton (2011) [10]: white = river water, grey = pasd sediment and black = bedload sand.
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4.2.4. Lithium as an indicator for weathering

The occurrence of lithium fractionation during westing has been proven by (1) comparingafié
values in waters witl®’Li values in the neighbouring bedrocks and (2) Ingkat seawate®’Li
values. A general trend of high&/Li values for waters, compared to their parent cagbe or silicate
rock, was observed [10,13,52]. This trend is illatgd in Figure 4-4 (b), where a difference can be
seen between, on one side, the parent licekthe suspended sediment and bedload sand, andeon t
other side, the water phase. In addition, by logkat planktonic foraminifera, Misra and Froelich
(2012) [12] found increasing’Li values of seawater from the Paleogene (~22 %) present (~31
%o). This increase id’Li values of seawater also supports the influerfcsilicate weathering and the

fractionation process occurring during the weatigeri
4.3 Experimental

4.3.1. Sample preparation

The sample preparation consists of four major pgt$ sampling, (2) homogenization of the
geological samples, (3) separation of the clayafuhe limestone matrix and (4) destruction of the

clay structure.

4.3.1.1. Sampling

Samples were taken from different K/Pg sectionhhenUmbria-Marche region (Italy). Sampling was
done every 1 m in a 10 m interval across the bayndesulting in a set of 10 samples. In additiain,
0.1 m above and below the K/Pg clay boundary, sesnplere taken. The depth profile was
perpendicular to the bedding, shown in Figure $)2I(arge chunks of carbonate rocks were removed

from the bedding using a hammer and crowbar; thmthary clay was removed using a small spatula.

4.3.1.2. Homogenization of the geological samples

Samples from different depth intervals were sawio smaller pieces of approximately 5 g by a
diamond saw. These parts were homogenized withgate gestle in an agate mortar. Between every
homogenization step, both mortar and pestle warsed with Milli-Q water, scrubbed with pro
analysis quartaylerck (Darmstadt, Germany) and rinsed again with Millin@ter.

4.3.1.3. I solation of the clay

Limestone mainly consists of calciumcarbonate (CgCthe CaCQreadily reacts with diluted acid

to CO,, H,O and free cations.

Dissolution of the limestone matrix was performethg different batches of 0.14 M HNQOAt least
ten additions of 2 ml 0.14 M HN{were required for complete removal of the limestémethe
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Cretaceous and Paleogene samples. The K/Pg bousaagles contained less limestone, 5 batches
of 2 ml 0.14 M HNQ were added in these cases.

After each acid addition, the samples were vortexstiplaced in a sonication bath for approximately
15 to 20 min. The sonicated samples were centrfulgg a fixed angle centrifuggHeraeus
Sepatech, Labofuge 200jor 10 min at 5300 rpm. The supernatant was rechevith a Pasteur pipet
and the procedure was repeated.

Dissolution profiles of Ca, Na, Mg, Mn, P, Sr andwere constructed for samples P5/FPL and
K8/FPL via 10 collected batches of acid fractioitiese batches were diluted 5 times prior to
analysis. All steps were performed in centrifugattabes(VWR Internationdl, 15 ml metal free
centrifuge tubes)Measurements were performed with ICP-OES. Theaiedl clay fractions were
dried in a stove for 24 h at 105 °C, weighed amdsferred to 15 ml Savill&Teflon® beakers.

4.3.1.4. Destruction of the clay structure

4.3.1.4.1. Clay digestion procedure

Clay fractions were destructed via two closed Vadigestion steps using concentrated strong acids.
In the first step, 3 ml of a 2:1 HF:HN@ixture was added to the samples. Boisition was first kept

on a hot plate at 110 °C during 24 h, then allow®d@ool to room temperature and subsequently
evaporated to dryness at 80 °C. In the second #tepiesidue was re-digested using 3 ml of aqua
regia at 95 °C for 24 h, allowed to cool to roormperature and evaporated to dryness at 80 °C.
Finally, the digested clay sample was re-dissoived.28 M HCI to a final volume of 750 ul. All
steps were performed under class-10 clean lab tonslin 15 ml SavilleX Teflon® beakers. The
final samples were transferred to acid-cleaned B¢ tubes before transport to the University of

Cambridge (UK), where they underwent a cation ergeachromatography procedure.

4.3.1.4.2. Li spike recovery experiments

The digestion procedure described above might imdactionation [37]. Therefore, full recovery of
lithium during the whole digestion procedure wased at.

Six digestions of + 40 mg of NIST679 Brick Clay were performed in parallel in diitm recovery
experiment. Three of these samples were spiked 2vjily of lithium IRMM-016 standard, whereas
no lithium was spiked to the three other samplesddition, a blank and two lithium-spiked blanks,
containing 50 ng of lithium each, were treated gshre same digestion procedure.

Final samples were diluted 50-fold prior to lithiwoncentration determination with teSeries Q-
ICP-MS
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4.4. Results and discussion

4.4.1. Isolation of clay fraction

Ca 183.801
3500
3000 = & o
2500 < hd
Cca 2000 - B
(mg/1) 1500 g e & P5/FPL
1000 W K8/FPL
500 o
0 T T T T /v\ 1
0 2 4 6 8 10 12
Number of added batch 0.14 M HNO,

Figure 4-5 : calcium concentration as a functiothefadded batch of acid.

A leaching profile of ten additions of 0.14 M HN@r calcium is shown in Figure 4-5. For each
samples the dissolvation of the limestone was Wsuketerminated, as no more ¢Qas bubbles
were observed during the treatment with the lasttion. This was confirmed by the concentration
profile of Ca in the acid fractions for P5/FPL, s in Figure 4-5, and the low calcium
concentrations in the digested clay fractions iblga4.3., (except for K11/FPL and K12/FPL).
K8/FPL required additional acid fractions to elimie the limestone matrix. Higher sonication times
during batch six can explain an increase in theal®d calcium concentration at that stage. Leachin
profiles of Na, Mg, Mn, P, Sr and K are shown in4&9

4.4.2. Exchangeable Lithium

From 84.2.3, it is clear that two types of lithiwxist in clay minerals. However, the lithium prasy
applicable to the structural lithium only. It waegported by Vigier et al.(2008) [51] that structuaad
exchangeable lithium in clays have a differentapat composition. The authors synthesized smectite
clay structures and incorporated lithium into tleeabedral sites, using a 3 M LiCl solution.

After synthesis, exchangeable lithium concentrativaried between 120 ppm and 3400 ppm and
were completely removed by three treatment steps saturated 1 M NCI solution. Thed'Li
difference between the structural lithium and thiidm of the LiCl solution was -10.1 %0 at a

synthesis temperature of 25°C.

During this work, between 5 and 10 batches of 0A1MNO3; were used to dissolve the limestone and
to remove interstitial Li. However, no specific ejpnents have been performed yet in order to
determine whether all interstitial Li was removedthout loss of structural lithium.
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Nevertheless, an indication that the free cationginating from the acid and limestone dissolution
were sufficient to remove the exchangeable lithisnsupported by the following reasoning. The
exchangeable lithium in the clay samples is expetiehaved’Li values close to those of seawater,
i.e. 31.0 + 0.5 %o. On the other hand, #l&i values obtained for the clays were all slightggative,
while thed’Li values of the upper continental crust are 0%215,53]. Hence, the loweY'Li values
obtained for the clays are perfectly in line withlies that might be expected from continental crust
subjected to weathering processes. Substantiabhicométion of the samples with interstitial lithium
would inevitably have resulted in positivé’Li values. This suggests that no or negligible

exchangeable lithium was present after limestoagatiition.

4.3.3. Chemical Composition of the clays

The composition of the clay was determined withGBPIMS and ICP-OES. Q-ICP-MS was used for
determination of the Li, P, Sc, Ti, Cr, Mn, Co, My and Y concentrations. ICP-OES was used for
measuring the Ca, Na, Mg, Fe, Sr, K and Al conegiatns. Instrumental settings are mentioned in 8
9.4. The clay fraction digests of the Cretaceou$ Raleogene were diluted 100-fold, those of the
K/Pg boundary 200-fold.

The chemical composition of the different clay séaiffered very much, as shown in Table 4-2
and Table 4-3. Lithium concentrations ranged betw&ep g/l and 2440 pgl/l.
The lithium concentrations in the digested claysengsed as a reference for the load volume during

column chemistry, this is further explained in deayy.
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Table 4-2: Chemical composition of the clays irdtuson. All shown concentrations are undiluted axgressed in pg/l.

Also the corresponding LODs and LOQs have beendadsiemples of the Paleogene and Cretaceous wateddil00

times. K/Pg boundary samples were diluted 200 times

Concentration pg/l in clay digests measured viaGP-MS

Sample Li P Sc Ti Cr Mn Co Ni Cu Y
P1/FPL 84 465 140 12800 450 700 205 720 720 720
P2/FPL 22 415 125 9690 305 550 59 655 655 65p
P3/FPL 745 1600 240 58600 196Q 3440 480 2530 25B0 2530
P4/FPL 590 1660 220 51300 198(Q 3520 440 2740 2740 2740
P5/FPL 405 950 180 38800 1330 2140 51( 2100 2100 2100
P6/FPL 495 2370 190 43900 3180 5900 470 1970 19[70 1970
F2/FPL 1250 3710 300 10400( 654( 12100 955 4620 4620 4620
K7/FPL 465 1700 180 34500 2220 4130 315 1870 18[70 1470
K8/FPL 540 1990 210 42100 3650 6870 420 2380 2380 2380
K10/FPL 530 1650 210 38100 2200 4030 370 2080 20B0 2080
K11/FPL 545 2200 200 41100 3670 6920 420 2530 25B0 2530
K12/FPL 860 4700 260 54200 5740 110Q0 505 4320 4320 4320
F1/PTC 1150 2600 255 72100 441 7950 875 3520 3520 3520
F3/FDO 2440 4960 420 13300( 243( 381D 1050 6460 6460 6460
LOD 0.001 0.02 0.008 0.004 0.020 0.02 0.001 0.006 0.0D.0005
LOQ 0.004 0.06 0.03 0.01 0.07 0.06 0.005 0.019 0.04 02.0
Nuclides
onitored 7 31 45 47 52, 53 55 59 60,62 63, 65 84

The results show a typically relative uncertaintya@ouple of %.
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Table 4-3: Chemical composition of the clays irdtuson. All shown concentrations are undiluted axgressed in mg/l.
Also the corresponding LODs and LOQs have beendadsimples of the Paleogene and Cretaceous watedlilO0

times. K/Pg boundary samples were diluted 200 times

Concentration mg/l in clay digests measured via-[GPS

Sample Ca Na Mg Fe Sr K Al
P1/FPL 44 3 31 97 <LOQ 81 295
P2/FPL 120 4 16 51 0.05 59 200
P3/FPL <LOQ 20 165 675 0.37 315 1210
P4/FPL 84 20 160 610 0.47 300 1040
P5/FPL <LOQ 19 110 360 0.29 300 825
P6/FPL 87 23 120 595 0.38 280 800
F2/FPL <LOQ 71 495 2840 1.72 1270 3290
K7/FPL 93 23 120 485 0.54 310 850
K8/FPL 180 24 145 550 0.67 350 915
K10/FPL 5 27 130 435 0.40 330 870
K11/FPL 420 24 125 505 0.99 310 900
K12/FPL 3530 30 175 725 5.54 410 1230
F1/PTC <LOQ 44 360 1850 1.31 755 2600
F3/FDO <LOQ 19 920 3010 1.03 1330 4140
LOD 0.005 0.03 0.00009 0.005 0.0001 0.05 0.01
LOQ 0.02 0.08 0.0003 0.02 0.0004 0.2 0.04
Emmision 279.553 | 238.204 407.771 176.641
line (nm) 183.801 1 589.592 280.270 | 239.562 421.552 760491 308.215

The results show a typically relative uncertaintya@ouple of %.

4.3.4. Recovery after clay destruction.

In the NIST brick clay, an average lithium concatitm of 64.6 + 0.9 pg/g (n=3) was found. The
certified value (for a minimum sample amount of 25§) is 71.7 = 6.2 ug/g.

The 95 % confidence intervals of both results doaverlap, but do touch each other.

The recovery of 2 ug lithium spiked to the threesSWNIbrick clay samples was 98.0 + 3.0 %. The
recovery of 50 ng of lithium in the spiked blanksan#03.9 + 1.4 %.

These results show that lithium is not lost duting digestion process. As far as the NIST 679 brick
clay material is concerned, more experimental work larger masses have to be performed to
determine whether lithium can be fully recovereahirthe clay matrix. No recovery test with spikes
was performed for the clay samples. A recoveryQif % was assumed.

27



4.4. Summary of Chapter 4

This chapter described the origin of the samplé®irTrelation with the extra-terrestrial impact was
proven by elevated concentrations of Ir and otl&E ih earlier work.

Sample preparation consisted of four steps: (1)pfiam (2) homogenization, (3) isolation of clay

from limestone matrix, (4) digestion of clay sangple

Two types of lithium in clays occur: structuralhiiim, i.e. Li* is incorporated in tetrahedrons or
octahedrons and exchangeable lithiuge. as free cation in the interlayer between two
tetrahedron/octahedron layers.

The clay fractions were successfully separated fittweir limestone matrix and acid-digested.
Exchangeable lithium was assumed to have been dasheof the clay matrix, although this must be
confirmed experimentally in the near future. Irhiliim spike recovery experiments, full lithium

recovery was obtained during the digestion process.

The composition of the clay digest was determingtthium concentrations ranged between 84 g/l
and 2440ug/l. These concentrations were of impoegarwhen performing the column

chromatography, as described in chapters 5 and 7.
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5. Optimization of lithium isotopic analysis by MC-ICP-MS

MC-ICP-MS analysis suffers from several sourceshiak that influence the isotope ratio results
obtained. This chapter will focus on the differsatirces of bias and the various methods to overcome
them, both from a theoretical and an experimentahtpof view. In addition, the influence of the

amplifier resistance and sodium concentrationstbiuin isotope ratio measurements were studied.
5.1. Spectral interferences and mass discrimination

5.1.1. Spectral interferences

In mass spectrometry, analyte ions are separatamdicg to their mass-to-charge ratios. As a result
any positively charged species with the same nassdrge ratio as the analyte nuclide can give rise
to spectral interference, sometimes also callefaiso or spectroscopic interference, thus affecting
the isotope ratio measurement result. Since in B-MS, the analyte is isolated from the matrix
compounds, the remaining interfering species masilyinate from Ar, the acid, the solvent and/or

14N2+

entrained air [54]. Specifically for Li isotope¥C?** and ions can cause spectral overlap with

®Li*and’Li", respectively.

5.1.2. Mass discrimination

When determining isotope ratios with ICP-MS, maissrimination causes the measurement result to
show a bias with respect to the corresponding isotope ratio. This effect on in isotope ratios
originates from differences in the efficiency ofiiextraction, transmission and detection as a foimct

of the analyte mass [18,55]. Moreover, also (1)nttarix and (2) the analyte concentration have been
shown to affect the extent of mass discriminatiDifferent mathematical correction methods have
been developed to correct for instrumental massricignation [18]. In addition, various rules for

good practice regarding sample preparation and uneaent sequence have to be taken into account.

5.1.2.1. | nstrumental mass discrimination

Instrumental mass discrimination is often calledgsnibias. Mass bias is thought to be a result fthm (
the supersonic expansion occurring in the interfdescribed in 82.3. and (2) the space-chargetsffec
in the positive ion beam, described in 82.4. [54-B®th effects result in higher losses of lighter
elements, so mass bias is more pronounced foelighéments, as shown in Figure 5-1 (b) [54,56].

The magnitude of this type of mass discriminat®mfluenced by the configuration of the instrument
and the instrument settings, e.g., ion-lens vokagerosol carrier gas flow rate, position of ireh,
type of nebulizer & spray chamber, type & condifioof the conesetc. [37,55]. Optimizing the
instrument before use is necessary, but completbiginating these effects is impossible [37].

Nevertheless, various mathematical procedures t@aoisotope ratios obtained with MC-ICP-MS
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for mass discrimination have been described iditbature [56—58]. Some of these approaches were
evaluated in this work. Theory and practice aredesd further in this chapter.

5.1.2.2. Matrix-induced mass discrimination

The matrix accompanying the analyte and the soluenwhich it is dissolved can influence the
isotope ratio result. For example, space-chargrsff described in 82.4., are more pronounced when
a high concentration of a heavy matrix elementrssent [55,56,59]. Also other types of matrix
effects, e.g., caused by the presence of easilgable elements (EIES) have an, affect isotop® rati
results. High concentrations of Naand/or K, e.g., decrease théLi/°Li ratio, while high
concentrations of Sr increase the/°Li ratio [37], until present no explanation for #eeopposite
effects is described. Both matrix-matching of stdd and working with ultra-clean matrices after
analyte isolation offer a solution to deal withgbeeffects [37]. However, as the chemical compmwsiti

of clays originating from the Umbria-Marche sequergvery variable, matrix-matching would be a
very inefficient approach. Therefore, in this wogk,single-step cation exchange chromatography
isolation procedure was applied to all clay sammtesrder to achieve a purified lithium fraction.

Although lithium is isolated, certain ions will alys be present in the ion beaira. “°Ar*, 2C*, 1N,

1%0*, H* and polyatomic ions that consists of combinatiohthese elements [53].

5.1.2.3. Concentration-dependent mass discrimination

Next to matrix elements, also the concentratiothefpure analyte itself can affect the extent o$sna
discrimination. For lithium, two studies, one byé@oire et al. (1996) [37] and another by Sun et al.
(1987) [60], reported anomalies in tAe/°Li ratio with varying Li concentrations. While tiséudy of
Gregoire et al. (1996) [37] indicated a decreasthefratio with increasing concentration of lithium

as shown in Figure 5-1 (a), Sun et al. (1987) [G@jv the opposite conclusion.
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Figure 5-1 (a) from Grégorie (1996) [37]: a deceesthe’Li/®Li is measured with increasing concentration. Klm

Vanhaecke (2012) [61]:typical bias in isotope antoatio measurement results using a Neptune MCMSPinstrument.

A A+2
Isotope ratios NE)/N( E) are considered here.
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5.2. Testing of different correction models

5.2.1. Theoretical background

Two main types of correction models were used i khaster thesis to correct for mass biass, (1)
external correction and (2) internal correctionetyp

External correction uses the data obtained forsatopic standard of the same element to correct for
mass discrimination in the sample. ‘External’ refey the fact that standard and sample solutioms ar
different.

In the standard-sample bracketing technique, thst mwidely used external correction method, the
sample is preceded and followed by a standardisolof known isotopic composition. The principle
of interpolation is then used to obtain the coicecfactor for the sample. Mathematical equation of

the bracketing model:

Rtrue,std * R
R obs,std 11Robs,std2 obs,s Eq 5.1.
2

Bracketing:R;;ye s =

Riue,s= true isotope ratio of the sample, R = isotope ratio of certified reference materialpsRq = observed isotope
ratio for the standard measured before actual sarfps .~ observed isotope ratio for the standard measaited actual
sample, Ryss= observed isotope ratio for the sample.

It is important that the concentration of the seddand sample match within a range of £ 30 % to
avoid an effect of the analyte concentration onetkient of mass discrimination [18,37]. In addition
the type and concentration of the acid matrix dan affect the extent of mass bias [37]. Therefore,
standard and sample solutions should be preparédtiaé same acid type and concentration. This

correction type hence requires matrix matchingaofiigles and standards [54].

Internal correction type Il uses the mass bias rofismtope pair of another element (the internal
standard) to correct for the mass bias affectimgahalyte [62]. ‘Internal’ refers to the fact thhe
internal standard is present in the sample solstion

The internal standard, added to the solution, babet close in mass to the analyte, as correction
models assume that relative instrumental mass ichg@ation for both the internal standard and
analyte isotopes are similar, as was shown in Eigut(b) [18,54]. Of course, the isotope ratiohs t
internal standard isotope pair has to be well known

Four internal correction models were used in thiskw.e. the (1) the exponential law, (2) Russell's
law, (3) the Baxter-Woodhead approach and (4) C&@mmon analyte internal standardization)
[18,57,58].
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The exponential law is described by the followingi&tion:
ExponentialR ;,,,, = efexvon*AM xR Eqg. 5.2.

Ryue = true isotope ratio for the sample,,® observed isotope ratio for the samplen = difference in mass between

heavy and light isotopeexyon= exponential mass discrimination factor.

The exponential model (Eq. 5.2.) takes into accabetmass difference between the heavy and the

light isotope, whereas Russell’s law (Eg. 5.3.ktlnto account the mass ratio of the two isotopes.
RussellR ;e = (Z—i)ﬁ * Rops Eq. 5.3.

Ruue= true isotope ratio for the sample,,R observed isotope ratio for the sample, m1 = rofsise lighter isotope, m2 =
mass of the heavier isotope, 3 = Russell massdisation factor

Both the exponential lavnedpon & Russell’s law ([3)define a mass discrimination factor, however,
two approaches can be distinguished: (1) the aigapproach(=), whereby the mass discrimination
factor of the analyte is assumed to be the santigeasne of the internal standard and (2) the ecgdiri
approachf), where both mass discrimination factors are assuta be different. Herein, the slope
and intersect of a linear relationship between rrgss discrimination factors of the analyte and
internal standard are established based on theumnagmasnt of standard solutions and are subsequently
used to calculate a new mass discrimination fatdorthe analyte in the sample based on the
experimentally determined mass discrimination fafothe internal standard.

The next model applied in this work, is the Baxtéoodhead approach:

R obs,s*Rtrue,std

Baxter-Woodhead®,, . s = b0 o1 Eq. 5.4.

*Rops,Is

Riues= true isotope ratio for the sample,, 2 = observed isotope ratio for the samplg,.Rq= isotope ratio for the
certified reference material,,) ;s= observed isotope ratio for the internal standbgaind i represent the intersect and
slope, respectively, of a linear calibration liretveeen In(Rys, 9 and In(Rps, 19-

The final correction method used here is the CAI&eh [58]. A series of standard solutions, of
which some were spiked with various concentratioh$iCl, with known isotopic composition of
lithium and boron was measured, wherein lithium Wasanalyte and boron was the internal standard.
The observed lithium ratiodLi/ ®Lisaon9 and the observed internal standard ratitB/{’Beq on) Were
plotted against each other to construct a lineltiomship. For each sample, the intersect and the
slope of this linear relationship together with titeserved internal standard ratfoB{**Bsig.on) Was
used to calculate the expected lithium isotopeorafithe standard as if it would be present in that
sample {Li/®Lisq.ca). The ratio of the true lithium ratio of the stand (Li/°Lisq) to the calculated
expected lithium ratio’ i/ ®Lisq ca) Was set as a correction factor for that particatample. Finally,
the multiplication of this correction factor withhé observed lithium ratio in the sample

("Li/®°Li sampieobs resulted in the corrected lithium ratitif °Li samplecors) Of the sample.
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Additionally, both external and internal correctiorethods can be used in combination, e.g., through
application of standard bracketing after the rashtive been treated according to any of the interna
correction type Il methods. In this work, both tleeult obtained without and with additional extdrn

calibration after application of an internal cotres model are reported.

5.2.2. Experimental

5.2.2.1. Reagents

Hydrofluoric acid,Fischef®, of ultrapure grade was used.

5.2.2.2. Sample preparation

Six solutions (15 ml) with different concentratibnB ratios ranging from 1:5 (50 pg/l : 250 pg/ t
5:1 (250 pg/l : 50 pg/l) were prepared. Another sebds of six solutions (5 ml) with the same Li:B
ratios and concentrations were prepared, one sehiwh was spiked with 0.5 M HCI and the other
spiked with 2 M HCI. The latter solutions were e to deliberately induce different extents of
mass discrimination compared to the non-spikedtisois, for application of empirical models. All

solutions were prepared in 1 % (v/v) HF.

Table 5-1: Li:B ratio in solutions and corresporgdaoncentrations of Li and B.

Solutions for correction model testing

Li:B 1.5 1:2 11 2:2 2:1 5:1
Li (ug/l) 50 50 50 100 100 250
B (ug/l) 250 100 50 100 50 50

5.2.2.3. MC-I CP-M S measurements

The prepared solutions were measured using theuRe¥IC-ICP-MS instrument. The introduction
system consisted of a Teffdmicro-concentric nebulizer in combination with eo8 Teflor® spray
chamber. The sample introduction rate was 100 pl/@iplasma torch with a sapphire injector tube

was used.

Eleven replicate measurements were performed fdr ran-spiked solution. The meahLi and the
standard deviation (s) were calculated froméilli results in case no bracketing was applied after
internal correction and from 9 measurements in baaeketing was applied, with or without internal
correction. HCl-spiked solutions were randomly nueed three times in-between every set of 11

duplicate measurements of non-spiked solutions.iigteumental settings used are shown in §89.5.

5.2.3. Results & discussion

The results obtained via different correction medate shown in Table 5-1. The theoretid4li

value of the IRMM-016 isotopic reference materi@kzero. The meaé'Li values and uncertainties,
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calculated as two times the standard deviationshosvn per correction model for the various Li:B

concentration ratios.

Overview of results via various correction models

1.5 1.2 1:1 2:2 2:1 5:1
7 -
Meano 0.0 0.0 0.0 0.0 0.0 0.0
Bracketing Bracketing (%o)
Uncertainty 0.3 0.4 0.3 0.3 0.3 0.3
7 .
Without Mef‘%:l? L 72.2 72.1 72.8 74.2 74.3 75.0
Original exponential| - bracketing Uncertainty | 0.2 0.4 0.6 0.5 0.5 0.7
. . . . . . .
el =2 With Meand'Li 0.0 0.0 0.0 0.0 0.0 0.0
additional (%)
bracketing | Uncertainty 0.2 0.4 0.4 0.2 0.3 0.4
Meand'Li
exponential bracketing
(ELIZEB) law, Uncertainty | 0.3 0.3 0.6 0.4 0.5 0.6
empirical Russell -
law (BLiRBC] and With Meand Li
Baxter-Woodhead | agam %) 0.0 0.0 0.0 0.0 0.0 0.0
bracketing | Uncertainty 0.2 0.5 0.5 0.2 0.4 0.4
7 -
Without Me("f}/';f)" L -13.5 -13.5 -12.6 115 1.1 -10.4
0 bracketin
Or'g'”Lﬂvsusse" 9 I Uncertainty | 03 0.3 0.5 0.3 0.5 0.6
el =2 With Meand'Li 0.0 0.0 0.0 0.0 0.0 0.0
additional (%)
bracketing | uUncertainty 0.2 0.5 0.5 0.2 0.5 0.5
Meand'Li
Without %) 0.0 -0.1 -0.2 0.0 -0.1 -0.1
bracketin
2 Uncertainty 0.3 0.3 0.6 0.4 0.5 0.6
CAIS —
With il 0.0 0.0 0.0 0.0 0.0 0.0
additional (%)
bracketing | Uncertainty 0.2 0.5 0.5 0.2 0.4 0.4
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Figure 5-2 (a)d'Li values obtained according to the empirical exgial law €Li # €B) as a function of the Li
concentrations(byy’Li values obtained according to the empirical exguial law ELi # €B) model in combination with

standard bracketing as a function of the Li conegian. Uncertainty is two times the standard déma(s)

Results comparable to published values, both mgesf accuracy and precision, were obtained for all
the models tested, except for the original Russélv (3Li = 3B) and the exponential la@L{= €B)
without additional bracketing. This indicates ttfa¢ original exponential law and Russell's law are
essentially inappropriate for mass discriminationrection of lithium isotope ratios in MC-ICP-MS.
When bracketing was applied in addition to the iaafexponential law and Russell’s law, better
results were obtained in terms of both accuracymadision that are similar to those obtained k& t
other correction models.

The empirical exponential lavgl(i # €B), empirical Russell's law (3L# 3B) and Baxter-Woodhead
approach, both with and without additional bragkgtgave the same results This shows that the
assumption of equal mass discrimination factors foron and lithium, as made in the original
exponential law and Russell’s law, is not validr Both the exponential law and Russell's law,
documenting and exploiting the linear relationshgiween the mass discrimination factors of boron
and lithium leads to better results. An exampleuwath a linear relationship is shown in §9.5

It is clear that additional external correction nonyes the results obtained after internal correctio

This is also illustrated in Figure 5-2. More gragaiioverviews can be consulted in §9.5.

Because simple external correction in a sampledstanbracketing approach, gave accurate results
and provide the best precision, including constetiies despite various Li:B concentrations ratios,

this correction method was selected for furtheregixpents.
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5.3. Selection of amplifier resistance

The MC-ICP-MS Neptune instrument is equipped withenFaraday cups, which can be placed in
different positions relative to each other. Becatlrgesignal in this multiple collectors is a veowl
current, an amplifier system is used. From Ohmis (& = IR) can be derived that the magnitude of
the resistor governs the amplification [63]. Theref the measured voltage is proportional to biag¢h t
intensity of the ion beam striking the Faraday and the applied resistance [64].

Different amplifiers, each with a different resista (13° — 10Q), can be connected to the faraday
cups. Switching from a #bto a 132 Q amplifier increases the signal ten-fold, wherdws rioise is
increased with a factor ofL0 [24,64]. In practice, the signal-to-noise rasiomproved by a factor of
two [64].

In a series of experiments performed at the samedifferent amplifiers were linked to the Faraday
cups. Lithium solutions of various concentratiowgh known isotopic composition, were analyzed.
The purpose was to check which combination of dmpland Li concentration in solution gave

acceptable precision and accuracy.

5.3.1. Experimental

5.3.1.1. Reagents and sample preparation

IRMM-016 Li isotopic reference material was usedtfte preparation of 0.5; 5; 50; 200 pg/l lithium
solution in 0.28 M HNQ@

5.3.1.2. MC-I CP-M S measurements

Measurements were performed with a Neptune MC-ICR-Measurements of different lithium
concentrations were performed in combination wiffecent sets of amplifiers. These combinations
(together with the results) are shown in Table 5-3.

Blank solutions were analyzed in-between standaldtisns. Eleven replicate measurements were
performed for each combination of concentration antplifiers. External correction in a sample-
standard bracketing approach was used for caloglaie corrected’Li values. The mead’Li and
standard deviation (s) were calculated from thea@letedd’Li results. Instrumental parameters are

shown in § 9.5.
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5.3.2. Results & discussion

Table 5-3: results of the MC-ICP-MS amplifier tddhcertainty was calculated as two times the stahdaviation (s).

MC-ICP-MS amplifier test

Concentration Li amplifier °Li amplifier d7Li Uncertainty
IRMM-016 0.0 1.1
0.5 pgll 10" Q amplifier 102 Q amplifier -7.5 15.8
5 g/l 10" Q amplifier 10 Q amplifier 0.2 3.9
5 pgll 10* Q amplifier 102 Q amplifier -0.1 1.7
50 pg/l 10" Q amplifier 10* Q amplifier -0.2 0.3
50 g/l 10* Q amplifier 10* Q amplifier 0.1 0.2
50 ug/l 10" Q amplifier 102 Q amplifier -0.1 0.1
200 pg/l 10" Q amplifier 10 Q amplifier 0.0 0.2
MC-ICP-MS Amplifier Test
G I
Q F:gafer‘ernn;e o 7
ti Sppbsé‘.?Ll \10"171 arn;alifier
4 O 50ppb BA7Li 10*1 amplifier
A 50ppb BLI10M2; 7Li 101
© Sppb 6&7Li 10M2 amplifier
O 50ppb B&7Li 102 amplifier
2
2 i {9
CYLI (/00) 0 1\ I [] A \ O
-2
-4

Figure 5-3 graphical representation of the redtdtis the MC-ICP-MS amplifier test, 0.5 pg/l solutics not shown.

Uncertainty is two times the standard deviation (S)

Precisions of 0.1 and 0.2 %o were obtained for g §/l solutions lithium in combination with 0
Q amplifiers for bott’Li and ‘Li and a 16% Q amplifier for °Li together with a 18 Q amplifier for
"Li, respectively. Results with’Li precision of 0.2 %. were obtained for the 200lisglution lithium
in combination with 18Q amplifiers. This is shown in Figure 5-3. As theaamt of lithium in the
clay samples is limited, solutions with 50 pghiitm are more representative for the final samfues

be analyzed in this work. When looking into mordadeat the results for the 50 pg/l lithium
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solutions, no substantial differences in accurang arecision between the different amplifier
configurations were observed, although the us@8fQ amplifiers can offer an advantage, especially
for quantification of®Li. It was decided to use a f0Q amplifier for °Li detection and a 16 Q

amplifier for ’Li detection.
5.4. Influence of sodium concentration on Li isotope ratios

Measurements of lithium isotopes in ultraclean sohs is preferred to avoid the effect that matrix
may exert on the extent of mass bias. In the nlexpter, a cation exchange column chromatography
technique is described to isolate lithium from dtay matrix. Herein, separation of lithium from
sodium is the limiting factor. However, due to aamination or incomplete separation, the presence
of sodium in the final samples cannot always badead

Therefore, a sodium tolerance test was performeatetermine the highest sodium concentration that

does not alter the correctéfLi values by more than + 0.3 %o.

5.4.1. Experimental:

5.4.1.1. Reagents and sample prepar ation

Both standards and samples were prepared from IRMI&standard solution and were dissolved in
0.28 M HNGQG. All solutions contained 50 pg/l lithium. The sdeg were spiked with different
concentrations of sodium, ranging from 0 to 20,00d.

5.4.1.2. MC-I CP-M S measurements

Measurements were performed with a MC-ICP-MS NeptuBlank solutions were introduced in-
between standards and samples. External corregfimy the sample-standard bracketing approach
was used for calculating the correc@fdi values of both bracketing standards and samfiles.
standard deviation (s) was calculated from all tracketing standards measured during the

experiment (n=25). Instrumental parameters are showg 9.5.
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5.4.2. Results & discussion

B Sample
1 5 L 1 1 1 1 1 1 1 1 1 1* 1 1 1 I
)
5000 ppb
Na
1
250 ppb Na
0’5 T 1000 ppb
50 ppb Na 5000 ppb
5 ppb Na Na T = Na
0,3
7 |
a LI O [ ] T [ ]
o m T 2T T AP T TP e JL ¢ (20000 ppb Na|
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. ! 100 ppb|Na - ] 4
& [
'0,5 r I 7500 ppb Na
25 ppb Na 500 ppb Na
20000 ppb Na
10000 ppb
Na
-1
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No Significant difference

significant difference
Figure 5-4: grey solid triangles are IRMM-016 starttisolutions containing 50 pg/l Li. Green solidaegs are IRMM316

standard solutions containing 50 pg/l Li plus difet concentrations of Na, as noted in the figkreor bars represent two

times the standard deviati

The precision obtained during that measurementvels/ 0.3 %o0. No significant deviations between
the &'Li results for standard solutions and spiked samplespectively, were found until a
concentration of 5,000 pg/l sodium was exceedeomFa concentration of 10,000 pug/l Na onwards,
the meard’Li value obtained for the spiked samples fell algsif the 95 % confidence interval of the
pure standard solutiong. 0.0 £ 0.3 %0. Nevertheless, the error bars ofstiaadards and all samples
still overlap. Though, it is clear that at high centrations of sodium, the mass discrimination is

affected, leading to an erroneous decrease in #suaned lithium isotope ratio. This decrease was
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also reported by Grégoire et al.(1996) [37], axdesd in § 5.1.2. and cannot be explained by space
charge effects.
In conclusion, the maximum allowable sodium coneidn in samples containing 50 pg/l lithium

was set at 5,000 pgl/l.
5.5. Summary of chapter 5

An overview of possible sources of bias durilgi measurement by MC-ICP-MS and how they can
be dealt with were described. Several internalemtion models were evaluated, i.e. the exponential
law, Russell's law, the Baxter-Woodhead approacth @AIS, however, external correction in a
standard-sample bracketing approach was found thiéenost efficient method, giving rise to best
accuracies and precisions. The concentration ahlthe bracketing standards should always have
similar (= 30%) concentration as the analyte.

Additionally, a concentration of 50 pg/l lithium weset as a suitable concentration to perform
measurements. Considering the detector configurattie Faraday cup collecting tfii signal is
best operated with a 30Q amplifier, while the'Li signal can be amplified using a't@ ampilifier.
Finally, the sodium tolerance test indicated thatarsodium concentrations of 5,000 pg/l in samples

containing 50 pg/l lithium no bias in the lithiusotope ratio is to be feared.
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6. Column Chromatography

6.1. Introduction

Isotopic analysis via MC-ICP-MS suffers from instrental mass discrimination and the extent of the
phenomenon is affected by the matrix. Thereforeruaial step in the sample preparation process is
the isolation of Li from all matrix elements [53;6%/].

lon exchange column chromatography is able to peotine necessary separations [53,65-68]. This
chapter describes the necessary column calibratidmperformance checks carried out before loading
any actual samples. The calibration was performigld a mixture of digested clay fractions of the
samples and has the intention to evaluate if campisolation of lithium is achieved. The
performance check was done with seawater to make that d’Li values are consistent with

published measurements.
6.2. Principle of cation exchange column chromatography

Chromatography is based on exchange of the anbbtieeen a mobile and a stationary phase.A
suitable resin packed in a tube acts as a stayigrtaase, while the liquid phase running through the
tube is called the mobile phase or the eluent.sSalved sample containing a mixture of cations and
anions is introduced on top of the column. Theoretiin the sample solution can be exchanged with
cations of the resin. When a suitable mobile plass through the column, remobilizing the cations
that show affinity for the stationary phase. Thetieh order depends on the relative affinity foe th
stationary phase and the affinity can be influenogdhanging the composition of the mobile phase.
The rate at which a specific cation passes thrahgltolumn depends on (1) the resin, (2) the eluent
and (3) the cation [69].

6.3. lon chromatographic isolation of Li: theoretical approach

The isolation of lithium was performed using a $#agtep cation exchange procedure, based on the
principles of Strelow (1960) [70], who describee tisolation for large amounts of lithium, in the
order of mg to pg [68]. Additionally, Misra & Froeh (2009) [53] developed a procedure for
isolation of small amounts of lithium, in the ordefr ng, giving 100 % recovery [53]. The setup
described by Misra & Froelich (2009) [53] was ugethis work.

Also other techniques or chromatographic procedaresused as isolation tool for lithium, e.g.
solvent extraction [71], multi-stage ion exchangeomatographyj.e. by usingseparate stages of
column chromatography wherein the different colurarespacked with the same resin [66], inorganic
cation exchange,e. by using an inorganic resin instead of organsinr§72], double column i.e. by

using two columns packed with a different resin|[73
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®Li* + HR S °LiR+ H*
—(7Li*+HR s "LiR + HY) Eqg. 6.1.
8Li* + 7LiR S °LiR+ "Li* K>1
Isotopic fractionation process shown as an eqiilibmprocessiLi is preferentially retained in the stationary pba

R=Resin, K=equilibrium constant.

a b
100 S 10
Load Li (2 ng)
A
50 | 11
<« Mass Li
, o® 10"
su [N, Mass
(%) 'Li Load Li Li
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-100 | 8L (%) —> {10°
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Figure 6-1 (a) from Taylor & Urey (1938) [74]: lithm isotope ratio as a function of fractional edutiof lithium. "Li/°Li
of the loaded lithium is 11.7 (b) from Misra (20Q93]: Lithium isotope ratio as a function of framtal elution of

lithium. &’Li values are indicated as solid squares.

Quantitative lithium recovery (100%) is crucial anpronounced on-column isotope fractionation
occurs during the isolation process. Reactionsoresiple for the fractionation are shown in Eq. 6.1.
The pioneering study by Taylor and Urey (1938) [gHdws thafLi shows higher affinity towards the
stationary phase thafiLi. Therefore, the lithium fraction eluted first isotopically heavier; this
fraction is called the leading sample. The lithidiraction eluted last is isotopically lighter; this
fraction is called theailing sample [74]. This is illustrated in Figuel (a). The'Li/°Li ratio of the
leading & tailing sample are approximately 14.1 &8l respectively. Hence, a difference of 5.3 in
"Li/®Li ratio was found throughout the Li elution profile. In désh, Misra & Froelich (2009) [53]
calculated that the difference diLi value between the leading and the tailing sancple be as high
as 200 %o [53], as shown in Figure 6-1 (b). Consetiyeif the recovery is less than 100 %, isotopic
analysis after the chromatographic separation mol be correct, as it would be affected by an
artificial column-induced bias.

The interaction of each cation with the stationginase and mobile phase can be summarized by the
distribution coefficient K[75]:

Amount of ion on resin x volume of water phase (ml)
d =

Amount of ion in water phase x gram dry resin

[Cresin]

B [Cwater phase]

Eqg. 6.2.
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Distribution coefficients are influenced by (1) &pf resin, (2) molarity of the acid in the mobile
phase, (3) type of acid in the mobile phase andddd of amount of loaded cations to amount of
resin, both expressed as number of equivalentssifipe charges (q) [70].

Different resins are on the market, but those nsostmonly used for cation exchange are listed in
Table 6-1 [53,68,70,76,77].

Cation exchange resins are characterized by diffexgecifications & applications [77]. Resins used
for isolating lithium are AG 50W-X8/X12, AG MP 5hd BIOREX 70. The resins have different
capacities, which affect the amount of cations taat be exchanged. The AG 50W resin, which was
used throughout this work, is available with vasodegrees of crosslinking. Less crosslinking
indicates a more open structure of the resin. Alse,AG 50W resin is available in different mesh
sizes. The mesh size is a unit for the particle sizthe resin, where higher mesh size resins are
characterized by smaller particles, have lower ftates and offer higher chromatographic resolution
[78].

Table 6-1: specifications ion exchange resins.

Specifications ion exchange resins

Resin Crosslinkage Min. Wet Capacity (meq/ml) lonic Form PH Range
AG 50W 2,00% 0,60 Hydrogen 0-14
4,00% 1.3 Hydrogen 0-14
8,00% 17 Hydrogen 0-14
12,00% 2,1 Hydrogen 0-14
AG MP-50 Macroporous 15 Hydrogen 0-14
BIO REX 70 Macroreticular 2.4 Hydrogen 5-14

The molarity of the mobile phase has a large imib@ée on the distribution coefficients. With
increasing molarity of the eluent,qlflecreases [70,79]. This can be seen in table 6.8trgxger
competition between the cations of the sample hadH in the mobile phase occurs with increasing
molarity. As a result, the amount of cations in th@bile phase increases angdécreases.

The type of acid plays a role in complex formatamm ion pairing. With HCI, distribution coefficient
of HZ**, Cf*, Fé"* and Md" will be lower than when using HN@ue to complex formation of these
ions with CI. Lower values of Kfor C&*, S#* and B&" in HNO; compared to HGire explained by

a higher amount of ion pair formation with Bi@an with Cl. Nevertheless, there is still an increase
in the amount of cation in the mobile phase witljhler molarities of acid [70,79].

The distribution coefficient Kis used for calculating the eluted volumg @orresponding with

maximum peak height of the cation of interest [3(,7
V= K; x (mass of dry resin in the column) Eg. 6.3.

The ratio of cations in equivalents between loadl r@sin, g, also changes the Walues. In general, a
decrease of g, gives an increase @f Kor Ky values below 2Qhe influence of q is rather small, but
Kg values around 50 tend to change a lot with changirSo, as the total amount of cation loaded on

the column increases, a shift occurs in the pasitb the elution maxima towards lower elution
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volumes. This effect is more pronounced for elemeavith higher K values. On the other hand, the
tail of the elution curve stays on the same pasitiothe elution profile. Hence, increasing theakot
cation load with the same amount of resin and caitipa of the eluent, will give rise to broader and
unsymmetrical peaks, this is shown in Figure 6+dsphenomenon is called tailing.

In practice, ion selectivity stays unaffected i€ thmount of cation equivalents of the sample Isad i
less than 0.1 times the total amount of equivalefhtke resin [80]. In other words, sample load mus

not exceed 10 % of the column capacity.

1.6 [ i
14k 41 2&24
1.2 [ F0-
1. [ 0~0.0

0.8
0.6

0.4
0.2

MEQ Ca per 25 n

100 200 30C 40C
Eluate (ml)

Figure 6-2from Strelow (1960) [70]. effect of increasing loaw the

chromatographic peak.

In addition, the separation factor indicates hovll peaks of different cations are separated.

cl
_Ki _wn

KS* v,

a Eq. 6.4.

The higher the separation factor, the better thiems of different elements can be separated. When
working with inorganic acids, such as HCI or HN@istribution coefficients of lithium are slightly
lower than those of sodium [66,70,79], therefarg, values are slightly larger then 1, indicating that
Na' is eluted after L'i [37,66,81]. As the separation factors betweernuiithand other elements are
higher [70,79], a successful Li isolation alwaypeieds on whether complete separation betweén Li
and Nd can be accomplished.

Although the separation factors of lithium and swodliare not affected to a large extent by varyirgg th
molarities, the elution volume corresponding to maxm peak height does. This is shown in Table 6-
2 with data from Strelow (1960) [70], calculatediwkq. 6.3. and 6.4.
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Table 6-2: different influences of the molaritytbé inorganic acid on sodium and lithium. Usedrtbstion coefficients

are from Strelow (1960) [70]. Full data availabie8i9.6.

Kd values at different molarities of hydrochloricia

Molarity HCI
Element 0.1 0.2 0.5 1 2
Sodium 52 28.3 12 5.59 3.6
Lithium 89 18.9 8.1 3.83 2.5

Eluted volume at maximum peak heighfmil) at different molarities of hydrochloric acid

Molarity HCI
0.1 0.2 0.5 1 2
VNa 520 283 120 55.9 36
vLi 330 189 81 38.3 25
vNa - vLi 190 94 39 17.6 11

Separation factow at different molarities of hydrochloric acid

Molarity HCI
0.1 0.2 0.5 1 2
OLiNa 1.58 1.50 1.48 1.46 1.44

As the molarity of the inorganic acid increases, distance between the’l& Na" peaks decreases
and the eluted peaks become sharper [81].

Also the separation facterdecreases slightly with stronger inorganic ac&d¢can be seen in Table 6-
2. It has been demonstrated that variations. walues are small between various inorganic acids
[70,79,82]. Separation factors can be increased bgctor of 2 to 3 by working with a mixture of
inorganic acids and organic compounds, such a®mEeethanol or methanol [83]. Although the
separation factors increase, some negative efégasay i.e. (1) faster degradation of the resin, (2)
unstable distribution coefficients leading to migya of the peaks, (3) high and variable lithiundan
sodium blanks and (4) larger eluent volumes furtimereasing lithium blanks [53,66,73,84,85].

Therefore, it was decided not to use organic saévinr lithium isolation.
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6.4. lon chromatographic isolation of Li: experimental

6.4.1. Eluent preparation

Double-distilled hydrochloric acid, used for caliting, conditioning and eluting of the columns, was
prepared from reagent grade HCI (Fischer). It wheetl to a concentration of 0.5 M.

Hydrochloric acid Optima6M was used for pre-washing the columns.

6.4.2. Column specifications

Table 6-3 Column characteristics and specifications

Column Characteristics Specifications

Column material Teflon® (Savillex®) columns with
Teflon® frits

Internal diameter 3.2mm

Resin type AG 50W-X8 (100-200 mesh size)

Resin volume 2.0 ml (wet)

Resin capacity 3.4 meq (1.74 meg/ml wet capacity)

Resin height 250 mm

Resin mass 169

Eluent flow rate 0.025 ml/min

Load volume 22 pl to 108 pl (dissolved individual clay samplés)
50 pl to 125 pl (column calibration)

Equivalent load 0.0041 meq to 0.0307meq

Pre-wash 6 M HCI (6 ml)

Conditioning 0.5 M HCI (6 ml)

Load matrix 0.5 M HCI

Elution matrix 0.5 M HCI

Li fraction 5 ml to 10 ml

Operational temperature 20 °C

Teflon® columns with Teflof frits with an internal diameter of 3.2 mm and @gheof 250 mm were
packed with 2 ml of Bio R&UAG 50W-X8 (100-200 mesh size) cation exchange résithe
hydrogen form. The resin consists of a styrenengibienzene copolymer lattice to which sulfonic
acid functional groups are attached [78]. The totglacity of the resin is 3.4 meq (1.74 meqg/ml).
Cation equivalents of the loaded samples are kess 1 % of the capacity of the total resin, as show
in Table 6-4. The total sample cation loads wetaneged using the elemental composition of each
clay fraction as determined in chapter 4. Eleméaiten into acount were Li, Na, Mg, Al, P, K, Ca,
Sc, Ti, Cr, Mn, Fe, Co, Ni, Cu, Sr and Y. All tottion equivalent loads were calculated by taking
the highest oxidation state into account. Nine iwwis were calibrated, eight of which were used for

final sample treatment.
46



Table 6-4: mili-equivalent of loaded samples. P1L/BRd P2/PFL were concentrated 6.5 times. F3/FD®dilated 2

times.

Capacity of loaded samples

Name Load volume (ul) Meq Percentage of 3.4 meq
P1/FPL 50 0.0299 0.881
P2/FPL 50 0.0226 0.664
P3/FPL 65 0.0131 0.384
P4/FPL 82 0.0147 0.432
P5/FPL 107 0.0142 0.417
P6/FPL 91 0.0134 0.394
K7/FPL 89 0.0129 0.380
K8/FPL 85 0.0132 0.387
K10/FPL 87 0.0142 0.417
K11/FPL 84 0.0126 0.371
K12/FPL 57 0.0145 0.426
F1/PTC 21 0.0220 0.647
F2/FPL 21 0.0097 0.284
F3/FDO 22 0.0041 0.120

Empty columns were first washed with methanol andli-) water. Packed columns were pre-
washed with 6 ml of 6 M HCI, then back-washed withili-Q water and conditioned with an
additional 6 ml of 0.5 M HCI. First, a column cahition was performed using mixtures of dissolved
clay fractions of the samples, followed by seawsteevaluate if correct’Li values were obtained.
Finally, the clay fractions of the samples weredkxh one or two times. Pre-wash, back-wash and

conditioning was always performed in-between ewanyple loading.

6.4.3. General overview of sample processing

An overview of the different steps, the samplespssed and analyses performed on various fractions
is provided in Figure 6-3. Starting with the (1l)etleolumn calibration, performed with various
mixtures of the clay fractions of the samples; pexting with (2) the performance check, performed
with Sargasso seawater samples; and ending witth€3glay fractions of the samples. The overview

is a guideline for this and the next chapter.
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Final

Volume Aliquot Instrument Analysis

Technique Method Elution

1. Calibration 1.5ml SC-ICP-MS Elemental

" " 1.5ml 2 % (viv)
Elution profile HNO,

Pre-elution 1.5ml 2 % (viv)
(0-5 ml) HNO, 1.5ml Q-ICP-MS n.a.

850 pl MC-ICP-MS Isotopic

Lithium elution
(5-10 ml)

2. Performance

1 ml 2% (viv)
check HNi

3

lon
exchange

150 i Q-ICP-MS na.

chromato-
graphy

Post-elution 1.5ml 2 % (viv) _1CP.
(10-15 mi) HNO, 1.5ml Q-ICP-MS Elemental

Pr(eo—-esltg]ign 15ml Q-ICP-MS

15 m'l_&gog(v/v) Elemental

850 pl MC-ICP-MS Isotopic

Lithium elution

1 ml 2% (viv)
(5-10 ml) HN

3

3. Separation

150 pl Q-ICP-MS Elemental

Post-elution
(10-15 ml)

It I Nt N
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e . e e . Y e
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e et et e e e et e

1.5 m}l{ﬁgc;(v/v) 1.5ml Q-ICP-MS Elemental

Figure 6-3, graphical overview of column chromaggdry experiments performed in this work and subseganalysis of

collected fractions

6.4.4. Column Calibration & seawater load

Column calibration is the first step in the procedaof the isolation of lithium from its clay matrix
Column calibration is necessary to determine whgthecomplete separation of Lirom Na can be
accomplished and (2) the fraction intended foridith analysis contains 100 % of the loaded Li
within that elution volume. In a second experimémihjum was isolated from seawater in order to

compare the obtainetlLi values with the published values.

6.4.5. Column Calibration

6.4.5.1. Experimental

6.4.5.1.1. Column loading

In total, nine columns were loaded with digesteay dlactionsj.e. three with a mixture of ‘P clays’
solution, three with a mixture of ‘K clays’ solutis and three with either F1, F2 or F3 KT boundary
clay solution. The solutions of clay fractions werepared as described in chapter 4. Mixture Pavas
mixture of 50ul of each of the digested clay fractions of the glas from the Paleogene (P/FPL) and
50 ul of 0.5 N HCI. Mixture K was a mixture of 5@ of each of the digested clay fractions of the
samples from the Cretaceous (K/FPL), except forcthg fraction of sample KO/FPL, and 1QDof
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0.5 N HCI. Of each mixture, 3 different volumes, 300 and 125 pul, were loaded on three different
columns for column calibration.

During column calibration, elution fractions of 08 or 1 ml (depending on the elution fraction) wer
collected in 7 or 15 ml acid-cleaned Teffobeakers. Based on analysis of these individuatifras,

an elution profile could be constructed (see fuijthe

The collected elution fractions were evaporatedrimess on a hotplate at 80°C and re-dissolved in

1.5 ml of 0.28 M HNQ All steps were performed under class-100 clearctadalitions.

6.4.5.1.2. SC-ICP-MS measurements

Lithium and sodium concentrations in the elutecctims were determined with a SC-ICP-MS,
element XR.
Measurements were performed under class-100 ciacdnditions with a 1250 W RF hot plasma

and a Scott-type spray chamber. The sample aspirate was 50 pl/min.

6.4.5.2. Results and Discussion:

—2— 75 pl Mix P Na
—— 100 pl Mix P Na
—2— 125 pl Mix P Na

120 L 1200 —{— 75 ul Mix K Na

T —{— 100 pl Mix K Na
100 Li|peak Na peak 1000 —{— 125 pl Mix K Na
80 800 —O—F250 pl Na
—O— F3 50 pl Na
L| 60 600 Na —— 75 pl Mix P Li
(ng) (ng) —a— 100 pl Mix P Li
40 400 —a— 125 pl Mix P Li
—— 75 pl Mix K Li
20 200 ) )
—— 100 pl Mix K Li
—— 125 pl Mix K Li
04 0
( |) —— F250 pl Li
m
—e—F350 pl Li

Figure 6-4: elution profile - the peaks are noramedi, so that the lithium peak of each column o&tme 0. Open symbols
refer to sodium, solid symbols refer to lithiumidngles refer to samples of mixture P, squares tefsamples of mixire K

and circles refer to samples of the K/T boundary.
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By performing the column calibration, a detailec¢ttpie of the elution profile per column was
constructed, as shown in Figure 6-4. It is cleat #very column has a minimum separation of 1.5 ml
between the lithium and sodium peak, hence comjdetation of lithium was accomplished. From
this experiment, it could be concluded that thegduion fraction had a volume of 5 ml, the lithium
fraction elutes between 5 and 10 ml and the pasgieel fraction starts from 10 ml of eluent volume
on. No differences were measured between the psadi the different loads, except for column three
(125 pl mixture P), where the sodium peak (opermreiangles) eluted earlier during the column
calibration. Also, the flow rate of this column waery low and therefore, this column was no longer
used in further work.

Due to time constraints, no complete elution peofif the sodium peak was measured. Therefore, no
exact values fory, were calculated and no separation factors couldebermined, cf. Eq. 6.3.

Columns three and four gave a slight sodium peakeiween the lithium and main sodium peak.
These small peaks were probably related to thetfattonly one aliquot of 6 M HCl was loaded

during the pre-wash before the very first sampéel]oe. the column calibration.

The columns were pre- and back-washed and conddibefore loading the seawater samples.

6.4.6. Seawater loads

Seawater samples were loaded at two different stafeolumn chromatography worke. once,
using all columns, right after the column calibpatiand a second time, using three columns, dfeer t
columns had been loaded with several clay samplé$ad been regenerated.

6.4.6.1. Experimental

6.4.6.1.1. Sample treatment

Sargasso seawater was used as sample. The orggowd solution contained 175 pg/l lithium,
corresponding to ocean water concentration. Itfwsispre-concentrated 3.5-fold through evaporation
on a hotplate. The pre-concentration step was sapgdo achieve a small load volume (60 pl)
containing a sufficient mass of Li (36.8 ng).

For each replicate, 6@ of concentrated Sargasso seawater containingogippately 35 ng lithium
was loaded onto the columns. Pre-, lithium- and-pagion fractions were collected in acid cleaned
Teflon® beakers.

Eluted fractions were evaporated to dryness ontpldte at 80°C (sub-boiling temperature) and re-
dissolved in 1.5 ml of 0.28 M HNQOLithium concentrations were determined in botl-@nd post-
elution fractions, while sodium concentration watedmined in the pre-elution fraction only, using
Q-ICP-MS. The lithium isotopic composition of théhium-elution fraction was determined using a
MC-ICP-MS Neptune
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6.4.6.2. Results
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Figure 6-5:0'Li values obtained in Sargasso seawater accordinogltmn number.
Solid triangles are columns loaded in runl, opemgles are columns loaded in run 2.

Error bars are two times the instrumental standaxdation (2s)

The &'Li value of current seawater measured by MC-ICPdforted in the literature ranges from
29.0 £ 0.6 %o to 31.8 £ 1.8 %o, as indicated by theskinterval in Figure 6-5. The use of different
lithium isolation procedures can explain this rnekgly wide range reported in literature [12]. In
general, 31.0 £ 0.5 %o is taken as an averageemtervalue, indicated as grey interval in Figufe 6-
[12].

In every pre-elution fraction, the lithium conceion was below the limit of quantificatione. 0.2
pa/l. The limit of quantification for sodium was |&y/l. Significant sodium concentrations in pre-
elution fractions of columns C1, C2, C5, C6 werk 30.0, 71.2 and 16.0 pg/l, respectively.

In every post-elution fraction, except for C5, ilithhn was below the limit of quantification. The post
elution fraction of C5 contained 0.31 ng of Lithiufirhis is approximately 0.9 % of the total amount

of lithium loaded on the column.
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6.4.6.3. Discussion

The &'Li value determined in lithium elution fractions svaituated within the range éfLi values
reported in the literature. Only using column CSjgnificantly lowerd’Li value (29.6 + 0.5 %o.) was
found for seawater compared to the other columnpogsible explanation could be anomalies, such
as air bubbles or breakthrough of sodium, withm dleviating column. In addition, approximately 0.9
% of the lithium was eluted in the post-elutionctian. As stated in § 6.3, the last part of thieilim
elution peak is expected to be relatively enricimetLi. Hence, not capturing this fraction should give
a higherd’Li signal in the lithium-elution fraction, but this in contrast with our result. On the other
hand, the pre-elution fraction of C5 contained kgjhsodium concentration (71 pg/l), which could
indicate a breakthrough of sodium and possibly atber elements. Therefore, it is possible that the
sodium concentration in the lithium-elution fractizvas higher than 5 mg/l. Such high concentrations
of sodium in lithium-elution fractions have beerosi to result in a negative bias 6fLi values as
shown in 8 5.4.2. Unfortunately, sodium concentrain the lithium-elution fraction of the seawater

samples was not determined.

As seawater can be considered as a very concehtd&€l solution (x 35 g/l) with extremely high

matrix load, it represents a worst case scenarithioclay fractions of the samples.
6.5. Summary of chapter 6

An overview of the theoretical background necessamynderstand the fundamentals of a single-step
cation exchange chromatography was provided. Aulithrecovery of 100 % is crucial to avoid
artificial on-column isotope fractionation. To m&im ion selectivity, sample loads should be less
than 10 % of the column capacity. The concentratibthe inorganic acid has a major influence on
the elution volumes of the cations. The separdfotor is less influenced by the concentrationhef t
inorganic acid. Mixtures of organic solvents andrganic acids are able to improve the separation
factor, but several negative effects can influetiee performance of the column. The theory was
applied to the isolation of lithium out of a clayatrix. Furthermore, a detailed description of the
columns used for the isolation procedure was given.

The most important conclusion of this chapter viesachievement of a separation of 1.5 ml between
the lithium and sodium peak in the elution profilleclay fractions. Based on the column calibration
experiment, adequate volumes of the pre-, lithiand post-elution fractions were determined.

The performance of the chromatographic proceduseaevaluated using seawater samples, which can
be regarded as a worst case matrix for isolatiohtluftim from sodium. It was concluded that the
chromatographic procedure works satisfactorily. Tarege ind’Li obtained for seawater values falls
within the range of published values. Hence, it @esided that the columns could be used to isolate

lithium from the actual clay samples.
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7. Analysis of the Furlo Pietralata clay fraction of he samples.

This chapter presents the isotopic compositionhef lithium present in the clay fractions of the
samples. The results are discussed and a possitdepretation is provided. In addition, the

occurrence of memory effects was discovered, a slsrussion is provided.
7.1. Experimental

The sample pre-treatment was carried out as destiib chapter 5. The isolation of lithium using

column chromatography was carried out as desciibdte previous chapter.

7.1.2. Sample treatment

Of each sample, 50 ng lithium in 0.28 M HCI mediwas loaded onto a column. Because each
sample contained a different concentration ofuithj the specific volumes loaded varied from sample
to sample, within a range of 22 ul to 108 pl. Twplicate digests of the samples P4, P5, P6, K7, K8,
K10, F1, F2, F3 were prepared. The total elutioluwe was 15 ml of 0.5 M HCI, divided into 5 ml
fractions of pre-, lithium- and post-elution. Altattions were captured in acid-cleaned Téflon
beakers. The 5 ml fractions were evaporated ontgdie at 80°C. All evaporations were performed
under class 100 clean lab conditions at the depattnof Earth Sciences of the University of
Cambridge. All re-dissolution steps were performetler class 10 clean lab conditions at the

department of Analytical Chemistry of Ghent Univits

As shown in Figure 6.3, pre- and post-elution faact were re-dissolved in 1.5 ml of 0.28 M HHNO
The pre-elution fraction was checked for the abseidithium and sodium, whereas the post-elution
fraction was only used for lithium concentratiortedeination. AnX-Series Zjuadrupole-based ICP-
MS instrument was used for the elemental analylseboth cases, Be (30 ug/l) was added as an
internal standard to all blanks, standards and Esmphe instrumental parameters used are shown in
8 9.7. Lithium elution fractions were re-dissolviedl ml of 0.28 M HNQ. This final sample was
divided in two aliquots: one for determining Li ah@ concentrations and the other for determining
the isotopic composition. The first aliquot, 150 was diluted with 0.28 M HNgXo a total volume of

1.5 ml in acid-cleaned 15 ml centrifugation tul®SVR Internationdl, trace metal grade)The

remaining 850 ul was directly used for isotopiclgsia using the Neptune MC-ICP-MS instrument.

On each of the two MC-ICP-MS measurement days, b6fra 48 g/l IRMM-016 lithium isotopic
standard was prepared in 0.28 M HN&hd used as bracketing standard throughout theurezaent
day. In addition, each measurement sequence cedtadinaliquots of this standard solution for
validation purposes. These aliquots were thus densi as additional samples. All results agreed
with the reference value of the IRMM-016 isotopeference materiali.e. 0.0 £ 1.1 %) within

experimental uncertainty. The results and measuressguence are shown per day in § 9.7.
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The precision on determined isotope ratios wasrohéted on a daily basis. It was calculated as two
times the standard deviation (s) of tei value obtained for all bracketing standards gsedi during

a specific day (typically n = 26). Instrumental graeters are shown in 8 9.7.
7.2. Results

7.2.1. Memory effects

During MC-ICP-MS measurements, memory effects wbseovered, resulting in high background
signals varying between 20 mV and 45 mV. In a fats¢mpt to overcome the memory effects, air was
introduced into the plasma instead of blank solytihus creating a dry plasma. An increase in the
lithium signal was found during this “burn-off”. fdrwards, the blank solution was introduced again
and the observed Li signal intensity had decreafki. procedure was tested both during tuning as
during an actual measurement series. 8$h@ws the effect during measurements and duringgun

Unfortunately, memory effects again increased aft@ndard introduction.

7.2.2. Results of the Furlo Pietralata clay fractin of the samples

Table 7-1: concentration of Li in pre-, lithium-ggt-elution fractions for both runs. LOQ = 0.2 ugthe lithium-elution

fractions were 10-fold diluted before analysis.

Lithium concentration

Pre-elution Lithium-elution Post-Elution
Load RunlLi Run2Li [ RunlLi Run2Li | RunlLi Run2lLi

Sample Depth (m)

volume (Hgll) (Hgll) (Hgll) (Hall) (Hgll) (Hgll)
P1/FPL 5.0 50 pul <LOQ <LOQ 77 62 <LOQ 0.6
P2/FPL 4.0 50 pl <LOQ n.a. 62 n.a. <LOQ n.a.
P3/FPL 3.0 65 pl <LOQ n.a. 46 n.a. <LOQ n.a.
P4/FPL 2.0 82 ul <LOQ <LOQ 49 49 <LOQ <LOQ
P5/FPL 1.0 107 pl <LOQ n.a. 48 47 <LOQ <LOQ
P6/FPL 0.1 91 ul <LOQ <LOQ 47 47 <LOQ <LOQ
F2/FPL 0.0 21 pl <LOQ <LOQ 50 49 <LOQ <LOQ
K7/FPL -0.1 89 ul <LOQ <LOQ 48 47 <LOQ <LOQ
K8/FPL -1.0 85 ul <LOQ <LOQ 48 45 <LOQ <LOQ
K9/FPL -2.0 50 pl <LOQ n.a. 45 n.a. n.a. n.a.
K10/FPL -3.0 87 ul <LOQ <LOQ 47 46 <LOQ <LOQ
K11/FPL -4.0 84 pl <LOQ n.a. 48 n.a. <LOQ n.a.
K12/FPL -5.0 57 ul <LOQ <LOQ 47 46 <LOQ <LOQ
F1/PTC 0.0 21 pl <LOQ <LOQ 47 46 <LOQ <LOQ
F3/FDO 0.0 22 pl <LOQ <LOQ 50 48 <LOQ <LOQ
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Lithium was present below the LOQ in the pre-elutitactions. In the post-elution fractions, lithium
was found only in the second replicate of P1/FPlds less than 1 % of the total amount of lithium.
As stated in §6.3, the last part of the lithiumtielu peak is enriched itLi. Not capturing this fraction
should hence result in a slightly high#t.i value in the lithium-elution fraction. Thé'Li signal of

P1/FPL (run 2) could therefore be erroneously heavi

Sodium concentrations were below the 5,000 pgksttwid in all lithium fractions of the clay
samples. Therefore, no errors in #iéi values were expected due to sodium contaminatiothe
final samples. In 89.7., the amount of lithium msin the elution fractions is shown.

Table 7-2: concentration of Na in lithium-elutibactions. LOQ = 2 ug/l for sodium. Lithium isotepsomposition in

lithium-elution fraction. Error bars are two timéhe standard deviation (2s).

Lithium-elution

Sodium concentration Lithium isotopic composition
Run 1 Na Run2Na | Run1d'li ~ Run2d'Li

Sample Depth (m) Load volume

(Hgll) (Hgll) (%o) (%o)
P1/FPL 5.0 50 pl 200 <LOQ -3.5+0.5 -1.8+0.4
P2/FPL 4.0 50 ul <LOQ n.a. -09+04 n.a.
P3/FPL 3.0 65 ul <LOQ n.a. -2.6 +£0.5 n.a.
P4/FPL 2.0 82 ul <LOQ <LOQ -2.6+05 -2.7+05
P5/FPL 1.0 107 ul <LOQ <LOQ -2.7+05 -2.3+x05
P6/FPL 0.1 91 ul <LOQ <LOQ -1.4+0.4 -1.7+0.4
F2/FPL 0.0 21 pl <LOQ <LOQ -4.6+£0.5 -3.1+05
K7/FPL -0.1 89 ul <LOQ <LOQ -2.2+05 -2.2+05
K8/FPL -1.0 85 ul <LOQ <LOQ -1.7+0.4 -16+0.4
K9/FPL -2.0 50 pl 760 n.a. -1.6+0.5 n.a.
K10/FPL -3.0 87 ul <LOQ <LOQ -1.3+0.4 -20+0.4
K11/FPL -4.0 84 ul <LOQ n.a. -2.3+05 n.a.
K12/FPL -5.0 57 ul <LOQ 112 -2.0+£05 -19+04
F1/PTC 0.0 21 pl 710 <LOQ -6.8+0.5 -4.0+0.5
F3/FDO 0.0 22 ul <LOQ <LOQ -5.1+05 -5.6+0.5
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Figure 7-1: Depth profile of Furlo Pietralata ckagction in terms of’Li. Red squares represent results of run 1, green
circles represent results of run 2. At 0 m, thedgd#®undary is indicated by the blue backgroundo®ehe K/Pg
boundary, samples originated from the Cretacedam/eathe K/Pg boundary, samples originated fronPhileogene.

Precision is two times the standard deviation.

Both run 1 (red squares) and run 2 (green ciréteifated a negative deviation dALi exactly at the
K/Pg boundary. The negative peak was more prona@udueng the first series of samples subjected
to ion exchange chromatography (run 1), comparettidcsecond set of samples (run 2). Hence, the
analytical uncertainty of the K/Pg boundary sampdés not overlap. Unfortunately, no specific
reason for this significant difference ®Li values between the two K/Pg boundary sampleshean
given, as no breakthrough of sodium, neither frapor tailing of lithium was observed.

In run 1, a significant difference was observedueen the clay of the K/Pg boundary and the clay
fraction just above and just below the K/Pg bougdhr run 2, the difference between the clay of the
K/Pg boundary and the clay fractions of the Palaege significant, but between the Cretaceous and
K/Pg clay fractions the error bars overlap.

For the sample taken at + 5 m (P1/FPL), a sigmfidifference between the two duplicates was

found. Two facts may be at the basis of this déifee. The lithium concentration in P1/FPL (run 1)
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was ~54% higher than the concentration of the letalf standard. This difference in target element
concentration could have affected the extent ofsndiscrimination and thus, the accuracy of the
result, as shown by Grégoire et al (1996). [37] bndbun et al. (1987) [60], cf. § 5.1.2. On theenth
hand, an elevated presence of lithium was fourttienpost-elution fraction of run 2 of the clay &t +
m (P1/FPL), as shown in Table 7-1. Therefore, dfé signal reported in Figure 7-1 is probably
elevated as isotope fractionation resultilinbeing eluted somewhat slower th4n, as described in

8§ 6.3. The concentration in run 1 P1/FPL was algghtty elevated compared to the bracketing
standard but fitted within the + 30 % deviation, §6.2.1. The effect of violating the “+ 30 %
deviation” recommendation was specifically noteéstor lithium and therefore further experimental
work is required. At all other depths, a sufficlgrgood agreement was found between the duplicates.
As explained in chapter 4, also two other K/Pg lauy samples from the Umbria-Marche sequence
(F1/PTC, F3/FDO) were investigated. A good agreegmes found between the two runs of F3/FDO.
The boundary samples also showed a negatiieshift compared to the values of Paleogene and
Cretaceous clay fractions of FPL.

No samples of the Paleogene and Cretaceous origgniadm PTC and FDO sites are measured, but
they are expected to be similar to these of theeuppntinental crust (0 + 2 %o0). In addition, when
comparing thé’Li values of F1/PCL (-6.7 + 0.6 %o; -4.1 + 0.6 %$)cBF3/FDO (-5.1 + 0.6 %o; -5.6 +
0.6 %o) to thed'Li values of the upper continental crust (0 + 2 pad], a significant negative shift of
these K/Pg boundary clays to the upper continamtadt is found. Therefore it is expected that these
highly negatived’Li values of the K/Pg boundary clays show a negaii\i spike compared to the
corresponding Paleogene and Cretaceous clay fnact@and thus could indicate high weathering
intensities. Hence, a specific study of the deptile of the PTC and FDO locations will indicafe i

there is also a peak at the K/Pg boundary.
7.3. Geological interpretation

The negatived’Li shift located at the K/Pg boundary is believed e the result of increased
continental weathering. As this increased weatlgesind the extra-terrestrial impact are of the same
age, showed by the iridium anomaly found in thg<lay Goderis et al. (2013) [44].

Schulte et al. (2010) [40] described that the imghanged the environmental situation on our planet
significantly. The release of toxic and acid gasss$ended darkness, climate change and acid rain ar
believed to result from the impact [12,38,40,46ighHvolcanic activity in the Deccan traps (Indiq) i
believed to be a complementary source for acid[d#0].

It is believed that darkness as consequence ofntpact started the shutdown of photosynthesis,
leading to a large deforestation further enhanemegthering processes [40]. A decrease in vegetation

would have also affected the animals which relytolike herbivorous dinosaurs [40].
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The negativéd’Li shift can only be explained in the context ofateering processes, s is washed
away more easily thafLi out of the clays. A denudation of the continérsiarface in combination
with acid rain conditions could have resulted iis thegative shift.

Our results support the previously described hygmithof significant changes of the environmental
circumstances at the K/Pg boundary [38,40,46].

7.4. Summary of Chapter 7

Memory effects were observed during MC-ICP-MS asedy A first action to overcome the memory
effects was burn-off via the use of dry plasma diomas. Lower blanks were obtained immediately
after the dry plasma conditions. During measuremetite blank intensities increased gradually.
Further optimization should deal with this memoffget.

The amount of lithium and/or sodium was measurethenpre-, lithium- and post-elution fractions.
No lithium-elution fractions contained sodium imcentrations above the 5,000 ug/l threshold value.
Both duplicates of K/Pg clay samples indicated gatige ind'Li exactly at the K/Pg boundary.
Unfortunately, there is a significant differencevibeen the duplicate results. The negative deviason

a mark of increased continental weathering at thegkboundary. This increased weathering is linked
to the extra-terrestrial impact of the same agepoAsible hypothesis focuses on the influence of

prolonged darkness and acid rain as a possible ¢authis negative deviation.
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8. Conclusions

8.1. Method development for Lithium isotopic analysisvia MC-ICP-MS.

During this work, a method was developed to mealstiniam isotope ratios in geological samples via
MC-ICP-MS. Various important aspects were studiedngass discrimination correction models, (2)
adequate choice of the resistance of the amplifirevsew of the lithium concentration in the sangple
and (3) the influence of sodium on the isotopeoregsult obtained.

External correction in a sample-standard brackedimgroach gave the most accurate results and best
precision and was considered to be the most afticreethod to deal with instrumental mass
discrimination. As a result, no internal standasdch as boron, was used in further MC-ICP-MS
analyses.

The Faraday cups of the MC-ICP-MS were combineti ditferent amplifiers. It was decided to use
a 102 Q amplifier for detection ofLi, while a 1d* Q amplifier was selected for tHei isotope at
concentrations of 50 pg/l Li.

Cation exchange chromatography was used to sepiinaien from its matrix, but low concentrations
of sodium were still present in the lithium-elutimaction of several samples. The sodium tolerance
test indicated sufficient resistance against cotmagans of sodium up to 5,000 pg/l in samples

containing 50 pg/l Li.

8.2. Application to Cretaceous-Paleogene boundary clays from the Umbria-Marche

sequence.

During this work, the isotopic composition of litimn present in clay fraction of the samples
originating from different localities within the UWma-Marche sequence, was investigated. The
isolation of lithium out of these samples was aebiestepwise. At first, a procedure to separate the
clay fraction from the limestone matrix by addingsessive batches of diluted Hil®as optimized.
The ratio of clay to limestone ranged between < arfh 88 %. After this separation, the clay fraction
were successfully digested in a two-step proceduiking use of an HF/HNOmixture and aqua
regia. The isolation of lithium out of the dissalvelays was the most crucial part of this Master
thesis. By performing a single-step cation exchanbgematography, lithium could be isolated
quantitatively. This separation technique was eticeplly challenging, especially for the low
amounts of lithium available. Sufficient knowhow tie isolation technique was not available within
the department of Analytical Chemistry of Ghent \msity at the start of this project. As a resalt,
ten-day research stay to the University of Camlaridgs necessary to learn the technique.

The experimental work involving cation exchangeoohatography consisted of three major parts: (1)
column calibration, (2) a performance check witlaveater and (3) treatment of the actual clay

fractions.
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The hardest and most crucial part was the coluntibradon. The column calibration took up 19
hours of non-stop lab work, in order to preconditibe columns and to capture a complete elution
profile. A separation of at least 1.5 ml betweea lithium and sodium elution peaks was achieved.
Subsequently, a performance check with Sargasseaserawas carried out to ensure that corééci
values were obtained. All columns except for orassed this test, indicating that th&.i value
obtained matched that reported average refereroe va the literatureife. 31.0 £ 0.5 %o) within
experimental uncertainty. In a final stage, thaualcsamples were loaded on the columns. Lithium
was quantitatively recovered from the clays afteg tsolation procedure and without significant

contamination with sodium.

In the results chapter of this master thesis, dhdpmfile of clay samples linked to the K/Pg impac
event, was documented in view of #f&i values. A negative shift af’Li exactly at K/Pg boundary
indicated a link between the clays and the impaehe A possible interpretation of this negativétsh
was described in terms of paleoclimatologic consaqas originating from the extra-terrestrial body
that hit planet Earth 66 million years ago.
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I[sotopische analyse van Li in kleistalen van de Krijt-Paleogeen grens afkomstig uit
Umbria-Marche (Italié): indicatie van extreme verweringsverschijnselen na de
meteorietimpact?

T. Croymang K. Van Hoeck& S. Misrd, P. Claeysand F. VanhaecRe

#Vakgroep Analytische Chemie, Universiteit Gentgiel
® Department of Earth Sciences, University of Cani®ijd/erenigd Koninkrijk
° Departement Geologie, Vrije Universiteit Brus®s)gié

Lithiumisotopen vervullen, omwille van hun uitgesken fractionatie,
een belangrijke rol in geochemisch en cosmochenosderzoek. In dit
werk werd een methode ontwikkeld om de isotopisaraenstelling van
Li in laaggeconcentreerde oplossingen van p@0te bepalen via multi-
collector ICP-massaspectrometrie (MC-ICP-MS) ewvelgens toegepast
op de analyse van Kleistalen, afkomstig uit de Uaabfarche regio
(Itali€), verbonden met de Krijt Paleogeen (K/Pgpact. De kleistalen
werden eerst afgescheiden uit hun kalksteenmateikbehulp van 0,14
M HNOs. De kleien werden vervolgens door zure digestieplossing
gebarcht. Li werd vervolgens uit de opgeloste k& geisoleerd met
behulp van kationenuitwisselingschromatografie BietRad AG 50W-
X8 (100-200 mesh size) resin. Kwantitatieve recgvean Li en een
complete scheiding van Li en Na werden bekomen.irivoed van
verschillende concentraties aan Na o@té waarde, gemeten met MC-
ICP-MS in een 5Qug/l Li-oplossing, resulteerde pas in een negatieve
shift in ded’Li waarde wanneer de toegevoegde Na-concentrat& me
dan 5000pg/l bedroeg. D&’Li waarden werden bepaald voor kleien
afkomstig van een interval van 5 m boven en on@eKidPg grens. Een
negatieve shift van ~2 %o werd gevonden in Kkleistaltkomstig van de
K/Pg grens zelf (-4,6 £ 0,5 %0 en -3,1 £ 0,5 %), wprichte van de
kleifracties onder (Krijt, tussen -1.3 en -2.3 #50%.) en boven
(Paleogeen, tussen -0,9 en -3,5 % + 0,5 %) de KgRaps. Deze
negatieve shift zou het gevolg kunnen zijn vannsievere verwering als
gevolg van de meteorietimpact die 66 miljoen jageden plaatsvond op
het Yucatan schiereiland (Mexico). De negatievdt shieen bevestiging
van eerdere geologische hypotheses die gewag nvakeontbossingen
en zure regen na de meteorietimpact.

1.Introductie

la. Lithium als indicator voor verweringsverschilesn.

Lithium heeft twee stabiele isotopeiti (natuurlijke abundantie ~7,5 %) &Li
(natuurlijke abundantie ~92,5 %). Het relatieve saaerschil tussen deze twee
isotopen is ongeveer 16 %. De li isotopenverhousingdt uitgedrukt al$’Li (%o),
cfr. vgl.1. IRMM-016 is LpCO; isotopisch referentiemateriaal.
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Lithium is gekend als een indicator voor verwerprgeessen van verschillende
steensoorten [1-5]. Deze processen worden meesgdzeld van fractionatie tussen
de twee isotopen [1-5]. Tijdens het verweringspsomerdt®Li beter weerhouden in
het sediment, terwijl ‘Li makkelijker ~wordt uitgespoeld [4]. Dit
verweringsmechanisme is reeds aangetoond op basihet vergelijken vad’Li
waarden in moedergesteenten en hun naburige mvier@arbij de rivieren altijd een
positievered’Li waarde vertonen dan het moedergesteente [2]raVis Froelich
(2012) [6] toonden een stijging #Li van +9 %, aan in zeewater doorheen de tijd,
van het paleogeen tot het heden, wat eveneensapijsen uitspoeling vafii van
het continent naar de oceaan.

1b. Geologische achtergrond over het K/Pg impaghev

De Krijt/paleogeen (K/Pg) grens is gelinkt aan g&le en meest recente massa-
extinctie die plaatsvond op onze planeet [7]. Gedde lange tijd werd gedacht dat
verhoogde vulkanische activiteit aan de oorsproag deze massa-extinctie, die
onder andere het einde van dinosaurussen beteklEgl¢8,9]. In 1980 kwamen
Alvarez et al. [7] met een hypothese over een drtr@strische impact. Zij ontdekten
een verhoogde aanwezigheid van Ir en andere pigtiep elementen (PGE) in de
kleilaag die 66 miljoen jaar geleden werd afgeletl991 vonden Hildebrandt et al.
[10] een impactstructuur die van overeenstemmenardom was als de massa-
extinctie. Deze impactstructuur is gelegen op h&tatan schiereiland (Mexico) [10].
Tegenwoordig gelooft het grootste deel van de veetesppelijke gemeenschap dat
daar een extra-terrestrische impact heeft plaatsgian [8]. De koolstofhoudende
chondrietmeteoriet, het Chixculub projectiel gendera verondersteld het resultaat te
zZijn van een asteroidenbotsing in de asteroideeytudsen Mars en Jupiter [11-14].
Deze botsing zou 160 miljoen jaar geleden hebbaatgdevonden [11,13,14].

Naast de iridium anomalie, zijn ook andere bewijaangetroffen op aarde die een
impact event ondersteunen: mineralen die schoknwetaneigenschappen vertonen,
impact glas, impact-afgeleide diamanten en spingd m Ni [8,12,15,16].
De klimatologische gevolgen van de impact zijn ¢pt heden nog niet volledig
ontrafeld. De meteoriet van 10 km doorsnede gafepmdeer aanleiding tot zure
regen, globale temperatuursverandering en langeludgisternis [6-8,16]. Deze
langdurige duisternis gaf aanleiding tot vermine@efdtosynthese, waardoor grote
delen van de op Aarde aanwezige planten en bossetez verdwenen zijn, en
bijgevolg ook de dieren van wie zij de voedingsbrearen [8]. De wereldwijde
kleidepositie op de K/Pg grens is ook veronderdteldgevolg te zijn van deze extra-
terrestrische impact [12].

1c. Kolomchromatografie als isolatietechniek

Kationenuitwisselingschromatografie is een veelrgigbe techniek om Li uit
geologische stalen af te scheiden [4,5,17]. Decdeniek blijkt enkel representatieve
waardes voor de isotopische samenstelling van kuteen bieden als kwantitatieve
recovery (100 %) wordt bereikt [18]. Bij de kolonmomatografische scheiding treedt
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er isotopenfractionatie op, waarddar tijdsgemiddeld iets later van de kolom elueert
dan’Li [18,19].

2.Experimentee

2a. Reagentia voor monstervoorbereiding

Enkelvoudig in-house gedestilleerd HCI werd berad pro-analyse graad HCI
met behulp van een kwarts sub-boiling destillasésgm. Enkelvoudig in-house
gedestilleerd HN@ werd bereid van pro-analyse graad HNfet behulp van een
Teflon sub-boiling destillatiesysteem (Cupola stdhPicoTracé).

Trace metal graad HRverd aangekocht varFischef’. Alle verdunningen werden
gemaakt met 18,2 M.cm Millli-Q water.

2 b. Reagentia voor kolomchromatografie

De gehele procedure van kolomchromatografie helsfatggevonden aan de
Universiteit van Cambridge (VK). Dubbelvoudig getileerd HCI werd bereid van
pro analyse graad HQFischer) met behulp van een Cupola sub-boiling installatie
van PicoTrace Alle verdunningen werden gemaakt met 18,.2.bm Millli-Q water.

2c. Sargasso zeewater voorbereiding

De stockoplossing zeewater bevatte L¥dl Li, wat overeenkomt met de
normale concentratie in oceaanwater. Deze oplossiagl met een factor 3,5
opgeconcentreerd via evaporatie met behulp vanwveswarmingselement. Deze
concentratiestap was nodig om een klein volume (#bdnet een voldoende massa
aan Li (~35 ng) op de kolom te kunnen laden. De iddeide 6'Li waarde van
zeewater is 31,0 = 0,5 %o [18].

2d. IRMM-016 standaard voorbereiding

IRMM-016 standaardGeel, Belgié)werd gebruikt als isotopische standaard
(Li/°Li = 12,177 + 0,013). LICO; werd opgelost in 0,14 M HND
concentratiebepaling werd uitgevoerd met behulp gaadrupool ICP-MS (Q-ICP-
MS).

2e. Invloed van versterkerweerstand.

IRMM-016 was gebruikt voor de bereiding van 0,5; &) en 200ug/l Li
standaardoplossingen in 0,28 M HhGtandaard deviatie (s) was bepaald op de
resultaten van de stalen na bracketing.

2f. Kleistalen

Kleistalen van dezelfde locatie en site als dezetreven in Goderis (2013) [12]
werden gebruikt. Goderis (2013) [12] heeft hieram everhoogde concentratie van Ir
en andere PGE elementen aangetoond. Deze verhogmglt wereldwijd
teruggevonden en wordt gelinkt met het K/Pg imeaent [7,20].

Stalen werden genomen van de Furlo Pietralatarsit® Umbria-Marche regio
in Italié. Binnen een diepte-inteval van 10 m werd de meter een staal genomen.
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Tien cm boven en onder de K/Pg grens werd eveneensstaal genomen. Als
referentiepunt in het diepteprofiel werd de K/Pgergr genomen. Deze wordt
doorheen de rest van het artikel gelijk gezet aepte 0. Stalen boven de kleilaag
zijn afkomstig van het Paleogeen, stalen onderldel&ag zijn afkomstig van het
Krijt.

Vervolgens werd een deel van het staal afgezaagd eme diamantzaag. De
afgezaagde delen werden gehomogeniseerd in eeh raga#er. Tussen elke twee
stalen werd de mortier gereinigd. Er werd 200 nggeabgen van de stalen afkomstig
van het Krijt en het Paleogeen, van het K/Pg st@atl 40 mg afgewogen.

Klei werd van de matrix geisoleerd met behulp varsehillende addities van 2 ml
0,14 M HNG. Na elke additie werd het staal samen met het geuortexed en
gedurende 15 tot 20 min in een ultrasoon(&&lL0 Bransofi) geplaatst, vervolgens
10 min gecentrifugeerd met een vaste hoek centifbigraeus Sepatech Labofuge
200) aan 5300 rpm. Het gebruikte zuur werd voor eeowgeadditie verwijderd met
behulp van een Pasteur pipet en de procedure vehdhdld. De stalen werden met
zuur behandeld tot de kalksteenmatrix volledig wengden was. Vervolgens werd de
kleirest gedurende 24 uur gedroogd in een overd@y °C. Deze stappen werden
uitgevoerd in 15 ml centrifugebuisje¢WR internationdl). De gedroogde klei werd
gewogen en overgebracht in 15 ml Saviflébeflon® bekers. Bovenstaande stappen
werden uitgevoerd in normale labo omstandigheden.

De pure kleifracties werden ontsloten in twee stappn een eerste fase werd 3 ml
HF:HNO; (2:1) mengsel toegevoegdDeze oplossing werd gedurende 24 uur
verwarmd bij 110 °C op een verwarmingsplaat. Vegeas werd het mengsel tot
kamertemperatuur afgekoeld en uitgedampt op 8Arf€en tweede fase werd 3 ml
koningswater toegevoegd aan de uitgedampte frdatiee oplossing werd gedurende
24 uur verwarmd bij 95 °C op een verwarmingspla&grvolgens tot
kamertemperatuur afgekoeld en uitgedampt op 80D¥ uitgedampte fractie werd
ten slotte opgelost in 7501 0,24 M HCI en overgebracht naar zuur-gereinigde
Eppendorf buisjes. De digestieprocedure werd udgey onder klasse 10 clean lab
condities.

2g. kolomchromatografie

2g.1. Chromatografische kolommen. In eerste instawerden negen TeflGn
kolommen met een Tefl6nfrit en een volume van 6 ml voorbereid. De kolomme
zijn 250 mm hoog en hebben een interne diameterByamm. Uiteindelijk werden
acht kolommen gebruikt om lithium te scheiden eitkteimatrix.
In een eerste stap werden de kolommen gespoeldneiétanol en vervolgens met
Milli-Q water. Vervolgens werden de kolommen gepaikt 2 ml BioRall AG 50W-
X8 hars (100-200 mesh size), gesuspendeerd in-QiNvater. Het hars heeft een
uitwisselingscapaciteit van 1.7 meg/ml.
Voor het laden van de gepakte kolommen werden tgizens voorgespoeld met 6 M
HCI, vervolgens nagespoeld met 0,5 M HCI en gedaéerd met 6 ml 0.5 M HCI.
Deze procedure werd herhaald tussen de behandelingvee stalen. Na opbrengen
van het staal in een maximaal volume van 200 pidwek staal geélueerd met 15 ml
0,5 M HCI. Er werden 3 fracties opgevangen: (1pdeelutie fractie (0-5 ml), (2) de
Li-fractie (5-10 ml) en (3) de post-elutie frac{e-15ml). Het elutievolume van deze
fracties werd bepaald via een kolomkalibratie (meder). In alle fracties werden het
lithiumgehalte bepaald. De pre- en Li-fractie werdevens ook gecontroleerd op de
aanwezigheid van Na.




29.2. kolomkalibratie In eerste instantie werd dtkéom gekalibreerd met 5@
en 125ul van een oplossing van de verschillende gedigestekleifracties. Elke
kolom werd geéuleerd met 19 ml 0,5 M HCI, opgevanigeindividuele fracties van
0,5 of 1 ml. De kalibratie heeft als doel om te ddep welk elutievolume Li bevat en
om de gewenste scheiding tussen Li en Na te veifié

2.9.3. Performantiecheck met zeewaterstalen: Invedgende stap werd voor
elke kolom een performantietest uitgevoerd metub@epreconcentreerd Sargasso
zeewater. Pre-, Li- en post-elutie fracties werdmikens opgevangen. De
performantietest was nodig om te bepalen of eemectmrd’Li waarde voor het
zeewater kon bekomen worden. De performantiecheekd ween tweede keer
uitgevoerd voor kolom 5, 6 en 7.

2.9.4. kleistalen van Furlo Pietralata: Uiteindeliyerden de oplossingen (in 0,28 M
HCI) van de eigenlijke kleistalen op de kolom geladHierbij werd een hoeveelheid
van 50 ng lithium per staal beoogd. De Li-concdmran elk kleistaal was
verschillend, daardoor werden verschillende voluoyesle kolom geladen, variérend
van 22ul tot 108ul. Om de kolomselectiviteit te garanderen mag masihiO % van
het uitwisselingsvermogen, uitgedrukt in milli- @gplenten, van de kolom gebruikt
worden [21]. De opgebrachte matrix was altijd kégindan 1 % van de
uitwisselingscapaciteit. Hiervoor werden volgendementen in rekening gebracht:
Li, Na, Mg, Al, P, K, Ca, Sc, Ti, Cr, Mn, Fe, Coi,ICu, Sren Y.

Van alle afgescheiden klei fracties, behalve deggme4 m, -2 m, +3 m en +4 m
t.o.v. de K/Pg grens, werd ook uit een tweede sabtd.i geisoleerdStandaard
deviatie (s) werd bepaald op de resultaten varnraekbting standaarden per meetdag
(typisch n= 26).

Alle fracties werden telkens opgevangen in 7 ofril5SavilleX’ Teflon® bekers
en uitgedampt bij 80 °C op een verwarmingsplaatlitbeimfractie werd heropgelost
in 1 ml 0.28 M HNQ, terwijl de pre- en post-elutiefractie werd herejogt in een
totaal volume van 1.5 ml. De gehele kolomchromatbgrhe procedure werd
uitgevoerd onder klasse 100 clean-lab condities. téeoplossen van de gedroogde
fracties gebeurde onder klasse 10 clean-lab cesditi

2h. Invloed van natriumconcentratie op lithium ogEnverhouding.

In het paragraaf 2 e. werd reeds vermeld dat deididg tussen Li en Na
cruciaal is. Indien de scheiding niet perfect isindien contaminatie optreedt, kan er
Na aanwezig zijn in de Li- fractie. Om de invloeghwhet eventueel aanwezige Na op
de Li isotopenverhouding te bestuderen, werderchidlsnde concentraties (tussen 5
ug/l en 20000ug/l) aan Na toegevoegd aan p@/l Li oplossingen (IRMM-016) ,.
Hiertoe werd een Na 1 g/l vanorganic Ventures (Nieuwegein, Nederlaggpruikt.
Standaard deviatie (s) werd bepaald op de resnltdecketing-standaarden
gedurende het experiment (n=25).

2i. Massaspectrometrie

2i.1. MC-ICP-MS

2i.1.1. Instrumenteel: De Li isotopenverhoudingaile stalen werd bepaald met
behulp van een Neptune, MC-ICP-MS instruméhherm& scientific, Bremen,
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Duitsland) De ‘Li nuclide werd gemeten met de Faraday cup op depégitie in
combinatie met een 1HQ versterker en déLi nuclide op de L4 Faraday cup in
combinatie met een 10Q versterker. Een imaginaire massa van 6,526 werdkin
centrale cup geplaatst. Er werd gewerkt onder hagnpa (~1290 W) condities. De
opnamesnelheid was 1Q/min. Een kwarts micro-concentrische verstuivemsa
met een dubbele kwarts verstuiverkamer, samendesteleen cyclonische en een
Scott type en verstuiverkamer werd gebruikt voonsterintrodctie. De kwarts toorts
was uitgerust met een platina guard electrode. Zearmapler als skimmer cone waren
van Ni. Een opnametijd van 120 s voor de standaaetiede stalen en 90 s voor de
blanco’ s werd ingesteld. Na elk staal werd eerebjjd van 30 s ingelast. Eén meting
bestond uit 15 afzonderlijke metingen met een natiégtijd van 4,194 s, gescheiden
door een overgangstijd van 3,0 s.

2i.1.2. Dagelijkse optimalisatie: Verschillende graeters werden op dagelijkse
basis geoptimaliseerd, o.m. centrum van de pieksitipo van de toorts,
verstuivergasdebiet en plasmagasdebiet. ‘Designaalintensiteit varieerde in de
praktijk tussen 1,2 en 1,4 V voor eenif)l Li oplossing.

2i.1.3. correctie voor massadiscrimatie: Voor ociieevoor massadiscrimnatie
werd externe correctie, gebaseerd op een standtmaldstandaard bracketing
methode, toegepast. Deze gaf betere waarden damnentcorrectiemethodes,
gebaseerd op de exponentiéle wet, de Russell ehethode van Baxter-Woodhead
en common analyte internal standardization (CAlI$)hade.

Om de invloed van verschillen in analietconcergraip de massadiscriminatie te
vermijden, werd er over gewaakt dat alle stalerderstandaard steeds dezelfde Li-
concentratie vertoonden. De gemiddelde en ’Li intensiteiten in de blanco-
oplossingen gemeten voor en na elk staal of staddaserden afgetrokken van de
bekomen °Li en ‘Li signaalintensiteiten voor de stalen en standsardDe
onzekerheid (2s) werd bepaald via de bracketingdsi@den geanalyseerd gedurende
de volledige meetdag (typisch n = 26).

2i.2. Q-ICP-MS

2i.2.1. Instrumenteel: Li en/of Na concentratiesdea bepaald in de pre-, Li- en
post-elutie fracties via een X Series 2 Q-ICP-MStriment,(Therm& scientific,
Bremen, Duitsland) Voor monsterintroductie werd gebruik gemaakt vde
combinatie van een kwarts concentrische verstuivetombinatie met een impact
bead verstuiverkamer. De kwarts toorts was uitgengt een platina guard electrode.
De opnamesnelheid was 5Q0'min en gereguleerd via een peristaltische pomp.
Zowel sampler als skimmer cone waren van Ni. Hest®l werd geoptimaliseerd
zodat aan de vereiste specificaties i.v.m. hetkaoen van dubbel geladen ionen (<
3 %) en oxide-ionen (< 3%) van de fabrikant werttlaan.

2i.3.SC-ICP-MS

2i.3.1. Instrumenteel: voor kalibratie van elkearhatografische kolom werden
de metingen uitgevoerd met een single-collector) (8€ment XR sector veld ICP-
MS instrument,(Therm& scientific, Bremen, Duitslanddan het departement van
Aardwetenschappen, Universiteit van Cambridge. hetn zijn uitgevoerd onder
klasse 100 clean lab condities. Voor monsterintctduwerd gebruik gemaakt van




een micro-concentrische verstuiver en een Scotttygestuiverskamer. De
monsteropnamesnelheid was 50 pl/min. Bij de metingerd een 1250 W hot plasma
aangewend.

3. Resultaten en Bespreking

3 a. Invloed van de versterkerweerstand op desbtopenverhouding gemeten met
MC-ICP-MS

Tabel 1. Resultaten van de versterker test, onzekerheid is twee keer de
standaarddeviatie (s).

Concentration ‘Li amplifier 5Li amplifier J7Li Uncertainty

IRMM -016 0.0 11
0,5 pg/l 16" Q amplifier 102 Q amplifier -7.5 15.8

5 pg/l 1¢M Q amplifier 1¢H Q amplifier 0.2 3.9

5 ugll 10" Q amplifier 10 Q amplifier -0.1 1.7

50 pgfl 16" Q amplifier 10 Q amplifier -0.2 0.3

50 pgll 10" Q amplifier 10" Q amplifier 0.1 0.2

50 pgll 10" Q amplifier 10 Q amplifier -0.1 0.1
200 pgll 10 Q amplifier 10 Q amplifier 0.0 0.2

Precisies van 0,1 en 0,2 % werden bereikt voor@egdl oplossingen in combinatie
met 16°Q versterkers voor zowéLi als 'Li, en voor®Li gemeten op een 1HQ
versterker in combinatie méti meting via een 18 Q versterker. Een resultaat van
0,2 %o werd bekomen voor de 2@@/l lithiumoplossing in combinatie met
versterkers. Vanwege de beperkte hoeveelheid mithaanwezig in de kleistalen,
werd geopteerd om 5(g/l als standaard meetconcentratie te gebruikenwéid
beslist om een 16 Q versterker te gebruiken vodti metingen en een 1HQ
versterker voor déLi metingen.

3 b. invloed van Na op de Li isotopenverhouding gn met MC-ICP-MS

—— 75 pl Mix P N;
A o ‘
15 L Lt B —2— 100 ul Mix P Na
5000 ppb —a— 125 I Mix P Na
Na
120 ~——1200 —{ 75 pl Mix K Na
1 ﬁ ’ —{7— 100 ul Mix K Na
100 Li peak Na peak | 1000 —{— 125 pIl Mix K Na
250 ppb Na ’ &!
05 50 ppb ey 5000 ppb 80 /: 800 —O—F250 il Né
5 ppb Na Na N 50 pl Na
0,3
. I / W —O—F350 pi Na
a L| 0 L| 60 600 Na —&— 75 pl Mix P Li
0, 20000 ppb Na
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0.3 100 pplna 40 400 —a— 125 I Mix P Li
-0,5 SR
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Figuur 1 (A) Na-tolerantie test: Grijze driehoekgaven resultaten voor 50 pg/l
IRMM-016 standaarden weer. Groene gevulde viegtageven resultaten weer voor
50 pg/L IRMM-016 waaraan verschillende concentsaian Na — zoals aangeduid in
de figuur — werden toegevoegd. Figuur 1 (B) Gentiseard elutieprofiel van de
negen kolomkalibraties.

Geen significante verschillen konden worden vaséigsussen dé’Li waarde
voor de “zuivere” standaard enerzijds en de met adagerijkte standaarden,
anderzijds, tot en met een Na concentratie va@ 500. Vanaf een concentratie van
10000ug/l Na was er wel degelijk een invloed te zien. d3gze hogere concentraties
aan Na, worden lageféLi waarden verkregen. De foutenvlaggen van de siamtén
en de Na-houdende standaarden vertonen wel notapv@&ezelfde trend inzake de
Li isotopenverhoudingen onder invloed van Na wesk wastgesteld door Gregoire et
al. (1996) [22].

3c. Chromatografische scheiding van lithium

Het elutieprofiel van de negen gekalibreerde kol@nns weergegeven in figuur 1
(B). Het elutievolume werd genormaliseerd, waardbet volume met maximum
piekhoogte voor Li altijd op “0” staat voor elkedimiduele kolom. Voor de negen
kolommen werd een scheiding van minstens 1,5 mbmggen tussen de Li piek en de
Na piek. Het isoleren van lithium uit de kleimatrsxaldus geslaagd. Op basis van de
kalibraties werden de volumes van de verschillezidgéefracties bepaald, cf. §2.g.1.
Op basis van de kalibratie werd besloten om ééndeakolommen (kolom 3) niet
verder te gebruiken, aangezien voor deze kolom al@iBk eerder elueerde t.o.v. de
andere kolommen. Daarnaast was de elutiesnelheiddeze kolom ook lager in
vergelijking met de rest.

Kleine natriumpieken véoér de bulk natriumpiek wardeastgesteld voor kolom 3 en
kolom 4. Deze zijn waarschijnlijk te wijten aan Hett dat er voor het allereerste
gebruik van de kolommern,e. de kolomkalibratie, het hars slechts 1 keer met 1
kolomvolume (6 ml) 6 M HCI werd gespoeld.

3d.d’Li waardes voor Sargasso zeewater

Zeewater kan worden beschouwd als worst case scewaor de kleistalen
aangezien in zeewater NaCl ( £ 35 g¢/l) in zeer hageentratie aanwezig is.

In de literatuur varieert d&Li waarde voor zeewater van 29,0 + 0,6 %o tot 31,8 +

1,8 %o, zoals aangeduid op figuur 2 (B) met het Wikaunterval. De verschillende
gehanteerde scheidingsmethoden die door versdi@leonderzoekers werden
gehanteerd verklaren waarschijnlijk deze spreidi&)]. In het algemeen wordt een
gemiddelde waarde van 31,0 £ 0,5 % genomen, everegmgeduid op figuur 2 (B)
met het grijze interval [18]. De binnen dit werkrkregend’Li waarden voor de
Sargasso zeewaterstalen waren gepositioneerd bifenepreiding va@’Li waarden
gevonden binnen de literatuur. EEén waarde, 29,652%0, was lager dan deze van
andere kolommen. Meest waarschijnlijke oorzakenvbm zouden enerzijds een
verlies aan Li en anderzijds contaminatie met Nanlem zijn.

In de post-elutie fractie, was de Li concentratitijda beneneden de
kwantificatielimiet,i.e. 0.2 ug/l, behalve voor kolom 5 (C5). Er werd da@1 ng Li
teruggevonden, oftewel ongeveer 0,9 % van de tbtadeeelheid opgebracht lithium.



Echter, lithium dat als laatste van de kolom elyesraltijd aangerijkt inLi [18],
[19]. Er zou dus een hogéfLi signaal verwacht worden voor kolom C5, maar in
tegenstelling tot deze verwachting werd een lag@&de gevonden.

In de pre-elutie fracties, werden Na concentrates 5,1 ; 10,0 ; 71,2 en 16,0
pg/l teruggevonden voor respectievelijk C1, C2,eG5C6.

Deze lage concentraties in de pre-elutiefractieglen een voorbode van een het
“doorbreken” van Na kunnen geweest zijn. Indien gdijke doorbraak heeft
plaatsgevonden, verwacht men een Na concentratidheger dan 5 mg/l in de Li-
elutie fractie, wat tot een lageféLi waarde zou leiden. Helaas werden geen Na
concentratiebepalingen uitgevoerd in de lithiuntieltracties van de zeewaterstalen.

3e.d’'Li waardes voor de kleistalen van Furlo Pietralata
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Figuur 2 (A) &’Li waardes in functie van de diepte binnen de setiele De

weergeven precisie is twee keer de standaard afgjjkB) o'Li waardes voor

Sargasso zeewaterstalen per individuele kolom @evdriehoeken zijn van een

eerste chromatografische scheiding, open driehoekgn van een additionele

chromatografische scheiding.

C5run2
C6 run2
C7 run2

De kleistalen van het Krijt en Paleogeen vertoonelemd’Li waarde tussen -1.3
en -2.3 £ 0,5 %o, en, tussen -0,9 en -3,5 %o *+ 0,58&pectievelijk. Een waarde van 0
2 %o wordt aangenomen voor de continentale kors34 Figuur 2 (A) vertoont een
negatieve piek in ded’Li waarde exact op de K/Pg grens voor beide
duplicaatmetingen. De resultaten van deze duphoetigen op de grens verschillen
significant van elkaar. Tot op heden is er geerklaeng voor dit verschil. In
sommige stalen werd een verhoogde hoeveelheid Nggevonden, maar deze was
altijd onder de tolereerbare concentratie van 30§00 In de post-elutie fractie van P1
werd minder dan 1 % van de opgebrachte hoeveelbeiteruggevonden. Het
vertoonde P1 signaal zou dus in werkelijkheid nmegyatief kunnen zijn. Alle andere
metingen vertoonden wel een gelijkaardige waardsetn de duplicaatmetingen.

De negatieve'Li shift exact op de K/Pg grens is verondersteldgerolg te zijn van

verhoogde verweringsprocessen. Deze verhoogde riagven de extra-terrestrische
impact zijn van dezelfde ouderdom, zoals aangetamad de Ir anomalie gevonden
in de kleistalen van Goderis (2013) [12]. Zoals omisven in 81b., zou de impact een
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langdurige duisternis hebben veroorzaakt, die &iinbte gaf tot ontbossing en daling
van de hoeveelheid planten. Deze daling van vegdtacombinatie met zure regen
kon aanleiding geven tot verhoogde uitspoeling {ldruit sedimenten en zou een
verklaring bieden voor de negatie¥i shift.

Hierdoor kunnen onze resultaten een ondersteunigdeb aan de reeds bestaande
hypothese van veranderende klimatologische omgthaden op de K/Pg grens,
specifieker: de langdurige duisternis, zure regemeensievere verwering[7,8,16].

4. Samenvatting

Een methode werd ontwikkeld om de isotopische satetimg van Li in laag
geconcentreerde oplossingen van g0 te bepalen via MC-ICP-MS. Deze methode
werd vervolgens toegepast op de analyse van Heistan op en rond de K/Pg grens.
De kleistalen werden geisoleerd uit hun kalksted¢nxnan succesvol gedigesteerd.
Vervolgens werd Li via kationenuitwisselingschroomatfie geisoleerd. Een
succesvolle chromatografische scheiding van Li klgimatrix werd bereikt met
monstervolumes tussen 22 ul en 108 ul, die 50 thguin bevatten. De kalibratie
vertoonde een scheiding van 1,5 ml tussen de LidenNa piek. Sargasso
zeewaterstalen werden ter validatie geanalyseenthitgee ze kunnen worden
beschouwd als een worst case scenario voor degtexis vanwege hun zware matrix.
De voor deze zeewaterstalen verkregéhi waarden bleken onderling consistent
binnen 2 % en vertonen een goede overeenkomst meefdrentiewaarde voor
zeewater. De invloed van Na op de Li isotopenvedimapywerd geévalueerd. Tot en
met een concentratie van 5000 pg/l Na wordt geefjkaind signaal gevonden voor
een 50 pg/l lithium oplossing.

Een diepteprofiel rond de K/Pg grens werd opgestitidiepteprofiel vertoont een
negatieved’Li shift exact op de K/Pg grens. Een mogelijke lemikg voor deze
negatieve shift is een meer intense continentalsvartng ten gevolge van de
verdwijning van vegetatie in combinatie met zurgere ten gevolge van de impact
van de Chicxulub projectiel.

5.Dankwoord

Een dankwoord aan Joke Belza en Claudio Ventuni fiebvoorzien van de stalen,
Een dankwoord aan het FWO project en het Bijzofeterzoeksfonds (BOF
Ugent).
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9. Annex per chapter

9.1. Chapter 1. introduction and aim.
/

9.2. Chapter 2: I nstrumentation.

@, ® Aeosd (ine doriets) o -
b x}dv . Argon Sample
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- @, @ A
" Nebuizer tips
e
3 e e
Liqud sample
from pump a Arg’n b

Figure 9-1 from [88]: (a) cross flow nebulizer, ¢mncentric nebulizer

To iCP-MS system b
~

Figure 9-2 figures from [88]: (a) Scott double-p&s®tt-type spray chamber, (b) cyclonic spray ctemnmb



Table 9-1:

Neptune MC-ICP-MS instrument settingsduduring this work. Specific parameter settings

of the Neptune are also described per experimetitefuin this chapter.

Neptune — general

Instrument parameter Setting
Plasma RF forward Power * 1284 -1296 W
Nebullizer Micro-concentric (quartz)
Sample uptake rate 100 pl/min
Uptake time sample & standard 120s
Uptake time blank 90 s
Washout time 30s

Spray chamber

High-stability unit (cyclonic +

Scott-type)
Spray chamber temperature Room temperature
Torch/Injector Quartz/Quartz
Shield torch Platinum

Sampling cone/Skimmer cone

Nickel (1,1 mm)/NickeB(mm)

X position * 3.4-3.9mm
Y position * -1.7 --2.9 mm
Z position * 0.4-1.0mm
Cool gas flow rate 15.5 I/min
Aucxilary gas flow rate 0.6 - 0.7 I/min
Sample gas flow rate 1.0 - 1.1 I/min
Integration time 4,194 s

Idle time 3s

Cup position

L4 °Li

H4 Li

Central cup 6.526

* optimized daily for highest signal-to-noise ratio
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Figure 9-3: cup configuration of MC-ICP-M&.i was measured on position L4.

’Li was measured on position H4.
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Table 9-2: X-Series Il Q-ICP-MS instrument settinged during this work. Specific parameter

settings are also described per experiment funthidtis chapter.

X series Il General

Instrument parameter

Setting

Plasma RF forward Power *

1200 W

Nebullizer concentric (quartz)
Sample uptake rate 500 pl/min
Uptake time 80s

Washout time 90s

Spray chamber

Double-pass Scott-type

Spray chamber temperature

1°C

Torch/Injector Quartz/quartz
Shield torch Platinum
Sampling cone / orifice diameter Nickel/1.1 mm
Skimmer cone / orifice diameter Nickel/0.75 mm
Horizontal position* 83 -90 mm
Vertical position* 400 -414 mm
Sampling depth * 104 - 111 mm
Cool gas flow rate * 13.0 I/min
Auxilary gas flow rate * 0.7 l/min
Nebuliser gas flow rate * 0.84 I/min
Dwell time 20 ms

Number of sweeps 200

* Optimized daily for maximum signal-to-noise ratio




Table 9-3: manufacturer threshold values that ned@ achieved before measurements can be started.

Reference values ICP-OES

Mn Pb Pb As
Wavelength 257.610 nm 168.215 nm 220.351 nrp 180042
BEC <0.018 mg/l < 0.4 mgl/l < 0.5 mgl/l <0.31 mgl/l
Background > 5,500 cps > 1,200 cps > 4,000 cpg > 1,700 cfs
Intensity > 70,000 cps > 12,000 cps > 22,000cp$ > 15,000 dps
RSD % BG <1.0% <18% <1.0% <15%
RSD % Int. <0.7% <1.0 <1.0% <0.7%




9.3. Chapter 3. Reagents and standards
/

9.4. Chapter 4. Description of K/Pg boundary samples and optimization

of isolation and digestion of clay fraction.

-

-

Figure 9-5: Picture of clay layer from the FDO site
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* optimized daily according to Table 9-3

VI

Table 9-4: ICP-OES instrument settings . correspuntb the results discussed in §4.3.3.

Chemical Composition of the clays by ICP-OES

Instrument parameter

setting

Plasma RF forward Power *

1400 W

Nebullizer Cross-flow (quartz)
Sample uptake rate 1 ml/min

Uptake time 90s

Washout time 9N0s

Spray chamber

double-pass Scott-type

Spray chamber temperature

Room temperature

Torch/Injector Quartz/Quartz
Shield torch Platinum
Coolant gas flow rate * 12 I/min
Auxilary gas flow rate 0.8 I/min
Nebulizer gas flow rate * 0.84 I/min
Emmision line (nm) §4.3.3.




Table 9-5: ICP-QMS instrument settings correspogdiinthe results discussed in §4.3.3.

Chemical Composition of the Clays by Q-ICP-MS

Instrument parameter

Setting

Plasma RF forward Power *

1200 W

Nebullizer Concentric (quartz)
Sample uptake rate 500 pl/min
Uptake time 80s

Washout time 90s

Spray chamber

Double-pass Scott-type

Spray chamber temperature

1°C

Torch/Injector Quartz/Quartz
Shield torch Platinum
Sampling cone/orifice Nickel/1.1 mm

Skimmer cone/orifice

Nickel/0.75 mm

Horizontal position * 83 mm
Vertical position * 414 mm
Sampling depth * 104 mm
Cool gas flow rate * 13.0 I/min
Auxilary gas flow rate * 0.7 I/min
Nebuliser gas flow rate * 0.84 I/min
Dwell time 20 ms
Sweeps 200

* optimized daily to check whether the thresholtles, set by manufacturer,
concerning background, oxides and doubly chargedisp, were met.



9.5. Chapter 5. Optimization of lithium isotopic analysis by MC-1CP-
MS

Bracketing model
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Figure 9-7: Graphical representation of the resulftsined via the various correction models tested,

described in 8 5.2. See also Figure 9-8.
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Figure 9-8: continuation of graphical represenatibthe results obtained via the various correction

models tested, as described in § 5.2.
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Table 9-6: MC-ICP-MS settings used during correttitcodel measurements. The corresponding

results are discussed in 85.2.3.

Testing of Correction Models by MC-ICP-MS

Instrument parameter

Setting

Plasma RF forward Power

1284.0 W

Nebulizer Micro-concentric (quartz)
Sample uptake rate 100 pl/min

Uptake time sample & standard 120s

Uptake time blank 90 s

Washout time 30s

Spray chamber

High-stability unit (cyclonic +

Scott-type)
Spray chamber temperature Room temperature
Torch/Injector Quartz/Quartz
Shield torch Platinum
Sampling cone/COrifice Nickel/1.1 mm
Skimmer cone/Orifice Nickel/0.8 mm
X position 3.7
Y position -1.7
Z position 1.0
Cool gas flow rate 15.5 I/min
Auxilary gas flow rate 0.7 l/min
Sample gas flow rate 1.1 I/min
Integration time 4,194 s
Idle time 3s
Cup position
L4 °Li
H4 ‘Li
Central cup m/z = 6.526
L4 B
H4 "B

Xl




Table 9-7: MC-ICP-MS settings used during amplifeesst measurements by MC-ICP-MS. The

corresponding esults are discussed in §5.3.2.

Amplifier Test by MC-ICP-MS

Instrument parameter

Setting

Plasma RF forward Power

1296.2 W

Nebulizer Micro-concentric (quartz)
Sample uptake rate 100 pl/min

Uptake time sample & standard 120 s

Uptake time blank 90s

Washout time 30s

High-stability unit (cyclonic +

Spray chamber

Scott-type)
Spray chamber temperature Room temperature
Torch/Injector Quartz/Quartz
Shield torch Platinum
Sampling cone/Orifice Nickel/1.1 mm
Skimmer cone/Orifice Nickel/0.8 mm
X position 3.4
Y position -2.3
Z position 0.9
Cool gas flow rate 15.5 I/min
Auxilary gas flow rate 0.6 I/min
Sample gas flow rate 1.0 I/min
Integration time 4194 s
Idle time 3s
Cup position
L4 °Li
H4 Li
Central cup m/z = 6.526

X1l




Table 9-8: MC-ICP-MS settings used during sodiutaramce test measurements by MC-ICP-MS. The

corresponding results are discussed in §5.4.2.

Sodium Tolerance Test by MC-ICP-MS

Instrument parameter

Setting

Plasma RF forward Power

1286.0 W

Nebulizer Micro-concentric (quartz)
Sample uptake rate 100 pl/min

Uptake time sample & standard 120 s

Uptake time blank 90s

Washout time 30s

High-stability unit (cyclonic +

Spray chamber

Scott-type)
Spray chamber temperature Room temperature
Torch/injector Quartz/quartz
Shield torch Platinum
Sampling cone/Orifice Nickel/1.1 mm
Skimmer cone/Orifice Nickel/0.8 mm
X position 3.6
Y position -2.5
Z position 0.6
Cool gas flow rate 15.5 I/min
Auxilary gas flow rate 0.6 I/min
Sample gas flow rate 1.0 I/min
Integration time 4.194
Idle time 3s
Cup position
L4 °Li
H4 Li
Central cup m/z = 6.526

XV




9.6. Chapter 6: Column Chromatography

Cation 0.1 0.2 0.5 1.0 2.0 3.0 3.0
LrO+e =100 = 108 ~10# 7250 489 61 4.3
Th+* =10¢ =100 ~ 108 2049 230 114 67
La*? =100 10 2480 265.1 48 IR 8 10.4
Ce*? > 108 10 2460 264.8 18 18 ® 10 5
Y 2 > 100 =104 1460 144.6 20.7 13.6 8 6
Ba 2 > 104 2030 590 126.9 36 18.5 11.9
Hg* = =104 7600 640 4.2 33 19.2 13 6
Af*! 8200 1600 318 608 12.5 4.7 2.8
S+ 4700 1070 217 60.2 17.8 10.0 .3
Gat? =104 3036 260 42 58 7.75 3.2 0.36
Cat? 3200 700 151 4229 12.2 7.3 3.0
Ph+t e = 10* 1420 183 5. 66 9.8 6.8 4.5
Fe+: 00 3400 225 35.45 5.2 3.6 2.0
Cr+i 1130 262 73 26.69* 7.9 1.8 2.7
T+ e 173 ul 41 22 32 9.9 5.8 3.3
Ni+t 1400 450 ril] 21.85 7.2 4.7 3.1
Co** 1650 460 72 21.29 6.7 1.2 3.0
Mg+ 1720 530 88 )00 6.2 3.5 3.5
Mn+2 2230 610 R4 2017 6.0 3.9 2.5
Fe*t 1820 a7 6 19.77 4.1 2.7 18
Cs*1 182 ua 44 19.41 10.4 _
U0, ** 5460 860 102 19.20 7.3 $.9 3.3
Agte 156 83 35 1808 7.9 5.4 4.0
Cut? 1510 420 (%) 17.50 1.3 2.8 18
Hg+t s 4700 1090 121 16.85 5.9 3.9 28
inte 1850 510 64 16.03 3.7 2.4 1.6
Rb+* 120 72 33 15.43 81

K+ 104 fi4 29 13.87 7.4 o _
Be+tt 255 117 42 13.33 5.2 3.3 2 4
Ti++ = 104 207 30 11.86 3.7 2 4 1.7
Yo+ 230 44 7.20 .

Na*t 52 28.3 12 5.50 3.6 .

Lit 33 18.9 g1 3.83 2.5 .

Sn 4 ~10* 45 6.2 1.60 1.2 .

Cd*2 510 84 6.5 1.54 1.0 0.6 .
Ve 13.9 7.0 5.0 1.10 0.7 0.2 0.3
Mo+ 10.9 1.5 0.3 0.81 0.2 0.4 0.3
Sett 1.1 0.6 0.8 0.63 1.0 07
Bi+? Ppt. Ppt. <1.0 1.0 1.0 1.0 1.0
As*? 1.4 1.6 2.2 3.81 2.2 o
Bh+? Ppt. Ppt. Ppt. Ppt. 28

Py o . 1.4 .
Au*? 0.5 i1 0.4 .84 1.0 0.7 2
Hg*? 16 0.4 0.5 .28 .3 2 0.2

® Done in nitric acid. )
b More than one cationie species present.

Figure 9-10: original data from Strelow (1960) [7R} values of different cations as a function of

different normalities of HCI
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Cation 0.1V 0.2N 0.5N 1,08 2.0 3.0N 4 0N

Zr(IV)e =1 = =104 6300 652 112 a0,
Hi(IV) =100 =104 =10 2400 166 6l 20
Th{lVv) =100 =104 =104 1150 123 43 .0 24
LalII1}= =104 =104 1870 267 a7 .3 17 .1 .
Cel I11) =10 =104 1540 2416 44 2 15.4 5
Yh 111} =10+ >1H 1150 193 41.3 16.0 4.
Er(1II} =104 =104 11000 182 a5 2 14.9 5.
Y(III)= =104 =100 1020 T4 35.8 13.9 10,
SmiIIl) =104 =104 1 CH) 168 29 .8 10.49 7.
Gd{III) =10 =109 10400 167 20 2 10.8 G
In(I1I) =10 =104 GE0 118 23 0 10.1 3.
=e(111) =104 J300 A0 116 23.3 11.6 7.
Cr(1IT} ST 1620 418 112 7.8 19.2 11,
Hgll)= =10 600 40 el 33.5 19 2 13.
Cral II1) =109 4200 445 G4 20.0 9.0 5,
ALTIT)= =10 3900 392 T4 16.5 8.0 5.
Fe{lll}® =104 4100 362 74 143 6.2 3.
Baill)= SO0 1560 271 6= 13.0 6.0 3.
Br(ll)e 3100 775 148 39.2 5= 6.1 i
Ph(Il}= =104 1420 183 3a. 7 B4 5.5 4
Ca(Il)s 1450 480 113 35 3 0.v 4.3 1.
CdiIl)e 150 392 a1 32.8 .8 6.8 3.
Co(Il)= 1260 342 a1 pi o 1.1 6.1 4
MniIl}e 1240 359 B4 25 4 11.4 7.1 3.
Ni(II)e 1140 384 91 281 10.3 BB 7.
Cui e 1080 256 =4 26 8 56 4 8 3.
Zn(Il}= 10820 a52 =3 25.2 7.0 4.6 3.
Bi(lll) 203 305 74 25.0 7.9 3.7 3.
UiV G659 262 G4 24 4 10.7 7.4 6.
Mgl 704 205 71 22.9 1 | a8 4.
TI{I)= 173 a1 41.0 22 .3 9.9 a R 3.
Ap(l)s 156 =20 36.0 15,1 7.9 5.4 4,
Hgi Il = 4700 10RO 121 16 9 2.9 3.9 2.
Ca(l) 145 | 34 8 16.5 7.6 4.7 3
Be(ll = Sad 183 32 14 8 6. 6 4.5 3.
Ti( IV e 1410 461 71 14.6 B 5 4.5 3.
ViIV) 405 157 35.6 14.0 4.7 3.0 2,
Bhil} 118 it} 201 13 4 6. 6 41 2.
Kl ] a0 26.2 11 .4 a.7 4.5 2,
Te( IV )* 40.3 19.7 .5 a0 2.4 06 0,
PdiIT) iy 62 23.5 o1 3.4 2.7 2.
Rh(IID 8 44.7 19.4 7.8 4.1 2.1 1.
Nal) 54 20 .4 12.7 6.3 3.4 2.0 1
LilTh 33.1 18.6 ®.0 3.0 2.8 1.7 1
Viv) 200 1) 10,6 4.9 2.0 1.2 .8 0
Mol Fpt. B.2 2.9 1.6 1.0 & ]
NhiV) 1.6 6.3 0.9 0.2 0.1 0.1 0
Hel 1Y) <5 <5 <0.5 <t 5 <. 5 <05 <0,
As(TID) =il 1 <01 <01 <0 1 <01 <01 <0,

= Coefficients published previously but included to provide complete list.
' Determined at ¢ = 0.2 because of limited solubility at low acid concentrations.

Figure 9-11 original data from Strelow et al. (1Pp3)]. Kd values of different cations in functiofi

different normalities HNQ
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9.7. Chapter 7. Analysis of the Furlo Pietralata clay fraction of the
samples.

Table 9-9 MC-ICP-MS settings used during clay si@mpeasurements by MC-ICP-MS. The

corresponding results are discussed in §7.2.

NEPTUNE 09/04 NEPTUNE 10/04
Instrument parameter Setting
Plasma RF forward Power 1287.9 W 1289.9 W
Nebulizer Micro-concentric Micro-concentric
(quartz) (quartz)
Sample uptake rate 100 pl/min 100 pl/min
Uptake time sample & standardq 120 s 120 s
Uptake time blank 90 s 90 s
Washout time 30s 30s
High-stability unit High-stability unit
Spray chamber (cyclonic + Scott-type) [ (cyclonic + Scott-type)
Spray chamber temperature Room temperature Roopetature
Torch/injector Quartz/quartz Quartz/quartz
Shield torch Platinum Platinum
Sampling cone/orifice Nickel/1.1 mm Nickel/1.1 mm
Skimmer cone/orifice Nickel/0.8 mm Nickel/0.8 mm
X position 3.7 3.9
Y position -2.7 -2.8
Z position 0.6 0.4
Cool gas flow rate 15.5 I/min 15.5 I/min
Auxilary gas flow rate 0.6 I/min 0.6 I/min
Sample gas flow rate 1.0 I/min 1.0 I/min
Integration time 4194 s 4194 s
Idle time 3s 3s
Cup position
L4 oLi oLi
H4 Li Li
Central cup m/z = 6.526 m/z = 6.526

XVII



. Table 9-10: Results for the bracketing standardisclmwere treated as samples during measurement

of the clay samples by MC-ICP-MS.

Standards measured as samples

09/04 10/04
7L (%o) 07LI1 (%o)
brac A -0.3+0.5 -0.1+04
Brac B 0.0+0.5 0.2+04
brac C 0.0+0.5 -0.2+0.4
brac D 0.6 +0.0 0.1+04
brac E 0.0+0.5 -0.1+04
brac F 0.0+0.5 0.1+04
brac G 0.0+0.5 -0.1+£04
brac H 0.0+0.5 -0.1+04
IRMM 00+1,1 00+1,1

Table 9-11 Sequence of measurements of the claglsarny MC-ICP-MS. G samples are samples

from an another research (not described in thisishe

Sequence Neptune 09/04

Sequence number 1 2 3 4 5 6
Sample name P1E2 K9E2 F3E2| Brac A Brac B Brac C
Sequence number 7 8 9 10 11 12
Sample name P5E2 K11E2 F1E2| BracD K7E2 P4B2
Sequence number 13 14 15 16 17 18
Sample name F2E2 Brac E Brac F Brac G P4E2 F1B2
Sequence number 19 20 21 22 23 24
Sample name P3E2 Brac H F3B2 F2B2 P5B2 K7B2

Sequence Neptune 10/04
Sequence number 1 2 3 4 5 6
Sample name K12E2 K8E2 P1B2| Brac A Brac B Brac C
Sequence number 7 8 9 10 11 12
Sample name K10E2 P6E2 P2E2| Brac D K10B2 K12B2
Sequence number 13 14 15 16 17 18
Sample name K8B2 Brac E Brac F Brac G P6B2 GbHE2
Sequence number 19 20 21 22 23 24
Sample name G2E2 Brac H G7E2 G6E2 G3E2 G8E2

XVIII




Table 9-12: Q-ICP-MS settings used during elemeartalysis of the pre-,lithium-,post-elution

XIX

fractions. The corresponding results are discuss€d.2.2.

Pre-, Lithium and Post-Elution Fraction Determinati

Instrument parameter

Setting

Plasma RF forward Power

1200 W

Nebulizer Concentric (quartz)
Sample uptake rate 500 pl/min

Uptake time 80s

Wash time 90 s

Spray chamber Double-pass Scott-type
Spray chamber temperature 1°C

Torch/Injector Quartz/Quartz

Shield torch Platinum

Sampling cone/Orifice Nickel/1.1 mm

Skimmer cone/Orifice

Nickel/0.75 mm

Horizontal 90 mm
Vertical 400 mm
Sampling depth 111 mm
Cool gas flow rate 13.0 I/min
Auxilary gas flow rate 0.7 I/min
Nebuliser gas flow rate 0.84 I/min
Dwell time 20 ms
Sweeps 200




Table 9-13: Overview of the amount of lithium iretpre-, lithium-and post elution fractions of the

different samples. In addition to the overview prgsd in §7.2.2.

Amount of Lithium

Pre-elution Lithium-elution Post-Elution
Load Runl Run2 | Runl Run?2Li RunllLi Run?2

Sample Depth (m) ) ) ) .

volume Li(ng) Li(ng) | Li(ng) (ng) (ng) Li (ng)
P1/FPL 5 50 pul <LOQ <LOQ 77 62 <LOQ 0.9
P2/FPL 4 50 pl <LOQ n.a. 62 n.a. <LOQ n.a.
P3/FPL 3 65 pl <LOQ n.a. 46 n.a. <LOQ n.a.
P4/FPL 2 82 ul <LOQ <LOQ 49 49 <LOQ <LOQ
P5/FPL 1 107 ul <LOQ n.a. 48 47 <LOQ <LOQ
P6/FPL 0.1 91 ul <LOQ <LOQ 47 47 <LOQ <LOQ
F2/FPL 0 21ul <LOQ <LOQ 50 49 <LOQ <LOQ
K7/FPL -0.1 89 ul <LOQ <LOQ 48 47 <LOQ <LOQ
K8/FPL -1 85 ul <LOQ <LOQ 48 45 <LOQ <LOQ
K9/FPL -2 50 pl <LOQ n.a. 45 n.a.
K10/FPL -3 87 ul <LOQ <LOQ 47 46 <LOQ <LOQ
K11/FPL -4 84 pl <LOQ n.a. 48 n.a. <LOQ n.a.
K12/FPL -5 57 ul <LOQ <LOQ 47 46 <LOQ <LOQ
F1/PTL 21 pl <LOQ <LOQ 47 46 <LOQ <LOQ
F3/FDO 22 ul <LOQ <LOQ 50 48 <LOQ <LOQ
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Figure 9-12: Effect of dry plasma on blanks, dunmgasurement of samples on the MC-ICP-MS. The
pink signal is théLi signal; the green signal is tAei signal. A decrease in the blank intensity is

obtained after 10 minutes of dry plasma conditions.
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Figure 9-13 Effect of dry plasma on blanks. Thekmiignal is théLi signal; the green signal is tfki
signal. A decrease in the blank intensity is obsérafter dry plasma conditions. During the operatio
of the plasma under dry plasma conditions, an as&en the signal intensity is observed for both

isotopes.
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