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Zusammenfassung

Durch ihr Potential Klima- und Umweltbedingungen aller Kontinente und Klimazonen zu
rekonstruieren, sind Speldotheme zu wichtigen Paldoklimaarchiven geworden, die mit der Uran-
Ungleichgewichtsdatierung prézise datiert werden kdnnen. Damit kdnnen unabhingige Altersmodelle
fiir die Paldoklimarekonstruktion mit Hilfe von §'3C, §'0 und Spurenelementen erstellt werden. Neben
diesen Proxies werden Sr Isotope zunehmend fiir Speldotheme angewandt. Das Sr Isotopensystem wird
dabei sowohl zur Rekonstruktion von hydrologischen Prozessen im Karst genutzt, als auch um
Veranderungen in den Verwitterungsprozessen innerhalb der Bodenzone zu rekonstruieren.
Strontiumisotope werden traditionell mit Thermal lonisation Mass Spectrometry (TIMS) gemessen, was
die chemische Abtrennung von Sr mit einem lonen-Chromatographie Harz voraussetzt und eine lange
Messdauer erfordert. Fortschritte in Laserablation (LA) und Multikollektor-ICP-Massenspektrometrie
(MC-ICP-MS) erlauben die Kopplung dieser Techniken, um Sr Isotope in verschiedenen Materialien
in-situ, ohne chemische Abtrennung zu messen. Die zusitzliche Verringerung der Messdauer erlaubt
zudem einen hoheren Probendurchsatz. Im Rahmen dieser Arbeit wurde die LA-MC-ICP-MS Analyse
von Sr Isotopen fiir Speldotheme angewandt. Neben Speldothemen wurden Karbonat- und Phosphat-
Referenzmaterialien (RMs) sowie Bioapatite analysiert, was das grofe Potenzial der Methodik zeigt. Da
RMs die Grundlage fiir verléssliche Analysen darstellen, wurde die Verfiigbarkeit von Sr Isotopie Daten
von geeigneten RMs im Rahmen dieser Arbeit verbessert. Neben acht Karbonat- und Phosphat-RMs
wurde ein maBgefertigtes mikroanalytisches Karbonat-RM charakterisiert, um die analytische Prazision
und Genauigkeit fiir zukiinftige in-situ Messungen von Karbonatproben mit wenig Sr, z.B. Speldotheme,
zu verbessern.

Das Potential der Sr Isotope wurde bei einer Multi-Proxy Paldoklimarekonstruktion einer einzigartigen
Speldothemprobe aus der Bunkerhdhle (Bu2) verdeutlicht. Der Stalagmit Bu2 zeigt zwei abgegrenzte
Wachstumsphasen im Marinen Isotopenstadium 3, was bisher als zu kalt und trocken fir
Speldothemwachstum in Mitteleuropa galt. Die Analyse von stabilen Isotopen, Spurenelementen und Sr
Isotopen zeigt, dass sich Mitteleuropa in einem warmen und humiden Klimazustand befand, welcher
Speldothemwachstum und Bodenbildung begiinstigte. Aullerdem wurde gezeigt, dass die erste
Wachstumsphase deutlich feuchter war, wie die zweite Phase.

Um die Aussagekraft einer einzelnen Stalagmiten -Isotopenkurve zu beurteilen, wurden stabile Isotope,
Spurenelemente und Sr Isotope von vier Holozénen Proben aus der Hiittenblédserschachthohle analysiert.
Der Datensatz wurde mit der nahegelegenen Bunkerhohle verglichen und zeigte deutliche Unterschiede
in den stabilen Isotopen. Wahrend des frithen Holozéns wurden vergleichbare Trends in beiden Hohlen
festgestellt, allerdings zeigen die jiingsten 7 — 6 ka signifikante Unterschiede, besonders fiir '*C. Die
zusétzliche Analyse von Spurenelementen und Sr Isotopen zeigte, dass diese Unterschiede durch
zunehmende Isotopen-Ungleichgewichtsfraktionierung in der Hiittenbldserschachthohle zustande
kommen, ausgeldst durch verlangsamte Tropfraten. Paldoklimarekonstruktionen basierend auf einer

einzelnen Speldothemprobe sollten daher immer als Multi-Proxy-Ansatz erfolgen.
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Abstract

Speleothems are increasingly used as palacoclimate archives due to their potential to reveal climatic and
environmental patterns for all continental areas and climate zones. They can be precisely dated using
the U-series disequilibrium method, allowing for the constraint of independent age depth models for
proxy records, such as 8"C, 8O and trace elements to reconstruct palacoclimate variability.
Additionally, Sr isotopes have been increasingly applied to speleothem samples in the recent years. The
Sr isotope system is used to investigate hydrological processes in the karst, as well as differences in the
weathering of soil components.

Strontium isotopes have traditionally been analysed by thermal ionisation mass spectrometry (TIMS),
which requires chemical separation of Sr using ion-chromatographic resins and suffer from long
measurement times. Progress in laser ablation systems (LA) and multi-collector inductively plasma mass
spectrometry (MC-ICP-MS) have recently allowed the combination of these two techniques to measure
Sr isotopes in several materials in-sifu without any chemical separation. Furthermore, sample throughput
is significantly increased with this method due to reduced analysis time. In the framework of this thesis,
the LA-MC-ICP-MS technique was adapted for the Sr isotope analysis of speleothems. Since this
technique has numerous potential applications besides speleothems, numerous carbonate and phosphate
reference materials, as well as bioapatite samples were analysed. In order to improve the data availability
of suitable reference materials, which are a basic requirement for reliable analyses, eight different
reference materials have been analysed for Sr isotopes. Furthermore, a customised carbonate
microanalytical reference material was characterised, improving the analytical precision and accuracy
for further in-situ measurements of low-Sr carbonate samples, such as speleothems.

The analysis of a unique speleothem sample from Bunker Cave (Bu2) demonstrates the potential of Sr
isotopes in a multi-proxy palaeoclimate reconstruction. Stalagmite Bu2 revealed two distinctive growth
phases during the early Marine Isotope Stage 3, which has been often argued to be too cold and dry to
enable speleothem growth in Central Europe. Based on the analysis of stable isotopes, trace elements
and Sr isotopes, we were able to show that Central Europe was in a warm and humid climate state during
this time, allowing speleothems to grow and soil to form. In addition, we show that these two growth
phases differed significantly from each other, with the early phase being much more humid.

To evaluate the significance of a single stalagmite stable isotope record, four Holocene speleothem
samples from the Hiittenbldserschachthohle (HBSH) were analysed for stable isotopes, trace elements
and Sr isotopes. The resulting dataset was compared to the nearby Bunker Cave and revealed significant
differences in the stable isotope record. While similar trends were observed in the early Holocene in
both cave systems, the most recent 7 — 6 ka revealed significant differences, especially in the §'*C record.
Based on the additional analyses of trace elements and Sr isotopes, it was possible to attribute these
differences to increased disequilibrium isotope fractionation in HBSH. Therefore, speleothem
palaeoclimate records based on a single sample should be handled with care and a multi-proxy approach

should be applied to enable trustworthy conclusions.
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Fig. 2.1: Schematic overview of a typical karst system with a carbonate host rock and overlying soil and
vegetation cover. Dissolution of the carbonate host rock is induced due to the generation of carbonic
acid in the soil zone (Eq. 2.I). As a consequence, the Calcium carbonate (CaCQO3) of the host rock is
dissolved (Eq. 2.1T) and Ca**,q-ions are transported via drip water inside the cave system. Equation 3.11I
describes the precipitation of CaCOs, caused by degassing of CO, in the cave atmosphere. Modified
after Fairchild et al. (2006).

Fig. 2.2: Schematic drawing of the **U, 23U and **’Th decay chains (modified after Bourdon et al.,
2003). Blue boxes indicate nuclides which are used for the *°Th-dating of speleothems. Green boxes
represent the final and stable Pb isotopes, depending on the decay chain. The greyscale reflects the half-
lives of each nuclide, the darker the colour, the longer the half-life. All half-lives are indicated in the
bottom of the boxes. *!°Pb is tagged in orange, and is used as alternative dating technique for young
speleothem samples, using the *'°Pb-excess method. Red arrows indicate a-decay, while dark blue

arrows indicate f-decay.

Fig 2.3: The secular Sr isotope curve for seawater 3’Sr/%6Sr variations in the Phanerozoic. Single
measurements are obtained from marine carbonate sediments, evaporites and fossils, representing the
value of the ocean. The shaded area around the curve is the estimated uncertainty obtained by Banner
(2004). Results are normalized to a ’Sr/*¢Sr value of 0.710248 for NIST 987 (McArthur et al., 2001).
Q = Quaternary, PG = Paleogene, Pre-C. = Precambrian. Modified after Burke et al. (1982) and Banner
(2004).

Fig.3.1: [A] Sampling approach for speleothem GP5. The red rectangle indicates the sampling section,
blue lines show the LA-MC-ICP-MS line scan positions. The spot analyses were performed near the
right end of the third line scan as indicated by the blue spots. [B] Sampling approach for speleothem
MAW-4. The red rectangle indicates the sampling section. Line scan and spot analyses are similarly

indicated as in [A]. All line lengths, widths and distances are on scale.

Fig. 3.2: ¥’Sr/*Sr ratios obtained on reference solution NIST SRM 987. The orange line represents the
literature value of ¥’Sr/*Sr = 0.71034 £ 0.00026 (GeoReM, Jochum et al., 2005), the shading in bright
orange shows the 2 SE. The large fluctuations in the Sr isotope ratio are caused by changes in the settings
of the source and transfer lenses of the Nu Plasma MC-ICP-MS, marked by the black arrows. Black
diamonds represent measurements with the original lens settings, while blue (red) diamonds represent

measurements with a 10 V increase (decrease) in lens voltage in comparison to the original lens setting.

Fig. 3.3: Influence of the different correction steps on the ¥’Sr/*Sr ratio of JCt-1 (black diamonds),

MAW-4 (squares) and GP5 (triangles). Note that all results are mass bias corrected.
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Fig. 3.4: ¥’Sr/%Sr ratios of reference material JCt-1 obtained during different days, showing the tuning
influence during the first measurements. The orange line represents the reference value of JCt-1 of
87Sr/%Sr = 0.70917 + 0.00001 (Weber et al., 2018b), the shading in bright orange corresponds to its

2 SE. Dashed vertical lines separate different days of measurements.

Fig. 3.5: ¥’Sr/%Sr ratios of reference materials JCp-1 and MACS-3 obtained by fs-LA-MC-ICP-MS.
The red line represents the literature value of MACS-3 of ¥’Sr/%¢Sr = 0.7075532 + 0.0000037 (Jochum
et al., 2011a), the blue line shows the literature value of JCp-1 of ¥Sr/*Sr =0.70916 = 0.00002 (Ohno
and Hirata, 2007), with its 2 SE shown as bright blue shading. The uncertainty range for the reference
value of MACS-3 is too small to be visible in the figure. Note that sample MACS-3-8 was strongly
affected by very variable 3*Kr intensities during the blank measurement and probably during the sample

measurement as well.

Fig. 3.6: [A] ¥St/®Sr ratios are plotted against the distance from top of speleothem GPS5. Line scan
measurements affected by low signal intensities are marked red. [B] ¥’Sr/*®Sr ratios of speleothem
MAW-4 against distance from top [mm] for the line scan as well as the spot analyses. For better

visualization of the error bars, spot analyses data were shifted to the right by 0.05 mm.

Fig. 3.7: Scatter plot of ®Sr intensity vs. 8’Sr/*®Sr 2 SE. The dependency of the ¥’Sr/**Sr 2 SE on the

88Sr intensity is shown for the line scan measurements of JCt-1, Glycimeris sp., GP5 and MAW-4.

Fig. 3.8: Black diamonds show the raw results of the *’Sr/**Sr LA-MC-ICP-MS line scan measurements
performed using JCt-1 as a reference material and a sample. Corrected *Sr/*Sr ratios of JCt-1 are shown
as red diamonds. Note that the uncertainties increased in comparison to the raw data due to correction
via the reference material. The orange line represents the reference value of JCt-1 of 0.70917 + 0.00001

(Weber et al., 2018Db).

Fig. Ad4.1: Comparison of ¥’St/*Sr ratios of different measurement techniques and literature values for
four selected RMs. Top left: JCp-1; Top right: JCt-1; Bottom left: MACS-3; Bottom right: MAPS-4. ns
= nanosecond, referring to NWR UP-213; fs = femtosecond, referring to NWR Femto200. * Note that
for clarity, only the ns-LA-MC-ICP-MS of the Nu setups for JCt-1 are shown. For a comparison of the
87Sr/%6Sr ratios of ns-LA-MC-ICP-MS of JCt-1 between Nu and Neptune, see Table 4.3.

Fig. A4.2: Raw data for one measurement of JCp-1 (JCp-1-45) to demonstrate the measurement

configuration used in this study. For details in cup configuration, see Table 4.2.

Fig. A4.3: Raw data for one measurement of MACS-1 (MACS-1-5) to demonstrate the measurement

configuration used in this study. For details in cup configuration, see Table 4.2.

Fig. A4.4: Raw data for one measurement of MAPS-4 (MAPS-4-21) to demonstrate the measurement

configuration used in this study. For details in cup configuration, see Table 4.2.
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Fig. A4.5: Raw data for one measurement of MAPS-5 (MAPS-5-6) to demonstrate the measurement

configuration used in this study. For details in cup configuration, see Table 4.2.

Fig. 5.1: [A] Top view of a pressed nanopowder pellet with a diameter of 13 mm and a thickness of ca.
2 mm. [B] Backscattered electron (BSE) image of the edge of the compacted nanopowder pellet. [C]
Top view of the compacted nanopowder pellet as secondary electron image (SEI). [D] Top view of the
compacted nanopowder pellet showing darker and brighter areas in the BSE-image. [E] BSE image of
the compacted nanopowder pellet with a magnification of 1300, showing the compaction of the

nanopowder and the small pore spaces below the um-range.

Fig. 5.2: Solution-based ICP-MS results for the mass fractions of Sr (black square, top graph) and Yb
(red square), Er (purple star), Dy (blue diamond) and Rb (orange circle, bottom graph) for digestion of
six samples. The blue line represents the average mass fraction of Sr (494.9 + 51.4 ug/g, n = 6) with the

respective 2 SD uncertainties expressed as red lines. All uncertainties in the bottom panel are 2 SD.

Fig. 5.3: LA-ICP-MS results obtained in different laboratories. In total, seven different nanopowder
pellets were analysed. [A] Strontium and Rb mass fractions obtained at the Institute of Geosciences,
Mainz (n = 72, pellet 1 — 6). [B] Strontium and Rb mass fractions obtained at the CIGS, Modena (n =5,
pellet 7). [C] Strontium and Rb mass fractions obtained at MPIC, Mainz by spot (n = 72, pellet 1 — 6)
and [D] line scan analyses (n = 18, pellet 1). The blue line represents the average mass fractions for Sr
and Rb with the respective 2 SD uncertainties expressed as red lines. All uncertainties of single

measurements are 1 SD.

Fig. 5.4: Elemental distribution for Sr (top left), Rb (bottom left), Mg (top right) and Ba (bottom right)
of the pressed nanopowder pellet (pellet 9) obtained with the MapIT! software (Sforna and Lugli, 2017).
The upper half of the nanopowder pellet was analysed. The length of the x-axis is 13 mm (diameter of

the pellet) and the y-distance 6.6 mm for each image obtained.

Fig. 5.5: [A] MC-ICP-MS data from CIGS (n = 19). [B] MC-ICP-MS data from MPIC (n = 21). Black
squares represent the ¥’Sr/*Sr and ¥St/*Sr ratios, respectively, of the individual measurements. Blue
lines show the average ratios with the corresponding 2 SD uncertainties as red lines. The grey square

represents the results from the pressed nanopowder pellet, which was dissolved for solution analysis.

Fig. 5.6: Laser ablation MC-ICP-MS data obtained at the MPIC, Mainz [A] (pellets 1 — 6), and the CIGS
[B] (pellet 7). The ¥’Sr/%Sr as well as the 34Sr/*®Sr ratio of the individual measurements (black squares)

are shown as well as the average ratio (blue line) and the respective 2 SD uncertainties (red lines).

Fig. 6.1: Map showing north-western parts of Europe with the location of MIS 3 climate records from
Bunker Cave [A, this study], Crag Cave [B, Fankhauser et al. (2016)], Grotte des Puits de Pierra-la-
Treiche [C, Pons-Branchu et al. (2010)], Villars Cave [D, Genty et al. (2003)], Holloch Cave [E,
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Moseley et al. (2014)], Kleegruben Cave [F, Spétl et al. (2006)] and the Eifel maar lakes [G, Sirocko et
al. (2016)].

Fig. 6.2: Slab of speleothem Bu2 showing petrographic features and sampling details. Sample locations

for 2°Th/U-dating are presented in supplementary Table A6.1.

Fig. 6.3: Age-depth relationship for stalagmite Bu2. Black points show the MC-ICP-MS **Th-ages,
blue points highlight the two ages measured by TIMS (supplementary Table A6.1). The green line
represents the age model calculated by StalAge (Scholz and Hoffmann, 2011), while red lines show the
corresponding age-uncertainties (95% confidence interval). The vertical black line marks the hiatus
between the two growth phases and was guided by the abrupt change in Y mass fraction (see section

6.5.2).

Fig. 6.4: Mass fractions of Mg, Sr and Y (high resolution data shown by grey lines) as well as §'30q
(blue) and 8"°C (red) values of speleothem Bu2 shown versus distance from top (DFT). Note that the
8"3C axis is inverted. A hiatus was identified at 139.3 mm DFT. The spike in Mg and Y at 280 — 282 mm
DFT is due to a detrital layer (see Fig. 6.2).

Fig. 6.5: [A] ¥’Sr/*Sr ratios of the host rock (blue circle), soil horizon A (orange diamond) and soil
horizon C (green diamond) at Bunker Cave compared to stalagmite Bu2 values (black squares). [B]
Close-up of Bu2 ¥’Sr/*Sr ratios during MIS 3 (black squares). The mean value is shown as a black line
for each phase with the red box indicating the 1 SD. MIS 3 phase 1 shows generally higher Sr/%Sr
ratios than MIS 3 phase 2. The soil samples show much more radiogenic ¥’Sr/*Sr ratios than the host

rock and the speleothem. All measurement uncertainties are 2 SE.

Fig. 6.6: Comparison of growth phases of different MIS 3 speleothems in Europe with the NGRIP §'*O
and the marine MD99-2331 records. [A] NGRIP 8'®0 record (Svensson et al., 2008). [B] Abundance of
the foraminifera Neogloboquadrina pachyderma (orange) and the number of IRD per gram of sediment
(black) in marine core MD99-2331 (Sanchez Goiii et al., 2013). Heinrich event 5 is marked in the figure
(grey box) based on these data. [C] »*°Th/U-ages of the NALPS record (Moseley et al., 2014). [D]
230Th/U-ages from Crag Cave (Fankhauser et al., 2016). [E] 2°Th/U-ages of stalagmites Vil-stm27 (red
diamond, Genty et al., 2010), Vil-stm9 (purple stars, Genty et al., 2010) and Vil-stm14 (grey circles,
Wainer et al., 2009) from Villars Cave. [F] 2*°Th/U-ages from Bunker Cave stalagmite Bu2 (this study)
[G] Growth phases based on the age-depth model (green line) with the respective age uncertainties gives

at 95 % confidence levels (red triangles) of Bu2 (this study).

Fig. 6.7: Speleothem Bu2 8'"°C (red) and §'30q (blue) record plotted against age. Also shown are the
8'3C and 8'80 values from modern calcite precipitated on watch glasses (Riechelmann, 2010) placed
under a drip site (TS 7) close to the Bu2 drip site and the Holocene section of Bu2 (Fohlmeister et al.,
2012). Note that the 8'*C axis is inverted.
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Fig. 6.8: Comparison of the Bu2 multi-proxy record with other MIS 3 climate records. Yellow boxes
show the timing of D/O-events 12 and 11. [A] NGRIP 380 record (Svensson et al., 2008). [B]
Abundance of the foraminifera Neogloboquadrina pachyderma (orange) and the number of IRD per
gram of sediment (black) in marine core MD99-2331 (Sanchez Goiii et al., 2013). Heinrich 5 event is
marked in the figure (grey box) based on these data. [C] NALPS oxygen isotope record from alpine
speleothem samples (Moseley et al., 2014). [D] Villars Cave stable carbon isotope records, Vil-stm9
(purple), Vil-stm14 (grey), Vil-stm27 (red, Genty et al., 2003; Genty et al., 2010; Wainer et al., 2009)
[E] Percentage of Poaceae-pollen in drill core DE3 from the Eifel, Germany (Sirocko et al., 2016). [F]
Percentage of Picea-pollen in drill core DE3 from the Eifel, Germany (Sirocko et al., 2016). [G] Sr
isotope data of Bu2. [H] Mg mass fraction of Bu2. [I] 8°C values of Bu2. Note inverted axis for Mg

mass fractions and §'3C values. [J] Growth rate of Bu2.

Fig. A6.1: Effect of the sea-level correction on the 3'80 values of Speleothem Bu2, based on the
correction factor of Duplessy et al. (2007) and the sea-level reconstruction of Bates et al. (2014b) and

Bates et al. (2014a).

Fig. A6.2: Growth rate of Bu2 against DFT, based on the age-depth model constructed with StalAge
(Scholz and Hoffmann, 2011).

Fig. A6.3: Comparison of the age-depth relationships of four different European speleothems that cover
MIS 3. Black closed squares are the >*°Th-ages from Bu2 (this study). >*°Th-ages from speleothems from
Villars Cave are illustrated by red diamonds (Vil-stm27, Genty et al., 2010), grey circles (Vil-stm14,
Wainer et al., 2009) and purple stars (Vil-stm-9, Genty et al., 2010). In general, there are only few data
points between 48 and 50 ka, showing the inhabiting influence of the Heinrich 5 cold event on
speleothem growth in Europe. Bu2 stopped growing completely, while the Vil-stm14 stalagmite showed
a significantly diminished growth rate. Vil-stm27 started to grow at this time around 48.5 ka and shows

rapid growth between 47 and 44 ka.

Fig. A6.4: Thin section of Bu2 between 63 and 101 mm DFT showing the hiatus between the Holocene
and MIS 3 at 76 mm DFT. Around 100 mm DFT, no hiatus is visible.

Fig. A6.5: Thin section of Bu2 between 123 and 151mm DFT showing the hiatus between the two
MIS 3 growth phases at 139 mm DFT.

Fig. A6.6: 2*°Th/U dating results and stable isotope data of Bu2 plotted against DFT.

Fig. A6.7: Increase in U at the detrital layer (see Fig. 6.2) suggesting post-depositional mobilization of
U probably resulting in an apparently too young age for sample Bu2-29 (see supplementary Table A6.1

and section 6.5.1 in the manuscript).
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Fig. 7.1: Geological map of the cave area with Hiittenbladserschachthéhle and Bunker Cave indicated in
the Middle/Upper Devonian limestone. Weather station (WS) Hagen-Fley is indicated in the north-
western part of the map. Modified after Riechelmann et al. (2011).

Fig. 7.2: Overview of HBSH samples HBSH-1, HBSH-3, HBSH-4, and HBSH-5 (left to right). For
samples HBSH-1 and HBSH-5, only the upper parts covering the Holocene were investigated. For
HBSH-3 and HBSH-4, the major parts cover the Holocene.

Fig. 7.3: Age-depth relationship for stalagmites HBSH-1 (black), HBSH-3 (green), HBSH-4 (red) and
HBSH-5 (blue) resulting from U-series dating. Measurements performed with the Neptune Plus MC-
ICP-MS at the Institut of Geosciences are marked with an asterisk or a diamond, respectively. The
coloured squares/diamonds represent the resulting 2*°Th-ages with their respective 2 SE uncertainties.
Please note that some of the measurement uncertainties are smaller than the square/diamond indicating
the resulting age and are therefore not visible in the figure. Detailed uncertainties are given in Table 7.1.
The green lines represent the age model calculated by StalAge (Scholz and Hoffmann, 2011) with the
red lines representing the corresponding age uncertainties on a 95% confidence level for each sample.
For the ages before the onset of the Holocene in stalagmites HBSH-3 and HBSH-4, no age model was

calculated.

Fig. 7.4: [A] 8°C and [B] 8'%0 values for stalagmites HBSH-1 (black), HBSH-3 (green), HBSH-4 (red)
and HBSH-5 (blue) based on the age-depth model. Please note the inverted axis for §'°C.

Fig. 7.5: [A] 8"3C and [B] 8'®0 values averaged by a centennial mean for stalagmites HBSH-1 (black),
HBSH-3 (green), HBSH-4 (red) and HBSH-5 (blue). Please note the inverted axis for §'3C.

Fig. 7.6: Strontium isotope results for HBSH-3 (green), HBSH-4 (red) and HBSH-5 (blue). In addition,
Sr isotope values from the host rock and overlying soil at the nearby Bunker Cave (Weber et al., 2018a)

are shown (see section 7.6.2.4 for details).

Fig. 7.7: Correlation matrix for stable carbon and oxygen isotopes and trace elements of stalagmite

HBSH-3 during the early [A] and late [B] phase of the Holocene.

Fig. 7.8: 5'%0 and 8'*C correlation matrix for [A] the four HBSH stalagmites, as well as the two HBSH

stacks and [B] the four Holocene Bu stalagmites (Fohlmeister et al., 2012), as well as the two Bu stacks.

Fig. 7.9: Correlation matrix for [A] 8'%0 of the four Bu (Fohlmeister et al., 2012) and HBSH stalagmites,
as well as the two HBSH and Bu stacks and [B] 8'*C of the four Bu (Fohlmeister et al., 2012) and HBSH
stalagmites, as well as the two HBSH and Bu stacks.

Fig. 7.10: Scaled stable isotope stacks for [A] 8'%0 of Bunker Cave [B] 80 of HBSH [C] §"*C of
Bunker Cave and [D] 8'3C of HBSH. For all stacks, the replication indicates the number of individual
stable isotope measurements averaged for the centennial mean for the specific time interval. Please note

that the axes for §!°C are inverted to match with the plots shown in Fig. 7.4 and 7.5.
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Fig. A7.1: Trace element records of P, Ba, Sr and Mg obtained from HBSH-1.
Fig. A7.2: Trace element records of P, Ba, Sr and Mg obtained from HBSH-3.
Fig. A7.3: Trace element records of P, Ba, Sr and Mg obtained from HBSH-5.

Fig. A7.4: Growth rates for speleothem samples HBSH-1, HBSH-3, HBSH-4, HBSH-5. Please note the

break in the y-axis.

Fig. A7.5: Correlation matrix for stable isotopes and trace elements of HBSH-5.
Fig. A7.6: Correlation matrix for stable isotopes and trace elements of HBSH-3.
Fig. A7.7: Correlation matrix for stable isotopes and trace elements of HBSH-1.

Fig. 8.1: Stable carbon (top) and Sr isotope (bottom) data obtained from stalagmite HBSH-1 from
Hiittenbldserschachthohle. Both proxies show a similar trend on the longer time scales, covering almost
the entire MIS 5. The similar pattern observed in both isotope systems suggests that the underlying
mechanisms driving both proxies must be the same or closely linked, potentially related to soil

development and changes in weathering above the cave.

Fig. 8.2: Transect through an unaltered (black) and altered (red) dental cube consisting of enamel and
dentin (EDJ = enamel dentin junction) for ¥’Sr/%6Sr (straight line) and **Sr/**Sr (dashed line). The
unaltered sample shows constant 3’Sr/%6Sr ratios throughout the whole sample, without any significant
changes between enamel and dentin. The invariant #Sr/%Sr ratio is also constant for the whole sample.
In contrast, the altered sample, which was placed in a **Sr-enriched solution at 90°C for 63 days shows
a significant decrease in *’Sr/*®Sr, as well as 3*Sr/**Sr in the outer rim of the enamel and the whole dentin.
Only the inner part of the enamel shows pristine *’Sr/**Sr and 3*Sr/%Sr ratios, with the other parts being

highly overprinted.
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Table 3.1: Nu Plasma collector block assignments used for in-situ LA-MC-ICP-MS Sr isotope analysis
of speleothems. Collectors H1, H2, H4, Ax and L1 — L5 are Faraday cups, IC-1 is an ion counter.

Table 3.2: Results of the line scan and spot analysis from speleothem samples GP5 and MAW-4. The
alignment of the different cups is presented with the corresponding signal intensities. For most sample
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Neptune Plus MC-ICP-MS. Sample HBSH-1 has been analysed at the School of Geographical Sciences,
Bristol. BDL = below detection limit; NA = not available due to 2*>Th mass fractions below detection

limit.
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Chapter 1

Chapter 1: Introduction

During the past decades, speleothems became an important archive for terrestrial palacoclimate
reconstruction. Although dependent on karst areas, they are found worldwide in a variety of climatic
zones, from the artic to the tropics, as well as at different altitudes (Fairchild and Baker, 2012). One of
their main advantages relative to other palaeoclimate archives, is their potential for very precise dating
using U-series disequilibrium methods (Richards and Dorale, 2003; Scholz and Hoffmann, 2008). In
addition, the analysis of stable isotope values of carbon (8°C) and oxygen (5'%0) are established
methods for deciphering past climate variability in high resolution and on long time scales, often as a
continuous record (e.g. Cheng et al., 2016; Fairchild et al., 2006; Lachniet, 2009; McDermott, 2004;
Wang et al., 2001). In addition, trace element mass fractions and ratios have been widely used to further
constrain the palaeoclimate reconstructions based on speleothems (e.g. Fairchild et al., 2000; Fairchild

and Treble, 2009; Verheyden et al., 2000; Wassenburg et al., 2012).

While most studies are based on the combination of stable carbon and oxygen isotopes, potentially
combined with trace elements, several other proxies have been applied to speleothems in recent times.
Strontium isotopes are one promising proxy in speleothem science, due to their independence from
stable carbon and oxygen isotopes and their direct relationship with the dripwater entering the cave
(Fairchild and Baker, 2012). In most cases, the radiogenic *’Sr/*Sr ratio is used to reconstruct past
hydrological changes in the epikarst, as well as changes in aeolian dust incorporation in the overlying
soil (e.g. Banner et al., 1994; Banner et al., 1996; Frumkin and Stein, 2004). Although the stable Sr
isotope value 8% Sr has been used to derive further information about processes in the soil (Halicz et al.,

2008), it has not been widely applied to speleothems.

Initially, the analysis of Sr isotopes was restricted to thermal ionisation mass spectrometry (TIMS),
which requires chemical separation prior to analysis and elongated analysis times for each sample
(Platzner, 1985). The development of multi-collector inductively coupled plasma mass spectrometry
(MC-ICP-MS) coupled to a laser ablation (LA) system (Wieser and Schwieters, 2005), allowed for
dramatic reduction in the required analysis time. Furthermore, the use of in-situ laser ablation techniques

does not require chemical separation prior to analysis.

This thesis deals with the application of Sr isotopes to a variety of speleothem samples and their use as
palacoclimatic and environmental proxies. /n-situ analysis of Sr isotopes by LA-MC-ICP-MS was
successfully applied to speleothem samples and further tested and improved by using suitable reference
materials with different matrices. All measurement techniques for Sr isotopes described above (TIMS
and (LA-)MC-ICP-MS) were used in this thesis research allowing for evaluation and direct comparison
of the accuracy and precision of the different techniques. After careful quality assurance of the different
techniques, Sr isotopes were analysed in multiple speleothem samples. The Sr isotopes were used to
study Marine Isotope Stage (MIS) 3 and the Holocene and enabled a deeper understanding of the

underlying processes affecting speleothem formation.
1
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The initial requirement for successfully measuring Sr isotopes was the establishment of the analytical
technique. Manuscript I (chapter 3) deals with the development of the in-situ methodology at the Max
Planck Institute for Chemistry, Mainz, using a Nu Plasma MC-ICP-MS. The instrument was coupled to
a CETAC Aridus desolvator system to establish the analytical procedure. Afterwards, the mass
spectrometer was coupled to a conventional nanosecond (ns) laser ablation system, as well as a state-of-
the-art femtosecond (fs) laser ablation system to highlight the robustness of the method, using different
carbonate reference materials. The final step was the application of the LA-MC-ICP-MS methodology
on two different aragonitic speleothem samples from India and Morocco and comparison of the results

of spot and line scan analyses.

Measurements performed with in-situ techniques, such as LA-MC-ICP-MS, relies on the quality and
choice of a suitable reference material for the sample of interest. Therefore, manuscript II (chapter 4)
deals with the systematic investigation of suitable reference materials for Sr isotope analysis by laser
ablation. In total, eight different reference materials (four carbonates and four phosphates) were analysed
by solution based and ns-/fs-laser ablation MC-ICP-MS at different laboratories. The results obtained
by solution techniques were in agreement with literature data (if available). However, some of the laser
ablation results for reference materials with low Sr mass fraction and high mass fractions of Rare Earth
Elements (REEs) showed significantly biased 'Sr/*Sr ratios. This indicates the importance of suitable
reference materials for successful analysis of carbonate and phosphate (e.g. bones and teeth) samples

for Sr isotope analysis by LA-MC-ICP-MS.

Most of the widely available carbonate reference materials have a high Sr mass fraction, since they often
are processed marine carbonates. However, speleothems usually have a much lower Sr mass fraction
than marine carbonates. Therefore, the quality control and correction of Sr isotope measurements of low
Sr carbonates by LA-MC-ICP-MS should be performed with a reference material with a similar Sr mass
fraction. In manuscript III (chapter 5), a new synthetic nanopowder carbonate reference materials
(NanoSr) is presented, in which Sr mass fraction was customised to match the demands for a low Sr
reference material. Since a new reference material needs to be very precisely characterized, different
analytical techniques have been performed at different laboratories. Analyses included the determination
of the Ca mass fraction by electron probe micro analysis (EPMA), as well as the determination of trace
element mass fractions, both using solution and laser ablation ICP-MS. To determine the most accurate
and precise Sr isotope ratios, TIMS analysis were performed for the reference material. In addition, Sr
isotopes have been determined by MC-ICP-MS in two laboratories to support the results obtained by
TIMS. The final proof-of-concept was established by performed LA-MC-ICP-MS Sr isotope analyses
in two laboratories, which yielded identical ¥’Sr/*Sr ratios as the solution-based techniques, proving

micro-homogeneity of the material for in-situ Sr isotope analysis.

In contrast to methodological development and validation, manuscript IV (chapter 6) deals with the

reconstruction of past climate variability during the Marine Isotope Stage (MIS) 3 in Central Europe. A
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unique speleothem sample from Bunker Cave, which grew during the early phase of MIS 3, was
analysed using a multi-proxy approach, including stable isotope, trace element and Sr isotope analysis.
Uranium-series dating revealed two growth phases, separated by a hiatus, potentially related to the
Heinrich 5 event. While the first growth phase was characterised by a fast growth rate and warm and
humid conditions, the second growth phase showed a significantly declined growth rate and much drier
conditions. However, since speleothem growth in Central Europe is usually sparse during MIS 3, these
two growth phases are exceptional and indicate much more humid conditions during this time than
previously believed. Unfortunately, this record is only based on a single speleothem sample from Bunker
Cave, covering the MIS 3, which required the multi-proxy approach to verify the palacoclimate

interpretation.

To assess the significance of a single speleothem record, several samples from the same cave need to be
analysed and systematically compared. Manuscript V (chapter 7) deals with four Holocene speleothem
samples from Hiittenbldserschachthohle (HBSH). The stable isotope of these speleothems were
analysed, as well as trace elements and Sr isotopes. In general, the four speleothem samples show similar
trends in their stable isotope records. However, a significant transition is visible between 7 — 6 ka,
wherein §'*C values becoming progressively more positive. This transition is also visible in the trace
element record, as well as in the Sr isotopes. Based on correlations of the trace elements and stable
isotopes, it was possible to validate this transition. As the younger phase is characterised by a much
slower growth rate in all speleothem samples, as well as a progressive increase in §'°C and §'%0, an
increased disequilibrium isotope fractionation is assumed to mainly influence the younger part of the
records. Due to the close proximity (<1 km) of HBSH to the intensively studied Bunker Cave, the
Holocene stable isotope records of both caves have been compared. While the early Holocene shows
similar trends in both caves, the §'°C values diverge in the younger half of the Holocene. This pattern is
attributed to the assumed disequilibrium isotope fractionation in HBSH, overprinting the climatic and
environmental signal. These results clearly show, that climate interpretations based on a single
speleothem, or even a single cave, can be biased by cave effects, which overprint the climatic signals.
Thus, a multi-proxy approach (e.g. analysis of trace elements, Sr isotopes, ...) is strongly encouraged to

validate the obtained stable isotope dataset.
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Chapter 2: Basics
For the understanding of palaeoclimatic forcing on speleothems, some basic knowledge about
speleothem formation and the proxy incorporation is necessary. To provide those basics, the following

paragraphs will guide through different aspects of speleothem science and the analytical methodology.

2.1 Speleothem formation

Speleothems naturally occur in karstic environments all over the world. They grow inside of cavities in
carbonate host rocks, which act as an aquifer and ensure the transport of liquid water inside the cave
(Ford and Williams, 2013). Speleothems mainly consist of calcium carbonate (CaCO3), usually in form
of calcite and/or aragonite. Typical carbonate rocks in which stalagmites develop are limestones
(CaCO3) and dolomites (CaMg(CO:s),), resulting in differences in speleothem geochemistry. Due to their
growth in a protected environment over time spans ranging from hundreds to several ten- to hundred
thousands or even million of years, they contain valuable information about Earth’s climate history.
Most studies using speleothem samples deal with stalagmites, building up from the cave floor. However,
some studies focus on flowstones, forming from a thin layer of water on cave walls and floors (Fairchild
and Baker, 2012). To reconstruct past climate variability using speleothems, the formation processes
need to be understood to draw conclusions about various influencing factors during growth. In general,
there are five main factors influencing speleothem growth and geochemistry: the atmosphere, the
vegetation and soil above the cave, the karstic aquifer, primary speleothem crystal growth and secondary

alteration (Fairchild et al., 2006).

Speleothem formation is coupled to dissolution and precipitation of carbonate material. Meteoric water
precipitates above the cave system and enters the soil. The high partial pressure of carbon dioxide (pCO»)
in the soil in comparison to the atmosphere, i.e. due to root transpiration and microbial activity, leads to
the formation of carbonic acid (Fig 2.1, Eq. 2.I) which dissolves the carbonate in the host rock (Fig 2.1,
Eq. 2.1I). The seepage water in the karst ultimately enters a cavity with lower pCO; values than in the
soil and epikarst. After dripping from the ceiling of the cave (potentially forming a stalactite), the water
drips down on top of a stalagmite. A thin layer of solution (approximately 0.1 mm) is formed, excess
CO; degasses within seconds from the saturated solution (Hansen et al., 2013) and speleothem formation
is induced (Fig. 2.1, Eq. 2.11I; Fairchild et al., 2006; Fairchild and Baker, 2012). Precipitation can also
occur prior to the deposition in the cave, which is called prior calcite precipitation (PCP). This effect
can cause reduced super-saturation and might be identified by a characteristic evolution of the chemical
composition, e.g. increasing Mg/Ca or Sr/Ca ratios, of the water and ultimately in the speleothem

(Fairchild and Baker, 2012).

The resulting growth rate of stalagmites can cover different magnitudes. Stalagmites growing in humid

and warm climates can grow at a rate of several hundreds of pm per year (um/a, see speleothem MAW-
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4 in section 3.3) or even more. In contrast, speleothems in cold or temperate climate zones grow more
slowly and can additionally show large variations in growth rate (see speleothem Bu2 in section 6.5.1
and speleothems from Hiittenblaserschachthohle in section 7.5.1). In general, a typical growth rate for
speleothems in cool temperate regions might be less than 100 pm/a (Fairchild and Baker, 2012).
However, speleothem growth is not always continuous and can stop due to different reasons. Growth
cessation results in a hiatus, which either indicates a deterioration in climatic conditions or a change in
local processes within the aquifer, causing a shift in drip location (Fairchild et al., 2006; Fairchild and

Baker, 2012).
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Fig. 2.1: Schematic overview of a typical karst system with carbonate host rock, overlying soil and

vegetation cover. Dissolution of the carbonate host rock is induced by the carbonic acid in the soil zone
(Eq. 2.1). As a consequence, the Calcium carbonate (CaCO3) of the host rock is dissolved (Eq. 2.1I) and
Ca’'(yq-ions are transported via drip water inside the cave system. Equation 2.III describes the
precipitation of CaCOj3, caused by degassing of CO; in the cave atmosphere. Modified after Fairchild et
al. (2006).
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2.2 Dating of speleothem samples

One of the major advantages of speleothems in comparison to other palacoclimate archives is their
precise age control. Nowadays, the most often applied dating technique for speleothem samples is the
U-series disequilibrium method (Richards and Dorale, 2003; Scholz and Hoffmann, 2008). While initial
U-series dating was performed using alpha spectrometry, the development of TIMS improved the
precision of »*°Th-dating significantly. A further step towards modern-day applications of U-series
dating of speleothems was the development of MC-ICP-MS (Wieser and Schwieters, 2005), with
reduced sample size and improved analytical precision. However, all methods require chemical

separation of U and Th using an ion-exchange resin prior to analysis (Hoffmann, 2008).

Uranium-series dating is based on the radioactive decay of the radionuclides 23U, 233U and ?*?Th, all of
which have a long half-life and, in each case, finally decay into a different stable isotope of Pb (Fig. 2.2).
To date samples using these isotopes, the natural state of radioactive equilibrium (e.g. in the carbonate
host rock) needs to be disturbed. Natural processes fractionating the nuclides and causing a
disequilibrium, can disturb the activity between the daughter and parent isotope. By returning to the
equilibrium state, it is possible to quantify the timing of fractionation and therefore the timing of
speleothem deposition (Bourdon et al., 2003; Scholz and Hoffmann, 2008). Due to different
geochemical behaviours of U and Th, elemental fractionation is induced in the cave system. On the one
hand, U mainly exists as uranyl ion (UO)*" or several uranyl carbonate forms at the Earth’s surface.
Therefore, it is highly soluble in water and will be ultimately incorporated in the mineral lattice of a
speleothem during CaCOs precipitation. Uranium mass fraction in speleothems ranges from nearly zero
to even more than 100 pug/g (Ford and Williams, 2013). On the other hand, Th is almost insoluble in
water (Ivanovich and Harmon, 1992) and particle reactive, i.e. absorbed onto particles and therefore not
available for the seepage and drip water in the karst system. Thus, Th is not incorporated in speleothem
samples during deposition, resulting in an initial disequilibrium of U and Th and allowing the application

of the »*°Th-dating technique.

However, prerequisites for the dating of speleothem samples using U-series disequilibrium methods

include some basic assumptions:

1) No post-depositional diagenesis, resulting in a closed system;

2) No initial »°Th incorporation into the speleothem during deposition, resulting in (*°Th/?*%U) = 0;
3) No detrital 2°Th, 24U and #3*U.

Due to the protected cave environment, the first assumption is usually true for most speleothem samples.
Nevertheless, if there is any loss or addition of isotopes within the decay chain, the obtained ages will
be erroneous and probably not in stratigraphic order. This can be caused by several factors. It is possible,

for example that the U-series system was not closed for the entire formation time of the speleothem, i.e.
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dissolution and re-precipitation of speleothem calcite has occurred after deposition. This is only possible
when corrosive water is dripping on top of the stalagmite. Different scenarios resulting in corrosive
waters are described in Scholz et al. (2014). Uranium can be either lost or added during those phases,
resulting in deviating (**°Th/?**U) ratios. Thorium, however, is unlikely to be added or lost during open
system behaviour due to its insolubility in water. Post-depositional U loss results in elevated (**°Th/?*%U)
ratios and will result in apparently older »*°Th-ages. In contrast, post-depositional U gain will result in
lower (3*°Th/>*®U) ratios and therefore the obtained ages will appear to be too young (see section 6.5.1,
Table A6.1 and Scholz et al., 2014). The second assumption is not always fulfilled, since several
speleothem samples incorporate detrital 2?Th and therefore a detrital component of 2°Th.
Unfortunately, there is no universal (**°Th/**Th) ratio, resulting in different correction techniques for
detrital Th, e.g. by using an estimation of the initial isotopic composition of the detrital material
(Wedepohl, 1995). #*°Thorium ages must be rejected if significant Th contamination cannot be excluded
or corrected. The third assumption is a general assumption for the U-series disequilibrium method. If
this assumption is not fulfilled, i.e. due to large diagenetic alteration, the whole decay chain becomes

disturbed, resulting in an open system, hampering the »*°Th-dating method.
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Fig. 2.2: Schematic drawing of the 23U, 23U and **’Th decay chains (modified after Bourdon et al.
2003). Blue boxes indicate nuclides which are used for the 2°Th-dating of speleothems. Green boxes
represent the final and stable Pb isotopes, depending on the decay chain. The greyscale reflects the half-

lives of each nuclide, the darker the colour, the longer the half-life. All half-lives are indicated in the
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bottom of the boxes. 2!°Pb is tagged in orange, and is used as alternative dating technique for young
speleothem samples, using the *'°Pb-excess method. Red arrows indicate a-decay, while dark blue

arrows indicate B-decay.

In order to calculate ages using U-series dating, it is necessary to calculate both the (3*°Th/?*8U) as well
as the (***U/*8U) ratio. Isotope fractionation between 2**U and 2**U is caused by the a-recoil effect.
During a-decay of 2*®U to 234U, a He nucleus is emitted and causes a displacement in the mineral lattice
and the 2**U can be more easily removed subsequently. This effect usually causes higher 2*#U/**®U ratios
of ground water than expected from the equilibrium value. However, the (***U/**®U) of the drip water
can have two influencing factors, the age of the host rock and the water residence time within the host
rock. A long residence time results in high (***U/***U) ratios, while during periods of fast percolating
water, the (***U/?*8U) ratio should be close to secular equilibrium (Scholz and Hoffmann, 2008). Since
the initial (>**U/?*®U) ratio is not necessary for the age calculation, the application of 2°Th-dating is not
affected by this process. Instead, the faster decay of 24U (half-life = 2.45 x 10° a) in contrast to >**U
(half-life = 4.47 x 10° a) results in a decrease of (?**U/***U) with increasing age and can therefore be
used to calculate an age together with the (>°Th/?*8U) ratio up to an age range of 600 ka before reaching

secular equilibrium.

After calculating the individual ages of speleothem sub-samples, it is necessary to construct an age-
distance model to generate a proxy time series. Since proxy records are usually in a much higher spatial
resolution in comparison to the samples for the age determination (see also section 2.3), this step is
necessary to construct a robust climate reconstruction with reliable ages. The simplest method is the
linear point-to-point interpolation (e.g. McDermott et al., 1999), however, there are several models and
algorithms available in the literature to calculate age-distance models (Breitenbach et al., 2012; Drysdale
et al., 2004; Genty et al., 2006; Ramsey, 2008; Scholz and Hoffmann, 2011; Spétl et al., 2006). For this
thesis, all age data was processed with the algorithm StalAge (Scholz and Hoffmann, 2011). This
algorithm calculates the age model based on a Monte-Carlo simulation, always fitting straight lines to
three data points. Major outliers are accounted for and age inversions are prevented by using an iterative
procedure to increase the uncertainty of minor outliers, resulting in a final age model with 95%
confidence intervals. The resolution of the age-distance model can be adjusted by the user to match the
spatial resolution of the proxy data. Therefore, constructing an age model based on the *Th-dating is

the final step of applying the U-series disequilibrium dating for speleothem samples.

Besides U-series dating, some other dating techniques have been applied for speleothem samples and a
selection of methods will be discussed shortly in the following. Very young speleothem samples (only
few decades old or younger) are often hard to date with U-series dating, especially if they have a low

U-content. Due to the young age, only a small fraction of the initially incorporated *#U has been decayed
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to 22°Th within the 2*8U decay series, limiting the application using even state-of-the-arte MC-ICP-MS
techniques. Radiocarbon (**C) dating of speleothems is usually hampered by the highly variable dead
carbon fraction of speleothem samples in the range of 5 — 40% (Genty and Massault, 1999; Genty et al.,
1999; Genty et al., 2001) and the variability over time. However, due to atmospheric nuclear bomb
testing in the 1960s, the so-called “bomb-peak”, which created a spike in atmospheric '*C, is detectable
in speleothem samples via vegetation and soil, leading to a significant increase in '*C in speleothems
after the 1960s. This information can be used to demonstrate modern deposition of speleothem calcite
and to determine the transfer rate of carbon from the surface to the stalagmite (Genty and Massault,

1999; Genty et al., 1999).

A second approach to detect and estimate recent speleothem growth within the last 100 years is the 2'°Pb
excess method (Baskaran and Iliffe, 1993; Baskaran, 2012). The 2!°Pb is part of the *3U decay series
and the radiogenic daughter (with some very short-lived isotopes in between) of **’Rn with a half-life
of 22.3 a. **?Radon is highly concentrated in groundwater and will ultimately enter the cave as part of
the seepage water and drip from the cave’s ceiling on top of the stalagmite. 2!°Pb is then produced at a
constant rate by the decay of *?Rn (half-life = 3.8 d) and incorporated in the crystal lattice during CaCOs
precipitation. Therefore, young speleothem samples (< 100 a) should be dateable by the >!°Pb excess
method. The 2!°Pb mass fraction decreases exponentially with depth from the outer surface and enables

us to determine the age of speleothems (Baskaran and Iliffe, 1993).

While the dating techniques mentioned above have a maximum age limitation (i.e. resulting from
reaching secular equilibrium for U-Th or the complete decay of the parent nuclide for *C), the U-Pb
dating method has no upper limit and can, theoretically, be applied to samples older than approximately
100 ka (Richards et al., 1998). However, application of U-Pb dating to speleothems has several
prerequisites, which have to be considered. Speleothems usually have a very low mass fraction of Pb,
making the measurement challenging and MC-ICP-MS analysis the technique of choice. Ideal
speleothem samples have a high U mass fraction and no “common Pb” (Richards et al., 1998; Woodhead
et al., 2006). “Common Pb” is the variable initial Pb, which is usually unknown and hampers the
application of U-Pb dating. This Pb is likely from the same source as detrital Th, i.e. organic matter, and
making clean samples with low detrital Th (and therefore also detrital Pb) suitable for this dating

technique (Fairchild and Baker, 2012).

2.3 Stable isotopes and trace elements

Palaeoclimate reconstructions using speleothems are usually based on a multi-proxy approach, using
different geochemical proxies. The most commonly used proxies for speleothems are the stable oxygen
(8'%0) and stable carbon (5'3C) isotopes. These proxies can be obtained in high spatial resolution (tens

to hundreds of um-range), where sampling is commonly performed using a MicroMill device and
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measurements are performed with an isotope ratio mass spectrometer (IRMS). Stable isotope values are

expressed in delta (8) notation (e.g. Mook and De Vries, 2000; Sharp, 2007), here exemplary for §'%0:

18 16 18 16
5180= ( 0/ Osample_ 0/ Oreferencematerial)

18 16
0/ Oreference material

(Eq. 2.IV)

The reference material for carbonates is Vienna Pee Dee Belemnite (V-PDB; Craig, 1957) and for water
samples Vienna Standard Mean Ocean Water (V-SMOW; Craig, 1961). Both reference materials” §'%0

values are defined as 0 %o.

The 580 value of speleothem carbonate under equilibrium conditions is influenced by only two
variables, the cave temperature and the §'%0 value of the drip water. However, in nature a number of
processes occurring in the atmosphere, the soil and the karst, as well as inside the cave, can force
disequilibrium. Thus, the fractionation between drip water and speleothem calcite is still a matter of
debate (e.g. Hansen et al., 2019; Hendy, 1971; Kim and O'Neil, 1997; Kim et al., 2007). Moreover, the
processes affecting the §'*0 value in the hydrological cycle are complex, not only in the cave system,

but also on a global scale (see Lachniet, 2009 for a full review).

In general, the initial 3'30 value in the hydrological cycle is controlled by the §'®0 value of the water
source, i.e. the ocean, which varies depending on salinity, evaporation, precipitation, sea ice melt,
freshwater influence and global circulation patterns, both in ocean and atmosphere. Therefore, the 3'%0
value of the ocean is not only spatially, but also temporally variable, i.e. on glacial/interglacial time
scales. In general, evaporation of ocean water results in lower 8'*O values in the resulting atmospheric
vapour, due to equilibrium, as well as kinetic fractionation. When precipitation from the atmospheric
vapour occurs, the condensation of vapour to liquid occurs in equilibrium, where 30 is preferentially
incorporated into the liquid phase. Therefore, the remaining §'0 value of the vapour will decrease with
time due to the removal of 0 into the rain. This continuous process of progressive condensation and
decreasing 5'%0 values of precipitation can be described by a Rayleigh distillation process, which itself
is temperature dependent. Variations in 8'*0 values of precipitation are therefore primary related to
latitude, altitude and moisture source and result in spatially coherent variations over the whole globe
(Bowen and Wilkinson, 2002; Bowen, 2008). Moreover, several local factors can alter the §'%0 value
of precipitation, such as local temperature, altitude, distance from the sea, source effect, as well as

increased rainfall amounts during single precipitation events (Lachniet, 2009).

Altogether, the local 8'%0 value of the meteoric water can be highly variable. In addition to this large-
scale variability, local processes in the cave system can also influence the 5'*0 values. While the soil
water 8'%0 is mostly similar to the §'%0 value of precipitation, evaporation causes an increase in 8'30 of
soil moisture. In contrast, large precipitation events will decrease the 5'30 value in the soil water. After
passing the soil zone, the water enters the epikarst area, where dissolution of carbonate host rock occurs

(see Fig. 2.1). In the epikarst, different pathways are possible, either as diffusive seepage flow or as
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conduit flow (see also section 6.6), following different fractures and fissures, potentially affecting 5'%0
values. After leaving the epikarst area, the water enters the cave interior as drip water from the ceiling
of the cave. The 8'%0 value of the drip water is typically a function of the mixture of precipitation §'*O
and the processes occurring in soil zone and epikarst (Mattey et al., 2008; Perrin et al., 2003). The
resulting 8'30 value of the speleothem carbonate can be further influenced by the humidity in the cave
and the residence time on the stalagmite surface, as well as the fractionation between the drip water and
the carbonate phase, which can either occur in equilibrium or as kinetic isotope fractionation (Dreybrodt,
2008; Dreybrodt and Scholz, 2011; Dreybrodt et al., 2016; Hansen et al., 2019; Hendy, 1971; Lachniet,
2009; Miihlinghaus et al., 2009; Scholz et al., 2009). In general, the §'*O values represent a complex
interplay between different influencing factors. Climatic interpretations are often hampered by the
factors described above and might be challenging, e.g. for speleothems from Central Europe (Mischel
et al., 2017b; Scholz et al., 2012; Weber et al., 2018a). For other climate regimes, the 3'30 values can
provide valuable information on past climate patterns, moisture source and the condition of the
atmospheric circulation (Cheng et al., 2016; Fairchild et al., 2006; Genty et al., 2003; Lachniet, 2009;
McDermott, 2004; Moseley et al., 2014; Wang et al., 2001; Wassenburg et al., 2016a).

The stable carbon isotope (8!C) values of speleothems are referred to reference material V-PDB, which
is set as 0 %o, similar to V-SMOW for §'*0. Speleothem 8'3C values are mainly influenced by the DIC
(dissolved inorganic carbon) of the soil water. Due to the pH values in karst areas (neutral to slightly
basic), carbon is usually dissolved as bicarbonate ion (HCOj3) and soil water isotope chemistry is
dominated by the bicarbonate-CO; fractionation, where CO; originates mainly from the vegetation. In
an open-system model, the dissolved species in the soil water reflects the isotopic composition of soil
CO; due to continuous equilibration between these two reservoirs, without an isotopic influence of the
host rock. In contrast, a closed-system model includes the isotopic imprint of the host rock and
percolating water becomes isolated from soil CO, (Hendy, 1971). However, natural systems are often
at least partially open (see section 2.2 for U-Th-dating), resulting in a natural variability of the 8'*C
values of speleothem calcite. For arid regions, changes in speleothem §'°C values can reflect changes
between a C3 and C4 vegetation above the cave, where more negative §'°C values are associated with
C3 plants and vice versa. For temperate regions, more positive §'°C values can be obtained in
speleothems, even if there is no C4 vegetation above the cave. This is possible due to several reasons.
An increased drip interval can enhance disequilibrium fractionation on the stalagmite surface, resulting
in increasing 8'3C values (Deininger et al., 2012; Miihlinghaus et al., 2009; Scholz et al., 2009). A further
mechanism is the increase in host rock derived C (more positive 8'*C values) and a reduced soil CO,
production (Cerling, 1984). In general, the '°C values are less influenced by direct climate patterns in
comparison to 8'0 values, since they represent changes above the cave, which occur on longer time

scales (changes in vegetation vs. changes in meteoric §'%0).
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Trace elements have been established as an important palaeoclimate proxy in recent years, although they
are not as often applied as stable isotope analyses. The complex cave environment causes a great variety
in potential trace element sources and compositions, not only in temporal, but also in spatial terms.
Therefore, the reconstruction of forcing factors enables the researcher to further understand the cave
environment. One major advantage of trace element analysis is the high spatial resolution of the obtained
dataset. Commonly, trace elements in speleothems are analysed by LA-ICP-MS, enabling a spatial
resolution of several tens of pm, even allowing to reconstruct seasonal changes, depending on the growth
rate of the stalagmite (see section 2.1). Trace elements are incorporated in the carbonate crystal lattice,
usually in exchange with the Ca**-ion (especially true for Sr, Ba and Mg) and depending on the mass
fraction of the drip water. Other elements may be incorporated by different mechanisms, such as fine
detrital particles or small-sized colloids (e.g. Al, Y, P; Fairchild and Treble, 2009). The drip water
composition itself reflects a mixture of different sources, such as soil components, the host rock,
atmospheric deposition and vegetation. Details of trace element incorporation relies on several factors
and is discussed in detail in the literature (see for example (Fairchild et al., 2000; Fairchild et al., 2006;
Fairchild and Treble, 2009; Finch et al., 2001; Wassenburg et al., 2012; Wassenburg et al., 2016b). One
major application of trace elements is the identification of prior calcite precipitation (PCP) in cave
environments (Fairchild et al., 2000; Fairchild and Treble, 2009). The term PCP describes precipitation
of calcite before the precipitation on the stalagmite surface occurs, potentially affecting the observed
trace element mass fractions. In this case, Ca**-ions are preferentially precipitated, causing a decrease
of Ca in the solution and an increase in trace element mass fraction in the speleothem in relation to Ca,
i.e. a strong enrichment in Mg and/or Sr in the speleothem calcite, as well as Mg — Sr covariations
(McMillan et al., 2005). PCP can also cause a rise in §'°C values, which makes a combined approach of
stable isotopes and trace element analysis desirable. Magnesium is among the most intensively studied
of trace elements and can provide insights into palacohydrology, i.e. the effective rainfall (Tooth and
Fairchild, 2003; Weber et al., 2018a). However, trends in trace element mass fraction can largely depend
on the cave system. Therefore, a general trend of increasing/decreasing mass fraction relative to a
specific climatic signal is not possible. For one manuscript in the framework of this thesis, Mg was used
as indicator for changes in precipitation during the Marine Isotope Stage (MIS) 3 for Bunker Cave,
Germany. In this case study, increased Mg mass fractions were associated with dry conditions due to an
increased residence time and the preferential dissolution of Mg-rich dolomite in the host rock (see
chapter 6 and (Weber et al., 2018a). Besides palaeohydrological reconstructions, detrital trace elements
(e.g. Y, P, Al) can help to locate growth hiatuses in speleothem records. Detrital components are usually
incorporated at the end of a growth period and accumulate on the speleothem surface. When speleothem
growth re-initiates, the new layers of calcite will grow on top of the detrital layer and it is possible to
date the hiatus by obtaining the age of the closest possible layer below the detrital layer (see chapter 6).
Due to the high resolution and the low test portion mass, trace element analysis by LA-ICP-MS is today
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a widely applied approach to acquire deeper knowledge about processes in cave environments and

should be included in multi-proxy speleothem records whenever possible.

2.4 Strontium isotopes

Strontium has four naturally occurring isotopes. Three of them are stable (34Sr, 3¢Sr and *Sr), while ¥'Sr
is a radiogenic isotope, which is produced by the decay of the radioactive parent isotope ¥Rb with a
half-life of 48.8 Ga (Banner, 2004). Due to this decay, the Sr isotope composition of a material changes
continuously over time. Therefore, the isotope ratio of interest in the Sr isotope system is 8’Sr/%¢Sr. This
ratio in the target material depends on the time passed since the closure of the system and the initial

Rb/Sr ratio.

2.4.1 The global Sr cycle

Today, the reconstruction of variability in the Sr isotope system is applied with great success to several
scientific fields, such as petrology, archaeology, anthropology, ecology, palaeoclimatology, food
science and forensics (Balter et al., 2012; Burke et al., 1982; Copeland et al., 2010; Durante et al., 2015;
Hoogewerff et al., 2001; Kelly et al., 2005; Lewis et al., 2017; Lugli et al., 2017a; Lugli et al., 2017b;
McCulloch and Wasserburg, 1978; Miiller and Anczkiewicz, 2016; Outridge et al., 2002; Starinsky et
al., 1983; Stewart et al., 2001; Weber et al., 2018a; Woodhead et al., 2005; Wortham et al., 2017). One
basic Sr isotope application is the secular Sr isotope curve of Burke et al. (1982), where temporal
changes of seawater Sr isotope ratios during the Phanerozoic are reconstructed based on measurements
of marine carbonate sediments, evaporites and fossils (Fig. 2.3). While the Sr isotope evolution during
the Phanerozoic is quite precisely known, the Precambrian Sr isotope evolution is largely unknown. The
Precambrian period usually lacks pristine carbonate samples and obtained data from igneous and
metamorphic samples represent the Sr isotope signature of the Earth’s crust and mantle. Meteorites
originating from the formation of the Earth yield very low ¥’Sr/*Sr ratios of ~0.699, reflecting the
chemical composition of the early Earth. Strontium isotopes in the Earth’s upper mantle slowly
increased over time due to the radiogenic decay of ®’Rb to present-day 8’Sr/*®Sr resulting in values of
~0.703 (Banner, 2004). This value is still much less radiogenic than modern ocean Sr isotope
composition. Therefore, another process must be responsible for the more radiogenic ¥Sr/%6Sr ratio of
the modern ocean. Differentiation of Earth’s crust via partial melting and crystal fractionation processes
were the major driver, producing magmas with high Rb/Sr ratios. Due to the increased total number of
decays per time of ®’Rb, the resulting *’Sr/%Sr ratio increased with time. Today, Earth’s crust is highly
heterogeneous with magmatic, sedimentary and metamorphic rock types representing a wide range of
87Sr/%Sr ratios. During the Phanerozoic, the ¥’Sr/*Sr ratio reflects different inputs from mantle and crust

derived sources. These changes can have different origins and time scales. Montafiez et al. (2000)
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concluded that the marine ¥’Sr/**Sr record is mainly influenced by continental erosion and that the
Cambrian high *Sr/*Sr ratio was caused by an enhanced sediment flux consisting of Sr with highly
radiogenic ¥’Sr/*Sr ratios due to the uplift and weathering of metamorphic rocks formed during the
Brasiliano-Pan African orogeny. Shorter fluctuations, such as the constant increase in ¥Sr/*Sr since the
Paleogene, are a consequence of increased weathering rates of radiogenic rocks, such as those from the
Himalayan-Tibetan uplift (Harris, 1995). In addition, enhanced weathering due to glaciation can affect
the oceanic Sr composition as well (Armstrong, 1971; Miller et al., 1991; Zachos et al., 1999). Most
likely, all those different processes will act together and can be further influenced by changes in the

speed of sea-floor volcanism (Mead and Hodell, 1995).
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Fig. 2.3: The secular Sr isotope curve for seawater ¥’Sr/*®Sr variations in the Phanerozoic. Single
measurements are obtained from marine carbonate sediments, evaporites and fossils, representing the
value of the ocean. The shaded area around the curve is the estimated uncertainty obtained by Banner
(2004). Results are normalized to a 8’Sr/%Sr value of 0.710248 for NIST 987 (McArthur et al., 2001).
Q = Quaternary, PG = Paleogene, Pre-C. = Precambrian. Modified after Burke et al. (1982) and Banner
(2004).

2.4.2 Strontium isotopes in speleothems

Strontium is one of the most commonly investigated trace elements in speleothems and is incorporated
into speleothems when replacing the Ca®-ion in the carbonate crystal lattice, due to similar chemical
behaviour. The main source of Sr in speleothems is the host rock. This implies that the Sr isotope

signature of the speleothem should be quite similar to the host rock, since no isotopic fractionation of
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the ¥7Sr/*Sr ratio occurs during dissolution and precipitation of Sr (Fairchild and Baker, 2012). Some
studies, however, showed that the stable Sr isotope value (5*®Sr) can be affected during this processes,
providing insights in the processes in the soil environment (Halicz et al., 2008) and that the fractionation
during precipitation is also temperature dependent (Fietzke and Eisenhauer, 2006). Besides the host
rock, external sources with varying Sr isotope signatures can additionally contribute to the Sr signal in
the cave environment and ultimately in the speleothem. Potential external sources can vary significantly
in their 8’Sr/*¢Sr ratios, due to their different origins. The overlying soil can show a significantly different
Sr isotope signature and can additionally be influenced by atmospheric inputs, such as dust or sea spray

in coastal areas.

Strontium isotopes have been applied to speleothems since the 1990s. The first study was performed on
a stalagmite sample from Avshalom Cave, Israel, by TIMS (Avigour et al., 1990). These authors
observed, that the obtained ®’Sr/*Sr ratio of the speleothem was higher than the assumed ratio for the
host rock and concluded that the increased ratio was caused by the influence of the local rainwater with
a more radiogenic ¥’Sr/*Sr ratio. Since then, Sr isotopes have been applied for different purposes in the
speleothem sciences. A study by Banner et al. (1996) revealed that the Sr isotope composition of a
speleothem sample from Barbados showed similar high-resolution fluctuations when compared to the
groundwater. They developed a model, which implies that low ¥’Sr/*Sr in the speleothem documents
periods of relatively high rainfall rates, while high 8’Sr/*Sr values represent periods of low rainfall rates.
In addition, Sr isotopes can be used to reconstruct rainfall and water residence time in the host rock
(Verheyden et al., 2000; Weber et al., 2018a; Wortham et al., 2017). In those studies, the ¥’Sr/*¢Sr ratios
of the speleothems are more radiogenic than that of the respective host rock, indicating an external
source with an increased radiogenic fingerprint. Depending on the rainfall and water residence time, the

input of the radiogenic source varies with time.

Besides hydrology, external sources can also be responsible for variations in Sr isotope signals in
speleothems. Goede et al. (1998) found two distinct end-members of Sr isotopes in a Tasmanian
speleothem and reconstructed the Sr isotope signature of the limestone host rock and the value of a
seawater related source, i.e. sea-spray. A similar mechanism was found for speleothems from Soreq
Cave, Israel (Ayalon et al., 1999; Bar-Matthews et al., 1999), where intermediate %’Sr/*Sr ratios were
determined, varying between the Sr isotope signature of the host rock and the sea spray. Relative
proportions of the two main sources depend on the climate state, i.e. during deglaciation the host rock
signal was increased due to enhanced rainfall and weathering. In coastal areas, the input of sea-spray
can significantly influence the ®’Sr/%¢Sr ratios of speleothems. This is especially true on glacial-
interglacial time scales. A study from South Africa (Fisher et al., 2010) reconstructed the paleo-shoreline
for the past 350 ka based on the input of sea-spray in speleothems and tufa deposits. Strontium isotopes

can also help to improve the understanding of stalagmite geochemistry, i.e. to correct for the external
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source of Sr and solely reconstructing the bedrock-derived Sr for further investigation in Sr trace element

partitioning (Belli et al., 2017).

In general, radiogenic Sr isotopes have a broad application in speleothem science, not only for
palaeoclimate aspects. The main challenge is to reconstruct the Sr isotope composition of each potential
source and to estimate the respective contribution. For the carbonate host rock, the Sr isotope signature
can be estimated by the depositional age due to the precipitation from the ocean in equilibrium (Burke
et al., 1982). Modern sea-spray Sr isotope values are also known from the modern-day ocean value of
0.70917 £ 0.00001 (McArthur et al., 2012). However, aeolian derived dust can vary dramatically, not
only due to different sources, but also due to different compositions. In addition, the mixing behavior
between the external Sr and the host rock derived Sr can vary with different climatic conditions, i.e.
temperature and rainfall patterns, forcing mineral phases to weather differently (Capo et al., 1998;

Stewart et al., 1998).

2.4.3 Application of LA-MC-ICP-MS for Sr isotopes

The analysis of Sr isotopes was initially performed by TIMS (Platzner, 1985), where a chemical
separation of Sr from other matrix elements was essential and mainly used to date rocks by using the
Rb/Sr system (McCulloch and Wasserburg, 1978). Analyses by TIMS provide high precision and
accuracy but are time consuming (several hours for each Sr isotope measurement) and have therefore a
limited sample throughput. Due to the development of MC-ICP-MS systems (Wieser and Schwieters,
2005), the measurement time per sample was dramatically reduced (tens of minutes), with comparable
precision. Still, the chemical separation of Sr was necessary. By coupling the MC-ICP-MS system with
a laser ablation system, several advantages were achieved. Instead of bulk samples, the sample location
could now be chosen in high spatial resolution using the laser ablation system. Additionally, no chemical
procedure was necessary prior to analysis and measurement time was reduced (less than five minutes
per sample) while measurement precision was only slightly affected. Accuracy of the analyses can be
assured by several strategies, i.e. by standard bracketing using suitable reference materials during
analysis (Irrgeher et al., 2016; Weber et al., 2017; Weber et al., 2018b) and monitoring of the naturally
invariant #Sr/%Sr ratio (Kimura et al., 2013; Miiller and Anczkiewicz, 2016), providing reliable Sr

isotope results using this technique.

The initial attempts to measure Sr isotopes by LA-MC-ICP-MS were performed by Christensen et al.
(1995) on a modern gastropod shell. Results yielded a value of 0.70918 £+ 0.00002 for the shell, which
is indistinguishable from the Sr isotope signature of the modern ocean of 0.70917 = 0.00001 (McArthur
et al., 2012). This pioneering study showed, that the analysis of Sr isotopes in carbonate materials by
LA-MC-ICP-MS is able to reproduce the results comparable to results obtained by TIMS and solution-
based MC-ICP-MS Sr isotope analysis. Further experiments comparing solution based and LA-MC-
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ICP-MS measurements of Sr isotopes were performed by Ehrlich et al. (2001) for carbonate samples,
supporting previous results. After these initial successes, several studies focusing on the technical
development of the methodology followed, covering deviations of the naturally invariant *Sr/%6Sr ratio
(Waight et al., 2002), correction protocols for the mass bias and the influence of matrix effects on
accuracy and precision (Bizzarro et al., 2003; Ingle et al., 2003), and how to handle potential
interferences on the Sr signals in different matrix materials (Ramos et al., 2004). A general overview of
method development and application is given by Vroon et al. (2008). All studies showed that the benefits
of laser ablation, such as spatial control and sample throughput, overcome the disadvantages in
comparison to TIMS analyses, i.e. dealing with interferences, and is therefore the method of choice for

studies where highest precision is not entirely necessary.

Environmental applications using LA-MC-ICP-MS for Sr isotopes were broadly applied in fishery
science and archaeology using otoliths. Since otoliths grow from a central core in concentric layers, it
is possible to reconstruct migration patterns of the fish using variations in Sr isotopes. For example, the
high spatial resolution of LA-MC-ICP-MS enabled Outridge et al. (2002) to display the migration
pattern of char between Canadian rivers during ontogenesis. Further studies followed (Barnett-Johnson
et al., 2005; Rachel et al., 2008; Wolff et al., 2012; Woodhead et al., 2005) and resulted in the
development of an otolith reference material FEBS-1 (Yang et al., 2011).

The analysis of Sr isotopes by LA-MC-ICP-MS is widely applied in the field of tooth analysis, i.e.
archaeology and paleontology. Tooth enamel consists of 96 wt% inorganic (hydroxyl-)apatite with a Ca
content of 33.6 to 39.4 wt% (Williams and Elliott, 1979). Despite wide application, in-situ analysis of
teeth and bones using laser ablation generally suffer from higher Rb and REE mass fractions than
carbonates. In addition, the well-known interference of “°Ca*'P'°O and “°Ar*'P'0 on mass 87, i.e. biases
the monitored *’Sr (De Jong et al., 2007; Horstwood et al., 2008; Irrgeher et al., 2016; Lewis et al., 2014;
Lugli et al., 2017b; Simonetti et al., 2008; Willmes et al., 2016). Two major methods are used to
overcome this issue, one is to add N, to reduce oxide formation in the plasma (Willmes et al., 2016) and
the other is to calibrate the daily formation of CaPO and ArPO through the analysis using matrix-
matched reference materials (Horstwood et al., 2008; Lugli et al., 2017b). The later approach is applied
in chapter 4 and Weber et al. (2018b). However, not all studies report issues with the isobaric
interference on mass 87, so it remains a matter of debate (Copeland et al., 2008; Miiller and
Anczkiewicz, 2016). The main application of Sr isotopes in bioapatite materials is to trace migration
patterns and landscape use. This is possible due to the direct relationship between #Sr/*¢Sr in bones and
Sr/teeth and the ingested plants and waters ¥Sr/%¢Sr of the animal (Burton and Wright, 1995; Pate, 1994).
Since enamel preserves the isotopic signature of during formation, it is possible to reconstruct the
potential origin of a specimen and evaluate changes in landscape use. There are numerous studies
applying this technique (Copeland et al., 2010; Copeland et al., 2011; Hoogewerff et al., 2001; Lugli et

al., 2017a; Lugli et al., 2017b), since even small changes in locality can result in large changes in the
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87Sr/36Sr ratio of a landscape. Therefore, the fast and almost non-destructive nature of LA-MC-ICP-MS

is highly suitable for analysing these kind of materials and even valuable archaeological artefacts.

Although the analysis of Sr isotopes by LA-MC-ICP-MS has now been applied to various kinds of
samples over the past two decades, few studies have applied this technique to speleothems (Weber et
al., 2017; Wortham et al., 2017). One major limitation is the low Sr mass fraction of most speleothem
samples, especially if they consist of calcite. However, progress in mass spectrometry (Wieser and
Schwieters, 2005), laser ablation techniques (Jochum et al., 2014; Kimura and Chang, 2012; Koch and
Gunther, 2007; Yang et al., 2011) and the development of suitable reference materials (Garbe-Schonberg
and Miiller, 2014; Jochum et al., in revision; Ohno and Hirata, 2007; Weber et al., 2018b; Weber et al.,
submitted; Yang et al., 2011), the lower limit for the in-situ analysis of Sr isotopes can be pushed further

down and enables users to apply this technique to a broader variety of samples.
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3.1 Abstract

Speleothems are well established climate archives. A wide array of geochemical proxies, including
stable isotopes and trace elements are present within speleothems to reconstruct past climate variability.
However, each proxy is influenced by multiple factors, often hampering robust interpretation. Sr isotope
ratios (¥’Sr/*®Sr) can provide useful information about water residence time and water mixing in the host
rock, as they are not fractionated during calcite precipitation. LA-MC-ICP-MS has rarely been used for
determination of Sr isotope signatures in speleothems, as speleothems often do not possess appropriately
high mass fractions of Sr to facilitate this analysis. Yet the advantages of this approach include rapid
data acquisition, higher spatial resolution, larger sample throughput and the absence of chemical
treatment prior to analysis. We present LA-MC-ICP-MS Sr isotope data from two speleothems from
Morocco (Grotte de Piste) and India (Mawmluh Cave), and we compare line scan and spot analysis
ablation techniques along speleothem growth axes. The analytical uncertainty of our LA-MC-ICP-MS
Sr data is comparable to studies conducted on other carbonate materials. The results of both ablation
techniques are reproducible within analytical uncertainty, implying that this technique yields robust
results when applied to speleothems. In addition, several comparative measurements of different
carbonate reference materials (i.e. MACS-3, JCt-1, JCp-1), including tests with standard bracketing and
comparison of the ¥’Sr/*®Sr ratios with a nanosecond laser ablation system and a state-of-the-art

femtosecond laser ablation system, highlight the robustness of the method.

3.2 Introduction

Speleothems (cave CaCOs deposits) are well established climate archives and are found worldwide in
karst environments (Asmerom et al., 2010; Cheng et al., 2016; Cruz et al., 2005; Genty et al., 2003;
Hoffmann et al., 2016; Kennett et al., 2012; Luetscher et al., 2015; Wang et al., 2001; Wassenburg et
al., 2016a). They can be dated with unprecedented precision using the *°Th/U-dating method (Richards
and Dorale, 2003; Scholz and Hoffmann, 2008), and provide a range of climate proxies that record a

number of environmental processes and can be analysed at up to sub-annual resolution.

Oxygen isotopes in speleothems (5'*0 values) depend on paleo-temperature and rainfall properties, such
as amount, seasonality and moisture sources (e.g. Fairchild et al., 2006; McDermott, 2004), whereas
carbon isotopes can provide information on soil productivity, vegetation characteristics and effective
rainfall (McDermott, 2004). In addition, trace elements (e.g. Sr, Mg, P, Ba) may be interpreted in terms
of effective infiltration, prior calcite precipitation, water residence time, source and reservoir effects,
weathering processes in the epikarst zone and soil composition (Ayalon et al., 1999; Fairchild et al.,
2000; Fairchild and Treble, 2009; Verheyden et al., 2000; Wassenburg et al., 2016a; Wassenburg et al.,
2016b). Within the epikarst and soil zone, different sources of trace elements (for example aeolian dust

vs. host rock) may be present and display varying compositions. A change in the dripwater pathway or
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in the relative contribution of different sources, may thus affect the dripwater trace element composition,

which often renders their interpretation a challenging task (Banner et al., 1994).

Important information on the influence of different sources of trace elements in dripwaters may be
provided by Sr isotopes, which have been shown to provide additional insights on precipitation and
water residence time in the host rock (Banner et al., 1996; Oster et al., 2010). In CaCOs, the Sr** ion
substitutes at the Ca®" ion sites in the mineral lattices due to their similar properties and ionic radii
(Banner, 2004). No isotopic fractionation of Sr isotopes is observed during precipitation of CaCO3 and
the incorporation of Sr into the crystal lattice. Thus, the Sr/*Sr ratio of carbonates is identical to that

of the parent solution (Banner and Kaufman, 1994).

Although the first Sr isotope analyses on speleothems were conducted in 1990 (Avigour et al., 1990),
relatively few studies have focused on this topic so far. The main source for Sr in speleothems is the
host rock, but several factors have been proposed to affect Sr isotope ratios: varying water residence
time in the epikarst (Banner et al., 1996; Oster et al., 2010; Oster et al., 2014; Verheyden et al., 2000),
changes in aeolian input in response to sea-level changes or atmospheric circulation (Ayalon et al., 1999;
Bar-Matthews et al., 1999; Goede et al., 1998; Li et al., 2005; Zhou et al., 2009), changes in weathering
intensity of soil and host rock in response to rainfall (Avigour et al., 1990), changes in the distance to
the shoreline and incorporation of sea-salt signals (Fisher et al., 2010), as well as mixing of the Sr signals
of different rock types and soils (Frumkin and Stein, 2004; Hori et al., 2013). All these studies either
used TIMS (Avigour et al., 1990; Frumkin and Stein, 2004; Goede et al., 1998; Hori et al., 2013; Li et
al., 2005; Zhou et al., 2009), or solution MC-ICP-MS (Ayalon et al., 1999; Bar-Matthews et al., 1999;
Fisher et al., 2010; Oster et al., 2010; Oster et al., 2014; Verheyden et al., 2000). For both techniques
samples need to be drilled/milled, and require chemical separation prior to mass spectrometric analysis.
This is time-consuming, and limits the achievable spatial resolution of ¥’Sr/*Sr records. Strontium
isotope analysis by LA-MC-ICP-MS offers the opportunity to measure the ¥’Sr/*Sr ratio in-situ at high
spatial resolution and without any prior chemical treatment. Although this technique has been widely
applied to petrological samples (e.g. Bizzarro et al., 2003; Christensen et al., 1995; Davidson et al.,
2001; Jackson and Hart, 2006; Ramos et al., 2004; Waight et al., 2002) and carbonate and phosphate
materials, such as gastropods, otoliths, teeth, clam shells, fine- and coarse-grained carbonates and corals
(Bizzarro et al., 2003; Christensen et al., 1995; Copeland et al., 2008; Ehrlich et al., 2001; Outridge et
al., 2002; Ramos et al., 2004; Woodhead et al., 2005) it has only recently been used for measuring
87S1/%6Sr in speleothems (Wortham et al., 2017).

Here we present a LA-MC-ICP-MS method for measuring Sr isotopes on speleothems, based on
previously mentioned studies on different sample materials. We show results from two speleothem
samples and compare different sampling techniques. Both samples consist of aragonite and have a rather

high Sr mass fraction > 300 pg/g, which makes them highly suitable to apply LA-MC-ICP-MS. We also
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discuss the effects of different tuning parameters and compare results obtained by two different laser

systems (a New Wave UP 213 nm laser and a NWR Femt0200 laser ablation system).

3.3 Speleothem samples

The investigated speleothem samples stem from two different caves. Stalagmite GP5 was sampled at
Grotte de Piste (Morocco), and stalagmite MAW-4 stems from Mawmluh Cave (Meghalaya, India).
Stalagmite GP5 has a total length of 78 cm. A detailed description of the cave and the sample is given
in Wassenburg et al. (2012) and Wassenburg et al. (2013). In this study, an approximately 15 cm long
part of the sample (Fig. 3.1) was studied which corresponds to the time span from ca. 800 to 1760 AD.
Previous data is published in Wassenburg et al. (2013) and only briefly summarised here. GP5 was
precisely dated by the 2*°Th/U-method. Furthermore, the mineralogy of the sample was investigated by
XRD and showed that GP5 is mainly aragonitic, with minor calcitic parts (<2%). Strontium mass
fractions range from 200 to 500 pg/g, with an average mass fraction of 426 (+49) ug/g. In some parts,

the sample is characterized by mm-scale layering of porous and less porous layers.

Stalagmite MAW-4 (Fig. 3.1) from Mawmluh cave is a small sample with a total length of 3 cm. The
upper part of the sample (~ 15 mm), consists of aragonite, and covers the time span from 1950 to
2006 AD (Wassenburg et al., 2016b). It has an average growth rate of ~293 um/a, and can thus provide
very high resolution. The stalagmite was actively growing at the time of collection (March 2006). The
lower part of the sample consists of calcite, the base is dated 395 + 55 a BP. The calcite-to-aragonite
transition is clearly visible by a change in colour from greyish (calcite) to white/beige (aragonite). In the
upper aragonitic part, this stalagmite has a relatively high Sr mass fraction (1458 — 1729 ng/g,
Wassenburg et al., 2016b), and is thus extremely suitable for Sr isotope measurements by LA-MC-ICP-
MS. The calcite section has a Sr mass fraction of a few hundred pg/g, and was not investigated in this
study. For more information about the cave setting and microclimatic conditions, see Breitenbach et al.

(2010) and Breitenbach et al. (2015).

3.4 Materials and methods

The following chapter deals with the analytical setup, including two types of laser ablation systems,
coupled to a MC-ICP-MS. Besides the presented speleothem samples, international RMs have been
analysed to provide traceability of the method.
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Fig.3.1: [A] Sampling approach for speleothem GP5. The red rectangle indicates the sampling section,

blue lines show the LA-MC-ICP-MS line scan positions. The spot analyses were performed near the

right end of the third line scan as indicated by the blue spots. [B] Sampling approach for speleothem

MAW-4. The red rectangle indicates the sampling section. Line scan and spot analyses are similarly

indicated as in [A]. All line lengths, widths and distances are on scale.
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3.4.1 Analytical setup

The measurement routine was developed with a Nu Plasma MC-ICP-MS (see Table 3.1 for cup-
configuration) coupled with a New Wave UP213 nm Nd:YAG laser ablation system at the Max Planck
Institute for Chemistry, Mainz. Measurements were also performed with the MC-ICP-MS coupled to a
NWR Femto200 laser ablation system to compare results obtained with two laser ablation systems. The
femtosecond laser is less sensitive to matrix effects that may cause isotope fractionation (Poitrasson et
al., 2003; Vanhaecke et al., 2010). Prior to laser ablation, the MC-ICP-MS was coupled to a CETAC
Aridus II Desolvating Nebulizer system for tuning. The Sr reference solution NIST SRM 987 was used
for optimizing the peak shape and coincidence of the individual Sr isotopes (¥*Sr, ¥’Sr, ¥Sr, 34Sr) and to
test the influence of different tuning parameters on ion beam intensity and the ’Sr/*Sr ratio. Several
tuning parameters were changed systematically. Tests showed that the gas flows of the Aridus
introduction system have a significant effect on the Sr isotope ratios. Furthermore, the torch position
and the tuning of the high voltage lenses are important, since they affect the sample introduction into
the system and the ion beam inside the mass spectrometer. Finally, the source lenses have been shown
to have a significant effect on the ¥’Sr/%6Sr ratio. In order to test the effects of changes in the lens settings,
we started with seven measurements of NIST SRM 987 to test stability of the 3’Sr/*Sr ratio over time.
In a first step, the lens settings were tuned for maximum **Sr intensity. Subsequently, the different source
and transfer lens settings were changed systematically. For each lens, three measurements were
performed: First, the voltage of the lens was decreased by 10 V, then increased by 20 V, and finally
decreased by 10 V to return to the original value. This procedure was performed for all seven source

and transfer lenses. Results are presented in Fig. 3.2 and Table A3.1.

Settings were then further optimised with the Nu MC-ICP-MS coupled to the LA system. Since the
UP213 nm laser ablation system offers higher fluence values (20 — 30 J/cm?) and count rates than the
femtosecond laser (0.7 — 0.8 J/cm?), this system allows measurement of samples with comparably low
Sr mass fractions (>200 pg/g). Potential matrix effects are assessed by comparison with the femtosecond
laser. All samples and reference materials have a low Rb content (Table 3.2). The operating parameters

for the MC-ICP-MS and the laser ablation systems are given in Table 3.3.
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Table 3.1: Nu Plasma collector block assignments used for in-situ LA-MC-ICP-MS Sr isotope analysis
of speleothems. Collectors H1, H2, H4, Ax and L1 — L5 are Faraday cups, IC-1 is an ion counter.

Collector H4 H2 H1 Ax L1 L2 L3 IC-1 14 L5
Single Mass 88 87 86.5 86 85.5 85 84 83.5 83 82
Double Mass 176 174 173 172 171 170 168 167 166 164
Isotope of interest Srersen  Str00m - %Sty 865, - - $Sro.s6%
Singly-charged interferences - TRby7.530 - *OKr17.289, - S Rbryam *Krseoom, - SKriison K sen
Doubly-charged TO%bia 00, Vb3 03 T Ybigton | Ybarssn | Ybiagen | Ybaosy, ' Ybo.1ay
interferences - - - - - TBrigo “Encos “Ermsme Erssson *'Erieon
Molecular Yca®®ca  *ca¥Ca - “ca*Ca - 2ca¥ca *Ca*Ca - Yca¥ca  *Ca™Ca
interforences 405480, : ; 405 450y ; i 40 H40y : WpBca OARC,

Note that only collectors used during analysis are shown in this table. Potential interferences affecting
the Sr masses are also illustrated along with natural abundances for Sr, Rb, Kr, Yb and Er (Berglund
and Wieser (2011). Abundances for molecular interferences of Ca dimers and argides are not shown for
reasons of clarity. Some masses have a large number of potential interferences of Ca argides and dimers
(e.g. mass 86 with ¥*Ca**Ca, “°Ca**Ca, ?*Ca*Ca, ¥Ca*Ar, *Ca*Ar). Here, only the two most common
molecular interferences are shown. Prior to each analysis, the peak center was determined on mass 84

(L3) using the signal of 3¥Kr in the gas flow of Ar. Therefore, mass 84 is underlined.

3.4.2 Reference materials

The reference material (RM) JCt-1 was measured to determine the accuracy and precision of the method.
This modern marine carbonate sample originates from a recent giant clam and has a *’Sr/*¢Sr-ratio
comparable to modern sea water (*’Sr/**Sr of 0.70918 + 0.00001, 2 SE, Faure and Mensing, 2005), as
confirmed by solution MC-ICP-MS measurements (¥’Sr/%¢Sr = 0.70915 + 0.00005, Ohno and Hirata,
2007). Recently, a ¥’Sr/*%Sr ratio of 0.70917 £ 0.00001 has been obtained for JCt-1 by MC-ICP-MS
(Weber et al., 2018b). Due to its comparable Sr content of 1400 pg/g (Aizawa, 2008), JCt-1 was chosen
as RM for the measurements of samples GP5 and MAW-4. Furthermore, the RMs JCp-1, a modern coral
with ¥Sr/%6Sr = 0.70916 + 0.00002 (Ohno and Hirata, 2007) and MACS-3, a synthetic carbonate pellet
(¥’Sr/%¢Sr = 0.7075532 + 0.0000037; Jochum et al., 2011a), were also tested. Both of these RM samples
have a very high Sr mass fraction (7500 ug/g for JCp-1, Aizawa, 2008, and 6760 ug/g for MACS-3
Jochum et al.,, 2012) and are well suited for femtosecond laser analysis. For tuning and test
measurements, we used a modern day bivalve shell of Glycimeris sp., which has two distinct areas of

different Sr mass fractions of ca. 1000 and 5000 pg/g.
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Fig. 3.2: ¥'Sr/*%Sr ratios obtained on reference solution NIST SRM 987. The orange line represents the
literature value of ¥’Sr/*Sr = 0.71034 + 0.00026 (GeoReM, Jochum et al., 2005), the shading in bright
orange shows the 2 SE. The large fluctuations in the Sr isotope ratio are caused by changes in the settings
of the source and transfer lenses of the Nu Plasma MC-ICP-MS, marked by the black arrows. Black
diamonds represent measurements with the original lens settings, while blue (red) diamonds represent

measurements with a 10 V increase (decrease) in lens voltage in comparison to the original lens setting.

3.4.3 Laser ablation sampling method

Multiple LA-MC-ICP-MS measurements were performed perpendicular to the growth axis of the
speleothem samples, parallel to and within the same distinct growth layers to check for reproducibility.
In order to identify the best method for analysing Sr isotope ratios in speleothems by LA-MC-ICP-MS,
we applied two different sampling methods. First, we used the line scan technique, which has the
advantage that a high signal intensity can be maintained for a relatively long measurement interval,
improving counting statistics. In contrast, for spot analyses, the signal intensity slowly decreases with
ablation depth. However, for spot analyses, mixing of material from different growth layers is excluded.
The line scans followed individual growth bands and each of usually three line scans per growth layer
had a circular spot size of 80 — 100 um and a length of 750 um (except line scan GP5-7, which was
2000 um). They were scanned with a scan speed of 5 um/s, providing about 150 s per line scan
measurement. This sampling approach enables us to identify potential changes in the *’Sr/*Sr ratio at a

very high spatial resolution. Prior to each analysis, a pre-ablation was performed with a spot size of
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110 um and a scan speed of 80 um/s (Table 3.3). The first 5 s are discarded due to high intensities when
the laser starts, which is typical for laser ablation analyses. Spots were analysed with a circular spot size
of 100 pm and a dwell time of 120 s. To test the reproducibility of the method, three line scans were
placed parallel to each other within the same growth band with less than 50 um between the end and
start of each line scan (Fig. 3.1). The distance between the measured layers varied between 150 pm and
850 um for GP5 and 500 um for MAW-4. The spot analyses of GP5 were performed for a few layers
only. Each spot analysis is located near the end of the respective line scan. For correction purposes, RM

JCt-1 was measured three times before and after each set of samples (usually six measurements in total).

To compare both laser ablation systems, we performed measurements with different RMs. Since the Sr
mass fraction of JCp-1 is almost six times that of JCt-1, the laser settings for the UP213 laser ablation
system were adjusted to prevent the 3¥Sr intensity from reaching critical values (>10 V). We used a laser
energy of 60 %, a repetition rate of 5 Hz and a spot size of 55 um. All measurements were performed
as spot analyses. To test the robustness of the results, we also applied our standard bracketing approach
on JCp-1 by measuring samples of JCt-1 before and after JCp-1. The laser settings for JCt-1 were chosen
as described in Table 3.3.

Our NWR Femto200 laser ablation system only allows spot sizes up to 65 um, therefore we only
measured RMs with high Sr mass fractions, such as JCp-1 and MACS-3. The laser parameters for these
measurements are presented in Table 3.3. Spot measurements with the femtosecond laser ablation
system suffer from a rapid decrease in signal intensity. Thus, all measurements were performed as line
scans. We measured three samples of JCp-1, followed by six measurements of MACS-3 and again three

samples of JCp-1.

3.5 Correction procedure for LA-MC-ICP-MS

Strontium isotopes were measured on cups H4 (3Sr), H2 (¥’Sr), Ax (3¢Sr) and L3 (3*Sr) (Table 3.1). The
major advantage of Sr isotope analysis with LA-MC-ICP-MS is that Sr isotopes are measured in-sifu,
without the need of chemical separation. This means, however, that the matrix contains several other
isotopes that potentially affect the Sr isotope signal (i.e. *’Rb, but also doubly charged ions, such as
176Yb, YD, 172Yb, '®8Yb, '*Er, and molecular interferences, such as Ca-argides and/or -dimers,
Table 3.1). In addition, the Ar gas may contain impurities of Kr, with interfering isotopes of *Kr and
84Kr (Table 3.1). Some masses are affected by several interferences. For example, the *Sr signal on
mass 84 may be affected by *¥Kr', '*Er** 1®Yb?* and Ca argides/dimers. Therefore, it is necessary to
find another mass that is not affected by other interferences, which can be used to correct for other
masses of the same ion using known isotopic abundances. For example, we used mass number 86.5 that
is mostly unaffected by other signals to correct for the Yb-interference by monitoring '*Yb?**. Thus, the

order of the corrections is important. The correction procedure is outlined in detail below. Fig. 3.3 shows
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the magnitude of the individual correction steps on the ¥’Sr/*Sr ratio for measurements on JCt-1, GP5

and MAW-4.
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Fig. 3.3: Influence of the different correction steps on the ¥’Sr/*Sr ratio of JCt-1 (black diamonds),

MAW-4 (squares) and GP5 (triangles). Note that all results are mass bias corrected.

3.5.1 Background correction

Potential interferences of 3¢Kr, #Kr, 33Kr and *’Kr from minor contaminations in the Ar gas supply are
corrected by a blank measurement. For this reason, prior to each analysis an on-peak background
correction is performed for 45 s during the laser warm-up time. Then, the median for each signal
intensity is subtracted from the measured signal. This removes all Kr interferences as well as potential

remains of Sr from previous measurements.

3.5.2 Rare-earth elements (REE)

After background correction, different interferences must be eliminated. Doubly-charged isotopes of Er
and Yb can be detected on half masses (Table 3.1). "*Ytterbium is the only isotope measured on cup
H1 on half-mass 87.5, and '"'Yb is the only one measured on cup L1 on half mass 85.5. Thus, '*Yb and

'Y can be measured without any interferences. By assuming constant isotope ratios for Yb (Berglund
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and Wieser (2011), the signal for all Yb isotopes can be calculated. Although Yb is quite rare in

speleothem samples (Table 3.2), this correction may have a minor influence on the ¥’Sr/*Sr ratios.

The second step is to correct for Er. '*’Erbium is the only isotope measured on ion counter IC-1 on half
mass 83.5, and other Er isotopes can be calculated assuming constant isotope ratios in the same way as
Yb (Berglund and Wieser, 2011). Erbium is uncommon in speleothem samples (Table 3.2) and this
correction is only of minor importance. Several laser ablation studies on other sample materials did not
even correct for rare earth elements (REE) during Sr isotope analysis (e.g. Christensen et al., 1995;

Barnett-Johnson et al., 2005; Jochum et al., 2009; Copeland et al., 2010).

3.5.3 Molecular interferences

The next step is to correct for molecular interferences of Ca dimers and argides. Since it is impossible
to differentiate between the signals resulting from argides and dimers, the relative amounts of each signal
are taken into account to correct for those interferences in relation to the signal on mass 82. This mass
is used as a reference since it has insignificant interferences and a potentially higher signal of argides
and dimers than mass 83, which is also free of significant interferences (Table 3.1). As an example, we

briefly describe the correction of mass 84 for Ca argides and dimers.

After correcting for background and REEs, the correction for Ca argides is performed by the following

relationship:

Y CaAr
84ArCorr = 84uncorr - 82uncorr * ( 84/2 CaAr82) (Eq- 3-1)

where 84arcorr 18 the corrected signal on mass 84, 84ucor s the uncorrected signal (besides background
and REE correction) on mass 84 and 82uncorr 15 the signal on mass 82. XCaArg4is the sum of the relative
portion of Ca argides on mass 84, and XCaArs. is the sum of the relative portion of Ca argides on mass
82, based on their natural occurrence (Berglund and Wieser, 2011). This correction is performed for
masses 88, 86, 84 and 8§3. For the interferences from Ca dimers, the correction is done in a similar way,

again using the signal on mass 82 as a reference:

(Z CaCay,

84Corr = 84’ArCorr - 82uncorr * (Eq. 3.H)

> CaCa82>

where 84corr 1s the corrected signal on mass 84, 84arwcor is the background corrected intensity on mass
84, REEs and Ca argides, and 82uxcorr is the uncorrected signal (besides background and REE correction)
on mass 82. £CaCagsis the sum of the relative portion of Ca dimers on mass 84 and XCaCas; is the sum
of the relative portion of Ca dimers on mass 82. This correction is performed for masses 88, 87, 86, 85,
84 and 83 and only applied for signals >0 V. All other signals remain uncorrected because the intensity

of Ca argides and dimers is too small to detect and does not affect the results.

29



Chapter 3

3.5.4 Mass bias

After correcting the raw signals for interferences, the mass bias needs to be corrected. This correction is
performed prior to the correction for the interference of Rb, because the mass bias obtained from the
86Sr/*8Sr ratio is subsequently used to obtain the mass bias corrected ¥*Rb/*’Rb ratio (section 3.5.5).
Based on the signals corrected for background, REEs, Ca argides and dimers, raw values for the ratios
of #Sr/*¥Sr, 34Sr/%6Sr and *’Sr/*°Sr are calculated. Then, a mass fractionation factor a is calculated to
correct for the instrumental mass fractionation based on the %Sr/%Sr ratio and the exponential law

described in Ingle et al. (2003):

m a
Reorr = Rimeas * ( 875r/m865r) (Eq. 3.1II)
where mg; and mgs are the masses of ¥’Sr and ®°Sr. The mass fractionation factor a is calculated as

described in Ehrlich et al. (2001):

(o)
a= lnw / ln(m86/m88) (Eq. 3.1V)
88sr

where (¥*Sr/*Sr)w is the accepted value of 0.1194 (Steiger and Jéager, 1977) and msgs and mseare the

masses of *8Sr and 8°Sr.

3.5.5 Interference of Rb

The final step in the correction procedure is to correct the *Sr/*¢Sr ratio for the interference of ¥’Rb. Due
to the previous corrections, mass 85 only consists of *Rb (Table 3.1), which can be used to calculate
the fraction of ¥’Rb by using the constant ratio of ¥’Rb/**Rb = 0.3857 (Berglund and Wieser, 2011). This

was done following equation 3.V:

87 87Rb 85 mgy @
Rb = 85 _* Rbpeqs | * ( /m ) (Eq.3.V)
Rbth G

where ¥Rb/*Rby is the literature value (Berglund and Wieser, 2011), ¥Rbeas is the Rb signal on mass
85 corrected for background, REEs and Ca argides/dimers, ms7 is the mass of ®’Rb, mss is the mass of
8Rb, and « is the mass fractionation factor. The correction on 8’Sr/*¢Sr is then performed using the

following equation:

87 87 87
Sr _ ( STuncorr — Rb) Mgy *
86STRbCorT - [ /8657' * ( /m86) (Eq-3.VD
where ¥Sryncorr is the St signal on mass 87 corrected for background, REEs and argides/dimers (not for
Rb), ’Rb and 3¢Sr are the corrected signals for Rb on mass 87 and Sr on mass 86, respectively, ms; and
mge are the masses for Sr and a is the mass fractionation factor. This Rb correction is only considered
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robust for samples with a Rb/Sr ratio <0.02 (Irrgeher et al., 2016). For samples with higher Rb content,
an alternative Rb-correction is necessary (Miiller and Anczkiewicz, 2016). All speleothem samples and

RMs analysed in this study are below this threshold (Table 3.2).

3.5.6 Data processing

After calculating the interference-free *’Sr/*Sr ratio, the results are calibrated by standard bracketing
using RMs with well-known ¥’Sr/%¢Sr ratios, as has been recommended as calibration strategy for Sr
isotope analysis (Irrgeher et al., 2016). Furthermore, to avoid effects of individual large peak values, we
performed a 2 SD outlier test for the median of all ¥Sr/**Sr values, removing all values deviating >2 SD

from the median.

Usually, the final 8’Sr/*Sr ratios obtained for the RMs deviate slightly from the reference values,
necessitating an additional correction step. Each sample is therefore bracketed by a set of three
individual measurements of a suitable RM. The mean value of the three RMs is calculated, and a

correction factor for the sample is calculated according to the following equation:

87ST
86
STtrue

STcorr = g, (Eq. 3.VID)

86
STmeas

where ¥'St/*Sry. is the literature value of the RM and ¥’St/*Sreqs is the measured ratio of the RM. We
then use the mean value of the two correction factors from the two sets of RMs (measured prior and
subsequent to the sample) and apply it to the measured sample ¥’Sr/*Sr ratio. Since the measurements
of the RMs are associated with an uncertainty, error propagation is performed by adding the relative
2 SE for the measurement of the RM (2 Std Errrer) to the relative 2 SE of the measured sample (2 Std

ErrSpl) .

2 Std Errsgmprecorr[%] = J (2 Std Errges [%])2 +(2 Std Errspl[%])z (Eq. 3.VII)

The 2 Std Errrer value is calculated from the mean of the relative 2 SE of all RMs, while the 2 Std Errsy
is calculated from the mean of the line scans or spot measurements for each sample layer. By applying

the error propagation, the 2 SE of each sample usually increases by +0.00001 —0.00002 (0.01 —0.03 %o).

3.6 Results

The results from the speleothem samples obtained with the two sampling methods (line scans and spot
analyses, respectively) are presented in Table 3.2. Due to the extensive correction procedure, we show
the effect of each correction step on the ¥Sr/*¢Sr value for one LA-MC-ICP-MS measurement of JCt-1,

MAW-4 and GPS5, respectively. The results are presented in Fig. 3.3. The correction step associated with
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the largest effect is the background correction and, depending on the sample, the corrections for

interferences of Yb and Rb. Corrections for Ca argides and dimers are insignificant for our results.

3.6.1 Influence of tuning parameters on the 8’Sr/3Sr ratio

Our solution MC-ICP-MS measurements show that tuning for maximum Sr intensity does not
necessarily lead to a “true” ¥’Sr/%Sr ratio, but may deviate from the accepted value of the reference
solution NIST SRM 987 (¥Sr/¢Sr = 0.71034 £ 0.00026, GeoReM, Jochum et al. (2005) on the third or
fourth decimal. This can be avoided by tuning the mass spectrometer to obtain the Sr isotope ratio known
from the literature (at the expense of signal intensity). The procedure is described in chapter 3.1. While
some changes have a large influence on the isotope ratio (e.g. the decrease by 10 V for source lenses V1
and V2), others only have a minor influence, such as the changes at transfer lens H1 (Fig. 3.2). We note
that this might be a specific pattern for our mass spectrometer and may differ in other laboratories. After

restoring to the original setting, the Sr/%¢Sr ratio was comparable to the starting value (Fig. 3.2).

Fig. 3.4 (data in Table A3.1) shows the evolution of the ¥'Sr/*Sr ratio during consecutive days of LA-
MC-ICP-MS measurements of RM JCt-1. While the Sr isotope ratio increased during the first

measurements, source lens adjustments brought the ’Sr/%Sr ratio back towards the reference value.

These results highlight the necessity of the standard bracketing approach, which corrects the described
effects. Nevertheless, we minimised the influence of these effects by tuning the 8’Sr/%6Sr ratio towards

the reference value prior to the measurement, or, if necessary, again afterwards.

3.6.2 Tests with reference materials
Reference materials are a basic requirement for reliable measurements, since they allow traceability of

the obtained dataset. Therefore, the methodology was tested with three internationally available RMs.

3.6.2.1 Nanosecond LA-MC-ICP-MS

For the nanosecond laser ablation system, we chose the carbonate RMs JCt-1, JCp-1 and MACS-3 and
applied the method described above (section 3.4.3). These RMs have a large range of Sr mass fractions,
and we are aware that changes of the laser parameters between different samples can affect the
measurements. Nevertheless, all measurements showed sufficient fluence (~ 10 J/cm? for JCp-1 and
MACS-3 and >22 J/cm? for JCt-1) and the obtained *’Sr/**Sr ratios showed the expected results within
uncertainty. The mean value of the JCp-1 measurements was 3’Sr/*Sr = 0.70913 £ 0.00008 (n = 3) and
agree with the literature value of 0.70916 + 0.00002 (Ohno and Hirata, 2007). In addition, the
uncorrected JCp-1 ¥7Sr/*Sr ratio is 0.70914 + 0.00007 (n = 3) and the uncorrected ¥’Sr/*®Sr ratio of JCt-

115 0.70917 £+ 0.00005 (n = 5), thus both are indistinguishable from the literature values. The results for
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MACS-3 provide an average ¥’Sr/%°Sr value of 0.70753 + 0.00005 (n = 16), which is in agreement with
the literature value of 0.7075532 £+ 0.0000037 (Jochum et al., 2011a).
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Fig. 3.4: 8’Sr/*Sr ratios of reference material JCt-1 obtained during different days, showing the tuning
influence during the first measurements. The orange line represents the reference value of JCt-1 of
87Sr/36Sr = 0.70917 £ 0.00001 (Weber et al., 2018b), the shading in bright orange corresponds to its

2 SE. Dashed vertical lines separate different days of measurements.

3.6.2.2 Femtosecond LA-MC-ICP-MS

In order to further test our methodology, we used a femtosecond laser ablation system on carbonate RMs
with high Sr mass fractions (JCp-1 and MACS3) following the method as described in chapter 3.4.3.
All measurements were corrected by the standard bracketing approach yielding 3’Sr/*Sr ratios in
agreement with the reference values (Fig. 3.5). An exception is measurement MACS-3-8, which shows
a strongly elevated ¥Sr/*°Sr ratio. This sample may have been affected by changes in the Kr signal
intensity because unusual peak intensities in 3*Kr were observed during the blank measurement. It is
thus likely that similar fluctuations occurred during the measurement which affected the 8Sr/**Sr ratio.
The measured raw ¥’Sr/®Sr ratios before the standard bracketing correction for JCp-1 are 0.70920 +

0.00004 (n = 6) and 0.70757 + 0.00005 for MACS-3 (without MACS3-8, n = 5), in agreement with the
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literature values. After performing the standard bracketing approach, the average ¥’Sr/*®Sr ratio is

0.70917 + 0.00006 for JCp-1 (n = 6) and 0.70752 = 0.00006 for MACS-3 (without MACS3-8, n = 5).
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Fig. 3.5: ¥Sr/%Sr ratios of reference materials JCp-1 and MACS-3 obtained by fs-LA-MC-ICP-MS.
The red line represents the literature value of MACS-3 of ¥’Sr/*Sr = 0.7075532 + 0.0000037 (Jochum
et al., 2011a), the blue line shows the literature value of JCp-1 of ¥St/%6Sr =0.70916 = 0.00002 (Ohno
and Hirata, 2007), with its 2 SE shown as bright blue shading. The uncertainty range for the reference
value of MACS-3 is too small to be visible in the figure. Note that sample MACS-3-8 was strongly
affected by very variable *Kr intensities during the blank measurement and probably during the sample

measurement as well.

3.6.3 Speleothem GPS

On sample GPS5, a total number of 27 different layers were measured (Fig. 3.6 [A]). In the area between
~116 to 118.5 mm distance from top (DFT) the resolution is high (i.e. less than 100 pm between line
scans). Further measurements were performed with a distance of ~1000 um between each other. Some
measurements suffer from changing mass bias and low intensities (3¥Sr <1 V), resulting in decreasing
values of ¥’St/*Sr (in particular line scans GP5-17-21, Table 3.2). The ¥’Sr/**Sr ratios generally show
only minor variations, ranging from 0.70856 + 0.00017 to 0.70920 = 0.00007. The low-resolution

measurements from 108.3 to 115.3 mm DFT show a relatively stable Sr isotope composition with
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87S1/36Sr ratios between 0.70890 £ 0.00011 and 0.70913 £ 0.00008. The average ¥’Sr/*Sr ratio of all line
scans is 0.70892 % 0.00006 (n = 79).

36 spot analyses were performed on stalagmite GP5. These were placed near the right end of the third
line scan within the same growth layer (Fig. 3.1). At signal intensities lower than ca. 0.6 V on %Sr, we
found a significant decrease of the 8’Sr/%Sr ratio. Corresponding measurements are marked with double
diamonds ## in Table 3.2. The *'Sr/%Sr ratios of the spot measurements from GP5 are presented as
circles in Fig. 3.6 [A]. The results show a similar pattern as the line scans, even though the 2 SE are
slightly larger. The *’Sr/*¢Sr ratio varies between 0.70872 £ 0.00024 and 0.70907 = 0.00011. The mean
of all spot measurements is 8’Sr/%6Sr = 0.70897 + 0.00005 (n = 32) and in good agreement with the line

scan data.

0.7094

[A] GP5

0.7092 - ] , + _ |

2R AR W
R RRENE

@ Linescan with low Intensity

-— (-

—_—— =

0.7088

87gr/eegr

0.7086

0.7084 OSpot analysis
4
0.7082
108 108 110 111 12 13 114 115 116 117 118 119
0.70885 1
0.70880 A ! ! !
1 | :
1 ! 1
| 1 1 :
0.70875 1 ! ! !
= i ! ! @] O
g 1 ' ! O | 1 1
= 1 ! ! 1 1 ! !
& 0.70870 \ | O 1 1 ! !
& 1 1 I 1 1 1 1
O | | 1 1 1 O
O ! ! i
0.70865 A 1 H 1 |
1 1
- | : !
1 1
0.70860 A 1 1
0.70855 . . v v . v v \
8.0 85 9.0 9.5 10.0 105 11.0 1.5 12.0

Distance from top [mm]

Fig. 3.6: [A] *’Sr/**Sr ratios are plotted against the distance from top of speleothem GP5. Line scan
measurements affected by low signal intensities are marked red. [B] #Sr/*Sr ratios of speleothem
MAW-4 against distance from top [mm] for the line scan as well as the spot analyses. For better

visualization of the error bars, spot analyses data were shifted to the right by 0.05 mm.
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Table 3.2: Results of the line scan and spot analysis from speleothem samples GP5 and MAW-4. The
alignment of the different cups is presented with the corresponding signal intensities. For most sample

layers, three runs were performed. For these samples, the mean of all runs is shown.

Distance X X X X X X - - X
Sample  fromtop *Or 1oRl Total pie EmSr YbiSr g X X Mass
[mm] conc  Sr Rb £10°  *106  *100 Sr/**Sr - 2 SE 87B126s
(ng/g] [Vl [mV] St/
Linescans
GP5
GP5-1 118.4 344 09 008 009 13 703 0.70872 0.00013 1.23%
GP5-2 118.2 349 1.4 008 006 1.3 257 0.70893 0.00009 1.22%
GP5-3 118.0 354 1.2 012 010 1.0 419 0.70886 0.00011 1.22%
GP5-4 117.7 310 1.1 008 007 1.0 ~0 0.70879 0.00011 1.21%
GP5-5 117.5 292 1.2 010 0.09 1.0 1136 0.70875 0.00013 1.20%
GP5-6 117.2 354 .1 010 0.09 1.1 664 0.70891 0.00013 1.20%
GP5-7 117.3 328 1.3 0.06 0.04 13 ~0 0.70883 0.00006 1.18%
GP5-8 118.1 357 21 0.2 0.05 12 363 0.70895 0.00007 1.02%

GP5-9 117.8 335 20 0.13 0.06 1.2 497 0.70906 0.00007 1.05%
GP5-10 117.1 343 1.5 019 0.13 1.0 121 0.70898 0.00009 1.14%
GP5-11 116.9 321 1.6 012 0.07 09 424 0.70900 0.00008 1.31%
GP5-12 116.8 348 1.9 0.16 0.08 1.0 349 0.70893 0.00007 1.05%
GP5-13 116.6 338 1.9 0.15 0.08 1.1 289  0.70896 0.00007 1.07%
GP5-14 116.5 340 1.8 0.11 0.06 1.0 268 0.70920 0.00007 1.38%
GP5-15 116.3 336 1.8 0.13 0.07 1.0 803 0.70902 0.00008 1.61%
GP5-16 115.3 385 1.2 020 0.17 1.0 405 0.70890 0.00011 1.75%
GP5-17 114.3 416 1.1 0.10 0.10 1.0 501 0.70895 0.00011 2.03%
GP5-18 113.3 353 0.9 0.14 0.16 1.1 441 0.70878 0.00014 2.09%
GP5-19 112.3 363 0.8 0.17 0.22 1.1 179 0.70896 0.00014 1.82%
GP5-20 111.3 381 0.7 016 022 09 136 0.70868 0.00015 1.87%
GP5-21 110.3 427 0.7 0.13 0.19 1.1 285 0.70856 0.00017 2.23%
GP5-22 113.1 351 1.4 026 0.18 1.4 435 0.70898 0.00009 1.19%

GP5-23 112.1 425 1.5 019 0.13 1.6 ~0 0.70913 0.00008 1.18%
GP5-24 111.1 384 14 016 0.12 1.6 91 0.70909 0.00009 1.16%
GP5-25 110.1 497 1.3 016 0.12 1.5 ~0 0.70907 0.00009 1.16%
GP5-26 109.3 412 1.3 020 0.16 1.7 ~0 0.70905 0.00010 1.16%

GP5-27 108.3 373 14 023 017 1.6 233 0.70893 0.00009 1.16%

Linescans
MAWA4

MAW4-1 8.4 1729 48 0.06 0.01 04 1181 0.70862 0.00004 1.24%
MAW4-2 8.9 1629 57 0.03 0.0l 0.4 2295 0.70861 0.00004 1.25%
MAW4-3 94 1526 48 0.04 0.01 0.5 623 0.70867 0.00004 1.25%
MAW4-4 9.9 1585 50 0.04 0.01 0.4 925 0.70870 0.00004 1.25%
MAW4-5 10.4 1600 49 0.06 0.01 04 1421 0.70870 0.00004 1.26%
MAW4-6 10.9 1560 4.5 0.06 0.01 0.4 149 0.70871 0.00004 1.26%
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Table A3.2 (continued):

Distance X X X X X X
Sample  fromtop *or 1ol Total o pusr Ybisr oo X L% Mass
[mm] ©°n° Sr  Rb £10° %106 *]06 Sr/**Sr - 2 SE Bias
[ng/g] [V] [mV] $7Sr/%Sr
MAW4-7 11.4 1595 4.7 0.12 0.02 04 552 0.70870 0.00004 1.27%
MAW4-8 11.9 1458 42 0.07 002 0.5 624 0.70869 0.00004 1.27%
Spotscans
GP5

GP5-Spot-2 118.2 349 14 012 0.08 34 529 0.70906 0.00013 1.18%
GP5-Spot-10 117.1 343 1.0 0.10 0.09 3.5 865 0.70901 0.00015 1.12%
GP5-Spot-12 116.8 348 14 011 0.08 27 919 0.70895 0.00014 1.95%
GP5-Spot-14 116.5 340 1.7 013 0.08 2.7 327 0.70904 0.00011 1.92%
GP5-Spot-16 115.3 385 1.6 008 0.05 2.7 487 0.70907 0.00011 1.93%
GP5-Spot-17¢¢ 1143 416 1.1 0.08 0.08 2.6 1116 0.70897 0.00011 1.87%
GP5-Spot-21 110.3 427 1.1 0.08 0.07 35 867 0.70895 0.00014 1.94%
GP5-Spot-22 113.1 351 1.2 0.07 0.06 29 757 0.70903 0.00013 1.91%
GP5-Spot-24¢¢  111.1 33 09 011 0.12 3.0 763 0.70901 0.00014 1.93%
GP5-Spot-25 110.1 497 1.3 0.08 0.06 29 244 0.70892 0.00013 1.96%
GP5-Spot-264¢  109.3 412 1.1 0.12 0.12 33 564 0.70894 0.00014 1.98%
GP5-Spot-27¢¢ 1083 373 05 0.06 0.12 2.8 708 0.70872 0.00024 2.00%

Spotscans

MAW-4
MAW4-Spot-1 8.4 1729 41 0.15 0.04 13 432 0.70867 0.00007 0.92%
MAW4-Spot-2 8.9 1629 3.6 0.08 0.02 12 694 0.70866 0.00007 0.97%
MAW4-Spot-3 9.4 1526 42 0.09 0.02 13 1155 0.70870 0.00008 0.95%
MAW4-Spot-4 9.9 1585 39 0.07 002 14 1011 0.70873 0.00008 0.88%
MAW4-Spot-5 10.4 1600 43 0.08 0.02 13 654 0.70874 0.00007 0.45%
MAW4-Spot-6 10.9 1560 4.2 0.05 001 13 1116 0.70874 0.00007 0.49%
MAW4-Spot-8 11.9 1458 5.6 0.10 0.02 08 609 0.70867 0.00006 1.99%

¢ Sr mass fractions for sample GP5 were taken from Wassenburg et al. (2013) and Sr mass fractions for

sample MAW-4 were taken from Wassenburg et al. (2016b).

44 Not all of the three measurements from each spot were taken into account due to shifts in the 8’Sr/%¢Sr

ratio of measurements with low Sr-intensities (approximately below 0.7 V for *Sr).

3.6.4 Speleothem MAW-4
On MAW-4, 24 line scans were performed at a sampling resolution of 500 um (Fig. 3.1). The 8’Sr/*¢Sr

ratios are presented in Fig. 3.6 [B]. While the first two measurements at 8.4 and 8.9 mm DFT are similar,
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the following measurements show a slightly increasing trend towards higher values, reaching a
maximum of 0.70871 £ 0.00004. The 2 SE of all measurements is = 0.00004 with an average 8’Sr/*¢Sr
ratio over all line scans of 0.70867 + 0.00003 (n = 24).

24 spot analyses were performed on stalagmite MAW-4, placed near the right end of the third line scan
within the same growth layer (Fig. 3.1). Note that layer MAW-4-7 was not measured. For layer MAW-
4-8, a total number of six spot measurements were performed to test the reproducibility. The mean of
MAW-4-Spot-8a-c is within uncertainty of the mean of MAW-4-Spot-8d-f. Since MAW-4-Spot-8a-f
are in perfect agreement, they were combined as a single measurement (MAW-4-Spot-8). The Sr/*°Sr
ratios of the spot measurements of MAW-4 are presented as circles in Fig. 3.6 [B]. A pattern, similar to
the line scans can be observed with two measurements at 8.4 and 8.9 mm DFT showing lower ¥St/®Sr
ratios compared to the other values. In contrast to the line scan measurements, this increase is not
significant due to larger uncertainties. Nevertheless, an increase and a plateau at the same distance from
top is visible for the spot analyses. The 2 SE of all measurements is in the range of &+ 0.00006 to
+0.00008 and therefore higher than for the line scans. The average ¥’Sr/**Sr ratio over all spot
measurements is 0.70870 + 0.00002 (n = 24), in agreement with the 8’Sr/*®Sr ratio derived from the line

scans.

3.7 Discussion
The following chapters discuss the data obtained by LA-MC-ICP-MS and will results in the most

appropriate sampling technique for the Sr isotope analysis of speleothem.

3.7.1 Line scan versus spot analysis

We used two different laser ablation methods for this study, i.e. line scans along growth bands and spots,
to test which is the best approach. In general, the line scan method provides much smaller 2 SE than the
spot analysis. For RM JCt-1, the final *’Sr/*®Sr ratio usually has a 2 SE in the range of + 0.00002 —
0.00005 for line scan measurements, representing a total uncertainty in the range of 0.003 —0.01 %. For
spot analyses, the 2 SE was in the range of + 0.00005 — 0.00007. The 2 SE is highly dependent on the
Sr mass fraction of the sample (Fig. 3.7). The different precision in spot and line scan analyses is caused
by: 1) the longer integration time for the line scan approach, and 2) decreasing signal intensity during
spot analysis caused by deepening of the laser crater. Therefore, the spot analysis approach might be
insufficiently precise to resolve small scale changes in the ¥’Sr/%Sr ratio. This is exemplified in MAW-
4, where an increase in the ¥’Sr/%¢Sr ratio was significant for the line scan approach, but not for the spot
analyses due to larger uncertainties. A disadvantage of the line scan approach, however, is that unwanted
sampling of material from different growth layers (with a different *Sr/*®Sr ratio) may occur.

Furthermore, line scans require a larger sample surface compared to spot analysis. We recommend using
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the line scan approach only for speleothems with a regular (parallel) layering that provides a relatively
large sample surface (ca. 3 mm width and length). For speleothems with irregular layering, spot analysis
may be the preferable choice. Tests with spot analyses showed that higher repetition rates (>10 Hz)
result in a higher signal intensity and precision, which is desirable for samples with relatively low Sr
mass fraction (200 — 500 pg/g), such as GP5. However, the sample material should be dense and stable
enough to resist such a high ablation efficiency. Higher repetition rates also result in deeper laser craters
and thus potentially in ablating into different layers. However, for repetition rates in the range of 5 —
10 Hz the depth of the crater should be in the range < 12 and even less for line scan measurements

(<2 um). Thus, this effect should be only important for very slowly or irregularly growing speleothems.
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Fig. 3.7: Scatter plot of %Sr intensity vs. ¥’St/*Sr 2 SE. The dependency of the ¥’St/*Sr 2 SE on the

88Sr intensity is shown for the line scan measurements of JCt-1, Glycimeris sp., GP5 and MAW-4.

3.7.2 Nanosecond versus femtosecond laser systems

Ablating RMs JCp-1 and MACS-3 with either a nanosecond or femtosecond laser gives similar results.
While the nanosecond laser provides the advantage of measuring lower mass fraction samples with
higher precision, the femtosecond laser is less vulnerable to fractionation effects and offers better control
on the ablation process (Glaus et al., 2010; Koch and Gunther, 2007). In addition, the refractory Sr is

generally less affected by matrix, elemental and isotopic fractionation effects in comparison to the
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volatile Rb (Horn and von Blanckenburg, 2007). However, with our setup, the femtosecond laser
approach requires much higher Sr mass fractions (>1400 pg/g) to achieve sufficient precision. For
instance, we were not able to accurately measure JCt-1 and our speleothem samples with the
femtosecond laser due to insufficient Sr mass fraction. In contrast, the standard bracketing approach
with JCt-1 and JCp-1 with the nanosecond laser was successful and the data from MACS-3 were similar
to literature values. The results from the femtosecond LA-MC-ICP-MS measurements show that our
approach can be transferred to other laser ablation systems. The raw measurements of JCp-1 and MACS-
3 are in good agreement with literature values and the performance of our standard bracketing approach
does not affect the resulting *’Sr/*¢Sr significantly. Overall, the ¥’Sr/**Sr RM data obtained with both
laser ablation systems agree within uncertainty and are therefore probably not affected by differences in

matrix effects between the different setups.

3.7.3 Tuning parameters and suitable reference materials

An aspect of major importance identified during the development of the LA-MC-ICP-MS technique is
to adjust the tuning after changing the cones to obtain correct ¥Sr/*Sr ratios of a reference solution.
Tuning for maximum signal intensity does not always result in the 8’Sr/*¢Sr ratio of the RM (Fig. 3.2).
To achieve the correct *’Sr/*®Sr ratio we adjusted the lens settings. In comparison to the tuning of the
high voltage lenses, the source and transfer lenses had a larger effect on stability and reliability of the
87Sr/36Sr ratios with our Nu Plasma MC-ICP-MS (Fig. 3.2). In addition, the laser ablation system itself
alters the ¥’Sr/*6Sr ratios of the measurements. Since different RMs and samples have variable Sr
contents, the laser energy and spot size may have to be adjusted to prevent signal intensities larger than
~10 V on cup H4 (*¥Sr signal). It is important to use similar measurement parameters for RMs and
speleothem samples when the standard bracketing technique is applied. Therefore, it is essential to use
a RM with similar Sr mass fraction and a similar matrix as the speleothem sample. By not using matrix-
matched samples and RMs, potential differences in interferences may alter the correction (Irrgeher et
al., 2016). In case of different matrices and/or large differences in Sr mass fraction, the resulting *’Sr/*Sr
ratio of the unknown sample needs to be handled with care and might be less precise. For instance, the
use of RM JCt-1 for correcting GP5 measurements was critical, due to low intensities on the sample (1
— 2V, 88r) and high intensities on the RM (up to 8 — 9 V, 3Sr) when using the same laser parameters.
Fluence decreases with laser energy and it is not guaranteed that the same measurement parameters are
available for all samples and RMs. For speleothem samples with much higher Sr mass fraction than in

this study, JCp-1 and MACS-3 are suitable RMs.

40



Chapter 3

Table 3.3: Operating parameters of the Nu Plasma MC-ICP-MS and the two laser ablation systems.

Nu Plasma MC-ICP-MS

RF Power

Argon cooling gas flow rate
Auxiliary gas flow rate

Interface cones
Lens settings
Mass resolution

Mass analyser pressure

Detection system

Sampling mode

1300 W

13 L/min

0.93 L/min

Ni

Optimized for maximum signal intensity and 3’Sr/%Sr ratio
Low

3-5 x 10" mbar

Nine Faraday collectors and one lon Counter

Time Resolved Analysis

NWR Femto 200
Laser ablation system

New Wave UP213 nm
Laser ablation system

Type of analysis
Wavelength
Line length

Ar flow rate

He flow rate

Pre-Ablation
Frequency
Translation rate
Beam width

Ablation
Frequency
Translation rate
Beam width
Dwelling time

Fluence

Data Collection
Gas background
Sample

Integration

Line analysis Spot analysis Line analysis
213 nm 213 nm 200 nm
750 pm 750 pm

0.65-0.79 L/min 0.68-0.78 L/min 0.77 L/min
0.65-0.81 L/min 0.68-0.78 L/min 0.77 L/min
10 Hz 10 Hz 5Hz
80 pm/s 60 pm/s
100-110 pm 110 pm 65 um
10 Hz 5-10 Hz 25Hz
5 wm/s 5 pm/s
80-100 pm 100 pm 55 pm
120 s
20-30 J/em? 20-30 J/em? 0.7-0.8 J/em’
45 s 45 s 45s
145 s 115s 145 s
0.2s 0.2s 0.2s

Furthermore, the signal intensity of the Sr isotope measurements is important. Measurements suffering

from very low intensities on %¥Sr (~ <1 V) show large uncertainties. A scatter plot of the intensity of the

88Sr-signal against the 2 SE for the line scan measurements of JCt-1, the bivalve shell of Glycimeris sp.,

GP5 and MAW-4 (Fig. 3.7) reveals in particular for GP5 a high dependency on a sufficiently high Sr

signal for precise measurements. Intensities of *Sr below ~1.5 V cause a dramatic shift towards large

uncertainties. Similar patterns are visible for JCt-1 and the Glycimeris sp. shell. The Sr intensity
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difference found in MAW-4 is too small to show the effect of signal intensity on the uncertainty. All
measurements with low Sr intensities suffer from low counting statistics and the background correction

of Kr might be insufficient.

Another effect that can have major detrimental influence on the analysis is progressive clogging of the
cones. When a decrease in Sr intensity is observed, it is important to evaluate if this change results from
a change of the Sr content in the sample or from clogging of the cones by deposition of Ca. Additional
information on the performance of the mass spectrometer is provided by monitoring the mass bias. In
our study, the mass bias for the 8’Sr/*Sr-ratio was usually between 0.45 — 2.09 % (Reon/Rmeas = 0.9791
—0.9955, Eq. 3.1II). Especially for the line scans of sample MAW-4, the mass bias remained very stable
(1.24 — 1.27 %; Reor/Rumeas = 0.9873 — 0.9877, Eq. 3.11I). When the mass bias shows increased variability
over the day, careful evaluation of the results is necessary. We observed that a decrease in the ¥’Sr/®*°Sr
ratio and an increase in the 2 SE is often related to a high mass bias (e.g. for samples GP5-17-21,

Table 3.2).

3.7.4 Standard Bracketing

Our results highlight the importance of the standard bracketing correction scheme for LA-MC-ICP-MS
Sr isotope analysis. Prior to the first sample measurements, a test of the standard bracketing method was
performed using JCt-1. For this purpose, JCt-1 was used as a RM and also treated as a sample. The raw
and corrected results are shown in Fig. 3.8. The standard bracketing method seems to be generally
applicable for ¥’Sr/*Sr ratio correction, since the corrected Sr isotope ratios of JCt-1 agree within
uncertainties. A similar test performed on the RMs JCp-1 and MACS-3 with the femtosecond LA-MC-
ICP-MS setup also showed reliable results (Fig. 3.5).

3.7.5 LA-MC-ICP-MS of Sr isotopes on speleothem samples

Traditional Sr isotopes analysis by solution MC-ICP-MS or TIMS requires careful chemical treatment.
A recent study by Wortham et al. (2017) presented a speleothem Sr isotope record obtained by LA-MC-
ICP-MS. These authors performed line scan measurements parallel to the growth axis of a speleothem
from Brazil and traced an increasing *’Sr/**Sr ratio over the last two millennia. Their approach is slightly
different to ours. While their line scan is performed parallel to the growth axis, we measure three line
scans for each growth layer perpendicular to the growth axis, which enables us to test whether results
from individual growth layers are reproducible (similar to the Hendy test for stable carbon and oxygen
isotopes, Hendy (1971). In addition, the change of the *’Sr/**Sr ratio in the Brazilian speleothem was on

the third decimal, which is relatively large.
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Fig. 3.8: Black diamonds show the raw results of the *’Sr/**Sr LA-MC-ICP-MS line scan measurements
performed using JCt-1 as a reference material and a sample. Corrected *Sr/*Sr ratios of JCt-1 are shown
as red diamonds. Note that the uncertainties increased in comparison to the raw data due to correction
via the reference material. The orange line represents the reference value of JCt-1 0f 0.70917 + 0.00001

(Weber et al., 2018b).

Detecting smaller changes (i.e. on the fourth to fifth decimal), is only possible by conducting a set of
measurements perpendicular to the growth axis. Otherwise the obtained ¥’Sr/*°Sr ratio is largely
influenced by a time-averaging effect. Wortham et al. (2017) used a different sampling approach and do
not provide the Sr mass fraction of their speleothem and the used RM which complicates the comparison
of both studies. Nevertheless, they showed that it is possible to track large changes in speleothem Sr
isotope ratios using line scans parallel to the growth axis. Our results show that it is also possible to
obtain higher precision Sr isotope data by LA-MC-ICP-MS using a set of line scans, as well as spot
analyses orientated perpendicular to the growth axis. With the state-of-the-art MC-ICP-MS systems it
is unlikely that small scale changes in Sr isotope composition can be detected by performing a line scan
parallel to the growth axis. This is further complicated by the typically low Sr mass fraction of

speleothems (few hundred pg/g or even less). However, aragonitic speleothems can have much higher
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Sr mass fractions of several thousand pug/g. Thus, in some aragonitic, a line scan parallel to the growth

axis may reveal small scale changes in Sr isotope composition.

3.8 Conclusions

We show that LA-MC-ICP-MS is a powerful tool for the analysis of Sr isotopes in speleothems. Best
results are obtained from samples with Sr mass fractions of >1000 pg/g. For our setup, the minimum
88Sr mass fraction required to obtain reliable ¥’Sr/*Sr ratios was ca. 300 pg/g. In order to retrieve reliable
results, appropriate tuning of both the mass spectrometer and the laser ablation system is of great
importance. Tuning for maximum intensity does not always result in correct 8’Sr/%Sr ratios. We highly
recommend to tune for the correct Sr isotope ratio of a reference material prior to an analytical session.
The Sr mass fraction of the RM should be in the same range as that in the samples. In order to account
for potential drifts in the mass spectrometer during an analytical session, we recommend to apply

standard bracketing using appropriate RM:s.

Line scans provide higher precision than spot analyses. The latter might be advantageous however if
only a limited surface is available for sampling, for instance in case of a irregular layering. While
speleothem samples tested here contain only low amounts of REEs and Rb, appropriate correction
procedures are required to minimise the influence of interferences from these elements. In addition,

potential interferences resulting from Ca argides and dimers should be accounted for.

The use of a femtosecond laser ablation system provides a more stable signal intensity and therefore
more precise measurements, but its application on samples with low Sr mass fractions (ca. >1400 ng/g,
since measurements with JCt-1 were not precise enough) is not recommended due to lower signal

intensities compared to the nanosecond laser leading to less precise results.
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3.10 Supplement
Table A3.1: Results of the solution measurements of reference solution NIST SRM 987 for solution

MC-ICP-MS and reference material JCt-1 for LA-MC-ICP-MS.

Total Mass
Sample To[ti‘,l] ' Rb  Rb/Sr Ei/os_tf Z%ir ¥SyMsr  2SE Bias

[mV] 87Sr/86Sr

NIST SRM 987
987-1 4.9 0.64 0.00013 0.2 0 0.71044 0.00004 0.36%
987-2 5.0 0.66  0.00013 0.2 10 0.71052 0.00005 0.34%
987-3 5.0 0.75 0.00015 0.3 11 0.71051 0.00004 0.33%
987-4 4.4 0.69  0.00016 0.2 0 0.71063 0.00005 0.34%
987-5 4.8 0.65 0.00014 0.2 0 0.71059 0.00005 0.38%
987-6 4.4 0.63  0.00015 0.2 10 0.71075 0.00005 0.16%
987-7 4.9 0.72  0.00015 0.3 19 0.71047 0.00004 0.54%
987-8 3.7 0.55 0.00015 0.4 0 0.71578 0.00005 -0.60%
987-9 3.5 0.51 0.00014 0.2 22 0.70861 0.00005 2.11%
987-10 4.8 0.69 0.00014 0.3 23 0.71052 0.00004 0.63%
987-11 33 0.51 0.00016 0.3 28 0.71675 0.00005 -0.35%
987-12 3.6 0.52  0.00015 0.0 0 0.70863 0.00005 2.15%
987-13 4.9 0.71 0.00015 0.2 23 0.71050 0.00005 0.69%
987-14 3.8 0.62  0.00016 0.1 24 0.71086 0.00005 1.11%
987-15 3.5 048 0.00014 0.2 33 0.71189 0.00006 1.14%
987-16 4.8 0.68 0.00014 0.2 0 0.71057 0.00004 0.62%
987-17 3.7 0.53 0.00015 0.2 4 0.71015 0.00005 1.43%
987-18 4.0 0.58 0.00015 0.1 1 0.71217 0.00005 0.67%
987-19 4.8 0.71 0.00015 0.2 6 0.71057 0.00005 0.64%
987-20 3.8 0.53 0.00014 0.1 0 0.71060 0.00005 1.24%
987-21 4.1 0.56 0.00014 0.3 0 0.71069 0.00005 0.82%
987-22 4.7 0.67 0.00014 0.2 0 0.71058 0.00004 0.64%
987-23 4.2 0.65 0.00015 0.5 38 0.71391 0.00005 0.00%
987-24 4.0 0.63  0.00016 0.1 0 0.70873 0.00005 1.98%
987-25 4.6 0.62 0.00014 0.2 12 0.71063 0.00004 0.63%
987-26 33 0.45 0.00014 0.1 30 0.70863 0.00005 2.09%
987-27 3.8 0.64 0.00017 0.4 21 0.71264 0.00005 0.85%
987-28 4.6 0.62 0.00014 0.2 9 0.71061 0.00005 0.62%
Line scans

JCt-1
JCt-1-1 6.9 0.58  0.00008 1.1 10 0.70963 0.00005 1.17%
ICt-1-2 5.5 0.51 0.00009 1.1 21 0.70958 0.00007 1.14%
JCt-1-3 5.4 0.51 0.00009 1.0 12 0.70961 0.00005 1.12%
ICt-1-4 5.1 0.41 0.00008 1.1 17 0.70986 0.00006 0.92%
JCt-1-5 5.0 0.41 0.00008 1.0 21 0.70964 0.00007 0.99%
ICt-1-6 4.4 0.38  0.00009 1.1 0 0.70974 0.00007 1.02%
ICt-1-7 4.4 0.46  0.00010 1.6 6 0.70920 0.00005 0.98%
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Table A3.1 (continued):

Total Mass
Sample To[tfll] ' Rb  Rb/sr E{@g Z%ir ¥Sr%Sr  2SE  Bias

[mV] 87Qr/86Sr

Line scans
JCt-1

JCt-1-8 39 0.39 0.00010 1.4 35 0.70916 0.00005 0.97%
JCt-1-9 3.8 045 0.00012 1.4 0 0.70908 0.00005 0.98%
JCt-1-10 35 0.37 0.00011 1.5 6 0.70911 0.00006 0.99%
JCt-1-11 3.7 0.35 0.00010 1.5 0 0.70920 0.00005 1.01%
JCt-1-12 39 042 0.00011 1.5 23 0.70918 0.00006 1.01%
JCt-1-13 3.8 0.32  0.00008 1.5 0 0.70945 0.00006 0.88%
JCt-1-14 5.3 0.71 0.00013 1.5 29 0.70956 0.00004 0.93%
JCt-1-15 4.2 0.43 0.00010 1.5 16 0.70953 0.00005 0.92%
JCt-1-16 4.6 0.54 0.00012 1.3 29 0.70919 0.00005 0.47%
JCt-1-17 4.3 0.40  0.00009 1.4 23 0.70916 0.00006 0.46%
JCt-1-18 32 0.38 0.00012 1.4 63 0.70918 0.00006 0.45%
JCt-1-19 4.9 0.55 0.00011 1.3 0 0.70937 0.00005 0.50%
JCt-1-20 4.0 0.39 0.00010 1.3 34 0.70921 0.00005 0.49%
JCt-1-21 4.0 0.43 0.00011 1.2 8 0.70928 0.00005 0.50%
JCt-1-22 3.7 0.44  0.00012 1.3 13 0.70934 0.00006 0.50%
JCt-1-23 54 094  0.00018 0.8 3 0.70919 0.00005 2.29%
JCt-1-24 5.3 1.53  0.00029 0.8 21 0.70941 0.00006 2.22%
JCt-1-25 6.4 0.86 0.00013 0.9 0 0.70922 0.00005 1.98%
JCt-1-26 5.3 0.61 0.00011 0.8 23 0.70918 0.00005 1.97%
JCt-1-27 4.7 0.61 0.00013 1.0 -1 0.70928 0.00005 1.96%
JCt-1-28 6.7 0.65 0.00010 0.8 1 0.70919 0.00005 1.92%
JCt-1-29 5.0 0.50 0.00010 1.0 0 0.70914 0.00005 1.92%
JCt-1-30 6.0 0.89  0.00015 0.9 14 0.70913 0.00004 1.94%
JCt-1-31 6.6 0.78  0.00012 0.9 8 0.70919 0.00005 1.91%
JCt-1-32 6.9 0.91 0.00013 0.9 18 0.70919 0.00004 1.90%
JCt-1-33 6.3 090 0.00014 0.9 33 0.70910 0.00005 1.81%
JCt-1-34 5.7 0.61 0.00011 1.0 17 0.70903 0.00006 1.82%
JCt-1-35 6.4 0.65 0.00010 1.0 0 0.70911 0.00005 1.81%
JCt-1-36 7.4 0.67  0.00009 0.8 11 0.70914 0.00004 1.91%
JCt-1-37 8.0 0.88 0.00011 0.8 16 0.70920 0.00004 1.89%
JCt-1-38 4.2 0.72  0.00017 0.9 1 0.70922 0.00006 1.90%
JCt-1-39 7.4 0.60  0.00008 0.8 0 0.70915 0.00005 1.94%
JCt-1-40 6.4 0.71 0.00011 0.8 3 0.70911 0.00004 1.92%
JCt-1-41 6.3 0.72  0.00012 0.9 18 0.70913 0.00005 1.92%
JCt-1-42 7.6 0.71 0.00009 0.8 0 0.70913 0.00004 1.96%
JCt-1-43 7.0 0.65 0.00009 0.9 0 0.70913 0.00004 1.94%
JCt-1-44 7.1 0.68 0.00010 0.7 0 0.70918 0.00004 1.95%
JCt-1-45 6.2 0.61 0.00010 0.8 20 0.70914 0.00004 1.99%
JCt-1-46 7.0 0.97 0.00014 0.8 4 0.70921 0.00005 1.98%
JCt-1-47 7.5 0.87 0.00012 0.7 0 0.70920 0.00004 1.98%
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Table A3.1 (continued):

Total Mass
Sample To[tfll] ' Rb  Rb/sr E{@g Z%ir ¥Sr%Sr  2SE  Bias
[mV] 87Qr/86Sr
Line scans
JCt-1
JCt-1-48 7.6 0.90 0.00012 0.7 0 0.70924 0.00004 2.03%
JCt-1-49 5.6 0.61 0.00011 0.9 27 0.70919 0.00005 1.98%
JCt-1-50 7.8 0.80  0.00010 0.9 1 0.70918 0.00004 1.97%
JCt-1-51 5.6 1.09  0.00020 0.9 17 0.70916 0.00004 1.98%
JCt-1-52 5.7 0.70  0.00012 0.7 18 0.70916 0.00005 2.04%
JCt-1-53 4.4 0.52  0.00012 0.9 12 0.70919 0.00005 2.01%
JCt-1-54 4.8 0.54  0.00011 0.8 22 0.70918 0.00005 1.99%
JCt-1-55 6.2 0.69  0.00011 0.8 6 0.70917 0.00005 2.01%
JCt-1-56 6.1 0.65 0.00011 0.7 14 0.70915 0.00005 2.00%
JCt-1-57 6.1 0.67 0.00011 0.8 13 0.70917 0.00005 1.99%
JCt-1-58 6.4 0.92  0.00014 0.7 13 0.70923 0.00005 1.99%
JCt-1-59 5.2 0.70  0.00013 0.8 6 0.70911 0.00005 1.99%
JCt-1-60 3.9 0.46  0.00012 0.9 29 0.70900 0.00005 2.01%
JCt-1-61 4.6 0.54  0.00012 0.8 18 0.70907 0.00006 2.02%
JCt-1-62 4.1 0.57 0.00014 0.9 18 0.70918 0.00006 1.95%
JCt-1-63 4.4 0.90  0.00020 0.7 35 0.70912 0.00005 1.95%
JCt-1-64 5.6 0.61  0.00011 0.8 10 0.70917 0.00005 1.97%
JCt-1-65 5.7 0.65 0.00011 0.8 1 0.70920 0.00005 1.97%
JCt-1-66 6.2 0.71  0.00012 0.8 20 0.70919 0.00005 1.98%
Table A3.2: Raw *’Sr/*Sr measurements for each line scan and spot measurement of GP5.
Sample 87Sr/*¢Sr 2 SE Sampling Technique
GP5-1a 0.70918 0.00010 Line scan
GP5-1b 0.70879 0.00012 Line scan
GP5-1c¢ 0.70841 0.00014 Line scan
GP5-1d 0.70849 0.00016 Line scan
GP5-2a 0.70900 0.00008 Line scan
GP5-2b 0.70887 0.00009 Line scan
GP5-2¢ 0.70893 0.00010 Line scan
GP5-3a 0.70892 0.00011 Line scan
GP5-3b 0.70873 0.00010 Line scan
GP5-3c¢ 0.70893 0.00011 Line scan
GP5-4a 0.70863 0.00013 Line scan
GP5-4b 0.70876 0.00011 Line scan
GP5-4c¢ 0.70896 0.00010 Line scan
GP5-5a 0.70846 0.00015 Line scan
GP5-5b 0.70884 0.00012 Line scan
GP5-5¢ 0.70894 0.00011 Line scan
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Table A3.2 (continued):

Sample 87Sr/*Sr 2 SE Sampling Technique
GP5-6a 0.70884 0.00014 Line scan
GP5-6b 0.70897 0.00013 Line scan
GP5-6¢ 0.70891 0.00012 Line scan

GP5-7 0.70885 0.00006 Line scan
GP5-8a 0.70884 0.00007 Line scan
GP5-8b 0.70905 0.00006 Line scan
GP5-9a 0.70892 0.00007 Line scan
GP5-9b 0.70904 0.00007 Line scan
GP5-9¢ 0.70921 0.00008 Line scan
GP5-10a 0.70898 0.00008 Line scan
GP5-10b 0.70893 0.00008 Line scan
GP5-10c 0.70904 0.00009 Line scan
GP5-11a 0.70888 0.00008 Line scan
GP5-11b 0.70899 0.00008 Line scan
GP5-11c¢ 0.70914 0.00008 Line scan
GP5-12a 0.70897 0.00007 Line scan
GP5-12b 0.70891 0.00006 Line scan
GP5-12¢ 0.70889 0.00008 Line scan
GP5-13a 0.70895 0.00007 Line scan
GP5-13b 0.70900 0.00007 Line scan
GP5-13¢ 0.70895 0.00007 Line scan
GP5-14a 0.70908 0.00007 Line scan
GP5-14b 0.70927 0.00007 Line scan
GP5-14c¢ 0.70926 0.00008 Line scan
GP5-15a 0.70915 0.00007 Line scan
GP5-15b 0.70899 0.00007 Line scan
GP5-15¢ 0.70890 0.00008 Line scan
GP5-16a 0.70888 0.00011 Line scan
GP5-16b 0.70897 0.00011 Line scan
GP5-16¢ 0.70885 0.00011 Line scan
GP5-17a 0.70896 0.00011 Line scan
GP5-17b 0.70883 0.00012 Line scan
GP5-17¢ 0.70907 0.00011 Line scan
GP5-18a 0.70850 0.00015 Line scan
GP5-18b 0.70883 0.00013 Line scan
GP5-18¢ 0.70901 0.00014 Line scan
GP5-19a 0.70899 0.00015 Line scan
GP5-19b 0.70886 0.00014 Line scan
GP5-19c¢ 0.70903 0.00013 Line scan
GP5-20a 0.70845 0.00014 Line scan
GP5-20b 0.70883 0.00016 Line scan
GP5-20c¢ 0.70877 0.00015 Line scan
GP5-21a 0.70838 0.00017 Line scan
GP5-21b 0.70858 0.00016 Line scan

48



Chapter 3

Table A3.2 (continued):

Sample 87Sr/*Sr 2 SE Sampling Technique
GP5-21c 0.70870 0.00018 Line scan
GP5-22a 0.70890 0.00009 Line scan
GP5-22b 0.70914 0.00009 Line scan
GP5-22¢ 0.70890 0.00009 Line scan
GP5-23a 0.70913 0.00009 Line scan
GP5-23b 0.70914 0.00008 Line scan
GP5-23¢ 0.70912 0.00008 Line scan
GP5-24a 0.70907 0.00009 Line scan
GP5-24b 0.70905 0.00010 Line scan
GP5-24c 0.70913 0.00009 Line scan
GP5-25a 0.70910 0.00009 Line scan
GP5-25b 0.70902 0.00009 Line scan
GP5-25¢ 0.70909 0.00010 Line scan
GP5-26a 0.70904 0.00009 Line scan
GP5-26b 0.70921 0.00010 Line scan
GP5-26¢ 0.70890 0.00010 Line scan
GP5-27a 0.70879 0.00011 Line scan
GP5-27b 0.70916 0.00008 Line scan
GP5-27¢ 0.70884 0.00009 Line scan

GP5-Spot-2a 0.70900 0.00014 Spot analysis
GP5-Spot-2b 0.70912 0.00014 Spot analysis
GP5-Spot-2¢ 0.70905 0.00011 Spot analysis
GP5-Spot-10a 0.70914 0.00013 Spot analysis
GP5-Spot-10b 0.70889 0.00017 Spot analysis
GP5-Spot-10c 0.70875 0.00060 Spot analysis
GP5-Spot-12a 0.70916 0.00011 Spot analysis
GP5-Spot-12b 0.70891 0.00011 Spot analysis
GP5-Spot-12¢ 0.70878 0.00021 Spot analysis
GP5-Spot-14a 0.70906 0.00010 Spot analysis
GP5-Spot-14b 0.70898 0.00011 Spot analysis
GP5-Spot-14¢ 0.70908 0.00011 Spot analysis
GP5-Spot-16a 0.70916 0.00010 Spot analysis
GP5-Spot-16b 0.70906 0.00011 Spot analysis
GP5-Spot-16¢ 0.70899 0.00013 Spot analysis
GP5-Spot-17a 0.70868 0.00018 Spot analysis
GP5-Spot-17b 0.70861 0.00019 Spot analysis
GP5-Spot-17¢ 0.70897 0.00011 Spot analysis
GP5-Spot-22a 0.70905 0.00013 Spot analysis
GP5-Spot-22b 0.70901 0.00013 Spot analysis
GP5-Spot-22¢ 0.70901 0.00013 Spot analysis
GP5-Spot-24a 0.70697 0.00045 Spot analysis
GP5-Spot-24b 0.70893 0.00015 Spot analysis
GP5-Spot-24c¢ 0.70909 0.00013 Spot analysis
GP5-Spot-21a 0.70902 0.00014 Spot analysis
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Table A3.2 (continued):

Sample 87Sr/36Sr 2 SE Sampling Technique
GP5-Spot-21b 0.70905 0.00014 Spot analysis
GP5-Spot-21c 0.70878 0.00014 Spot analysis
GP5-Spot-25a 0.70879 0.00013 Spot analysis
GP5-Spot-25b 0.70897 0.00012 Spot analysis
GP5-Spot-25c¢ 0.70901 0.00014 Spot analysis
GP5-Spot-26a 0.70891 0.00012 Spot analysis
GP5-Spot-26b 0.70896 0.00016 Spot analysis
GP5-Spot-26¢ 0.70863 0.00020 Spot analysis
GP5-Spot-27a 0.70746 0.00037 Spot analysis
GP5-Spot-27b 0.70892 0.00022 Spot analysis
GP5-Spot-27c 0.70851 0.00025 Spot analysis

Table A3.3: Raw ¥’Sr/*Sr measurements for each line scan and spot measurement of MAW-4.

Sample 87Sr/*Sr 2 SE Sampling Technique
MAW4-1a 0.70866 0.00005 Line scan
MAW4-1b 0.70854 0.00004 Line scan
MAW4-1c¢ 0.70866 0.00004 Line scan
MAW4-2a 0.70860 0.00004 Line scan
MAW4-2b 0.70861 0.00004 Line scan
MAW4-2¢ 0.70861 0.00004 Line scan
MAW4-3a 0.70863 0.00005 Line scan
MAW4-3b 0.70873 0.00004 Line scan
MAW4-3¢ 0.70866 0.00004 Line scan
MAW4-4a 0.70866 0.00004 Line scan
MAW4-4b 0.70875 0.00004 Line scan
MAW4-4c¢ 0.70870 0.00004 Line scan
MAW4-5a 0.70867 0.00004 Line scan
MAW4-5b 0.70874 0.00004 Line scan
MAW4-5¢ 0.70867 0.00004 Line scan
MAW4-6a 0.70869 0.00004 Line scan
MAW4-6b 0.70869 0.00004 Line scan
MAW4-6¢ 0.70873 0.00004 Line scan
MAW4-7a 0.70872 0.00004 Line scan
MAW4-7b 0.70870 0.00004 Line scan
MAW4-T¢ 0.70869 0.00004 Line scan
MAW4-8a 0.70867 0.00005 Line scan
MAW4-8b 0.70869 0.00005 Line scan
MAW4-8¢ 0.70869 0.00004 Line scan

MAW4-Spot-1a 0.70876 0.00007 Spot analysis
MAW4-Spot-1b 0.70860 0.00007 Spot analysis
MAW4-Spot-1c 0.70865 0.00007 Spot analysis
MAW4-Spot-2a 0.70862 0.00006 Spot analysis
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Table A3.3 (continued):

Sample 87Sr/*Sr 2 SE Sampling Technique
MAW4-Spot-2b 0.70869 0.00007 Spot analysis
MAW4-Spot-2¢ 0.70866 0.00007 Spot analysis
MAW4-Spot-3a 0.70870 0.00008 Spot analysis
MAW4-Spot-3b 0.70869 0.00008 Spot analysis
MAW4-Spot-3c 0.70871 0.00008 Spot analysis
MAW4-Spot-4a 0.70877 0.00008 Spot analysis
MAW4-Spot-4b 0.70877 0.00008 Spot analysis
MAW4-Spot-4¢ 0.70864 0.00008 Spot analysis
MAW4-Spot-5a 0.70875 0.00007 Spot analysis
MAW4-Spot-5b 0.70875 0.00007 Spot analysis
MAW4-Spot-5¢ 0.70872 0.00007 Spot analysis
MAW4-Spot-6a 0.70874 0.00007 Spot analysis
MAW4-Spot-6b 0.70874 0.00007 Spot analysis
MAW4-Spot-6¢ 0.70875 0.00007 Spot analysis
MAW4-Spot-8a 0.70867 0.00006 Spot analysis
MAW4-Spot-8b 0.70866 0.00007 Spot analysis
MAW4-Spot-8¢ 0.70871 0.00007 Spot analysis
MAW4-Spot-8d 0.70870 0.00006 Spot analysis
MAW4-Spot-8e 0.70869 0.00006 Spot analysis
MAW4-Spot-8f 0.70861 0.00006 Spot analysis



Chapter 3

52



Chapter 4

Chapter 4: Manuscript II: Calcium Carbonate and Phosphate Reference Materials for

Monitoring Bulk and Microanalytical Determination of Sr Isotopes

Calcium Carbonate and Phosphate Reference Materials for Monitoring Bulk and

Microanalytical Determination of Sr Isotopes

Michael Weber'?, Federico Lugli®, Klaus Peter Jochum?, Anna Cipriani**, Denis Scholz!

nstitute of Geosciences, Johannes Gutenberg-University Mainz, J.-J.-Becher-Weg 21, 55128 Mainz,

Germany

Climate Geochemistry Department, Max-Planck-Institute for Chemistry (Otto-Hahn-Institute), P.O.
Box 3060, 55020 Mainz, Germany

3Department of Chemical and Geological Sciences, University of Modena and Reggio Emilia, Via

Campi 103, 41125 Modena, Italy

*Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York 10964, USA.

This manuscript is published in a similar version in Geostandards and Geoanalytical Research, Vol.

42,77 -89 (2018).

53



Chapter 4

4.1 Abstract

In-situ laser ablation analyses rely on the microanalytical homogeneity of reference materials (RMs)
and a similar matrix and mass fraction between unknown samples and RMs to obtain reliable results.
Suitable carbonate and phosphate RMs for determination of Sr isotope ratios in such materials are
limited. Thus, we determined *Sr/%6Sr ratios of several carbonate (JCt-1, JCp-1, MACS-1, MACS-3)
and phosphate (MAPS-4, MAPS-5, NIST SRM 1400, NIST SRM 1486) international RMs using
dissolved samples and two different MC-ICP-MS systems. Our Sr isotope data are in agreement with
published data and have an improved analytical precision for some RMs. For MACS-1, we present the
first 7Sr/*Sr value. We tested the suitability of these materials for microanalytical analyses by LA-MC-
ICP-MS, with two different laser ablation systems: a conventional nanosecond laser and a state-of-the-
art femtosecond laser. We investigated the RMs micro-homogeneity and compared the data with our
solution data. Both laser ablation systems yielded identical ’Sr/%6Sr ratios within uncertainty to the
solution data for RMs with low interferences of REEs. Therefore, these carbonate and phosphate RMs
can be used to achieve accurate and precise results for in-situ Sr isotope investigations by LA-MC-ICP-

MS of similar materials.

4.2 Introduction

Reference materials (RMs) are essential for calibration, method validation, quality control and assurance
as well as to establish metrological traceability (Jochum and Enzweiler, 2014). In addition, they allow
testing for long-term reproducibility. This is especially important for microanalytical techniques, such
as LA-MC-ICP-MS or SIMS, where homogeneity should be in the range of test portion masses in the
ug-range. Traceability of results can only be achieved if users calibrate, normalise and publish their data
using published, preferably certified reference values. The accuracy and precision of results from
unknown samples is highly dependent on the quality and characterisation of RMs (Jochum and Nohl,
2008). When applied to laser ablation studies, not only the quality of the analytical data is important,
but also a similar mass fraction and, depending on the application, a matching matrix of the RMs and
the unknown sample is preferable (Jochum and Enzweiler, 2014). Here we present new high-precision
MC-ICP-MS radiogenic Sr isotope data for carbonate and phosphate RMs and compare the results with
data from a LA-MC-ICP-MS approach.

Strontium naturally occurs in the form of four isotopes, three of them are stable (*Sr, *Sr and *Sr),
while ¥Sr is the radiogenic daughter isotope of #’Rb via B-decay. This Rb-Sr decay scheme is widely
applied for geological purposes, such as geochronology and as a geological tracer (Banner, 2004).
Furthermore, Sr isotopes are applied in different scientific fields, such as isotope geochemistry (in
particular archaeology, palacontology and forensics) or for stratigraphic purposes in carbonate samples

(McArthur et al., 2012).
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Strontium isotope data (in particular the ¥’Sr/*Sr ratio) for carbonate RMs are not widely available in
the geoanalytical literature. While for solution Sr isotope measurements, the NIST SRM 987 solution is
widely accepted as a reference solution, the availability of suitable RM for laser ablation studies is
limited (e.g. JCt-1, JCp-1, FEBS-1; Ohno and Hirata, 2007; Yang et al., 2011). Further carbonate RMs
for in-situ laser analyses would allow to avoid extensive additional laboratory work, such as solution
MC-ICP-MS or TIMS analyses of the same samples, or relying on modern-day marine carbonates,
which are believed to show the same 3’Sr/*Sr ratio as modern-day seawater (Barnett-Johnson et al.,
2005; Outridge et al., 2002; Woodhead et al., 2005). Although LA-MC-ICP-MS analysis of Sr isotopes
of phosphate materials is much more common (in particular teeth; Copeland et al., 2008; Copeland et
al., 2010; Le Roux et al., 2014; Lugli et al., 2017b; Willmes et al., 2016) only a few RMs for phosphate
matrices are available (Yang et al., 2014). The same is true for carbonate materials. This lack of RMs
often requires calibration with in-house reference materials that themselves are calibrated against a

certified RM via solution work.

Here we present new high-precision MC-ICP-MS radiogenic Sr isotope data for carbonate and
phosphate RMs and a comparison with LA-MC-ICP-MS data. To improve the data availability for
carbonate and phosphate RMs suitable for laser ablation Sr isotope studies, we present high-precision
solution data of different RMs that are also available as pellets for laser ablation purposes. These solution
data are compared with LA-MC-ICP-MS data of selected RMs obtained by nanosecond and

femtosecond laser ablation systems.

4.3 Reference materials

For this study, we investigated eight different RMs, as listed here below. Four of them have a carbonate
matrix, the other four have a phosphate matrix. Not all of the RMs could be analysed by laser. In fact,
the Sr mass fraction of MACS-1 and MAPS-5 were too low for Sr isotope analysis with our femtosecond
laser ablation setup with the Nu MC-ICP-MS (*Sr intensities <1.5 V, similar threshold as reported by
Miiller and Anczkiewicz (2016) and, as a consequence, the interferences of REEs were too large for
both our LA-MC-ICP-MS approaches (REE/Sr ~ 0.04 — 0.07 for MAPS-5 and ~0.60 for MACS-1,
according to the GeoReM database, Jochum et al., 2005). The REE interferences of MAPS-4 were also
too large for reliable measurements with both our laser ablation systems, whereas some of the
femtosecond laser ablation measurements also suffered from low %¥Sr intensities <1.5 V. Therefore, for
these RMs, the MC-ICP-MS measurements provide the most reliable *’Sr/*Sr ratios. We note, however,
that MACS-1, MAPS-4 and MAPS-5 can be analysed with LA-ICP-MS/MS-techniques using reaction
cells (e.g. Bolea-Fernandez et al., 2016; Zack and Hogmalm, 2016). In this sense, the solution

measurements here presented can be helpful as reference values.
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JCp-1: This material is supplied by the GSJ and of biological origin. It is a recent Porites sp. coral,
sampled on Ishigaki Island in Japan and consists of aragonite (Okai et al., 2002). According to the
GeoReM database (Jochum et al., 2005), its Sr mass fraction is in the range of 7260 — 7500 pg/g.
Previously published data for 8’Sr/*®Sr show a ratio of approximately 0.70916 (see Table 4.3 for

references).

JCt-1: JCt-1 is also supplied by the GSJ and originates from Kume Island in Japan. This RM is a fossil
(mid Holocene) giant clam (7ridachna gigas) and consists of aragonite (Inoue et al., 2004). Its Sr mass
fraction was determined to be 1400 ug/g (GeoReM). So far, only one measurement of the 8’Sr/%Sr ratio

0f 0.70915 + 0.00005 (SD) is available (Ohno and Hirata, 2007).

MACS-1: This RM is a synthetic carbonate pellet, provided by the USGS for microanalytical purposes.
It was first investigated by Munksgaard et al. (2004) and published Sr mass fractions are in the range of
196-249 pg/g. There is no previously published ¥’Sr/*Sr value available for this material.

MACS-3: This is a synthetic carbonate pellet similar to MACS-1, also supplied by the USGS. The first
Sr isotope study with this microanalytical reference material MRM was published by Jochum et al.
(2011a), providing a ¥’Sr/*Sr ratio of 0.7075532 + 0.0000037 (2 SD). The Sr mass fraction of this MRM
is in the range of 6260-8012 pg/g (GeoReM), much higher than for MACS-1.

MAPS-4: This synthetic phosphate MRM is available as a pellet and is supplied by the USGS. Neymark
et al. (2014) determined a ®"Sr/%¢Sr ratio for this sample of 0.707800 = 0.000006 (2 SE). The Sr mass
fraction is in the range of 3110-3300 pg/g (GeoReM).

MAPS-5: This MRM is available from the USGS and is a synthetic phosphate pellet. In contrast to
MAPS-4, it has a much lower Sr mass fraction of 214-230 ug/g (GeoReM) and a higher *’Sr/*Sr ratio
0f 0.707910 £ 0.000005 (2 SE, Neymark et al., 2014).

NIST SRM 1400: This RM is available from NIST as a bone ash powder since 1992. The Sr mass
fraction is in the range of 246-255 ng/g (GeoReM), and the previously measured 8’Sr/*®Sr ratio is in the
range of 0.71312 — 0.71314 (see Table 4.3 for references).

NIST SRM 1486: This RM from NIST is a bone meal powder and available since 1992. The Sr mass
fraction is similar to NIST SRM 1400 and in the range of 255-310 pg/g (GeoReM), while the ¥’Sr/*Sr

ratio is much lower and in the range of approximately 0.7093 (see Table 4.3 for references).

4.4 Analytical techniques

Different mass spectrometers and laser ablation systems housed at different institutions were used during
the course of this investigation. The LA-MC-ICP-MS work was performed at the Max Planck Institute
for Chemistry (MPIC), Mainz, with a Nu Plasma MC-ICP-MS (Nu Instruments™) coupled to a 213 nm
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Nd:YAG laser ablation system (New Wave Research™ UP-213) and a 200 nm femtosecond laser
ablation system (New Wave Research™ Femto200), respectively. The solution MC-ICP-MS work was
performed with a Neptune MC-ICP-MS (Thermo Fisher Scientific, Neptune™) at the Centro
Interdipartimentale Grandi Strumenti (CIGS) of the University of Modena and Reggio Emilia (Modena,
Italy). In addition, laser ablation measurements of the JCt-1, NIST SRM 1400 and NIST SRM 1486 RMs
were collected with the Neptune coupled to a 213 nm Nd:YAG laser ablation system (New Wave
Research™ UP-213). Typical operating conditions for both mass spectrometers and laser ablation
systems are shown in Table 4.1. The reference materials used in this study were cross-checked against

each other by measuring the different RMs directly after each other on the respective days of analysis.

Table 4.1: Operating parameters of the Neptune and Nu-Plasma MC-ICP-MS systems and the NWR
UP-213 and NWR Femto200 laser ablation systems. Note that the NWR UP-213 operating parameters
here are those used for the coupling to the Nu-MC-ICP-MS. A short summary of operating parameters
for the coupling to the Neptune is described in the analytical section 4.4.3.

Parameters Values Parameters Values Parameters Values
MC-ICP-MS Neptune New Wave UP 213 NWR Femto 200
Cool gas flow rate 15 L/min He flow rate ~0.75 L/min He flow rate ~0.75 L/min
Auxiliary gas flow 0.8 L/min
Sample gas flow 0.9-1 L/min  Ablation Ablation
Plasma power 1200 W Spot size 100 pm Spot size 55-65 um
Resolution Low Frequency 10 Hz Frequency 50-250 Hz
Fluence 20-30 J/cm® Fluence 0.1-1 Jem?
MC-ICP-MS Nu Sampling scheme Line Sampling scheme Line
Cool gas flow rate 13 L/min Translation rate 5 pm/s Translation rate 5 pm/s
Auxiliary gas flow 0.93 L/min
Sample gas flow 0.75 L/min  Pre-Ablation Pre-Ablation
Plasma power 1300 W Spot size 110 pm Spot size 65 um
Resolution Low Frequency 10 Hz Frequency SHz
Translation rate 80 pm/s Translation rate 60 pm/s

4.4.1 Column chemistry

Ion-exchange chromatography has been performed on carbonate and phosphate samples after chemical
digestion, following the protocol presented in Lugli et al. (2017b). About 5—10 mg of sample were
digested in 1 ml of 14 mol/L HNOj and, after evaporation at 100°C, re-dissolved in 3 mL of 3 mol/L
HNO:s. In addition, an oxidation step with suprapure H,O, (30%) was performed prior to the 3 mol/L
HNO:s digestion to remove organic matter residuals. The Sr separation uses columns with a 300 pul
volume filled with Eichrom Sr spec—resin (100-150 pm bead size). The resin was first cleaned with
MilliQ® water and fines were pipetted out after settling. After resin filling, the columns were preflushed
with 1 ml of 3 mol/L HNOs and washed three times with MilliQ® water (1 mL each). Then the resin was

conditioned with 1 ml of 3 mol/L. HNOs. Samples (3 mL) were then loaded into columns. Matrix ions
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were removed by stepwise addition of 3 mol/L HNOs (3 mL overall). Strontium was then eluted with
MilliQ® water (5 steps, 0.5 mL per step) and collected in clean Teflon beakers. Each solution was then
adjusted to 0.8 mol/L HNO; for the subsequent MC-ICP-MS analysis. The whole procedure was
conducted in a clean lab at the MPIC, with a Sr blank typically lower than 100 pg.

4.4.2 Solution MC-ICP-MS

Seven Faraday detectors were used to collect signals of the following masses: #?Kr, *Kr, #Sr, #Rb, %¢Sr,
87Sr, 88Sr. 10! Q resistors were employed for *2Kr, ¥*Kr, 34Sr; while 10" Q resistors were used for the
remaining masses. Strontium solutions were diluted to 250 ng/ml and introduced into the Neptune via a

quartz spray chamber and a 100 pL/min nebulizer.

Samples, RMs and blanks were analysed in a static multi—collection mode in a single block of
100 cycles, with an integration time of 8.4 s per cycle. To monitor and correct possible drifts of the

instrument we employed a bracketing sequence.

Masses 82 and 83 were collected to monitor the presence of Kr in the Ar. Data were corrected using a
8Kr/®Kr ratio of 1.505657. Mass 85 was used to correct the signal on mass 87 for the presence of
isobaric Rb, using a #"Rb/*Rb ratio of 0.3856656. Mass bias normalization was performed through the
exponential law, using a ®Sr/*®Sr ratio of 8.375209. We are aware of the temperature dependent stable
isotope fractionation in carbonates which affects the *¥Sr/*Sr ratio (Fietzke and Eisenhauer, 2006).
Nevertheless, we believe that such effect (0.0054 £+ 0.0005 %0/°C, Fietzke and Eisenhauer, 2006) did not
significantly influence our ¥’Sr/**Sr measurements and should be corrected via bracketing. Mass
fractionation for both Kr and Rb has been assumed to be equal to that of Sr. The ¥’Sr/*Sr ratios were
corrected for instrumental bias to an NIST SRM 987 value of 0.710248 (McArthur et al., 2001),
averaging the results of the RM measured before and after each sample. Repeated analyses of NIST
SRM 987 yielded a ¥’Sr/*Sr ratio 0f 0.710267 + 0.000016 (2 SE; n = 14). The long—term reproducibility
(c.a. three years of analyses; n >2000) of the MC-ICP-MS gave a %’Sr/*Sr ratio of 0.71027 £ 0.00002
(2 SE; Durante et al., 2015).

4.4.3 Laser ablation systems

During this study, we used two different laser ablation systems at MPIC. While the nanosecond laser
ablation system was chosen for samples with lower Sr mass fraction (250 - 1400 pg/g), the femtosecond
laser ablation system was used for samples with higher mass fractions (approximately >3000 pg/g). For
low Sr mass fraction samples, the 213 nm laser ablation system is more suitable, due to the higher
ablation caused by the higher fluence (20-30 J/cm? vs. 0.1-1 J/cm?). This enables us to measure even
low mass fraction samples with sufficient precision. For the femtosecond laser ablation system, sample

heating is reduced allowing a better and more controlled ablation (Glaus et al., 2010; Koch and Gunther,
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2007). Furthermore, matrix-matching is not important with this kind of laser system, and elemental and
isotopic fractionation effects are minimized (Poitrasson et al., 2003; Vanhaecke et al., 2010). However,
the refractory Sr is less influenced by these factors than for example the volatile Rb. A detailed
comparison of the 213 nm laser ablation system and the femtosecond laser ablation system is given by

Jochum et al. (2014).

4.4.4 LA-MC-ICP-MS analysis

Laser ablation measurements were performed with both multi-collector ICP mass spectrometers, the
Neptune and the Nu MC-ICP-MS. An overview of the cup configuration of both mass spectrometers
and the possible interfering signals is given in Table 4.2. For the Neptune, the international RM JCt-1
as well as NIST SRM 1400 and NIST SRM 1486 have been analyzed as circular manual-pressed pellets

(diameter ~2 cm, thickness ~ 0.5 cm).

Table 4.2: Cup configuration for Nu Plasma and Neptune MC-ICP-MS and possible interferences

during analysis.

Mass 88 87 86.5 86 85.5 85 84 83.5 83 82
Isotope of interest 88gr 8gr 86Qr 45
3 Ky Ky Y Kr 2 Kr
¥ Rb “Rb
176y, 174y, 173 yp, 172y, 171y 170y, 168 yp,
170 . 168 . 167 1% gy 164 gy
Possible interferences 15 py
Ca dimers  Ca dimers Ca dimers Ca dimers Ca dimers Ca dimers  Cq dimers
Ca argides 40,31 plo o Ca argides Ca argides Ca argides  Cq argides
4()Ar31P160
Collector Nu H4 H2 H1 Ax L1 L2 L3 IC-1 L4 L5
Collector Neptune H4 H3 H2 H1 C L1 L2 L3 L4

40Ca’'P'%0 and “Ar’'P'°O interferences can arise during the analysis of apatite samples.

Prior to LA analysis, the instrument was tuned using the NIST SRM987 reference solution, monitoring
both the signals and the isotopic ratios of interest. Strontium data from the Nu were obtained by either
a coupling to a 213 nm Nd:YAG laser ablation system and a 200 nm femtosecond laser ablation system.

The mass spectrometer was tuned similarly as the Neptune.

For both instruments, peaks of the following masses were acquired during the analysis: 2Kr, #Kr, 8Sr,

8Rb, %6Sr, ¥’Sr, *¥Sr and half masses 85.5 and 86.5. The half masses were monitored to check for the
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contributions of doubly charged rare earth elements (!”'Yb*" and "*Yb?") and to eventually correct their

interference.

The “on peak zero” method was employed to correct for the presence of Kr in the plasma by measuring
a 60 s gas background for the Neptune and a 45 s gas background for the Nu prior to each analysis (laser
off) and subtracting these signals from the corresponding peak. After background subtraction, the
remaining signal of mass 82 was used to check the formation of Ca dimers and argides, which are isobars
to masses 3*Sr, %Sr, ¥Sr and *¥Sr. Ca dimer and argide signals on mass 82 were generally around 0.1 mV
or less. Similarly, the remaining signal of mass 83 was used to check for the presence of !®°Er**
(Copeland et al., 2008). Rb interferences were corrected using the same procedure as explained for the
solution method. For phosphate samples (NIST SRM 1400 and NIST SRM 1486), we employed a
further mathematical model to correct for the presence of *°Ca’'P'*O and *“°Ar3'P'°O on mass 87. While
some analysts have never experienced them (Copeland et al., 2008; Miiller and Anczkiewicz, 2016),
these polyatomic interferences have been reported by several authors (e.g. De Jong et al., 2007;
Horstwood et al., 2008; Irrgeher et al., 2016; Lewis et al., 2014; Lugli et al., 2017b; Nowell and
Horstwood, 2009; Reitmaier et al., 2017; Scharlotta and Weber, 2014; Simonetti et al., 2008; Vroon et
al., 2008; Willmes et al., 2016) and can strongly bias the final *’Sr/*Sr ratio of low-Sr mass fraction
samples. Two general approaches are employed to overcome this issue: (1) reduction of the oxide levels
through a customized plasma interface (Lewis et al., 2014) or by adding nitrogen to the plasma (Willmes
et al., 2016); (2) a data calibration with a daily regression line based on known apatite RMs (Horstwood
et al., 2008; Lugli et al., 2017b). For the LA analysis of NIST SRM 1400 and NIST SRM 1486, we built
a daily calibration line (¥’Sr/®**Sr accuracy vs. 1/%Sr signal) using three in-house bioapatite RMs with
different Sr mass fraction (from ca. 1000 to 200 pg/g), as presented in Lugli et al. (2017b). The 8’Sr/*¢Sr
ratio of each bioapatite has been determined at least five times to build the calibration line. The resulting

slope of the calibration line was 0.001717, while the intercept was 1.000063, with an 7* of 0.93.

During Neptune analyses, RM pellets have been sampled using linear scans (500 um length), with a spot
size of 100 um. We employed a scan speed of 5 um/s, a frequency of 10 Hz and a He flux of 0.6 L/min.

The resulting fluence with a 100% energy output was ~20 J/cm?.

The Nu analyses were performed as a linear scan (750 um length) with a scan speed of 5 um/s, a spot
size between 55 and 100 um and frequencies between 10 and 250 Hz, depending on the laser ablation
system. The resulting fluence varied between 0.1 — 1 J/cm? (Femtosecond laser) and 20 — 30 J/cm?

(Nanosecond laser, see Table 4.1).
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4.5 Results
The results of all techniques used for the analysis of the ¥St/*Sr ratios on the different RMs are
compiled in Table 4.3. In the following paragraphs, the results of each RM are presented in more detail.

All uncertainties are given as 2 SE.

JCp-1: The coral RM JCp-1 has a high Sr mass fraction of about 7260 — 7500 ng/g. This enabled us to
measure this material with three different approaches (i.e. solution MC-ICP-MS and LA-MC-ICP-MS
with nanosecond and femtosecond laser ablation, respectively). The high-precision ¥Sr/*Sr results from
the solution MC-ICP-MS measurements of 0.709170 £ 0.000006 (3*Sr/%Sr = 0.056486 + 0.000002, n =
3) are in agreement with the highest-precision literature value of 0.709164 + 0.000005 (Krabbenhoft et
al., 2009). The results from nanosecond (*’Sr/%¢Sr=0.709182 + 0.000064, 3*Sr/*¢Sr = 0.05634 £ 0.00003,
n = 20) and femtosecond (*’Sr/**Sr = 0.709171 £ 0.000054, #Sr/%¢Sr = 0.5615 + 0.00005, n = 19) laser
ablation have a larger uncertainty, but are both in agreement within uncertainty with the solution and

the literature data.

JCt-1: This RM was measured with two different nanosecond LA-MC-ICP-MS setups and solution
MC-ICP-MS. So far, there is only one literature value of ¥’Sr/*¢Sr = 0.70915 + 0.00005 (SD, MC-ICP-
MS) available (Ohno and Hirata (2007). Our solution value of 0.709169 + 0.000009 (*Sr/%¢Sr =
0.056484 + 0.000002, n = 3) is in perfect agreement with this value. The Neptune LA-MC-ICP-MS
setup yielded an average Sr/*Sr ratio of 0.70915 + 0.00004 (3*Sr/*Sr = 0.0565 + 0.0002, n = 5), and
the Nu setup an average *’Sr/*Sr ratio of 0.70917 + 0.00005 (3Sr/**Sr = 0.05639 + 0.00005, n = 92),

which both agree within uncertainty with the solution data.

MACS-1: The synthetic carbonate MRM MACS-1 has the lowest Sr mass fraction of all RMs
investigated in this study. Thus, we were not able to provide reliable ¥’Sr/*Sr data by laser ablation
analysis due to the large influence of REEs and Rb (mass fraction of 128 pg/g for Er, 133 pg/g for Yb
and 131 pg/g for Dy; Er/Sr*10° ~1000-2200; Yb/Sr*10 ~2600-4500, Rb/Sr*10- ~0.7-1.5, 8’Sr/*¢Sr =
0.706409 + 0.000130, n = 8, see supplemental Table A4.5 and Fig. A4.3). Solution work resulted in a
87Sr/%Sr ratio of 0.707948 £ 0.000007 (¥*Sr/**Sr = 0.056510 + 0.000002, n = 3). Although MACS-1 was
first used more than a decade ago by Munksgaard et al. (2004), this is, to our knowledge, the first Sr
isotope data for MACS-1.

MACS-3: This synthetic carbonate MRM is widely used for geochemical analyses. The high Sr mass
fraction makes this RM especially useful for laser ablation analysis. However, so far only a single
87Sr/%6Sr ratio of 0.7075532 + 0.0000037 (Jochum et al., 2011a) has been published, which was
determined by TIMS. We used three different setups to obtain Sr isotope ratios (solution MC-ICP-MS
and both nanosecond and femtosecond LA-MC-ICP-MS). Our high-precision MC-ICP-MS data show
a ¥Sr/3Sr ratio of 0.707541 £ 0.000007 (3*Sr/*®Sr = 0.056496 + 0.000002, n = 3), which is in good

agreement with the literature value. Our nanosecond laser ablation setups provided an average 8’Sr/*¢Sr
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ratio of 0.707535 £ 0.000049 (3*Sr/*¢Sr = 0.05600 =+ 0.00004, n = 16), and our femtosecond approach an
average ratio of 0.707560 + 0.000047 (3*Sr/*Sr = 0.05580 + 0.00005, n = 58), which are both in
agreement within uncertainty with each other as well with the solution MC-ICP-MS and TIMS data.

MAPS-4: For this USGS phosphate RM, currently only one *’Sr/*Sr reference value is available in the
literature (0.707800 £ 0.000006, 2 SE, ID-TIMS, provided by Neymark et al., 2014). We determined Sr
isotope data for this material by solution MC-ICP-MS and both femtosecond and nanosecond LA-MC-
ICP-MS. The solution work yielded a *’Sr/*¢Sr ratio of 0.707813 + 0.000011 (¥Sr/*Sr = 0.056487 +
0.000002, n = 3), which is in agreement within uncertainty with the published value. The femtosecond
LA-MC-ICP-MS data (¥’St/*Sr ratio of 0.707697 + 0.000165; 34Sr/*Sr = 0.0440 + 0.0002, n = 14)
shows deviating ¥’Sr/*®Sr ratios from the solution data. For the nanosecond LA-MC-ICP-MS
measurements, the 8’Sr/%Sr ratio of 0.707834 + 0.000068 (n = 15) is in agreement with the solution data.
Both the *Sr/**Sr datasets (0.0440 = 0.0002 and 0.0387 + 0.0006 respectively) show deviating values
from the invariant literature ratio and both LA-MC-ICP-MS approaches resulted in elevated REE/Sr
ratios of Er/Sr*10° (~60-140) and Yb/Sr*107¢ (~100-250).

MAPS-5: The MAPS-5 phosphate RM has a much lower Sr mass fraction than MAPS-4 and similar
REE and Rb interferences (Er/Sr*10° ~ 150-350, Yb/Sr*10¢ ~350-450, Rb/Sr*107 ~0.2-0.4, see
supplemental Tables A4.8-A4.10 and Fig. A4.4 and A4.5). Thus, it was not possible to obtain reliable
LA-MC-ICP-MS data with our setups (*¥’Sr/*Sr = 0.710914 + 0.000830, n = 9). Solution MC-ICP-MS
analysis resulted in a 8’Sr/*®Sr ratio of 0.707924 + 0.000009 (3*Sr/**Sr = 0.056462 + 0.000002, n = 3),
which is in agreement with the previously published value of 0.707910 + 0.000005 (2SE, ID-TIMS,
Neymark et al., 2014).

NIST SRM 1400: The bone RM NIST SRM 1400 was used to validate our solution measurements. Our
solution ’Sr/%¢Sr results of 0.713125 £ 0.000005 (3*Sr/%Sr = 0.056481 + 0.000002, n = 3) are in perfect
agreement with the highest precision literature value of 0.71312 £+ 0.00004 (2 SE, MC-ICP-MS, De
Muynck and Vanhaecke (2009). Additional measurements by LA-MC-ICP-MS with the Neptune
resulted in a ¥Sr/%6Sr ratio of 0.713222 + 0.000106 (3*Sr/%¢Sr = 0.0563 + 0.0002, n = 11), which is in

agreement with both the literature and solution data.

NIST SRM 1486: Similarly to NIST SRM 1400, this RM was used to validate our solution data. The
obtained ¥'Sr/*Sr ratio of 0.709285 £ 0.000006 (**Sr/*Sr = 0.056488 + 0.000002, n = 3) is in perfect
agreement with the highest precision literature value of 0.709274 + 0.000008 (2 SE, TIMS, Galiova et
al., 2013). LA-MC-ICP-MS measurements with the Neptune yielded an average *’Sr/*Sr ratio of
0.709269 + 0.000086 (3+Sr/*Sr = 0.0558 + 0.0005, n = 13) in agreement with the literature and solution
data.
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Table 4.3: ¥Sr/*Sr results of carbonate and phosphate RMs in the literature and this study in comparison. Compiled 8’Sr/%¢Sr ratios are divided into reference (Ref)

and information (Inf) values.

Reference material JCp-1 JCt-1 MACS-1 MACS-3 MAPS-4 MAPS-5 NIST SRM 1400 NIST SRM 1486
Producer Geological Survey Geological Survey United States United States United States United States National Institue of National Institue of
of Japan of Japan Geological Survey Geological Survey Geological Survey Geological Survey Standards and Technology Standards and Technology
Origin Ishigaki Island (Japan) Kume Island (Japan) sythethic sythethic sythethic sythethic
Coral Giant clam
Sample type (Porites sp.) (Tidachna gigas) Carbonate pellet Carbonate pellet Phosphate pellet Phosphate pellet Bone ash powder Bone meal powder
First published Okai et al. 2002 Inoue et al. 2004 Munksgaard et al. 2004 Jochum et al. 2011 Neymark et al. 2014 Neymark et al. 2014 1992 1992
Sr [pg/g]* 7260-7500 1400 196-249 6260-8012 3110-3300 214-230 246-255 255-310
0.709160 = 0.000020° (SD) . N
0.713140 + 0.039000" (2 RSD %) 0.709310 + 0.017000" (2 RSD %)
7Sr/*0sr 0.709150 % 0.000210° (25) . . _
. " 0.709150 + 0.000050” (SD) NA 0.707553 + 0.000004' (2 SD) 0.707800 + 0.000006° (2 SE) 0.707910 + 0.000005¢ (2 SE) 0.713400 = 0.000500' (20) 0.709300 =+ 0.000030’ (20)
Literature 0.709164 + 0.000005°(2 SE) k
0.713120 £ 0.000040' (26) 0.709274 + 0.000008" (26)
0.709164 + 0.000008° (2 SD)
87, 86,
St/ S 0.709170 + 0.000006 0.709169 = 0.000009 0.707948 + 0.000007 0.707541 + 0.000007 0.707813 + 0.000011 0.707924 =+ 0.000009 0.713125 + 0.000006 0.709285 =+ 0.000006
MC-ICP-MS n=3,2SE n=3,2SE n=3,2SE n=3,2SE n=3,2SE n=3,2SE n=3,2SE n=3,2SE
this study*
¥1g,/86g 0.709170 £ 0.000050
vsr 0.709182 =+ 0.000064 n=92,2SE . 0.707535 + 0.000049 - . 0.713222 + 0.000106 0.709269 + 0.000086
ns-LA-MC-ICP-MS n=20,2 SE 0.709155 = 0.000040 n=16,2SE n=11%*2SE n=13%% 2 SE
this study’ n=5%2SE
87Sr/*0sr
0.709171 + 0.000064 0.709179 + 0.000085 e 0.707560 =+ 0.000047 o s
£5-LA-MC-ICP-MS n=19,2SE n=14,2SE n=582SE
this study*
Compiled *’Sr/**Sr 0.709164 + 0.000045 0.709160 + 0.000054 0.707948 + 0.000009 0.707547 + 0.000090 0.707807 + 0.000127 0.707917 + 0.000112 0.713139 + 0.000087 0.709297 £ 0.000099
95% CL (Ref) (Inf) (Inf) (Inf) (Inf) (Inf) (Ref) (Ref)

a: GeoReM database (Jochum et al., 2005); b: Ohno and Hirata (2007); c: Sano et al. (2008); d: Krabbenhoft et al. (2009); e: Hori et al. (2013); f:Jochum et al.
(2011a); g: Neymark et al. (2014); h: Galler et al. (2007); i: Balter et al. (2008); j: De Muynck and Vanhaecke (2009); k: Galiova et al. (2013); NA: not available;

* all uncertainties are 2 SE; ** Measurement with Neptune LA-MC-ICP-MS; *** Interferences too large for laser ablation measurements.
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4.6 Discussion

Our data of eight different RMs are in good agreement with the published values (Table 4.3). These
measurements also yield new insights in the differences between different analytical techniques and
their results. While for some RMs (e.g. JCp-1 and MACS-3), high precision 8’Sr/*Sr ratios from TIMS
and solution MC-ICP-MS are already available, for other RMs no high precision (e.g. JCt-1) or not any
published values at all (MACS-1) are available.

The most important result of this study is the good agreement of the literature, solution and laser ablation
data for the investigated RMs. A comparison of the results of different analytical techniques and the
literature data is shown in supplemental Fig. A4.1 for JCp-1, JCt-1, MACS-3 and MAPS-4. In addition,
both laser ablation systems show the same results within uncertainties for all studied RMs, except for
those with large REEs interferences (MACS-1, MAPS-4 and MAPS-5). This shows that the 213 nm
Nd:YAG laser ablation system is suitable for reliable laser ablation isotope data. In principle, the
femtosecond laser ablation techniques should be preferred for samples and RMs with high Sr mass
fractions due to less isotopic and elemental fractionation (Poitrasson et al., 2003; Vanhaecke et al.,

2010), even if these effects were not visible in our study.

By comparing the data obtained from different multi-collector systems, we do not see any significant
discrepancies. All solution ratios were measured with a Neptune MC-ICP-MS system at the Department
of Chemical and Geological Sciences (University of Modena and Reggio Emilia) and are in agreement
with the literature data and with the Nu LA-MC-ICP-MS of the MPIC, in absence of large REE and/or
Rb interferences. Furthermore, a direct comparison of the same RM (JCt-1) with the same type of laser
ablation system (NWR UP-213) provided similar results with the two mass spectrometers. The average
ratio for the Nu setup was 0.709170 = 0.000050 (n = 92), which is in perfect agreement with the solution
data and the average Neptune laser ablation ratio of 0.709155 £ 0.000040 (n = 5). This documents the
applicability of our Sr isotope values for future laser ablation and solution work (Weber et al., 2017).
Furthermore, since some of the RMs are not widely available due to export restrictions or because they

are too expensive for a daily use, a careful calibration against in-house reference materials is possible.

Our ®Sr/®Sr ratio laser ablation measurements of MACS-1, MAPS-4 and MAPS-5 RMs show a
strongly deviation from the invariant literature value of 0.0565, which is commonly considered a good
indicator of a successful interference correction of the ¥Sr/%¢Sr isotope LA-MC-ICP-MS measurements
(Miiller and Anczkiewicz, 2016). Thus, even if the 8’Sr/%6Sr ratio is in agreement with the solution data
for the nanosecond LA-MC-ICP-MS measurements of MAPS-4, we assume that the correction of REEs
was not completely successful. With our cup configuration, we are only able to detect REE interferences
of Er and Yb. However, measurements of MACS-1, MAPS-4 and MAPS-5 can also be affected by the
interference of Dy, which was detected by additional measurements of MACS-1, where masses 81, 81.5
and 82 were monitored for the occurrence of doubly-charged '**Dy?* (see supplemental Fig. A4.3-A4.5

and Table A4.13). In principle, these datasets of *’Sr/**Sr ratios should be discarded and only the solution
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data provide reliable results. However, as suggested by some authors (e.g. Copeland et al., 2010;
Horstwood et al., 2008; Willmes et al., 2016), in some cases the 3*Sr/%¢Sr ratio may not be diagnostic of
high-quality 3’Sr/*6Sr ratios, mainly because both the 84 and 86 masses can be quite low in term of
intensities (Willmes et al., 2016), yielding not so accurate/precise results. Moreover, some REE
interferences may afflict the *Sr/%Sr, but not the ®’Sr/%6Sr ratio (e.g. this study). In addition, the
over/under-correction of Ca dimers and argides can bias the final *Sr/%Sr result (Horstwood et al.,

2008), being these two masses highly affected by Ca and Ar interferences.

In general, solution data, as expected, have a much higher precision than LA data. Therefore, the first
should be preferred when used as the true reference value for long-term reproducibility and
correction/calibration purposes. However, the laser ablation approach has the advantage of a much faster
data acquisition and a higher spatial resolution. In addition, in contrast to the solution work, no chemical
separation has to be performed beforehand, which substantially reduces the total time of analysis as well
as possible errors during sample preparation. However, the laser ablation work is limited in precision,
and data evaluation is more complex due to potential interferences and additional error sources, such as

laser setup and insufficient matching of elemental mass fraction between samples and RMs.

While for carbonates any issue regarding the RM-sample matrix-matching seems to be negligible, we
suggest the use of proper matrix-matched RMs for the analysis of (bio)-apatites, due to more possible
polyatomic interferences (e.g. CaPO — ArPO and often generally higher Rb and REE mass fractions).
As reported in the analytical technique section, the two apatite RMs (NIST SRM 1400 and NIST SRM
1486) needed a daily calibration to overcome the CaPO — ArPO presence within the plasma. This issue
is very well-known within the laser ablation community (De Jong et al., 2007; Horstwood et al., 2008;
Irrgeher et al., 2016; Lewis et al., 2014; Lugli et al., 2017a; Lugli et al., 2017b; Nowell and Horstwood,
2009; Reitmaier et al., 2017; Scharlotta and Weber, 2014; Simonetti et al., 2008; Vroon et al., 2008;
Willmes et al., 2016), although still a matter of debate (Miiller and Anczkiewicz, 2016). The size-effect
of these molecules on the accuracy of the final *Sr/*Sr ratio highly depends on the Sr mass fraction of
the sample itself. Thus, we feel that the use of multiple matrix-matched RMs with known and different
Sr content may help the users to calibrate the sample *Sr/*Sr ratio if needed or at least to check the
accuracy of the analysis on the matched RMs. Otherwise, using for example carbonate RMs for the
analysis of apatite samples, could yield high-quality results for the carbonate and poor-unknown quality
results for the apatite samples because of the rise of 87-isobar polyatomic species. Even if the user
method does not require the calibration using RMs calibration curve (e.g. Lewis et al., 2014; Willmes
et al., 2016), the use of matrix-matched apatite RMs with known Sr content can be crucial to ensure the

precision and the accuracy of the analysis over time.

Although the test portion mass varies in a wide range for the different samples and measurement
techniques (Table 4.4), the resulting *’Sr/*¢Sr ratios are in agreement. While even RMs with low mass

fractions of Sr, such as MACS-1 and MAPS-5, have a test mass portion of ~10 mg for the solution
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measurements, the test mass portion for laser ablation measurements is much lower (1.25 — 2.5 pg for
ns-and 0.5 — 0.7 pg for fs-LA-MC-ICP-MS). The comparison of the test portion masses for JCt-1 shows
that even the small test portion mass of 1.25 — 2.5 pg during ns-LA-MC-ICP-MS is enough to obtain a
result within uncertainties close to the solution measurement with test portion masses in the range of 5
- 10 mg. This shows that the samples are homogeneous on less than a pg-scale and highly suitable for

microanalytical measurements of Sr isotope ratios.

Table 4.4: Test portion masses and Sr content of carbonate and phosphate RMs for different

measurement techniques.

Type of Analysis Test Portion Mass Sr content [pg]
MC-ICP-MS 5-10 mg 2-45
ns-LA-MC-ICP-MS 1.25-2.5pg 0.2 -18*107

fs-LA-MC-ICP-MS 0.5-0.7 pg 0.1-5*103

4.7 Conclusions

We present new Sr isotope data for carbonate and phosphate RMs with different mass fractions from
different distributors. We provide high-precision solution *’Sr/*Sr values for all RMs and present the
first published *’Sr/*Sr ratios for the synthetic carbonate RM MACS-1. All solution measurements of
carbonate and phosphate RMs are in good agreement with the literature values. The *’Sr/*Sr ratios
determined by LA-MC-ICP-MS are reliable for all RMs with low interferences of REEs. This shows
the reliability of our results and highlights the applicability of these RMs for validation and monitoring
purposes for laser ablation work on carbonate and phosphate samples. The homogeneity on a pg-scale
makes them suitable for the use as microanalytical RMs. All our analyses performed by solution work
yielded identical results within uncertainties with literature values, whereas the laser ablation
measurements showed deviations for RMs with a significant mass fraction of REEs (MACS-1, MAPS-
4 and MAPS-5). Those RMs with no or low influences of REEs (JCt-1, JCp-1 and MACS-3) showed
reliable laser ablation data within uncertainty of the solution work and are highly suitable for the use
during LA analysis. However, for calibration and validation during laser ablation work, we recommend
ultimately the use of high-precision TIMS or solution MC-ICP-MS ¥’Sr/*¢Sr reference values. These can
either be used directly as RM or to calibrate in-house reference materials, which can then be used during
further analysis. Finally, we recommend the use of matrix-matched RMs at least during laser ablation

analysis of apatite samples because of the possible presence of polyatomic interferences on mass 87.
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4.9 Supplement
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Fig. Ad4.1: Comparison of ¥’St/*Sr ratios of different measurement techniques and literature values for

four selected RMs. Top left: JCp-1; Top right: JCt-1; Bottom left: MACS-3; Bottom right: MAPS-4. ns

= nanosecond, referring to NWR UP-213; fs = femtosecond, referring to NWR Femto200. * Note that

for clarity, only the ns-LA-MC-ICP-MS of the Nu setups for JCt-1 are shown. For a comparison of the
87Sr/%Sr ratios of ns-LA-MC-ICP-MS of JCt-1 between Nu and Neptune, see Table 4.3.
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Fig. A4.2: Raw data for one measurement of JCp-1 (JCp-1-45) to demonstrate the measurement configuration used in this study. For details in cup configuration,

see Table 4.2.
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Fig. A4.3: Raw data for one measurement of MACS-1 (MACS-1-5) to demonstrate the measurement configuration used in this study. For details in cup

configuration, see Table 4.2.
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Fig. A4.4: Raw data for one measurement of MAPS-4 (MAPS-4-21) to demonstrate the measurement configuration used in this study. For details in cup

configuration, see Table 4.2.
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Fig. A4.5: Raw data for one measurement of MAPS-5 (MAPS-5-6) to demonstrate the measurement configuration used in this study. For details in cup

configuration, see Table 4.2.
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Table A4.1: Results for ns-LA-MC-ICP-MS measurements of RM JCt-1.

Sample S[S\S,f SeMse  2SE Msemsr  2sE Soor BT YD
JCe1-1 47 070942 000004 005594 000004 01 1 9
JCt-12 37 070920  0.00005 005596 000006 01 2 6
JCe1-3 33 070916 000005 005616 000006 01 1 35
JCt-1-4 32 070908  0.00005 005613 000006 01 1 0
JCe1-5 29 070911 0.00006 005610 000007 0.1 1 6
JCt-1-6 3.0 070920  0.00005 005617 000006 01 1 0
JCe17 32 070918 0.00006  0.05605  0.00007 0. 1 23
JCt-1-8 38 070919  0.00005 005598  0.00005 0.1 1 29
JCt-1-9 3.6 070916  0.00006 005607  0.00006 0.1 1 23
JCt-1-10 2.6 070918  0.00006  0.05608 000007 0.1 1 63
JCe1-11 41 070937  0.00005 005601 000006 0.1 1 0
JCt-1-12 33 070921  0.00005  0.05610 000006 0.1 1 34
JCt-1-13 33 070928  0.00005  0.05608  0.00006 0.1 1 8
JCt-1-14 3.1 070934 000006  0.05609 000006 0.1 1 13
JCE1-15 34 070923 0.00005 005595 000006 0. 1 44
JCt-1-16 29 070919  0.00006  0.05599  0.00006 0. 1 21
JCE1-17 39 070927 0.00005 005633 000006 0. 1 30
JCt-1-18 7.0 070929  0.00004  0.05629 000004 02 1 5
JCE1-19 42 070920 0.00005 005636 000005 02 1 4
JCt-1-20 45 070919 000005 005642 000005 02 1 3
JCe1-21 44 070941 000006 005633 000006 03 1 21
JCt-1-22 53 070922 0.00005  0.05639 000004 01 1 0
JCe1-23 44 070918  0.00005 005637 000005 0.1 1 23
JCt-1-24 39 070928  0.00005  0.05639 000005 01 1 0
JCt-1-25 56 070919  0.00005  0.05633  0.00005 0.1 1 1
JCt-1-26 41 070914 000005 005640 000005 01 1 0
JCe127 50 070913 0.00004 005634 000005 0.1 1 14
JCt-1-28 54 070919  0.00005  0.05638  0.00005 0.1 1 7
JCE1-29 57 070919 0.00004 005637  0.00004 01 1 18
JC&-1-30 52 070910 0.00005  0.05645 000004 0.1 1 32
JCe1-31 47 070903 0.00006  0.05636 000005 0.1 1 17
JC&-1-32 53 070911 000005  0.05632 000005 01 1 0
JCE1-33 62 070914 0.00004 005636 000004 01 1 11
JCt-1-34 67 070920 000004  0.05626 000004 0.1 1 16
JCE1-35 3.5 070922 000006 005631 000007 02 1
JCt-1-36 61 070915  0.00005  0.05638 000005 01 1 0
JCe1-37 53 070911  0.00004 005631 000005 01 1 3
JCe-1-38 52 070913 0.00005  0.05648 000004 0.1 1 17
JCE1-39 63 070913 0.00004 005639 000004 01 1 0
JCt-1-40 58 070913  0.00004 005635 000004 01 1 0
JCe1-41 59 070918  0.00004 005630 000004 01 1 0
JCt-1-42 5.1 070914 000004 005631 000005 0.1 1 20
JCe1-43 58 070921 0.00005 005642 000004 0.1 1 4
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Table A4.1 (continued):

Sample S[S\S,f SeMse  2SE Msemsr  2sE Soor BT YD
JCt-1-44 62 070920  0.00004 005630 000004 01 1 0
JCt-1-45 63 070924 0.00004  0.05634 000004 01 1 0
JCt-1-46 46 070919  0.00005 005640 000005 0.1 1 27
JCt-1-47 65 070918  0.00004  0.05638 000004 0.1 1 1
JCt-1-48 47 070916 000005 005640  0.00005 0.1 1 18
JCt-1-49 3.6 070919  0.00005 005641 000007 0.1 1 12
JCE1-50 40 070918  0.00005 005645 000006 0.1 1 22
JCt-1-51 5.1 070917  0.00005 005632 000005 01 1 6
JCe1-52 51 070915  0.00005 005646 000005 0.1 1 14
JCt-1-53 5.1 070917  0.00005  0.05641 000004 0.1 1 13
JCt1-54 53 070923 0.00005 005647 000004 0.1 1 13
JCt-1-55 43 070911  0.00005 005640 000005 0.1 1 6
JCE1-56 32 070900  0.00005 005654  0.00006 0.1 1 28
JCt-1-57 38 070907  0.00006  0.05631 000006 0.1 1 18
JCt1-58 34 070918 000006 005639  0.00007 0.1 1 18
JCt-1-59 37 070912 0.00005 005632 000006 02 1 35
JCt1-60 46 070917  0.00005 005632 000005 0.1 1 10
JCt-1-61 47 070920  0.00005  0.05621 000005 0.1 1 1
JCt1-62 51 070919  0.00005 005633 000005 0.1 1 20
JCt-1-63 84 070929 000003  0.05637 000003 0.1 1 13
JCt-1-64 82 070925  0.00004 005640 000003 0.1 1 42
JCt-1-65 9.1 070924  0.00005  0.05639 000004 0.1 1 19
JCt-1-66 80 070918  0.00004 005642 000003 0.1 1 12
JCt-1-67 7.6 070921 000005  0.05647 000004 0.1 1 20
JCt1-68 82 070916  0.00005 005641  0.00004 01 1 9
JCt-1-69 77 070913 000003  0.05641 000003 0.1 1 1
JCE170 82 070917 0.00003  0.05645 000003 0.1 1 10
JCt-171 85 070917 0.00003  0.05648 000003 0.1 1 14
JC1-72 7.5 070910 0.00003  0.05646  0.00003 0.1 1 15
JCt-1-73 74 070915 000003  0.05641 000004 01 1 0
JCt-174 75 070919 0.00003  0.05639 000003 0.1 1 27
JC&-175 75 070916 0.00003  0.05638 000003 0.1 1 16
JCE1-76 68 070917  0.00003  0.05646 000004 0.1 1 20
JCt-177 75 070914 000003  0.05640 000003 0.1 1 13
JCE1-78 73 070920 0.00004  0.05648 000003 0.1 1 12
JC&-1-79 8.1 070920  0.00006  0.05652 000005 0.1 1 19
JCE1-80 62 070915  0.00004 005647 000004 0.1 1 10
JCt-1-81 53 070915 000004  0.05650 000004 0.1 1 25
JCe1-82 73 070921 0.00004 005645 000003 0.1 1 22
JCt-1-83 64 070917 000004 005648 000003 0.1 1 15
JCt-1-84 53 070910  0.00005  0.05636 000005 0.1 1 10
JCt-1-85 63 070915  0.00004 005642 000004 01 1 2
JCe1-86 60 070917  0.00004 005650 000004 0.1 1 16

72



Chapter 4

Table A4.1 (continued):

Sample

JCt-1-87
JCt-1-88
JCt-1-89
JCt-1-90
JCt-1-91
JCt-1-92
JCt-1*
JCt-1*
JCt-1*
JCt-1*
JCt-1*

SSSr
[V
5.0
5.0
5.8
4.9
5.9
4.9
17.4
224
229
22.0
17.5

87SQr/%%Sr

0.70919
0.70916
0.70917
0.70912
0.70910
0.70910
0.70916
0.70915
0.70915
0.70915
0.70916

2 SE

0.00004
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004

84Sr/86Sr

0.05650
0.05650
0.05645
0.05647
0.05646
0.05639
0.05623
0.05587
0.05606
0.05665
0.05668

*Measurements performed with Neptune LA-MC-ICP-MS

2SE

0.00005
0.00004
0.00004
0.00005
0.00004
0.00004
0.00068
0.00077
0.00069
0.00050
0.00046

Table A4.2: Results for fs-LA-MC-ICP-MS measurements of RM JCt-1.

Sample

JCt-1-93
JCt-1-94
JCt-1-95
JCt-1-96
JCt-1-97
JCt-1-98
JCt-1-99
JCt-1-100
JCt-1-101
JCt-1-102
JCt-1-103
JCt-1-104
JCt-1-105
JCt-1-106

SSSr
[Vl
1.6
1.6
1.6
1.6
1.5
1.5
1.6
1.5
1.6
1.5
1.6
1.6
1.6
1.6

87Sr/%%Sr

0.70908
0.70922
0.70922
0.70929
0.70901
0.70897
0.70904
0.70920
0.70921
0.70921
0.70903
0.70909
0.70916
0.70921

2 SE

0.00007
0.00006
0.00007
0.00007
0.00007
0.00007
0.00007
0.00007
0.00007
0.00007
0.00007
0.00006
0.00007
0.00006

84Sr/30Sr

0.05595
0.05599
0.05604
0.05587
0.05591
0.05619
0.05603
0.05592
0.05602
0.05592
0.05605
0.05600
0.05599
0.05623

2 SE

0.00009
0.00010
0.00011
0.00011
0.00012
0.00009
0.00011
0.00012
0.00011
0.00012
0.00011
0.00011
0.00011
0.00010

Table A4.3: Results for ns-LA-MC-ICP-MS measurements of RM JCp-1.

Sample

JCp-1-1
JCp-1-2
JCp-1-3
JCp-1-4

SSSr
[Vl
5.1
5.2
5.1
4.1

8Sr/*¢Sr

0.70910
0.70912
0.70919
0.70913

2 SE

0.00006
0.00006
0.00006
0.00005

73

$4Sr/*Sr

0.05628
0.05632
0.05631
0.05613

2 SE

0.00004
0.00004
0.00004
0.00004

Rb/Sr Er/Sr Yb/Sr

*10-3

0.1
0.1
0.1
0.1
0.1
0.1
0.6
0.1
0.1
0.1
0.0

*10-6

O = = NN == = = = =

*10-6
9
0
4
17
6
15

—_ o O = O

Rb/Sr Er/Sr Yb/Sr

*10—3

0.1
0.0
0.1
0.1
0.1
0.0
0.1
0.1
0.1
0.1
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Table A4.3 (continued):
BSr 4o s S4c 186 Rb/Sr Er/Sr Yb/Sr
Sample V] Sr/*°Sr 2 SE Sr/*°Sr 2 SE £10°  *10° %10

JCp-1-5 6.5 0.70912 0.00003 0.05635 0.00003 0.0
JCp-1-6 6.1 0.70913 0.00003 0.05635 0.00003 0.0
JCp-1-7 6.4 0.70912 0.00004 0.05640 0.00002 0.0
JCp-1-8 6.9 0.70914 0.00003 0.05641 0.00002 0.0
JCp-1-9 6.1 0.70913 0.00003 0.05633 0.00003 0.0
JCp-1-10 6.0 0.70927 0.00003 0.05636 0.00003 0.0
JCp-1-11 59 0.70928 0.00004 0.05633 0.00003 0.0
JCp-1-12 6.4 0.70932 0.00004 0.05632 0.00004 0.0
JCp-1-13 6.5 0.70919 0.00007 0.05648 0.00008 0.0
JCp-1-14 6.8 0.70920 0.00006 0.05634 0.00003 0.0
JCp-1-15 7.1 0.70919 0.00006 0.05632 0.00003 0.0
JCp-1-16 6.2 0.70917 0.00006 0.05644 0.00003 0.0
JCp-1-17 7.1 0.70925 0.00007 0.05632 0.00004 0.0
JCp-1-18 6.3 0.70925 0.00006 0.05597 0.00003 0.0
JCp-1-19 8.2 0.70920 0.00006 0.05639 0.00003 0.0
JCp-1-20 7.1 0.70918 0.00007 0.05649 0.00004 0.0

8

15
17
16
24

S OO O O O O O O O o o o o o o
—_
O

Table A4.4: Results for fs-LA-MC-ICP-MS measurements of RM JCp-1.

BSr  gre 6 Sdc 186 Rb/Sr Er/Sr Yb/Sr
vl Sr/%Sr 2 SE Sr/%Sr 2SE L 0t s106 10

JCp-1-21 54 0.70924 0.00004 0.05598 0.00003 0.0 3
JCp-1-22 6.0 0.70921 0.00004 0.05603 0.00002 0.0
JCp-1-23 54 0.70921 0.00004 0.05589 0.00003 0.0
JCp-1-24 43 0.70920 0.00005 0.05605 0.00004 0.0
JCp-1-25 3.8 0.70917 0.00005 0.05588 0.00004 0.0
JCp-1-26 4.0 0.70915 0.00004 0.05592 0.00004 0.0
JCp-1-27 3.7 0.70904 0.00005 0.05614 0.00005 0.0
JCp-1-28 3.8 0.70909 0.00006 0.05620 0.00004 0.0
JCp-1-29 3.9 0.70906 0.00006 0.05629 0.00004 0.0
JCp-1-30 3.7 0.70909 0.00006 0.05625 0.00005 0.0
JCp-1-31 3.6 0.70917 0.00006 0.05619 0.00005 0.0
JCp-1-32 3.6 0.70919 0.00006 0.05618 0.00005 0.0
JCp-1-33 3.6 0.70925 0.00006 0.05617 0.00005 0.0
JCp-1-34 3.6 0.70932 0.00006 0.05611 0.00005 0.0
JCp-1-35 3.5 0.70919 0.00006 0.05621 0.00005 0.0
JCp-1-36 34 0.70916 0.00006 0.05622 0.00005 0.0
JCp-1-37 3.5 0.70911 0.00006 0.05615 0.00005 0.0
JCp-1-38 3.5 0.70915 0.00006 0.05616 0.00005 0.0
JCp-1-39 33 0.70925 0.00006 0.05606 0.00005 0.0

Sample

==

—_—= O = O OO OO OO OO0 OO0 O o o
)
=
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Table A4.5: Results for ns-LA-MC-ICP-MS measurements of RM MACS-1.

BSr 4o s S4c 186 Rb/Sr Er/Sr Yb/Sr
vl Sr/%Sr 2 SE Sr/%Sr 2SE L 0t s106  *10¢

MACS-1-1 32 0.70639 0.00007 0.01749 0.00046 0.8 1048 2820
MACS-1-2 29 0.70663 0.00005 0.02154 0.00026 0.7 885 2666
MACS-1-3 2.9 0.70643 0.00005 0.01402 0.00043 0.8 1059 3182
MACS-1-4 4.2 0.70653 0.00005 -0.03323 0.00066 1.4 2079 4038
MACS-1-5 43 0.70622 0.00005 -0.03952 0.00055 1.5 2101 4238
MACS-1-6 4.6 0.70633 0.00005 -0.03846 0.00046 1.4 2058 4219
MACS-1-7 4.6 0.70654 0.00005 -0.04021 0.00077 1.5 2281 4455
MACS-1-8 4.7 0.70608 0.00005 -0.03959 0.00038 1.5 2007 4325

Sample

Table A4.6: Results for ns-LA-MC-ICP-MS measurements of RM MACS-3.

88
St werpssr  2SE MspMsr  2SE NP/Sr Er/Sr Vb/Sr

Sample [V] *10-3 *10-6 *10-6

MACS3-1 5.8 0.70750 0.00006 0.05595 0.00005 0.0 3 14
MACS3-2 5.4 0.70754 0.00004 0.05606 0.00004 0.0 3 16
MACS3-3 6.4 0.70753 0.00005 0.05606 0.00004 0.0 3 26
MACS3-4 5.5 0.70753 0.00004 0.05598 0.00004 0.0 3 24
MACS3-5 5.4 0.70754 0.00005 0.05605 0.00004 0.0 3 34
MACS3-6 5.9 0.70748 0.00005 0.05597 0.00004 0.0 3 22
MACS3-7 5.9 0.70754 0.00005 0.05600 0.00004 0.0 3 16
MACS3-8 5.9 0.70751 0.00004 0.05602 0.00004 0.1 3 1

MACS3-9 6.3 0.70758 0.00004 0.05600 0.00003 0.0 3 15
MACS3-10 6.3 0.70747 0.00004 0.05599 0.00003 0.0 3 20
MACS3-11 5.2 0.70757 0.00005 0.05599 0.00004 0.0 3 13
MACS3-12 6.5 0.70752 0.00005 0.05604 0.00003 0.0 3 14
MACS3-13 7.5 0.70755 0.00005 0.05591 0.00003 0.0 3 17
MACS3-14 7.2 0.70756 0.00005 0.05601 0.00003 0.0 3 18
MACS3-15 6.8 0.70758 0.00005 0.05597 0.00003 0.0 3 24
MACS3-16 5.3 0.70752 0.00005 0.05602 0.00004 0.0 3 29

Table A4.7: Results for fs-LA-MC-ICP-MS measurements of RM MACS-3.
88
Sample [\S}ir VSr/eSr StdzErr HSr/S StdzErr 1:11)?; E;/os-ﬁr ‘i%sﬁr

MACS3-17 2.6 0.70755 0.00006 0.05485 0.00006 0.0 3 35
MACS3-18 2.5 0.70762 0.00006 0.05494 0.00006 0.0 3 25
MACS3-19 2.6 0.70749 0.00006 0.05551 0.00007 0.0 3 21
MACS3-20 3.7 0.70760 0.00005 0.05551 0.00005 0.0 3 35
MACS3-21 3.7 0.70760 0.00005 0.05562 0.00005 0.0 4 19
MACS3-22 4.6 0.70744 0.00005 0.05540 0.00010 0.0 4 27
MACS3-23 4.4 0.70745 0.00004 0.05590 0.00004 0.0 4 32
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Table A4.7 (continued):

Sample T\S,]r TSeMSr  2SE Msesr  2SE o Lror YP
MACS3-24 43 070751  0.00004 005580 000004 00 4 32
MACS3-25 42 070752 0.00004 005580  0.00005 00 4 12
MACS3-26 44 070755  0.00004 005570  0.00004 00 4 26
MACS3-27 44 070755  0.00004 005570  0.00004 00 4 14
MACS3-28 44 070757  0.00004 005580  0.00004 00 4 30
MACS3-29 43 070756  0.00004 005590 000005 00 4 24
MACS3-30 49 070758  0.00004 005590  0.00004 00 4 26
MACS3-31 46 070753  0.00004 005580  0.00004 00 4 27
MACS3-32 42 070754 000004 005580  0.00004 00 4 21
MACS3-33 43 070756  0.00004 005590  0.00004 00 4 20
MACS3-34 4.1 070756  0.00006 005581 000007 00 6 10
MACS3-35 38 070761  0.00005 005561 000005 00 5 27
MACS3-36 3.7 070761  0.00005  0.05580  0.00005 00 5 14
MACS3-37 3.6 070761  0.00005 005578  0.00005 00 5 29
MACS3-38 34 070765  0.00005 005587  0.00006 00 5 24
MACS3-39 34 070765  0.00005 005568  0.00005 00 5 16
MACS3-40 39 070757  0.00005 005581  0.00005 00 5 30
MACS3-41 39 070760  0.00004 005588  0.00005 00 5 13
MACS3-42 40 070759  0.00004  0.05585  0.00005 00 5 5
MACS3-43 39 070757  0.00004 005568  0.00005 00 5 16
MACS3-44 40 070765  0.00004 005570  0.00005 00 5 25
MACS3-45 39 070769  0.00004 005581  0.00005 00 5 13
MACS3-46 38 070751 000004 005574  0.00005 00 5 31
MACS3-47 39 070754 000004 005592  0.00005 00 5 43
MACS3-48 32 070753  0.00005 005579  0.00006 00 5 25
MACS3-49 3.1 070743  0.00005 005585  0.00006 00 5 42
MACS3-50 3.1 070746  0.00005  0.05588  0.00006 00 5 54
MACS3-51 34 070748 000005 005577  0.00005 00 5 21
MACS3-52 3.1 070746  0.00005 005575  0.00006 00 5 57
MACS3-53 32 070757  0.00006 005582  0.00006 00 5 0
MACS3-54 32 070758  0.00005 005577  0.00006 00 5 6
MACS3-55 53 070749  0.00006 005593  0.00006 00 6 33
MACS3-56 39 070744  0.00005 005584 000005 00 6 28
MACS3-57 48 070749  0.00003 005588  0.00004 00 6 46
MACS3-58 49 070756  0.00003 005589  0.00004 00 5 26
MACS3-59 44 070754 000004 005595  0.00005 00 5 35
MACS3-60 45 070755  0.00004 005591 000004 00 5 14
MACS3-61 45 070748  0.00004 005586  0.00005 00 5 29
MACS3-62 44 070750  0.00004 005590 000004 00 5 47
MACS3-63 44 070756  0.00004 005585 000004 00 5 22
MACS3-64 43 070753  0.00004 005590 000004 00 5 27
MACS3-65 4.1 070756  0.00004 005598  0.00005 00 5 39
MACS3-66 45 070754  0.00004 005596 000004 00 5 28
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Table A4.7 (continued):

Sample T\S,]r YSrMSr  2SE MSr/MSr 2 SE E%%r E*‘l"/os_{ Y,{%ﬁ‘"
MACS3-67 44 070759  0.00004 005590  0.00005 00 5 24
MACS3-68 46 070758  0.00004 005598  0.00004 00 5 19
MACS3-69 42 070758 000004 005584 000005 00 5 34
MACS3-70 41 070763  0.00004 005590  0.00005 00 5 35
MACS3-71 40 070759  0.00004 005595  0.00005 00 5 33
MACS3-72 43 070757  0.00003 005589  0.00005 00 5 2
MACS3-73 41 070758  0.00004 005598  0.00005 00 4 23
MACS3-74 41 070764  0.00004 005585  0.00005 00 5 12

Table A4.8: Results for ns-LA-MC-ICP-MS measurements of RM MAPS-4.

BSr  gress 8dc. /86 Rb/Sr Er/Sr Yb/Sr
V] Sr/**Sr 2 SE Sr/**Sr 2 SE £103  *10°  *10°

MAPS-4-1 4.0 0.70787 0.00004 0.04824 0.00006 0.1 61 111
MAPS-4-2 4.1 0.70791 0.00005 0.04808 0.00006 0.1 61 128
MAPS-4-3 4.0 0.70799 0.00006 0.04814 0.00009 0.1 63 135
MAPS-4-4 4.0 0.70798 0.00006 0.04811 0.00006 0.1 62 131
MAPS-4-5 3.9 0.70812 0.00006 0.04795 0.00006 0.1 65 121
MAPS-4-6 6.5 0.70776 0.00005 0.03865 0.00007 0.1 109 166
MAPS-4-7 6.6 0.70779 0.00004 0.03854 0.00007 0.1 107 161
MAPS-4-8 6.8 0.70778 0.00004 0.03842 0.00007 0.1 114 174
MAPS-4-9 6.6 0.70779 0.00005 0.03851 0.00006 0.1 115 179
MAPS-4-10 5.8 0.70783 0.00004 0.03894 0.00006 0.1 125 157
MAPS-4-11 5.4 0.70792 0.00004 0.03907 0.00007 0.1 127 146
MAPS-4-12 6.6 0.70785 0.00004 0.03832 0.00008 0.1 134 185
MAPS-4-13 5.9 0.70782 0.00004 0.03845 0.00006 0.1 126 166
MAPS-4-14 6.7 0.70782 0.00004 0.03819 0.00006 0.1 131 165
MAPS-4-15 5.8 0.70791 0.00004 0.03869 0.00007 0.1 126 163

Sample

Table A4.9: Results for fs-LA-MC-ICP-MS measurements of RM MAPS-4.

BSr 4o s S4c. /86 Rb/Sr Er/Sr Yb/Sr
vl Sr/*Sr 2 SE Sesr 2SE L0 LT s

MAPS-4-16 0.7 0.70777 0.00015 0.04225 0.00035 0.1 NA 51

MAPS-4-17 1.1 0.70767 0.00010 0.04311 0.00021 0.1 NA 212
MAPS-4-18 1.4 0.70783 0.00008 0.04307 0.00017 0.1 NA 109
MAPS-4-19 1.5 0.70789 0.00007 0.04307 0.00017 0.1 NA 178
MAPS-4-20 1.5 0.70785 0.00008 0.04346 0.00017 0.1 NA 175
MAPS-4-21 1.5 0.70784 0.00008 0.04336 0.00016 0.1 NA 215
MAPS-4-22 1.5 0.70782 0.00008 0.04276 0.00018 0.1 NA 169
MAPS-4-23 0.6 0.70711 0.00018 0.04471 0.00043 0.1 137 224
MAPS-4-24 1.3 0.70752 0.00012 0.04491 0.00019 0.1 135 143
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Table A4.9 (continued):

BSr 4o s S4c 186 Rb/Sr Er/Sr Yb/Sr
vl Sr/%Sr 2 SE Sr/%Sr 2SE L 0t s106  *10¢

MAPS-4-25 1.3 0.70745 0.00011 0.04491 0.00020 0.1 134 187
MAPS-4-26 1.2 0.70750 0.00012 0.04458 0.00019 0.1 135 232
MAPS-4-27 1.2 0.70772 0.00012 0.04497 0.00022 0.1 135 133
MAPS-4-28 1.0 0.70742 0.00014 0.04563 0.00024 0.1 129 152
MAPS-4-29 1.1 0.70746 0.00015 0.04587 0.00024 0.1 125 260

Sample

Table A4.10: Results for ns-LA-MC-ICP-MS measurements of RM MAPS-5.

BSr  gese 8dcr. /86 Rb/Sr Er/Sr Yb/Sr
V] Sr/**Sr 2 SE Sr/**Sr 2 SE #1035 *10°  *10°

MAPS-5-1 1.2 0.71086 0.00013 0.00368 0.00030 0.3 214 392
MAPS-5-2 1.4 0.70837 0.00012 0.00438 0.00028 0.3 152 361
MAPS-5-3 1.5 0.70837 0.00009 0.00624 0.00020 0.2 162 375
MAPS-5-4 1.6 0.70859 0.00008 0.00739 0.00021 0.2 168 349
MAPS-5-5 23 0.71096 0.00008 -0.05247 0.00065 0.4 308 392
MAPS-5-6 2.7 0.71112 0.00006 -0.03703 0.00037 0.4 339 401
MAPS-5-7 2.6 0.71117 0.00007 -0.03930 0.00040 0.4 333 409
MAPS-5-8 2.6 0.71119 0.00006 -0.04095 0.00048 0.4 344 430
MAPS-5-9 2.7 0.71131 0.00007 -0.03852 0.00064 0.4 351 411

Sample

Table A4.11: Results for ns-LA-MC-ICP-MS measurements of RM NIST SRM 1400.

BSr 4o s Sd4c 186 Rb/Sr Er/Sr Yb/Sr
Sample V] Sr/*°Sr 2SE Sr/*°Sr 2 SE #1035 *10°  *10°
NIST 1400-1 1.2 0.71330 0.00008 0.05596 0.00037 1.5 1 10

NIST 1400-2 1.2 0.71326 0.00009 0.05604 0.00085 2.2 10 1
NIST 1400-3 1.3 0.71318 0.00009 0.05580 0.00040 1.7 10 0
NIST 1400-4 1.2 0.71315 0.00009 0.05613 0.00044 1.6 -6 9
NIST 1400-5 1.2 0.71334 0.00009 0.05613 0.00043 3.7 11 0
NIST 1400-6 1.2 0.71322 0.00008 0.05628 0.00045 1.5 8 26
NIST 1400-7 1.2 0.71315 0.00009 0.05627 0.00040 1.5 6 0
NIST 1400-8 1.2 0.71339 0.00009 0.05639 0.00046 1.7 15 3
NIST 14009 1.2 0.71324 0.00008 0.05671 0.00048 1.6 -8 27
NIST 1400-10 1.1 0.71302 0.00009 0.05683 0.00045 1.6 4 16
NIST 1400-11 1.2 0.71308 0.00008 0.05657 0.00039 1.6 1 11
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Table A4.12: Results for ns-LA-MC-ICP-MS measurements of RM NIST SRM 1486.

Sample T\S,]r YSrASr  2SE MSr/Sr 2 SE lﬁ%ir E*'l"/os_ér Y*%SJ"
NIST 1486-1 2.5 0.70915 0.00009 0.05542 0.00032 1.6 11 19
NIST 1486-2 3.1 0.70933 0.00007 0.05621 0.00057 1.3 0 0
NIST 1486-3 3.3 0.70921 0.00008 0.05579 0.00039 1.4 1 7
NIST 1486-4 3.0 0.70934 0.00009 0.05592 0.00050 1.5 0 1
NIST 1486-5 2.9 0.70931 0.00008 0.05584 0.00048 1.4 0 11
NIST 1486-6 3.2 0.70927 0.00007 0.05558 0.00048 1.4 1 19
NIST 1486-7 3.1 0.70920 0.00006 0.05593 0.00047 1.2 0 3
NIST 1486-8 3.2 0.70921 0.00009 0.05578 0.00047 1.3 0 21
NIST 1486-9 3.4 0.70918 0.00006 0.05568 0.00048 1.3 0 0
NIST 1486-10 3.4 0.70934 0.00008 0.05546 0.00053 1.1 5 16
NIST 1486-11 3.1 0.70930 0.00007 0.05584 0.00044 1.3 0 18
NIST 1486-12 3.8 0.70939 0.00006 0.05503 0.00060 1.1 5 9
NIST 1486-13 2.1 0.70926 0.00010 0.05445 0.00034 1.6 0 24

Table A4.13: Monitoring of Dy as potential interference on mass 82 during LA-MC-ICP-MS.

Cup Ho6 H4 H3 H2 Ax L1 L2
Isotope of interest 86Gy 84Qr B SKr & 'Er YKr& '“Dy '®Dy 162Dy
Signal intensity [mV]  30.1 28.0 4.2 12.3 17.9 14.3 12.3
Table A4.14: Results for solution MC-ICP-MS measurements of RMs analysed in this study.

Sample Sr/Sr 2 SE 84S /S 2 SE R*ll’:f{ EYOS{

JCp-1-1 0.709162 0.000005 0.056482 0.000002 0.0 0

JCp-1-2 0.709175 0.000005 0.056487 0.000002 0.0 0

JCp-1-3 0.709174 0.000007 0.056489 0.000002 0.0 0

JCt-1-1 0.709173 0.000006 0.056492 0.000002 0.0 0

JCt-1-2 0.709177 0.000007 0.056459 0.000002 0.0 1

JCt-1-3 0.709156 0.000007 0.056510 0.000002 0.0 0

MACS-1-1 0.707954 0.000008 0.056519 0.000002 0.0 0
MACS-1-2 0.707943 0.000008 0.056497 0.000002 0.0 0
MACS-1-3 0.707945 0.000006 0.056513 0.000002 0.0 0
MACS-3-1 0.707546 0.000006 0.056490 0.000002 0.0 0
MACS-3-2 0.707532 0.000007 0.056500 0.000002 0.0 0
MACS-3-3 0.707544 0.000006 0.056500 0.000002 0.0 0
MAPS-4-1 0.707796 0.000007 0.056516 0.000002 0.0 0
MAPS-4-2 0.707823 0.000007 0.056476 0.000002 0.0 0
MAPS-4-3 0.707820 0.000007 0.056467 0.000002 0.0 1
MAPS-5-1 0.707935 0.000008 0.056444 0.000002 0.0 1
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Table A4.14 (continued):

Sample

MAPS-5-2
MAPS-5-3
NIST 1400-1
NIST 1400-2
NIST 1400-3
NIST 1486-1
NIST 1486-2
NIST 1486-3

8Sr/*Sr

0.707914
0.707924
0.713127
0.713124
0.713123
0.709283
0.709273
0.709298

2 SE

0.000009
0.000008
0.000007
0.000007
0.000007
0.000005
0.000006
0.000006

84Sr/*Sr

0.056488
0.056455
0.056476
0.056484
0.056482
0.056482
0.056484
0.056498

80

2 SE

0.000002
0.000002
0.000002
0.000002
0.000002
0.000002
0.000002
0.000002

Rb/Sr
*10—3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Er/Sr
*10-6

S O O O o o = O
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5.1 Abstract

The in-situ analysis of Sr isotopes in carbonates by MC-ICP-MS is limited by the availability of suitable
microanalytical reference materials, which match the samples of interest in matrix composition.
Whereas several well-characterised carbonate reference materials for Sr mass fractions >1000 pg/g,
such as JCt-1, JCp-1, FEBS-1 and MACS-3, are available, there is a lack of well characterised carbonate

microanalytical reference materials with lower Sr mass fractions.

Here we present a new, custom-made and homogeneous synthetic carbonate nanopowder reference
material with a Sr mass fraction of ca. 500 pg/g suitable for microanalytical Sr isotope analysis
(“NanoSr”). We analysed the new microanalytical reference material both as a powder by solution-based
techniques and as a pressed nanopowder pellet by in-situ techniques. To determine element mass
fractions of Sr and potential interfering elements, such as Rb and REEs, we used laser ablation and
solution ICP-MS in different laboratories. The Ca mass fraction was determined by EPMA and then
used as internal reference element for LA-ICP-MS analyses. The ¥’Sr/*Sr was determined by well-
established methods for Sr isotope measurements (TIMS and MC-ICP-MS) and revealed a ¥’Sr/*®Sr ratio
of 0.70756 £ 0.00003 (2 SD). The Sr isotope microhomogeneity of the pressed nanopowder pellet was
determined by LA-MC-ICP-MS, which resulted in a ®’Sr/*Sr ratio in agreement with the solution data
considering uncertainties. Thus, this new microanalytical reference material is well suited to monitor

and correct microanalytical Sr isotope analysis of low-Sr, low-REE carbonate samples.

5.2 Introduction

The analysis of geological samples with state-of-the-art analytical techniques relies on the quality and
availability of well-characterised reference materials (RMs). These RMs are a prerequisite for
calibration, method validation, quality control and the establishment of metrological traceability
(Jochum and Enzweiler, 2014). In comparison to solution-based analytical techniques, in-situ analyses,
such as LA-(MC-)ICP-MS or SIMS, of unknown samples is limited by the availability of suitable RMs
with microhomogeneity in the range of the respective test portion masses (ug — ng range). Furthermore,
for laser ablation analysis, a similar matrix composition and mass fraction of the element of interest of
the RM and the unknown sample is preferable (Jochum and Enzweiler, 2014), in particular when not

using femtosecond laser ablation (Poitrasson et al., 2003; Vanhaecke et al., 2010).

Strontium isotopes are widely used by the geochemical community and applied in several different
research fields, such as petrology, archaeology, palaeontology, palacoclimatology, stratigraphy as well
as forensics and food-traceability (Bolea-Fernandez et al., 2016; Durante et al., 2015; Kelly et al., 2005;
Kimura et al., 2013; Lin et al., 2015; Lugli et al., 2017b; Lugli et al., 2018; McArthur et al., 2012; Weber
et al., 2018a; Willmes et al., 2016; Zhou et al., 2009). However, for the application of radiogenic Sr

isotopes to carbonate samples, the availability of suitable microanalytical reference materials (MRMs)
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for in-situ analyses is limited. Typical carbonate RMs with well specified 8’Sr/%¢Sr ratios, such as JCt-
1, JCp-1 (both Geological Survey of Japan), FEBS-1 (National Research Council of Canada, NRCC)
and MACS-3 (U.S. Geological Survey, USGS), have a high Sr mass fraction >1000 pg/g (Jochum et al.,
2011a; Ohno and Hirata, 2007; Weber et al., 2018b; Yang et al., 2011) and are therefore mainly suited
for in-situ analyses of carbonate samples with similar mass fractions (e.g. corals, molluscs and otoliths).
USGS MACS-1 is a low-Sr carbonate RM with known Sr isotope signature, but the high mass fraction
of REEs (especially Dy, Er and YD) limits its use as an in-sifru RM due to isobaric interferences of the
doubly-charged REEs (Weber et al., 2018b). Furthermore, not all available RMs show microanalytical
homogeneity and potentially need further processing, i.e. by milling protocols (Garbe-Schonberg and
Miiller, 2014). In contrast to glass RMs with a broad availability and a large range of different
compositions (Evans and Miiller, 2018; Jochum et al., 2011a; Jochum et al., 2011b), the number of
available carbonate RMs below 1000 pg/g suitable for microanalytical Sr isotope analysis is limited.
Especially for MC-ICP-MS systems with a narrow limitation of potential intensities on Faraday cups,
RMs with similar mass fractions are necessary to use the same laser parameters for samples and RMs.
This shows the need of carbonate microanalytical RMs with a relatively low Sr mass fraction for in-situ
Sr isotope analysis of low Sr, low REE carbonates, such as speleothems. For this type of carbonates, the
application of LA-MC-ICP-MS is currently either restricted to high-Sr samples (Weber et al., 2017,
Wortham et al., 2017) or to solution based analysis, which requires chemical separation prior to analysis
(Banner et al., 1996; Goede et al., 1998; Hori et al., 2013; Oster et al., 2014; Weber et al., 2018a; Zhou
et al., 2009).

Recent progress in the synthetic production of custom-made materials and further processing of
established RMs, enables the geochemical community to design very specific materials of different
compositions and by different techniques (Bao et al.,, 2017; Garbe-Schonberg and Miiller, 2014;
Tabersky et al., 2014; Wu et al., 2018). One possibility is the flame spray technique, which allows
production of materials with a nano-scale grain size and a customised composition and matrix for
different applications. As has been shown for glass matrices (Tabersky et al., 2014), Avantama®
(Switzerland) is capable of producing a synthetic material with a carbonate matrix and a specified mass
fraction of the elements of interest. The aim of this study is to produce and characterise a material with
a calcium carbonate matrix and a homogeneous mass fraction of Sr in the range of 500 pg/g (“NanoSr”),
which can be used as matrix-matched reference material for LA-MC-ICP-MS studies of a variety of

carbonate samples.

5.3 Material

Production of the carbonate nanopowder (“NanoSr””) was performed in a similar way as described by
Tabersky et al. (2014). Details of the production are intellectual property of Avantama® (Switzerland)
and can therefore not be provided. The synthesis of the nanoparticles was performed by the flame spray
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technique using an organic precursor with the elements of interest incorporated (Athanassiou et al.,
2010), resulting in a total amount of 15 g synthetic carbonate material with a specific mass fraction of
Sr. Prior to all in-situ measurements of the carbonate nanopowder, a hydraulic press (Perkin Elmer™)
was used to obtain a carbonate nanopowder pellet (~100 mg per pellet) with a diameter of 13 mm and a
thickness of approximately 2 mm (Fig. 5.1 [A]) without using any additional binding material. The
nanopowder was pressed for 15 minutes with a load of 5000 kg. The final nanopowder pellets were
mechanically stable and glued to microscope slides for the in-situ analyses. In total, nine different

nanopowder pellets were produced and analysed.
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Fig. 5.1: [A] Top view of a pressed nanopowder pellet with a diameter of 13 mm and a thickness of ca.
2 mm. [B] Backscattered electron (BSE) image of the edge of the compacted nanopowder pellet. [C]
Top view of the compacted nanopowder pellet as secondary electron image (SEI). [D] Top view of the
compacted nanopowder pellet showing darker and brighter areas in the BSE-image. [E] BSE image of
the compacted nanopowder pellet with a magnification of 1300, showing the compaction of the

nanopowder and the small pore spaces below the um-range.

5.4 Analytical techniques

To characterize the carbonate nanopowder, several analytical techniques were used. Electron
microprobe analysis (EPMA) was used to determine the mass fraction of Ca. Trace element mass
fractions were determined by ICP-MS and LA-ICP-MS in four different laboratories. To control the
micro-homogeneity of the carbonate nanopowder, we applied LA-ICP-MS at several positions on the
pressed nanopowder pellets. Since the nanopowder was specifically designed for Sr isotope analyses,
we determined the ¥’Sr/*Sr ratio by different techniques (TIMS and (LA-)MC-ICP-MS) in three

different laboratories.
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5.4.1 Element mass fractions
Elemental mass fractions have been determined with three different types of instruments, both by

solution based (ICP-MS) and in-situ techniques (EPMA and LA-ICP-MYS) in five different laboratories.

5.4.1.1 Electron Microprobe

For EPMA, a sample of the pressed nanopowder pellet was embedded in epoxy resin, polished, cleaned
and covered with a ~20 nm layer of carbon by sputtering. Analysis was carried out at the Institute of
Geosciences, Mainz, using a Jeol JXA 8200 microprobe in wavelength-dispersive spectrometry (WDS)
mode. A beam current of 12 nA and an acceleration potential of 15 kV were used, with the electron
beam defocused to 20 pm. Peak counting time was 20 s for Ca in double-channel mode. Raw data were
corrected using the routine of Armstrong (1995) and a well-characterised carbonate reference material
was used for calibration. In total, 24 measurements at different positions of the pressed nanopowder

pellet were performed.

5.4.1.2 Solution ICP-MS

Six aliquots of 5-10 mg of the carbonate nanopowder were dissolved in 3 mol/L HNOs. Prior to the ICP-
MS measurement, final acid mass fraction was adjusted to 0.8 mol/L. Elemental analyses of the digested
nanopowder were performed using a quadrupole ICP-MS (Thermo Scientific X-Series™) housed at the
Centro Interdipartimentale Grandi Strumenti (CIGS) of the University of Modena and Reggio Emilia.
The samples were introduced into the mass spectrometer using a CETAC ASX 520 autosampler. The
following mass-to-charge ratios (m/z) were measured during the session: 24, 85, 88, 138, 163, 166 and
172, representing **Mg, 3°Rb, *¥Sr, 13¥Ba, %Dy, 'Er and '7°Yb. A ''In solution was aspirated and used
as internal reference. A calibration was performed in the range 1 — 1000 ng/g using the [V-ICPMS-71A
multi-element standard solution (Inorganic Ventures), whereas the less abundant elements (e.g. Eb, Dy,

Er, Yb) were calibrated up to 200 ng/g.

5.4.1.3 LA-ICP-MS

Measurements by LA-ICP-MS were performed in three different laboratories. For all measurements, we
employed **Ca as internal reference, and used *Rb and 3¥Sr for the calculation of trace element mass
fractions. Initial data acquisition (approximately 3 s) of each measurement was discarded to prevent

surface contamination potentially influencing our results.

Measurements at the Max Planck Institute for Chemistry (MPIC), Mainz, were performed using a New
Wave UP213 Nd:YAG laser ablation system, coupled to a Thermo Finnigan Element 2 SF-ICP-MS.

Spot analyses were performed at a repetition rate of 10 Hz, using a spot size of 80 pum with an energy
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output of 60 %, resulting in a fluence of ~7.5 J/cm?. Ablation time was set to 70 s. Line scan analyses
were performed using a line length of 300 um, a circular spot size of 55 pm, a repetition rate of 10 Hz,
a transition speed of 5 um/s and an energy output of 60 %, resulting in a fluence of ~5 J/cm?.
Background signals for spot and line scan analyses were measured for 14 s, followed by the ablation
and a washout time of 20 s. The following m/z ratios were monitored during the sessions: 25, 43, 85,
88, 137, 163, 167 and 173, representing Mg, *Ca, *Rb, ¥Sr, *'Ba, Dy, '“/Er and 'Yb. For
calibration purposes, NIST SRM 612 was analysed at the beginning, between each set of samples (n =
36) and at the end of the routine (n = 18). We used NIST SRM 610, USGS GSD-1G, GSE-1G and
MACS-3 (each n = 9) as quality control materials (QCM) to monitor accuracy and reproducibility
(Supplementary Table A5.1).

The trace element distribution within the nanopowder pellet was mapped by LA-ICP-MS at MPIC using
MaplIT! (Sforna and Lugli, 2017). The LA-ICP-MS setup was identical as described above, using NIST
SRM 612 for calibration purposes and applying a total number of 66 line scans with a length of
13000 um each, covering one half of the pressed nanopowder pellet (pellet 9). The spot size was set to
100 um using a transition rate of 30 um/s and a repetition rate of 10 Hz with an energy output of 70 %,
resulting in a fluence of 12.5 J/cm?. The following m/z ratios were monitored during the sessions: 25,

43, 85, 88 and 137. For the imaging via MaplIT!, no pre-ablation was performed.

Measurements by LA-ICP-MS at the Institute of Geosciences, Mainz, were performed using an ArF
Excimer 193 nm laser system (ESI NWR193) equipped with a TwoVol? ablation cell, coupled to an
Agilent 7500ce ICP-MS. A spot size of 80 um, a repetition rate of 10 Hz and a fluence of 3.5 J/cm? were
used. 15 s laser warm-up time were followed by 60 s dwell time and 20 s washout time. NIST SRM 612
was used for calibration purposes and measured at the beginning, between the set of samples (n = 36)
and at the end of the routine (n = 9). For quality control, we used NIST SRM 610, USGS GSD-1G,
GSE-1G, MACS-3 and BCR-2G (supplementary Table A5.2). The following m/z ratios were monitored
during the sessions: 25, 43, 85, 88, 137, 163, 167 and 173. For all laser ablation measurements performed
at MPIC and at the Institute of Geosciences, mass fractions for the RMs were obtained from GeoReM
(Jochum et al., 2005), and data reduction was performed off-line, following the calculations given in

Mischel et al. (2017a).

LA-ICP-MS analyses at the CIGS were performed using a 213nm laser ablation system (New Wave
UP) and a quadrupole ICP-MS (Thermo Scientific X-Series"). The pressed nanopowder pellet (pellet 7)
was analysed employing a spot size of 80 pum, a pulse repetition rate of 10 Hz and a fluence of ~5 J/cm?.
The surface of the nanopowder pellet was pre-ablated before each spot analysis. The following m/z
ratios were acquired during the session: 43, 85, 88, 163 and 172. NIST SRM 612 and GSJ JCt-1 were

used as calibration materials and data reduction was performed off-line.

Operating parameters for all LA-ICP-MS measurements are presented in Table 5.1.
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5.4.2 Strontium isotopes
Radiogenic Sr isotope ratios have been determined in five different laboratories, using solution based

(TIMS and MC-ICP-MS) and in-situ techniques (LA-MC-ICP-MS).

5.4.2.1 TIMS

Strontium separation was performed using Eichrom Sr spec™ ion exchange resin columns at CIGS as
described for MC-ICP-MS in the next section 5.4.2.2. The Sr isotope composition of the carbonate
nanopowder was determined by TIMS at the MPIC, Mainz, using a Thermo Scientific Trition. For that
purpose, about 100 ng Sr was transferred onto a W filament, surrounded by a TaF activator.
Measurements were performed in static multi-collection mode, simultaneously collecting m/z ratios
representing **Sr, 3°Rb, **Sr, 8’Sr and 3*Sr for 10 blocks of 20 cycles each (integration time of 16.8 s per
cycle). All isotope ratios were corrected for internal mass fractionation using the stable *Sr/*®Sr ratio of
8.375209 (Berglund and Wieser, 2011). The isobaric interference of ’Rb on *'Sr is corrected recording
the 3°Rb peak and by using a *’Rb/**Rb of 0.386010. The long-term reproducibility of the international
NIST SRM 987 gives a ¥’St/*Sr value of 0.710256 + 0.000012 (2 SD, n = 25), in agreement with

reported values in literature.

5.4.2.2 MC-ICP-MS

MC-ICP-MS measurements were performed at the CIGS and the MPIC. All samples were processed at
the Laboratory of Isotope Geochemistry of the Department of Chemical and Geological Sciences
(University of Modena and Reggio Emilia, Italy), following the protocol of Lugli et al. (2017b) and
Weber et al. (2018b). Around 5 — 10 mg of nanopowder were digested with 3 ml of 3 mol/L HNO3
(suprapur) and loaded into 300 pl columns filled with Eichrom Sr-spec™ resin (100-150 pm bead size).
Matrix ions were removed by stepwise addition of 3 mol/L HNOs. Strontium was then eluted with
MilliQ® water and collected in clean beakers. The final solutions were adjusted to 0.8 mol/L. HNO:s.

The entire procedure was conducted in a clean room equipped with a class 10 laminar flow hood.

To determine the ¥'Sr/*Sr ratio, a Neptune MC-ICP-MS was used at CIGS following Lugli et al.
(2017b). The following m/z ratios were collected simultaneously using seven Faraday cups equipped
with 10" Q and 10'> Q resistors: 82, 83, 84, 85, 86, 87 and 88, representing **Kr, 3Kr, #Sr, *Rb, %Sr,
87Sr, #8Sr. Strontium solutions were diluted to ~250 ng/ml and introduced into the mass spectrometer
system through a quartz spray chamber using a 100 pl/min nebulizer. A static multi-collection mode
with a single block of 100 cycles (integration time 8.4 s per cycle) was used to analyse the samples, as
well as NIST SRM 987 and blanks. A bracketing sequence was employed to correct for instrumental
drifts. Krypton as a potential contamination in the Ar gas was monitored and corrected using a **Kr/**Kr

ratio of 1.505657 (Berglund and Wieser, 2011). To correct for the presence of isobaric Rb on m/z 87, a
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87Rb/*Rb ratio of 0.3856656 (Berglund and Wieser, 2011) was used. Mass bias normalization was
performed applying the exponential law, using the accepted *¥Sr/*Sr ratio of 8.375209 (Steiger and
Jager, 1977). We are aware of the of the observed natural variations in 8**Sr (Fietzke and Eisenhauer,
2006; Krabbenhoft et al., 2009), however, by convention, radiogenic Sr isotope measurements are
usually corrected assuming the stable ®Sr/*Sr ratio (Fietzke et al., 2008), which we follow within this
study. In addition, variability in 8’Sr/*Sr is far bigger than the whole range reported for stable Sr isotopes
ratios in literature. Rubidium mass bias was assumed to be the same as for Sr. Daily repeated
measurements of NIST SRM 987 yielded a mean ¥’Sr/*Sr ratio of 0.71024 + 0.00001 (2 SD; n = 20).
Strontium isotope ratios of the samples were corrected to the NIST SRM 987 #7Sr/*Sr ratio of 0.710248
(McArthur et al., 2001).

Sr isotope ratios at the MPIC were determined using a Nu Plasma MC-ICP-MS coupled to a CETAC
Aridus II desolvating nebulizer system, following the methods described by Lugli et al. (2017b).
Samples were diluted to ~100 ng/ml, and signals of the following m/z ratios were monitored using
Faraday cups equipped with 10! Q resistors during analysis: 82, 83, 84, 85, 86, 87 and 88. Analysis was
performed in a standard bracketing sequence, using a static multi-collection mode with 100 cycles and
an integration time of 5 s. Krypton and Rb correction was performed as described for the measurements
at CIGS. Repeated measurements of NIST SRM 987 yielded a mean *’Sr/*¢Sr ratio 0of 0.71030 = 0.00003
(2 SD; n = 10). Resulting 8’Sr/*¢Sr ratios were corrected to the NIST SRM 987 #7Sr/*Sr ratio of 0.710248
(McArthur et al., 2001).

5.4.2.3 LA-MC-ICP-MS

Microanalytical homogeneity for Sr isotopes was investigated using LA-MC-ICP-MS at the MPIC and
the CIGS. Operational parameter for both (LA-)MC-ICP-MS system are provided in Table 5.1.
Analyses at the MPIC were performed following the protocol of Weber et al. (2017) using a Nu Plasma
MC-ICP-MS coupled to a New Wave UP213 Nd:YAG laser ablation system. Peak shape and
coincidence of the Sr isotopes of interest (¥Sr, ¥Sr, 8’Sr, 38Sr) were tuned using the Sr reference solution
NIST SRM 987, while the mass spectrometer was coupled to a CETAC Aridus II desolvating nebulizer
system, prior to connecting the laser ablation system. For the laser ablation measurements, line scans of
750 um length with a spot size of 100 um, a translation speed of 5 pm/s and an energy output of 80 %
were applied, resulting in a fluence of 20 — 25 J/cm?. Pre-ablation was performed prior to each analysis.
Krypton was corrected by subtracting the on-peak baseline during the laser warm-up time (45 s).
Interferences of REEs were corrected by monitoring '"'Yb and '*’Er. Molecular interferences were found
to be negligible by monitoring m/z 82 and 83 (signals usually below 0.2 mV). Mass bias correction was
performed using the exponential law (Ingle et al., 2003) and an *Sr/*Sr ratio of 8.375209 (Steiger and

Jager, 1977). Mass/charge 85 was used to monitor the occurrence of **Rb and to correct m/z 87 by
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calculating the fraction of ’Rb using the constant ¥Rb/**Rb ratio of 0.3857 (Berglund and Wieser,
2011).

Analyses at the CIGS were performed using a Neptune MC-ICP-MS coupled to a New Wave UP213
Nd:YAG laser ablation system, following the method described by Lugli et al. (2017b). Nine Faraday
detectors equipped with 10''Q and 10'? Q resistors were employed to acquire peaks of the m/z ratios 82,
83, 84, 85, 86, 87 and 88, as well as the doubly-charged'’'Yb* on m/z 85.5 and '*Yb*" on m/z 86.5.
For the LA measurements, we employed a linear raster of 100 x 500 pm, a fluence of ~6 J/cm?, a
repetition rate of 10 Hz and a scan speed of 5 pm/s. Prior to each analysis, the sample was pre-ablated
to avoid surface contaminations. A He flow of ca. 0.6 L/min was used to carry the ablated material into
the mass spectrometer. Krypton was corrected by subtracting the on-peak baseline during the laser
warm-up (~60 s). REEs and Ca dimers/argides were monitored, but not corrected because their
interference with the analyses is negligible. Mass bias and Rb were corrected as previously reported for
the measurements performed at the MPIC. During the analytical session, we also measured a modern
marine bivalve shell as an in-house reference material, which yielded an ¥’Sr/*Sr ratio of 0.70916 +

0.00002 (2SE, n = 1), in agreement with the modern seawater value (McArthur et al., 2012).

5.5 Results
The analytical results obtained for NanoSr are presented in the following for the Ca and the trace element

mass fraction, as well as for the Sr isotope composition.

5.5.1 Calcium mass fractions

EPMA analysis yielded a CaO %m/m of 52.6 £ 1.5 (n = 24, 2 SD, pellet 8), equivalent to a Ca mass
fraction of 376000 = 11000 pg/g (n = 24, 2 SD, pellet 8). These analyses were performed at different
positions of the pressed nanopowder pellet, both in the brighter and darker areas (Fig. 5.1 [D]) and did
not yield significantly different results. The overall uncertainty of the Ca mass fraction obtained by
EPMA is about 3 % and therefore in a similar range as expected for the (LA-)ICP-MS analyses.
Therefore, we used the resulting Ca mass fraction of 376000 + 11000 pg/g (n =24, 2 SD) for the internal

reference for the calibration of the trace element analyses.

89



Chapter 5

Table 5.1: Operational parameters for the different (LA-MC-)ICP-MS systems used during this study.

ICP parameters Values Laser parameters* Values ICP parameters Values Laser parameters* Values
Srisotopes MC-ICP-MS Neptune New Wave UP 213 MC-ICP-MS NU Plasma New Wave UP 213
Cool gas flow rate 15L/min Ablation Spot size 100 um Cool gas flow rate 13 L/min Ablation Spot size 100 um
Auxiliary gas flow 0.8 L/min Repetition rate 10Hz Auxiliary gas flow 0.93 L/min Repetition rate 10 Hz
Sample gas flow 0.9-1L/min Fluence 6J/cm? Sample gas flow 0.75L/min Fluence 20- 25J/cm?
Plasma power 1200 W Sampling scheme Line Plasma power 1300 W Sampling scheme Line
Resolution Low Translation rate 5um/s Resolution Low Translation rate 5um/s
He flow rate* 0.6 L/min He flow rate* 0.75L/min
Trace elements |/CP-MS Element 2 New Wave UP 213 ICP-MS Agilent 7500ce ESI NWR193

Cool gas flow rate 16 L/min Ablation Spot size 55/80/100 um Cool gas flow rate 15L/min Ablation Spot size 80 um
Auxiliary gas flow 1L/min Repetition rate 10Hz Auxiliary gas flow 0.9L/min Repetition rate 10 Hz
Sample gas flow 0.6 L/min Fluence 5-12.5])/cm? Sample gas flow 0.8L/min Fluence 3.5J/cm?
Plasma power 1150 W Sampling scheme Spot/Line Plasma power 1200 W Sampling scheme Spot
Resolution Low Dwell time 70s Resolution 0.65 - 0.75%* Dwell time 60s
He flow rate* 0.75L/min Translation speed 5/30 um/s He flow rate* 0.8 L/min

ICP-MS X-Series" New Wave UP 213
Cool gas flow rate 13 L/min Ablation Spot size 100 pm
Auxiliary gas flow 1.08 L/min Repetition rate 10 Hz
Sample gas flow 0.75 L/min Fluence 5J/cm?
Plasma power 1400 W Sampling scheme Spot
Resolution Low Dwell time 60s
He flow rate* 0.6 L/min

*only for laser ablation measurements, ** (amu), peak width at 10 % of its height.
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5.5.2 Mass fractions of Sr and potential interfering elements

Solution-based ICP-MS yielded an average Sr mass fraction of 495 + 51 pg/g (n =6, 2 SD) for NanoSr.
Analyses of potential interfering materials resulted in average mass fractions <0.2 pg/g (Fig. 5.2).
Rubidium, as a major potential isobaric interference for in-situ Sr isotope analyses yielded an average
mass fraction of 0.075 + 0.036 pg/g (n = 6, 2 SD). This results in a maximum Rb/Sr ratio of 0.0002,
much lower than the suggested Rb/Sr threshold of 0.02 for successful LA-(MC-)ICP-MS measurements
of Sr isotopes (Irrgeher et al., 2016). Further potential interfering elements yielded very low mass
fractions (Dy =0.16 + 0.04 pg/g; Er =0.02 £ 0.04 pg/g; Yb =0.05 + 0.04 ug/g, all uncertainties (2 SD)
are for n = 6) and are thus considered to be negligible for in-situ Sr isotope measurements, as has been

shown for reference materials with a higher mass fraction of these elements (Weber et al., 2018b).
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Fig. 5.2: Solution-based ICP-MS results for the mass fractions of Sr (black square, top graph) and Yb
(red square), Er (purple star), Dy (blue diamond) and Rb (orange circle, bottom graph) for digestion of
six samples. The blue line represents the average mass fraction of Sr (495 + 51 pg/g, n = 6) with the

respective 2 SD uncertainties expressed as red lines. All uncertainties in the bottom panel are 2 SD.

Mass fractions of Sr and Rb were determined by LA-ICP-MS in three different laboratories as described
above. The results are shown in Fig. 5.3. Analyses from the Institute of Geosciences, Mainz (Fig. 5.3
[A]), yielded an average mass fraction of 484 £ 12 nug/g for Sr and of 0.05 £ 0.02 pg/g for Rb (n =72,
2 SD, pellets 1 — 6, for both Sr and Rb). Results from CIGS (Fig. 5.3 [B]), show average mass fractions
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of 502 + 8 ug/g for Sr and 0.05 £ 0.02 pg/g for Rb (bothn=135, 2 SD, pellet 7) and are in good agreement
with the results from the Institute of Geosciences, Mainz. Analyses at MPIC, have been performed by
spot (Fig. 5.3 [C]) and line scan analyses (Fig. 5.3 [D]). Spot analyses yielded an average mass fraction
of 505 £ 12 pg/g for Sr and 0.071 + 0.005 ug/g for Rb (both n =72, 2 SD, pellets 1 — 6), while line scan
analyses resulted in an average mass fraction of 479 + 26 ug/g for Sr and 0.06 + 0.01 pg/g for Rb (both
n =18, 2 SD). An overview of the mass fractions of the elements of interest determined by the different
analytical techniques is provided in Table 5.2. Barium (<0.20 + 0.03 pg/g) mass fraction is provided to
indicate the purity of the carbonate material. All laser ablation analyses performed in this study are in

agreement with the results obtained by solution ICP-MS within uncertainty.
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Fig. 5.3: LA-ICP-MS results obtained in different laboratories. In total, seven different nanopowder
pellets were analysed. [A] Strontium and Rb mass fractions obtained at the Institute of Geosciences,
Mainz (n = 72, pellet 1 — 6). [B] Strontium and Rb mass fractions obtained at the CIGS, Modena (n =5,
pellet 7). [C] Strontium and Rb mass fractions obtained at MPIC, Mainz by spot (n = 72, pellet 1 — 6)

and [D] line scan analyses (n = 18, pellet 1). The blue line represents the average mass fractions for Sr
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and Rb with the respective 2 SD uncertainties expressed as red lines. All uncertainties of single

measurements are 1 SD.

Table 5.2: Mass fractions of Mg, Rb, Sr, Ba, Dy, Er and Yb, as well as respective test portion mass for
the different analytical techniques. Typical RSF (relative sensitivity factor) values for carbonate
reference materials used during data acquisition usually agree within 10 % uncertainty with the GeoReM
values (Jochum et al., 2005) for all presented elements (supplementary Tables A5.1 and A5.2). 1 =
Institute of Geosciences, Mainz; 2 = CIGS, Modena; 3 = MPIC, Mainz; NA = not available, b.d.l.

below detection limit.

Mg Rb Sr Ba Dy Er Yb Test portion mass
[ug/g] [ng/g] [ng/g] [ng/g] [ng/g] [ug/g] [ng/g] [ug]

LA-ICP-MS' 2.7+0.4 0.05 + 0.02 483.7+11.5 b.d.l 0.13+0.03 b.d.l b.d.l 0.8-1.0
Spot analysis
LA-ICP-MS? NA 0.05 +0.02 501.7+8.3 0.17 +0.06 0.20 + 0.02 NA 0.05 +0.02 1.5-2.0
Spot analysis

ICP-MS? NA 0.08 + 0.02 4949 +51.4 0.21 +0.05 0.16 +0.02 0.02 + 0.02 0.05+0.02 5000 - 10000

bulk

LA-ICP-MS® 3.1+02 0.07 +0.01 505.4+11.5 0.18 +0.04 0.18 +0.01 0.004 + 0.002 0.04 +0.01 1.5-2.0
Spot analysis
LA-ICP-MS? 3.0+0.5 0.06 + 0.01 479.1 +26.2 0.17 +0.04 0.20 + 0.03 0.004 +0.010 0.05+0.02 0.4-05

Line scan

5.5.3 Trace element imaging

The results from the imaging using MaplIT! are presented in Fig. 5.4. The mass fraction of Sr is between
450 and 500 pg/g, does not show any significant variability and is thus homogeneously distributed
across the pressed nanopowder pellet (pellet 9). Individual pixels however resulted in substantially
higher values, which might be related to a heterogeneous distribution but is considered more likely to
be caused by instrumental artefacts. Rubidium as a major potential interference for in-sifu analyses of
Sr isotopes only has a low mass fraction (<0.2 pg/g), although yielding higher values than obtained by
the other methods (Table 5.2 and Fig. 5.3). However, the Rb mass fraction is still sufficiently low to not
affect the Sr isotope measurements significantly (Irrgeher et al., 2016). Magnesium and Ba are usually
minor components of carbonate materials and were therefore monitored for the NanoSr pellet. Barium
does not show substantial variability and is generally below 0.2 pg/g. Magnesium, in contrast, exhibits
areas of higher mass fraction, especially at the edge of the nanopowder pellet, which were caused by
spikes in the data and are therefore considered as an artefact. No pre-ablation was performed prior to
the mapping, so either Mg contained in the glue, molecular ions (e.g. C2 with m/z = 24) from organic
components in the glue, or Mg contamination during the production/post-production processes. In
general, the Mg mass fraction is low (<5 pg/g) and is unlikely to affect Sr isotope analysis, even if Mg

is not entirely homogeneous within the nanopowder pellet. All imaged element mass fractions are in
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reasonable agreement with the conventional element mass fractions obtained by (LA-)ICP-MS, although
showing some general noise in the element distribution, which is usually common for mapping

techniques (Sforna and Lugli, 2017).

_ 600 =
S 500 S
= B —_
= 400 o

300 =
5 —
2 E:

Fig. 5.4: Element distribution for Sr (top left), Rb (bottom left), Mg (top right) and Ba (bottom right) of
the pressed nanopowder pellet (pellet 9) obtained with the MapIT! software (Sforna and Lugli, 2017).
The upper half of the nanopowder pellet was analysed. The length of the x-axis is 13 mm (diameter of

the pellet) and the y-distance 6.6 mm for each image obtained.

5.5.4 Solution Sr isotope analyses

The ¥Sr/36Sr ratio determined by TIMS yielded in average 0.707563 + 0.000009 (2 SD, n = 6), which
is in agreement with both MC-ICP-MS analyses (Table 5.3). The 34Sr/*®Sr ratio obtained by TIMS
yielded an average ratio of 0.056493 + 0.000003 (2 SD, n =6). Strontium isotope analyses at CIGS
yielded an average ¥’Sr/*Sr ratio of 0.70755 £ 0.00001 (2 SD, n = 19) and an average *Sr/*Sr ratio of
0.05648 + 0.00001 (2 SD, n =19, Fig. 5.5A). A pressed nanopowder pellet was dissolved to monitor
potential contamination during the nanopowder pellet production. The results for this nanopowder pellet
agree with the other samples, both for #Sr/*Sr (0.70755 + 0.00001, 2 SE) and for *Sr/*Sr (0.056488 +
0.000002, 2 SE, Fig. 5.5A grey square). Sr isotope ratios determined at the MPIC agree within
uncertainty with the data obtained at CIGS. The average *’Sr/**Sr ratio is 0.70756 = 0.00004 (2 SD, n =
21), and the average ¥ Sr/%Sr ratio is 0.05648 + 0.00010 (2 SD, n = 21, Fig. 5.5B). Again, the analysis
of the previously pressed sample did not significantly deviate from the other measurements for ¥’Sr/*Sr
(0.70758 £ 0.00002, 2 SE) and 34Sr/*Sr (0.056535 + 0.000010, 2 SE, Fig. 5.5B grey square). Analyses
performed with the Neptune MC-ICP-MS show a better reproducibility than those obtained with the Nu
MC-ICP-MS at MPIC for both ¥’Sr/%¢Sr and #Sr/36Sr. This is most likely related to the higher sensitivity

of the Neptune system and does not represent inhomogeneity of the NanoSr powder. In summary, all
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solution-based techniques yielded the same results for the ¥’Sr/*Sr ratio of the NanoSr with an average

ratio of 0.70756 + 0.00003 (2 SD, n = 46).
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Fig. 5.5: [A] MC-ICP-MS Neptune data from CIGS (n = 19). [B] MC-ICP-MS Nu Plasma data from
MPIC (n = 21). Black squares represent the ¥’Sr/**Sr and *Sr/%6Sr ratios, respectively, of the individual
measurements. Blue lines show the average ratios with the corresponding 2 SD uncertainties as red lines.
The grey square represents the results from the pressed nanopowder pellet, which was dissolved for

solution analysis.

5.5.5 Laser ablation Sr isotope analyses

Laser ablation Sr isotope analyses were performed at two different laboratories to validate the
microhomogeneity of the carbonate nanopowder in terms of Sr isotope signature. The 8’Sr/*®Sr ratios as
well as the #Sr/%6Sr ratios showed a greater variability in comparison to the solution data. However, the
87Sr/36Sr ratio agree within uncertainty with the solution data with an average ratio of 0.70753 £ 0.00007
(2 SD, n = 58, Fig. 5.6A, pellets 1 — 6) for the analyses at the MPIC, and an average ratio 0.70757 +
0.00006 (2 SD, n = 10, Fig. 5.6B, pellet 7) for the analyses at the CIGS. The average 3Sr/*Sr at MPIC
was 0.05617 = 0.00024 (2 SD, n = 58, Fig. 5.6A, pellets 1 — 6). The *St/*Sr ratios obtained at CIGS
were significantly higher and agree with the natural ratio with an average ratio of 0.05656 + 0.00012
(2 SD,n=10, Fig. 5.6B, pellet 7). Again, the analyses performed with the Neptune system show a better
reproducibility than those performed with the Nu MC-ICP-MS system. To allow traceability of the
obtained dataset, three international microanalytical carbonate RMs (JCt-1, JCp-1 and MACS-3) were
analysed at MPIC using the same instrumentation and methodology. All #’Sr/*Sr ratios of the analysed

RMs are within the expected literature values (see Weber et al. (2018b) and references therein), yielding
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Sr isotope ratios of ¥Sr/%Sr = 0.70918 £ 0.00008 and 34Sr/**Sr = 0.05635 = 0.00006 for JCt-1 (2 SD, n
= 10), ¥’Sr/*Sr = 0.70917 £ 0.00007 and *St/*Sr = 0.05603 + 0.00006 for JCp-1 (2 SD, n = 10) and
87S1/36Sr = 0.70757 £ 0.00004 and 34Sr/*®Sr = 0.05637 + 0.00007 for MACS-3 (2 SD, n = 10).

[Al [B]  0.70757 + 0.00006 (2 SD
0.7075. 0-70753 £ 0.00007 (2 SD) o7078- +0. (28D)
0.7077- 0.7077
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Fig. 5.6: Laser ablation MC-ICP-MS data obtained at the MPIC, Mainz [A] (pellets 1 — 6), and the CIGS
[B] (pellet 7). The ¥’Sr/%Sr as well as the 34Sr/*®Sr ratio of the individual measurements (black squares)

are shown as well as the average ratio (blue line) and the respective 2 SD uncertainties (red lines).

5.6 Discussion

For any MRMs, the homogeneity is a fundamental requirement. This should be true for element and
isotope composition in case the MRM is used for in-situ isotope studies, independent on the typical test
portion mass used for analysis (Kane et al., 2003). We therefore used techniques with different test
portion masses, i.e. solution based vs. laser ablation, to test homogeneity on the ng - pug range and check
if potential inhomogeneity in this range can significantly influence the resulting *’Sr/*Sr ratios obtained

by LA-MC-ICP-MS.

5.6.1 Element mass fraction

The Ca mass fraction was determined by EPMA in both the darker and brighter areas of the compacted
nanopowder pellet (Fig. 5.1 [D]) and yielded an average value of 376000 + 11000 pg/g (n = 24, 2 SD,
pellet 8) and did not show significant differences. As shown in Fig. 5.1 [E], the pore space of the pressed
nanopowder pellet is less than 1 um, indicating a well-compacted material, which is a prerequisite for

microhomogeneity.
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Solution analysis of the synthetic carbonate nanopowder revealed an average Sr mass fraction of 495 +
51 ng/g (2 SD). In-situ analyses at different laboratories revealed Sr mass fraction of the nanopowder
pellet ranging from 479 + 26 pg/g to 505 = 20 pg/g. However, all laser ablation results lie within the
uncertainty range of each other and the solution measurements. Furthermore, the variability during one
day of measurement and within one laboratory did not exceed the 2 SD uncertainty of the bulk analysis.
The imaging of the nanopowder pellet also showed minor Sr variability in the 2 SD range of the
conventional LA-ICP-MS analysis, implying that the material is suitable for microanalysis. The small
differences between the different laboratories could be caused by the different ablation conditions,
calibration strategies and instruments used for this study, as has been recently shown for several common

glass and carbonate RMs (Evans and Miiller, 2018).

The average Sr mass fraction of the new synthetic carbonate reference material is 495 + 51 pg/g, which
was the overall aim prior to production. Since the material is mainly intended for in-situ Sr isotope
studies, a variability of the element mass fraction in the range observed in this study is not expected to
affect the intended use. Potential interfering elements, such as Rb and the REEs, were not found to be
incorporated in the nanopowder at significant levels. The Rb mass fraction was found to be <0.2 pug/g
and the mathematical correction does thus not impose a substantial limitation for the application for in-
situ St isotope studies. Imaging of the Rb distribution in the nanopowder pellet neither revealed areas
of significantly higher mass fraction. REE mass fractions were determined by solution ICP-MS and are
of minor concern. Therefore, doubly-charged REEs, which would potentially hamper the quality of the
results, are not expected to affect Sr isotope ratio measurements. Neither during material production nor
during the preparation of a nanopowder pellet, a significant contamination with any other relevant

element occurred.

5.6.2 Strontium isotope composition

The primary aim for producing the new NanoSr as MRM was to create a material for matrix-matched
calibration of in-situ Sr isotope analyses of carbonate samples with low Sr abundance. Therefore, it is
highly important to precisely characterise the Sr isotope signature of this material. In this study, the
material was analysed in five different laboratories using TIMS, two different MC-ICP-MS and two
different LA-MC-ICP-MS systems. All Sr isotope measurements yield identical results within
uncertainty. We further analysed a sample, which was previously pressed as a nanopowder pellet and
then dissolved for the solution analysis to investigate the potential contamination during pellet
production. The results of these measurements do agree with the overall average Sr isotope ratio.

Therefore, we define a Sr isotope ratio of 0.70756 £+ 0.00003 (2 SD, n = 46) for NanoSr (Table 5.3).
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Table 5.3: Sr/®°Sr and *Sr/3¢Sr ratios for the different analytical techniques with the respective test
portion masses of the measurements. The resulting 8’Sr/%¢Sr ratio for NanoSr is the mean of all solution-
based measurements. *The test portion mass for the solution based analyses take the total amount of
samples material into account, which was dissolved and homogenised for each aliquot. The actual Sr
amount used for the measurements are usually much smaller, i.e. 100 ng for TIMS and 50 — 500 ng for
MC-ICP-MS, depending on the analysis time and used mass fraction for analysis. All uncertainties are
given as 2 SD. In addition, we provide the mean *’Sr/*Sr ratio based on a 95 % confidence level (CL).

1 = MPIC, Mainz, 2 = CIGS, Modena; NA = not available.

87Qr/86Sr 84G /586G Test portion mass*
[ug]
TIMS', n=6 0.70756 £ 0.00001 0.056493 = 0.000003 2500 - 5000
MC-ICP-MS!, n=21 0.70756 = 0.00004 0.05648 + 0.00010 2500 - 5000
MC-ICP-MS% n= 19 0.70755 = 0.00001 0.05648 + 0.00001 2500 - 5000
LA-MC-ICP-MS"n=58| 0.70753 + 0.00007 0.05617 + 0.00024 2-3
LA-MC-ICP-MS2n=10| 0.70757 + 0.00006 0.05656 + 0.00012 2-3
NanoSr, 2 SD, n =46 0.70756 + 0.00003
NanoSr, 95% CL,n=46 | 0.707558 £+ 0.000009

Although the solution analyses yielded, within uncertainty, the same average ratio as the LA-ICP-MS
method, the large test portion masses of the solution-based analyses are not considering potential in-
homogeneities in the pg-range, which is usually the test portion mass for in-situ analyses. Therefore, the
analysis by LA-MC-ICP-MS is necessary to assess homogeneity at a scale of 10s of um. Individual
measurements from the LA-MC-ICP-MS measurements at MPIC yielded results for the 8’Sr/%¢Sr isotope
ratios with small deviations in comparison with the average solution ratio. Cross-checking with
deviations in the 34Sr/*Sr ratio, as suggested by Miiller and Anczkiewicz (2016), did not show an
obvious correlation between a bias in ¥’St/*Sr and an elevated or reduced ¥Sr/%Sr ratio, although the
$4Sr/%Sr ratios of the LA-MC-ICP-MS analyses performed at MPIC are lower than expected from the
naturally invariant ratio. The trend in 3*Sr/*¢Sr during both LA-MC-ICP-MS measurements (Fig. 5.6)
shows furthermore no relation to the formation of Ca argides/dimers, since monitoring of m/z 83 and 82
did not show a significant increase between the gas-blank period and during the ablation. In addition,
the measurements were randomly distributed on different nanopowder pellets (pellets 1 — 6 for MPIC
and pellet 7 for CIGS). Due to the solely use of 10! Q resistors, a more precise monitoring of the small
signals observed at m/z 83 and 82 was not possible to potentially detect small changes in Ca argide/dimer
formation rate. Both LA-MC-ICP-MS setups, however, yielded individual and average *’Sr/*®Sr ratios
in agreement with the solution data (¥’Sr/*Sr = 0.70756 + 0.00003, 2 SD). In addition, the laser ablation

trace element analyses were performed with even smaller test portion masses than the Sr isotope
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measurements. No significant deviation within one pellet was observed with this technique, further
indicating that the NanoSr can be considered homogeneous for microanalytical in-situ Sr isotope
analyses on a scale of 10s of um. This implies, that the flame spray technique is suitable to produce a
custom-made microanalytical carbonate RM, which fulfils the requirements for microanalytical Sr

isotope analysis.

5.6.3 Availability of NanoSr

In total, 15 g of the synthetic carbonate nanopowder NanoSr have been produced. A single pressed pellet
equals about 100 mg of carbonate nanopowder. Due to the intended use as widely available low-Sr
carbonate reference material for the in-situ analysis of Sr isotopes, aliquots of NanoSr are available on

request from the corresponding author.

5.7 Conclusions

This study characterised a custom-made reference material with a specified mass fraction of Sr and a
carbonate matrix. Due to the lack of a suitable low-Sr microanalytical carbonate reference material for
in-situ LA-MC-ICP-MS analysis of Sr isotopes, a synthetic carbonate nanomaterial with a relatively low
Sr mass fraction was produced using the flame spray method. The material can be easily pressed to
stable nanopowder pellets and yielded clean ablation tracks. The trace element mass fraction was
determined after digestion and using laser ablation ICP-MS and yielded a mass fraction of Sr of
approximately 500 pg/g. Potentially interfering elements, such as Rb and REEs, were of minor concerns
due to their low mass fraction. Determination of the Sr isotope ratios using LA-MC-ICP-MS in two
laboratories agree with three different and independent solution-based techniques yielded an average
87Sr/36Sr ratio of 0.70756 + 0.00003 (2 SD). This value is in agreement with LA-MC-ICP-MS analyses
in two different laboratories. Therefore, the NanoSr can be used as a matrix-matched reference material
for carbonate samples to monitor the accuracy and precision of microanalytical analyses of Sr isotopes.
Furthermore, this proof-of-concept study confirms the possibility for researchers to produce their own
microanalytical custom-made reference materials using the flame spray technique, not only for glass

matrices but also for carbonates.
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5.9 Supplement

Table AS.1: Quality control materials from the LA-ICP-MS measurements at the Max Planck Institute

for Chemistry, Mainz.

Element Mg Rb Sr Ba Dy Er Yb
Monitored Isotope BMg $Rb 88Sr 3Ba 16Dy 167Er 13Yb
NIST SRM 612
Mean [ug/g] m=9)| 57.3 32.7 78.3 39.2 37.6 40.6 39.2
1SD [ug/e] 1.2 0.9 1.1 2.6 15 1.9 22
GeoReM [ug/g] 68.0 314 78.4 39.3 35.5 38.0 39.2
RSF 0.84 1.04 1.00 1.00 1.06 1.07 1.00
USGS MACS-3
Mean [ug/g] m=9)| 14559 001 61647  56.8 6.9 7.0 6.8
1SD [png/g] 49.6 0.00 207.6 8.8 04 04 0.4
GeoReM [ug/g] 1756.0 0.02 6760.0 58.7 10.7 11.2 11.2
RSF 0.83 0.28 0.91 0.97 0.64 0.63 0.61
USGS GSD-1G
Mean [pg/g] (n=9)| 19767.9 40.30 68.7 69.1 49.4 38.1 46.8
1SD [ug/g] 511.8 0.94 0.3 53 2.1 1.9 2.6
GeoReM [pg/g] 21712.0 37.30 69.1 67.0 51.2 40.1 50.9
RSF 0.91 1.08 0.99 1.03 0.96 0.95 0.92
USGS GSE-1G
Mean [ug/g] (n=9)| 186872 386.81 4553 4237 4762 4802  463.7
1SD [png/g] 381.2 8.19 5.7 36.7 25.2 18.9 20.7
GeoReM [ug/g] 21109.0  356.00 447.0 427.0 524.0 595.0 520.0
RSF 0.89 1.09 1.02 0.99 0.91 0.81 0.89
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Table A5.2: Quality control materials from the LA-ICP-MS measurements at the Institute of

Geosciences, Mainz.

Element Mg Rb Sr Ba Dy Er Yb
Monitored Isotope BMg $Rb 88Sr 13'Ba 16Dy 167y 13Yb
NIST SRM 612
Mean [pg/g] (n=9) 54.8 323 79.8 41.0 37.8 40.6 40.4
1SD [ug/e] 12 0.6 0.9 0.6 0.8 0.9 1.0
GeoReM [pg/g] 68.0 314 78.4 39.3 355 38.0 39.2
RSF 0.81 1.03 1.02 1.04 1.07 1.07 1.03
USGS BCR-2G
Mean [pg/g] n=9)| 19513.6 490 3425  706.1 6.2 3.6 3.2
1SD [ng/e] 117.8 0.5 2.0 8.8 0.2 0.1 0.1
GeoReM [pg/g] 21471.0 47.0 342.0 683.0 6.4 3.7 34
RSF 091 1.04 1.00 1.03 0.96 0.97 0.94
USGS MACS-3
Mean [pg/g]l (n=9)| 1613.6 0.03 69224 56.8 10.5 10.8 109
1SD [ug/g] 13.7 0.01 82.2 1.1 0.3 0.2 0.2
GeoReM [pg/g] 1756.0 0.02 6760.0 58.7 10.7 11.2 11.2
RSF 0.92 1.41 1.02 0.97 0.98 0.97 0.97
USGS GSD-1G
Mean [pg/g] (n=9)| 205515  39.50  70.2 715 50.9 39.9 49.9
1SD [png/g] 215.0 0.32 0.5 1.1 1.0 0.9 1.2
GeoReM [ug/g] 21712.0 37.30 69.1 67.0 51.2 40.1 50.9
RSF 0.95 1.06 1.01 1.07 0.99 0.99 0.98
USGS GSE-1G
Mean [pg/g] (n=9)| 20851.3 39493 461.4 448.8 520.0 569.1 510.1
1SD [ug/e] 1987  3.53 25 4.6 3.5 5.8 52
GeoReM [pg/g] 21109.0 356.00 447.0 427.0 524.0 595.0 520.0
RSF 0.99 1.11 1.03 1.05 0.99 0.96 0.98
USGS BCR-2G
Mean [pg/g] (n=9)| 19513.6  49.00 3425  706.1 6.2 3.6 32
1SD [ng/g] 117.8 0.51 2.0 8.8 0.2 0.1 0.1
GeoReM [ug/g] | 21471.0  47.00 3420  683.0 6.4 3.7 3.4
RSF 0.91 1.04 1.00 1.03 0.96 0.97 0.94
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Table A5.3: LA-ICP-MS spot analyses of NanoSr at the Institute of Geosciences, Mainz.

Mg Rb Sr Dy
Sample ID [ng/e] [ng/e] [ne/e] (ng/e]
Nano-1-1 2.34 0.039 490.0 0.165
Nano-1-2 2.51 0.063 492.5 0.155
Nano-1-3 291 0.027 490.5 0.135
Nano-1-4 2.68 0.039 487.3 0.134
Nano-1-5 2.84 0.057 485.3 0.141
Nano-1-6 2.53 0.031 479.7 0.114
Nano-1-7 2.71 0.047 482.1 0.125
Nano-1-8 2.45 0.048 487.0 0.120
Nano-1-9 2.76 0.050 483.0 0.146
Nano-1-10 2.81 0.029 486.9 0.100
Nano-1-11 2.99 0.042 491.4 0.096
Nano-1-12 2.85 0.062 487.1 0.142
Nano-2-1 2.80 0.057 483.7 0.142
Nano-2-2 291 0.075 483.0 0.156
Nano-2-3 2.71 0.046 477.9 0.136
Nano-2-4 2.67 0.036 483.4 0.127
Nano-2-5 2.87 0.052 485.5 0.142
Nano-2-6 2.66 0.037 477.7 0.124
Nano-2-7 2.73 0.058 481.9 0.148
Nano-2-8 2.69 0.065 484.5 0.156
Nano-2-9 2.43 0.054 479.4 0.145
Nano-2-10 2.71 0.042 480.4 0.136
Nano-2-11 2.58 0.038 480.8 0.133
Nano-2-12 3.11 0.059 481.3 0.118
Nano-3-1 2.80 0.034 487.7 0.134
Nano-3-2 2.62 0.061 482.5 0.137
Nano-3-3 2.32 0.042 479.5 0.138
Nano-3-4 2.40 0.053 478.4 0.136
Nano-3-5 2.45 0.051 473.4 0.121
Nano-3-6 2.72 0.039 481.9 0.128
Nano-3-7 2.62 0.048 476.8 0.127
Nano-3-8 2.62 0.047 479.9 0.136
Nano-3-9 2.66 0.056 487.8 0.140
Nano-3-10 2.89 0.034 472 .4 0.134
Nano-3-11 2.46 0.046 479.0 0.122
Nano-3-12 2.56 0.050 484.3 0.156
Nano-4-1 2.84 0.046 497.1 0.123
Nano-4-2 2.59 0.065 498.4 0.126
Nano-4-3 2.45 0.065 498 .4 0.137
Nano-4-4 2.85 0.046 498.7 0.163
Nano-4-5 3.04 0.052 489.6 0.131
Nano-4-6 2.61 0.051 4943 0.127
Nano-4-7 2.72 0.052 4914 0.141
Nano-4-8 2.94 0.057 490.0 0.154
Nano-4-9 2.56 0.058 482.7 0.153
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Table A5.3 (continued):
Mg Rb Sr Dy
Sample ID [ne/e] [ne/e] ng/g) ng'g)
Nano-5-1 2.08 0.052 483.5 0.161
Nano-5-2 2.63 NA 487.8 0.127
Nano-5-3 2.63 0.037 480.0 0.136
Nano-5-4 2.49 0.029 481.4 0.098
Nano-5-5 2.72 0.058 484.0 0.107
Nano-5-6 2.44 0.027 479.9 0.101
Nano-5-7 2.66 0.043 478.9 0.140
Nano-5-8 2.28 0.046 479.9 0.103
Nano-5-9 2.59 0.043 481.1 0.143
Nano-5-10 2.83 0.046 481.1 0.112
Nano-5-11 2.98 0.041 482.1 0.123
Nano-5-12 2.75 0.028 475.8 0.128
Nano-6-1 2.69 0.052 483.7 0.154
Nano-6-2 2.90 0.049 481.8 0.141
Nano-6-3 2.50 0.021 480.0 0.141
Nano-6-4 2.67 0.052 482.5 0.134
Nano-6-5 2.56 0.054 478.8 0.146
Nano-6-6 2.84 0.061 475.5 0.128
Nano-6-7 2.48 0.039 478.7 0.159
Nano-6-8 2.72 0.045 480.0 0.142
Nano-6-9 2.63 0.066 479.2 0.148
Nano-6-10 2.73 0.072 477.5 0.153
Nano-6-11 2.81 0.056 480.2 0.145
Nano-6-12 2.38 0.032 480.3 0.118
Table AS.4: LA-ICP-MS spot analyses at the Max Planck Institute for Chemistry, Mainz.
Mg Rb Sr Ba Dy Er Yb

SplelD gl lugel  [nglel  [neld  [ngel  [ngel gl
Nano-1-1 3.13 0.072 515.0 0.22 0.188 0.005 0.044
Nano-1-2 3.24 0.074 519.8 0.20 0.193 0.004 0.044
Nano-1-3 3.21 0.077 514.1 0.30 0.188 0.005 0.043
Nano-1-4 3.20 0.069 508.3 0.18 0.189 0.006 0.039
Nano-1-5 3.11 0.072 504.2 0.20 0.190 0.004 0.038
Nano-1-6 3.08 0.069 502.0 0.19 0.189 0.005 0.040
Nano-1-7 3.16 0.070 509.7 0.19 0.189 0.005 0.038
Nano-1-8 3.19 0.070 504.9 0.18 0.188 0.004 0.041
Nano-1-9 3.09 0.068 504.9 0.18 0.193 0.004 0.038
Nano-1-10 3.26 0.073 505.4 0.20 0.187 0.004 0.041
Nano-1-11 3.15 0.076 507.0 0.21 0.191 0.004 0.040
Nano-1-12 3.29 0.070 495.1 0.20 0.190 0.005 0.045
Nano-2-1 3.26 0.072 517.9 0.20 0.200 0.006 0.043
Nano-2-2 342 0.073 512.1 0.20 0.188 0.006 0.040
Nano-2-3 3.16 0.073 501.9 0.19 0.191 0.005 0.045
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Table A5.4 (continued):
Mg Rb Sr Ba Dy Er Yb

Sample D1 oe]  fugre]  [ngel  (wgld  [uelel  [nge  [ugld]
Nano-2-4 3.16 0.069 501.3 0.20 0.183 0.005 0.043
Nano-2-5 3.10 0.071 500.0 0.19 0.183 0.005 0.040
Nano-2-6 3.18 0.070 502.1 0.18 0.177 0.005 0.041
Nano-2-7 3.40 0.073 503.4 0.20 0.185 0.005 0.040
Nano-2-8 3.28 0.066 503.9 0.19 0.179 0.004 0.044
Nano-2-9 3.23 0.068 496.7 0.18 0.179 0.005 0.042
Nano-2-10 3.10 0.067 502.4 0.18 0.187 0.004 0.043
Nano-2-11 3.14 0.070 502.0 0.17 0.191 0.004 0.040
Nano-2-12 3.15 0.069 505.9 0.18 0.185 0.005 0.039
Nano-3-1 3.14 0.070 497.5 0.19 0.186 0.003 0.042
Nano-3-2 3.16 0.071 494.6 0.18 0.183 0.005 0.042
Nano-3-3 3.12 0.066 498.7 0.18 0.179 0.003 0.042
Nano-3-4 3.19 0.074 500.1 0.19 0.181 0.005 0.039
Nano-3-5 3.10 0.071 4947 0.17 0.178 0.004 0.039
Nano-3-6 3.13 0.069 507.2 0.16 0.184 0.004 0.037
Nano-3-7 3.22 0.075 504.1 0.19 0.182 0.004 0.038
Nano-3-8 3.15 0.066 498.9 0.18 0.181 0.005 0.033
Nano-3-9 3.14 0.069 492.9 0.18 0.179 0.004 0.041
Nano-3-10 3.14 0.070 498.5 0.19 0.183 0.004 0.040
Nano-3-11 3.10 0.070 506.3 0.19 0.187 0.006 0.043
Nano-3-12 3.12 0.071 503.7 0.18 0.183 0.004 0.036
Nano-4-1 3.23 0.069 518.7 0.17 0.203 0.006 0.048
Nano-4-2 3.15 0.071 508.8 0.18 0.196 0.006 0.042
Nano-4-3 3.12 0.073 503.0 0.18 0.192 0.005 0.042
Nano-4-4 3.18 0.071 506.9 0.18 0.187 0.005 0.040
Nano-4-5 3.05 0.072 511.0 0.16 0.186 0.004 0.041
Nano-4-6 3.12 0.072 504.5 0.18 0.184 0.004 0.040
Nano-4-7 3.13 0.069 501.6 0.17 0.180 0.004 0.038
Nano-4-8 3.11 0.067 497.9 0.18 0.183 0.004 0.042
Nano-4-9 3.25 0.071 498.5 0.17 0.191 0.005 0.044
Nano-4-10 3.12 0.068 499.6 0.17 0.182 0.005 0.040
Nano-4-11 3.03 0.070 507.5 0.19 0.177 0.005 0.039
Nano-4-12 3.09 0.068 510.0 0.17 0.184 0.004 0.038
Nano-5-1 3.15 0.070 501.7 0.17 0.179 0.004 0.042
Nano-5-2 3.09 0.071 507.0 0.18 0.183 0.004 0.040
Nano-5-3 3.07 0.068 504.4 0.17 0.180 0.004 0.040
Nano-5-4 3.03 0.074 502.4 0.17 0.170 0.004 0.041
Nano-5-5 3.08 0.071 512.7 0.19 0.177 0.003 0.037
Nano-5-6 3.01 0.074 501.5 0.17 0.177 0.003 0.036
Nano-5-7 3.09 0.079 509.1 0.19 0.177 0.005 0.041
Nano-5-8 3.02 0.074 509.3 0.16 0.184 0.005 0.038
Nano-5-9 3.12 0.077 508.2 0.17 0.179 0.005 0.042
Nano-5-10 3.16 0.073 506.4 0.18 0.181 0.006 0.040
Nano-5-11 3.08 0.076 512.4 0.18 0.183 0.004 0.039
Nano-5-12 3.10 0.073 507.9 0.17 0.183 0.004 0.041
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Table A5.4 (continued):
Mg Rb Sr Ba Dy Er Yb

Sample D1 oe]  fugre]  [ngel  (wgld  [uelel  [nge  [ugld]
Nano-6-1 3.09 0.073 513.1 0.17 0.185 0.005 0.040
Nano-6-2 3.03 0.071 504.8 0.16 0.184 0.004 0.044
Nano-6-3 3.11 0.073 510.4 0.18 0.188 0.004 0.040
Nano-6-4 3.17 0.072 508.2 0.17 0.191 0.005 0.040
Nano-6-5 3.08 0.070 503.2 0.17 0.181 0.005 0.042
Nano-6-6 3.10 0.067 499.8 0.17 0.179 0.005 0.038
Nano-6-7 3.05 0.072 508.5 0.17 0.187 0.005 0.039
Nano-6-8 3.08 0.070 507.5 0.17 0.181 0.004 0.039
Nano-6-9 3.06 0.076 512.2 0.17 0.182 0.004 0.041
Nano-6-10 3.05 0.070 511.7 0.18 0.184 0.004 0.042
Nano-6-11 3.05 0.070 509.0 0.18 0.188 0.003 0.042
Nano-6-12 3.12 0.072 508.4 0.17 0.187 0.004 0.043

Table AS5.5: LA-ICP-MS line scan analyses at Max Planck Institute for Chemistry, Mainz.

Sample ID Mg Rb Sr Ba Dy YDb
[ng/g] [ng/g] [ng/g] [ng/g] [ng/g] [ng/g]
Nano-1-1 3.3 0.05815 479.72904 0.18 0.2 0.04
Nano-1-2 3.47 0.05823 460.97603 0.17 0.2 0.06
Nano-1-3 3.45 0.06222  503.00683 0.18 0.23 0.05
Nano-1-4 3.15 0.05613 472.61572 0.17 0.2 0.06
Nano-1-5 2.97 0.05951 470.36974 0.18 0.2 0.08
Nano-1-6 2.79 0.05944  469.59324 0.16 0.2 0.04
Nano-1-1 2.63 0.06443 482.07046 0.18 0.21 0.06
Nano-1-2 2.63 0.06443 482.07046 0.18 0.21 0.06
Nano-1-3 2.7 0.05562  455.34979 0.16 0.17 0.05
Nano-1-4 2.78 0.06171 470.52421 0.18 0.21 0.04
Nano-1-5 2.81 0.06732  501.35312 0.17 0.2 0.06
Nano-1-6 2.88 0.06368 467.0117 0.15 0.18 0.05
Nano-1-7 3.16 0.07216  490.32026 0.17 0.21 0.05
Nano-1-8 3.33 0.06716  495.61966 0.16 0.19 0.05
Nano-1-9 3.17 0.06553 480.62347 0.17 0.2 0.05
Nano-1-10 2.98 0.05994  488.33712 0.19 0.21 0.04
Nano-1-12 2.98 0.054 47433767 0.15 0.19 0.06
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Table A5.6: LA-ICP-MS spot analyses at Centro Interdipartimentale Grandi Strumenti, University of
Modena and Reggio Emilia.

Sample ID Rb Sr Ba Dy Yb
[ng/g] [ng/g] [ng/g] [ng/g] [ng/g]

Nano-7-1 0.049 504.32 0.14 0.20 0.05
Nano-7-2 0.043 496.96 0.19 0.19 0.05
Nano-7-3 0.040 501.33 0.14 0.20 0.03
Nano-7-4 0.068 497.85 0.18 0.21 0.06
Nano-7-5 0.045 508.15 0.20 0.21 0.05

Table AS.7: ICP-MS analyses at Centro Interdipartimentale Grandi Strumenti, University of Modena

and Reggio Emilia.
Rb Sr Ba Dy Er Yb
Sample D 1 o/g) [ng/e] [ng/e] [ugle] [ug/e] [ug/e]
Nano-1-1 0.11 519.9 0.21 0.20 0.06 0.08
Nano-1-2 0.08 468.1 0.17 0.16 0.02 0.05
Nano-1-3 0.06 515.0 0.31 0.15 0.01 0.04
Nano-1-4 0.07 519.2 0.24 0.16 0.01 0.05
Nano-1-5 0.06 454.5 0.18 0.14 0.01 0.04
Nano-1-6 0.07 492.9 0.17 0.16 0.01 0.04

Table A5.8: MC-ICP-MS analyses at Centro Interdipartimentale Grandi Strumenti, University of
Modena and Reggio Emilia.

Sample ID 87Sr/%¢Sr 2 SE 84Sr/8¢Sr 2 SE
N1-1 0.707554 0.000008 0.056486 0.000002
N1-2 0.707550 0.000009 0.056478 0.000002
N1-3 0.707542 0.000009 0.056482 0.000002
N2-1 0.707556 0.000009 0.056479 0.000002
N2-2 0.707552 0.000009 0.056484 0.000002
N2-3 0.707537 0.000008 0.056482 0.000002
N3-1 0.707551 0.000010 0.056483 0.000014
N3-2 0.707550 0.000013 0.056465 0.000002
N3-3 0.707555 0.000013 0.056474 0.000002
N4-1 0.707563 0.000013 0.056475 0.000002
N4-2 0.707554 0.000013 0.056488 0.000002
N4-3 0.707551 0.000013 0.056482 0.000002
N5-1 0.707543 0.000013 0.056486 0.000002
N5-2 0.707546 0.000013 0.056480 0.000002
N5-3 0.707547 0.000013 0.056485 0.000002
N6-1 0.707554 0.000013 0.056486 0.000002
N6-2 0.707566 0.000013 0.056490 0.000002
N6-3 0.707558 0.000013 0.056493 0.000002
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Table A5.8 (continued):
Sample ID 87Sr/36Sr 2 SE 84Sr/36Sr 2 SE
NP19 0.707554 0.000014 0.056488 0.000002

Table AS5.9: MC-ICP-MS analyses at Max Planck Institute for Chemistry, Mainz.

Sample ID 87Sr/%Sr 2 SE 84Sr/8¢Sr 2 SE
N1-1 0.707558 0.000035 0.056390 0.000012
N1-1b 0.707548 0.000015 0.056510 0.000006
Nl-Ic 0.707578 0.000015 0.056588 0.000007
N1-2 0.707572 0.000015 0.056557 0.000011
N1-3 0.707546 0.000015 0.056472 0.000010
N2-1 0.707587 0.000017 0.056457 0.000008
N2-2 0.707582 0.000019 0.056535 0.000010
N2-3 0.707566 0.000019 0.056561 0.000008
N3-1 0.707558 0.000018 0.056478 0.000007
N3-2 0.707581 0.000018 0.056451 0.000015
N3-3 0.707604 0.000020 0.056457 0.000007
N4-1 0.707543 0.000021 0.056457 0.000009
N4-2 0.707553 0.000020 0.056463 0.000009
N4-3 0.707538 0.000020 0.056493 0.000010
N5-1 0.707611 0.000021 0.056436 0.000009
N5-2 0.707542 0.000023 0.056484 0.000011
N5-3 0.707548 0.000019 0.056502 0.000009
No6-1 0.707556 0.000022 0.056506 0.000011
N6-2 0.707561 0.000022 0.056438 0.000010
N6-3 0.707553 0.000022 0.056424 0.000011
NP19 0.707523 0.000023 0.056421 0.000011

Table A5.10: LA-MC-ICP-MS analyses at Centro Interdipartimentale Grandi Strumenti, University of
Modena and Reggio Emilia.

Sample ID 87Sr/%¢Sr 2 SE 84Sr/8¢Sr 2 SE
Nano-7-1 0.70758 0.00002 0.05626 0.00002
Nano-7-2 0.70760 0.00003 0.05644 0.00002
Nano-7-3 0.70760 0.00003 0.05636 0.00002
Nano-7-4 0.70756 0.00003 0.05647 0.00002
Nano-7-5 0.70756 0.00005 0.05668 0.00003
Nano-7-6 0.70754 0.00004 0.05659 0.00003
Nano-7-7 0.70750 0.00004 0.05657 0.00003
Nano-7-8 0.70758 0.00004 0.05661 0.00003
Nano-7-9 0.70758 0.00003 0.05655 0.00003
Nano-7-10 0.70756 0.00004 0.05662 0.00003
seashell 0.70916 0.00002 0.05655 0.00001
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Table A5.11: LA-MC-ICP-MS analyses at Max Planck Institute for Chemistry, Mainz.

Sample ID 87Sr/%¢Sr 2 SE 84Sr/8¢Sr 2 SE
Nano-1 0.70750 0.00004 0.05588 0.00005
Nano-2 0.70753 0.00004 0.05592 0.00005
Nano-3 0.70753 0.00004 0.05596 0.00005
Nano-4 0.70753 0.00004 0.05594 0.00005
Nano-5 0.70749 0.00004 0.05593 0.00005
Nano-6 0.70750 0.00004 0.05609 0.00005
Nano-7 0.70758 0.00004 0.05604 0.00006
Nano-8 0.70754 0.00004 0.05617 0.00006
Nano-9 0.70752 0.00004 0.05616 0.00007
Nano-10 0.70762 0.00004 0.05615 0.00006
Nano-11 0.70755 0.00004 0.05600 0.00006
Nano-12 0.70758 0.00004 0.05616 0.00005
Nano-13 0.70758 0.00004 0.05612 0.00005
Nano-14 0.70761 0.00004 0.05619 0.00005
Nano-15 0.70752 0.00004 0.05617 0.00006
Nano-16 0.70753 0.00004 0.05619 0.00006
Nano-17 0.70756 0.00004 0.05603 0.00006
Nano-18 0.70753 0.00004 0.05620 0.00006
Nano-19 0.70752 0.00004 0.05609 0.00006
Nano-20 0.70753 0.00002 0.05605 0.00003
Nano-21 0.70751 0.00002 0.05610 0.00003
Nano-22 0.70754 0.00002 0.05606 0.00003
Nano-23 0.70753 0.00002 0.05609 0.00003
Nano-24 0.70755 0.00002 0.05612 0.00003
Nano-25 0.70756 0.00002 0.05613 0.00003
Nano-26 0.70755 0.00003 0.05614 0.00003
Nano-27 0.70753 0.00003 0.05623 0.00004
Nano-28 0.70753 0.00003 0.05614 0.00004
Nano-29 0.70751 0.00003 0.05622 0.00005
Nano-30 0.70748 0.00003 0.05621 0.00004
Nano-31 0.70755 0.00002 0.05614 0.00003
Nano-32 0.70755 0.00002 0.05625 0.00003
Nano-33 0.70755 0.00002 0.05623 0.00003
Nano-34 0.70750 0.00002 0.05630 0.00003
Nano-35 0.70752 0.00002 0.05626 0.00003
Nano-36 0.70749 0.00003 0.05619 0.00003
Nano-37 0.70749 0.00003 0.05622 0.00003
Nano-38 0.70752 0.00003 0.05629 0.00004
Nano-39 0.70748 0.00003 0.05640 0.00004
Nano-40 0.70749 0.00003 0.05631 0.00005
Nano-41 0.70750 0.00003 0.05629 0.00004
Nano-42 0.70755 0.00005 0.05627 0.00007
Nano-43 0.70761 0.00004 0.05609 0.00007
Nano-44 0.70753 0.00005 0.05615 0.00007
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Table A5.11 (continued):

Sample ID 87Sr/%¢Sr 2 SE 84Sr/8¢Sr 2 SE
Nano-45 0.70748 0.00004 0.05627 0.00006
Nano-46 0.70748 0.00005 0.05627 0.00007
Nano-47 0.70762 0.00004 0.05610 0.00007
Nano-48 0.70754 0.00005 0.05619 0.00007
Nano-49 0.70758 0.00004 0.05615 0.00007
Nano-50 0.70752 0.00005 0.05628 0.00007
Nano-51 0.70756 0.00005 0.05614 0.00009
Nano-52 0.70751 0.00004 0.05638 0.00007
Nano-53 0.70758 0.00004 0.05627 0.00007
Nano-54 0.70761 0.00004 0.05628 0.00007
Nano-55 0.70750 0.00004 0.05628 0.00007
Nano-56 0.70752 0.00005 0.05614 0.00007
Nano-57 0.70751 0.00005 0.05648 0.00007
Nano-58 0.70750 0.00005 0.05642 0.00007
JCt-1-1 0.70922 0.00004 0.05633 0.00004
JCt-1-2 0.70920 0.00003 0.05640 0.00002
JCt-1-3 0.70923 0.00003 0.05629 0.00003
ICt-1-4 0.70922 0.00003 0.05637 0.00003
JCt-1-5 0.70918 0.00003 0.05634 0.00003
JCt-1-6 0.70918 0.00003 0.05637 0.00003
JCt-1-7 0.70914 0.00003 0.05639 0.00003
JCt-1-8 0.70911 0.00003 0.05636 0.00003
JCt-1-9 0.70914 0.00004 0.05634 0.00003
JCt-1-10 0.70916 0.00003 0.05634 0.00003
MACS3-1 0.70758 0.00003 0.05607 0.00003
MACS3-2 0.70757 0.00003 0.05602 0.00003
MACS3-3 0.70758 0.00003 0.05606 0.00003
MACS3-4 0.70755 0.00004 0.05600 0.00003
MACS3-5 0.70757 0.00003 0.05599 0.00003
MACS3-6 0.70755 0.00003 0.05600 0.00003
MACS3-7 0.70760 0.00003 0.05606 0.00003
MACS3-8 0.70754 0.00004 0.05601 0.00003
MACS3-9 0.70755 0.00003 0.05605 0.00003
MACS3-10 0.70758 0.00003 0.05605 0.00003
JCp-1-1 0.70915 0.00005 0.05635 0.00003
JCp-1-2 0.70921 0.00004 0.05641 0.00003
JCp-1-3 0.70922 0.00004 0.05639 0.00003
JCp-1-4 0.70922 0.00004 0.05637 0.00003
JCp-1-5 0.70915 0.00004 0.05629 0.00003
JCp-1-6 0.70916 0.00004 0.05639 0.00003
JCp-1-7 0.70913 0.00004 0.05634 0.00003
JCp-1-8 0.70916 0.00004 0.05638 0.00003
JCp-1-90 0.70913 0.00004 0.05638 0.00002
JCp-1-10 0.70917 0.00004 0.05641 0.00002
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Table A5.12: TIMS analyses at Max Planck Institute for Chemistry, Mainz.

Sample ID 87Sr/36Sr 2 SE
N1-1 0.707568 0.000007
N2-1 0.707560 0.000006
N3-1 0.707561 0.000007
N4-1 0.707564 0.000008
N5-1A 0.707556 0.000007
N5-1B 0.707569 0.000005

Table AS.13: EPMA analyses at Institute of Geosciences, Mainz.

Ca

Sample ID [ug/e] 2 SD
N1 370103 11103
N2 364729 10942
N3 367059 11012
N4 363421 10903
N5 380038 11401
N6 376936 11308
N7 377815 11334
N8 380674 11420
N9 376972 11309
N10 376579 11297
NI11 373798 11214
N12 377415 11322
N13 381646 11449
N14 376600 11298
NI15 378894 11367
N16 379230 11377
N17 379588 11388
NI18 380352 11411
N19 379802 11394
N20 378423 11353
N21 381053 11432
N22 366294 10989
N23 380903 11427
N24 371676 11150
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6.1 Abstract

Marine Isotope Stage 3 (MIS 3, 57 — 27 ka) was characterised by numerous rapid climate oscillations
(i.e. Dansgaard-Oeschger (D/O-) events), which are reflected in various climate archives. So far, MIS 3
speleothem records from Central Europe have mainly been restricted to caves located beneath temperate
Alpine glaciers or close to the Atlantic Ocean. Thus, MIS 3 seemed to be too cold and dry to enable
speleothem growth north of the Alps in Central Europe.

Here we present a new speleothem record from Bunker Cave, Germany, which shows two distinct
growth phases from 52.0 (+0.8, -0.5) to 50.9 (+0.6, -1.3) ka and 47.3 (+1.0, -0.6) to 42.8 (+ 0.9) ka,
rejecting this hypothesis. These two growth phases potentially correspond to the two warmest and most
humid phases in Central Europe during MIS 3, which is confirmed by pollen data from the nearby Eifel.
The hiatus separating the two phases is associated with Heinrich stadial 5 (HS 5), although the growth
stop precedes the onset of HS 5. The first growth phase is characterised by a fast growth rate, and Mg
mass fractions and Sr isotope data suggest high infiltration and the presence of soil cover above the cave.
The second growth phase was characterised by drier, but still favourable conditions for speleothem
growth. During this phase, the 8'°C values show a significant decrease associated with D/O-event 12.
The timing of this shift is in agreement with other MIS 3 speleothem data from Europe and Greenland

ice core data.

6.2 Introduction

Marine Isotope Stage 3 (MIS 3, ca. 57-27 ka; Lisiecki and Raymo, 2005) was characterised by rapid
climate oscillations (i.e. the Dansgaard-Oeschger (D/O) events). This high-frequency climate variability
was first discovered in Greenland ice cores by Johnsen et al. (1992) and Dansgaard et al. (1993). Stable
oxygen isotope (8'*0) records obtained from ice cores show the occurrence of high-magnitude climate
cycles, where a rapid temperature increase (up to 10 to 16 °C on the summit of Greenland; (Huber et al.,
2006; Kindler et al., 2014) occurred within decades and was followed by a gradual cooling. For MIS 3,
eleven D/O-events have been described in Greenland ice cores (D/O 5 — 15), based on the GICCO05
timescale (Rasmussen et al., 2014). Furthermore, MIS 3 was characterised by Heinrich events 3 to 5,
triggered by freshwater input in the North Atlantic, slowing down North-Atlantic deep-water formation
(Bohmet al., 2015) and identified by ice-rafted debris (IRD) layers (Heinrich, 1988). The corresponding
Heinrich stadials were cold phases with a typical duration of few thousand years, identified both in
Greenland ice cores and in North Atlantic and Mediterranean sediment cores (e.g. Bond et al., 1993;
Cacho et al., 1999; Sanchez Goiii et al., 2002). These marine records, however, often lack independent
and precise dating control, rendering the identification of leads and lags during D/O-events partly

ambiguous.

Speleothems have been used as archives of past climate and environmental variability in Europe (e.g.

Fankhauser et al., 2016; Fohlmeister et al., 2012; Genty et al., 2003; Luetscher et al., 2015). The U-
112



Chapter 6

series disequilibrium method (Richards and Dorale, 2003; Scholz and Hoffmann, 2008) allows to obtain
accurate and precise age-depth models. In addition, stable carbon and oxygen isotopes as well as trace
elements can be measured at high temporal resolution in speleothems and have been widely used to
investigate past climate change (Fairchild et al., 2006; Fairchild and Treble, 2009; Lachniet, 2009;
McDermott, 2004). Furthermore, speleothem growth itself can be used as climate proxy, especially
during glacial periods. Speleothem growth depends on several climatic and environmental factors, such
as the availability of water (i.e. temperature >0 °C) and a high pCO in the soil above the cave (Mattey
etal.,2016). Consequently, speleothem growth is mainly restricted to relatively warm and humid climate
periods that are characterised by the availability of water, sufficient soil development and vegetation
cover above the cave, such as during the Holocene (Mangini et al., 2007; McDermott et al., 1999) and
previous interglacials (Baker et al., 1993; Gordon et al., 1989; Hennig et al., 1983). This results in drip
water supersaturated with respect to calcite entering the cave and, eventually, the precipitation of

speleothem calcite.

European speleothem records from MIS 3 are limited. Besides some records from southern and south-
eastern Europe with only single ages indicating growth during MIS 3 (Constantin et al., 2007; Hodge et
al., 2008), the majority of MIS 3 speleothem records have so far been reported from the Alpine region
(Holzkdmper et al., 2005; Luetscher et al., 2015; Moseley et al., 2014; Sp6tl and Mangini, 2002; Spoétl
et al., 2006). These speleothems grew in caves underneath temperate glaciers, which provided enough
meltwater to enable speleothem growth (Spétl and Mangini, 2002), despite of cold climate conditions
at the surface. Therefore, their growth cannot be used as a direct climate indicator, in particular for
Central Europe. Further speleothems from MIS 3 have been found in south-western (SW) and north-
eastern (NE) France. In particular, MIS 3 stalagmites from Villars Cave (SW France) were subject of
several studies and provided valuable information about climate variability during this period (Genty et
al., 2003; Genty et al., 2005; Genty et al., 2010; Wainer et al., 2009). Another MIS 3 speleothem was
found at Grotte des Puits de Pierra-la-Treiche (NE France, Pons-Branchu et al., 2010). The most north-
western European MIS 3 speleothem record was published from Crag Cave (SW Ireland), where several
broken stalagmites have been dated (Fankhauser et al., 2016). These authors showed that speleothem
growth occurred episodically during MIS 3 interstadials, especially during mid to late MIS 3.

Here we present a new record of a stalagmite from Bunker Cave, central Germany, which grew during
MIS 3. Currently, this is the northern-most MIS 3 speleothem record for Central Europe, where
centennial-scale climate records of this time interval are rare (McDermott, 2004; Voelker, 2002). The
record shows two warm and humid phases during early MIS 3 separated by a hiatus corresponding to

the Heinrich 5 cold event (HS 5).
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6.3 Site and sample description
The precise knowledge of the cave setting is essential for successful palaeoclimate reconstructions using

speleothems, since the cave environment is highly influencing the resulting proxy data.

6.3.1 Bunker Cave

Bunker Cave has been described in detail by Riechelmann et al. (2011) and Fohlmeister et al. (2012)
and is thus only briefly discussed here. The cave (51°22°03°N, 7°39°53"’E) is located in western
Germany (Sauerland, Fig. 6.1), the cave entrance at 184 m above sea level. The cave is developed in
Middle to Upper Devonian low-Mg limestone, which contains dolomite veins, and the limestone
overburden ranges from 15 to 30 m (Grebe, 1993). At present, the host rock is covered by up to 70 cm
of brownish loamy soil, which developed from loess loam deposited during the last glacial (von Kamp
and Ribbert, 2005). The thin soil horizon A (<10 cm) is humic, covering a brown/yellow soil horizon B.
Soil horizon C is built up by this brown/yellow soil and the limestone host rock (Riechelmann et al.,
2011). Today, the vegetation above the cave consists of C3-plants, mainly ash and beech trees as well
as shrubs. The mean annual cave air and drip water temperature is 10.6°C (2006 — 2009). Mean annual
precipitation in the area is 919 mm (1988 — 2007, weather station Hagen-Fley), equally distributed over
the year. The 8'30 values of precipitation range from -5 %o in summer to -13 %o in winter (Riechelmann
etal., 2017). The 3'80 values of cave drip water (mean §'*0 =-7.9 + 0.3 %o, 1 SD, n=384,2006 —2013,
Riechelmann et al., 2017) imply a well-mixed aquifer. Calcite precipitation in Bunker Cave was
observed during the whole year by watch glass experiments at several drip sites (mean §'°C = -8.6 +
0.6 %o, 1 SD, n = 16; mean §'®0 = -6.1 £ 0.2 %o, 1 SD, n = 16, Riechelmann, 2010; Riechelmann et al.,
2014). Therefore, Bunker Cave is highly suitable for reconstruction of long-term multi-annual climate
trends in Central Europe (Fohlmeister et al., 2012; Riechelmann et al., 2011; Riechelmann et al., 2012a;
Riechelmann et al., 2017).

6.3.2 Stalagmite Bu2

Bu2 (Fig. 6.2) is a 32 cm-long stalagmite, sampled under an active drip site, which was investigated in
the framework of a long-term cave monitoring program (corresponding to drip site TS 7, Riechelmann
et al.,, 2011). The upper 76 mm of Bu2 grew during the Holocene and were already studied by
Fohlmeister et al. (2012). Bu2 consists of clear white to beige calcite with only few detrital layers
(Fig. 6.2). A single brown layer at 76 mm distance from top (DFT), separating the Holocene growth
phase from the older part of Bu2, is clearly visible. The base of the stalagmite (Fig. 6.2) consists of

brownish calcite and was not analysed.
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Fig. 6.1: Map showing north-western parts of Europe with the location of MIS 3 climate records from
Bunker Cave [A, this study], Crag Cave [B, Fankhauser et al. (2016)], Grotte des Puits de Pierra-la-
Treiche [C, Pons-Branchu et al. (2010)], Villars Cave [D, Genty et al. (2003)], Holloch Cave [E,
Moseley et al. (2014)], Kleegruben Cave [F, Spétl et al. (2006)] and the Eifel maar lakes [G, Sirocko et
al. (2016)].

6.4 Methods
Several methods have been applied in the analysis of Bu2, including MC-ICP-MS, LA-ICP-MS and
IRMS. Details of the different methods are provided in the following.

6.4.1 °Th/U-dating

In total, 25 samples were cut along the growth axis of Bu2 using a diamond wire saw. The samples were
subsequently prepared for °Th/U-dating by MC-ICP-MS (23 samples) and TIMS (two samples). The
TIMS analyses were performed at the Heidelberg Academy of Sciences, following the methods
described by Scholz et al. (2004), using an updated spike re-calibration (Hoffmann et al., 2007). For the
MC-ICP-MS analyses, sample amounts of approximately 0.3 g were used. After sawing, the samples

were briefly leached in weak HNOj to remove potential surface contamination. The chemical separation
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of U and Th was performed as described by Hoffmann (2008) with the respective adjustments described
by Yang et al. (2015). Uranium and Th fractions were measured separately, using a Nu plasma MC-
ICP-MS at the Max Planck Institute for Chemistry (MPIC) in Mainz. A standard bracketing approach
was applied to correct for mass fractionation, ion counter gain and tailing. The mass spectrometric
procedures were generally explained in Hoffmann et al. (2007) and in detail for the laboratory at the
MPIC by Obert et al. (2016). The calibration of the U-Th-spike was described in detail by Gibert et al.
(2016). Introduction of the sample solution was performed using a CETAC Aridus Il desolvating
nebulizer system, connected to the MC-ICP-MS. Daily tuning (including torch position, gas flows and
ion lenses) was performed to obtain highest signal intensities at optimized peak shapes. Resulting ages
were then used for the calculation of the age-depth relationship (Fig. 6.3), using the algorithm StalAge
(Scholz and Hoffmann, 2011). Further details are summarised in supplementary Table A6.1.

6.4.2 Trace element analysis

Trace element mass fractions were determined by LA-ICP-MS. The upper 98 mm of the sample were
analysed at the Goethe University Frankfurt, using a New Wave UP213 UV-laser system, connected to
a Thermo-Finnigan Element II SF-ICP-MS (Gerdes and Zeh, 2006). For the measurements between 98
and 324 mm DFT, an ArF Excimer 193 nm laser system (ESI NWR193), coupled to an Agilent 7500ce
ICP-MS at the Johannes Gutenberg University Mainz, was used (Jochum et al., 2012).

Prior to both LA-ICP-MS analyses, the signal was tuned for maximum intensities at low oxide formation
rates measured as 28U'"0/*¥U <0.2 % (Mainz) and <0.5 % (Frankfurt). Ion intensities for Mg, “*Ca,
88Sr and Y were continuously acquired parallel to the growth axis, located within 2 mm distance of the
stable isotope track (Fig. 6.2). Prior to each analysis, a pre-ablation was performed. Background counts
were measured for 15 s without the laser firing before each analysis and subtracted from the raw data.
The transect was divided into consecutive lines of approximately 4 cm length, allowing to analyse NIST
SRM 610 (Frankfurt) and NIST SRM 612 (Mainz) at the beginning, between each line and at the end of
the routine for calibration purposes. To monitor accuracy and reproducibility, NIST SRM 610 (n =24),
USGS MACS-3 (n=24) and USGS BCR-2G (n = 24) were monitored as unknowns during the analyses
at the Johannes Gutenberg University Mainz (see supplementary Table A6.2). Data reduction was
performed using an in-house Excel spreadsheet. Details of the calculations are given in Mischel et al.

(2017a).

#Ca was used as an internal reference, applying the corresponding Ca mass fraction from the GeoReM
database (Jochum et al., 2005). For the stalagmite sample, a Ca-content of 39.4 wt% was assumed.
Reference values for NIST SRM 610 and 612 were adapted from Jochum et al. (2011b). Further

operational parameters are given in supplementary Table A6.3.
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6.4.3 Stable isotope analysis

High-resolution stable carbon and oxygen isotopes values (5'C and 5'%0) were obtained at the Institute
of Geology, University of Innsbruck. In total, 1078 samples were drilled using a Merchantek video-
controlled MicroMill device with a spatial resolution of 150 um in the upper part of Bu2 (between 76
and 141.75 mm DFT) and 300 pm in the lower part of Bu2 (between 142 and 324 mm DFT, Fig. 6.2).
The 8"°C and 880 analyses were performed using a Thermo Fisher DeltaP™XL isotope ratio mass
spectrometer linked to a Gasbench I1. Analytical precision for the 3'*C and §'*0O measurements is 0.07 %o
for 8'C and 0.09 %o for 5'*0 (both at the 16 level). All §'*C and 8'30 values are reported relative to V-
PDB.

To account for changes in seawater 3'®0 values due to changing sea level and ice volume, we applied
the correction factor of Duplessy et al. (2007) assuming a decrease of -0.008 + 0.002 %o per meter of
global sea-level rise and using the sea-level reconstruction of Bates et al. (2014a), which is based on the
composite ODP record 162-980/981 (Bates et al., 2014b). The effect of the correction on the 8Oy (slc
= sea-level corrected) values of Bu2 is +0.56 %o between 76 and 139.3 mm DFT and +0.63 %o between
139.3 and 324 mm DFT. Thus, the difference between these two sections is only 0.07 %o, which is
comparable with the analytical uncertainty of the 8'®*0 measurements. The effect of the sea-level

correction is shown in supplementary Fig A6.1.

6.4.4 Strontium isotope analysis

87Sr/%Sr ratios were determined for Bu2 as well as for several other samples from the cave environment
(i.e. soil and host rock). The samples of Bu2 (20 to 30 mg) were processed and analysed using a Neptune
MC-ICP-MS at the Laboratory of Isotope Geochemistry of the Department of Chemical and Geological
Sciences, University of Modena and Reggio Emilia, Italy, following the methods described by Lugli et

al. (2017b) and Weber et al. (2018b) for dissolution analyses and separation of Sr from matrix elements.

Seven Faraday detectors were used to measure the ion beams of the following masses simultaneously:
82Kr, 8K, 84Sr, 35Rb, *¢Sr, ¥Sr, 38Sr. Strontium solutions were diluted to ~0.25 mg/1 and introduced into
the mass spectrometer via a quartz spray chamber and a nebulizer with an uptake rate of 100 ul/min.
Samples were analysed, together with RMs and blank solutions, in a static-multi-collection mode with

single blocks of 100 cycles (integration time 8.4 s per cycle).
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Fig. 6.2: Slab of speleothem Bu2 showing petrographic features and sampling details. Sample locations
for 2°Th/U-dating are presented in supplementary Table A6.1.
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A bracketing sequence was employed to correct for instrumental drifts. Krypton in the Ar gas was
monitored and corrected using a 3Kr/*3Kr ratio of 1.505657 and background subtraction. To correct for
the presence of isobaric Rb on mass 87, a #’Rb/**Rb ratio of 0.3856656 was used. Mass bias correction
was performed using an exponential law and a stable 3Sr/*¢Sr ratio of 8.375209. Strontium ratios were
corrected using the NIST SRM 987 87Sr/*¢Sr ratio of 0.710248 (McArthur et al., 2001). Daily repeated
measurements of the NIST SRM 987 yielded a mean ¥’Sr/%6Sr ratio of 0.710241 £ 0.000012 (2 SE; n=
20).

87Sr/%Sr ratios of host rock and soil samples from Bunker Cave were measured by TIMS at the Institute
of Environmental Physics, Heidelberg University. Strontium separation was performed using Sr spec™
ion exchange resin columns. The sample size was chosen according to the Sr mass fraction providing
approximately 100 ng of Sr on the filament and assuming 100% chemical yield. Soil samples were
quantitatively extracted using HF. Column chemistry was performed two times using supra pure acids
in order to receive sufficient chemical separation from CaCOs. The eluate was reduced to 2 pl and
transferred onto a Re filament. Subsequent measurements (10 sequences a 10 measurements) were
performed using a Finnigan MAT 262 in multi-dynamic mode. All isotopes were measured on Faraday
cups with minimum 3¢Sr intensities of 0.5 V. Each measurement was checked for ®*Rb. Isotope ratios
were corrected for internal mass fractionation assuming a stable ¥Sr/%¢Sr ratio of 8.375209. Repeated

measurements of NIST SRM 987 yielded ¥’Sr/*Sr = 0.710266 + 0.000010 (2 SE; n = 14).

6.5 Results
Results from the different techniques are presented in the following with each method implemented in

a separated chapter.

6.5.1 2'Th/U-dating

Results of 2°Th/U-dating are presented in supplementary Table A6.1. In addition to the previously
published Holocene part of Bu2 (Fohlmeister et al., 2012), dating revealed two distinct growth phases
during early MIS 3. Based on the age model, the first growth phase (in the following referred to as MIS 3
phase 1) started at 52.0 (+0.8, -0.5) ka and ended at 50.9 (+0.6, -1.3) ka. The second growth phase (in
the following referred to as MIS 3 phase 2) began at 47.3 (+1.0, -0.6) ka and ended at 42.8 (= 0.9) ka.
The growth rates calculated based on the age-depth model are remarkably different between the two
growth phases (supplementary Fig. A6.2). MIS 3 phase 1 is characterised by an exceptionally fast
growth rate of 120 — 390 um/a, which decreases to ~40 — 60 um/a at approximately 170 mm DFT. MIS 3
phase 2 starts with an average growth rate of ~25 um/a, which further decreases to ~8 um/a at
approximately 100 mm DFT.
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Fig. 6.3: Age-depth relationship for stalagmite Bu2. Black points show the MC-ICP-MS ***Th-ages,
blue points highlight the two ages measured by TIMS (supplementary Table A6.1). The green line
represents the age model calculated by StalAge (Scholz and Hoffmann, 2011), while red lines show the
corresponding age-uncertainties (95% confidence interval). The vertical black line marks the hiatus

between the two growth phases and was guided by the abrupt change in Y mass fraction (see section

6.5.2).

In general, the 2*2Th and ***U mass fractions decrease with increasing age (supplementary Table A6.1).
The (**°Th/**?Th) activity ratio, an indicator for the degree of detrital contamination, changes between
the two growth phases. MIS 3 phase 1 shows generally higher (**°Th/?*2Th) activity ratios between
~1000 and 5100 (mean = 2335+ 1125, 1 SD; besides sample Bu2-29), while MIS 3 phase 2 shows ratios
between ~150 and 840 (mean = 371 £+ 212, 1 SD). Detrital correction does not have a significant
influence on the *°Th-ages (supplementary Table A6.1). An unsuccessful dating attempt at 291.5 mm
DFT (Bu2-29), which included parts of the detrital layer, yielded an age of ~45 ka instead of an expected
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age of ~51 ka, which indicates that this layer is possibly influenced by post-depositional U-addition
(Bajo et al., 2016; Scholz et al., 2014).

We note that there is a step in the age model of Bu2 between 98 and 101 mm DFT (Fig. 6.3). To evaluate
the possibility of a hiatus at this depth, thin sections (supplementary Fig. A6.4 and A6.5) and trace
elements were analysed. As none of these analyses showed evidence of a growth interruption, the age
model was constructed without including a hiatus resulting in a slow growth rate between these two data

points of approximately 5 pum/a.

6.5.2 Trace elements and stable isotopes

The trace element records of Mg, Sr and Y as well as the stable isotope values are shown in Fig. 6.4.
The trace element data were averaged by a 25 point-running mean. At 76.3 mm DFT, a rather high Mg
mass fraction is visible. This corresponds to the growth stop between MIS 3 and the Holocene and is in
agreement with the dating results showing the oldest Holocene age at 75 mm DFT and the youngest
MIS 3 age at 79 mm DFT. Furthermore, the stalagmite shows a prominent brownish layer at this depth
(Fig. 6.2). The boundary within the MIS 3 growth phase between approximately 47 and 51 ka (Fig. 6.3)
can be also recognised in the trace element data. Based on the dating results, this hiatus is located
between 145 and 131 mm DFT (Fig. 6.3). The mass fraction of the different trace elements changes
between the two MIS 3 growth phases. Yttrium shows a significant peak of up to 7 pg/g at 139.3 mm
DFT, which is much higher than the usual background value of <<I pg/g. At the same DFT, Mg shows
a gradual increase from ~500 pg/g up to ~800 pg/g (Fig. 6.4). The Mg mass fraction ranges between
300 and 400 pg/g for MIS 3 phase 1 and shows higher mass fractions during MIS 3 phase 2, ranging
from 800 to 1000 pg/g. This is robust evidence for the location of the hiatus at ~139.3 mm DFT.

Magnesium and Y show a rapid increase at 280 — 282 mm DFT (Fig. 6.4), which corresponds to a layer
of brownish calcite (Fig. 6.2). This increase is probably related to detrital material. Although we cannot
exclude a short hiatus associated with this detrital layer, our age model cannot resolve it. Thus, we

assume continuous growth during MIS 3 phase 1.

Strontium mass fractions vary between 40 and 90 pg/g. During MIS 3 phase 1, Sr shows a significant
increase (20 up to 80 pg/g) at the beginning of the record followed by a general decrease towards the
hiatus. During MIS 3 phase 2, Sr starts to increase again followed by a decreasing trend, which occurs

around 100 mm DFT and is also observed in the Mg record.

The 3'80q record can be divided into two parts: MIS 3 phase 1 shows, on average, less negative 880
values (-4.8 £ 0.3 %o, 1 SD) than phase 2 (-5.4 = 0.3 %o, 1 SD). In MIS 3 phase 2, the §'®0yc values show

an increasing trend with decreasing DFT.
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Fig. 6.4: Mass fractions of Mg, Sr and Y (high resolution data shown by grey lines) as well as 3'30q
(blue) and 8'°C (red) values of speleothem Bu2 shown versus distance from top (DFT). Note that the
813C axis is inverted. A hiatus was identified at 139.3 mm DFT. The spike in Mg and Y at 280 — 282 mm
DFT is due to a detrital layer (see Fig. 6.2).

The 8"*C values of both growth phases vary between -5.6 %o and -10.4 %o. MIS 3 phase 1 has a mean
813C value of -8.4 %o (= 0.8 %o, 1 SD) and shows high-frequency variations. MIS 3 phase 2 is
characterised by a mean value of -8.8 %o (£ 0.9 %o, 1 SD) and shows a rapid decrease from -5.6 %o up
to approximately -9.0 %o between 139 and 130 mm DFT. The youngest section of MIS 3 phase 2 shows

a rapid increase of the 8'*C values from -9.8 to -6.2 %o.

6.5.3 Strontium isotopes

Bu2 Sr isotope data show significantly different values for the two growth phases (Fig 6.5). MIS 3
phase 1 shows *’Sr/*%Sr ratios between 0.70923 + 0.00001 and 0.70938 + 0.00001 (mean value= 0.70931
+ 0.00005, 1 SD), while ratios for phase 2 are lower (i.e. between 0.70907 + 0.00001 and 0.70919 +
0.00001, mean value = 0.70915 £ 0.00005, 1 SD). The Middle to Upper Devonian limestone at Bunker
Cave has an average *’Sr/**Sr ratio of 0.70836 = 0.00006 (n =4, 1 SD, Fig. 6.5), which is in agreement
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with the Sr isotope value expected from the seawater curve (McArthur et al., 2001). Soil horizon A at
Bunker Cave has an average Sr isotope ratio of 0.7237 + 0.0003 (n = 2, 1 SD, Fig. 6.5). The ¥’Sr/*¢Sr
ratio of soil horizon C (0.71893 + 0.00001, n = 1) is lower than the ¥’Sr/*¢Sr ratio of soil horizon A, but

still much more radiogenic than the limestone (Fig. 6.5).

0724 [A] 0.7095 - [B]
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Fig. 6.5: [A] ¥’Sr/*Sr ratios of the host rock (blue circle), soil horizon A (orange diamond) and soil
horizon C (green diamond) at Bunker Cave compared to stalagmite Bu2 values (black squares). [B]
Close-up of Bu2 ¥’Sr/*Sr ratios during MIS 3 (black squares). The mean value is shown as a black line
for each phase with the red box indicating the 1 SD. MIS 3 phase 1 shows generally higher Sr/*¢Sr
ratios than MIS 3 phase 2. The soil samples show much more radiogenic *’Sr/*Sr ratios than the host

rock and the speleothem. All measurement uncertainties are 2 SE.

6.6 Discussion
Implications of the obtained results for palacoclimate in central Europe during the MIS 3 are discussed
in the following chapters, starting with the timing of the Bu2 growth phases in relation to other MIS 3-

palaeoclimate records.

6.6.1 Timing of growth phases

Based on the age-depth model, Bu2 started to grow at 52.0 (+0.8, -0.5) ka with high growth rates
between 120 and 390 pm/a. In comparison, the growth rate of Bu2 during the Holocene was only 10 to
30 um/a. Other Holocene speleothem samples from Bunker Cave also show low growth rates of
<30 pm/a (Bu6) and <70 um/a (Bu4), while a third sample (Bul) shows growth rates around 100 um/a
(Fohlmeister et al., 2012). In this context, the high growth rate of MIS 3 phase 1 is remarkable,
especially for MIS 3 in Central Europe. Based on the 2°Th/U dating results, MIS 3 phase 1 corresponds

to D/O-events 13 and 14 of the NGRIP record. Applying our age-depth model the age range for MIS 3
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phase 1 is reduced to between 50.9 (+0.6, -1.3) ka and 52.0 (+0.8, -0.5) ka, rendering a correlation with
D/O 14 unlikely. This is interesting given the fact that D/O 14 was the longest interstadial in MIS 3.
However, at least the inception of growth of Bu2 may have been related to rather warm and humid

conditions during D/O 14, despite the onset of growth was later than D/O 14.

The high growth rate of Bu2 is also exceptional in comparison with other speleothem records from
Europe. For instance, the Villars Cave record (Vil-stm9, Genty et al., 2003) shows a growth rate of
approximately 100 pm/a during D/O 12 and 10 pm/a during colder periods. Interestingly, Bu2 MIS 3
phase 1 coincides with a flooding event in Villars Cave (Genty et al., 2003; Genty et al., 2005; Genty et
al., 2010), expressed by the lack of growth in Vil-stm27, suggesting wet climate conditions during this
time interval. A speleothem record from Grotte des Puits de Pierra-la-Treiche (NE France) predates the
onset of growth of Bu2 and shows a growth rate between 20 and 80 pum/a for the time period from 55.4
+ 1.0 ka to 53.3 + 0.7 ka (Pons-Branchu et al., 2010), which is also lower than most parts of MIS 3
phase 1. For Bu2 MIS 3 phase 2 the growth rate is much lower (40 — 50 um/a until ~46 ka, below
10 um/a between ~46 and ~42.8 ka), but still higher than in the Holocene. Between 47.3 (+1.0, -0.6)
and 50.9 (+0.6, -1.3) ka, Bu2 stopped growing. Interestingly, stalagmite Vil-stm14 from Villars Cave
showed a significantly diminished growth rate during this period. In contrast, stalagmite Vil-stm27
started to grow at this time around 48.5 ka and shows rapid growth between 47 and 44 ka (see
supplementary Fig. A6.3). For this sample, growth inception was probably related to drier conditions

subsequent to the flooding event in Villars Cave (Genty et al., 2010).

A similar pattern is visible in the speleothem record from Crag Cave (Fankhauser et al., 2016). One of
their speleothem samples (CR032) revealed *°Th-ages of 56.8 + 0.3 ka and 47.9 + 0.2 ka with a
significant brownish layer in between, potentially related to a hiatus during HS 5. A further sample
(CRO08-B) yielded a »*°Th-age of 50.5 + 0.4 ka, i.e. slightly predating the onset of HS 5 and coinciding
within uncertainties with the growth stop of Bu2 at the end of MIS 3 phase 1. Combining these records
results in a similar growth pattern as observed for Bu2, which shows a hiatus between 50.9 (+0.6, -
1.3) ka and 47.3 (+1.0, -0.6) ka and is therefore in good agreement with Crag Cave (Fig. 6.6). The
NALPS composite record (Moseley et al., 2014) shows a similar growth pattern with a slow growth rate

between D/O-events 12 and 13 and a short break in speleothem deposition (Fig. 6.6).

The growth stop in Bu2 slightly predates the onset of HS 5 (~49.2 — 47.6 ka, Fig. 6.6), based on IRD
and foraminifera data from the MD99-2331 drill core (Sanchez Goiii et al., 2013). This suggests that the
climate at Bunker Cave was too cold and/or dry for speleothem growth even before the onset of HS 5
and that the short-termed D/O 13 was not sufficiently warm and humid to enable speleothem growth at
Bunker Cave. This is coherent with the §'*C data (see below). Based on the age uncertainty of MIS 3
phase 1, the offset between the hiatus and the start of HS 5 ranges from 400 to 2000 years.
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Fig. 6.6: Comparison of growth phases of different MIS 3 speleothems in Europe with the NGRIP §'*0
and the marine MD99-2331 records. [A] NGRIP &30 record (Svensson et al., 2008). [B] Abundance of
the foraminifera Neogloboquadrina pachyderma (orange) and the number of IRD per gram of sediment
(black) in marine core MD99-2331 (Sanchez Goiii et al., 2013). Heinrich event 5 is marked in the figure
(grey box) based on these data. [C] »*°Th/U-ages of the NALPS record (Moseley et al., 2014). [D]
20Th/U-ages from Crag Cave (Fankhauser et al., 2016). [E] 2°Th/U-ages of stalagmites Vil-stm27 (red
diamond, Genty et al., 2010), Vil-stm9 (purple stars, Genty et al., 2010) and Vil-stm14 (grey circles,
Wainer et al., 2009) from Villars Cave. [F] 2*°Th/U-ages from Bunker Cave stalagmite Bu2 (this study)
[G] Growth phases based on the age-depth model (green line) with the respective age uncertainties gives
at 95 % confidence levels (red triangles) of Bu2 (this study).

6.6.2 Bu2 stable isotope data

There are several processes potentially affecting the 8°C values of speleothems. An increase in
speleothem 3'*C values may be caused by an increased drip interval and, as a consequence, enhanced
disequilibrium fractionation on the stalagmite surface (Deininger et al., 2012; Miihlinghaus et al., 2009;
Riechelmann et al., 2013; Scholz et al., 2009). Furthermore, an increase of the 3'*C values can be caused
due to a larger contribution of host rock-derived carbon or a decrease in the soil CO, production rate by
reduced root respiration and soil microbial activity (Cerling, 1984; Fohlmeister et al., 2011). Monitoring
of Bunker Cave (Riechelmann et al., 2011) showed only small variations in the present-day annual §'°C
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values of the dissolved inorganic carbon (DIC) of the drip water, collected at different drip sites of the
cave. Modern calcite precipitation from a drip site close to the location where Bu2 was collected (watch
glass VII, Riechelmann, 2010) revealed an average 8'*C-value of -8.6 + 0.6 %o, which is in the range of
the more positive 3'3C values of the MIS 3 growth phase of Bu2 (Fig. 6.7). As described by Fohlmeister
et al. (2012), vegetation density above Bunker Cave is assumed to be the major factor influencing the
813C values of speleothems. More positive 8'*C values of soil gas CO, will therefore also yield increased
8"3C values in the stalagmite, coherent with periods of lower drip rates. In contrast, more negative §'*C
values in the speleothem are associated with periods of denser vegetation as well as a thickening of the
soil above the cave, increased biological soil activity and higher drip rates. The most negative §'*C
values during MIS 3 are in the range of the §'*C values of the Holocene stalagmites and modern-day
calcite samples (Fig. 6.7). This indicates, at least for some time intervals of MIS 3, an enhanced

biological activity above the cave, almost as high as for present-day conditions.

Prior to the hiatus around 50.9 ka, the 8'3C values increase rapidly from around -9 %o to -5.5 %o
(Fig. 6.8). This suggests a decrease in vegetation density and soil bioproductivity, resulting in more
positive 8'3C values of soil gas CO, and ultimately in Bu2, similar to the §'*C values of Villars Cave
speleothem Vil-stm9 around the MIS 4 cold period (Genty et al., 2010). This climate deterioration
recorded in Bu2 precedes the onset of HS 5 (~49.2 — 47.6 ka, Fig. 6.8) and implies that the climate at
Bunker Cave was too cold and/or dry even before the onset of HS 5, potentially due to gradual cooling

towards HS 5 and insufficient warming during D/O 13, related to its short duration.

Bu2 started to grow again at ~47.3 ka with similar 8'°C values as prior to the hiatus (-5.5 %o, Fig. 6.8).
The following decrease in 8"°C values to ~-9 %o is associated with D/O 12 and occurred relatively
slowly, in particular in comparison to other climate records, such as the 3'*0 values of NGRIP and
NALPS (Fig. 6.8). This may be related to biological and/or buffering processes in the soil, which are
likely to occur on longer time scales than the processes controlling the 3'%0 values of precipitation.
Although in a different climate setting, a similar discrepancy between the evolution of §'*C and §'*0
values in response to rapid climate change within a single stalagmite has been shown for Sofular Cave
(Fleitmann et al., 2009). Another explanation for the discrepancy of the duration of the transition into
D/O 12 are the dating uncertainties of the individual records, which is in the range of a few hundred
years, in particular for the stalagmite records (Fig. 6.6). In general, the §'3C values of Bu2 show a D/O-
like pattern as the 5'30 values of the NGRIP (Svensson et al., 2008) and NALPS records (Moseley et
al., 2014), making the correlation with D/O 12 plausible. The later part of MIS 3 phase 2 is characterised
by rather stable §'3C values around -9 to -10 %o until ~44.5 ka (Fig. 6.8). Subsequently, the §'*C values
increase until 44.1 ka, followed by a decrease by about 1 %o, which, however, is insignificant compared
to the overall change in 8'3C during MIS 3 phase 2. Thus, although the timing of this decrease is
synchronous within uncertainty with D/O 11 in the NALPS and NGRIP §'80 records (Fig. 6.8), we
cannot precisely identify D/O 11 in the Bu2 §"°C record. This finding is coherent with the Villars Cave
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record, where D/O 11 is also not obvious; probably due to its short duration (Genty et al., 2010).
However, the significant increase in 8'3C values after ~43.3 ka indicates a climate deterioration,
associated with the cooling phase after D/O 11. While the NAPLS record shows a growth stop during
D/O 11, the Bu2 record shows a growth stop after D/O 11, about 1000 years later. In contrast to the
NALPS stalagmites, growth of the Bu2 stalagmite did not recommence until the onset of the Holocene,
probably related to a further European cooling trend after ~45 ka, as described in the Villars Cave record
(Genty et al., 2010).
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Fig. 6.7: Speleothem Bu2 8"°C (red) and 880 (blue) record plotted against age. Also shown are the
8"3C and 8'80 values from modern calcite precipitated on watch glasses (Riechelmann, 2010) placed
under a drip site (TS 7) close to the Bu2 drip site and the Holocene section of Bu2 (Fohlmeister et al.,
2012). Note that the 3'°C axis is inverted.

The 8'*0qc values of Bu2 do neither show a similar pattern as the 3'°C values (Fig. 6.7) nor strong
variability during D/O-events, as would be expected from other records (NGRIP, NALPS, Fig. 6.8).
MIS 3 phase 1 shows higher 3'®Oq. values than phase 2. In addition, the second growth phase shows
progressively increasing 8'®Ogc values. In general, the interpretation of the §'%0 values of Bu2 in terms

of past climate variability is challenging, as has also been shown for other speleothems from Central
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Europe (e.g. Mischel et al., 2017b; Scholz et al., 2012). Therefore, the discussion of the §'%0 values is
only provided in the supplement (section 6.9.1).

6.6.3 Palaeoclimate implications

The Bunker Cave system has been intensively studied by both cave monitoring (Immenhauser et al.,
2010; Riechelmann et al., 2011; Riechelmann et al., 2013; Riechelmann et al., 2012a; Riechelmann et
al., 2014; Riechelmann et al., 2017) and speleothem-based palaecoclimate reconstructions (Fohlmeister
et al., 2012; Riechelmann et al., 2012b). Based on the findings of von Kamp and Ribbert (2005),
Fohlmeister et al. (2012) argued that loess with a higher Mg/Ca ratio than the Devonian limestone host
rock was deposited above Bunker Cave during the last glacial maximum (LGM). They assumed that
progressive leaching of this wind-blown dust resulted in elevated Mg/Ca ratios in the drip water and the
speleothems at the beginning of the Holocene. MIS 3 phase 1 (52.0 — 50.9 ka) shows significantly lower
Mg values compared to MIS 3 phase 2 (Fig. 6.4). Thus, the increase in the Mg/Ca ratio from MIS 3
phase 1 to phase 2 may be related to loess deposition during HS 5. This is consistent with the data of
von Kamp and Ribbert (2005), who suggested loess deposition in the area around Bunker Cave during
MIS 3. However, both speleothem growth phases show lower Mg/Ca ratios than during the Holocene.
Since the Mg-content of loess can be highly variable (Gallet et al., 1998; Taylor et al., 1983), this may
be related to different Mg/Ca ratios of the LGM and the MIS 3 loess. The Mg/Ca ratio of the loess above

Bunker Cave has not been determined.

Another factor potentially affecting the Mg mass fraction of speleothems in Bunker Cave is prior calcite
precipitation (PCP, Fairchild et al., 2000; Riechelmann et al., 2011), which accounts for calcite
precipitation from the parent solution prior to dripping on top of the stalagmite. Reduced infiltration in
the catchment above the cave will result in an increase of the residence time of the water in the host rock
and in reduced drip rates. This results in increased PCP, which, in turn, results in increasing Mg/Ca
ratios (Tooth and Fairchild, 2003). A third potential explanation affecting the Mg/Ca ratios of
speleothems at Bunker Cave are the different dissolution characteristics of calcite and dolomite
(Fairchild and Treble, 2009). With increasing residence times, the relative contribution from dissolution
of dolomite will increase and therefore result in elevated Mg/Ca ratios of the drip water and the
speleothem. In summary, those mechanisms suggest increasing Mg/Ca ratios during dry conditions. In
general, the Mg mass fraction of Bunker Cave speleothems can, thus, be used as a proxy for precipitation
amount (Fohlmeister et al., 2012; Wassenburg et al., 2016a). Thus, the lower Mg mass fraction of MIS 3
phase 1 indicates more humid conditions than during MIS 3 phase 2. This is also supported by the much
higher growth rate during MIS 3 phase 1, which suggests higher rainfall amounts.

The Sr isotope ratio of all Bu2 samples is significantly higher than expected from the overlying hostrock,

indicating an external radiogenic source. In most cases, this additional material is incorporated in the
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soil above the cave area, e.g. by deposition of atmospheric dust (Banner et al., 1996; Frumkin and Stein,
2004; Zhou et al., 2009). We argue that the changes in the Sr isotope ratio of Bu2 are mainly attributed
to changes in rainfall intensity and/or changes in soil pCO> resulting in varying Sr contribution from the
soil and host rock. Smart and Friedrich (1987) developed a model where different amounts of rainfall
caused changes in the routes of vadose ground-water flow. This model was adapted by Banner et al.
(1996) and applied to the Sr isotope composition of the Barbados karst system. According to these
studies, changes in the amount of rainfall above the cave affect the pathway of the water in the karst
aquifer. During periods of diminished rainfall, the drip water preferentially percolates along seepage
routes. During periods of elevated rainfall, the capacity of these seepages routes is exceeded, and the
drip water is transported into the cave by conduit flow along paths with a higher permeability, resulting
in an overflow (Riechelmann et al., 2011). This results in a decreased residence time and a reduced
interaction of the percolating water with the host rock. Hence, we expect that the drip water composition
and, ultimately, the Sr isotope signature of the speleothem sample, will evolve towards the soil signature
(*’Sr/*¢Sr >0.718) during times of elevated rainfall. In contrast, periods with lower rainfall amounts
should be characterised by a speleothem 3’Sr/%6Sr ratio shifted towards the host rock signature (*’Sr/*¢Sr
= 0.70836 + 0.00006). These patterns are clearly visible in the Bu2 *St/*Sr record. MIS 3 phase 1,
which exhibits a faster growth rate, shows an average *'Sr/*Sr ratio of 0.70931 + 0.00005 (1 SD),
significantly more radiogenic than MIS 3 phase 2. The latter, growing at a slower growth rate, shows an
average ¥’Sr/*Sr ratio of 0.70915 + 0.00005 (1 SD). Both the large growth rate and the Sr isotope
signatures therefore indicate enhanced rainfall and infiltration during MIS 3 phase 1, consistent with the
Mg record. A further explanation would be changes of drip water ¥’Sr/*Sr due to changes in the
weathering of soil components as a result of differences in soil pCO; (Banner et al., 1996). Sr isotopes
are widely used in the soil environment to trace weathering processes (Capo et al., 1998; Stewart et al.,
1998). The most likely external soil component is loess, potentially deposited during MIS 4 and HS 5
in the Bunker Cave area (von Kamp and Ribbert, 2005). This loess usually has a high Si-content (Gallet
et al., 1998) and a highly radiogenic ¥’Sr/*Sr ratio (Taylor et al., 1983). During warm periods with
increased biological activity, as suggested for MIS 3 phase 1, weathering of silicate material is enhanced
resulting in increased input of radiogenic Sr into the drip water and the speleothems. It is likely that the

Sr isotope composition of the drip water was affected by both mechanisms
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Fig. 6.8: Comparison of the Bu2 multi-proxy record with other MIS 3 climate records. Yellow boxes
show the timing of D/O-events 12 and 11. [A] NGRIP §'30 record (Svensson et al., 2008). [B]
Abundance of the foraminifera Neogloboquadrina pachyderma (orange) and the number of IRD per
gram of sediment (black) in marine core MD99-2331 (Sanchez Goiii et al., 2013). Heinrich 5 event is

marked in the figure (grey box) based on these data. [C] NALPS oxygen isotope record from alpine
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speleothem samples (Moseley et al., 2014). [D] Villars Cave stable carbon isotope records, Vil-stm9
(purple), Vil-stm14 (grey), Vil-stm27 (red, Genty et al., 2003; Genty et al., 2010; Wainer et al., 2009)
[E] Percentage of Poaceae-pollen in drill core DE3 from the Eifel, Germany (Sirocko et al., 2016). [F]
Percentage of Picea-pollen in drill core DE3 from the Eifel, Germany (Sirocko et al., 2016). [G] Sr
isotope data of Bu2. [H] Mg mass fraction of Bu2. [I] 8°C values of Bu2. Note inverted axis for Mg

mass fractions and §'°C values. [J] Growth rate of Bu2.

Although the minimum 8"3C values of the two MIS 3 growth phases of Bu2 are similar, the other proxy
data (Sr isotopes, Mg mass fraction, growth rate, Fig. 6.8) suggest that MIS 3 phase 1 was characterised
by a generally more humid climate compared to MIS 3 phase 2, in agreement with pollen records from
the Eifel (Sirocko et al., 2016). The latter show more abundant Picea and Carpinus pollen during MIS 3
phase 1 (Fig. 6.8). Both plant species are indicators of rather humid and relatively warm conditions,
indicating summer temperatures only slightly lower than modern-day temperatures, thus suggesting a
mild climate during early MIS 3. High abundance of Poaceae pollen indicate dry conditions and open
landscapes with less dense vegetation during MIS 3 phase 2, which was characterised by (at least
seasonal) aridity indicated by the very low abundance of Pinus (Fig. 6.8). This implies a more open
boreal forest with generally drier conditions. Interestingly, this change in vegetation is not reflected in
the 8"°C record of our speleothem, potentially related to colder conditions in the Eifel than in nearby
areas (Sirocko et al., 2016). Although precipitation decreased, it was obviously still sufficiently humid
to enable vegetation and soil development above Bunker Cave, at least until the '°C values increased
again around 43.5 ka. The high 3"°C values around 43 ka, shortly before the growth stop, coincide with
Greenland Stadial 11 (Rasmussen et al., 2014). Consequently, a severe climate deterioration seems to
be the most plausible cause for the increase of the 8"°C values and Mg mass fraction, as well as the
following growth stop, possibly amplified by disequilibrium isotope fractionation on the stalagmite
surface induced by a very slow drip rate (Deininger et al., 2012; Miihlinghaus et al., 2009). This is
supported by the very low growth rate of <10 um/a towards the end of MIS 3 phase 2.

Overall, Bu2 recorded two generally humid and warm phases during early MIS 3. Based on the proxy
data, the two growth phases were characterised by different climate conditions. While MIS 3 phase 1
was humid and warm, we observe a significant decrease in water availability subsequent to the hiatus
associated with HS 5. However, climatic and environmental conditions were still favourable for
speleothem growth at Bunker Cave. Thus, we assume that MIS 3 phase 2 was still a comparably humid
and warm period, although it was probably drier and colder than during the first MIS 3 growth phase.
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6.7 Conclusions

Speleothem Bu2 from Bunker Cave offers the possibility to investigate past climate variability during
two early phases of MIS 3 north of the Alps in Central Europe. This MIS 3 speleothem record shows
that the climatic conditions during this phase were, at least during some parts, favourable of speleothem
growth. Therefore, speleothem Bu2 potentially recorded the two warmest and most humid phases of

MIS 3 in Central Europe.

The timing of the hiatus between the two growth phases is coherent with HS 5 (Sanchez Goiii et al.,
2013). The high growth rate, the elevated Sr isotopes and the low Mg content suggest increased water
availability and enhanced precipitation during the initial MIS 3 growth phase of Bu2. This is further
supported by the occurrence of thermophilous trees in a nearby Eifel pollen record (Sirocko et al., 2016).
During the second MIS 3 growth phase, precipitation was substantially lower, as suggested by the slower
growth rate, the lower Sr isotope ratios and the higher Mg content. This is consistent with the evidence
of boreal forests in the Eifel (Sirocko et al., 2016). The 3'°C values clearly reflect D/O event 12, while
the 3'%0 record does not show a D/O-type pattern.
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Fig. A6.1: Effect of the sea-level correction on the 3'80 values of Speleothem Bu2, based on the
correction factor of Duplessy et al. (2007) and the sea-level reconstruction of Bates et al. (2014b) and

Bates et al. (2014a).
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Fig. A6.2: Growth rate of Bu2 against DFT, based on the age-depth model constructed with StalAge
(Scholz and Hoffmann, 2011).

A comparison of the age data of Bu2 with the Villars cave records from Genty et al. (2010) and Wainer
et al. (2009) is shown in Fig. A6.3. Stalagmite Vil-stm14 starts to grow around 52 ka, which is in perfect
agreement with MIS 3-phase 1 of our Bu2-record (Fig. 6.6). Stalagmite Vil-stm27 started to grow
around 48 ka, simultaneously with the beginning of MIS 3-phase 2 of Bu2 (Fig. 6.6). Speleothem Vil-
stm14 stopped growing at around 42 ka, in agreement with the end of MIS 3-phase 2 of Bu2. Growth of
Vil-stm27 declined remarkably after 41 ka, when Bu2 and Vil-stm14 already had stopped growing.
Compared to Bu2, both speleothems from Villars Cave show a generally faster growth rate of up to

280 pm/a during the later growth phase.
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Fig. A6.3: Comparison of the age-depth relationships of four different European speleothems that cover
MIS 3. Black closed squares are the 2**Th-ages from Bu2 (this study). 2*°Th-ages from speleothems from
Villars Cave are illustrated by red diamonds (Vil-stm27, Genty et al., 2010), grey circles (Vil-stm14,
Wainer et al., 2009) and purple stars (Vil-stm-9, Genty et al., 2010). In general, there are only few data
points between 48 and 50 ka, showing the inhabiting influence of the Heinrich 5 cold event on
speleothem growth in Europe. Bu2 stopped growing completely, while the Vil-stm14 stalagmite showed
a significantly diminished growth rate. Vil-stm27 started to grow at this time around 48.5 ka and shows

rapid growth between 47 and 44 ka.
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Fig. A6.4: Thin section of Bu2 between 63 and 101 mm DFT showing the hiatus between the Holocene
and MIS 3 at 76 mm DFT. Around 100 mm DFT, no hiatus is visible.
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Fig. A6.7: Increase in U at the detrital layer (see Fig. 6.2) suggesting post-depositional mobilization of
U probably resulting in an apparently too young age for sample Bu2-29 (see supplementary Table A6.1

and section 6.5.1 in the manuscript).
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Table A6.1: Uranium and Th mass fractions, activity ratios and »*°Th-ages for stalagmite sample Bu2. All uncertainties are quoted as 2 SE. Samples marked with
an asterisk were analysed by TIMS, all other samples by MC-ICP-MS. Ages are given in thousand years (ka) before 2017. All activity ratios and ages were corrected
for detrital contamination, using a ***Th/>*®*U mass ratio of 3.8, calculated from the average Th and U mass fractions of tonalities which are believed to be
representative for the bulk continental crust (Wedepohl, 1995), assuming an uncertainty of 50 % and **°Th, U and ***U in secular equilibrium for the detritus.
Activity ratios were calculated using the half-lives from Cheng et al. (2000). Sample BU-2-29 was not used for the age model and is therefore presented in italic

(see section 6.5.2).

Sample DFT [mm] Uncertainty 2**Th [ng/g] Uncertainty 2%( [ng/g] Uncertainty (**U/?%U) Uncertainty (*Th”**U) Uncertainty (**Th/***Th) Uncertainty Uzcgoerr[ekc; ]e d Uncertainty io;e[ckt:ji Uncertainty [ka]
BU2-7.5 75 2.0 1.163 0.012 194.46 1.20 1.580 0.002 0.154 0.001 79.51 0.80 11.25 0.08 11.15 0.10
BU2-7.9 79 2.0 0.490 0.014 133.28 1.29 1.375 0.011 0.454 0.007 378.21 11.69 42.99 0.92 42.92 0.94
BU2-8.3 84 1.5 1.118 0.012 115.93 0.90 1.380 0.006 0.463 0.003 147.25 1.47 43.99 0.44 43.79 0.45
BU2-9.4 95.5 1.0 0.842 0.009 119.17 1.13 1.364 0.010 0.465 0.005 201.72 2.23 44.77 0.69 44.62 0.70
BU2-9.8 98 1.0 0.617 0.006 119.04 0.94 1.368 0.007 0.469 0.004 276.69 2.75 44.97 0.51 44.87 0.50
BU2-10 101 1.5 0.795 0.009 135.51 0.92 1.376 0.003 0.480 0.003 250.57 2.63 45.98 0.40 45.86 0.39
BU2-11.5 116 2.0 0.200 0.004 113.47 0.95 1.386 0.007 0.486 0.006 841.27 19.05 46.16 0.71 46.12 0.72
BU2-12.5 126 2.0 0.309 0.006 112.52 0.74 1.410 0.003 0.498 0.005 554.84 11.18 46.55 0.61 46.50 0.62
BU2-13.1 131 1.5 0.518 0.005 106.83 0.89 1.409 0.008 0.503 0.004 317.07 3.02 47.16 0.56 47.07 0.58
BU2-14.5 145 1.5 0.025 0.001 65.70 0.62 1.356 0.010 0.513 0.008 4119.23 122.50 50.69 1.09 50.69 1.08
BU2-15.5 155 1.5 0.021 0.001 68.07 0.69 1.357 0.011 0.516 0.009 5131.09 172.04 51.05 1.21 51.05 1.20
BU2-16 162 2.0 0.034 0.001 43.90 0.35 1.354 0.007 0.522 0.009 2040.88 58.16 51.91 1.11 51.90 1.10
BU2-17 170 1.5 0.032 0.001 56.59 0.55 1.345 0.011 0.511 0.009 2784.17 90.23 51.02 1.27 51.01 1.24
BU2-19 190 1.5 0.050 0.001 66.74 0.57 1.349 0.008 0.517 0.007 2125.74 55.10 51.64 0.92 51.63 0.91
BU2-20 201 1.5 0.043 0.001 69.30 0.47 1.355 0.003 0.518 0.008 2576.67 74.93 51.43 1.06 51.42 1.04
BU2-21.6 216 2.5 0.042 0.001 70.35 0.58 1.350 0.008 0.513 0.008 2625.68 68.01 51.03 1.12 51.02 1.10
BU2-23 231.5 1.5 0.090 0.002 56.93 0.40 1.350 0.004 0.516 0.009 1002.15 30.21 51.39 1.11 51.36 1.15
BU2-24 239.5 2.0 0.082 0.002 63.66 0.54 1.345 0.008 0.521 0.008 1232.36 34.92 52.37 1.08 52.35 1.09
BU2-25* 250 2.0 0.105 0.001 62.67 0.06 1.349 0.005 0.516 0.012 944.65 22.84 51.49 1.51 51.45 1.54
BU-2-26 262 2.0 0.042 0.001 50.32 0.37 1.356 0.004 0.522 0.006 1916.54 51.96 51.92 0.77 51.90 0.76
BU-2-27 270 2.5 0.039 0.001 48.07 0.33 1.351 0.005 0.517 0.008 1947.82 55.99 51.51 1.02 51.49 1.00
BU-2-29 291.5 3.0 1.170 0.013 72.35 0.48 1.386 0.003 0.473 0.004 89.72 1.03 44.91 0.46 44.59 0.48
BU2-29.5 295 1.0 0.073 0.003 63.27 0.65 1.343 0.012 0.522 0.012 1381.96 60.21 52.53 1.56 52.50 1.61
BU2-30* 300 2.5 ~0 NA 64.68 0.13 1.350 0.010 0.517 0.010 NA NA 51.52 1.33 51.52 1.31
BU-2-31 310 1.5 0.065 0.002 60.78 0.41 1.337 0.003 0.512 0.007 1473.25 43.30 51.62 0.95 51.60 0.94
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Table A6.2: Quality control materials from the LA-ICP-MS measurements at the Institute of

Geosciences, Johannes Gutenberg University Mainz.

Element Mg P Sr Y Th U
Measured Isotope BMg 3ip 88Sr ¥y 22Th By
NIST SRM 610
Mean [pg/g] (n =24) 523 426 497 464 433 421
1SD [ug/g] 11 29 14 29 47 22
GeoReM [ng/g] 432 413 516 462 457 462
RSF 1.21 1.03 0.96 1.01 0.95 0.91
USGS BCR-2G
Mean [pg/g]l (n=24)| 22101 1488 329 35.1 6.23 1.58
1SD [ug/g] 535 44 11 0.7 0.31 0.12
GeoReM [ug/g] 21471 1615 342 35.0 5.90 1.69
RSF 1.03 0.92 0.96 1.00 1.06 0.94
USGS MACS-3*
Mean [pg/g] (n = 24) 1992 175 6965 19.1 48.1 1.53
1SD [ug/g] 72 43 299 1.3 3.1 0.29
GeoReM [ug/g] 1756 104 6760 22.9 554 1.52
RSF 1.13 1.69 1.03 0.83 0.87 1.01

*Please note that USGS MACS-3 has no preferred values in GeoReM. Therefore, we used the compiled

values from Jochum et al. (2012). “*Ca was used as internal reference. The RSF (Relative Sensitivity

Factor) is calculated as the ratio between the average measured mass fractions divided by the literature

value.

Table A6.3: Operational parameters for LA-ICP-MS measurements at the Goethe University Frankfurt

and the Johannes Gutenberg University Mainz.

Operating parameter

Goethe University
Frankfurt

Johannes Gutenberg
University Mainz

ICP-MS system
Laser ablation system

Isotopes used

Oxide rate 2¥U'°0/2**U
Calibration material
Spot shape

Spot size

Repitition rate
Transition rate

Fluence

Thermo-Finnigan Element 11
New Wave UP213 UV-laser
Mg, 1P, 3Ca, *Sr, ¥Y
<0.5 %

NIST SRM 610

Circular

60 um

10 Hz

10 pm/s

3 J/em?
141

Agilent 7500ce

ESI NWR193 ArF Excimer laser
Mg, 3P, #Ca, *Sr, ¥Y, 22Th, 2¥U
<0.2 %

NIST SRM 612

Circular

110 um

10 Hz

10 um/s

3 J/em?
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6.9.1 Discussion of Bu2 'O values

Under modern conditions, the %0 values of the drip water at Bunker Cave mainly reflect the 5'%0
values of winter precipitation (Fohlmeister et al., 2012; Riechelmann et al., 2011; Riechelmann et al.,
2017; Wackerbarth et al., 2010). Thus, the 5'0 values have been attributed to changes in the amount of
winter precipitation and winter temperature, and Fohlmeister et al. (2012) concluded that higher
speleothem 8'80 values correspond to cold and dry winters, whereas more negative 530 values indicate
warmer and more humid winters. They also attributed the variability of Bunker Cave speleothem §'30
values to changes in storm tracks and the source region of the water vapour. Applying this interpretation
of the 8'%0 values to our dataset, MIS 3 phase 1 would be characterised as a period of cold and dry
winters, whereas phase 2 would be warmer and more humid. However, this interpretation of the 5'%0
variability is based on modern-day and Holocene data and is in conflict with the other proxy data.

Consequently, we suggest an alternative interpretation of the §'*0y values of Bu2 during MIS 3.

Previous studies from Bunker Cave showed that PCP is not a major factor controlling the 5'*0 values
of the speleothems (Fohlmeister et al., 2012). Therefore, we exclude PCP as a potential driver for the
observed changes in the 8'30g record. The drip water has a residence time between two and five years
(Kluge et al., 2010; Riechelmann et al., 2012a; Riechelmann et al., 2017), and drip water 3'%0 values
reflect the annual mean §'80 value of precipitation, weighted by the monthly amount of infiltration
(Riechelmann et al., 2011; Riechelmann et al., 2017). Rainwater 8'*0O values in Central Europe vary
seasonally, and summer precipitation shows higher 6'30 values than winter precipitation (Rozanski et
al., 1982). This general trend should also hold true for MIS 3. Hence, it may be possible to attribute
changes in the 3'®0y. record of the speleothem sample to changes in the seasonality of precipitation.
Today, the drip water 3'0 values are mainly influenced by winter precipitation (Riechelmann et al.,
2017). More negative speleothem §'*0Ogc values would indicate a larger portion of winter precipitation,
while more positive 3'%Og values would reflect an increase in the portion of summer precipitation.
Pollen data from the Eifel (Sirocko et al., 2016) indicate lower summer temperatures for MIS 3 than
today implying decreased evapo-transpiration above the cave. This would allow a higher proportion of
summer rainfall to infiltrate the soil and result in increased speleothem §'®0 values. Therefore, the more
positive 'O values of MIS 3 phase 1 may suggest increased summer infiltration compared to today and
MIS 3 phase 2. In turn, the significantly lower 8'®0y. values at the beginning of phase 2 may suggest a
phase, when winter precipitation contributed significantly to the drip water budget. Regarding the
increasing trend in 8'®0g. during the second growth phase, a gradual change towards more summer
precipitation/infiltration may be possible, besides other processes potentially affecting the 3'30 values.
However, water availability during MIS 3 phase 2 was generally lower, as shown by the Sr isotope and

Mg trace element data, as well as the lower growth rate.
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7.1 Abstract

Climate variability in Central Europe during the Holocene was characterised by changes on a millennial
to decadal time-scale. Speleothems provide the opportunity to study past climate variability using high
resolution proxy records (e.g. stable isotopes and trace elements), and offer precise age models by U-
series dating. However, the climatic significance of an individual speleothem record is still a matter of
debate, and limitations in sample availability often hamper the possibility to reproduce climate patterns

observed at a specific cave site or to resolve spatial climate patterns.

Here we present a palacoclimate record based on four speleothem samples from the
Hiittenbldserschachthohle (HBSH), western Germany, which were sampled in close proximity. Two
samples cover almost the entire Holocene, with a short hiatus in between. A third sample grew between
6.1 0.6 kaand 0.6 + 0.1 ka and a fourth one grew continuously between 11.0 + 0.4 ka and 8.2 £ 0.2 ka.
Trace element and stable isotope data were analysed at high resolution and allow us to compare the
results obtained by different samples and reconstruct climatic patterns during the Holocene. In addition,
Sr isotopes have been investigated to further constrain soil processes and changes in weathering

conditions.

The aim of this study is to evaluate the consistency of the proxy data recorded in the individual
stalagmites and validate the obtained results by a multi-proxy approach. Due to the close proximity of
HBSH (<1 km) to the intensively studied Bunker Cave system, this dataset also provides the unique
opportunity to compare the Holocene record with a time-series from a different cave system, which
should have recorded the same climate signal. While the initial growth phase after the onset of the
Holocene shows similar patterns in both cave systems, an opposing trend was observed for the past 6 ka,
most likely induced by a strong effect of disequilibrium isotope fractionation, resulting in a strong
enrichment in 8'°C, as well as 8'*0. This is not visible in the stable isotope data from Bunker Cave. We
were able to show this effect based on changes in the growth rate and trace element distribution,
highlighting the use of a multi-proxy approach, especially if only a limited number of speleothem

samples are available for palacoclimate reconstructions.

7.2 Introduction

Today, speleothems are established terrestrial palaeoclimate archives and widely used in the
reconstruction of past climate and environmental variability on different time scales (Budsky et al.,
2019; Luetscher et al., 2015; Mischel et al., 2017b; Moseley et al., 2014; Wassenburg et al., 2016a;
Weber et al., 2018a). One of their extraordinary features is the possibility to obtain independent, precise
and accurate ages, using the U-series disequilibrium method (Richards and Dorale, 2003; Scholz and
Hoffmann, 2008) and the construction of a robust age-depth relationship model. Two of the most

commonly used proxies in speleothem science are stable isotopes of oxygen (3'30) and carbon (5'*C),
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as well as trace element variations (Fairchild et al., 2006; Fairchild and Treble, 2009; Lachniet, 2009;
McDermott, 2004). Both can be measured in high spatial resolution and converted to a time-resolved
dataset using an age-depth models (e.g. Breitenbach et al., 2012; Scholz and Hoffmann, 2011).
Furthermore, additional proxies have been established for speleothems, such as the Sr isotope system,
to reconstruct changes in aeolian dust transport, weathering conditions, precipitation amount and water
pathways in the karst (Banner et al., 1994; Banner et al., 1996; Hori et al., 2013; Li et al., 2005; Weber
et al., 2017; Weber et al., 2018a).

Although these proxies have been intensively studied, the reconstruction of past climate variability using
stable isotopes can be hampered by several processes. Besides the natural variation of §'%0 and §'*C
based on climatic/environmental changes, karst and cave processes can also significantly alter the
resulting proxy signal in speleothems (Deininger et al., 2012; Hansen et al., 2017; Hansen et al., 2019;
Riechelmann et al., 2013). Therefore, it is important to evaluate the significance of a single speleothem
stable isotope record. This is either possible by using a multi-proxy approach to support the stable
isotope data, or by analysing more than one speleothem sample from the same time interval, if available.
This is especially crucial for time intervals, where speleothem growth is sparse, e.g. during Marine
Isotope Stage 3 in Central Europe (Fankhauser et al., 2016; McDermott, 2004; Weber et al., 2018a), and
a higher number of samples covering the time interval of interest are not available. In contrast to time
intervals with a low number of speleothem records, the favourable climatic conditions during the
Holocene resulted in intensive speleothem growth (Mangini et al., 2007; McDermott et al., 1999),
allowing to evaluate the significance of speleothem stable isotope records based on Holocene

speleothem cave records.

The reconstruction of past climate variability during the Holocene is of special interest for humanity,
since modern society developed during that time and climatic and environmental changes directly
influenced human cultural development (Brenner et al., 2002; Dearing, 2006). Although Holocene
climate variation is much smaller than on glacial/interglacial time scales (Mayewski et al., 2004;

McDermott, 2004; Wanner et al., 2008), there are significant changes and events during the Holocene.

Here we present speleothem proxy data from Hiittenbldserschachthohle (HBSH), western Germany,
covering almost the entire Holocene. In total, four samples were investigated and analysed for stable
isotopes of carbon and oxygen. These records will be stacked and their significance will be evaluated
by comparing our data with available datasets from the nearby Bunker cave (<1 km distance to HBSH).
To further decipher our stable isotope data, we use a multi-proxy approach including trace element data
and Sr isotope analysis. The aim of this study is to evaluate the significance of a speleothem record
retrieved from a single cave and compare the record with a nearby Bunker Cave covering the same time

intervals during the Holocene.
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7.3 Site and sample description

The description of the cave environment and the speleothem samples are basic requirements for
palaeoclimate reconstructions, since speleothem formation is largely dependent on the overlying host

rock and the precipitation above the cave.

7.3.1 Hiittenbliserschachthohle

Hiittenbldserschachthohle (HBSH in the following) is located in the Middle- to Upper Devonian
limestone of the northern Rhenish Slate Mountains (Iserlohn-Letmathe, NW Germany, Fig. 7.1), which
consists of biostromal accumulations at the external shelf of the Rhenohercynican (Burchette, 1981).
The cave has an elongation of about 5 km at a height difference of 46 m (Grebe, 1994), shared on three
vertical levels with stable corridors. On each level, a clear main corridor has formed, which probably
represents the former major karst water collector. The main corridor profiles show a clear development
in the phreatic zone. The cave levels can be correlated to river terraces of the rising Rhenish Massif
(Niggemann et al., 2003). Ridges and valleys in the area of Iserlohn-Letmathe usually follow the WSW-
ENE strike of the rock formation (von Kamp and Ribbert, 2005). Due to the close proximity of HBSH
(<1 km, Fig. 7.1) to the nearby Bunker Cave, both cave system are covered by similar vegetation and
are influenced by the same climatic patterns. The vegetation cover consists of C3-plants, such as shrubs,
ash and beech trees. Mean annual precipitation amounts 919 mm and the mean annual temperature in
this area is 10.5°C (1988 — 2007, DWD weather station Hagen-Fley, Fig. 7.1). During a multi-annual
monitoring of Bunker Cave (Riechelmann et al., 2017), the 'O values of precipitation in this area have

been determined to range from -5 %o in summer to -13 %o in winter.
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Fig. 7.1: Geological map of the cave area with Hiittenbladserschachthohle and Bunker Cave indicated in
the Middle/Upper Devonian limestone. Weather station (WS) Hagen-Fley is indicated in the north-
western part of the map. Modified after Riechelmann et al. (2011).
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7.3.2 Speleothem samples

Four samples (HSBH-1, HBSH-3, HBSH-4 and HBSH-5, Fig. 7.2) have been retrieved from HBSH,
covering the Holocene period. HBSH-1 is a ca. 55 cm long sample with clearly visible lamination,
mainly composed of aragonite (Yang et al., 2015). For this study, we focus on an approximately 5 cm
long section from the top of the stalagmite. HBSH-3 has a total length of approximately 22 cm, a bright
beige colour with some darker areas and shows some lamination. In contrast to HSBH-1, the sample is
composed of calcite. HBSH-4 also shows lamination in the whole sample, which has a total length of
40 cm and consists entirely out of calcite. The colour of the stalagmite is a bright beige to grey. HBSH-
5 consists of calcite and has a total length of 33 cm, showing lamination and a generally darker colour
than the other HBSH stalagmites. The top section covering approximately 6 cm is investigated in this

study.

HBSH-3

HBSH-1 HESH-5

Fig. 7.2: Overview of HBSH samples HBSH-1, HBSH-3, HBSH-4, and HBSH-5 (left to right). For
samples HBSH-1 and HBSH-5, only the upper parts covering the Holocene were investigated. For
HBSH-3 and HBSH-4, the major parts cover the Holocene.

147



Chapter 7

7.4 Analytical methods
To date and characterise the samples, several analytical methods have been applied, including MC-ICP-

MS, LA-ICP-MS and IRMS, which are described in the following.

7.4.1 B°Th/U-dating

Stalagmite samples from HBSH have been analysed using the *°Th/U dating method by MC-ICP-MS
at the Max Planck Institute for Chemistry (MPIC), Mainz, the Institute of Geosciences, Mainz, and at
the School of Geographical Sciences, Bristol (HBSH-1). Samples were cut along the growth axes using
a diamond wire saw. In total, 47 samples have been analysed for 2°Th/U-dating at MPIC, seven samples
at the Institute of Geosciences, Mainz and five samples at the School of Geographical Sciences, Bristol
(Table 7.1). Chemical separation of U and Th prior to analysis has been performed for samples HBSH-
3, HBSH-4 and HBSH-5 using an ion-exchange resin (AG1-X8) at the MPIC, following the methods
described in Hoffmann (2008) and Yang et al. (2015), using sample amounts of approximately 0.3 g.
Chemical separation for HBSH-1 has been performed at the School of Geographical Sciences, Bristol,
following the methods described in Hoffmann (2008). At MPIC, a Nu Plasma MC-ICP-MS was used to
analyse U and Th in separated sessions following the protocol described in Obert et al. (2016). Details
of the calibration of the U-Th-spike are presented by Gibert et al. (2016). Introduction of the samples
dissolved in 0.8 mol/L HNO3 was performed using a CETAC Aridus II desolvating nebulizer system. A
daily tuning protocol was used to achieve highest signal intensities and optimised peak shapes. At
Institute of Geosciences, a Neptune Plus MC-ICP-MS was coupled to a CETAC Aridus 3 desolvating
nebulizer system, using the same analytical protocol as described for the Nu Plasma. Measurements at
the School of Geographical Sciences have been performed using a Neptune MC-ICP-MS coupled to a
CETAC Aridus desolvating system, following the methods described in Hoffmann et al. (2007). Based
on the resulting ages, age-depth models (Fig. 7.3) were calculated using the algorithm StalAge (Scholz
and Hoffmann, 2011).

7.4.2 Stable isotope analysis

Stable carbon and oxygen isotope values (5'°C and 8'%0) for HBSH-3, HBSH-4 and HBSH-5 were
obtained at the Institute of Geosciences, Johannes Gutenberg University Mainz. Samples were drilled
using a hand drill device with a spatial resolution of 500 um. In total, 1350 samples have been analysed
using a Thermo Finnigan MAT 253 continuous-flow isotope ratio mass spectrometer equipped with a
Gasbench II. Stable carbon and oxygen isotope values for HBSH-1 have been obtained at the Institute
of Geology, University of Innsbruck, using a Merchantek video-controlled MicroMill device with a
spatial resolution of 150 um, resulting in a total number of 301 samples. Analyses were performed using

a Thermo Fisher Delta® XL isotope ratio mass spectrometer linked to a Gasbench II. Analytical
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precision and accuracy on a 1 -level are usually better than 0.05 %o for the §'3C and §'*0 measurements.

All values are reported relative to V-PDB.
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Fig. 7.3: Age-depth relationship for stalagmites HBSH-1 (black), HBSH-3 (green), HBSH-4 (red) and
HBSH-5 (blue) resulting from U-series dating. Measurements performed with the Neptune Plus MC-
ICP-MS at the Institut of Geosciences are marked with an asterisk or a diamond, respectively. The
coloured squares/diamonds represent the resulting **°Th-ages with their respective 2 SE uncertainties.
Please note that some of the measurement uncertainties are smaller than the square/diamond indicating
the resulting age and are therefore not visible in the figure. Detailed uncertainties are given in Table 7.1.
The green lines represent the age model calculated by StalAge (Scholz and Hoffmann, 2011) with the
red lines representing the corresponding age uncertainties on a 95% confidence level for each sample.
For the ages before the onset of the Holocene in stalagmites HBSH-3 and HBSH-4, no age model was

calculated.

7.4.3 Trace element analyses
LA-ICP-MS has been used to determine trace element mass fractions. A Thermo Finnigan Element 2

SF-ICP-MS was coupled to a New Wave UP213nm laser ablation system at the MPIC. For all samples,
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the following laser parameters have been applied: spot analyses with a spot size of 100 pm, a repetition
rate of 10 Hz and an energy output of 60 %, resulting in a fluence of ~5 J/cm?. Background signals were
collected for 14 s prior to ablation and subtracted from the sample signal, followed by a wash-out time
of 20 s. The following analytes have been analysed during the session: 2*Mg, 3'P, %Sr and '*’Ba. NIST
SRM 612 was analysed for calibration purposes at the beginning, between each set and at the end of the

routine. ¥*Calcium was used as internal reference to calculate trace element mass fractions.

7.4.4 Strontium isotope analyses

Strontium isotope ratios (*’Sr/**Sr) were determined for speleothem samples HBSH-3 (n = 9), HBSH-4
(n =9) and HBSH-5 (n = 3). The samples (2 — 7 mg) were processed at the Institute of Geosciences,
Johannes Gutenberg University Mainz, using a laminar flow hood in a clean laboratory, following the
methods described by Lugli et al. (2017b) and Weber et al. (2018b) for dissolution and separation of Sr
using Sr-spec resin. ¥’Sr/*®Sr ratios were determined at the MPIC using a Nu Plasma MC-ICP-MS
coupled to a CITEC Aridus II desolvating nebulizing system following the methods described by Weber
et al. (2017). Ion beams were simultaneously collected using seven Faraday cups covering the mass-to-
charge range of 82 — 88, representing the following isotopes: #’Kr, ¥Kr, 3Sr, 8Rb, *Sr, #'Sr, #Sr.
Strontium solution were diluted to ~50 pg/ml and measured in a standard bracketing sequence,
correcting for a NIST SRM 987 87Sr/*¢Sr ratio of 0.710248 (McArthur et al., 2001). Correction for
instrumental mass bias was performed using an exponential law, using the %3Sr/*®Sr ratio of 8.375209

(Steiger and Jéager, 1977).

7.5 Results
Results obtained by the different techniques are presented in the following, separated in different

chapters.

7.5.1 B°Th/U-dating

Results of the #°Th/U-dating are presented in Table 7.1. Resulting age-depth models of all speleothem
samples are presented in Fig. 7.3 and all following ages refer to the results from StalAge (Scholz and
Hoffmann, 2011). Speleothem HBSH-1 shows slow continuous growth between 6.1 + 0.6 ka and 0.60
+ (0.06 ka with a stable growth rate of 8 um/a (calculated based on the age-depth model) and without
any growth stops. Sample HBSH-3 shows a more complex growth history. Two measurements yielded
ages of 13.3 £ 0.2 ka and 12.4 & 0.2 ka during the Belling-Allerad and therefore before the onset of the
Holocene at 11.7 + 0.1 ka (Walker et al., 2009). Therefore, these ages were not included in the age
model. The growth during the Holocene started at 10.8 + 1.6 ka and showed continuous growth at least

until 8.3 £ 0.2 ka with a fast growth rate (>100 um/a) between 9.5 and 9.0 ka. A growth stop between
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8.3 £0.2ka and 7.0 £ 0.2 ka is visible and is followed by a growth phase with slow growth (6 pm/a)
until the final growth cessation at 1.3 + 0.2 ka. The growth history of speleothem HBSH-4 is similar to
HBSH-3 with an initial growth phase during the Bolling-Allered between 13.6 + 0.3 ka and 13.2 +
0.1 ka, followed by a growth stop until 11.4 = 0.1 ka, representing growth inception shortly after the
beginning of the Holocene at 11.7 + 0.1 ka. The initial growth phase for HBSH-4 lasted until 9.2 +
0.4 ka and shows a deceleration in growth rate towards the hiatus from >30 um/a towards <10 pm/a.
Growth resumed around 8.2 + 0.4 ka and continuous fast growth (60 — 100 um/a) is observed until ca.
5.8 £ 0.1 ka, where a significant growth deceleration (<10 pm/a) is visible, lasting until at least 3.7 +
0.1 ka. The youngest age obtained from HBSH-4 is 1.3 + 0.3 ka and we cannot finally constrain if the
growth between the last two #*°Th dating results was slow and continuous, or if there was a hiatus in
between. For our age model, a continuous growth was modelled. Speleothem HBSH-5 shows continuous
growth between 9.9 + 0.3 ka and 8.2 = 0.1 ka and a rather constant growth rate of ~20 um/a for most of
the sample. Only the youngest part shows a decelerating growth rate down towards ~10 um/a between

8.7+0.1kaand 8.2 £0.1 ka.

7.5.2 Trace elements
Trace element records of Mg, P, Sr and Ba are presented in supplementary Fig. A7.1 —7.3. To evaluate
the relationship between trace element records and stable isotope data, a correlation analysis was

performed using the statistical software R (R Core Team, 2013).

Since HBSH-1 consists of aragonite in comparison to the calcite speleothems HBSH-3 and HBSH-5,
the trace element mass fractions can significantly differ (Wassenburg et al., 2016b). Magnesium in
HBSH-1 is low (~180 pg/g) for most of the sample except for some significant spikes in mass fraction
during the most recent 1000 years. Strontium mass fraction is relatively high, increasing from 500 to
800 ng/gtowards younger ages until ca. 3.5 £ 0.1 ka. Afterwards, this trend is reversed. The same pattern

is visible in P, while Ba is decreasing on a longer time scale towards younger ages.

HBSH-3 has a much higher Mg mass fraction between 1000 and 4500 pg/g. In general, Mg is increasing
towards younger ages, especially in the second growth phase between 7.0 = 0.2 ka and 1.3 + 0.2 ka.
Strontium and Ba show a similar trend with increasing mass fractions until the hiatus and decreasing
mass fractions after growth re-inception at 7.0 + 0.2 ka. The opposite trend is true for P. A prominent

feature is the significant reduction in mass fraction for Mg, Sr and Ba around 9.5 + 0.2 ka.

HBSH-5 does not show large trace element variation besides one significant increase in Mg, Ba and P
around 8.5 = 0.2 ka, which is contemporaneous with a decrease in Sr mass fraction. In general, all four

observed trace element mass fractions decrease towards the growth cessastion around 8.2 + 0.1 ka.
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Table 7.1: Uranium and Th mass fractions, activity ratios and **Th-ages for Holocene stalagmites from Hiittenbldserschachthdhle. All uncertainties are quoted as
2 SE. All activity ratios and ages were corrected for detrital contamination, using a **Th/?*®U mass ratio of 3.8 + 1.9, calculated from the average Th and U mass
fractions of tonalities which are believed to be representative for the bulk continental crust (Wedepohl, 1995). We assumed 2°Th, 2**U and ***U to be in secular
equilibrium for the detritus. Activity ratios were calculated using the half-lives from Cheng et al. (2000). All measurements highlighted with an asterisk have been
measured at the Institute of Geosciences with a Neptune Plus MC-ICP-MS. Sample HBSH-1 has been analysed at the School of Geographical Sciences, Bristol.

BDL = below detection limit; NA = not available due to >*’Th mass fraction below detection limit.

Uncorrected Uncertainty Corrected Uncertainty

Sample DFT [mm] *2Th [ng/g] Uncertainty 23U [ng/g] Uncertainty (**U/**U) Uncertainty (**°Th/”**U) Uncertainty (*°Th/***Th) Uncertainty Age [ka] [ka] Age [ka] [ka]
HBSH-1-0.4 4.0 2.167 0.284 2727.52 364.02 1.965 0.003 0.0211 0.0002 81.9 0.5 1.19 0.01 1.18 0.01
HBSH-1-1.2 12.0 2.543 0.290 3427.39 392.00 2.142 0.003 0.0421 0.0002 174.3 0.9 2.18 0.01 2.17 0.01
HBSH-1-2.2 21.5 0.690 0.086 6186.75 773.74 1.891 0.003 0.0601 0.0003 1647.7 12.0 3.52 0.02 3.52 0.02
HBSH-1-3.7 36.5 4.109 0.320 4876.50 372.62 1.932 0.003 0.0895 0.0004 325.2 2.1 5.17 0.03 5.16 0.03
HBSH-1-4.3 43.0 34.837 2.624 4219.61 315.69 1.838 0.003 0.0981 0.0011 37.1 0.1 6.10 0.03 5.97 0.07
HBSH-3-0.2 2.0 0.906 0.055 38.54 0.48 1.228 0.014 0.0411 0.0145 6.1 1.9 4.27 1.33 3.72 1.34
HBSH-3-0.6 6.0 0.453 0.005 72.30 0.43 1.211 0.002 0.0253 0.0011 13.1 0.4 2.45 0.07 2.30 0.10
HBSH-3-1.4 14.0 0.066 0.001 38.05 0.25 1.208 0.002 0.0373 0.0011 66.6 2.1 3.47 0.10 3.43 0.11
HBSH-3-2.1 21.0 1.540 0.015 80.34 0.49 1.204 0.003 0.0527 0.0026 9.2 0.2 5.34 0.09 4.88 0.25
HBSH-3-2.3 23.0 0.789 0.014 99.27 0.79 1.208 0.008 0.0638 0.0021 25.3 0.8 6.10 0.18 5.91 0.20
HBSH-3-3.3 33.0 0.864 0.009 43.21 0.29 1.205 0.002 0.0737 0.0033 12.0 0.4 7.35 0.22 6.87 0.32
HBSH-3-5.9 59.0 0.413 0.005 4597 0.31 1.212 0.002 0.0746 0.0016 26.1 0.5 7.14 0.12 6.92 0.16
HBSH-3-6.5* 65.0 6.530 0.043 87.64 0.52 1.226 0.002 0.0748 0.0044 3.8 0.1 8.62 0.15 6.80 0.41
HBSH-3-7.4 74.0 2.670 0.029 91.33 0.55 1.249 0.003 0.0951 0.0067 11.4 0.2 9.97 0.21 8.62 0.62
HBSH-3-8.0 80.0 0.096 0.001 51.95 0.35 1.249 0.002 0.0926 0.0018 153.8 34 8.44 0.17 8.39 0.17
HBSH-3-9.6 96.0 0.030 0.000 63.08 0.42 1.252 0.002 0.0937 0.0008 603.0 9.6 8.49 0.08 8.48 0.08
HBSH-3-11.0 110.0 0.432 0.005 109.01 0.85 1.259 0.007 0.1008 0.0013 78.5 1.1 9.18 0.13 9.09 0.13
HBSH-3-11.7 117.0 0.299 0.004 121.87 0.72 1.266 0.002 0.1041 0.0014 130.7 2.2 9.40 0.13 9.35 0.14
HBSH-3-14.1 141.0 0.111 0.005 93.56 1.96 1.278 0.026 0.1062 0.0051 273.8 17.1 9.48 0.51 9.45 0.52
HBSH-3-15.9 159.0 0.056 0.001 67.35 0.45 1.266 0.002 0.1061 0.0012 394.0 6.3 9.55 0.11 9.53 0.11
HBSH-3-16.8 168.0 0.007 0.000 52.59 0.36 1.263 0.002 0.1109 0.0012 2597.0 77.8 10.01 0.11 10.01 0.11
HBSH-3-17.5* 175.0 3.980 0.030 68.82 0.45 1.318 0.002 0.1155 0.0035 6.8 0.1 11.24 0.15 9.98 0.31
HBSH-3-18.3 183.0 13.302 0.132 88.41 0.69 1.343 0.011 0.1270 0.0182 33 0.1 14.07 0.26 10.80 1.63
HBSH-3-18.5* 185.0 6.838 0.048 156.76 0.99 1.369 0.001 0.1481 0.0025 11.1 0.1 13.36 0.11 12.44 0.23
HBSH-3-19.0 190.0 1.162 0.014 87.29 0.63 1.382 0.002 0.1593 0.0019 373 0.4 13.58 0.11 13.30 0.17
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Table 7.1 (continued):

Uncorrected Uncertainty Corrected Uncertainty

Sample DFT [mm] *2Th [ng/g] Uncertainty 23U [ng/g] Uncertainty (**U/**U) Uncertainty (**°Th/*®U) Uncertainty (*°Th/***Th) Uncertainty Age [ka] [ka] Age [ka] [ka]
HBSH-4-0.1 1.0 1.859 0.019 91.22 0.52 1.209 0.002 0.0143 0.0028 2.9 0.1 1.79 0.07 1.30 0.26
HBSH-4-0.7 7.0 1.198 0.012 158.11 1.07 1.208 0.005 0.0404 0.0012 17.1 0.3 3.89 0.08 3.71 0.12
HBSH-4-1.1 11.0 1.117 0.012 192.76 1.18 1.179 0.002 0.0469 0.0009 25.5 0.3 4.57 0.05 4.43 0.08
HBSH-4-1.5 15.0 0.205 0.004 243.41 1.47 1.180 0.002 0.0486 0.0018 177.4 7.2 4.61 0.17 4.59 0.17
HBSH-4-1.9 19.0 7.369 0.073 173.13 0.98 1.181 0.002 0.0509 0.0054 4.4 0.1 5.85 0.07 4.81 0.52
HBSH-4-2.3* 23.0 8.998 0.064 143.71 0.91 1.185 0.001 0.0556 0.0037 3.5 0.0 6.77 0.09 5.24 0.35
HBSH-4-2.6 26.0 0.400 0.004 236.87 1.45 1.171 0.002 0.0612 0.0007 111.7 1.5 5.90 0.06 5.86 0.07
HBSH-4-5.4 54.0 0.131 0.002 268.41 1.57 1.132 0.002 0.0618 0.0010 386.8 7.6 6.13 0.10 6.12 0.10
HBSH-4-5.8 58.0 0.205 0.003 262.36 1.62 1.129 0.002 0.0636 0.0008 250.1 4.1 6.34 0.08 6.32 0.08
HBSH-4-7.8 78.0 0.231 0.003 288.26 1.72 1.160 0.002 0.0643 0.0010 246.3 4.8 6.23 0.10 6.13 0.10
HBSH-4-9.8 98.0 0.163 0.002 276.67 1.70 1.160 0.002 0.0664 0.0008 346.1 5.7 6.44 0.08 6.43 0.08
HBSH-4-13.5 135.0 0.093 0.001 328.15 1.89 1.157 0.002 0.0700 0.0007 758.0 10.2 6.82 0.07 6.81 0.07
HBSH-4-16.7 167.0 0.000 0.001 303.52 1.84 1.159 0.002 0.0721 0.0008 173071.5 472258.2 7.00 0.08 7.00 0.08
HBSH-4-18.3 183.0 1.506 0.015 302.81 1.75 1.138 0.002 0.0742 0.0008 46.4 0.5 7.48 0.06 7.36 0.08
HBSH-4-18.7 187.0 3.763 0.050 281.12 1.60 1.134 0.002 0.0697 0.0024 16.7 0.4 7.25 0.17 6.92 0.24
HBSH-4-20.5 205.0 1.045 0.011 296.24 2.11 1.155 0.005 0.0785 0.0009 68.8 0.9 7.77 0.09 7.68 0.10
HBSH-4-20.8 208.0 13.369 0.132 281.26 1.61 1.156 0.002 0.0720 0.0060 54 0.1 8.20 0.10 7.01 0.59
HBSH-4-21.8 218.0 5.615 0.055 200.84 1.14 1.155 0.002 0.0788 0.0035 9.4 0.1 8.40 0.08 7.71 0.36
HBSH-4-22.4* 224.0 12.987 0.089 191.34 1.20 1.187 0.001 0.0833 0.0038 4.5 0.0 9.59 0.08 7.93 0.38
HBSH-4-23.1 231.0 7.632 0.076 245.08 1.41 1.182 0.002 0.0989 0.0038 10.4 0.1 10.28 0.08 9.52 0.37
HBSH-4-23.7 237.0 3.146 0.032 242.88 1.47 1.155 0.003 0.1029 0.0017 25.0 0.3 10.49 0.09 10.17 0.19
HBSH-4-24.0 240.0 1.048 0.011 307.01 1.85 1.177 0.002 0.1091 0.0009 98.4 1.1 10.68 0.09 10.59 0.09
HBSH-4-24.8* 248.0 BDL BDL 281.40 1.79 1.180 0.001 0.1096 0.0028 NA NA 10.61 0.28 10.61 0.28
HBSH-4-26.7 267.0 2.244 0.023 306.56 1.89 1.206 0.002 0.1187 0.0012 50.3 0.5 11.46 0.09 11.29 0.12
HBSH-4-27.8 278.0 0.356 0.010 298.43 1.84 1.204 0.002 0.1180 0.0025 303.4 10.7 11.29 0.26 11.23 0.26
HBSH-4-28.5* 285.0 0.613 0.005 292.35 1.84 1.208 0.001 0.1205 0.0008 176.2 1.4 11.49 0.07 11.44 0.08
HBSH-4-29.4 294.0 0.918 0.010 291.94 1.92 1.217 0.004 0.1395 0.0011 136.4 1.5 13.32 0.11 13.25 0.12
HBSH-4-29.9 299.0 1.340 0.013 318.18 1.85 1.222 0.002 0.1425 0.0010 104.2 1.0 13.59 0.09 13.49 0.10
HBSH-4-30.2 302.0 7.717 0.076 359.05 2.08 1.228 0.002 0.1438 0.0027 21.2 0.2 14.05 0.13 13.55 0.28
HBSH-5-0.3 3.0 2.162 0.021 172.21 1.18 3.042 0.013 0.2216 0.0021 54.6 0.5 8.31 0.07 8.19 0.09
HBSH-5-0.7 7.0 5.670 0.057 205.14 1.20 3.283 0.009 0.2544 0.0032 28.7 0.3 8.97 0.06 8.73 0.12
HBSH-5-1.3 13.0 1.708 0.023 68.17 0.45 3.324 0.009 0.2650 0.0037 32.9 0.5 9.20 0.10 8.99 0.13
HBSH-5-2.5 25.0 7.054 0.114 211.18 1.30 3.320 0.014 0.2788 0.0056 26.1 0.6 9.77 0.16 9.48 0.21
HBSH-5-3.5 35.0 32.228 0.559 2196.37 16.80 3.342 0.015 0.2936 0.0055 61.8 1.5 10.06 0.19 9.90 0.25
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7.5.3 Stable isotopes

Stable isotope results for 8'*C are presented in Fig. 7.4 [A] for all analysed speleothem samples from
HBSH. Since all speleothem samples show varying and different growth rates, a centennial mean based
on the age-depth model was calculated for each speleothem sample (Fig.7.5 [A]) to focus on trends on
longer time scales and smooth annual or decadal variability. Samples HBSH-3, HBSH-4 and HBSH-5
started to grow at the onset of the Holocene or shortly after. Those three samples show different absolute
8"3C values at their growth inception, but a generally similar trend towards more negative values after
growth inception. They also reached their most negative 3'*C values (or at least a significant peak for
HBSH-5) almost simultaneous around 9.4 = 0.1 ka. Shortly afterwards, HBSH-4 stopped growth, while
HBSH-3 and HBSH-5 continued to grow until 8.3 + 0.2 ka and 8.2 + 0.1 ka, respectively, and show
again more positive 3'°C values. HBSH-4 started to grow again around 8.2 + 0.4 ka with fluctuating
813C values between -10 and -9 %o with two significant negative peaks around 4.6 = 0.2 ka and 3.8 (+0.6,
-0.2) ka. HBSH-3 reinitiated growth at 7.0 + 0.2 ka with a trend towards more positive 3'3C values,
which is further intensified after 3.0 + 0.3 ka, reaching a peak 8'°C value of -6.7 %o at 1.3 + 0.2 ka,
coherent with the final growth cessation. HBSH-1 growth during the Holocene incepted at 6.1 £+ 0.6 ka
with an initial decrease in 8'*C, followed by a long-term trend towards more negative values, similar to
HBSH-3. Peak negative 8"°C values are visible for HBSH-1 at 6.0 £ 0.1 ka, 4.6 £ 0.1 kaand 3.9+0.1 ka,
all coherent with peaks in 8'°C in HBSH-4. HBSH-1 shows the most positive 8'°C value of -6.5 %o at
1.3 + 0.2 ka, coherent with growth cessation of speleothems HBSH-3 and HBSH-4. In contrast, HBSH-

1 continued to grow with decreasing 8'°C values until the final growth cessation at 0.6 & 0.1 ka.

Oxygen isotope results from all the HBSH speleothems show a general trend towards more positive §'*0
values to recent times. As described for the 5'*C values, the raw §'%0 values (Fig. 7.4 [B]) show a highly
variable pattern on the short time scale. Therefore, we calculated a centennial mean for the §'%0 values
(Fig. 7.5 [B]) to focus on the long-term trends in this study. In contrast to §'°C, the 3'®0 values show a
more coherent trend in all speleothem samples. After an initial decrease in 8'0 shortly after growth
inception in HBSH-3, HBSH-4 and HBSH-5, those three speleothems tend to more positive values until
their growth stops at 9.2 + 0.4 ka (HBSH-4), 8.3 + 0.2 ka (HBSH-3) and 8.2 + 0.1 ka (HBSH-5). The
most positive 8'%0 value (-4.6 %o) of all speleothem samples is observed in HBSH-3 around 9.6 + 0.1 ka
and is in agreement with more positive values in HBSH -4 and HBSH-5. After growth started again in
HBSH-3 and HBSH-4, both speleothem samples still yield more positive 'O values, although HBSH-
4 shows a significant decrease between 6.7 + 0.3 ka and 5.8 + 0.4 ka. Growth in HBSH-1 started at 6.1
+ 0.6 ka and tends to more positive 3'30 values throughout the completely Holocene part. The most
prominent peak in 8'*0 towards more positive values in HBSH-1 is observed around 5.4 + 0.1 ka.
HBSH-4 shows a coherent increase in 8'0 during that time, although the absolute 3'%0 value is not
significantly more positive than other peaks in this sample. All sample continue this trend towards their

respective hiatus. HBSH-1 does not show any further significant peaks until its growth cessation around
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0.6 = 0.1 ka. However, HBSH-3 and HBSH-4 show a further peak towards more negative §'%0 values
around 1.7 £ 0.2/0.5 ka (uncertainty depending on the sample), which cannot be observed in HBSH-1.
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Fig. 7.4: [A] 8"°C and [B] 8'®0 values for stalagmites HBSH-1 (black), HBSH-3 (green), HBSH-4 (red)
and HBSH-5 (blue) based on the age-depth model. Please note the inverted axis for §'°C.

7.5.3.1 Processing of stable isotope data for regression analysis

All speleothem samples show high variability in growth rate, not only between each sample, but also
within. Therefore, the resulting age models for the stable isotope and trace element data show a high
variability in age resolution. The aim of this study is not to reconstruct climate variability on an annual
or decadal time scale, but to identify common trends on a larger time scale throughout the entire
Holocene. To overcome potential problems originating from differences in age resolution, we calculated
centennial mean values for the stable isotope and trace element data and performed a regression analysis,
where a common time scale for all data is a basic requirement. Based on the age model for each
individual speleothem sample, a centennial mean value for §'3C, 8'30 and each analysed trace element
was calculated. Therefore, we were able to construct stable isotope curves for each speleothem sample
in the same temporal resolution (Fig. 7.5) and perform a regression analysis (see sections 7.6.3 and
7.6.4). Regression analysis was performed with the centennial stable isotope data using the statistical
software R (R Core Team, 2013). In addition, we constructed a composite stack for HBSH (see section
7.6.4), using scaled stable isotope data from each speleothem to prevent the introduction of artificial

steps in the final dataset from different stable isotope values between the different speleothem samples
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(Fig. 7.4 and 7.5). After calculating the scaled stable isotope data for each sample, we created a
composite stack using centennial means from the data of all HBSH samples. Furthermore, we calculated
the number of single analyses, which were averaged for each mean value (replication). These
calculations were not only performed for HBSH, but also for the stable isotope values from Bunker Cave

during the same time period (Fohlmeister et al., 2012).
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Fig. 7.5: [A] 8"°C and [B] 8'%0 values averaged by a centennial mean for stalagmites HBSH-1 (black),
HBSH-3 (green), HBSH-4 (red) and HBSH-5 (blue). Please note the inverted axis for 3'°C.

7.5.4 Strontium isotopes

Strontium isotopes have been determined for samples HBSH-3, HBSH-4 and HBSH-5 (Fig. 7.6).
HBSH-5 shows the least radiogenic *’Sr/*®Sr ratios between 0.70899 + 0.00002 at 9.8 + 0.2 ka and
0.70882 = 0.00002 at 8.8 & 0.1 ka, showing a strong decreasing trend towards younger ages. HBSH-4
shows the same trend in the older growth section towards less radiogenic Sr isotope ratios. However,
the ¥’Sr/*Sr ratio of HBSH-4 is overall higher radiogenic with ratios between 0.70950 + 0.00002 and
0.70977 + 0.00002. The least radiogenic ratio of 0.70950 + 0.00002 is observed at 6.5 + 0.1 ka, followed
by a significant increase towards 0.70966 + 0.00002 at 6.0 £ 0.1 ka. Towards the final growth cessation
of HBSH-4 at 1.3 + 0.2 ka, the ¥'Sr/*Sr ratio gets progressively more radiogenic. HBSH-3 shows the
most radiogenic Sr isotope signature, with all 8’Sr/*Sr values above 0.70987 £ 0.00002. While the first
growth phase shows identical 8’Sr/%Sr ratios (0.71009 = 0.00002 and 0.71008 =+ 0.00002), the second
growth phase shows the least radiogenic Sr isotope ratio of 0.70987 + 0.00002 at 7.0 = 0.2 ka.
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Afterwards, the ¥’Sr/*®Sr increases significantly towards 0.71003 + 0.00002 at 6.8 + 0.2 ka and
progressively becomes more radiogenic towards younger ages with a maximum *Sr/%6Sr ratio of

0.71016 + 0.00002 at 2.2 + 0.2 ka.
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Fig. 7.6: Strontium isotope results for HBSH-3 (green), HBSH-4 (red) and HBSH-5 (blue). In addition,
Sr isotope values from the host rock and overlying soil at the nearby Bunker Cave (Weber et al., 2018a)

are shown (see section 7.6.2.4 for details).

7.6 Discussion
The discussion of the obtained proxy data from the HBSH speleothems is divided into several chapters,
starting with the growth phases based on the U-series dating. In the following, the results from the stable

isotopes are compared with the Bunker Cave record.

7.6.1 Growth phases
The four HBSH speleothem samples cover almost the entire Holocene, except the most recent 600 years.

Even before the onset of the Holocene, earlier growth phases have been detected between 13.6 + 0.3 ka

and 13.3 £ 0.1 ka for HBSH-4 and at 13.3 £ 0.2 ka and 12.4 + 0.2 ka for HBSH-3 (Table 7.1). These
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initial growth phases can be related to the Bolling-Allerad warming (Kohler et al., 2011). Growth did
not continue until the onset of the Holocene but was disrupted, potentially due to cooling during the
Younger Dryas (Dansgaard et al., 1989). However, since we did not sample stable isotope and trace
element data covering these time intervals, the interpretation of these ages is beyond the scope of this

study.

Based on the age-depth model, the initial growth during the Holocene incepted at 11.4 + 0.1 ka and is
visible in HBSH-4. Growth in HBSH-5 started shortly afterwards at 11.0 + 0.4 ka. Based on the age
model, even a simultaneous growth start is plausible but cannot be resolved. The onset of growth in
HBSH-3 occurred around 10.6 + 0.6 ka, which is shortly after the onset in HBSH-4 and HBSH-5.
Therefore, we expect that the climate melioration at the onset of the Holocene caused the HBSH
speleothems to grow within the time period 10.6 — 11.4 ka. Between 10.6 and 9.2 ka, three speleothem
samples were growing simultaneously until HBSH-4 stopped at 9.2 + 0.4 ka. Growth rate in HBSH-4
already declined at 10.5 + 0.2 ka and in temporal agreement with the onset of growth in HBSH-3, which
grew until 8.3 + 0.2 ka. At the same time, growth cessation is observed in HBSH-5 (8.2 + 0.1 ka).
Interestingly, by the time HBSH-3 and HBSH-5 stopped their growth, HBSH-4 again starts to grow at
8.2 £ 0.4 ka with a rapidly increasing growth rate up to >100 um/a (Fig. A7.4). This high growth rate is
visible until around 6.0 = 0.1 ka and declines significantly afterwards down to <10 um/a. A similar trend
is visible in the growth characteristics of HBSH-3. After growth re-inception at 7.0 & 0.2 ka, growth rate
increases rapidly, but only for a very short time frame up to 100 um/a (Fig. A7.4). Already around 6.5
+ 0.4 ka, growth rate declined to <10 um/a and therefore in the same range as observed for HBSH-4.
HBSH-1 growth incepts at 6.1 + 0.6 ka and is continuous for the whole growth period until 0.6 + 0.1 ka.
However, the growth rate is very small (<10 um/a) and agrees with the growth rates observed in HBSH-
3 and HBSH-4 during the same time interval (Fig. A7.4). In general, we can divide between an initial
growth phase in the first half of the Holocene where growth rate was generally higher than in a second
phase. The transition between these two phases in HBSH occurred between 7 and 6 ka and is visible by
a significant reduction in growth rate. Interestingly, this difference is also observed in the speleothem
samples, which only grew in one of the phases (HBSH-5 in the first phase and HBSH-1 in the second
phase), as well as for the two speleothem samples covering this transition phase (HBSH-3 and HBSH-
4).

7.6.2 Proxy data
Results from the different proxies are discussed individually in the following chapters before compiling

the obtained results towards a general interpretation for HBSH.

158



Chapter 7

7.6.2.1 Stable oxygen isotopes

The 3'*0 values of all Holocene HBSH speleothems show the same increasing trend on the longer time
scale (Fig. 7.4 [B] and 7.5 [B]). At the onset of the Holocene, 5'*0 shows the most negative values in
the three coevally growing samples HBSH-3, HBSH-4 and HBSH-5, although their absolute §'*0 values
differ. A first peak in 8'30 is reached around 9.4 ka, with maximum values in HBSH-3 and HBSH-4.
HBSH-5 reached a stable value of ca. -5.5 %o at that time and remained there until the final growth
cessation at 8.2 + 0.1 ka. Until the growth stop of HBSH-3 at 8.3 + 0.2 ka, 8'%0 slightly decreases again.
Simultaneously, HBSH-4 reinitiated growth with more positive values than before the hiatus and
remained at that value (ca. -5 %o) until 7.0 + 0.1 ka. At that time, 3'%0 decreases by around 1 %o and
HBSH-3 started to grow again. From that on, §'®0 becomes progressively more positive until the final
growth cessations in those speleothems. When HBSH-1 started to grow at 6.1 + 0.6 ka, the 8'30 value
also progressively increases with time until the most positive §'0 value of -4.7 %o at 0.6 + 0.1 ka. After
5 ka, the three growing speleothems show relatively similar §'*0 values within <0.5 %o. Therefore, these
where significantly affected by the same overlying signal. For §'0, the major influencing factors are
usually the cave temperature and precipitation above the cave. Today, the 8'30 of precipitation in this
region varies between -5 %o in summer and -13 %o in winter (Riechelmann et al., 2017). Generally, the
8'80 values of all speleothems are significantly more positive than one would expect from a weighed
averaged precipitation signal in this area, since speleothem deposition mainly occurs during winter times
in this region (Fohlmeister et al., 2012; Lachniet, 2009; Riechelmann et al., 2017), where §'*0 values in
precipitation are significantly more negative. Therefore, additional influencing factors need to be
responsible for the more positive speleothem calcite 'O values, even after correcting for the different
reference materials for calcite (V-PDB) and water samples (V-SMOW). In the nearby Bunker Cave,
Holocene 8'*0 variability is mainly attributed to changes in winter precipitation and temperature
(Fohlmeister et al., 2012). In that study, more positive §'*O speleothem values correspond to cold and
dry winters and vice versa. This would indicate a trend towards colder and dryer winters with further
progressing of the Holocene towards modern times. Besides climatic factors, isotope disequilibrium
fractionation can significantly influence the 3'80 value of speleothem samples (Lachniet, 2009). Since
we observed a significant trend towards slower growth rates towards the younger parts of the samples,
these disequilibrium effects can alter the §'*0 values due to enhanced drip intervals on the speleothem
surface (Dreybrodt et al., 2016; Hansen et al., 2019; Hendy, 1971; Lachniet, 2009), causing §'*0 to

increase.

7.6.2.2 Stable carbon isotopes

For 8'3C, a general division between the first part of the Holocene and the second part, starting around
7 — 6 ka is visible (Fig. 7.4 [A] and 7.5 [A]). At growth inception, §'*C significantly tends towards more
negative values in HBSH-4 and HBSH-5, which is most likely related to the climate melioration at the
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onset of the Holocene. Increased biological activity in the newly formed soil causes the §'*C values to
shift to more negative values, due to the biological fractionation of carbon in the soil with increased
biological activity (McDermott, 2004). This trend is less clear for HBSH-3. However, this might be
related to a later onset of growth for this speleothem (see section 7.6.1), where the overlying soil and
vegetation was already established. The most negative peak in 8'*C is reached around 9.4 ka in HBSH-
3 and HBSH-4, with HBSH-5 showing a peak as well. This coherent with a peak in 5'%0 for these three
speleothems as described in section 7.6.2.1. In general, this phase seems to be characterized by increased
soil biological activity and root respiration, indicating warm and humid climate conditions during the
early Holocene at HBSH. Interestingly, HBSH-4 stopped growth shortly after its most negative §'°C
values, while HBSH-5 remained at that §'°C level and HBSH-3 showing a slight trend towards more
positive values until both stopped to grow at 8.3 +£ 0.2 ka and 8.2 + 0.1 ka, respectively. Simultaneously,
HBSH-4 started to grow again with "°C values around -10 %o and the highest growth rate of the entire
sample. The negative 8"°C values and the high growth rate indicate further favourable climate conditions
at that time, which is coherent with the Holocene climate optimum (Mayewski et al., 2004). At 7.0 +
0.2 ka, HBSH-3 started to grow again with a high growth rate and 8"*C values around -9.5 %o. However,
growth rate in HBSH-3 rapidly declined after growth inception and 8'*C values increased towards -8 to
-8.5 %o. This pattern is also visible in HBSH-4 around 6 ka, where 8'*C increased more than 1 %o and
growth rate declined to less than 10 pm/a. This coherent pattern indicates a significant change in water
availability inside the cave system, which can either be related to a significant climatic deterioration, or
some changes in the hydrology in the epikarst system, reducing the water availability inside the cave.
Shortly before the transition towards more positive 8'°C values and slower growth rates in HBSH-4
occurred, sample HBSH-1 started to grow at 6.1 + 0.6 ka. The initial 3'*C values tend rapidly towards
more negative values, before reaching their peak at 6.0 + 0.1 ka. Further on, §*C in HBSH-1 is
progressively getting more positive. The same trend is visible for HBSH-3, while the small growth rate
of HBSH-4 hampers the temporal precision of individual §'*C peaks. However, some coherent patterns
are clearly visible. At 5 ka, HBSH-1 and HBSH-4 show a simultaneous decrease in §'°C until 4.5 ka,
where 8'°C increases in both samples. A second peak to more negative 8'3C values is observed in all
three speleothems at 4 ka. However, the general trend in 3'3C is still towards more positive values,
reaching its most positive peak at 1.3 + 0.2 ka, where HBSH-3 and HBSH-4 finally stopped to grow. In
contrast, HBSH-1 continued to grow with a constant growth rate and decreasing 8'*C towards -7.8 %o at

0.6 + 0.1 ka.

Due to the significant changes in growth rate, no solely climate variability, vegetation cover and soil
biological activity need to be discussed when changes in 8'3C are observed in speleothem samples.
Besides these climatic and environmental factors affecting 3'3C in speleothems, fractionation effects can
introduce significant bias during speleothem deposition. An increase in 8'*C might not only be caused
by decreasing availability of soil CO,, but also by a decrease in drip rate, i.e. a longer residence time of

the drip water on the speleothem surface, enhancing disequilibrium isotope fractionation (Deininger et
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al., 2012; Mihlinghaus et al., 2009; Scholz et al., 2009). Since growth rate remarkably dropped in all
speleothem samples around 7 — 6 ka, it seems likely that the typical drip interval in HBSH increased.
This is a potential cause for the progressive increase in §'*C in samples HBSH-1, HBSH-3 and HBSH-
4, since all their growth rates are below <10 um/a during that time interval. In contrast, the initial phase
of the Holocene in HBSH was characterized by a faster growth rate and decreasing 8'°C values. During
that time span, isotope disequilibrium effects on the speleothem surface should have played a minor role

and the decreasing trend should reflect increasing soil cover and biological activity above the cave.

7.6.2.3 Trace elements

All trace elements monitored for HBSH-5 show a decreasing trend towards the growth cessation
(Fig. A7.3). At 8.5 + 0.2 ka, significant increases in Mg, P and Ba are visible, while Sr decreases. This
timing is coherent with negative peaks in 8'°C and 3'®0. In general, the correlation between the four
investigated trace elements is positive, with Ba and P showing the highest correlation of 0.7 (Fig. A7.5).
In addition, there is a positive correlation of 0.5 between §'*C and Mg. Since we attribute the decrease
in 8"3C towards soil formation and increasing biological activity, the decrease in Mg seems to be also
attributed to these influencing factors, i.e. more soil formation and wet conditions causing lower Mg
mass fractions (Wassenburg et al., 2016b; Weber et al., 2018a). Furthermore, the decrease in Mg is
similar as observed in the initial Holocene phase of Bunker Cave (Fohlmeister et al., 2012). The authors
attributed this pattern by the deposition of Mg-rich loess during the previous glacial period and the
progressive leaching of loess during the early phase of the Holocene. Due to the close proximity to
Bunker Cave, the same should be true for HBSH and is an additional explanation for the Mg trend
observed in HBSH-5. Since HBSH-5 only covers the initial part of the Holocene, the transition observed
in the growth rate and stable isotopes cannot be monitored in this sample. However, HBSH-3 covers
most parts of the Holocene besides the hiatus between 8.3 £ 0.2 ka and 7.0 £+ 0.2 ka. Therefore, we can
expect to see changes between the two different phases in HBSH-3. The first growth phase of HBSH-3
yielded significantly lower Mg mass fractions than the second one. In addition, "°C is significantly
more negative in the first growth phase. Based on the assumption proposed for HBSH-1, we expect the
first phase to be wetter and highly influenced from soil formation and biological activity. Due to the
increase of Mg over time, the Mg mass fraction is positively correlated with the §'30 signature (0.5,
Fig. A7.6), which also increases over time. Even higher correlations are visible between Mg and Sr (0.6)
and Ba and Sr (0.8), indicating the same source for Ba and Sr, most likely the overlying host rock.
However, the correlation between Sr and Mg is mainly based on the first growth phase, where Ba, Sr
and Mg are increasing. This is clearly visible in the correlation matrix in Fig. 7.7 [A], where only data
from the first growth phase (10.6 + 0.6 to 8.3 £+ 0.2 ka) is shown. Strontium and Ba show a strong
positive correlation (0.9), as well as Sr and Mg (0.7) and Ba and Mg (0.5). Magnesium, however, is
slightly negatively correlated to both stable isotopes. In the second growth phase (7.0 £ 0.2 kato 1.3 £
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0.2 ka), Mg mass fraction is further increasing, while Ba and Sr are decreasing. The correlation matrix
for the younger part (Fig. 7.7 [B]) shows, that Mg is positively correlated with both stable isotopes
during that time span. Furthermore, Mg is slightly negatively correlated to Sr (-0.1) and Ba (-0.4), while
Sr and Ba still show a high positive correlation (0.9). This indicates, that there is a further mechanism
during the younger part of the Holocene, which overprints the host rock signal for the trace elements
and disrupts the relationship between Sr/Ba and Mg. The increase in Mg mass fraction cannot only be
attributed to changes in epikarst pathways, but also to changes in the residence time of the percolating
water. Prior calcite precipitation (PCP, Fairchild et al., 2000; Riechelmann et al., 2011) can influence
the Mg mass fraction, with increasing PCP forcing the Mg mass fraction in the speleothem to rise (Tooth
and Fairchild, 2003). This could explain increasing Mg mass fractions in the younger part and support
the assumption of dryer cave conditions. In addition, differences in dissolution characteristics of calcite
and dolomite (Fairchild and Treble, 2009) can cause differences in the Mg mass fraction. The host rock
of HBSH is similar to the host rock above Bunker Cave, where dolomite has been observed (Grebe,
1993). During dryer conditions, the contribution of dolomite to the drip water will increase and therefore

also the Mg mass fraction in the speleothem.
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Fig. 7.7: Correlation matrix for stable carbon and oxygen isotopes and trace elements of stalagmite

HBSH-3 during the early [A] and late [B] phase of the Holocene.

HBSH-1 shows some differences in the trace element mass fractions in comparison to HBSH-3 and
HBSH-5, since it consist of aragonite. Magnesium mass fraction is much lower (~200 pg/g) and does
not significantly change within the whole section besides some peaks in the youngest 1 ka. In contrast,

Sr is highly concentrated (500 — 800 pg/g) and shows negative peaks in the youngest part, where Mg is
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increasing. This is most likely related to short sections consisting of calcite. In general, Ba, Sr and P
show a decreasing trend towards younger ages and are positively correlated to each other (Fig. A7.7).
As observed in the younger part of HBSH-3, Mg is negatively correlated to Ba, Sr and P and positively
correlated to both stable isotopes. This indicates that the younger part is influenced by an additional
factor as described for HBSH-3. By comparing the trace element distribution between HBSH-1 and
HBSH-5, which represent only the younger and older part, respectively, the transition described for
HBSH-3 is also visible. HBSH-5 shows the positive correlation between Mg and Ba/Sr. In contrast, the

younger sample HBSH-1 shows the negative correlation between Mg and Ba/Sr.

7.6.2.4 Strontium isotopes

Strontium isotopes in speleothems have been successfully applied to reconstructions of water
availability above the cave and differences in the relative contributions of host rock and overlying soil
due to differences in the atmospheric inputs and weathering behaviours of soil components (e.g. Banner
et al., 1994; Weber et al., 2018a; Zhou et al., 2009). Since HBSH is in close proximity to Bunker Cave
and formed within the same Middle/Upper Devonian limestone (Grebe, 1993; Grebe, 1994), we expect
them to show the same Sr isotopic signatures. Therefore, Sr isotopes ratios for host rock and overlying
soil presented in Weber et al. (2018a) for Bunker Cave with values of 8’Sr/%6Sr = 0.70836 + 0.00006 for
the host rock, 0.71893 = 0.00001 for soil horizon C and 0.7237 £ 0.0003 for soil horizon A are used. All
87S1/36Sr ratios of the speleothems samples lie between these end members (Fig. 7.6) and changes in the

Sr isotope composition are likely related to changes in the end-member contribution.

Similar as the changes observed for the trace elements, the Sr isotopes show a significant change in their
trend between the early and the latter growth phase. While the three analysed speleothems show a trend
to less radiogenic Sr isotopes ratios in the first growth phase, significant shifts are observed for HBSH-
3 and HBSH-4. In HBSH-3, we observe the least radiogenic Sr isotope ratio at 6.7 £ 0.3 ka, shortly after
the onset of the second growth phase. This trend towards the value of the host rock can be related to an
enhanced residence time of the percolating water in the host rock during the hiatus. Therefore, the Sr
isotope signature of the host rock is strongly influencing the resulting 8’Sr/%¢Sr ratio in the speleothem.
At 6.8 £ 0.3 ka, ¥’Sr/®Sr strongly increased towards growth cessation. The same trend is true for HBSH-
4, where a strong increase in ¥’Sr/%¢Sr between 6.5 and 6.0 ka is visible, coherent with the change in
growth rate in this sample. Again, ¥’Sr/%¢Sr gets more radiogenic towards younger ages. The increasing
87S1/36Sr ratios are coherent with the reduced growth rate of the speleothems, as well as the further trend
towards more positive values of 3'°C and 8'0O and the increase in Mg mass fraction. Therefore, these
factors are likely influenced by the same process, i.e. a further drying of the cave within the Holocene.
However, the trend in Sr isotopes with supposed further drying is contrary to the Sr isotope evolution
observed in the nearby Bunker Cave during the early MIS 3 (Weber et al., 2018a). In this study, two
phases during the early MIS 3 were observed with significantly different environmental conditions.
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While the early phase is believed to be warm and humid with increased soil formation and a high
weathering rate, the second phase is characterised by dry conditions forcing the §'C values to increase,
as well as the Mg mass fraction. Strontium isotopes, however, tend towards less radiogenic values. There
are several different processes potentially explaining these differences. Although both cave system are
in close proximity, the processes in the overlying epikarst can be highly variably and complex.
Therefore, changes in the karst system do not necessarily affect two different caves in the same way.
While for Bunker Cave, increased rainfall amounts are believed to cause an overflow systems in the
karst and reducing the influence of the host rock to the Sr isotope signature and vice versa, this is not
necessarily true for HBSH. The younger phase in HBSH with potential further dryness can influence
the #Sr/*%Sr ratio of the samples in different ways. Although HBSH might be influenced by further
dryness inside the cave, this is not necessarily true for the surface area. In Bunker Cave, no significant
drying trend was observed during the Holocene (Fohlmeister et al., 2012). Therefore, it is unlikely that
changes in precipitation amount are responsible for the drying observed in HBSH. In contrast, changes
in hydrological pathways might be causing this trend during the younger part. Consequently, the surface
conditions above the cave were still favourable and are potentially decoupled from the cave conditions.
By applying this assumption to the Sr isotope signature, the increase in ¥’Sr/*Sr can be attributed to an
increased weathering process (Capo et al., 1998; Stewart et al., 2001) due to enhanced weathering of
silicate material with highly radiogenic signals as observed for Bunker Cave (Weber et al., 2018a).
Besides environmental factors, the Sr isotope signature might also be influenced by fractionation effects.
Although it is believed that *Sr/*®Sr is not affected by fractionation effects, these effects have been
described for the stable 3% Sr in the per mill range for the marine and terrestrial environment (Fietzke
and Eisenhauer, 2006; Halicz et al., 2008). Due to the mass bias correction of ’Sr/*Sr with the %3Sr/%¢Sr
ratio, a potential fractionation of that values can potentially influence the resulting 8’Sr/*¢Sr ratio (Halicz
et al., 2008). However, the underlying processes affecting the **Sr in the soil and cave environment are
still not fully understood and require further investigations. Therefore, the influence of stable Sr isotope
fractionation with changes in the drip rate of speleothem samples cannot be excluded as potential

influencing factor for the increase in ¥’St/**Sr during the Holocene.

7.6.3 Within cave correlation of HBSH and Bunker Cave

To evaluate the significance of a single speleothem stable isotope record within HBSH, we used the
centennial means to calculate correlations between the four samples, as well as the two stacks for §'*C
and 8'%0 (Fig. 7.8 [A]). In general, the correlation between both stable isotope records of the individual
speleothems are highly positive correlated to their respective stack. This proofs that the creation of the
stack still represents the trends observed in the samples. In addition, all §'%0 values between all samples
are positively correlated to each other, suggesting a common pattern influencing all samples. The same

is true for the 8'*C values, where all samples are positively correlated to each other. However,
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differences are observed in the comparison of 8'*C and §'30 values within the cave. While §'*0 in
HBSH-1 is positively correlated to all 3'3C values of the three remaining speleothems, the §'*C values
of HBSH-5 are negatively correlated to all 8'30 values. This trend further supports the transition within
the Holocene, as described in the previous sections. Since HBSH-5 only grew in the early phase and
showed the initial decrease in 3'°C at the onset of the Holocene, this sample does not show the transition
and is negatively correlated to the similar trend observed in all 'O speleothem curves. Generally, the
created stacks of 6'*C and 8'30 are slightly correlated (0.3). However, this positive correlation is mainly
caused by the same trend in the youngest section, which is strongly expressed by the positive correlation
between the §'3C stack and the §'*0 of HBSH-1 (0.6) and the §'®0 stack and the §'*C of HBSH-1 (0.7).
In contrast to HBSH, the correlation matrix for Bunker Cave (Fig. 7.8 [B]) shows positive correlations
between all samples and isotope curves, covering the same time interval. This indicates that these two
isotope systems have been influenced by similar processes, as all individual samples show positive

correlation with the created §'°C and 8'%0 stacks, both for the same, as well as for the other isotope.
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Fig. 7.8: 5'%0 and 8'*C correlation matrix for [A] the four HBSH stalagmites, as well as the two HBSH

stacks and [B] the four Holocene Bu stalagmites (Fohlmeister et al., 2012), as well as the two Bu stacks.

7.6.4 Inter-cave correlation between HBSH and Bunker Cave

Besides the within comparison of the individual samples and the two observed stable isotope systems,
the comparison of the same stable isotope within the two nearby cave systems is of great interest. For
8'%0, we cannot observe a significant correlation between the two created stacks for HBSH and Bunker
Cave (Fig. 7.9 [A]). However, this is largely related to differences in the correlation of individual
speleothem samples. While Bu2 and Bu6 show significant positive correlations to all HBSH samples

covering the same time span, Bu4 does not show any correlation to HBSH and Bul even negative
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correlations to HBSH. This indicates, that Bu does not show an overall common §'®0 trend as described
for HBSH. However, the Bunker Cave speleothems do not overlap as much as the HBSH speleothems
in their growth history. The resulting Bunker Cave stack is largely influenced by sample Bu4, which
grew from 8 ka until recent times. Since Bu4 does not show any correlation with the HBSH speleothems,
the lack of correlation between HBSH and Bunker Cave is plausible. Due to the lack of other longer
growing speleothems samples from Bunker Cave, the §'80 correlation highly relies on the Bu4 sample,
although Bu2 and Bu6 correlate to HBSH, but only for short common time intervals during the early
phase of the Holocene, where Bu2 and Bu6 grew. However, these findings further support the transition
in HBSH during the middle Holocene. The positive correlation of Bu2 and Bu6 during the early phase
of the Holocene shows that during that time, we can observe a common signal in both caves. However,
since Bu4 and Bul started to grow around 8 and 6 ka, respectively, both samples mainly cover time
periods where we expect HBSH to already be influenced by fractionation effects in §'°C and potentially

also 8'0, which hampers the potential of common signals between these two cave systems.
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Fig. 7.9: Correlation matrix for [A] 8'%0 of the four Bu (Fohlmeister et al., 2012) and HBSH stalagmites,
as well as the two HBSH and Bu stacks and [B] 8'*C of the four Bu (Fohlmeister et al., 2012) and HBSH
stalagmites, as well as the two HBSH and Bu stacks.

For 8'3C (Fig. 7.9 [B]), the comparison between the two cave systems yielded significant negative
correlations. In general, the two 8'°C stacks show a negative correlation (-0.5). This is especially true
for HBSH-1 and the simultaneously growing Bul and Bu4 during the younger part of the Holocene
section. In addition, HBSH-3 shows negative correlations with all Bunker Cave samples, although
covering large parts of the Holocene. A different pattern in visible for HBSH-4, which shows a slight
positive correlation to Bu2, which grew in the early phase of the Holocene until approximately 8 ka. In
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contrast, correlation with the long growing Bu4 yielded a negative correlation. Interestingly, the §*C
values of HBSH-5 show a positive correlation with the simultaneously growing samples Bu2 and Bu6
in Bunker Cave during the early Holocene. This indicates, that the early Holocene signal in §'°C is
coherent in HBSH and Bunker Cave, while later on, the §'°C trends become dispersed and yield negative
correlations. This observation is in agreement with the previously observed transition in stable isotopes,

trace elements and Sr isotopes.

The comparison of the resulting stable isotope stacks (Fig. 7.10) highlights the conclusions derived from
the regression analysis. For §!%0, the first part of the Holocene shows some common features in HBSH
and Bunker Cave, e.g. a peak around 9.6 ka and a general trend towards more positive values. However,
this common pattern becomes negligible or even reversed in the latter parts of the Holocene stack,
especially for the youngest 3 — 4 ka, where the trends are clearly opposite. Similar patterns can be
observed in the 3'*C stack, with an initial trend towards more negative 6'*C in the first part until around
9.5 ka, representing the onset of the Holocene with increased soil production and biological activity.
However, an even more pronounced trend towards diverging patterns in observed from around 7 — 6 ka
onwards. At 6.5 ka, the 3'*C in Bunker Cave becomes progressively more negative, while '3C in HBSH
tends towards more positive values from 6 ka on, resulting in the strong negative correlation observed

in this section.

7.6.5 Implications for speleothem based palaeoclimate reconstructions

Our results show that the sole use of stable isotope for palacoclimate reconstructions using speleothems
can be highly biased by non-climatic/environmental factors. Although HBSH and Bunker Cave are
located directly nearby, their stable isotope signals clearly diverge for significant parts of the Holocene.
HBSH shows a clear trend towards more positive 8'3C values during the most recent 6 ka. This could
imply a general trend towards dryer conditions, less vegetation cover and reduced biological activity,
associated with a severe climate deterioration. However, by comparing these results with the Bunker
Cave dataset and other well-established climate proxies from the same time interval (e.g. Mayewski et
al., 2004; Wanner et al., 2008) this assumption is unlikely. By applying further proxies, such as the
growth rate and the trace element composition of the speleothem samples, we were able to deduce that
the increase in 8'°C, and potentially 8'30, are mainly affected by disequilibrium isotope fractionation on
the speleothem surface due to enhanced drip intervals. Besides these general differences between the
two cave systems, we can see significant differences between samples from the same cave. For example,
the relationship between 8"°C and 8'30 within one sample is different for the four HBSH speleothems.
While HBSH-1 shows a strong positive correlation between these two isotopes, HBSH-5 yields a slight

negative correlation. By comparing the growth phases, we were able to show that not all samples from
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the same cave were growing simultaneously, although sampled in close proximity. This shows the
complex interplay between the growth of speleothems and the processes in the karst system. Therefore,
reconstructions based on single speleothems samples needs to be treated with caution and a multi-proxy

approach should be applied to eliminate potential cave effects from environmental signals.
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Fig. 7.10: Scaled stable isotope stacks for [A] 8'%0 of Bunker Cave [B] 8'%0 of HBSH [C] §"*C of
Bunker Cave and [D] 8'3C of HBSH. For all stacks, the replication indicates the number of individual
stable isotope measurements averaged for the centennial mean for the specific time interval. Please note

that the axes for 8'°C are inverted to match with the plots shown in Fig. 7.4 and 7.5.

7.7 Conclusion

Due to sampling regulations in many caves, the number of excavated speleothem samples can be
restricted. Therefore, it is important to evaluate the significance of single speleothem isotope records.
This is especially crucial for time periods where speleothem growth was rare. While for the Holocene,
numerous samples are available for several locations, more crucial time periods might suffer from a lack
of further samples and palaeoclimate reconstructions might be based on single samples. By comparing
stable isotope records from HBSH and the nearby Bunker Cave, we were able to reconstruct significant
changes between the two caves and even within one cave. While the initial part of the Holocene showed

some similar trends in both cave systems, no common pattern was observed for the younger parts. By
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using a multi-proxy approach using stable isotopes, trace elements and Sr isotopes, we were able to
show that the younger part in HBSH was largely influenced by a drying in the cave, causing enrichment
in 8'3C and 8'®0 due to disequilibrium fractionation. This shows, that even within one sample, it is
possible to have periods where the proxy data gives reliable information, while other parts can be highly
influenced by disequilibrium isotope fractionation effects. Therefore, we highly encourage the

application of several proxies to reconstruct past climate variability based on speleothem samples.
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Fig. A7.1: Trace element records of P, Ba, Sr and Mg obtained from HBSH-1.
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Fig. A7.2: Trace element records of P, Ba, Sr and Mg obtained from HBSH-3.
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Fig. A7.3: Trace element records of P, Ba, Sr and Mg obtained from HBSH-5.
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Chapter 8: Outlook

The analysis of Sr isotopes in speleothems allows for better understanding of the processes affecting
speleothem formation and potential sources of incorporated elements. Therefore, the methodology
developed and applied in the framework of this thesis has the potential to be used for different kinds of
applications. Besides basic studies for reference material validation, where Sr isotope measurements by
LA-MC-ICP-MS can be used as indicator for microhomogeneity, the application to speleothem samples
will be further extended. So far, one of the most promising dataset consists of numerous LA-MC-ICP-
MS Sr isotope analyses of a speleothem sample from Hiittenbldserschachthohle. While the upper
Holocene part of sample HBSH-1 is investigated in the framework of this thesis in chapter 7, the
remaining stalagmite grew between approximately 130 to 75 ka. Therefore, we can observe the
transition from the last interglacial (MIS 5e) towards the transition from MIS 5/4. When comparing the

high-resolution §'*C record with the ¥St/*6Sr record (Fig. 8.1), a strong correlation is visible.
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Fig. 8.1: Stable carbon (top) and Sr isotope (bottom) data obtained from stalagmite HBSH-1 from
Hiittenblaserschachthohle. Both proxies show a similar trend on the longer time scales, covering almost
the entire MIS 5. The similar pattern observed in both isotope systems suggests that the underlying
mechanisms driving both proxies must be the same or closely linked, potentially related to soil

development and changes in weathering above the cave.

The most radiogenic ¥’Sr/%Sr ratio of 0.70979 + 0.00006 at 120.3 ka is coherent with a negative peak in
813C at the same time, potentially indicating the peak interglacial conditions during the Eemian.

Furthermore, the following decrease in ¥Sr/*Sr is coherent with a significant increase in 8'3C. In
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general, both curves follow the same pattern between 125 ka and 80 ka. Significant negative peaks in
8'3C around 107 and 80 ka are associated with more radiogenic *’Sr/*®Sr ratios, as well as positive peaks
of 3°C at 114 ka and 92 ka are in agreement with lower radiogenic *’Sr/%Sr ratios. In general, the strong
correlation between these two proxies suggests a similar underlying mechanism. Since both isotope
systems are linked to soil development, the most plausible explanation for these observations are
changes in the soil development in combination with changes in weathering rates, allowing different

contributions of host rock and soil, influencing both, '*C and ’Sr/**Sr.

In addition to the already obtained speleothem Sr isotope data, the establishment of the low-Sr carbonate
reference material “NanoSr” (chapter 5) enables the analysis of speleothem samples with lower Sr mass
fractions with enhanced analytical precision and accuracy. As described in chapter 3 and 4, the analysis
of Sr isotopes by LA-MC-ICP-MS is mainly limited by the availability of suitable reference materials
with similar Sr mass fraction as the sample of interest. By using this new reference material, it will be
possible to precisely measure Sr isotopes in speleothem samples <500 pg/g, expanding the methodology
for calcite speleothem samples, which are more common in comparison to aragonitic samples. Not only
does analysis of speleothems by laser ablation have a great potential, but solution MC-ICP-MS
measurements can also be further applied in speleothem science. These methods allow for a higher
precision, potentially revealing even small scale changes in speleothem ®’Sr/*Sr, not only on a
millennial time scale, but also on seasonal scales, i.¢. in fast growth speleothem samples, such as MAW-
4 from India (chapter 3). Furthermore, with improvements in MC-ICP-MS, the analysis of stable Sr
isotope (8%Sr) fractionation during speleothem formation can provide additional information in the

future.

Radiogenic Sr isotopes have been widely applied in archaeology and palacontology and the high spatial
resolution obtained by LA-MC-ICP-MS allows to detect changes in 'Sr/*Sr within a few tens of pum.
One application of the presented LA-MC-ICP-MS methodology from this thesis is the Sr isotope
analysis of dental cubes (including enamel and dentin) from an African elephant (Loxodonta africana)
molar, which were placed in an isotopic tracer solution, enriched in 3¢Sr at different temperatures and
for varying time spans. By comparing the pristine ¥’St/%Sr and #Sr/*¢Sr ratio of an unaltered dental cube
with a sample, which was placed in the tracer solution at 90°C for 63 days, a significant change is visible
for both monitored ratios (Fig. 8.2). While the original sample shows constant #’Sr/*Sr ratios throughout
the whole sample, the altered sample shows significant decreases at the outer rims of the enamel, as well
as in the whole dentin. In addition, the naturally invariant 34Sr/%¢Sr ratio is also influenced by the
intrusion of the tracer solution, showing the same trends as *’Sr/**Sr, with the whole dentin being altered,
as well as the outer rim of the enamel. This application shows the high sensitivity and resolution potential
of the presented LA-MC-ICP-MS methodology for Sr isotope studies, not only restricted to

speleothems/carbonates, but also to samples of different matrices, such as bones and teeth.
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Fig. 8.2: Transect through an unaltered (black) and altered (red) dental cube consisting of enamel and
dentin (EDJ = enamel dentin junction) for ¥Sr/*Sr (straight line) and 3*Sr/*°Sr (dashed line). The
unaltered sample shows constant 8’Sr/%6Sr ratios throughout the whole sample, without any significant
changes between enamel and dentin. The invariant *Sr/*Sr ratio is also constant for the whole sample.
In contrast, the altered sample, which was placed in a *¢Sr-enriched solution at 90°C for 63 days shows
a significant decrease in *’Sr/*®Sr, as well as 34Sr/*¢Sr in the outer rim of the enamel and the whole dentin.

Only the inner part of the enamel shows pristine 8’Sr/*¢Sr and #Sr/%6Sr ratios, with the other parts being

highly overprinted.
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Chapter 9: Conclusions

The methodological developments presented in this thesis allowed the application of the LA-MC-ICP-
MS approach for measuring Sr isotopes in speleothems to be further improved and validated. Method
robustness using solution analyses and different laser ablation systems was successfully proved using
reference materials and speleothem samples. By further expanding the data availability of commonly
used carbonate and phosphate reference materials, the basis for successful in-situ measurements of Sr
isotopes was improved. Furthermore, the introduction of a customised carbonate reference material for
low-Sr samples broadened the potential application of the method. Based on these fundamental
requirements for successful Sr isotope analysis, the application of this isotope system to speleothem
science in combination with traditional proxies, such as stable carbon and oxygen isotopes and trace
elements, allows us to gain deeper insights into cave and karst processes. In order to improve
palacoclimate reconstructions based on speleothems, Sr isotopes were applied to two cave systems in
Germany, the Bunker Cave and Hiittenbldserschachthohle. For Bunker Cave, the growth episode in the
early MIS 3 was intensively investigated and Sr isotopes were used to support the 3'°C and trace element
dataset and improve the understanding of weathering processes above the cave. The use of the multi-
proxy approach allowed for the distinguishment of two different phases during early MIS 3, one warm
and humid, and the second much dryer with a decreased growth rate. The Holocene stable isotope dataset
of HBSH was also supplemented with Sr isotopes. By comparing the stable isotope records of four
Holocene HBSH stalagmites, it was possible to show that a transition between wetter and dryer
conditions in HBSH occurred around 7 — 6 ka. While the initial growth phase during the Holocene shows
a good agreement with the nearby Bunker Cave, stable isotope data diverges after this transition. This
is mainly attributed to isotope disequilibrium fractionation in HBSH, supported by changes in the
correlation of stable isotopes and trace elements, as well as significant changes in the growth rate of all

stalagmites.

This thesis highlights the importance and potential of Sr isotopes as additional proxy in speleothem
palaeoclimate reconstructions. The independent 37Sr/*Sr ratio in speleothems should be increasingly
used in multi-proxy approaches to support or even improve existing proxy records and exclude potential
cave effects as major driver for stable isotope or trace element variations. However, the fractionation of
8% Sr is still not fully understood and the potential influence of the obtained *’Sr/**Sr ratios is a matter
of debate. Furthermore, the sole use of a single speleothem sample for palaeoclimate reconstructions
should only be performed for time intervals with sparse speleothem growth, such as the MIS 3, and by
applying a multi-proxy approach to validate single proxy datasets. This was especially highlighted in
the manuscript dealing with the Holocene HBSH samples, which showed a significantly different pattern
during the last 7 — 6ka than the nearby Bunker Cave. Therefore, speleothem palacoclimate
reconstructions solely based on stable isotope records should be regarded with caution and a multi-proxy

approach should be used whenever possible.
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In summary, this thesis expands the existing Sr isotope methodology for speleothem science, which was
used to improve multi-proxy records of speleothems from the MIS 3 and the Holocene, supporting

traditional proxy datasets, such as stable carbon and oxygen isotopes and trace elements.
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