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Abstract

The Precambrian-Cambrian (R)Evolution — Insights from the Kazakh

Microcontinent

by Jessica Alexandra STAMMEIER

The Precambrian-Cambrian transition is a critical period in Earth’s history, mark-
ing a global bio-geochemical revolution that culminates in an unique bio-radiation.
This revolutionary period is characterized by extreme geodynamic and vital changes,
such as continental re-organization, progressive oxygenation, enhanced element cy-
cling, novel biomineralization, agronomic changes and evolutionary leaps. Yet, despite
decades of research, causal relations and respective timing remain a matter of debate.
This study focuses on early Cambrian phosphate-rich sedimentary sequences from
Kazakhstan as a key archive for paleo-environmental reconstruction.

For the investigated location, a continuous chemical (main, trace and rare earth ele-
ments), radiogenic and stable isotope record (87Sr/%6Sr, §13C, 6'%0 , §*6Mg) across
the Pc-C transition is presented. Trace and YREE contents and a linear co-variation
of 613C and 6'®0 characterize these sedimentary samples as near-primary shallow-
water deposits. The investigated samples record the basal Cambrian negative §'3C
excursion. 87Sr/%6Sr values are similar to the global seawater 7Sr/80Sr system, im-
plying that paleo-Kazakhstan was part of the global seawater evolution. 87Sr/%6Sr
from this study together with literature data produces a refined seawater 37Sr/%6Sr
evolution, highlighting a distinct positive 87Sr/®Sr excursion at the Precambrian-
Cambrian boundary at ca. 541 Ma. Together with high §26Mg signatures this in-
dicates a time of enhanced crustal reworking during the Gondwana assembly. The
observed isotope excursions are of relatively short duration and unprecedented in the
geologic record. In conclusion it seems plausible, that an unprecedented collision of
continental landmass during the Gondwana assembly caused a period of extreme con-
tinental reworking of evolved continental crust. The associated release of nutrients
caused the formation of massive phosphorite deposits and ultimately led to a sudden
change in marine biota.

The analytical procedure for analysis of Mg and Sr isotopes was validated in a paral-
lel study by analyzing several certified reference materials for their respective isotope
composition. The study included element separation and subsequent analysis and
yielded an intermediate precision of —2.64 & 0.10 %o of §26Mg for CAM-1 (2s, n=23),
and 0.709197 + 0.000011 of 7Sr/86Sr for seawater (2s, n=19). Additionally, a set of
combined stable Mg and radiogenic Sr isotope values for certified reference materials
SARM 43, SRM 1B, and SRM 88A, and radiogenic Sr isotope values for SARM 40

are presented.
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Kurzfassung

Die Precambrisch-Cambrische (R)Evolution — Einblicke aus Kazakhstan

von Jessica Alexandra STAMMEIER

Der Prekambrisch-Kambrische Ubergang stellte eine kritische Phase der Erdgeschich-
te dar. Er markiert eine globale biologische-geologische Revolution, die in einer einzi-
gartigen biologischen Diversifikation endet. Diese revolutionére Zeit ist charakter-
isiert von extremen geodynamischen und umweltbezogenen Verdnderungen, so wie
kontinantale Re-organisation, fortschreitende Oxygenierung, Verbesserung der Ele-
mentkreisldufe und Biomineralisation, sowie agronomische Verdnderungen und evolu-
tiondre Spriinge. Doch trotz jahrzehntelanger Forschung sind die kausalen Beziehun-
gen und das jeweilige Timing immer noch nicht klar. Die vorliegende Studie un-
tersucht phosphatreiche Sedimente aus dem frithen Kambrium aus Kasachstan als
Schliisselarchiv fiir Paldoumwelt-Rekonstruktionen. Fiir das untersuchte Studienge-
biet wird ein umfassender Datensatz von Proben entlang des Prekambrisch- Kam-
brischen Ubergangs prisentiert, mit Haupt-, Spurenelementen, inklusive seltener Er-
den (SEE), so wie radiogenen und stabilen Isotopen (87Sr/80Sr, 613C, 6180, §26Mg).
Spuren- und YSEE-Gehalte, so wie eine lineare Co-Variation von §C und 60
charakterisieren diese sedimentdren Proben als nahezu unverdnderte Flachwasser-
ablagerungen. Die untersuchten Proben erfassen die basale Kambrische negative
§13C Exkursion. Die 87Sr/806Sr Werte sind #hnlich der globalen 37Sr/%6Sr Meer-
wasserentwicklung, was darauf hindeutet, dass Paleo-Kasachstan Teil der globalen
(Meerwasser-) Entwicklung war. 87Sr/%6Sr aus dieser Studie wurden mit 87Sr/36Sr
aus der Literatur kombiniert und eine neue, verfeinerte Meerwasser 87Sr/%6Sr -Ent-
wicklung konstruiert. Diese zeigt eine deutliche positive 87Sr/30Sr - Exkursion an der
Prekambrium- Kambrium Grenze vor ca. 541 Ma. Zusammen mit ebenfalls hohen
§26Mg - Signaturen deutet dies auf eine Zeit verstirkter Krustenaufarbeitung wihrend
der Gondwana-Assimilierung hin. Die positiven Exkursionen bei den Isotopendaten
sind von relativ kurzer Dauer und erstmalig in der geologischen Geschichte. Zusam-
menfassend scheint es plausibel, dass eine Kollision der kontinentalen Landmassen
wahrend der Gondwana-Assimilierung eine Periode extremer, kontinentaler Kruste-
naufarbeitung von alter, kontinentalen Kruste verursachte. Die damit verbundene
Freisetzung von Nahrstoffen begiinstigte die Formation massiver Phosphorit Vorkom-
men und fithrte schliefllich zu der plotzlichen Verdnderung der Meeresbiota.

In einer Parallelstudie wurde das analytische Verfahren zur Bestimmung von Mg
und Sr Isotopen tiberpriift indem die Isotopenzusammensetzung von mehreren zer-

tifizierten Referenzmaterialien analysiert wurde. In dieser Studie wurden sowohl die
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Elementseparation als auch die darauf folgende Messung getestet. Die gemittelte
Prezision ergab eine Genauigkeit von — 2.64 & 0.10 %o 62°Mg fiir CAM-1 (2s, n =
23) und 0.709197 + 0.000011 87Sr/80Sr fiir Meerwasser (2s, n = 19). Zusitzlich wurde
ein Datensatz mit Mg und Sr Isotopenwerte fiir die Referenzmaterialien SARM 43,
SRM 1B und SRM 88A und radiogene Sr Isotopenwerte fiir SARM 40 présentiert.
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Chapter 1

Introduction

1.1 The Precambrian-Cambrian Transition

The Precambrian-Cambrian (Pc-C) transition is a key interval for the biologic evolu-
tion in Earth’s history (Morris, 2006; Geyer and Landing, 2017; Marshall, 2006; Shu,
2008). The Pc-C boundary marks the transition from the Neoproterozoic Ediacaran
period to the Phanerozoic Cambrian period. The boundary is defined by the first ap-
pearance datum (FAD) of the trace fossil Treptichnus/Trichophycus pedum (Landing,
1994) at the type location Fortune Head, Newfoundland, Canada (Brasier, Corfield,
et al., 1994) and set to 541 + 1.0 Ma (Cohen et al., 2013).

The Cambrian is characterized by an extensive ecosphere revolution. This is accompa-
nied by the stepwise increase in animal diversity that commences with the occurance
of small shelly fossils (SSF) and culminates in the so called “Cambrian Explosion”.
This “explosion” refers to the unique radiation of Cambrian fauna, in which a rapid
diversification and the evolution of metazoan life took place (Morris, 1989). This
radiation follows the mass extinction of the Ediacaran fauna and drastic changes to
the ecosystem (X. Zhang et al., 2014). The Ediacaran fauna consists of simple, soft-
bodied and mostly immobile organisms (Darroch et al., 2015). They feed on microbial
mats that seal the underlying sediment from a mostly anoxic to euxinic ocean (Fox,
2016). With the beginning of the Cambrian this ecosystem gains complexity. The
Ediacaran fauna gives way to complex, skeletal metazoans (R. Wood and Zhuravlev,
2012). Along with the innovation of predation, biomineralization and improved bio-
turbation, they colonize the sediment and pelagic zones in a progressively oxidized
ocean (Wallace et al., 2017; Wang et al., 2012).

The Pc-C transition is set in the aftermath of several (global) glaciations that caused
massive perturbation to carbon cycling in the Ediacaran (Kaufman, Knoll, and Nar-
bonne, 1997; Kasemann et al., 2014; Young, 2015). Among the most prominent
glaciations are the Sturtian (740-700 Ma), Marinoan (665-635 Ma) und Gaskiers
glaciation (ca. 580 Ma, M. Zhu, J. Zhang, and Yang, 2007; Kaufman, Knoll, and
Narbonne, 1997; Halverson et al., 2010). At the same time, continental fragments,
remnants of the break-up of the supercontinent Rodinia (ca. 750 Ma), re-organized to

form the next supercontinent Gondwana (ca. 540 Ma, Maruyama et al., 2014). This
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continent amalgamation is accompanied by several orogenic events, e.g., Pan-African
orogeny (650-500 Ma, Miller, 1983) and Cadomian orogeny (750-540 Ma, Linnemann
et al., 2014). Both events, glaciations and continental re-organization, contributed to
a significant rise of weathering and erosion rates during the Neoproterozoic (Halver-
son et al., 2010; Kasemann et al., 2014).

Whether an individual cause or a combination of several causes triggered this explo-
sion of life has yet to be determined. Hypotheses are diverse and include evolutionary,
ecologic and/or geologic/geochemical theories (Fox, 2016; Smith and Harper, 2013;
X. Zhang et al., 2014). Among the geologic processes, enhanced weathering is one of
the most dominant forces in the Late Neoproterozoic, e.g., recorded by the steady in-
crease in seawater 'Sr/80Sr (Halverson et al., 2010). High seawater 87Sr/®5Sr values
indicate enhanced contribution from old continental crust, while low 37Sr/%6Sr values
are derived from hydrothermal alteration. Further, the role and respective timing
of oceanic and atmospheric oxygenation remains a matter of hot debate. Theories
include that (i) bottom waters remained anoxic until the Cambrian period (Sper-
ling et al., 2015); a (ii) intermittent, stepwise oxygenation began well before the
Pc-C transition (Lyons, Reinhard, and Planavsky, 2014; Tostevin et al., 2016); and
(iii) oxygen levels were already elevated above a certain threshold before the Pc-C
boundary (Canfield, Poulton, and Narbonne, 2007; Mills and Canfield, 2014). Studies
focused on paleo-microcontinents that were situated at low-latitudes, including loca-
tions on the Siberian craton (e.g., Derry et al., 1994; Brasier, Corfield, et al., 1994),
Tarim block (e.g., C. L. Zhang et al., 2013; Dong et al., 2009), and South China block
(incl. Yangtze platform; e.g., Pirajno, 2013; Weber, Steiner, and M. Y. Zhu, 2007;
Li, 2010), India (e.g., Banerjee et al., 1997; Franz et al., 2014), Kazakhstan (e.g.,
Weber, Steiner, Evseev, et al., 2013; Dzik, 2003) and Namibia (e.g., R. A. Wood,
Grotzinger, and Dickson, 2002; Geyer, 2005), covering locations all over the world.
The stratigraphic correlation of Neoproterozoic to Cambrian strata of these locations
is well constrained by stratigraphic similarities (e.g., Levashova, Kalugin, et al., 2010,
and references therein), chemostratigraphy (e.g., Halverson et al., 2010) and fossil

assemblages (e.g., Brasier, 1982).

1.2 Study Area

Among the above mentioned key locations of the Pc-C location Kazakhstan consti-
tutes a promising study section for Early Cambrian strata. Up to the present day,
Kazakhstan holds massive minable phosphorous occurrences distributed in 45 de-
posits located in the NE part of the Karatau mountain range (see below, Levine,
2011). This phosphate rock is mainly used for fertilizer production. However, the
mining industry broke down about 25 years ago, leaving several, easily accessible open

pit mines.
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The Karatau mountain range is located in south Kazakhstan and stretches in NW-SE
direction and is part of the Central Asian Orogenic Belt (CAOB). The post-Cambrian
Main Karatau Fault (<480 Ma, Allen, Alsop, and Zhemchuzhnikov, 2001) divides the
mountain range into the NE Malyi Karatau and the SW Bolshoi Karatau. The Malyi
Karatau comprises well-preserved Pc-C strata that is considered to have undergone
few thermal and tectonic events (Alexeiev et al., 2009; Heubeck, Ergaliev, and Evseev,
2013; Weber, Steiner, Evseev, et al., 2013). The herein investigated Koksu section is

located in the Malyi Karatau, few kilometres from Zhanatas (Figure 1.1).
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FIGURE 1.1: Schematic geologic map of the Malyi and Bolshoi Karatau Mountain range

located in southern Kazakhstan (simplified after Eganov and Sovetov, 1986). The investigated

Koksu sections is located at the margin of a former shallow water basin (Eganov, Sovetov,
and Yanshin, 1986).

The exact paleogeographic position of the Kazakh microcontinent is subject to dis-
cussion for the Ediacaran and Cambrian time. Estimates for the mid- Neoproterozoic
(ca. 770 Ma) suggest a paleolatitude of ca. 34°N or S (Levashova, Meert, et al.,
2011). Weber, Steiner, Evseev, et al. (2013) propose that during the early Cambrian
period the microcontinent was positioned in between 20°N and 20°S. These views are
supported by the apparent similarities of ichnofacies and depositional environments of
the Kazakh microcontinent and the Yangtze platform (Li et al., 2013; Weber, Steiner,
Evseev, et al., 2013), which was positioned at ca.15-30°S (Baojun and Sitian, 1997).

The investigated Koksu section is located in one of the former open pit mines. The
stratigraphic and fossiliferous record and the thermal history of the Koksu section

have previously been described by Weber, Steiner, Evseev, et al. (2013) and Heubeck,
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Ergaliev, and Evseev (2013). These works describe the sedimentary record including
ichno assemblages and establish stratigraphic correlation with the well-investigated
Yangtze platform. At Koksu, a ca. 50 m exploration trench provides access to a
continuous record of the Chuluktau Formation (Fm.), which constitutes the earli-
est Cambrian period. The Chuluktau Fm. comprises a succession of shallow water
sediments, including from base to top (1) Aksai Chert, (2) Lower Phosphorite, (3)
Shale Member, (4) Upper Phosphorite, (5) Fe-Mn Horizon, and (6) Brown Dolomite
(Heubeck, Ergaliev, and Evseev, 2013). The Chert horizon comprises dark-coloured
bedded cherts, siliceous sedimentary rocks, with thin layers of mudstone phosphorite.
The phosphorite horizons consist of siliceous mudstone to grainstone phosphorite.
While the Lower Phosphorite (P1C) has a dolomite matrix, the Upper Phosphorite
(P2C) has a phosphatic matrix. The latter has several conglomeratic phosphorite
layers, indicating an increase of depositional energy towards the upper part of the
profile. The intercalated Shale Member consists of thinly layered siliceous siltstones
with phosphatic interlayers. The Upper Phosphorite is followed by a dolomite horizon

with abundant Fe-Mn crusts, and topped by a dolostone horizon.

1.3 Phosphorites in a Nutshell

One of the sedimentological key features of the Pc-C transition is the widespread oc-
currence of phosphorite deposits. Phosphorites (s.s.) are sedimentary deposits with
>18. wt. % P305 (whole rock; Jarvis et al., 1994). The main P-bearing mineral
phase is Carbonate-Fluorapatite (CFA, sometimes also referred to as francolite). The
mineral CFA is part of the apatite group, with abundant F and CO3 and the chemical
formular Cas(PO4,CO3)3F. Common paragenetic mineral assemblages are silicates,
silica, carbonates and organic matter (Trappe, 1998). Classification of phosphorites is
based on the carbonate classification of Dunham (1962) which was developed by Cook
and colleagues and published in Cook and Shergold (1986). Element substitution and
incorporation of the respective isotope composition, e.g., REE, 6'3C, 87Sr/%6Sr is com-
mon. Geochemical and isotope analysis of the sediments thus allow reconstruction of

the depositional environment.

Sedimentary phosphorites usually form at the sediment-water interface in (epi-) con-
tinental shelf settings (Follmi, 1996). Trappe (1998) distinguished two main processes
of phosphorite formation: (1) phosphogenesis, and (2) phosphorite genesis. The for-
mer refers to primary processes resulting in authigenic (orthochemical) phosphate
precipitation, the latter to secondary mechanisms producing clastic (allochemical)
phosphate grains. Generally speaking, primary processes occur through P concen-

tration and subsequent precipitation due to apatite supersaturation, either as an
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inorganic process or through microbial mediation. Mechanisms involved in this pro-
cess include the (i) “iron redox pump”, referring to the transport of P absorbed on
iron (hydr-) oxides through a redox barrier and the release of P during iron reduction
(Crosby and Bailey, 2012); (ii) accumulation of polyphosphates by sulfide-oxidizing
or sulfate-reducing bacteria in cell-vacuoles and the subsequent release to ambient
pore waters (H. N. Schulz and H. D. Schulz, 2005; Goldhammer et al., 2010; Arning,
Birgel, et al., 2008); (iii) extracellular conditions such as influences on pH, nucle-
ation sites or charged cell walls (Ferris, 1989). These primary processes usually occur
in sediment pore fluids, on microbial mats or associated extrapolymeric substances
(EPS) or as concretionary growth. Secondary processes are those that mechanically
rework authigenic sediments. This may occur though (a) sediment reworking, (b)
winnowing, or (c) phosphatization of allochemical minerals, with either carbonate or
phosphate composition (Sheldon, 1981; Trappe, 1998).

The exact mechanisms involved in phosphogenesis in either modern or ancient phos-
phorites still remain a matter of hot debate (e.g.: Bailey et al., 2007; Crosby and
Bailey, 2012). For example, recent studies suggest that precipitation of apatite min-
erals occurs via a metastable amorphous phase (LeGeros, 1993; Kim et al., 2005).
Investigations of the stability and kinetics of such transient phases open up new per-
spectives on e.g. mineral or fossil preservation (Arning, Liickge, et al., 2009). Further,
while in modern phosphorites the active role of microbes such as sulfur-bacteria is
certain, in ancient phosphorites their role remains controversial. However, microfos-
sils and fossilized microbial mats e.g.: found in Proterozoic phosphorites from South
China suggest microbes play an important and active role during the Pc-C phospho-
genic event (Bailey et al., 2007; Crosby and Bailey, 2012).

The oldest phosphorite deposits are documented from the Paleoproterozoic (Baturin,
1982; Papineau, 2010; Lepland et al., 2013). Proterozoic phosphorites are mostly
composed of microbial mats and are often associated with Fe-Mn concretions and
pyrite (Baturin, 1982). However, their occurrence is limited. Deposition of so called
“phosphate giants” (cf. Trappe, 1998), i.e., large quantities of mineable, sedimentary
phosphorite, begins with the Pc-C transition (Cook and Shergold, 1986; Shen, Schid-
lowski, and Chu, 2000; Brasier, Magaritz, et al., 1990). The Phanerozoic is marked
by several of such global phosphogenic events (Cook and Shergold, 1986; Cook and
Shergold, 1984; Follmi, 1996). The first and possibly largest one was deposited dur-
ing the Cambrian (Cook and McElhinny, 1979; Trappe, 1998), concomitant with the
rise of metazoan life. Thus, Cambrian phosphorites are an important archive of this

biologic revolution, as they constitute the link between bio- and geosphere.
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1.4 Research Goals and Concept

1.4.1 Research goals

This PhD project is an extension of the DFG research group 736 (DFG FOR 736),
entitled “Precambrian- Cambrian ecosphere (R)Evolution: Insights from Chinese Mi-
crocontinents”. This Sino-German research project aims to decipher the evolutionary
developments and environmental processes that lead to the ecologic revolution at the
Pc-C boundary (Fatka et al., 2012). The tasks of this project therefore comprise a
multidisciplinary approach on sedimentary sequences of key localities on the Yangtze

platform.

As an attributed project, the scope of the current PhD project is extended to the
Kazakh microcontinent. The thesis focuses on the geochemical reconstruction of
Cambrian seawater and paleoenvironments in the light of geological processes that
contribute to the “Precambrian- Cambrian ecosphere (R)Evolution”. Samples were
provided by Ass. Prof. D. Hippler and were collected prior to this PhD project in
two field trips in 2010 and 2011. For geochemical analysis, a subset of samples was

selected, comprising representative samples from early Cambrian strata.

Kazakhstan was chosen as a study area as it provides access to well exposed Pc-C sed-
imentary records including several Cambrian phosphorite deposits. During the Pc-C
transition the paleo-microcontinent was in juxtaposition with the well investigated
Yangtze platform. This justifies a comparison of the paleo-environmental condition

of both paleo-microcontinents (compare section 1.2).

The overall research goal of this study is to constrain the depositional environment in
which these Cambrian sequences were deposited. This was evaluated by investigating
the geochemical composition of the samples, including main, trace and rare earth
elements. Further, these local findings are correlated with related paleo-continents
to construct a common 87Sr/80Sr seawater evolution. The results were placed in a
broader geographic context in order to identify a critical global event driving the

Cambrian ecosphere revolution.

1.4.2 Concept

To achieve the above research goals (section 1.4.1), the samples are analysed for their
element and isotope composition. Element analyses are conducted on an ICP OES
(Main elements) and ICP MS (trace and REE). Radiogenic Sr isotopes and non-

traditional stable Mg isotopes are performed after chemical separation on a MC-ICP
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MS. For method validation, separation protocols are developed and tested by chemi-
cally separating and subsequently measuring Sr and Mg isotopes of several carbonate

bearing certified reference materials. These results are presented in chapter 2.

In order to justify drawing legitimate conclusions from old (>500 Ma) sedimentary
samples it is crucial to ensure chemical preservation. An initial evaluation of the
petrographic and mineralogical preservation of the samples was conducted during the
course of a bachelor thesis prior to this PhD project. The results of this bachelor
work characterized these samples as petrographically (near-) pristine with primary
internal structures. On the basis of this, further geochemical investigations were con-
ducted. All chemical analyses are performed on the acid soluble fraction (asf) of
the samples. This asf represents the phosphate and carbonate fraction and excludes
siliceous fractions. Chemical preservation was evaluated by investigating rare earth
and trace elemental compositions, stable oxygen and carbon isotopes. Further, two
exemplary samples are investigated in detail for their element and Sr isotope distribu-
tion among the different mineral phases. This is achieved by collecting quantitative
element distribution images by electron microprobe analysis (EMPA). The Sr iso-
tope distribution is determined by a two-step leaching study, in which contribution of
post-sedimentary calcite veins or cements are separated from syn-sedimentary phos-
phate phases. The findings of this are discussed in detail in section 3.5.1 “diagenetic

constraints” of chapter 3.

(Near-) pristine samples justify further evaluation of the Sr isotope composition of
the samples. The Sr isotope composition of sedimentary carbonate and phosphate
samples captures the Sr composition of the seawater during deposition. The Sr com-
position of the global ocean is considered to be homogenous. Thus, Sr isotope results
can be used to reconstruct a global 37Sr/80Sr seawater evolution. For this study,
literature data is compiled and added to the results from the present study in order
to construct a refined 87Sr/%0Sr seawater evolution for the Pc-C transition. These

results are presented in chapter 3.

In order to identify causes that impact the habitability of marine environments, per-
turbations to global elements cycling has to be considered. To distinguish different
influences on the seawater composition, a time-dependent dynamic state box-model
is developed. This model is tested employing two fundamentally different isotope
systems with different properties: (i) stable Mg-isotopes are sensible to kinetic frac-
tionation, and (ii) radiogenic Sr isotopes are sensible to provenance of Sr. The model
thus reveals quantitative and qualitative information about flux imbalances between

continental and ocean reservoirs. These results are presented in chapter 4.
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In two parallel and independent studies inorganic precipitation experiments are con-
ducted. In these projects, inorganic precipitation of Ca-phosphates are monitored.
These experiments were designed in order to contribute to the understanding of trans-
formation kinetics and precipitation mechanisms of Ca-P mineral phases. Information
about the precipitated mineral, such as composition or shape may help to identify
different formation mechanisms involved in natural surroundings. The conditions of
the experiments are chosen in order to resemble simplified Cambrian seawater. In
this manner, observations from these experiments can be compared to natural sed-
iments. In the first study, the experiment is performed in solution and monitored
in-situ using Raman Spectroscopy. This experiment is conducted in order to monitor
the stability of the precursor phase. The stability of transient phases is crucial to
the preservation of phosphatic minerals, either fossils or in inorganic sediments. This
experiment is presented in chapter 6. In the second set of experiments, precipitation
is induced in a gel medium in the presence of different elemental additives. This is
designed to resemble Ca-P precipitation within microbial mats. Microbial mats cov-
ered the seafloor during the Pc-C transition and are thought to constitute media for
phosphogenesis. These experiments were performed during a COST STSM grant at
the Institute of Chemistry, University of Potsdam. The results of this are presented
in the official Scientific Exchange report (STSM) report in Appendix D.

During the course of this PhD project, a contribution to the Encyclopedia of Geo-
chemistry, a book by Springer International Publishing is made. This Encyclopedia
is ‘A Comprehensive Reference Source on the Chemistry of the Earth’ (White, 2017)
that contains chapters on relevant geochemical topics. For this Encyclopedia, a chap-
ter on Sr isotopes is written, in which different aspects and applications of Sr isotopes
in geosciences are described. This chapter, entitled Strontium Isotopes is introduced

in chapter 5 and attached in appendix C.

The main findings of this PhD thesis are reported in chapter 2, chapter 3, chapter
4, chapter 5 and chapter 6. All of these chapters are prepared as manuscripts for
publication in scientific journals. Chapter 3 and chapter 6 have been submitted
and are currently under review. Chapter 2 and chapter 4 will be submitted shortly.
Chapter 5 has already been published in the Encyclopedia of Geochemistry in January
2016.
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Abstract

The distribution of stable Mg and radiogenic Sr isotopes in carbonate bearing ma-
terial is commonly used as combined (paleo-) environmental and provenances prox-
ies, however reference materials, in particular, where both values are given for dis-
tinctly composed materials, are rare. Therefore, 87Sr/%6Sr was analysed for a range
of carbonate bearing reference materials, together with §2Mg for a subset of samples
with sufficient Mg content. Following chemical purification in a series of chromato-
graphic extractions, isotope ratios were measured by multi-collector inductively cou-
pled plasma-mass spectrometry (MC-ICP-MS) using a Plasma II (Nu Instruments).
Magnesium isotope data yielded a whole procedural reproducibility of & 0.09 % for
§%6Mg, relative to DSM3. Strontium isotopes were measured relative to NBS-987
with a whole procedural reproducibility within 100 ppm for 87Sr/%6Sr. Reference val-
ues for SRM 88A, SRM 1B, SARM 40, SARM 43, JDO-1, and JLS-1 span a range in
87Sr/86Sr ratios from 0.71022 to 0.73724 and from -2.2 to -0.4 %o for §2°Mg. This set
of reference material can be used for materials with different carbonate mineral and
matrix composition for justification and quality control measures of particularly com-
bined stable Mg and radiogenic Sr isotope analyses in carbonate bearing or calcareous

sediments and sedimentary rocks.
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2.1 Introduction

Studies on stable and radiogenic isotope variations in natural materials have substan-
tially increased over the last decades and, together with technological and scientific
development, provide nowadays high precision analyses for a large number of isotopic
systems (e.g., Woodhead, 2008; Hoefs, 2015; Teng, 2017). High-precision isotope
analyses have become a cornerstone of scientific research with applications in the
fields of hydro- and geosciences as well as e.g., forensics, archaeology or medical sci-
ences (Benson et al., 2006; Buncel and Jones, 1991; Slovak and Paytan, 2012). Such
analyses, however, require means of testing accuracy and precision as well as newly

established methodologies in laboratories.

Among the non-traditional stable isotope systems that of Mg is of particular in-
terest, because it is an important element in most natural surroundings. For low-
temperature environmental processes, Mg isotope analyses are traditionally employed
to trace source of fluid-borne Mg or to study process related elemental and isotope
fractionation mechanisms and kinetics. The latter include (1) fluid-rock interaction,
e.g., during weathering, soil formation, mineral surface reactions and dissolution — re-
precipitation reactions (Beinlich et al., 2014; Mavromatis, Pearce, et al., 2012; Pearce
et al., 2012; B. G. Pokrovsky, Mavromatis, and O. S. Pokrovsky, 2011; Schmitt et al.,
2012; E. Tipper et al., 2006) as well as (2) biologically controlled processes, such as
formation and decomposition of organic substances, biomineralization or ion trans-
port through cell membrane channels (Bentov and Erez, 2006; Black, Yin, and Casey,
2006; Chang, Williams, et al., 2004; Saenger and Wang, 2014; Wombacher, Eisen-
hauer, Bohm, et al., 2011). In low-temperature settings, the 26Mg/241\/1g variation is
in the 5 %o range (Brenot et al., 2008; Galy et al., 2001; Pogge von Strandmann et al.,
2008; E. T. Tipper, Galy, and Bickle, 2008), exceeding reported reproducibility ten-
fold (Wombacher, Eisenhauer, Bohm, et al., 2011; Wombacher, Eisenhauer, Heuser,
et al., 2009).

Among radiogenic isotope systems, 87Sr/%Sr is well-established in low-temperature
marine research, in particular considering carbonate, phosphate and sulfate miner-
als. For the latter mineral groups, the incorporated radiogenic Sr in the bivalent
ion position of the mineral structure is used as an environmental proxy. Accord-
ingly, radiogenic Sr isotopes have been used to trace Sr sources and mixing behaviour
in aquatic bodies. Globally, as to the relatively long residence times in ocean wa-
ter, Sr isotopes are further considered to be almost homogeneously distributed in
global oceans over a million-year time-interval, which has led to the well-established
Phanerozoic seawater 87Sr/%6Sr evolution curve. Recorded variation in past ocean
waters from ca. 0.7095 to 0.7065 (Halverson et al., 2007; Veizer et al., 1999) can thus
potentially be used to trace silicate weathering versus mid-ocean ridge hydrothermal
influx (Palmer and Edmond, 1989), and through Sr chronostratigraphy may provide

rough age constraints when compared with seawater 7Sr/86Sr evolution (Shields and
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Stille, 2001). Combining stable Mg isotope and radiogenic Sr data has great potential
as a multi-proxy approach, in particular in low temperature environments due to their
high abundance in aquatic systems, solely divalent ion character and complementary
stable vs. radiogenic isotope tracer behaviour. Whilst Sr isotopes can routinely be
analysed through thermal ionisation mass spectrometry (TIMS), Mg isotopes can be
performed to much higher efficiency with a multi-collector inductively couple plasma
mass spectrometer (MC-ICP-MS). However, despite pitfalls (Vroon et al., 2008), Sr
has also been analysed with MC-ICP-MS providing a much higher sample throughput
(Woodhead, 2002).

Chemical separation protocols for both Mg and Sr have been tested and optimised
for different matrices, using cation exchange resin, e.g.,: BioRad 50W-X12, for Mg
separation and Sr specific chromatographic resin, e.g., from Eichrom, for Sr separation
(e.g., Galy et al., 2001; Chang, Makishima, et al., 2003). Some of these protocols
facilitate the simultaneous separation of different elements (Chang, Makishima, et
al., 2003; Wombacher, Eisenhauer, Heuser, et al., 2009). Among these, simultaneous
separation of Mg and Sr (and also Ca) is especially interesting for carbonate bearing
materials. Although, the use of combined radiogenic and stable isotope investigations,
e.g., in the Proterozoic rock record or in Phanerozoic marine carbonates, requires
reference material for quality control measures for testing accuracy and precision,
surprisingly little combined §26Mg-87Sr/86Sr isotope data are available for carbonate

bearing and calcareous reference materials.

In this study, we carried out combined stable Mg- radiogenic Sr isotope analyses
on natural calcareous and carbonate bearing reference materials using MC-ICP-MS,
where separation protocols were modified after Wombacher, Eisenhauer, Heuser, et
al. (2009). Our protocols are developed in order to facilitate the near simultaneous or
coupled routine analyses of Mg-Sr isotopes in Ca-rich samples. Here, we analysed the
HNO3 and HCI soluble leach-fraction of reference materials that include the carbonate

minerals calcite, dolomite and magnesite.

2.2 Materials and Methods

2.2.1 Reference materials

For both isotope systems, respective Mg and Sr isotope values were determined on
different types of calcareous and carbonate bearing reference materials and seawater.
Reference materials SRM 88A, SRM 1B, SARM 40, SARM 43, JDO-1, and JLS-1
were chosen to represent carbonate minerals with varying Ca/Mg (0.02 — 127) and
bulk mineral chemistry (see Table 2.1 for a description of the material). Additionally,
for Mg isotopes, San Carlo olivine was analysed (a silicate with reported isotope

values for Mg). A brief sample description is presented in Table 2.1.
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TABLE 2.1: Sample description including selected element abundances of the analysed certi-
fied reference materials used in this study.

Reference Sample Distri- MgO CaO Sr Ca/M Samplingsite/
material description buter  (wt.%) (wt.%) (uggl) Y& References
Dolomitic Certificate of
1
SRM 88A limestone NIST 213 302 85.0 142 NIST SRMS88A (1982)
Argillaceous Certificate of
1 1R2
SRM 1B limestone NIST 036 509 1,180 127 NIST SRM 1B (1966)
SARM 40  Carbonatite SARM  1.97 49.8 1,600 25.3 (Govindaraju, 1994)
SARM 43  Magnesite SARM 441 0.75 8.00 0.02 (Govindaraju, 1994)
JDO-1 Dolomite GSJ 18.5 34.0 56,100 1.84 (Imai et al., 1996)
Jls-1 Limestone GSJ 0.62 55.0 296 88.7 (Govindaraju, 1994)
San Carlos (gem—'qt'lahty) Natural n.a. n.a. n.a. n.a. San Carlos, USA
Olivine sample
Seawater Seawater was filtered and acidified prior to analyses North Sea, Germany

T former NBS 88A, 2 former NBS 1B; NIST — National Institute of Standards and Technology (USA),
SARM — South African, Bureau of Standards (South Africa), GSJ — Geological Survey of Japan (Japan)

2.2.2 Purification of chemical reagents

Sample digestion and ion (-exchange) chromatographic separation of Mg?* and Sr?*+
were carried out in laminar flow hoods, using Savillex® PFA beakers. Both HNOj3
and HCI acids (pro analyses quality) used for separation and dilution were purified
by sub-boiling distillation in a PFA Savillex® DST-1000. The blanks of the purified
acids were tested to be below the detection limits of < 50 ng 1=! for both Mg and Sr.
Dilution of acids was performed with 18.2 MQ.cm HyO (at 25°C with <5 ng ml~!
TOC; MilliQ®). Beakers were cleaned in a two-step cleaning process involving both
boiling in 5 mol 1! HNO3 and 6 mol 1= HCI at 120°C for a minimum of 24 hours
each, followed by a final boiling in concentrated Aqua regia overnight. Other used lab
materials (e.g., PE bottles, pipette tips) were cleaned in 0.8 mol 17! HNOj3 at 60°C

for at least 48 hours.

Ton chromatographic resins were alternately cleaned in MilliQ water and double-
distilled 1 mol 17! HNOj3 or HCI, respectively, and then stored in 0.1 mol 1= double-
distilled HNOg3. For Mg separation BioRad AG50X12 resin was used. Columns
consist of polypropylene with 5 cm length and 0.5 mm diameter loaded with 1 ml
resin and an additional 5 ml reservoir. The columns - including the resin - were
cleaned in several millilitres of both acids before use. In each cleaning step the resin
was rinsed with several column volumes of MilliQQ water. Strontium columns are
prepared for each separation individually. Columns and frits were cleaned in 0.45
mol 17! double-distilled HNO3 and stored in MilliQ until used.
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2.3 Instrumentation

2.3.1 Isotope ratios

Isotope analysis was carried out on a Plasma IT MC-ICP-MS (Nu instruments, Wex-
ham, UK) at Graz University of Technology, Austria. The instrumental parameters
and settings during measurements of the Plasma II are summarized in Table 2.2 for
the respective isotopes. Torch position, Ar-gas flow rates and lens set up were op-
timized to achieve maximum signal intensity and stability of the main beam, 88Sr
and 2*Mg, for Sr and Mg, respectively. Analyses were typically performed with a
sensitivity of 25 V and 12.5 V for 500 ug ml~! Sr and Mg, respectively, on the high-
est abundant isotopes (38Sr, 2*Mg) using a 0.1 mL/min nebulizer flux in wet plasma
mode. Data acquisition of Mg and Sr isotopes consisted of 1 block with 25 cycles for
Sr and 50 cycles for Mg with an integration time of 5 seconds each.

TABLE 2.2: Operation conditions for Mg and Sr isotope determination with the Plasma II
MC-ICP-MS (Nu Instruments).

Parameter Running conditions
Analyte Mg Sr
RF power 1300 1300
Plasma mode Wet mode Wet mode
Coolant gas 13.0 1 min—! 13.5 1 min—!
Auxiliary gas 0.85 - 0.9 min-1  0.85 - 0.95 ] min~!
Nebulizer pressure 32-33.5 psi 32.5 — 34.0 psi
Spray chamber temperature (Peltier) | 5°C 7°C
Nebulizer flow rate 0.1 ml min—! 0.1 ml min—!

The background was determined by measuring 10 seconds at half masses before each
block. To ensure repeatability and reproducibility, repeated analysis of reference ma-
terials Cambridge-1 (CAM-1), normalised to DMS3, during Mg isotope measurements
and seawater during Sr isotope measurements, were performed. Concentration of ref-
erence materials and samples was adjusted to match within 10%, in order to avoid

amplification of mass bias induced differences (An and Huang, 2014).

2.3.2 Major elements

Analyses of element concentrations for calibrating columns and testing yields were
performed using inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7500cx) with a measurement precision generally better than + 5 % on element con-
centrations. Samples for the elution-calibration were taken up in 0.45 mol 17! HNO3.
The instrument was tuned to achieve maximum sensitivity while maintaining low
oxide production and doubly charged ion ratios with < 1.5% of the total concentra-
tions. The concentration background was determined on a 0.45 mol 1=* HNOj3 blank

solution and automatically subtracted from acquired data. Instrumental drift control
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was performed by simultaneously running an internal reference solution with a 1 ng
ml~! of Sc, Ge, and Bi.

2.4 Sample Digestion

For the San Carlos olivine, three duplicates of each 5 mg of finely grained powder
were digested in 3 ml of a 1:3 HNO3—HF concentrated acid mixture, sealed tight and
left to boil on a hot plate at 110°C for 24 hours. The HNO3—HF was evaporated at
70°C and the samples were treated with a small amount of concentrated HNO3zand
concentrated HoOo as oxidizing agents to eliminate Ca-fluoride complexes. These
solutions were then dried and re-dissolved in concentrated HCI to eliminate remaining
nitrates. Prior to separation, seawater was filtered through a 0.45um membrane
acetate filter (Sartorius). For chemical separation, 10 ml of seawater was dried down
and treated with small amounts of HoO2 and concentrated HNOgto break up organic

complexes.

For the reference materials, SRM 88A, SRM 1B, SARM 40, SARM 43, JDO-1, and
JLS-1, ca. 100 mg powdered material was digested. From these stock solutions,
aliquots were taken (different in volume), each for Mg and Sr separation, aiming for
a concentration of ca. 100 ug ml™! of the respective elements (Mg and Sr). Each
sample was treated with 3 mol 17! HNOzuntil no carbonate dissolution reaction was
visible. Aliquots were evaporated to dryness and re-digested in the respective acids
(2 mol 17! HNOgfor Mg and 3 mol 1=! HNOgfor Sr) for chemical separation protocol
(Tables 2.3, 2.5). One procedural blank sample was included per ten samples per
separation and treated in the same manner as a sample.

TABLE 2.3: Two-step separation protocol for Mg using Biorad 50W-X12 resin. Both separa-
tion steps, Ca separation and Mg purification, can be performed on the same column.

Amount  Molarity

(ml) (mol 1-1) Reagent Elution

Step

Ca separation:

condition 2 2 HNO3

load 1 2 HNO3

wash 5 2 HNO3

wash 10 2 HNOj3 Mg

wash 10 7 HNO; Divalent cations
cleaning 3 - H>O

Mg purification:

condition 2 0.4 HCI

load 0.5 0.4 HCI

rinse 30 0.4 HCI

collect 4 5 HCl Mg
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2.5 Chromatographic Purification

2.5.1 Magnesium separation

For magnesium purification, a two-step ion exchange chemistry was employed using
HNO3 and HCI as eluent, based on the protocol developed by Wombacher, Eisen-
hauer, Heuser, et al. (2009). This two-step separation is optimized for samples with
a high Ca/Mg ratio. The first step ensured the effective separation of Ca from the
matrix and can also be employed for a simultaneous isolation of Zn, Fe and Ca ions
for subsequent isotope analyses ( Wombacher, Eisenhauer, Heuser, et al., 2009; Table
2.3, Figure 2.1). In the second step, Mg was separated from other matrix elements,
such as K and Ti (Table 2.4) that have not been efficiently been removed in the first
step (Figure 2.2). Both separation steps were performed on the same columns using
the BioRad AG50-X12 resin. Between each separation step, the columns were cleaned

with one column volume of 7 mol 1=! HNO3 and MilliQ water.
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FIGURE 2.1: Magnesium yield during the Ca separation step. Separation was performed

with two different replicates yielding identical results. More than 99% of Mg is eluted after

15 ml HNOj3, as is required to avoid Mg fractionation during chemical separation (Chang,

Makishima, et al., 2003). Calcium and Sr can effectively be eluted with a higher concentrated
acid.

Separation was tested with an artificial solution containing 10 pg ml~—! of Mg, Ca, Sr,
Na, Al (admixed in equal concentrations from single element MERCK standard solu-
tions) and MERCK multi-element standard solution X. These solutions were chosen

to resemble (1) a typical elemental composition obtained e.g., from an experimental
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TABLE 2.4: Cup configuration for Mg measurements with a mass discrimination of 0.125

amu. No isobaric interferences from other isotopes are reported for these masses. Spectral

interferences, however, can occur from formation of doubly charged ions (e.g., Ca™™, Ti™™)
and various oxides and nitrites.

Cup L4 H2 HT7
Mass 24 25 26
Isotope 24Mg 25Mg 26Mg
) 50+ B0t 520yt 124N
_SPLQCEMI 48T1J1r:él42gga++ S0y++ 120130 120130, 10B16Q),
interferences

QBEIGO, 7Li180 9B617O, 40Ar120++

carbonate precipitation set-up, including elements that may cause interferences dur-
ing Mg isotope measurements, and (2) a solution with a high Ca/Mg ratio including
a wide range of matrix elements that resembles those of typical calcareous samples.
For the first Ca separation step, the columns were conditioned with 2 ml of 2 mol
17! HNOs3. The sample was subsequently loaded with 1 ml of 2 mol 17! HNOs3. After
elution with 5 ml of 2 mol 1=! HNO3, Mg was recovered in 10 ml of 2 mol 17! HNOs.
The remaining divalent cations on the columns were washed off using 7 mol 1=! HNOs3.
This fraction contained the Sr fraction and was used for further separation of Sr. The
collected Mg was evaporated to dryness and re-dissolved in 1 ml of 0.4 mol 17! HCL.
In the second step the columns were conditioned with 0.4 mol 17! HCI and loaded
with the samples. After washing with 30 ml of 0.4 mol 1=! HCI the Mg fraction was

recovered in 4 ml of 5 mol 171 HCL.

2.6 Strontium Separation

For the Sr separation a single, well-established extraction ion chromatographic chem-
istry was employed (Table 2.5, after Pin and Bassin, 1992). A second separation
step, sometimes required for high-Rb samples (Nebel, Scherer, and Mezger, 2011) is
not required, as calcareous or carbonate bearing material can be expected to have
low to very low Rb/Sr. The columns consisted of polypropylene pipette tips (Eppen-
dorf) and 20-60 pm frit material (Porex) and were filled with 100 ul Sr-Specific resin
(Eichrom). For Sr separation 3 mol 1=! HNO3 and MilliQ water were required. Dried
down samples were re-dissolved in 3 mol 17! HNOj3. The columns were conditioned
in 1 ml 3 mol 17! HNO3 and then loaded with the sample. After washing with 5 ml
3 mol 17! HNO3, Sr was recovered in 3 ml MilliQ.

To test the yield during the Sr separation, an element reference solution with 10 ug 1!
of Mg, Ca, Rb, Sr, Fe and Zn (admixed from Merck single element standard solutions)
was prepared (Figure 2.3). The elution curve shows Rb, which forms an isobaric
interference with 87Rb on 87Sr during measurements, is effectively separated after 3
ml of washing with 3 mol 1=! HNOj3 and Sr should be collected after 5 ml of washing
(including the ml of sample loading). Further, Mg is effectively separated from the
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FIGURE 2.2: Second step of the Mg purification. The heterogeneity of the matrix does not

affect the efficiency of Mg elution. The elution of Mg in both an artificial solution containing

Mg, Ca, Sr, Al and a heterogeneous solution (MERCK X), resembling natural materials, are
identical (see text for details).

TABLE 2.5: Strontium separation, modified after (Pin et al., 2014).

Amount  Molarity

Step (ml) (mol 1-1) Reagent Elution
condition 1 3 HNO3
load 1 3 HNOg3 Mg, Ca, Zn, Fe, Rb
wash 4 3 HNO3
collect 3 - H>O Sr, Ca

Sr fraction, potentially facilitating a coupled separation with the Sr separation step

in the reverse order. However, due to the high Ca content of most samples, this is

not recommended as columns may be overloaded. The bulk Sr was eluted from the

columns with MilliQQ water. However, minor amounts of Sr were observed to be eluted

from the columns after washing with more than 5 ml of 3 mol 1=! HNO3, which may

be of importance should stable Sr isotope analyses be pursued for which a > 95%

yield is necessary.
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100

F / Fe
80 /\o Mg Sr f

- 7 9
| MiliQ
Elution (ml)

FIGURE 2.3: Elution curve of an artificial solution containing the elements Mg, Ca, Fe, Zn,

Rb and Sr (from MERCK single element standard solution). The abscissa refers to the elution

in ml with the respective solvents. Note that up to 20 — 40 % of Ca is washed off the columns
together with Sr.

2.7 Data Acquisition and Reduction

2.7.1 Magnesium isotopes

Instrumental mass bias needs to be adequately corrected for during high-precision
stable Mg isotope analyses. For this, the standard sample bracketing (SSB) method
normalizing to the DSM3 reference material was used (Hilton et al., 2015). Mag-
nesium isotopes were collected in Faraday cups with a set-up reported in Table 2.1.
For each individual measurement, samples and DSM3 standard solution were diluted
with 0.45 mol 17! HNOj to aim at concentration of ca. 0.05 pug ml™!, yielding ca.
25 V per pug ml~! for total Mg in wet plasma mode. Before each measurement a
two-step washing protocol using MilliQ and double-distilled 0.45 mol 17! HNO3 was
employed. Mg isotopic ratios are reported in the d—notation calculated relative to
DSM3 reference material:
(=35)
sample

(=3t

6 Mg =
24Mg)DSM3

—1]-1000 (2.1)

with X referring to either 2°Mg or 26Mg, respectively.
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2.7.2 Strontium isotopes

During Sr isotope measurements each isotope was collected in an assigned cup as re-
ported in Table 2.6. All measured Sr isotope ratios were in-run corrected for baseline,
interferences (5"Rb and 8Kr) and instrumental mass bias. The latter can be corrected
by using the observed mass bias factor 8 of an invariant isotope ratio, in this case a
86Sr /88Srr = 0.1194 (Steiger and Jéger, 1977), and the exponential law. Interference
correction is applied by monitoring an isotope of the respective element without iso-
baric interference, e.g., ¥Rb and 8 Kr, 8Kr and subtracting the mass bias corrected
isotope ratios. Krypton interferences are corrected for using a value of 8Kr/%*Kr
= 0.3035; Rb interferences are corrected with a value of 8"Rb/%*Rb=0.3857. Note
that through chemical purification of Sr, Rb contents should be negligible and Rb

interference correction does not affect the Sr isotope analyses.

TABLE 2.6: Cup configuration for static-cup Sr measurements. Mass discrimination is 0.5

amu.

Cup L5 L3 L1 H1 H3 H5
Mass 83 84 85 86 87 88
Isotope Sr Sr Sr Sr
Isobaric Kr Kr Kr
interferences Rb Rb

38AI.45SC 36AI'48Ti 36AI'49Ti 40AI'46Ti 40AI'47Ti 36Ar520r
36AI'47Ti 37AI'47Ti 4OAI'45SC 36A1‘50Ti 38AI‘49Ti 40AI‘48Ti
Spectral WAMCa  VAr*Ca  99Galf0  38Ar*8Ti  "1Gal®0  *0Ar*8Ca
interferences  %7Zn'60 687n160 677n180  68Zn'80  0Gel70 1Gel70
GGZn17O 66Zn180 GSZn17O 70Zn160 69Ga180 7OG€180
65Cu180 69Ga160 72Ga160

The mass bias factor 3 is determined in an iterative calculation: interference of 86Kr
on %Sr was first subtracted, using a synthetically biased %6Kr/3*Kr. For this, a
By value was calculated from a non-interference corrected, measured %6Sr/®8Sr value
and applied to 3Kr/3Kr to simulate mass bias for this ratio. The then corrected
86Sr /88Sr from this first step was used to calculate a new 3 value and the pro-
cess was repeated. We found that after ten iterations of consecutive mass bias- and
interference-correction 8 converged to a constant value. The final 51y value was then
applied to the 8" Rb interference corrected 37Sr/80Sr. Samples were measured in blocks

of 6, which were bracketed by two consecutive measurements of NBS-987.

2.8 Data Evaluation

2.8.1 Magnesium isotopes

Mass drift of the two bracketing standards may exceed the anticipated repeatability of
+ 0.25 %o of §2Mg (Wombacher, Eisenhauer, Heuser, et al., 2009). If so, the sample
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measured in-between these standards will be artificially shifted and yield inaccurate
results. We thus rejected these individual analyses. Each sample was measured three
to six times and the reported isotope ratio constitutes the average of these analyses
with the standard deviation being the deviation from this average. Over the course of
one month, repeated measurements of a secondary reference solution (CAM-1) yielded
an intermediate precision, expressed as 2s, of &= 0.10 %o of 626Mg (n=23), exceeding a
reproducibility of 4 0.03 %o of §2Mg, compared to values reported by e.g., Mavroma-
tis, Meister, and Oelkers (2014). Chemical separation and Mg isotope measurements
of the reference material JDO-1 yielded a whole procedural reproducibility of + 0.09
%o of §2°Mg (2s) compared to previously reported values Mavromatis, Meister, and
Oelkers (2014) and Mavromatis, Gautier, et al. (2013).

-2.0

2.2 -

§*Mg
|

_32 Lol [T [ Lol
Sample ID

FIGURE 2.4: Results of CAM-1 measurements on different days, i.e., different measurement

sessions, each session separated by dashed lines. In between each CAM-1 data point were

usually 5-6 measurements of samples bracketed by DSM3. In this manner external repro-

ducibility was ensured, which was found to be + 0.03 %o for §2Mg (2s). Grey area indicates

the 2s variation of the whole data set and represents the intermediate precision of & 0.10 %o

for 62Mg. Range bars represent the repeatability measurement precision within each session
and ranges from + 0.04 %o to £ 0.12 %o for 62 Mg (2s).

2.8.2 Strontium

Isotope variations in radiogenic Sr isotopes were monitored and corrected for by
repeated measurements of NBS-987 in each session. For each session we used a freshly
prepared batch of NBS-987 reference solution diluted to 0.5 pug ml~! of Sr. The
correction for systematic offsets in analytical sessions was performed by normalizing

the acquired data of the average of the bracketing standards measured before and after
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each set of samples to a reference value of 87Sr/80Sr = 0.710250 (Hans, 2013). During
three month of Sr isotope measurements, intermediate precision, expressed as 2s, of
seawater as a secondary reference yielded an uncertainty of 87Sr/86Sr = 4 0.000011.
Reproducibility of seawater 87Sr/%6Sr in each session was typically within 100 ppm
(2s) and thus well within reported performances of the Plasma IT MC-ICP-MS (Hauns,
2013).

2.9 Results and Discussion

2.9.1 Magnesium isotopes

Repeated measurements of reference solution CAM-1 yielded §26Mg and 6?°Mg, re-
spectively, of -2.64 £+ 0.10 %o and -1.36 + 0.04 %o (2s, n=23; Table 2.7, Figure 2.4).
This intermediate precision is identical to a reported measurement precision in the
literature for these solutions of + 0.1 %o for 6*°Mg (2s; Chang, Makishima, et al.,
2003; Galy et al., 2001; Pearson et al., 2006; Wombacher, Eisenhauer, Bohm, et al.,
2011.

5*Mg (DSM3,%o)
3.0 2.5 2.0 -15 -1.0 0.5 0.0

T T T T T
San Carlos Olivine

Seawater

|

s

o0
(09%CINSA) SINQ

L 4 -1.0

N SARM 43 a2

- -1.4
SRM 1B y = 0.5378x

| -1.6

FIGURE 2.5: Three isotope plot displaying the §2°Mg vs. 62Mg with a measured mass-
dependent fractionation of 0.5378. Range bars refer to an intermediate precision, expressed
as 2s, of & 0.10 %o for 62°Mg and 4 0.04 %o for §2°Mg (DSM3).

San Carlos olivine yielded average values of -0.39 & 0.08 %o for §26Mg (2s, n=10),
which is broadly in the range of published values (compare Table 2.7). Heterogeneities
in the San Carlos Olivine have previously been reported, including a batch trial that
resulted in varying results (Chakrabarti and Jacobsen, 2010). Different causes have
been collectively or partly made responsible: (1) sampling biases, (2) Mg isotopic

heterogeneity, (3) analytical artefacts (An and Huang, 2014). Seawater 62°Mg was
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found to be -1.00 + 0.21 %o (n=6), slightly higher than previously reported values of
ca. -0.8 %o, yet within measurement precision (e.g., E. T. Tipper, Galy, and Bickle,
2008; Hu et al., 2016.

TABLE 2.7: Magnesium isotope results from this study and published values presented rela-

tive to DSM3. SCO = San Carlos Olivine. n refers to the number of repeated measurements
used to calculate the average d-value and respective standard deviation.

625Mg 526Mg
Name (DSM3,%) + (28) (DSM3,%) + (28). n  Reference
JDO-1 -1.3 0.01 -2.47 0.05 3 This study
-1.25 - 0.06 - -2.4- 0.06 —
JDO-L g 005  -2.36 008 3 [
SCO -0.24 0.06 -0.41 0.09 4 This study
SCO -0.17 0.00 -0.36 0.04 3 This study
SCO -0.22 0.03 -0.41 0.05 3 This study
Average: -0.21 0.07 -0.39 0.08 10 This study
-0.38 — -0.73 - 0.06 —
SCO 10.30 004 62 01 4 B
SCO -0.28 0.1 -0.58 0.15 6 [4]
SCO -0.38 0.2 -0.64 0.31 10 [4]
SCO -0.03 0.04 -0.06 0.07 5 [5]
SRM-1B  -1.28 0.02 -2.31 0.09 3 This study
SRM-88A -0.85 0.06 -1.59 0.09 4 This study
SRM-88A -0.86 0.12 -1.53 0.07 4 This study
Average: -0.85 0.09 -1.56 0.10 8  This study
SARM-43 -1.25 0.10 -2.26 0.20 3 This study
SARM-43 -1.14 0.04 -2.12 0.15 4 This study
SARM-43 -1.22 0.11 -2.24 0.22 3 This study
Average: -1.20 0.13 -2.21 0.23 10 This study
CAM-1 -1.36 0.04 -2.64 0.10 23 This study
CAM-1 -1.32 0.07 -2.61 0.06 12 [2]

[1] Mavromatis et al. 2013, [2] Mavromatis et al. 2014, [3] Teng et al., 2007,
[4] Pearson et al., 2006, [5] Wiechert and Halliday, 2007

Magnesium isotope analysis of the three analysed reference materials SARM-43 (mag-
nesite), SRM-88A (dolomitic limestone) and SRM-1B (argillaceous limestone), all
without published Mg isotope values, yielded results in the same range as inorganic
carbonate bearing material (Fantle and Higgins, 2014). The lowest §2°Mg value was
found in SRM-1B with a 626Mg of -2.31 4 0.09 %o, closely followed by SARM-43 with
-2.21 £ 0.23 %o (2s, n=10). SRM-88A, a dolomitic limestone yielded §26Mg values
of -1.56 £ 0.10 %o (n=8). All samples are reported relative to DSM3 and plot on
a mass-dependent fractionation line with a slope of 8 = 0.538, roughly similar to a
theoretically calculated /8 for equilibrium processes of 0.521 (Figure 2.5; Young and
Galy, 2004.
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2.9.2 Strontium isotopes

The lowest 87Sr/86Sr of this study was analysed for the carbonatite material SARM 40
with a value of 0.702930 £ 0.000031 (n=8, Table 2.8, Figure 2.6). Reference materials
SRM 1B argillaceous limestone, JDO-1 pure dolomite, and JLS-1 limestone, all have
similar 87Sr/%0Sr values of 0.707403 4 0.000001 (n=11), 0.707565 £ 0.000040 (n=19)
and 0.707843 4+ 0.000018 (n=9), respectively.

0.740 — e T
[CXONC)
0.735 | SARM 43
0.730 + .
A
0.725 terrigenous
0.720 material
2
T 0715 - .
)
> Seawater
0.710 e0e@ °
[CXCXC] 000 [CRCRC] SRM 88A
0.705 + .
SRM 1B JDO 1 JLS 1 006
0.700 + SARM 40 1
v Phanerozoic
0.695 | limestones
0690 L L L L L L L L L L L L L L L

Sample ID

FIGURE 2.6: 87Sr/86Sr values of certified reference materials (this study). The analytical
uncertainty (2s) is smaller than symbol size. Bright grey line indicates present day seawater
87Sr /%6Sr value (Elderfield, 1986).

Both 87Sr/#Sr values of JLS-1 and JDO-1 were identical within analytical precision to
published values by Miura, Asahara, and Kawabe (2004) and Ohno and Hirata (2007).
The dolomitic limestone SRM 88A has high 87Sr/%6Sr of 0.710217 £ 0.000054 (n=7)
close to the reference material used for internal normalization NBS-987. The highest
value was measured in SARM 43, a magnesite, with an average value of 0.737239 +
0.000006. The average 87Sr/%6Sr value of seawater was used as an external control
reference and was found to be 0.709197 + 0.000011 (n=19), identical to reported
seawater values of 0.70924 £+ 0.00003 (e.g., Elderfield, 1986).
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TABLE 2.8: Compiled results from Sr isotope measurements; n refers

to the number of analysis. All data from this study are reported

relative to NBS-987 (87Sr/30Sr= 0.710250 +0.000008 reported by Hans
(2013))

Name 87Sr/86Sr  £(25) (n) Reference

SARM-40 0.702935  0.000035
SARM-40 0.702946  0.000038
SARM-40 0.702909  0.000133
Average:  0.702930  0.000031

3
3
2
8
SRM 1B 0.707403  0.000022 2 This study
SRM 1B 0.707402  0.000011 3 This study
SRM 1B 0.707403  0.000023 6 This study
1
3
4
6
6
1

This study
This study
This study
This study

Average:  0.707403  0.000001 11  This study

JDO-1 0.707582  0.000018 This study
JDO-1 0.707569  0.000023 This study
JDO-1 0.707577  0.000046 This study
JDO-1 0.707531  0.000045 This study
Average:  0.707565  0.000040 19  This study

JDO-1 0.70752  0.00002 (Ohno and Hirata, 2007)
JDO-1 0.707513  0.000014 (Miura et al., 2004)
JLs-1 0.707837  0.000014 3 This study

JLs-1 0.707836  0.000039 2 This study

JLs-1 0.707856  0.000041 4 This study

Average:  0.707843  0.000018 9 This study

JLs-1 0.70785  0.00006 (Ohno and Hirata, 2007)
SRM 88A 0.710234  0.000063 2 This study

SRM 88A 0.710239 0.000049 2 This study

SRM 88A 0.710180  0.000030 3 This study

Average:  0.710217  0.000054 7 This study

SARM 43 0.737236  0.000013 1 This study

SARM 43 0.737243  0.000050 5 This study

SARM 43 0.737237  0.000025 3 This study

Average:  0.737239  0.000006 9 This study

Seawater  0.709197 0.000011 19  This study
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2.10 Summary

In the present study a reliable and fast method was developed to acquire stable
Mg and radiogenic Sr isotopes of carbonate bearing materials with a relatively high
Ca/Mg. A set of combined stable Mg and radiogenic Sr isotope values for three
certified reference materials, SARM 43, SRM 1B, SRM 88A, and radiogenic Sr isotope
values for SARM 40 are suggested, which are readily available and can be used as
secondary reference material as quality control measures. To date no such values are
available and further systematic work is suggested to build up a reliable database
of reference material values. Effective chemical separation of both elements from
the same dissolution was achieved using ion specific resins BioRad 50W-X12 for Mg
separation and Sr specific chromatographic resin from Eichrom for Sr separation. For
method verification, JDO-1, JLS-1, Cambridge-1, seawater and a San Carlos olivine
were analysed using the developed protocol yielding isotope values similar to reported
reference values within the intermediate measurement precision of & 0.10 %o for §26Mg
and #+ 0.000011 for 87Sr/%0Sr, derived from repeated measurements of CAM-1 and

seawater, respectively.
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Abstract

The Precambrian-Cambrian (Pc-C) transition is a unique period in Earth’s history
known for the Cambrian Explosion, a revolutionary step for life on Earth. Concomi-
tant with the Pc-C transition was the widespread deposition of continental margin
phosphorites. Here, we present a continuous radiogenic and stable isotope (37Sr/%6Sr,
13Cearb, 6180cqrp) and elemental (incl. REE) record across the Pc-C transition, pre-
served in phosphatic and carbonate shallow-water deposits from two sections (Koksu
and Kyrshabakty) of the Malyi Karatau, Kazakhstan. Fluctuation of trace and Rare

Earth Element concentrations of the carbonate and phosphate phases of the sediment
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and 613Cqpp data (-12.1 %o to 3.3 %o; VPDB) record a time of rapid perturbations,
indicative of geodynamic changes, and the onset of bioturbation. Average §'%0 4,4
values of -11.7 + 3.8 %o (VPDB) are suggested to represent near primary signals
and can be explained by isotopically lighter past sea water and elevated temperature
during precipitation compared to present day conditions. 87Sr/ 86Sr(i) of the carbon-
ate and phosphate fraction of this sedimentary sequence records are in the range of
0.7086 - 0.7112 at the Koksu section and 0.7082 — 0.7136 at the Kyrshabakty sec-
tion, thus being in general agreement with the proposed seawater 87Sr/86Sr evolution
during the early Cambrian. In this study, we present a new and refined 37Sr/%6Sr
seawater evolution, highlighting an extreme positive Sr isotope excursion at the Pc-C
transition, which is suggested to be indicative for enhanced continental weathering
accompanied by an increase in nutrient run-off into shallow ocean waters. This ex-
treme geodynamic event may have served as a driving force for enhanced biologic
activity in the lead up to the Cambrian Explosion, where phosphatic shallow-water
deposits from Kazakhstan act as a valuable archive tracing the paleo-environmental

conditions prior to this global event.

Keywords

Precambrian-Cambrian transition, 37Sr/%0Sr seawater evolution, 6'3C, §'%0, Cam-

brian Explosion, Phosphorite deposits

3.1 Introduction

The beginning of the Phanerozoic eon was initiated by a globally correlated change of
the (bio-) geochemical system (Brasier, 1982; McMenamin, 1988; Morris, 1989; Mor-
ris, 1987; Runnegar, 1982). Similar to other stratigraphic transitions, the Precam-
brian -Cambrian transition (Pc-C) is marked by a mass extinction of the Ediacaran
(635-541 Ma) fauna (Laflamme et al., 2013). This was followed by a rapid diversifi-
cation of metazoan life during the Cambrian (541 — 485 Ma; e.g., Na and Kiessling,
2015), commonly referred to as Cambrian Explosion. While the actual developments
during the Cambrian Explosion are well documented, potential causal relations with
changes in paleo-ecology or possible geodynamic triggers for this event are still de-
bated (Bengtson and Zhao, 1992; Dalziel, 2014; Filippelli, 2011; Fox, 2016; Sperling
et al., 2015; X. Zhang et al., 2014). These may include both abiotic factors, such
as changing seawater composition (in particular changes in dissolved Ca?, salinity,
pH), nutrient availability, ocean circulation, enhanced weathering and continental
run-off, as well as biotic factors such as the onset of predation or profound changes in
biomineralization and bioturbation (Bottjer, 2010; Brasier, 1982; Mills and Canfield,
2014; Chen et al., 2015; Ohnemiiller, 2014; Smith and Harper, 2013; X. Zhang et al.,
2014).
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Concomitant with these extensive changes in environmental conditions and geochem-
ical cycles is the occurrence of massive phosphorite deposits (Cook and Shergold,
1986). Although phosphorite deposits (P2O5 > 18 wt. %, e.g. Jarvis et al., 1994)
existed prior to the Phanerozoic, their occurrence is far more limited in the geo-
logic record (e.g., Cook, 1992). Phosphorite deposits usually occur complementary
to shallow-water deposits marking a transition between oxic (e.g.: carbonates) and
anoxic deposits (e.g.: black shales, Cook and Shergold, 2005) and have previously
been recognized as a valuable seawater archive (Barfod et al., 2002; Keto and Jacob-
sen, 1987; Komiya et al., 2008; Li et al., 2013; G. Shields, Stille, and Brasier, 1996;
Wen et al., 2011). Deposition mechanisms of phosphorites are versatile and include
direct precipitation, replacement of carbonates, microbial mediation or a combination
of any of these processes, leading to a variety of depositional facies and rock textures
(Bailey et al., 2013; Delaney, 1998; Follmi, 1996; H. N. Schulz and H. D. Schulz, 2005;
Trappe, 2001).

Predating these events was the break-up of the supercontinent Rodinia (ca. 750 Ma.),
which led to the reorganization of numerous continental fragments with shallow con-
tinental shelves, thereby providing suitable environments for phosphorite deposition.
Many of these former microcontinents, associated with records of the Pc-C transi-
tion, such as paleo-Kazakhstan, China (e.g. Yangtze Platform), Tarim, Mongolia and
Siberia, were paleo-geographically located in close vicinity (Levashova et al., 2011;
McKerrow, Scotese, and Brasier, 1992). The Pc-C-transition and its events have been
extensively investigated by scientists of all geoscientific fields. Investigations focused
mostly on the Yantgze Platform, South China (e.g.: Shen, Schidlowski, and Chu,
2000; Guo et al., 2007; Li et al., 2013; J. Zhang et al., 2016) and to a lesser extent
on locations in present day Siberia (Derry et al., 1994; Nicholas, 1996), Mongolia
(Brasier, G. Shields, et al., 1996; Goldring and Jensen, 1996) and Kazakhstan (Dzik,
2003; Heubeck, Ergaliev, and Evseev, 2013; Weber et al., 2013). Globally, the Pc-C
transition is marked by a distinct negative 6'>C anomaly and high seawater 87Sr/%6Sr
values, which are generally discussed in the view of enhanced weathering rates or re-
working of organic carbon (e.g., Derry et al., 1994; Jiedong et al., 1999; Halverson,
Wade, et al., 2010; Zhu, Lu, et al., 2013; Li et al., 2013). Seawater 87Sr/%Sr reach
a maximum at the Pc-C transition as a consequence of enhanced weathering during
the Neoproterozoic (Derry et al., 1994; Halverson, Wade, et al., 2010; Halverson,
Hurtgen, et al., 2009; Richter, Rowley, and DePaolo, 1992; Sawaki, Ohno, Tahata,
et al., 2010). While this is generally accepted, the causality and the respective timing
of oxygenation, weathering rates and the Cambrian Explosion is still debated, where
increased oxygen contents is either a by-product of the Cambrian Explosion (Chen
et al., 2015; Giezen and Lenton, 2012; Maruyama et al., 2014; Saltzman, 2005; Tatzel
et al., 2017; J. Wang et al., 2012), or its driving force (Butterfield, 2009; Lenton and
Watson, 2004). This carbon anomaly and high 37Sr/30Sr has also been recognized at
two locations of Cambrian Kazakh strata (Gamper, 2014; A. V. Ilyin, 2004; Meert
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et al., 2011; Ohnemiiller, 2014), implying paleo-Kazakhstan was also exposed to glob-
ally occurring (weathering-related) processes. Although the stratigraphy of Kazakh
strata is well constrained by fossil and sedimentological records (Dzik, 2003; Holmer
et al., 1997; Popov et al., 2009; Weber et al., 2013), isotope and geochemical data are
sparse (A. V. Ilyin, 2004; Meert et al., 2011).

In this study, we present the first continuous 7Sr/6Sr isotope record together with
stable C and O isotopes and geochemical data for the Kazakh microcontinent covering
the Precambrian-Cambrian transition. We investigate a suite of shallow-marine sedi-
mentary successions from the Koksu and Kyrshabakty section, Malyi Karatau Range
in Kazakhstan. Within these successions, we employ early Cambrian phosphorites
as a seawater archive, aiming for the reconstruction of the depositional environment
changes and possible inferences for mechanisms that initiated the Cambrian Explo-

sion.

3.2 Location and Sample Description

Paleogeographic reconstruction for the Pc-C interval and apparent similarities of ich-
nofacies and depositional environments place the Kazakh microcontinent in lower
to mid-latitudes of the northern hemisphere close to the well investigated Yangtze
Platform of South China (Levashova et al., 2011; Li et al., 2013; Weber et al., 2013).

The herein investigated sections Koksu (43° 39’ 13.0” N, 69° 38’ 11.0” E) and Kyr-
shabakty (43° 32’ 2.1” N, 69° 57’ 7.7” E) are located in the NW part of the Malyi
Karatau mountain range in southern Kazakhstan (Figure 3.1). This part of the moun-
tain range is thought to have undergone few thermal and tectonic events (Alexeiev
et al., 2009; Heubeck, Ergaliev, and Evseev, 2013; Weber et al., 2013). Here, the
Pc-C boundary (541 Ma.) is defined by the FAD of the index fossil Trichophycus
pedum (e.g., Landing, 1994) and co-occuring SSF-assemblages in the early Cambrian
Chuluktau Formation and can be correlated to the Meishucunian sequence on the
Yangtze platform (Weber et al., 2013). The 50 m profile at Koksu is located within
several exploration trenches and an open-pit mining site, providing access to a contin-
uous record of the Chulaktau Formation. Stratigraphically, the Chulaktau Formation
follows the Precambrian Kyrshabakty Formations, which are mainly composed of sili-
ciclastics, silicic volcanics and carbonates (Figure 3.1). The Chulaktau Formation is
divided into six units, from base to top: (1) Aksai Chert, (2) Lower Phosphorite, (3)
Shale Member, (4) Upper Phosphorite, (5) Fe-Mn Horizon and (6) Brown Dolomite
(Heubeck, Ergaliev, and Evseev, 2013). Sedimentary rocks comprise a succession
of dolostones (cf. Heubeck, Ergaliev, and Evseev, 2013), overlain by bedded, dark-
colored cherts, the minable phosphorite units with an intercalated phosphate-bearing
siltstone and shale unit. The Upper Phosphorite is topped by a Fe-Mn-carbonate

and dolostone horizon, which was deposited in a shallow marine archipelago setting
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(Heubeck, Ergaliev, and Evseev, 2013). The Cambrian Shabakty Formation compris-
ing thick dolo- and limestones overlies the Chulaktau Formation. A brief description

of the sampled lithology is included in Table 3.1.

The nearby Kyrshabakty section consists of a ca. 500 m thick succession covering
Neoproterozoic to Cambrian sedimentary suites, including from base to top the Kyr-
shabakty, Chulaktau and Shabakty Formation. The Kyrshabakty Formation com-
prises in the lower part diamictites, pink cap dolomites, an alternating succession
of dolomitic sandstones and sandy dolostones, followed by phosphate-bearing sandy
limestones in the middle part, topped by the Berkuty Dolomite in the upper part. The
successive Chuluktau and Shabakty Formation correspond to the same Formations
as at the Koksu section, however, are not continuously exposed at the Kyrshabakty
section. Samples from the Kyrshabakty section were investigated in the course of a
dissertation by Frank Ohnemiiller in 2014. With permission, Sr isotope data and the
respective §13C and 6'¥0 will be included into this study. A brief description of the
methodology is included. For a more detailed description of location and samples see
Ohnemiiller (2014).
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FIGURE 3.1: Schematic geologic map of the Malyi and Bolshoi Karatau Mountain range
located in southern Kazakhstan (simplified after Eganov and Sovetov, 1986) and lithostrati-
graphic columns of the Koksu (left) and Kyrshabakty (right) locations. The black arrow
(marked with NE) indicates the direction of the deepening paleo-basin, reaching deep waters
in the far NE (central Kazakhstan). The Koksu and Kyrshabakty sections are located at the
margin of a former shallow water basin (Eganov, Sovetov, and Yanshin, 1986).

Additionally, we complemented our data with a subset of phosphorite samples from
South Chinese sections at Xiaofenghe and Zhangunping. These two sections are
part of the Huangling Anticline in the Three Gorges area, located in the NE of
the Yangtze Platform and comprise late Neoproterozoic to early Paleozoic marine

successions (Figure 3.2). The investigated samples were deposited in shallow-marine
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intra-basin settings and are part of the Ediacaran Doushantuo Formation (Xiao et al.,
2012; Zhu, J. Zhang, and Yang, 2007).
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FIGURE 3.2: Schematic geologic map of the Huangling Anticline complex in the northern part
of the Yangtze Platform, China. Map, stratigraphic profiles, 613C.q.p (solid line), §*¥0 4
(dotted line) and 87Sr/%0Sr (squares) data after Xiao et al. (2012) and Zhu, J. Zhang, and
Yang (2007). §'3Clerp (triangles), 68 O.qrp (circles) and 87Sr/80Sr (diamonds): this study.

3.3 Methodology

3.3.1 Characterization of the solids and elemental analysis

Bulk mineralogical composition of all samples was determined by petrographic in-
vestigations and qualitative X-ray diffraction (XRD) analyses using a PANalytical
X’Pert PRO diffractometer, equipped with a Co-tube (40 kV and 40mA), a spinner
stage, 0.5° divergence and anti-scattering slits, and a Scientific X’Celerator detec-
tor. Randomly oriented preparations were recorded over the range of 4-85°26 with a
step size of 0.0170°26. Mineral identifications were carried out using the PANalyti-
cal X’Pert HighScore software (version 3.0d). Polished thick sections of two selected
samples (KO10 & KO13) were further investigated with electron probe microanal-
yses (EPMA) using a JEOL JXA-8200 Superprobe. (Semi-) quantitative element
distribution images of Ca, Mg, F, P and Si were conducted using the wave dispersive
analytical mode, with an accelerating voltage of 15.0 kV and a beam current of 30
nA. In addition, 94 single spot analyses, evenly distributed within the aggregates and
the surrounding matrix of the two samples, were carried out at 15 kV and 5 nA.
The quantification of individual elemental concentrations in weight % was performed
against mineral standards from SPI (dolomite for Mg, celestine for Sr and S, tugtupite
for Cl, fluorapatite for F, Ca and P).
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For chemical bulk analysis macroscopically pristine samples were chosen and crushed
with an industrial jaw crusher to a fine powder. To avoid cross-contamination, the
first fractions of each sample was run through the crusher and disposed. For chem-
ical analysis ca. 50 mg powder were weighted and treated with minor amounts of
concentrated HNOgsto drive away the COs. The sample was quickly dried down and
leached in 3 mol 17! HNOsfor 24 h. The insoluble residue was separated by centrifu-
gation, dried and weighted again and subtracted from the initial sample weight. The
leached acid, further referred to as the acid soluble fraction, was subsequently used
for all elemental and Sr isotopic analysis. 10% aliquots of the acid soluble fraction
were used to measure main and trace elements including REE. Elemental analyses
were performed at the Central Laboratory for Water, Minerals and Rocks, NAWI
Graz. Trace elements and REE were analysed using inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7500cx) with an analytical precision generally better
than + 5%. Total main elemental concentrations were analysed by inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) using a PerkinElmer Optima
8300 with an analytical precision of + 2%. Standardization was performed using
single element standards (Merck and Fluka) for main elements and a customized
multi element solution (analytik jena) for trace and REE. To ensure reproducibility

repeated measurements of reference solution SPS SW1 (Spectrapure Standards) were

performed.
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FIGURE 3.3: Median of trace and rare earth elements normalized to average marine phos-
phorites (compare Table 3.2, Altschuler, 1980; Yuan-Hui, 1991). The Zn enrichment in the
Chinese samples is due to abundant pyrite in one sample.

Enrichment factors for trace elements (Figure 3.3) were calculated using the phospho-
rite composition of Altschuler (1980). Enrichment factors for REE (Figure 3.4, Ap-
pendix Table B.3) were calculated relative to PAAS (McLennan, 2001) as Ce/Cex =
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(3xCen)/((2% Lay + Ndy)) (after G. Shields and Stille, 2001), MREE/MREE* =
(2xGdn)/((Smn + Hon)), and HREE/HREE+* = (Lay + Ndy)/(Tmn + Luy).
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0 T Chert

REE/REE,,
Lol

0.1
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F1GURE 3.4: REEy pattern of the acid soluble fraction grouped into respective horizons.

Generally, REEy enrichment is more pronounced in the Upper Phosphorite than the Lower

Phosphorite. This enrichment likely mirrors the presence of a phosphatic matrix in the Upper
Horizon.

3.3.2 Stable carbon and oxygen isotopes

The stable carbonate-carbon and -oxygen isotope ratios of the solid samples from
Koksu were determined on a Thermo Fisher Scientific Gas Bench II carbonate prepa-
ration device connected to a Finnigan DELTAplus XP isotope ratio mass spectrometer
at the JR-AquaConSol GmbH, Joanneum Research. For the analysis ca. 20 ug of
bulk sample were dissolved in concentrated phosphoric acid and analysed for their
respective oxygen and carbon isotope ratios. Analytical details can be found in Di-
etzel et al. (2016). The overall precision (2 S.D.) for the measurements of §3C .4
and 60.qp is £ 0.1 %o and £ 0.08 %o determined on reference materials NBS 18
and NBS 19 (NIST), respectively. For the Kyrshabakty section, solid samples were
analysed on a Thermo Finnigan Gas Bench I linked to a Thermo Finnigan DELTA
Visotope mass spectrometer at the Museum fiir Naturkunde Berlin. The analytical
precision (2 S.D.) for the measurements of §'3C.q4 and §'80,. was better than 4
0.2 %o. Carbon and oxygen isotope ratios are reported in the d-notation as per mil (
%) deviation relative to the Vienna Pee Dee Belemnite standard (VPDB). Carbonate
contents for samples KO 01, 22, 25, 30, 34 were too low to be determined.



3.4. Results 45

3.3.3 Radiogenic strontium isotopes

To investigate the radiogenic Sr isotopic signature of the different phases in phos-
phorite and evaluate Sr contribution of cemented micro-fractures, a two-step acid
leaching approach, using 0.05 mol 17! and 3 mol 17! HNO3, respectively, was em-
ployed in a pre-study. The 87Sr/®Sr isotopic composition is systematically higher in
the weak acid leachates (0.05 mol 171), yet identical for the two acid leachates within
the analytical precision (2 S.D.). Based on these results we continued leaching with
3 mol 17! HNOsto capture phosphate-carbonate phases, representative for authigenic
Sr and avoid dissolution of the detrital silicate cargo, which may carry a distinct

radiogenic 87Sr/®6Sr isotopic composition.

For the samples of the Koksu section, Sr was separated using Sr-specific extraction
chromatographic resin (Eichrom) using 5 ml of 3 mol 171 HNOjsfor element elution
and 1 ml MilliQ for Sr collection (Pin and Bassin, 1992). Strontium isotopic ratios
were determined on a Plasma IT MC-ICP-MS instrument (Nu Instruments, Wexham,
UK) at the Graz University of Technology, Austria. Measurements were performed
with a static cup configuration in wet-plasma mode. 37Sr/%0Sr are reported relative
to a value of 0.710250, the recommended value for NBS 987 (Hans, 2013). The
measurement uncertainty of an analytical session was generally + 75 ppm, expressed
as 2 S.D. Reproducibility of seawater was within 100 ppm (2 S.D.) relative to a
87Sr/86Sr value of 0.70924 + 0.00003 (Elderfield, 1986).

For samples from the Kyrshabakty section, samples were dissolved in 2 mol 17! HNOs3,
corresponding to the carbonate and phosphate fraction of the rock samples. Strontium
was separated using the separation method by Pin and Bassin (1992) and Deniel and
Pin (2001). Measurements were performed on a Thermo Fisher Scientific TRITON
Plus mass spectrometer with Re single filaments with a Ta emitter at the University
of Bremen. For Sr isotope measurements at the University of Bremen repeatability of
NIST 987 was 87Sr/86Sr = 0.710250 £ 0.000016 (2 S.D., n=113). The total procedural
blank was below 1.2 ng Sr and negligible. Instrumental mass fractionation at both

labs was performed in-run in 6 iterative steps to an 86Sr/88Sr value of 0.1194.

3.4 Results

3.4.1 Microstructure and mineralogy

Results from qualitative bulk XRD analysis characterize the main components as
carbonate-fluorapatite (CFA), calcite and/or dolomite, quartz and in some cases
traces of ankerite (Table 3.1). While the matrix of the Lower Phosphorite member
is composed of calcite and/or dolomite, the matrix of the Upper Phosphorite Mem-
ber mainly consists of CFA. Petrographic investigations (SEM, thin section) show

good preservation of CFA nano-crystals and carbonates, indicating a nearly pristine
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internal structure. Rock facies is dominated by granular phosphorites, ranging from
well-sorted phos-grainstones (e.g., KO 10, Appendix Figure B.1) to poorly sorted flat
pebble phos-rudstones (e.g., KO 13, Figure 3.5, Appendix Figure B.1). Phosphate
grains within these sedimentary rocks include phosphatic clasts, peloids and coated
grains, such as oncoids and ooids (Figure 3.5). In most samples, the dolomite matrix
forms a mosaic structure of anhedral grains. Overall, rock fabrics show the charac-
teristics of moderately to high energy, shallow water environment depositions, with
pronounced phosphogenesis and hints for bioturbation towards the upper part of the
profile. Microfabrics and composition shows an almost primary sedimentary sequence

suggesting near-primary preservation.

1 a0y F— s 17 a0 2912
Nogs 188KX  wo=177rm Protoria =0 Time 120241

FIGURE 3.5: Microphotographs (transmitted light) and scanning electron microscopy images
of phosphorite fabrics. (A) Poorly sorted flat-pebble phos-rudstone (KO 13) exhibiting well-
rounded gravel-sized phos-clasts, as well as phos-peloids in sparry dolomite; (B) Moderately-
sorted phos-rudstone (KO 58) with phos-clasts, -peloids and -ooids; (C+D) Phos-ooid (KO 44)
showing the preservation of CFA nano-crystals indicating a mostly pristine internal structure.

3.4.2 Element abundances

All measured elemental data are summarized in Appendix Table B.1, B.2 and B.3.
Note that geochemical analyses reflect results from acid soluble fractions. Element
abundances support the above reported mineralogy and additionally indicate the
presence of accessory phases not captured by XRD. Element correlations indicate

these accessory phases may be Na, Fe-rich glauconite phases, albitic feldspars or
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Fe-Mn (micro-) nodules (Rothwell, 1989). The presence of the three main minerals
calcite, dolomite and CFA was confirmed and quantitatively determined, including
chemical formulas, in two samples by EMPA analysis (Appendix Figure B.1, B.1
and Table B.5). The presence of F within CFA was also determined by EPMA
with an average of 3.4 wt. %. Strontium concentrations of the acid soluble fraction
are ranging from 775 ppm to 7045 ppm. Quantitative element distribution images
(Appendix Figure B.1, B.1) and EMP spot analysis show that Sr is predominantly
incorporated into CFA and is generally in the range of 0.2 — 0.3 wt. % SrO and
below the detection limit of ca. 400 ppm in the calcite and dolomite matrix. The
insignificant contribution of dolomite to bulk Sr is further confirmed by the lack of
correlation between Sr and MgO contents, assuming near constant Sr/Mg in dolomite
(Figure 3.6).
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FIGURE 3.6: P5Oj5 contents show no systematic difference between the upper and lower
Phosphorite horizon. Three outlier samples with MgO >10 wt.% are outside the presentable
ranges. A negative correlation between MgO and P05, more pronounced for the Chert
and the Lower Phosphorite, is in agreement with the presence of a dolomitic matrix. A
lack of correlation between MgO and Sr concentrations underlines that Sr is not strongly
incorporated into the dolomite matrix compared to CFA components and calcite matrix.

REE abundances (Appendix Table B.3) of the acid soluble fraction are displayed rel-
ative to the Post-Archean-Australian Shale (PAAS) composite in Figure 3.4 (McLen-
nan, 2001). Total REE (XREE) contents of Kazakh samples show both depletion and
up to ten fold enrichment relative to PAAS. YREE enrichment of the Upper Phos-
phorite Horizon (0.2 — 4.7) is generally higher than in the Lower Phosphorite horizon
(0.1 — 2.4). Rare Earth element patterns resemble those of typical “old phosphorites”
as termed by A. Ilyin (1998) with a typical negative Ce anomaly (0.3 — 0.8), relative
MREE enrichment (1.3 — 1.7 ) and HREE depletion (0.9 — 4.4; Figure 3.4, Appendix
Table B.3). XREE contents of Kazakh samples, with 282 ppm, are lower than in
Chinese samples, with 111 ppm.
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3.4.3 Stable carbon and oxygen isotopes of carbonate

Carbonate stable isotope values (§'3C.qp and 6'80.q,4) are displayed in Figure 3.7
and Figure 3.9 (Appendix Table B.4). At Koksu 6'3Cq, values record minor os-
cillation with a slight decrease at each horizon transition. §'3C.q4 (VPDB) range
from -1.2 %o (Upper Phosphorite Horizon) to -12.1 %o (Chert Horizon), 6'¥0 4,4 range
from -5.7 %o to -17.3 %0 (VPDB), with a positive correlation of §'3C.,,;, and §'%O0 g
(R% =0.78, Figure 3.7).
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FIGURE 3.7: 6"3Crqrp and 6804 values of marine sedimentary sequences of Kazakhstan

and China. Cambrian data from Koksu section, Kazakhstan (this study) and Kyrshabakty,

Kazakhstan (Ohnemiiller, 2014). Ediacaran data from Berkuty section, Kazakhstan (Gamper,

2014), Kyrshabakty section, Kazakhstan (Ohnemiiller, 2014), Xiaofenghe section, China (Xiao

et al., 2012) and Zhancumping section, China (Zhu, J. Zhang, and Yang, 2007). Four samples
with abnormal values are omitted from interpretation (this study).

813 Ceary and 680 .4, values of the Xiaofenghe and Zhangunping sections (this study)
display variable values of -5.6 to 5.1 %o for §'3Cya and -14.1 to -5.8 %o for 680 4,4 and
correlate with the globally recognized negative 6'3C excursion in the lower Ediacaran
(compare Gamper et al., 2015). The two samples from the Xiaofenghe section are
identical to reported values of ca. 0 %o for §'3C .qrp and -6 %o for 51804y (Figure 3.2;
Xiao et al., 2012). Two samples of the upper phosphorite (P1E) at the Zhangunping
section are also identical to values of ca. 4 %o for 613C.ump and -4 %o for 6800
(Figure 3.2; Zhu, J. Zhang, and Yang, 2007). In a 6'3C vs. §'%0 diagram, reported
values of Chinese Ediacaran phosphorites and carbonates plot in a cluster without

any apparent co-variation, which is consistent with a time marked by several global
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negative §'3C excursions (Figure 3.7; Xiao et al., 2012; Zhu, J. Zhang, and Yang,
2007).

3.4.4 Radiogenic strontium isotopes

The initial 87Sr/ 86Sr(i) of the acid soluble fraction from the Koksu profile were cor-
rected to an age of 541 Ma and range from 0.7086 to 0.7112, and are displayed in
Appendix Table B.4 and Figure 3.8. 87Sr/ SGSr(i) values show a decrease towards less
radiogenic ratios after the Pc-C transition (Figure 3.8). The Rb/Sr is low with values
ranging from 0.0001 to 0.018, with an average of 0.0028 (Table 3.2).

87Sr /86Sr values from the Kyrshabakty profile range from 0.7083 to 0.7137 (Table 3.2).
The highest 87Sr/%6Sr values (>0.712) are observed in mid-Ediacaran carbonates,
with a subsequent drop of 87Sr/%6Sr values to ca. 0.709 in terminal Ediacaran and
Cambrian sequences. Rb/Sr ratios for this section are not available, however Rb ion
concentrations in carbonate and phosphate minerals are expected to be low as it is
not compatible in either phase. For calculation of initial 87Sr/®6Sr values the average
Rb/Sr ratio from the Koksu section was employed. Note, that these 87Sr/868r(i)
can only be regarded as minimum values. Ediacaran phosphorite samples from the
Chinese sections also record high 37Sr/ SﬁSr(i) values from 0.7106 to 0.7174 at the
Zhangcunping section and 0.7103 to 0.7110 at the Xiaofenghe section, respectively.
Our values for Zhangcunping and Xiaofenghe are thus similar to reported values
in the range from 0.7118 to 0.7137 during the coeval Shuram-Wonoka event of the
mid-Ediacaran period at the Kyrshabakty section.

3.5 Discussion

3.5.1 Diagenetic constraints

During precipitation and deposition, marine authigenic carbonates and phosphates
trap and thereby trace the seawater geochemical and isotope composition. During and
after deposition these signatures might be altered during diagenesis through meteoric
or post-depositional burial (high-T) and associated fluid-rock interaction. Assessing
this alteration is not straightforward as both, the composition of the fluids from
which the phases initially precipitated as well as the composition and temperature of
the potentially modifying fluids have to be taken into account. During lithification
of sediments, i.e., the transformation of meta-stable to stable minerals, authigenic
minerals undergo dissolution - (re-)precipitation, accompanied by re-adjustment of
their isotope and chemical composition with the ambient pore water (Knauth and
Kennedy, 2009).
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Any assessment of isotope values of marine precipitates has to consider change in
the seawater composition from past to modern times. Based on Phanerozoic marine
sedimentary rocks oxygen isotope reconstructions suggest an increase of §'80y,, val-
ues of the global seawater throughout the Phanerozoic up to modern times near 0
%0 (VSMOW, Veizer, Ala, et al., 1999; Jaffrés, G. A. Shields, and Wallmann, 2007).
Veizer and Prokoph (2015) proposed a past seawater 6'¥Osw from -6.3 to -5.7 %o (VS-
MOW) during the early Cambrian epoch. Moreover, temperature (T) of the marine
paleo environment during the Pc-C transition was likely higher (ca. 20-407C) com-
pared to present day, where T estimates are based on fluid inclusions in halite and on
silicon isotopes in cherts (Meng et al., 2011; Robert and Chaussidon, 2006). Both,
lighter oxygen isotope signatures of HoO and elevated T, yield isotopically lighter
precipitated carbonate compared to present day marine conditions (Kim and O’Neil,
1997; Friedman and O‘Neil, 1977). The latter trend is documented by the average
5'80arp = -11.7 £ 3.8 %o of our measured samples (VPBD; Table 3.2). Although the
uncertainties in the proposed past seawater oxygen isotope composition and appar-
ent temperature are high, the 6804 range fits worthy within the above mentioned
080, and T trend. Absolute values from either of them seem to be not reasonable
to be presented for this paleo-environment due to potential overprinting even at a

very low level throughout the whole Phanerozoic.

A further way to distinguish between primary seawater signatures and secondary
overprint is to identify a co-variation in stable C-O isotopes. Lithification of ma-
rine sediments in the presence of mixed meteoric/marine fluids typically produces
a linear covariance of 6'%0 and 6'3C in bulk rocks, while post-depositional alter-
ation through (high-T) fluid-rock interaction causes deviations from this linear trend
(Knauth and Kennedy, 2009; Marshall, 1992). From Figure 3.7 it is evident that the
carbonate fraction of the majority of our samples preserved a linear trend of 620
and 6'3C indicating partly interaction with meteoric fluids during sediment lithifi-
cation, rather than post-depositional diagenetic alteration. However, four samples
with unusual 6'%0 values most likely experienced post-depositional alteration and
are thus excluded from further interpretation (Figure 3.7). One additional sample
shows a 680 value of -17.3 %o yet establishes the lower end of the §'3C and 620
correlation. Although measured §'80 values of this study are generally on the lower
end of the global spectrum, they are in alignment with a negative trend of seawater
5180 values during the late Neoproterozoic to early Cambrian (Brasier, G. Shields,
et al., 1996; Gamper, 2014; Meert et al., 2011; Ohnemiiller, 2014; Veizer, 1989). The
ratio of meteoric/marine pore waters during sediment lithification can be evaluated
using Mn-Sr and C-O isotope trends. Generally, fluid-rock interaction with mete-
oric water leads to higher Mn contents and lower Sr, 6'3Cqypp and 6'%O0.q (Azmy
et al., 2011; Jacobsen and Kaufman, 1999). In samples from the Koksu section, the
Mn/Sr ratio is generally low (median = 0.6, Table 3.2), with no apparent co-variation

with C-O isotopes (Figure 3.9), arguing for a low impact of meteoric fluids during
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sediment lithification. One sample (KO 04) with Mn/Sr = 46, however, likely ex-
perienced alteration, and is thus excluded from interpretation on the following paleo
environmental reconstruction. Isotope re-adjustment during lithification might also
affect the Sr isotope composition. 87Sr/%6Sr composition of interacting fluids depend
on their Sr source, i.e., fluids circulating through continental felsic rocks result in
radiogenic 87Sr/®%0Sr, and through mafic rocks in less radiogenic 87Sr/80Sr (Brand
et al., 2010). Continental weathering or dissolution of carbonates should result in
similar 87Sr/80Sr fluid compositions. EMP spot analysis show high concentrations of
Sr (ca. 0.3 wt% SrO) in the CFA minerals (Appendix Figure B.1, B.1). Alteration
of the 37Sr/%Sr composition through low degrees of meteoric/marine pore waters
during sediment lithification, as implied by C-O isotope systematics and more likely
to affect the carbonate matrix, would be strongly rock buffered. To test the impact
of the different phases that contribute to the Sr isotope signal, leaching experiments
were conducted on two selected samples (KO 10 and KO 13) with different matrix
(dolomite vs. calcite) and texture (phos-grainstone (KO 10) vs. phos-rudstone (KO
13), Appendix Figure B.1, B.1). The results reveal systematically higher 87Sr/30Sr
values for weak acid-leachates (0.05 mol 1! HNOj3) consistent with matrix dissolu-
tion. Variations among the different leachates and thus phases, however, were within

our reproducibility of £ 100 ppm.

Alteration through either meteoric fluids or post-depositional (burial) fluids further
changes REE compositions in abiogenic carbonates and phosphorites in respect to
both bulk contents and patterns (Azmy et al., 2011; Emsbo et al., 2015). In the
former case, minerals exhibit some REE enrichment and retain their mineral-specific
REEy patterns, while post-depositional alteration causes anomalous REE patterns.
In abiogenic phosphorites REE y patterns and ¥REE may show secular variation dur-
ing the Phanerozoic periods (Emsbo et al., 2015). REEy in the Kazakh phosphorites
resemble those of typical Cambrian phosphorites with minor REE enrichment not
exceeding values of about 10 (Figure 3.5, Emsbo et al., 2015; A. Tlyin, 1998; G. Shields
and Stille, 2001). Combining these results with the lack of coherent Mn-Sr systematics
and linear §'3C and 6180 correlation (Figure 3.9; Brand and Veizer, 1980; Jacobsen
and Kaufman, 1999; Li et al., 2013), with the petrographic observations, we conclude
that our suites have experienced minor fluid-rock interaction during sediment lithi-
fication at low meteoric/marine fluid ratios, altering the carbonate §'3C and §'80,
however, otherwise preserving near-primary geochemical signatures and microstruc-
tures (Figure 3.5). 87Sr/®6Sr values from the Kyrshabakty section are found to be
pristine and were interpreted as result of enhanced continental weathering coupled

with locally coinciding high sedimentation rates (Ohnemiiller, 2014).
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FIGURE 3.9: Scatter diagrams plotting elements that are prone to diagenetic alteration.
Symbols as reported in Figure 3.2.

3.5.2 Stratigraphic correlation

The Lower Cambrian episode is marked by several globally correlated negative §'3Cyqrs
excursion with relative variations of up to + 10 %o (Brasier, Corfield, et al., 1994;
Derry et al., 1994; Gamper, 2014; Halverson, Wade, et al., 2010; Jiedong et al., 1999;
Li et al., 2013; Ohnemiiller, 2014; Zhu, Lu, et al., 2013). Oxygen isotope values gener-
ally follow a similar pattern with an overall trend towards strongly negative 6804,
values during the Lower Cambrian of ca. -16 %o (Li et al., 2013).

The low §'3Cappy and 68044 values from the Koksu carbonates (Kazakhstan, Fig-
ure 3.1) are consistent with the basal Cambrian negative carbon isotope excursion
(BACE) right at the Pc-C boundary with global composite 6'3C of ca -10 %o (Figure
3.8, e.g., Shields-Zhou and Zhu (2013), and references therein). Two more negative
excursions are recognized at the Koksu section, which are similar in magnitude as the
global carbon isotope curves, however due to the number of negative excursions in

the early Cambrian, pinpointing individual excursions seems unreasonable.

Stable isotope values at Koksu are slightly lower than those of the Cambrian phospho-
rites of the adjacent Kyrshabakty section. However, both Ediacaran and Cambrian
samples from Kazakhstan, as well as some Cambrian Chinese samples, all deposited
in a shallow water environment, plot on the same trend line, regardless of phospho-

rites or pure carbonates. Despite the possible influence by diagenetic alteration, the
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slope of the overall regression line in Figure 3.7 shows that both Ediacaran and Cam-
brian samples plot on one line. This suggests that samples may still retain their
near-primary C and O isotopes signatures and the stable isotope composition of the
marine deposits depends rather on the depositional environment than on the time of
deposition or type of sediment. The depositional environment for the highlighted data
points in Figure 3.7 was a proximal shallow water setting opposed to the distinct scat-
ter of the Ediacaran Chinese samples deposited in an intra-shelf basin setting (Zhu,
J. Zhang, and Yang, 2007).

3.5.3 ¥ Sr/%Sr seawater evolution at the Pc-C transition

As the residence time of Sr in oceans exceeds ocean mixing time by far, 87Sr/%0Sr is
thought to be homogenous in a connected ocean (Veizer, 1989). Although 37Sr/%6Sr
values have predominantly been compiled from carbonate rocks, phosphate-rich de-
posits constitute a viable alternative and additional archive for past seawater 87Sr/%6Sr
reconstructions (McArthur et al., 1990). This is particularly important for the Pc-C

transition, since phosphorites were widely deposited at this time.

87Sr/86Sr values from the Chulaktau Formation at the Koksu section is framed by
identical 87Sr/86Sr values of the adjacent Kyrshabakty section, completing the Lower
Cambrian Sr isotope record for Kazakhstan (Figure 3.8). The global value of 87Sr /86Sr
in seawater for the Neoproterozoic era is ca. 0.7065, followed by a rise to about 0.7085
in the Lower Cambrian period (Figure 3.10, Veizer, Ala, et al., 1999; Halverson, Wade,
et al., 2010). The similarity of lower Cambrian 87Sr/%6Sr values from Kazakhstan with
the global evolution confirms Kazakhstan was connected to the global open ocean
seawater evolution during that time. Right at the Pc-C transition, a distinct positive
87Sr /86Sr excursion is observed, which corresponds to negative §'3C g4 and 680 4.
excursions (Figure 3.8). This positive 87Sr/%6Sr excursion has also been observed in
adjacent (micro-) continents Namibia, Siberia, Mongolia and China, with 87Sr/%6Sr
values as high as ca. 87Sr/80Sr = 0.711 (Figure 3.10, Brasier, G. Shields, et al., 1996;
Derry et al., 1994; Halverson, Wade, et al., 2010; Li et al., 2013; Nicholas, 1990;
Ohnemiiller, 2014; Sawaki, Tahata, et al., 2014; Sawaki, Ohno, Fukushi, et al., 2008).
Another, however less pronounced, positive 87Sr/80Sr excursion occurs during the
middle Ediacaran (Figure 3.10, Jiedong et al., 1999; W. Wang et al., 2002; Sawaki,
Ohno, Tahata, et al., 2010; Ohnemiiller, 2014).

At the investigated Chinese sections, distinctly high Sr isotope values are recorded
(Figure 3.2). We assume these high values are derived from increased local weathering
rates, coupled with enhanced accumulation rates in a semi-restricted shallow ocean
basin and corresponding limited exchange with the open ocean seawater 57Sr/%6Sr
(Zhu, Lu, et al., 2013).

Li et al. (2013) argued from geochemical markers such as strongly negative 40

values that the high 87Sr/%6Sr values, which were observed in phosphatic sediments
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from South China, are the result of diagenetic alteration. However, Sawaki, Ohno,
Fukushi, et al. (2008) and Sawaki, Tahata, et al. (2014) and Halverson, Wade, et al.
(2010) reported similar positive 87Sr/%0Sr excursions in marine platform carbonates
from South China for the terminal Ediacaran period. High 87Sr/80Sr values at these
sections were interpreted as near-primary values and attributed to the weathering-
related increasing seawater 87Sr/%6Sr during the Neoproterozoic. Our new data set
from the Koksu section confirms that this positive Sr isotope excursion at the Pc-
C transition is a reflection of the seawater isotope value and not a result of post-
depositional alteration. Since these 87Sr/86Sr values are among the most extreme
isotope excursions reported in Earth’s history, a causal relationship with the Pc-C

biogeochemical changes seems plausible.

Generally speaking, seawater 37Sr/80Sr is mainly controlled by hydrothermal activ-
ity, contributing juvenile 87Sr/%6Sr, and continental run-off, contributing radiogenic
87Sr/86Sr (e.g., Palmer and Edmond, 1989; Nebel and Stammeier, 2016). Throughout
the Neoproterozoic, enhanced weathering rates and an associated increase in seawater
87Sr /868r, concomitant with low §'3C.q,4, have been linked to the continental break-
up of Rodinia and global glaciations (Halverson, Hurtgen, et al., 2009; G. A. Shields,
2007). However, the extent observed at the Pc-C boundary with the profound, sharp
increase in 87Sr/80Sr over a short time period of only a few million years, requires
a more distinct mechanism. Richter, Rowley, and DePaolo (1992) modelled seawa-
ter 87Sr/80Sr in response to tectonic events that coincide with high erosion rates and
thus changes in riverine influx. They found these events to cause short time 87Sr/%6Sr

seawater excursions that last for about 15-25 million years.

Given the relation between Sr isotopes in seawater and erosion rates, a sudden change
in the continental weathering regime may be responsible for the extreme Sr isotope
variations. The onset of more profound oxidative weathering of continental silicates
as a result of higher atmospheric oxygen levels, combined with increased erosion rates
in the aftermath of several Precambrian glaciation events (Kasemann et al., 2014),
could have significantly contributed radiogenic 7Sr/30Sr into marginal shallow ocean
basins. This scenario might have caused the sudden increase of 87Sr/%6Sr at the
Pc-C boundary, momentarily changing the balance between 37Sr/%0Sr flux to the
ocean vs. counterbalancing sources of non-radiogenic Sr (e.g., from mid-ocean ridge
hydrothermal activity, Boger and Miller, 2004; Lyle et al., 1987; White and McKenzie,
1989). To explain the sudden increase and subsequent drop in Sr isotopes, we adopt
the scenario of Sawaki, Ohno, Fukushi, et al. (2008), in which high 87Sr/%6Sr of
shallow ocean waters, introduced by enhanced weathering, was subsequently buffered
by rift related mid-ocean ridge magmatism. Although diagenetic fluids that circulated
through mafic rocks may also contribute low 37Sr/%6Sr during diagenesis thereby
causing a drop of 87Sr/%6Sr in the local sediments, petrographic and geochemical
preservation argue against this possibility (compare section 5.1). In that context, the

sudden Sr isotope excursion may reflect the response of weathering to geodynamic
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Gamper, 2014; Ohnemiiller, 2014; Sawaki, Tahata, et al., 2014). Stratigraphic correlation
according to §'3C chemostratigraphy. Note that the absolute ages are non-linear.

changes that are contemporaneous and thus probably associated with an increase in

atmospheric and ocean oxygen levels.

The increase of oxygen in the oceans and the atmosphere during the Pc-C transition
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has been discussed as a driving force of the Cambrian Explosion (Cloud, 1976; Run-
negar, 1982; McMenamin, 1988; Canfield, Poulton, and Narbonne, 2007; Mills and
Canfield, 2014; Gilbert, 2011). Accordingly, the Pc-C boundary forms a transition
from a Neoproterozoic stratified ocean with oxygenated surface and anoxic bottom
waters, to a Phanerozoic well mixed and oxygenated ocean (Canfield, Poulton, and
Narbonne, 2007; Wille et al., 2008). To oxygenate the deeper oceans, increasing at-
mospheric oxygen levels, deep-water circulation or ecosystem engineering is required
(Lenton, Boyle, et al., 2014). Anbar (2002) argue that progressive oxygenation in-
creases the bioavailability of essential nutrients, a prerequisite of metazoan life. The
decline of redox-sensitive elements and e.g., an associated increase in 63*S value of
dissolved sulfate in early Cambrian strata is also seen as evidence for a progressing
ocean oxygenation (Canfield and Teske, 1996; Och et al., 2016).

At the Koksu section, the lack of redox-sensitive element enrichment, e.g. Ni, As,
V and Co, which are more soluble under reducing conditions, and the negative Ce
anomalies in the Cambrian shallow water sediments confirm the presence of elevated
oxygen levels in shallow waters (Figure 3.4). The invention of animal burrowing in
the early Cambrian, the so-called “Cambrian Substrate Revolution” or “Agronomic
Revolution” (Bottjer, 2010) facilitates the decomposition or reworking of sediment-
sealing microbial mats and thus oxygen transport into the deeper sediment. Intervals
of such intensified bioturbation likely caused the variable Ce anomalies across the
Koksu profile (Figure 3.4). In this scenario, the mixed and well-oxygenated sediment
then facilitates oxygenation of organic carbon, contributing to generally low 6'3C. In
summary, it is argued that the combined stable and radiogenic isotope and element
data at the Pc-C transition mark a complex interplay of connected processes that
either reflect greater geodynamic processes (Sr) or direct responses of the atmosphere

(redox-sensitive elements) and the environment (C-O).

3.5.4 The occurrence of phosphorite deposits

The contemporaneous occurrence of giant phosphorite deposits and the Cambrian
Explosion is linked to an increase in both Ca and P in shallow ocean waters. As a
consequence of elevated oxygen levels and generally increased weathering rates, the
breakdown of terrigenous material enhanced the nutrient supply to shallow ocean
waters. For the early Cambrian a threefold rise of available Ca2+ in the seawater is
reported (Berner, 2004; Brennan, Lowenstein, and Horita, 2004). This high nutrient
transport into shallow waters promotes increased primary production, which in turn
enhances phosphate cycling in shallow waters. Subsequent burial and decomposition
of organic matter from primary producers at the water-sediment interface liberates
organically bound phosphate and concentrates phosphate in the pore water. Experi-
mental studies show that phosphate rapidly precipitates in the presence of Ca?* under

a wide range of conditions, both with or without microbial mediation (Combes and
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Rey, 2010; Crosby and Bailey, 2012; Omelon, Ariganello, et al., 2013). This change
in seawater/pore water chemistry leading to local supersaturation likely facilitated
the formation of the precursor phase hydroxy- (fluor-) apatite and the subsequent
transformation to CFA, which subsequently form phosphorites. Dissolved phosphate
ions (PO3™) are strongly linked to a complex redox-chemistry and often also cou-
pled with biologic activity (Follmi, 1996; Glenn et al., 1994; Omelon and Grynpas,
2008). It is thus likely that enhanced phosphorite deposition is strongly coupled to
elevated oxygen levels in the oceans and thus a direct response to the oxygenation of
the atmosphere. In conjunction with the positive excursion in radiogenic Sr isotopes,
it seems plausible that Ca and P availability was enhanced through oxidation. The
inherent bloom of Cambrian biota and agronomic revolution facilitated an efficient
mixture of the water column through biological pumping (Butterfield, 2009; Meyer,
Ridgwell, and Payne, 2016). This caused thereafter a rapid decline in Sr isotope sig-
nature. Accordingly, enhanced phosphorite deposits are strongly coupled to elevated
oxygen levels in the oceans and thus a direct response to prior oxygenation of the

atmosphere.

3.6 Summary and Conclusions

The complex interaction between primary production of marine biota, global ocean
chemistry, weathering rates and nutrient availability led to a significant increase of
biodiversity and the concomitant occurrence of giant phosphorite deposits through-
out the early Cambrian. The presented comprehensive geochemical and isotope data
increases our understanding on the significant change of paleo-environmental param-

eters during Pc-C transition:

The microstructure of the phosphorites clearly shows sedimentary textures charac-
teristic for deposition in a medium to high energy shallow water environment with
a pristine internal structure. Besides these microstructural features, the mineralogi-
cal/chemical composition and stable isotope distribution of C and O of the carbonate
are in alignment with precipitates typically formed in shallow past marine environ-
ments, thus nearly primary material can be reasonably assumed with limited post
depositional and diageneses overprint. Paleo-Kazakhstan exhibits the same negative
§13C excursion (BACE) and some negative excursions thereafter as globally recog-
nized in early Cambrian stratigraphy. The trace element and REE distribution in
the carbonate and phosphate phases indicates near-pristine material with low mete-
oric/marine pore waters interactions during sediment lithification. Accordingly the
herein investigated phosphorites at the Koksu section in Kazakhstan can be classified
from microstructure and composition as a near-primary sedimentary rocks, and are

suggested to be a valuable seawater archive.
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87Sr/86Sr values at Koksu exhibit a trend towards more radiogenic values at the
Pc-C boundary, sourced from an episode of rapidly increased continental (silicate)
weathering. The general 87Sr/%6Sr at Koksu aligns with the global seawater 87Sr/%6Sr
evolution. A similar positive excursion at the Pc-C boundary can be observed at
several paleo-microcontinents, indicating this episode of increased continental silicate

weathering was not only a local, but a global event.

This episode is characterized by a combination of already increased continental weath-
ering rates (physical and chemical) due to elevated atmospheric oxygen levels. As a
consequence, an increased influx of continental material and corresponding nutrients
drive primary production in shallow waters that permanently manifests in the nutri-
ent cycles. This in turn gives way to an increased and rapid oxygen production, thus
entering a new positive feedback loop, ultimately driving the Cambrian Explosion.
The present new and compiled data set support the central role of continental weath-
ering and erosion rates, possibly linked to atmospheric oxygenation occurring around

the Pc-C transition on the Cambrian Explosion.
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Abstract

The initiation of the Phanerozoic eon was accompanied by a unique (bio-) geochemical
revolution in Earth “s history, leading to the rise of metazoan life. Concomitant conti-
nent re-organization and collision is associated with enhanced continental reworking
and mixing of water masses through changing global ocean currents, affecting amongst
others, weathering of rocks and changes in ocean nutrient balance. However, causal
relations of these geologic changes and respective timing of the biologic revolution

remain unclear.

Here we show that the temporal response in ocean chemistry consequent to crustal re-
working is of remarkably short duration. In this study we investigate phosphatic shal-
low water sediments from Kazakhstan, key deposits from the Precambrian-Cambrian
(Pc-C) boundary. A rapid increase of the stable Mg and radiogenic Sr isotope signa-
tures in seawater indicates a swift and severe response in ocean chemistry to enhanced

crustal reworking.

Our data strongly suggests that the oceans at the Pc-C boundary, although rapidly

recovering through ocean spreading buffering, were strongly affected by this continent
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re-organization. A direct link between the unique response of ocean chemistry to
Gondwana assembly at the Pc-C boundary and the marked change in oceanic fauna
at this time seems most plausible. Accordingly, the rise of metazoan life during the
early Cambrian following the Ediacaran mass extinction was a fortuitous circumstance

at a critical stage in the evolution of life.

4.1 Introduction

The Precambrian-Cambrian (Pc-C) transition has long been recognized as a critical
point in Earth’s history, marking the rise of metazoan life following the first aquatic
mass extinction of the Ediacaran fauna ca. 541 Ma ago (e.g., Halverson, Hurtgen, et
al., 2009). Among the most prominent environmental and geological factors connected
to this vital change are (I) oceanic and atmospheric oxygenation; (II) continental re-
working (weathering, erosion) and high nutrient influx with subsequent chert and
phosphate deposition; (IIT) perturbation to nutrient cycling; and (IV) re-assemblage
of continental masses (e.g., Zhang et al., 2014; Smith and Harper, 2013, and refer-
ences therein). Despite decades of research, causal relationships between the biologic,
ecologic and geologic features and respective timing of oxygenation relative to the
Pc-C transition remain a matter of hot debate. Whilst the causality between those
features remains controversial, an individual trigger initiating the secular change from

Ediacaran to Cambrian fauna remain to be identified (Fox, 2016).

Increasing 87Sr/%6Sr in seawater during the late Neoproterozoic have plausibly been
linked to enhanced weathering rates and continental run-off Halverson, Wade, et al.,
2010. A sharp, positive excursion at the Pc-C transition has been suggested to reflect
higher influx of evolved, crustal material (Burns, Haudenschild, and Matter, 1994)
counterbalanced by increased hydrothermal activity, yet later studies dismissed this
spike in radiogenic Sr isotopes as poor preservation and diagenetic alteration (e.g. Li
et al., 2013). Stammeier et al. (under review) confirmed the Sr isotope peak in early
Cambrian carbonate and phosphorite sequences of the Malyi Karatau, Kazakhstan.
The chemical sediments deposited during the Pc-C episode in a former shallow water
basin were connected to global ocean evolution and interpreted to reflect continental
weathering and erosion during enhanced crustal reworking. This sharp temporal
relationship provides strong evidence that changes in biodiversity are consequent to
geodynamic responses of plate re-organization. Whilst detailed relations are far more
complex, this would generally link the critical evolution of Cambrian biota to passive

continental dynamics.

A critical test for the degree of continental weathering is potentially captured in dis-
tinct stable isotope signatures of authigenic, abiotic shallow water sediments. Magne-
sium is a key component for both chemical weathering and abiotic carbonate precip-

itation (Berner, Lasaga, and Garrels, 1983). Thus, seawater Mg isotope composition
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is largely influenced by flux imbalances between weathering and precipitation pro-
cesses and have been used before e.g., to trace weathering changes (E. T. Tipper,
Galy, and Bickle, 2006; Liu, 2013; Wimpenny et al., 2014; Kasemann et al., 2014;
B. G. Pokrovsky, Mavromatis, and O. S. Pokrovsky, 2011).

Here, we present new Mg isotope data for the Kazakhstan section complementary to
already reported Sr isotope variations (Stammeier et al. under review). Combined
with refined global 87Sr/86Sr seawater signatures, we evaluate the consequences of
different Mg and Sr isotope pools in a dynamic time-dependent state model and
validate these results with plausible causes for seawater excursions in the light of

enhanced weathering rates, carbonate precipitation and hydrothermal activity.

4.2 Sample Description

The Koksu section and the herein investigated samples have previously been de-
scribed in detail by Stammeier et al. (under review) in terms of petrography and
geochemistry. A summary of the investigated sample material and micrographs can
be found in the digital data repository. Briefly, the section is located in the Malyi
Karatau mountain range, south Kazakhstan and comprises sedimentary rocks of the
Fortunian and stage 2 of the lower Cambrian (541 - 521 Ma, Figure 4.1 & Figure

4.2). The 50 m profile crops out along an exploration trench comprising a con-
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FIGURE 4.1: Schematic geologic map of the Malyi and Bolshoi Karatau Mountain range (sim-
plified after Eganov, Sovetov, and Yanshin, 1986). The Koksu section (43.653611, 69.636389,
WGS84) is located at the margin of a former shallow water basin.

secutive sequence of the Chulaktau Formation, which consists mainly of cherts and
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phosphorites. The investigated samples belong to the two lowermost units (1) Ak-
sai Chert, bedded, dark-colored cherts with dolomite and phosphate fractions, and
(2) Lower Phosphorite, granular phosphorites with a calcite and/or dolomite matrix.
The dolomite matrix forms a mosaic structure of anhedral grains. Internal structure,
element and isotope systematics classified these rocks as near primary sedimentary

rocks (see detailed discussion in Stammeier et al. under review).

4.3 Results and Discussion

Stable Mg isotopes and radiogenic Sr throughout the sedimentary profile Mg iso-
tope analysis of the acid-soluble fraction yielded §26Mg values ranging from -2.3 %o
to 0.5 %o (DSM3) with a mean of -1.0 + 0.2 %o (2 SE). The observed temporal
trend of decreasing 620Mg towards younger samples (Figure 4.2, Appendix A) cor-
relates considerably with previously investigated 87Sr/%Sr values (Stammeier et al.,
under review). Moreover, §26Mg anti-correlate with their corresponding §'3C. 4,4 and

§'80,qrp (Figure 4.2), the latter being strongly linked to environmental conditions.
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FIGURE 4.2: Compiled isotope profile of the investigated Koksu section. Both Mg-Sr and

C-O isotopes display the same temporal trend, calculated as the moving average (black line).

Sr, C and O isotope data from (Stammeier et al. under review). Ky. Fm = Kyrshabakty

formation, AC = Aksei Chert, LP = Lower Phosphorite, SM = Shale Member after (Heubeck,

Ergaliev, and Evseev, 2013). If not indicated otherwise, uncertainty (2 SD) is within symbol
size.

4.3.1 8"Sr/%6Sr seawater evolution in response to changing continen-
tal weathering and hydrothermal fluxes

The authenticity and meaning of both, stable Mg and radiogenic Sr isotopes can
be tested with a mass balance model that equates elemental and isotopic input and
output fluxes for the past ocean basin. To reconstruct the radiogenic Sr isotope

evolution during the Pc-C transition we used a time-dependent dynamic state model
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based on the equation

dN R
TSVV - Z FmRm - Z FoutRout (41)

describing the isotopic evolution Rgy of reservoir N as a function of the fluxes F
in and out of the reservoir with the attributed isotope composition R (e.g., Richter,
Rowley, and DePaolo, 1992). For the Sr isotope ocean budget, Rgw = Rout, as Sr is
not fractionating during carbonate precipitation, which constitutes the main sink of
Sr (Palmer and Edmond, 1989). The remaining fluxes into the ocean are mainly of
riverine (F'r), hydrothermal (Fr) and diagenetic (Fp) origin. Assuming dRg,,/dt = 0
equation 4.1 yields the steady state equation
FrRr+ FygRy + FpRp

Row— = 4.2
SW=SSr Fr+ Fyg+ Fp ( )

Considering the residence time (7) of Sr as

N
= 4.
! Z Fin ( 3)
the time-dependent evolution can be described by
At
Rsw(t) = Rsw—s — (Rsw—s — Rsw—¢,)e (4.4)

(detailed mathematical derivation is given by Hodell et al., 1989). Using equation
(4.4) we forced the riverine (Fg) and hydrothermal (Fp) flux, leaving diagenetic
flux (FD) constant, in an iterative approach over the time span from mid-Ediacaran
(560 Ma) to the Early Cambrian (521 Ma) in steps of 1 myr. The initial fluxes Fin
are reported in Table 4.1 and represent present day values. Isotope ratios Rin were
chosen as Rrp = 0.714 to represent increased continental weathering rates, RD =
0.708 and Ry = 0.703 according to 87Sr/%6Sr seawater and mantle evolution during
the Ediacaran, respectively (Wilson, 1989; Halverson, Wade, et al., 2010).

TABLE 4.1: Model parameter used to calculate 87Sr/%6Srgy and 62°Mgsw & 62°Mgcars

Parameter Sr Mg
Source: Fr 3.3 ¥1010  5.6*10"2
Fp 0.3 *1010  2.8*10!2
Fu 1.0 ¥1010  2.8*10!2
N 1.25%10'7  7.3*1019
Isotope ratios: Rp 0.714 -0.5%0
Re 0.708 -2.0%0
Ry 0.703
Ry 0.8%0

The modelled 87Sr/%6Sr seawater evolution shown in Figure 4.3 shows a rapid in-

crease of Sr values in response to a simultaneous increase of 5% /myr in Fr and Fg
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approaching 87Sr/%0Sr values of ca. 0.711. While Fjy increased continuously from 560
— 521 Ma, Fr and thus weathering was considered to have reached a maximum at the
Pc-C boundary (541 Ma.), causing the reversed 37Sr/80Sr evolution. The modelled
Sr isotope evolution describing a rapid increase in the lead up to the Pc-C boundary
followed by a rapid decrease is in agreement with 37Sr/30Sr data in Kazakhstan and a
proposed global seawater Sr evolution (Figure 4.3). Note that the model successfully
recreates the magnitude, however, does not recreate the extremely short duration of
the positive excursion in global seawater 87Sr/®6Sr . This suggests more variability in
flux-dynamics with (I) a rapid increase of weathering (Fr), and/or (II) varying source
regions. The model shows, that a 5% increase in weathering and erosion rates (i.e.,
the riverine input) is sufficient to cause such a positive excursion, despite similarly

increasing hydrothermal activity.
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FI1GURE 4.3: Calculated Mg and Sr isotope values in a time-dependent dynamic state model.

Red circles indicate isotope ratios measured in early Cambrian Kazakh strata. A: Mod-

elled 87Sr/%6Sr seawater composition (Rgy ) in response to changing weathering (Fr) and

hydrothermal (Fg) fluxes, shown as Fr/Fy. Thick blue line indicates recorded 87Sr/86Sr

seawater evolution as compiled by Stammeier et al. (under review) and references therein. B:

Modelled §2Mg of seawater (Rgw ) and carbonate (R¢) in response to increased diagenesis
(F¢) and hydrothermal activity (Fpr), shown as Feo/Fp.

526 Mg for seawater and carbonates in response to changing weathering and carbonate
precipitation For seawater §26Mg values, the analogous time-dependent dynamic state
model using equations (4.1) and (4.4) as for 87Sr/%0Sr in seawater is applied. For the
Mg budget in seawater the main source is riverine influx (Fg), which is counterbal-
anced by output via carbonate precipitation from sea water (F¢) and hydrothermal
removal through interaction of sea water with MORB (F). Here, we can assume that
Rsw = Ry as Mg fractionation through hydrothermal removal is generally negligible
(Villiers, Dickson, and Ellam, 2005), which yields in the equation
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FrRr — FcRc

4.
T Fo (4.5)

Rsw_smg =

at steady state conditions. Experimental studies have shown that dolomite formation,
which, given stoichiometry, constitute the majority of the Mg sink though carbonate
removal, can be estimated to account for A20/2*Mgp,_sw of ca. -1.7 to -2.7 %o
(Higgins and Schrag, 2010), so that Mg isotopes in carbonates can only indirectly
reflect seawater composition. Thus, we employed a two-step iterative approach to
calculate the §2Mg of carbonates as a function of changing seawater composition.
In the first step we calculated Rgyy (s, representing the seawater §%6Mg in response
to changing fluxes. These calculated values were used to calculate 62°Mg,q,4, solving
equation (4.5) for Rc. In the next iteration this new Rc value was then used to
calculate the next Rgyy. In this model, we chose to change riverine influx Fr and
removal through carbonate precipitation F, as continental weathering and carbonate
sink during carbonate deposition were likely the strongest influences on 6?Mggy at
that time. With the condition that XF;, = Y F,,;, Fy is defined by the difference
of Fir — F. The initial values are reported in table 1. The influx of riverine Mg
Fg is adapted from (Wilkinson and Algeo, 1989) and removed from the ocean by
Fy and F¢ to equal proportions. 6?°Mg of the riverine influx was set to Rg = -0.5
%o, representing silicate dominated weathering and kept stable (see discussion below,
(Wimpenny et al., 2014; E. T. Tipper, Galy, and Bickle, 2006)). For §2Mg carb the
average value of -2 %o from terminal Neoproterozoic dolomites was taken from B. G.
Pokrovsky, Mavromatis, and O. S. Pokrovsky (2011). E. Tipper et al. (2006) suggest
that during times of increased dolomitization §?Mggy, could have been up to 1.5 %o
isotopically heavier than present-day seawater. Accordingly, initial §26Mggy was set
to + 0.8 %o. Wilkinson and Algeo (1989) suggest that the Mg sink in seawater through
dolomitization accounts for as much as 90% during enhanced dolomitization. In
accordance with the ongoing massive dolomite deposition during the Neoproterozoic,
F¢ was increased by 10%/myr converging 90% dolomite removal and then reversed
by -10%/myr until values of 13% dolomite removal were reached, i.e., present-day
conditions (Elderfield and Schultz, 1996), and then kept stable thereafter.

4.3.2 The significance of §?Mg composition of the riverine input

Isotopically heavy 62Mg seawater values can either be caused by preferential removal
of light Mg isotopes, i.e. during extreme dolomitization events, or input of heavy iso-
topes, i.e. through silicate dominated riverine influx. However, our box model needs
to be confirmed by both, Sr and Mg fluxes, so that dolomitization may contribute
to the scatter in Mg-Sr isotope co-variations, but cannot be the main reason for the
coupled isotope excursion. Despite uncertainty in the input parameters, it is apparent

that the isotope modelling successfully recreates the observed amplitude at the Pc-C
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transition, confirming continental weathering and run-off as the driving force for the
87Sr/86Sr - §26Mg isotope excursions (Figure 4.3).

E. T. Tipper, Galy, and Bickle (2006) showed that modern rivers draining silicate
rocks can be as heavy as -0.3 %o and rivers draining carbonate rocks record values as
low as -2.7 %o. In weathering dominated rivers as e.g. in the Himalaya, these two
endmembers combine to a riverine §2Mg of -0.9 %o. To evaluate the significance of
the isotope ratio of riverine influx (R¢) we increase carbonate removal (F¢) up to 90%
removal of total influx and combined this with three different isotope ratios (Rg) of the
riverine influx to represent the different endmembers from (a) carbonate dominated
weathering with a §20Mg value of -2.7 %o, (b) silicate dominated weathering with
a 026Mg value of -0.3 %o, and (c) 62°Mg value of -0.9 %o representing a generally or
mixed weathering dominated river (Figure 4.4, E. T. Tipper, Galy, and Bickle, 2008).
For (a) calculated carbonate §2Mg values are unrealistically low with a maximum
value of -3.5 %o and a rapid decrease towards < -10 %o. Even by using the §20Mg
value of scenario (c) it was not possible to achieve high §2Mg carb approaching near 0
%o values during peaking weathering rates and simultaneous enhanced dolomitization
(Figure 4.4). The best fit was achieved with an Rg value of -0.5 %o for 626Mg , similar

to the value (b), confirming the Sr-Mg isotope systematics.
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B
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<
S 540 -
()
£
= A: Rr = -2.7%o (carbonate dominated)
550  B: Rr=-0.3%o (silicate dominated) —
C: Rr =-0.9%o0 (mixed sources)
D: Rz =-0.5%o (best fit)
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| ' | ' | ' | '
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FIGURE 4.4: Modelled §2°Mg in carbonates (R¢) using different riverine §2Mg (Rg) input
values, representing (A) carbonate, (B) silicate, (C) generally or mixed weathering dominated
endmembers, and (D) best fit results.
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4.4 Paleoenvirnonmental Implications

Although reconstruction of the evolution of 6?Mg values of past seawater and re-
lated carbonate deposits is highly challenging, as Mg isotope fractionation between
the carbonate precipitate and reactive solution depends on multiple factors, e.g. tem-
perature, precipitation rate and/or alkalinity, the modeled 62°Mg carb reproduce the
observed Koksu trend within 0.5-1 %o deviation from measured §26Mg carb (Figure
4.3). As shown above, the isotope composition of riverine input is crucial to the
seawater 62Mg mass-balance and reveals the dominance of crustal reworking for the
Pc-C transition. Our isotope modelling suggests that the dominance of continental
influx to the ocean budget for Mg and Sr is rapidly counterbalanced by hydrothermal
activity (Figure 4.3).

Enhanced erosion rates are expected in the aftermath of several Neoproterozoic glacia-
tions, such as e.g. Sturtian and Marinoan (Kasemann et al., 2014), and as a con-
sequence of Gondwana assembly from 0.8-0.6 Ga (Meert and Van Der Voo, 1997).
Weathering and associated riverine run-off are thus the likely cause for the steady in-
crease in Sr isotopes during the late Neoproterozoic era (cf. Halverson, Wade, et al.,
2010) along with an increase in ocean alkalinity and transport of nutrients, e.g., P,
to the oceans (Smith and Harper, 2013).

The sharp excursion in seawater 57Sr/%6Sr together with high 6*°Mg at the Pc-C
transition (Figure 4.2), however, marks a single, critical event in mountain building
that cannot be explained by merely enhanced weathering rates, but requires a severe
geodynamic event. The timing coincides with a range of global orogenies, e.g., Pan-
African orogeny (650-500 Ma, Miller, 1983), and Cadomian orogeny (750-540 Ma,
Linnemann et al., 2014), associated with the Gondwana assembly. Whilst current
geotectonic plate reconstruction lacks the temporal resolution to pinpoint a single,
unique collisional event, the negative excursion in global Hf isotope data indicates an
unprecedented collision of continental landmass at the time of Gondwana assembly
(Roberts, 2012). Such a collisional event and associated crustal reworking would

cause a severe increase of riverine input to the ocean, resulting in high 87Sr/%6Sr and
5%6Mg.

The observed isotope excursions are unprecedented in its extremes and relatively
short duration (Figure 4.2), however, as extreme and sudden as either Ediacaran
mass extinction or Cambrian explosion. It thus seems likely that a single event, as
e.g. coincidence of continental collision, along with reworking of evolved continental
crust and an associated release of nutrients, led to a possibly sudden change in marine
biota at the Pc-C transition.
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Abstract

Strontium (Sr) isotopes are widely applied tracers in geoscientific applications. One
of the four stable isotopes (87Sr) is subject to long-term radiogenic ingrowth by ra-
dioactive decay of rubidium (3”Rb). Resultant isotope variations in 87Sr/%6Sr, but
also other stable isotope variations, can be employed to trace mixing of global reser-
voirs, ranging from high-temperature-pressure processes preserved in solid rock to
low-temperature, environmental conditions in surface waters, oceans, chemical sed-
iments, or biogeochemistry. A second, frequent application is the dating of rock-
forming processes using the Rb-Sr decay scheme, ranging in age from the infant

stages of the solar system to most recent geologic events.

This chapter is a contribution to ‘Encyclopedia of Geochemistry: A Comprehensive
Reference Source on the Chemistry of the Earth’ dealing with different aspects of Sr
isotopes, including background, introduction to analytics, and the different applica-
tions in scientific research questions. These range from radiogenic Sr isotopes as a
tracer in high and low temperature environments, application of stable Sr isotopes,
and Sr isotopes in forensic sciences.
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Abstract

Amorphous calcium phosphate (Ca3(POy)2 *x nHoO; n = 3 — 4.5; ACP) is a pre-
cursor phase of the mineral hydroxyapatite (Cas(PO4)3(OH); HAP) that in natural
settings is reported to occur during both authigenic and biogenic mineral formation.
In aqueous solutions ACP rapidly transforms to the crystalline phase. The trans-
formation rate is highly depended on the physico-chemical conditions, most likely
on: Ca & POy concentration, pH and temperature. In this study, we conducted a
calcium phosphate precipitation experiment at 20 °C and pH 9.2, in order to study
the temporal evolution of the phosphate mineralogy. We monitored and assessed the
transformation process of ACP to crystalline HAP using highly time-resolved in-situ
Raman spectroscopy at 100 spectra per hour, in combination with solution chem-
istry and XRD data. Transformation of ACP via a transient octacalcium phosphate
(OCP) to crystalline HAP occured within 18 hours, as it is illustrated in a clear peak

1

shift in Raman spectra from 950 cm™! to 960 cm ™! as well as in a sharpening of the

960 cm ™! peak.
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6.1 Introduction

Hydroxyapatite (Cas(PO4)3(OH); HAP, Table 6.1) has a wide range of occurrences
and uses. Those span from products of biomineralization and post-sedimentation in
natural surroundings (Omelon and Grynpas, 2008; Omelon, Ariganello, et al., 2013;
H. N. Schulz and H. D. Schulz, 2005); add-ons in composites for tailored proper-
ties e.g., of cements and water treatment agents (Bellier, Chazarenc, and Comeau,
2006; Molle et al., 2005; Zoltek, 1974) to innovative medical-related products e.g.,
for remineralization of teeth or for bone grafts (Combes and Rey, 2010; Eanes, 2001;
Legeros, 1988; LeGeros, 1993). Amorphous calcium phosphate (Cag(POy)2 * nH50;
n = 3 — 4.5; ACP) is often a precursor phase of the mineral HAP that can be formed
in natural settings during either authigenic or biogenic mineral formation. ACP
has already been identified as a transient phase during bone mineralization in the
1960ies by mere optical measures (Gonzales and Karnovsky, 1961). This observa-
tion was later confirmed in several studies by X-ray diffraction (e.g., LeGeros, 1981).
Further, ACP was found during the mineralization of fish bone (Mahamid et al.,
2008), during microbially-mediated formation of phosphatic sediments (Arning et al.,
2009), or mineralization of teeth (Beniash et al., 2009) highlighting the relevance
of investigating ACP transformation pathways in medical, geological, biological or
paleontological fields of science. In aqueous environments, the meta-stable ACP pre-
cipitates as intermediate or transitional phase, which then rapidly converts into the
crystalline apatite-phase (Kim et al., 2005). The transformation rate depends highly
on the physico-chemical conditions of the solution, e.g., element availability (Kibal-
czyc et al., 1990; LeGeros, Bleiwas, et al., 1999; Termine, Peckauskas, and Posner,
1970), pH and temperature (Christoffersen et al., 1989; LeGeros, Mijares, et al., 2005;
Lundager Madsen and Christensson, 1991). In alkaline media, however, transforma-
tion pathways were found to be more complex, because ACP rapidly hydrolyses to
the meta-stable octacalciumphosphate (CagHa(POy4)g * 5H20; OCP), which subse-
quently transforms to HAP (Johnsson and Nancollas, 1992).

Time-resolved spectroscopic measurements can provide useful information on the nu-
cleation and growth processes of minerals. Raman spectroscopy (RS), a form of
vibrational spectroscopy, is based on the excitation of molecular vibration by electro-
magnetic waves. In geosciences, RS is most commonly used as a fingerprinting tool for

identifying and characterizing minerals. As such, time-resolved in-situ RS presents
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an easy, rapid and reliable tool with a wide range of applications, e.g., identifying
aqueous species, monitoring pathways of mineral formation, quantitative determina-
tion of mineral contents as well as studying the exchange kinetics of e.g., O-isotopes
(Geisler et al., 2012; Purgstaller, Mavromatis, et al., 2016; Purgstaller, Dietzel, et al.,
2017; Montes-Hernandez and Renard, 2016). Further, RS is very sensitive to short-
range ordered (amorphous) phases. It thus constitutes an excellent tool to study the
transformation of amorphous to crystalline materials (e.g., Nasdala et al., 2004, and
references therein). An additional advantage of in-situ RS is that it is non-invasive
and is thus especially suited for experimental studies with critical sample size or ma-
terial. No material is consumed during RS analysis, reducing costs and offering a

valuable screening tool for quick and reliable analysis.

TABLE 6.1: Selected calcium phosphates and their respective chemical formula and molar
Ca/P. After Dorozhkin (2011) and Combes and Rey (2010)

Mineral Chemical formula Ca/P
Amorphous Calcium Phosphate (ACP) ga_‘?’ (?)P _Oz)g *nH0, 1.2-25
Octacalciumphosphate (OCP) CagHy(POy)g x 5H20  1.33
Hydroxyapatite (HAP) Cas(OH)(POy)s 1.67

In this study we investigate the application of high temporal resolution in-situ RS as a
new and exciting tool for (near) continuous monitoring of mineral (trans-) formation.
As an exemplary study we performed calcium phosphate precipitation experiments
(T =20.00 £ 0.01 °C; pH 9.2 £ 0.1) in order to monitor the transformation process
of ACP to crystalline HAP. Homogeneous aliquots of the experimental solution were
collected at certain reaction times to follow the chemical evolution of the solution
and precipitate and to assess the combined data sets for deciphering transformation
kinetics. The precipitates were further investigated for their internal structure to

confirm the presence of the respective mineralogical phases.

6.2 Methods

6.2.1 Experimental setup

Calcium phosphate precipitation experiments were performed at constant tempera-
ture of 20.00 £ 0.01 °C using an Easy MaxTM 102 system (Mettler Toledo) equipped
with a 150 ml glass reactor and coupled with two titration units (TU), a 702 SM
Titrino titrator (Methrom, TU 1) and a TitroLine alpha plus (Schott, TU 2; Figure
6.1).

Calcium phosphate precipitation was induced by titrating 50 ml of a 0.3 mol [~*

CaCly solution (TU 1) at a rate of 5 ml min~! to an equal volume of a 0.2 mol [~}
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| In situ Raman Spectroscopy |

ASml/min

0.3 M CaCl, 1 M NaOH
solution
pH=92+0.1
U1 0.2 M Na,HPO, U

_| T=20+0.01°C |_

FIGURE 6.1: Experimental set up of the calcium phosphate precipitation experiment. Figure
adapted from Purgstaller, Mavromatis, et al. (2016). TU = titration unit.

NasH PO, solution (glass reactor). The pH was kept constant at pH 9.2 + 0.1 by
titration of a 1 mol I=! NaOH solution (TU 2). Homogenization of the reactant
solutions was achieved by stirring with a magnetic stirrer at 300 rpm. After 16 h of
reaction time the reactant solution was transferred to a gas-tight beaker (Nalgene).
Solution was stirred and kept in a temperature-controlled room at 20°C. During the
experiment homogeneous aliquot samples were taken from the experimental solution
and instantly filtered using 0.2 pm cellulose acetate filter. Subsequently, the sepa-
rated solid samples were lyophilized using a Virtis Benchtop 3 L freeze-dryer (-58°C;

10 mbar partial vacuum). Sampling times are reported in Table 6.2.

6.2.2 Analytical procedures

Elemental concentrations of the solid samples (digested in 0.45 mol [~! HNO3, p.a.)
and solutions were determined by inductively coupled plasma optical emission spec-
troscopy (ICP-OES) using a PerkinElmer Optima 8300 with an analytical uncertainty
of £ 2 %. Qualitative X-ray diffraction (XRD) analysis for mineralogical character-
ization of the precipitates were performed using a PANalytical X’Pert PRO diffrac-
tometer, equipped with a Co-tube (40 kV and 40mA), a spinner stage, 0.5° divergence
and anti-scattering slits, and a Scientific X’Celerator detector. Randomly oriented

preparations were recorded over the range of 4-85°26 with a step size of 0.008°26.
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TABLE 6.2: Sample name and time of sampling (in min or h) after beginning of CaCl,y
titration, as well as solution chemistry (pH; Ca, P in mmol /=!) and solid chemistry (Ca, P
in mmol [~!; Ca/P). Note outlier sample (11) with unusual solid chemistry values; compare

Figure 6.2.

Sample Samplin Solution (mmol 1) | Solid (mmol [~*

Name time ° pH Ca | P ) Ca | P ) Ca/P
1 10 min 9.42 174 0.55 8427 6401 1.32
2 17 min 9.34 172 0.37 7851 5796 1.35
3 23 min 9.30 176 0.40 7909 5806 1.36
4 30 min 9.26 165 0.37 8159 5953 1.37
5 35 min 9.23 202 0.33 8028 5871 1.37
6 43 min 9.21 195 0.24 7772 5723 1.36
7 120 min  9.03 167 0.48 7948 5750 1.38
8 180 min  9.21 187 0.25 8145 6014 1.35
9 5h 9.55 170 0.36 7804 5630 1.39
10 6.7h 9.26 160 0.19 7235 4955 1.46
11 18 h 9.14 164 0.24 9353 5242 1.02
12 24 h 9.00 180 0.33 8445 6022 1.40

6.2.3 Raman instrumentation

In-situ Raman spectroscopic analyses were performed using a RAMAN RXN2TM
analyser from Kaiser Optical Systems with a Kaiser MR Probe head equipped with
a quarter-inch immersion optic. Configuration of the experimental settings was de-
termined using the experiment wizard of the iC RamanTM 4.1 software. The wizard
automatically guides the user through all configuration steps, including experiment
duration, collection of reference spectra and focusing of the instrument. Focusing of
the instrument was optimized to a pixel fill of ca. 60 %. The pixel fill is the mea-
sure of intensity in absolute counts at any given wavenumber with 100 % saturation
resulting in ca. 65 pixel fill. This was optimized for wavenumber 950 — 961 cm™! to
an exposure time of 30 seconds. The Raman spectra were collected in 35 s intervals,
consisting of 30 s exposure time and 5 s overtime, for a total of 16h enabling a near
continuous monitoring. After 16 hours, Raman spectra were only collected during
sampling for shorter intervals, using with the same instrument settings. Spectra were

! using a laser beam

collected in the 100 — 1890 cm ™! region with a resolution of 1 cm™
with an excitation wavelength of 785 nm. For comparison, a HAP certified reference
material (CRM, Sigma Aldrich) was dissolved in MiliQ. Individual reference spectra
of this HAP CRM and of all titrating solutions were collected at 20.00 °C using the
same instrumental settings. The obtained reference spectra were only collected for
comparison purpose as no automatic calculations, e.g., phase quantifications, were

conducted during or after the experiment.
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6.2.4 Data handling

For Raman spectra, first hand data treatment was performed using the iC RamanTM
4.1 software (Mettler Toledo), which included baseline correction using the Pearson’s
method and spectra smoothing using the Savitsky-Golay filter. Intensity was nor-
malized to the intensity of the v4 Raman peak of the reference spectrum. Further
data treatment (peak identification and peak fitting) of the collected Raman spec-
tra was performed by the Fityk 0.9.8 (© Wojdyr, 2010) non-linear curve fitting and
data analysis software. The peaks were identified and fitted employing a PseudoVoigt
function. The PseudoVoigt function is a convolution of both Lorentzian and Gaus-
sian functions and is often better suited for peak fitting of spectroscopic data. The
shape of this fitted PseudoVoigt function can be quantitatively described by its full
width at half maximum (FWHM, compare Figure 6.4). The 3D surface plot from
Figure 6.3 was created using the Origin 9.0.0 (© 1991 — 2012 OriginLab Corporation)
software. For XRD data handling, the baseline was determined manually using the
X'Pert HighScore Plus 3.0d (© 2011 PANalytical B.V.) software and subtracted after

data collection.

6.3 Results and Discussion

6.3.1 Chemical evolution of experimental solution

Elemental compositions of solid and solution samples and pH are reported in Table
6.2. The addition of the C'aCly solution into the NaH PO, solution induced instant
precipitation of calcium phosphate. This initial precipitation and the simultaneous
titration of the NaOH solution caused large variations in the pH value within the
initial stage of the experiment (Figure 6.2). After the addition of the CaCls solution
was stopped (10 min), the pH reached a more constant value, slowly dropping from
pH 9.5 towards pH 9 and remained quasi constant at 9.2 + 0.1 during 24 h of reaction
time. Analysis of the reactive solution showed that all PO, is almost quantitatively
consumed and only trace amounts of ca. 0.3 mol [~! were present Table 6.2. Within
this time frame the Ca concentration of the solid remained near constant at 7975 +
320 mmol kg~!. The molar Ca/P of the solid samples ranges from about 1.32 to
1.46, showing a clear increase with time (Figure 6.2B). The initial molar Ca/P of
ca. 1.3 might indicate the presence of OCP, a transient phase of HAP in alkaline
environments (Johnsson and Nancollas, 1992). In such kind of precipitation experi-
ments non-stoichiometric HAP typically forms at a molar Ca/P of ca. 1.45 + 0.05
(Johnsson and Nancollas, 1992).
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FIGURE 6.2: A: pH evolution of the reactive solution and titrated NaOH (ml) of the first 8
h of the experiment. B: Molar Ca/P ratios of solid samples. Note the outlier sample (!) after
18 h, highlighting the consequences of sampling biases.

6.3.2 In-situ Raman spectroscopy and solid characterization

The characteristic vibration bands of POy groups in HAP crystals are (i) v2 bending
of P-O-P at 472 cm™!, (ii) v4 bending of P-O-P at 563 and 602 cm~!, (iii) v1 stretch-
ing of P-O at 960-962 cm ™!, and (iv) v3 stretching of P-O stretching at 1035-1045
cm ™! (Cosmidis et al., 2015). For ACP, the most characteristic shift is documented
by a 10 ecm™! shift of the v1 stretching towards 950 cm™! (Cosmidis et al., 2015).
Thus, the transformation of ACP to HAP is characterized by a shift of the v1 sym-
metrical band from a broad peak at ca. 950 cm ™! towards a narrow peak at 960 cm ™!

(Combes and Rey, 2010).

In the initial solution, the in-situ Raman spectra showed a distinct peak of the vl
band of the aqueous (HPO7 )., molecule at 990 cm~! (Figure 6.3). After onset of
CaCls titration, the intensity of this band quickly decreased within the first 3 — 5 min
and a peak at 950 cm~! appeared, indicating the formation of ACP nano-material
(compare dark blue line Figure 6.3). In a later stage, after about 150 min a shift of
the 950 cm™! band towards the 960 cm ™! band occurred, indicating an increase in
the degree of order (compare bright blue line Figure 6.3). This is consistent with the
formation of the transient phase OCP, as indicated by solution composition. After
about 500 min (ca. 8 h) the band has mainly shifted to the 960 cm~! band of HAP,
with only a shoulder remaining towards ca. 950 cm~! (compare green line Figure
6.3). Complete transition of ACP to HAP was achieved after ca. 1000 min (ca. 18
h; compare orange line Figure 6.3).

Transformation of ACP into HAP probably via OCP was accompanied by a clear
peak sharpening. This sharpening was recorded by a decreased FWHM of the Pseu-
doVoigt function from 26.87 cm™! in the amorphous phase after 10 minutes (Figure
6.4, inlet A) to 16.76 cm~! in the crystalline state (Figure 6.4, inlet C).
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FIGURE 6.3: The first sharp peak is produced by the v1 symmetric stretching of the aqueous
H POA% molecule of the Nay H PO, solution. Titration of CaCly immediately induces precip-
itation of ACP (dark blue line), completely consuming all aqueous H POz_. Transformation
of ACP into OCP begins after ca. 150 min (bright blue line) and to HAP after ca. 500 min
(ca. 8 h; green line) with complete transition achieved after ca. 1000 min (ca. 18h; orange

line) indicated by a clear peak sharpening.

Time-resolved XRD patterns of the collected solids are displayed in Figure 6.5. The
presence of ACP in the reactive solution shortly after CaCly titration (10 min) is
confirmed by XRD patterns (Figure 6.5). Comparison of the time integrated samples
clearly shows the increasing crystallinity and thus the degree of ordering in the solid
samples. After 10 min, the XRD pattern shows a very broad peak at ca. 36°260, while
after 405 minutes (6.7 h) crystalline material, enough for detection, can be observed.

After 24 h, the XRD pattern indicates distinct peaks, coherent with crystalline HAP.

6.4 Summary and Concluding Remarks

Previous experimental studies on HAP formation suggested that in aqueous alkaline

media, OCP occurs as an intermediate phase during the transformation of ACP to
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FIGURE 6.4: The transformation process of ACP to HAP (via OCP) is accompanied by a

clear peak sharpening recorded in a decreasing FWHM (inlet A — C). The Reference spectra

of well-crystallized HAP (Sigma Aldrich) shows a well defined sharp peak highlighted by the
lowest FWHM (Inlet D).

HAP (Young and Brown, 1982). In this context, it has been shown that OCP precipi-
tates rapidly by hydrolysis of ACP, forming a layered structure comprising an apatite
and hydroxide layer. In an autocatalytic reaction, OCP then slowly transforms to
HAP (Young and Brown, 1982). In the present study, in-situ RS was successfully
applied to detect the transformation of ACP to HAP via an OCP intermediate at
a high time-resolution of Raman spectra of 35 seconds. This transformation from
amorphous (ACP) to nano-material (OCP) towards crystalline material (HAP) is
accompanied by (1) an increased degree of ordering (Figure 6.5), along with (2) an
increase of the molar Ca/P ratio of the precipitating solids (Figure 6.2) and (3) a clear
peak sharpening of the v1 Raman band (Figure 6.4). In-situ Raman spectroscopy
facilitates the visualization of this increase in crystallinity and ordering, i.e., lattice
ordering, in nearly real time. In-situ Raman spectroscopy thus facilitates the (near)
continuous monitoring of experimental solutions at high temporal resolution and has
a clear advantage over manual sampling. Individually extracted samples can thus
only offer ‘snap-shots’ of a dynamic temporal evolution. The outlier sample after 18
h further highlights the sensitivity of sample results due to small sampling biases.

This is especially important when working with meta-stable materials, underlining
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FIGURE 6.5: Time-resolced, stacked XRD patterns confirm the amorphous state after 10 min-
utes and record the progressive crystallization as a function of time, indicated by development
of distinct peaks. Halite (NaCl) co-precipitates as an artifact of the chosen method.

the necessity of in-situ Raman spectroscopy. The given protocol can be used in both,
industrial applications as e.g., a quality screening tool, or for research applications
such as in-situ reaction monitoring in aqueous media to follow and assess transfor-

mation processes, phase identification or crystallinity.
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Chapter 7

Conclusions and Perspective

7.1 Conclusions

The current study comprises a set of geochemical and isotopic data of Kazakh sed-
imentary samples that constrain the paleo-environmental conditions during the Pc-
C transition. These results link the ecosphere changes of the Pc-C transition to
weathering-related processes. It thus expands our knowledge of this critical time in
Earth’s history.

Trace and REE, stable oxygen and carbon isotopes, together with petrographic inves-
tigation point to a shallow marine depositional environment at the continental margin
of the Kazakh microcontinent. Generally low Mn/Sr, YREE and a linear co-variation
of 6'3C and §'®0 in these suggest limited interaction with meteoric waters during sed-
iment lithification. On the basis of these geochemical and micro-structural features,
the investigated samples can be regarded as near-primary (chapter 3). Leaching
experiments demonstrated that contribution from post-sedimentary calcite veins is
within the lab’s measurement reproducibility of 100 ppm (compare chapter 2 for an-
alytic details and uncertainties). These sedimentary sequences can thus be employed

as a seawater archive.

The investigated shallow water deposits record a negative §'3Cqqyp excursion. This
can be correlated to the globally occurring basal Cambrian negative carbon isotope

excursion (BACE), connecting paleo-Kazakhstan to the global ocean evolution.

Analysis of stable Mg and radiogenic Sr reveals distinctly high values at the Pc-C tran-
sition at 541 Ma. Comparison with literature data show that distinctly high Sr isotope
values can also be observed at other paleo-microcontinents, including Namibia, China,
Siberia and Mongolia. Construction of a new, refined global 37Sr/30Sr seawater evo-
lution, including data from this study and literature data sets, highlights a sudden,
positive excursion at the Pc-C boundary at 541 Ma.

Reconstruction of seawater Sr and Mg using the time dependent dynamic-state model
(chapter 4) reveals the strong contribution of continental silicate weathering as a

major cause for high seawater Sr and Mg values leading up to the Pc-C transition.
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These high values are shortly after counterbalanced by hydrothermal activity, causing

the observed decrease in both seawater Mg and Sr in the early Cambrian.

The sharp excursion in seawater 87Sr/80Sr together with high §26Mg at the Pc-C
transition, marks a single, critical event in mountain building during the assembly of
the Gondwana super-continent. Such an event would cause intense crustal reworking,
contributing high 87Sr/%6Sr and §?°Mg to the oceans. However, a direct link to atmo-
spheric oxygenation could not be established. It seems however feasible, that oxygen
values were already elevated in the Late Neoproterozoic, thus intensifying weathering
processes (compare chapter 3). Roberts (2012) has shown a negative excursion of
global Hf isotopes during the Gondwana assembly, also indicating such an unprece-
dented collisional event. The current study thus shows that Mg and Sr isotopes in
the marine sedimentary record may be used to identify times of increased continental
reworking in Earth’s history, similar to Hf isotopes. The associated transport of nu-
trients to shallow marine environments and the development of large epi-continental
shelf areas both facilitated the occurrence of massive phosphorite deposits. This is
supported by the experimental studies (chapter 6 and appendix D) in which Ca-
phosphates readily form in the presence of elevated Ca and P, producing a variety
of shapes and minerals. This can either occur during abiotic mineral formation or
within bio-film mimicking polymer gels, resembling biogenic mineral formation. Fur-
ther, these advances in nutrient cycling aid the sudden developments in marine biota
at the Pc-C transition. Overall, this study expands our knowledge about the events at

the Pc-C transition, plausibly linking geodynamic events to the ecosphere revolution.

7.2 Perspective

This study has has shown that the Kazakh paleo-microcontinent was part of the global
ocean evolution. In contrast to the Chinese paleo-microcontinents, isotope data from
Kazakhstan is still sparse. Kazakhstan thus constitutes a key location for future
geochemical investigation. The results of this study suggest an extensive, critical
orogenic event as a major contributor to the Pc-C ecosphere revolution. Although
such an event is certainly plausible during the Gondwana supercontinent assembly,
current orogenic reconstructions lack temporal resolution. It could thus be considered,
to increase the current data set by investigating additional sections in Kazakhstan.
Additionally, in order to expand the data set and validate the global validity, different
locations from the various paleo-microcontinents should be investigated. Another
approach could also include re-evaluating 87Sr/%Sr data from previous or unpublished
studies, as this study has shown that the positive 87Sr/®6Sr excursion at the Pc-C

transition is indeed true.

Although this study suggests an orogenic event as the driving force of the Cambrian

ecosphere revolution, respective timing and role of atmospheric oxygenation remains
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to be identified. In order to constrain the role of atmospheric oxygenation, investiga-
tion of redox sensitive isotopes, such as Fe, Mo or Zn isotopes, could be considered.
A subset of samples from the investigated Koksu section has already been analyzed
for their Fe, Mo and Zn isotopic composition. The obtained results will be evaluated

in light of redox conditions and oxygen availability during the early Cambrian.

Several studies have suggested significant seawater pH variation in Earth’s history
(Mackenzie and Andersson, 2013; Royer et al., 2004). These are often associated
with periods of intense weathering and related perturbations to the carbon cycle, a.g.
during the post-glacial Late Neoproterozoic (e.g. Ohnemiiller, 2014; Kasemann et al.,
2010). As the Pc-C transition is also associated with an extensive global weathering
event, investigating the seawater pH during the early Cambrian could significantly
contribute to our understanding of the Pc-C geodynamic events. Seawater pH can
be reconstructed using non-traditional stable B isotopes in combination with stable
carbon isotopes (Foster, Pogge von Strandmann, and Rae, 2010; Sanyal et al., 1995;
Honisch and Hemming, 2004; Honisch et al., 2009). In recent years, application of B
isotopes has developed as a new and convenient tool in reconstructing paleo-seawater
(Marschall and Foster, 2017).

The experimental studies showed that in aqueous media crystallization occurs via
a meta-stable transient phase over a relatively long time period of ca. 18 hours.
During precipitation within the polymer gel such a transient phase was not observed.
In this study, the experimental design did not allow time-dependent sampling of the
precipitating mineral without disrupting the process. However, such a meta-stable
transient phase can occur during both authigenic and biogenic mineral formation. It
could thus be interesting to monitor in-situ the precipitation within these polymer
gels. A similarly (relatively) long transformation time during biogenic fomation as
observed during abiotic precipitation could have implications on the preservation of
sensitive materials, such as e.g. embryo fossils (Yin and Zhu, 2012; Li, Chen, and
Hua, 1998). A systematic investigation of the stability time under varying conditions
might unravel the formation and possible preservation of such fossilized embryos. For
such a study, both presented experimental set-up could be combined to facilitate
non-invasive in-situ monitoring using Raman spectroscopy, in order to not disrupt
the precipitation process within polymer gels and yet get high time-resolved insights

on biogenic mineral formation.
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TABLE B.1: Main element data of the acid soluble fraction. The abundance of CO5 within

the carbonates and phosphates was estimated from difference.

Sample AlbO; CaO Fe;O3 MgO NayO Py0s SiOq SUM COq
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]
Koksu, Kazaksthan:
KO 01 0.36 49.6 5.09 4.57 0.59 37.8 0.21 98.2 1.8
KO 02 034 46.9 0.26 0.89 0.37 40.4 0.11 89.3 10.7
KO 25 1.22 39.9 0.65 0.38 D.L. 24.4 4.7 71.2 28.8
KO 03 0.30 46.1 1.46 2.37 0.28 37.0 0.03 87.5 12.5
KO 30 042 41.1 0.16 6.44 D.L. 37.9 0.30 86.4
KO 34 131 44.0 0.49 0.30 D.L. 52.8 0.60 100 0
KO 04 0.07 30.0 0.21 19.1 0.06 1.50 0.07 51.0 49
KO 05 1.60 41.0 12.9 2.17 1.22 32.2 0.89 92.0 8
KO 06 0.28 48.5 2.48 2.87 0.23 35.2 0.04 89.6 10.4
KO o7 204 45.5 10.9 0.71 0.74 34.8 0.39 95.2 4.8
KO 08 0.15 48.5 1.34 0.79 0.34 39.0 0.03 95.2 4.8
KO 09 0.07 37.7 0.09 2.68 0.20 29.2 0.08 90.2 9.8
KO 10 0.06 73.0 0.02 2.34 0.21 28.5 0.08 70.0 30
KO 11 0.04 43.0 0.01 2.98 0.21 35.9 0.03 104.2
KO 12 0.03 39.1 0.01 5.99 0.18 27.7 0.03 82.2 17.8
KO 13 0.04 42.6 0.02 5.25 0.27 29.7 0.09 73.0 27
KO 14 0.06 47.5 0.10 0.10 0.40 41.1 0.09 78.0 22
KO 15 042 47.2 0.16 0.20 0.37 39.8 0.18 89.4 10.6
KO 16 0.40 44.3 0.12 0.16 0.54 40.2 0.38 88.3 11.7
KO 36 9.05 42.2 3.06 2.03 1.04 34.7 0.52 86.1 13.9
KO 42 049 46.3 0.41 0.27 0.52 40.6 0.16 92.6 7.4
KO 43 0.71 46.1 0.19 0.18 0.52 41.2 0.01 88.8 11.2
KO 44 093 49.2 0.32 0.23 0.56 38.7 0.03 88.9 11.1
KO 45 0.46 46.0 0.17 0.18 0.51 40.7 0.34 90.0 10
KO 46 097 47.0 0.36 0.22 0.52 42.2 0.03 88.4 11.6
KO 50 0.61 45.7 0.30 1.01 0.45 33.7 0.03 91.3 8.7
KO 51 0.46 44.3 0.40 0.20 0.54 40.1 0.77 81.8 18.2
KO 52 0.75 48.2 0.59 0.38 0.57 41.6 0.02 86.8 13.2
KO 56 6.33 46.3 5.59 2.73 1.02 29.0 0.56 91.5 8.5
KO 57 0.05 45.7 0.09 0.18 0.47 39.7 0.22 86.4 13.6
KO 58 0.06 49.4 0.10 0.19 0.52 42.5 0.03 92.8 7.2
KO 59 0.06 46.4 0.08 0.18 0.47 40.3 0.05 87.5 12.5
KO 60 0.04 48.2 0.06 0.16 0.39 41.7 0.07 90.6 9.4
KO 62 0.32 46.2 0.24 0.25 0.42 39.7 0.43 87.6 124
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TABLE B.1: continued

Sample Al,O3 CaO Fe;O3 MgO Na,O P05 SiO, SUM CO,
wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]
China

NXF 1204 1.56 44.5 0.5 2.22 0.46 33.1 0.04 82.3 17.7
NXF 1202 0.38 26.8 0.6 15.3 0.12 4.06 0.04 47.3 52.7
ZCP 1202 2.16 51.0 0.4 0.28 0.70 47.7 0.10 102.4

ZCP 1203 2.04 51.0 0.2 0.32 0.70 47.0 0.04 101.3

ZCP 1217 0.24 28.4 0.26 14.5 0.12 5.94 0.06 49.6 50.4
ZCP 1215 1.53 54.0 1.17 3.28 0.44 36.5 0.05 96.9 3.1
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TABLE B.4: Complementary isotope data. 37Sr/®6Srof replica measurements are displayed
as average, n = number of measurements; (m) = measured, (i) = initial (541 Ma); errors
refer to 2*S.E. of all replica measurements or internal precision, respectively. Values in italic
are omitted from interpretation (see section 5.1). 87Sr/3¢Srdata from Kyrshabakty section as
reported in Ohnemiiller (2014).

Sampl oc 070 87Sr /%68 +2 S.E 87Sr /%68 Rb/S
AMPIe g VPDB) (%VPDB) O N B n T8r/T8rg  Rb/Sr
Kazakhstan, Koksu:

KO 01 0.709750 0.000014 0.70972 0.0014

KO 02 -71 -10.51 0.709072 0.000074 2 0.70904 0.0017

KO 22 0.711189 0.000003 0.71119 0.0000

KO 25 0.709608 0.000004 0.70952 0.0037

KO 03 -75 -7.64 0.708895 0.000014 0.70886 0.0016

KO 30 0.709117 0.000006 0.70905 0.0033

KO 34 0.709561 0.000013 0.70936 0.0092

KO o4 -7.1 -13.81 0.709237 0.000018 0.70920 0.0017

KO 05 -86 -13.44 0.709130 0.000012 0.70894 0.0086

KO 06 -10.2 -13.99 0.709216 0.000014 0.70918 0.0015

KO 07 -12.1 -17.29 0.710124 0.000014 0.70981 0.0140

KO 08 -6.3 -9.38 0.708861 0.000026 2 0.70885 0.0005

KO 09 -6.1 -11.85 0.709240 0.000022 2 0.70922 0.0007

KO 10 -73 -8.16 0.708724 0.000027 2 0.70872 0.0003

KO 11 -7.0 -8.40 0.708647 0.000057 2 0.70864 0.0001

KO 12 -4.2 -8.49 0.708713 0.000011 2 0.70871 0.0001

KO 13 -55 -9.18 0.709000 0.000049 3  0.70900 0.0002

KO 14 -55 -9.33 0.708962 0.000012 0.70895 0.0006

KO 15 -74 -18.66 0.708845 0.000014 0.70880 0.0019

KO 16 -9.2 -15.13 0.0019

KO 36 -3.2 -18.62 0.0103

KO 42 -74 -19.86 0.708983 0.000014 0.70895 0.0015

KO 43 -10.0 -13.62 0.708995 0.000016 0.70895 0.0019

KO 44 -96 -14.69 0.709226 0.000012 0.70917 0.0025

KO 45 -12.0 -20.18 0.709032 0.000012 0.70899 0.0018

KO 46 -9.8 -13.11 0.709191 0.000018 0.70913 0.0028

KO 50 -9.8 -14.71 0.709153 0.000012 0.70910 0.0024

KO 51 -1.2 -5.65 0.708957 0.70892 0.0016

KO 52 -8.0 -11.58 0.708804 0.000010 0.70875 0.0025

KO 54 0.709074 0.000014 0.0048

KO 56 -7.7 -12.45 0.709743 0.000037 2 0.70964 0.0005

KO 57 0.709066 0.000038 3  0.70906 0.0006

KO 58 0.708981 0.000044 0.70897 0.0005

KO 59 0.709015 0.000012 0.70900 0.0003

KO 60 -7.0 -12.43 0.709168 0.000024 0.70917 0.0028

KO 62 -7.3 -13.74 0.709016 0.000010 0.70902 0.0183

KO 64 -0.3 -5.45

KO 65 -0.6 -5.11

KO 66 -0.2 -5.44
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TABLE B.3: Rare earth element data of the acid soluble fraction. n.a. = not available

Samolo La Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ce/Ce* MREE/ HREE/
P [Ppm] [Ppm] [Ppm] [Ppm] [Ppm] [Ppm] [Ppm] [Ppm] [Ppm] [Ppm] [Ppm] [Ppm] [Ppm] MREE* HREE*
Koksu, Kazakhstan:

KO 01 110 140 92.2 18.8 4.34 23.6 3.21 19.0 3.95 10.7 1.24 6.20 0.80 0.62 1.36 1.14
KO 02 94.0 105 76.4 15.5 3.59 19.9 2.75 16.0 3.47 9.28 1.08 5.39 0.71 0.55 1.36 1.09
KO 22 165 321 158 32.2 0.00 32.5 0.0 <DL <DL <DL <DL 0 <DL 0.91 2.40 n.a.
KO 25 204 289 142 25.6 4.22 32.7 <DL 23.4 <DL 12.5 <DL 7.18 <DL 0.73 1.46 n.a.
KO 03 72.7 74.0 61.7 12.5 2.91 16.2 2.20 13.3 2.86 7.92 0.91 4.56 0.60 0.50 1.35 1.03
KO 30 100 119 81.4 15.9 3.43 20.3 2.51 15.8 3.17 9.08 0.86 5.27 0.52 0.59 1.40 1.50
KO 34 174 194 134 26.0 5.46 33.1 4.00 25.6 5.08 14.8 1.37 8.80 0.85 0.56 1.40 1.60
KO 04 13.8 9.20 14.7 2.97 0.65 3.20 0.40 2.17 0.44 1.17 0.13 0.67 0.09 0.30 1.41 1.50
KO 05 199 267 185 38.6 9.37 46.0 6.19 35.4 7.08 18.8 2.13 10.9 1.39 0.63 1.40 1.26
KO 06 82.7 96.7 70.5 14.1 3.16 18.0 2.39 14.1 2.99 8.09 0.93 4.65 0.60 0.57 1.39 1.15
KO 07 314 425 283 55.3 12.1 63.5 8.44 47.6 9.51 25.6 2.92 14.7 1.86 0.65 1.39 1.44
KO 08 44.4 46.9 41.4 9.06 2.12 11.8 1.59 9.57 2.05 5.49 0.61 2.92 0.38 0.50 1.37 1.01
KO 09 13.0 12.8 11.3 2.34 0.55 3.00 0.39 2.27 0.48 1.28 0.14 0.64 0.08 0.48 1.42 1.27
KO 10 18.1 14.5 15.2 3.07 0.72 4.23 0.57 3.54 0.82 2.28 0.25 1.22 0.15 0.39 1.32 0.94
KO 11 2.87 2.34 2.41 0.43 0.11 0.53 0.06 0.30 0.07 0.17 0.02 0.07 0.02 0.40 1.54 1.62
KO 12 2.01 1.94 1.76 0.30 0.07 0.36 0.04 0.20 0.04 0.12 0.01 0.06 0.01 0.46 1.58 2.24
KO 13 1.80 1.44 1.53 0.27 0.07 0.32 0.04 0.20 0.04 0.11 0.01 0.06 0.01 0.39 1.49 1.64
KO 14 15.4 12.0 12.5 2.34 0.54 3.03 0.37 2.07 0.45 1.18 0.12 0.52 0.07 0.38 1.48 1.72
KO 15 72.9 59.4 59.9 12.0 2.93 17.0 2.28 14.4 3.28 9.15 1.01 4.84 0.62 0.40 1.33 0.94
KO 16 67.6 62.7 58.7 12.2 2.95 16.7 2.25 13.73 3.04 8.38 0.93 4.52 0.58 0.45 1.36 0.96
KO 36 175 341 256 58.2 13.4 68.6 9.47 53.6 10.3 25.9 2.77 13.3 1.68 0.77 1.41 1.13
KO 42 74.2 63.4 55.8 10.8 2.52 14.5 1.87 11.2 2.46 6.70 0.73 3.56 0.46 0.43 1.41 1.26
KO 43 80.6 68.6 61.1 11.6 2.73 15.4 2.00 11.9 2.60 7.13 0.76 3.74 0.48 0.43 1.40 1.31
KO 44 88.2 73.9 64.6 12.3 2.84 16.1 2.09 12.4 2.69 7.42 0.81 4.07 0.52 0.43 1.40 1.31
KO 45 69.3 56.2 49.4 9.26 2.18 12.46 1.61 9.68 2.14 5.91 0.64 3.18 0.41 0.42 1.40 1.29
KO 46 95.8 83.5 68.9 12.7 2.94 16.8 2.17 13.2 2.84 7.82 0.86 4.26 0.54 0.45 1.40 1.34
KO 50 87.9 92.1 74.7 15.0 3.42 19.1 2.49 14.4 3.00 8.06 0.87 4.35 0.55 0.51 1.43 1.31
KO 51 81.9 76.3 65.6 12.8 2.99 17.0 2.18 12.8 2.76 7.47 0.79 3.81 0.48 0.46 1.43 1.34
KO 52 97.4 100 81.5 16.3 3.74 21.0 2.72 15.8 3.33 8.98 0.98 4.81 0.61 0.50 1.44 1.30
KO 56 142 242 153 31.9 7.29 36.2 4.60 25.5 4.91 13.0 1.39 7.34 0.87 0.76 1.45 1.51
KO 57 20.1 14.8 15.4 2.65 0.59 3.35 0.37 1.93 0.41 1.02 0.08 0.35 0.04 0.37 1.61 3.22
KO 58 23.0 18.3 17.5 3.11 0.70 4.00 0.46 2.50 0.53 1.38 0.13 0.54 0.07 0.40 1.56 2.44
KO 59 19.7 13.9 14.9 2.49 0.56 3.17 0.34 1.75 0.37 0.90 0.07 0.30 0.04 0.36 1.67 3.60
KO 60 10.3 6.50 6.82 1.03 0.23 1.26 0.13 0.63 0.13 0.33 0.03 0.13 0.02 0.33 1.71 4.39
KO 62 56.1 41.2 38.7 7.05 1.57 9.71 1.24 7.47 1.67 4.58 0.48 2.29 0.28 0.38 1.41 1.42
China:

NXF 1204 11.4 16.6 14.6 3.11 0.71 3.50 0.46 2.49 0.49 1.31 0.15 0.78 0.10 0.61 1.42 1.20
NXF 1202 47.4 94.6 50.1 10.1 2.87 11.8 1.51 8.28 1.53 3.94 0.43 2.10 0.26 0.90 1.50 1.63
ZCP 1202 11.6 20.1 11.1 2.16 0.45 2.31 0.30 1.62 0.28 0.74 0.09 0.46 0.06 0.81 1.47 1.76
ZCP 1203 23.7 41.9 23.9 4.68 1.07 5.10 0.64 3.41 0.62 1.66 0.19 1.03 0.14 0.81 1.49 1.67
ZCP 1217  6.37 10.2 9.07 2.06 0.50 2.54 0.34 1.96 0.40 1.07 0.13 0.64 0.09 0.64 1.41 0.85
ZCP 1215 36.0 73.3 37.8 7.61 2.37 9.30 1.20 6.70 1.28 3.36 0.37 1.87 0.24 0.92 1.50 1.41
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TABLE B.4: continued

sBBC 5180
Sample 8Sr/%8r(,,) +2S.E. n 87Sr/868r(i) Rb/Sr
(% VPDB) (% VPDB)
Kazakhstan, Kyrshabakty:

KY 3 -0.1 -3.4 0.709461 0.000008 0.70939

KY 4 -0.7 -4.3 0.709084 0.000052 0.70901

KY 7 -24 -5.0 0.709300 0.000023 0.70923

KY 9 -2.6 -5.0 0.708292 0.000172 0.70822

KY 18 -7.9 -9.0 0.713452 0.000019 0.71338

KY 20 -8.4 0.712040 0.000034 0.71197

KY 22 -9.5 -11.3 0.712370 0.000009 0.71230

KY 25 =77 -8.8 0.711805 0.000036 0.71173

KY28 -6.3 -7.7 0.711983 0.000010 0.71191

KY 33 -7.0 -7.7 0.713641 0.000009 0.71357

KY 36 -4.6 -4.6 0.713710 0.000026 0.71364

KY 38 2.7 0.708611 0.000158 0.70854

KY 41 3.3 -2.3 0.709058 0.000024 0.70899

KY 43 2.1 -3.5 0.709152 0.000011 0.70908

KY 45 0.5 -4.1 0.709316 0.000008 0.70925

KY 48 1.5 0.709172 0.000008 0.70910

KY 49 -2.2 -5.8 0.709413 0.000010 0.70934

KY 59 -0.9 0.709160 0.000026 0.70909

KY 63 0.5 -3.7 0.709205 0.000008 0.70913

China:

NXF 12 02 0.6 -9.72 0.710548 0.000012 0.71014 0.0069
NXF 1204 0.3 -10.69 0.710489 0.000014 0.71034 0.0183
ZCP 12 03 -54 -13.46 0.716479 0.000016 0.71606 0.0189
ZCP 12 02 -5.6 -14.13 0.717463 0.000014 0.71740 0.0029
ZCP 1215 5.1 -5.83 0.711387 0.000016 0.71103 0.0160
ZCP 12 17 52 -5.90 0.710763 0.000022 0.71063 0.0058
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TABLE B.5: Summary of single microprobe spot analyses of sample KO10 (C.1) and KO13

(C.2). Mineral composition was calculated from averaged contents. COgs contents are cal-

culated from stoichiometry and relative to elemental concentrations. Carbonate fluorapatite

contains traces of Cl. n.d.= not determined; d.I. = detection limit. D.l. of Sr was ca. 400
ppm. Elements F, P, S, and Cl were not determined in carbonate phases.

KO 10
CFA F MgO P,0s5 SrO SO3 CaO Cl CO, Total
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]
1 3.68 0.12 37.42 n.d. 0.20 56.99 0.02 4.47 100.75
2 3.10 0.08 37.88 n.d. 0.18 56.81 0.03 4.46 100.72
3 3.41 0.09 38.29 n.d. 0.22 57.09 0.04 4.48 101.62
4 3.56 0.08 37.24 n.d. 0.29 56.43 0.04 4.43 99.98
5 3.06 0.04 36.41 n.d. 0.23 56.51 0.03 4.43 98.92
6 3.92 0.06 37.31 n.d. 0.24 56.51 0.03 4.43 100.21
7 3.60 0.10 37.54 n.d. 0.23 56.39 0.03 4.43 100.21
8 3.56 0.08 37.28 n.d. 0.32 56.50 0.03 4.43 100.12
9 3.09 0.09 37.10 n.d. 0.25 57.40 0.02 4.50 100.64
10 3.02 0.10 37.74 n.d. 0.29 56.58 0.01 4.44 100.43
11 3.62 0.11 36.92 n.d. 0.25 56.74 0.04 4.45 99.99
12 3.43 0.11 37.99 n.d. 0.32 56.14 0.03 4.41 100.42
13 3.35 0.08 36.83 n.d. 0.50 55.14 0.02 4.33 98.29
14 3.24 0.09 36.69 n.d. 0.32 55.52 0.03 4.36 98.35
15 3.50 0.10 36.96 n.d. 0.45 55.06 0.06 4.32 98.37
16 3.39 0.09 36.96 n.d. 0.33 55.83 0.03 4.38 99.03
17 3.04 0.10 38.34 n.d. 0.18 56.86 0.04 4.46 101.23
18 3.73 0.10 38.27 n.d. 0.28 57.20 0.04 4.49 101.93
19 3.03 0.07 37.56 0.26 0.24 56.67 0.04 4.45 100.54
20 3.34 0.12 38.20 0.25 0.31 56.15 0.04 4.41 100.85
21 3.80 0.11 37.31 0.20 0.25 55.90 0.04 4.39 99.76
22 3.08 0.09 38.36 0.30 0.24 56.02 0.04 4.40 100.72
23 3.13 0.10 37.77 0.22 0.27 56.04 0.04 4.40 100.12
24 3.24 0.08 37.40 0.25 0.27 55.18 0.03 4.33 98.89
25 3.49 0.09 38.25 0.24 0.23 56.67 0.04 4.45 101.40
26 2.99 0.13 37.61 0.33 0.25 56.15 0.03 4.41 100.14
27 3.28 0.09 37.67 0.30 0.26 56.14 0.03 4.41 100.26

28 3.51 0.13 37.72 0.23 0.27 55.88 0.04 4.39 100.10
Average 3.36 0.09 37.54 0.26 0.27 56.30 0.03 4.42 100.14
Chemical formular: (Cag.98 Mgo.01570.01)5((PO4)2.62(SO4)0.02(CO3)0.36)3(Clo.005F0.88(CO3)0.12)
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TABLE B.5: continued

KO 10
. MgO SrO CaO CO, Total
Dolomite
[wt.%)] [wt.%)] [wt. %] [wt. %]  [wt.%]
1 18.62 n.d. 34.84 47.67 101.13
2 18.62 n.d. 34.50 47.41 100.53
3 18.65 n.d. 34.49 47.43 100.57
4 17.91 n.d. 35.62 47.51 101.04
5 17.88 n.d. 34.70 46.76 99.34
6 17.36 n.d. 35.62 46.91 99.89
7 18.01 n.d. 34.99 47.13 100.13
8 18.75 n.d. 33.73 46.94 99.42
9 18.90 n.d. 34.28 47.54 100.72
10 17.36 <d.L 35.61 46.90 99.87
11 18.29 <d.L 34.69 47.20 100.18
12 17.99 <d.L 34.73 46.90 99.62
13 18.32 <d.lL 34.62 47.17 100.11
14 14.77 <d.l 38.18 46.09 99.04
Average 17.96 35.04 47.11 100.11
Chemical formular Caj 17Mgp.83(CO3)2
Calcite matrix MgO SrO CaO CO- Total
[wt.%)] [wt. %] [wt. %] [wt. %]  [wt.%]
1 0.64 n.d. 54.90 43.78 99.32
2 0.56 n.d. 56.09 44.63 101.28
3 0.25 n.d. 55.99 43.90 99.74
4 0.23 n.d. 55.34 43.68 99.25
5 0.55 n.d. 55.53 44.18 100.26
6 0.33 n.d. 54.86 43.41 98.60
7 0.65 n.d. 55.65 44.38 100.68
8 0.19 n.d. 55.27 43.58 99.04
9 0.57 n.d. 595.23 43.97 99.77
10 0.54 <d.l 54.67 43.49 98.70
11 0.76 <d.L 54.32 43.46 98.54
12 0.59 <d.L 55.06 43.85 99.50
13 0.45 <d.L 55.63 44.15 100.23
14 0.26 <d.lL 55.45 43.80 99.51
15 0.23 <d.L 595.52 43.82 99.57
16 0.41 <d.l 54.96 43.58 98.95
17 0.20 <d.L 55.55 43.81 99.56
18 0.23 <d.L 55.00 43.41 98.64
Average 0.42 55.26 43.83 99.51

Chemical formular

Cag.99Mgp.01CO3
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TABLE B.5: continued

KO 13
CFA F MgO P,05 SrO SO3 CaO Cl COy Total
wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]
1 3.42 n.d. 37.65 n.d. 0.42 56.70 0.02 4.45 100.66
2 3.24 n.d. 37.79 n.d. 0.26 56.15 0.01 4.41 99.97
3 3.45 n.d. 36.96 n.d. 0.41 56.57 0.03 4.44 99.84
4 3.46 n.d. 37.40 n.d. 0.32 56.53 0.03 4.44 100.15
b5} 3.54 n.d. 37.99 n.d. 0.40 56.57 0.04 4.44 100.90
6 3.76 n.d. 37.26 n.d. 0.31 56.89 0.04 4.46 100.51
7 3.51 n.d. 37.90 n.d. 0.29 56.92 0.03 4.47 101.07
8 3.58 n.d. 36.07 n.d. 0.35 57.02 0.03 4.47 99.42
9 2.87 n.d. 37.26 n.d. 0.49 56.61 0.04 4.44 100.02
10 3.32 n.d. 37.88 n.d. 0.45 56.60 0.03 4.44 100.77
11 3.8 n.d. 37.63 n.d. 0.43 55.97 0.03 4.39 100.03
12 2.98 n.d. 36.62 n.d. 0.45 56.19 0.01 4.41 98.93
13 3.44 n.d. 37.83 n.d. 0.35 55.16 0.03 4.33 99.12
14 3.08 n.d. 38.73 n.d. 0.42 57.19 0.02 4.49 102.13
15 4.10 n.d. 38.98 n.d. 0.36 56.36 0.04 4.42 101.85
16 3.89 n.d. 38.43 n.d. 0.44 54.58 0.03 4.28 99.38
17 3.28 0.00 36.69 n.d. 0.54 56.72 0.02 4.45 99.79
18 3.60 0.00 36.37 n.d. 1.73 55.60 0.04 4.36 99.58
19 3.20 0.00 37.95 n.d. 0.47 56.42 0.05 4.43 100.63
20 3.40 0.00 38.16 0.31 0.50 55.93 0.03 4.39 100.72
21 3.48 0.00 37.72 0.31 0.36 56.22 0.02 4.41 100.50
22 3.68 0.00 37.74 0.25 0.28 55.84 0.04 4.38 100.05
23 3.54 0.00 38.13 0.15 0.59 55.98 0.04 4.39 100.75
24 3.39 0.00 38.25 0.25 0.36 55.31 0.03 4.34 99.93
25 3.10 0.00 37.15 0.23 0.46 56.78 0.02 4.46 100.39
26 2.92 0.00 37.35 0.24 0.48 55.28 0.03 4.34 98.93
27 3.56 0.00 37.56 0.19 0.31 55.59 0.04 4.36 99.51
28 3.50 0.11 38.20 0.24 0.45 56.07 0.03 4.40 100.84
Average 3.43 0.01 37.63 0.24 0.45 56.21 0.03 4.41 100.23
Chemical formular: (Cas.98 Mgo.01510.01)5((PO4)2.64(504)0.03(C03)0.33)3(Clo.005F0.90(CO3)0.10)
Dolomite MgO SrO CaO COq Total
[wt.%] [wt.%)] [wt.%] [wt.%]  [wt.%]
1 20.53 n.d. 31.93 47.48 99.94
2 20.06 n.d. 32.50 47.41 99.97
3 20.10 n.d. 32.13 47.16 99.39
4 18.89 n.d. 34.01 47.32 100.22
5 18.31 n.d. 34.38 46.97 99.66
6 19.85 n.d. 31.79 46.62 98.26
7 20.03 n.d. 31.52 46.61 98.16
8 19.27 n.d. 33.87 47.62 100.76
9 19.91 n.d. 31.89 46.77 98.57
10 19.98 n.d. 31.99 46.92 98.89
11 19.88 <d.l 32.24 47.01 99.13
12 19.83 <d.l 32.08 46.83 98.74
13 20.51 <d.l 31.96 47.48 99.95
14 19.72 <d.l 32.56 47.09 99.37
Average 19.78 32.49 47.09 99.36

Chemical formular: Ca 0gMgp.92(CO3)2
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TABLE B.5: continued

KO 13

. MgO SrO CaO CO, Total

Calcite
[wt.%)] [wt.%)] [wt. %] [wt. %]  [wt.%]

1 0.47 n.d. 55.45 44.03 99.95
2 0.61 n.d. 54.58 43.50 98.69
3 0.51 n.d. 54.40 43.25 98.16
4 0.68 n.d. 54.76 43.72 99.16
5 0.50 n.d. 54.90 43.63 99.03
6 0.43 n.d. 54.75 43.44 98.62
7 0.40 n.d. 55.07 43.65 99.12
8 0.44 n.d. 54.93 43.59 98.96
9 0.51 n.d. 55.41 44.04 99.96
10 0.58 n.d. 55.04 43.83 99.45
11 0.65 <d.l. 54.81 43.72 99.18
12 0.37 <d.l 54.51 43.18 98.06
13 0.43 <d.l 54.39 43.15 97.97
14 0.40 <d.L 56.32 44.64 101.36
15 0.86 <d.l 54.68 43.85 99.39
16 0.38 <d.l. 54.44 43.14 97.96
17 0.57 <d.l 54.34 43.27 98.18
18 0.62 <d.l 54.65 43.57 98.84
Average 0.52 <d.l 54.60 43.62 99.00

Chemical formular: Cag g9Mgg.01CO3
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Ficure B.1: Elemental concentration images of samples KO 10 (C.1) and KO 13 (C.2).
Strontium contents are up to 0.26 and 0.24 wt.% within the Carbonate-Fluorapatite (CFA).
Image (C.1) displays the transition of a calcite to dolomite matrix in a well-sorted phos-
grainstone; image (C.2) depicts a poorly sorted flat pebble phos-rudstones with a dolomite
matrix. Single spot analyses of the three major minerals (arrows) were evenly distributed
within the samples. CFA has an average molar Ca/P ratio of 2.5 £ 0.1 (n = 56). Dolomite
has an average molar Ca/Mg ratio of 2.3 + 0.2 (KO10, n = 14) and 2.0 £+ 0.1 (KO13, n =
14). Note: Samples KO 10 (C.1) and KO 13 (C.2) were also used for leaching experiments
to determine 37Sr/8¢Sr contribution.
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FIGURE B.1: continued
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Definition

Strontium (Sr) isotopes are widely applied tracers in
geoscientific applications. One of the four stable isotopes
(*Sr) is subject to long-term radiogenic ingrowth by radio-
active decay of rubidium (*’Rb). Resultant isotope variations
in 87Sr/86$r, but also other stable isotope variations, can be
employed to trace mixing of global reservoirs, ranging from
high-temperature-pressure processes preserved in solid rock
to low-temperature, environmental conditions in surface
waters, oceans, chemical sediments, or biogeochemistry.
A second, frequent application is the dating of rock-forming
processes using the Rb-Sr decay scheme, ranging in age from
the infant stages of the solar system to most recent geologic
events.

Introduction to Rb-Sr Systematics

Rb-Sr systematics are based on the radioactive decay of the
isotope 8Rb (that today accounts for ~27% of all rubidium) to
87Sr (~9% of all strontium) by beta decay with a half-life of
approximately 49 billion years, corresponding to a Rb decay
constant (A*’Rb) of 1.394 x 107''/a (Nebel et al., 2011b).
A prime application of the decay scheme is tracing geochem-
ical processes using the radiogenic Sr isotope signature in
rocks and minerals. As a dating technique Rb-Sr is, in princi-
ple, suitable for samples from the early stages of the solar
system to a few million years before present. Modern Rb-Sr
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geochronology of multiple phases can achieve precisions
similar to Ar-Ar dating or conventional U-Pb dating, in the
order ca. £0.2% (Nebel and Mezger, 2008; Willigers et al.,
2004). The thermal threshold, or closure temperature Tc, for
Rb-Sr reset is between 300°C and 400°C, dependent on
mineralogy. This renders Rb-Sr one of the most susceptible
systems to thermal overprint among the long-lived lithophile
element isotope systems.

Isochron relationships can further be used to test initial
isotope equilibrium of phases. For this, in an isochron dia-
gram, isotope equilibrium at #, is marked by the ordinate
intercept of the regression line (Figure 1) or can be calculated
as initial ¥’St/*Sr. The related decay equation is (with ¢ in
millions of years):

87 Sr/86Srpresenl:WSr/86srinilial+87Rb/868r

x <e(“ ) 1)

Strontium Isotope Analyses

Strontium isotope compositions vary from subtle variations
among whole rocks or mineral phases in the 5th decimal place
(i.e., 0.00005) to large variations, especially in older samples.
The *’Sr/*Sr can be routinely analyzed in > 50 ng Sr of
purified sample material by thermal ionization mass spec-
trometry (TIMS). Precisions are typically £40 ppm but can
be as good as £5 ppm with modern TIMS instruments. An
alternative method is the use of multicollector inductively
coupled plasma source mass spectrometry (MC-ICP-MS).
This technique allows a high sample throughput and in situ
analyses via laser ablation, but yields less precise data no
better than &+ 100 ppm (Vroon et al., 2008) and is restricted
to samples with low Rb/Sr. Collision-cell, triple-quadrupole
ICP mass spectrometers, however, can be used for in situ
Rb-Sr dating with precisions < 1.5% of the sample age
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Strontium Isotopes, Figure 1 (a) Rb-Sr isochron diagram showing
the time-dependent evolution of three different phases, (A-C) with
variable Rb/Sr that formed in isotopic equilibrium and thus have the
same initial ®’St/*°Sr isotope composition. Points A’-C’ reflect the pre-
sent day isotope composition of phases A-C, respectively. (b) *’Sr/*°Sr

(Zack and Hogmalm, 2016). Mass fractionation in the mass
spectrometer during isotope analyses is corrected for by using
a 3°Sr/%Sr = 0.1194 by convention, or in the case of stable
isotope analyses, by correction relative to the NBS-987 iso-
tope standards.

Radiogenic Sr Isotopes in Early Solar System
Material and Bulk Silicate Earth

The initial ¥’Sr/**Sr composition of the solar system
(¥’S1/%%Srgg) is best estimated by analyses of calcium-
aluminum-rich inclusions (CAI) in primitive chondrites.
These inclusions, composed of predominantly refractory ele-
ments, are believed to be the first solids condensed from the
solar nebular. Their initial *’St/**Sr has recently been deter-
mined to 0.698975 + 0.000008 (Hans et al., 2013).

Previous determination of ®”St/*®Srgg also employed ini-
tial 37St/%°Sr of achondrites (best achondrite basaltic initial -
BABI), including the pyroxene-rich angrite Angra Dos Reis
(ADOR). These older analyses revealed ’Sr/*®Sr isotope
heterogeneity among the earliest solar system bodies. How-
ever, Hans and co-workers found variations in the stable
84S1/%6Sr in these meteorites, which they ascribe to incom-
plete mixing of r-process nuclides in the solar nebula. Upon
correction for these isotope variations in **Sr/*°Sr composi-
tions (and thus also affecting ®”Sr/**Sr prior to radiogenic
ingrowth), the resultant 87Sr/®Srgs in angrites is identical to
those in CAIL Considering the very similar formation age of
angrites, within ca. two million years after CAI formation,
this indicates a homogeneous initial 8’Sr/*°Sr of the early
solar system.

million years

isotope evolution versus time plot (with t, defining the onset of radio-
genic ingrowth and t; the time of sampling) with the respective *’Sr
ingrowth of three different phases as a consequence of their variable
Rb/Sr.

A key problem in determining the %’St/**Sr evolution of
the bulk silicate Earth (BSE) is that its average Rb/Sr is
unknown, and no representative sample is available for anal-
ysis. The reason for this is two-fold: One major obstacle is that
although the Sr isotope compositions of primitive chondrites
can be precisely measured, the Rb/Sr of these terrestrial
building blocks are highly variable due to the volatility of
Rb (half-condensation temperature of ~800 K). Loss of vol-
atile elements, including Rb, during early solar system body
collisions or depletion into the early sun or the outer solar
system has likely altered the chondritic Rb/Sr (Nebel et al.,
2011a). Using terrestrial Sr-Nd isotope covariations in
mantle-derived rocks (Figure 2a) as a substitute yields a Sr
isotope composition of 87Sr/*°Sreyur ~ 0.705 in a chondritic
Earth model (CHUR), or ¥St/**Srscppm ~ 0.703 £ 0.004 in
a subchondritic Earth model (SCHEM, (Caro and Bourdon,
2010).

Radiogenic Sr Isotopes in the Crust-Mantle
System

Continental crust has formed with time mainly by partial
melting of the upper mantle at convergent plate margins or
in plumes. During melting processes in the mantle, Rb is less
compatible than Sr, which leads to a time-integrated high
Rb/Sr in the crust compared to the mantle and a correspond-
ingly high ¥’Sr/**Sr in crustal rocks. A sample or entire
terrane separated from the mantle at one point in Earth’s
history will therefore diverge from the mantle’s Sr isotope
evolution. However, due to substantial Rb/Sr fractionation
during igneous differentiation processes, the continental
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Strontium Isotopes, Figure 2 Comparison of Sr and Nd isotope
ratios in global ocean floor lavas following the rational of DePaolo and
Wasserburg (1977). (a) Mid-ocean ridge basalts (MORB) show a clear
co-variation (gray dots). In a subchondritic Earth model (SCHEM), 1/3
of al data are isotopically enriched, tending towards the fop-lefi corner in
the diagram. (b) Ocean Island basalts (OIB) with the three isotope end

crust is highly heterogeneous in its 8’Sr/*°Sr with an average
present day isotope composition of ¥’St/*®Sr ~ 0.715, based
on loess samples (e.g., Yokoo et al., 2004).

The present day depleted mantle is also heterogeneous in
its Sr isotope composition, owing to melt extraction and
re-fertilization by recycled crust. Due to elevated ®’Sr/*°Sr
and high Sr abundances in crustal rocks and their sedimentary
products, crustal recycling has a strong effect on the Sr iso-
tope composition of mantle rocks with less radiogenic
87Sr/2°Sr (Armstrong, 1968; DePaolo, 1981). On average,
global mid-ocean ridge basalts (MORB), considered repre-
sentative of the upper mantle, show a depleted Sr isotope
signature with the lowest reported present day value of
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members enriched-mantle 1 and 2 (EM1, EM2) and high-p (HIMU). (¢,
d) Subduction zone data for global island arc lavas (IAL) in comparison
with MORB; MORB and OIB/IAL data taken from www.earthchem.org/
petdb and http://georoc.mpch-mainz.gwdg.de, respectively. SCHEM
and CHUR values as listed in Caro and Bourdon (2010).

87r/8°Sr = 0.7021 (Figure 2a). A key difference between
the actively discussed chondritic versus subchondritic Earth
models is the degree of mantle depletion. About one-third of
ocean floor lavas at oceanic ridges is isotopically enriched
through crustal components in a SCHEM model, opposing a
nearly complete depletion in a CHUR model.

Oceanic island lavas (OIB), considered by most to be
sourced by thermo-chemical anomalies from the lower mantle
(plumes), also show elevated radiogenic isotope signatures
associated with crustal recycling. The common model
explains these signatures with a recycling process of sub-
ducted, crustal components into the lower mantle and their
return to the surface in upwelling plumes (Hofmann and



White, 1982). Even though the calculated amount of crust in
these rocks appears small, in the order of < 5%, the radio-
genic isotope character of Sr is still sufficiently indicative for
the presence of crustal components in the source of these
lavas. Mantle-residence times of crustal components vary
substantially from < 650 Myrs in some so-called enriched
mantle 1 (EM1) components (Sobolev et al., 2011), based on
87S1/%°Sr in Hawaiian lavas, to > 2.3 Ga in the most extreme
HIMU lavas with remarkably low *’Sr/**Sr. Samoan OIB
show the most extreme Sr isotope values among OIB, which
represent the so-called enriched mantle 2 (EM2) component.
(Jackson et al., 2007).

The major sites for crust-mantle interaction is and Sr
pollution of the mantle occurs at convergent margins, that is,
in subduction zones. However, recycling into the mantle is
incomplete, evidenced by elevated ®”Sr/*°Sr in most erupting
island arc lavas (IAL) when compared to average MORB. The
Sr isotope composition in IAL is broadly correlated to the
amount of sediment that is being subducted in the subduction
zone. Figure 2c shows a plot of arcs associated with large
amounts of subducted sediment (Banda and Lesser Antilles
arc) with a clear offset from MORB due to partial sediment
melting. In contrast, IAL from so-called fluid-dominated arcs
(Marianna, Izu-Bonin, Kermadec, and Aleutian) show inter-
mediate signatures, often related to overprint with Sr-bearing
fluids. In continental arcs (Figure 2d, Cascades, Central
American and Mexican Volcanic arc), crustal assimilation
plays an important role, illustrated by lower Sr isotopes for
a given Nd isotope signature when compared to
intraoceanic arcs.

Stable Sr Isotopes in Geochemistry

Within the current analytical limits of £0.02 8Sr units (the
delta notation is the deviation in **Sr/*¢Sr from the NBS-987
standard times 1000), early solar system materials, including
Martian rocks, are identical. In contrast, terrestrial rocks show
lighter values in relation to igneous differentiation, tentatively
linked to plagioclase fractionation and associated substitution
of Sr** for Ca®" with a preference for the heavier isotope
(Charlier et al., 2012). In the low temperature environment,
stable Sr isotopes show fractionation during weathering of
crustal rocks and in associated soils and waters (Stevenson
et al., 2016). Experimental work on biological carbonate
material suggests a dependence between ambient temperature
and 8%%Sr (Fietzke and Eisenhauer, 2006). In marine carbon-
ates sampled throughout the Phanerozoic, however, stable Sr
isotope compositions show little or no dependence with tem-
perature. Instead, the variations in 3%*Sr, decoupled from
87S1/%°Sr, can be used to constrain the flux of Sr run-off into
the oceans and associated ocean residence times (Vollstaedt
etal., 2014).

Strontium Isotopes

Radiogenic Sr Isotopes in Surface and Ocean
Water

Strontium is a large ion lithophile element (LILE) and there-
fore considered mobile in aqueous solutions. It has a high
solubility and is readily transported in surface waters and
hydrothermal fluids. In ground water, dissolution of Sr**
through reaction with aquifer lithology leads to highly vari-
able #Sr/*°Sr, which can be used to trace water pathways
(Jacobson and Wasserburg, 2005). Because of the radiogenic
nature of the continental crust, crustal weathering results in
radiogenic isotope signatures in most surface waters and open
oceans with an average, present day seawater ° Sr/*°Sr ~
0.712 (Palmer and Edmond, 1989). Continental run-off of
Sr into the ocean is related to continental weathering rates,
and the related ocean residence time is in the order of 1 Myr to
as long as 20 Myrs in the Phanerozoic Oceans (Vollstaedt
et al.,, 2014). Consequently, enhanced weathering due to
erosion of crustal terranes with associated radiogenic
87S1/%°Sr, for example, during times of peak orogenesis,
results in more radiogenic Sr isotope signatures in seawater.
Similarly, the contribution of juvenile 3’ Sr/*°Sr to the ocean in
times of extensive seafloor spreading, for example, during
continental reorganization following the break-up of super-
continents, can alter seawater Sr isotopic composition.

Strontium is easily incorporated into Ca-bearing chemical
sediments (e.g., carbonates or phosphates) or biogenic
carbonate-phosphate skeletons (e.g., shells, corals). Hence,
with a detailed knowledge of the ¥’Sr/*°Sr signatures of
seawater through time, the isotope signatures of Ca-bearing
marine sediments, for example carbonates, may be used to
place them into a broader stratigraphic context. This process
is known as Sr chronostratigraphy. Careful analyses of lime-
stones and/or biogenic calcite with known age revealed a
detailed Sr isotope evolution of seawater throughout the
Phanerozoic (Burke et al,, 1982; Veizer and Compston,
1974). Subsequent refinements of the seawater evolution
curve revealed a cyclic evolution with de- and increasing
isotope signatures (Figure 3). Notable is a constant decline
in average Sr isotope composition from the Cambrian to the
late Jurassic. A steady increase since then has led to a present
day 87Sr/%°Sr = 0.7092, broadly matching Cambrian seawa-
ter isotope composition.

Sr Isotopes in Forensic Sciences

Strontium readily substitutes for Ca>" in biogenic phosphates
and with this also locks in the 87Sr/%®Sr isotope code of the
environment in which the organism grows. With this, Sr
isotope compositions of bones and teeth are a valuable tracer
in forensic sciences for provenances studies or to track migra-
tion routes. Application range in identifying historic human
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Figure 3 Strontium isotope
evolution of Phanerozoic seawater
after Veizer et al., (1999). Filled
symbols represent coherent data
reported in Veizer et al., (1999);

open symbols are additional
literature data. The orange line is a
moving average drawn by eye to 0.7085
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remains and their provenance using teeth, for example, the
iceman discovered in Austria (Muller et al., 2003), or tracking
human or bird migration through hair or feather analyses,
respectively (Font et al., 2007; Font et al., 2012). Analyses
in human bone, however, reflect only the last ca. 6 years of life
(Price et al., 2000).
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Scientific Exchange Report (STSM)

Your Name: Jessica Alexandra Stammeier
Your nationality: German
Host Institution: University of Potsdam, Institute of Chemistry, Germany

Dates of Visit: 20-09-2015 to 03-10-2015

Reference code: (ECOST-STSM-MP1202-011015-067657):

Early Stage Researcher (less than 8 years after PhD)? Y /N Y
Gender: Female

Title: Understanding the formation of biomimetic organic / inorganic hybrid interfaces

Objectives:
o F2 health/life science:
Our project deals with the development of optimized calcium carbonate and calcium phosphate
mineralization protocols in order to study reaction kinetics and mechanisms, as well as particular element
and stable isotope exchange behaviour between ambient solutions and solids during the mineralization
process.
¢ F2_WG3a,b/ F2_WG13a,b:
We examine how the conditions that prevail during mineral formation exert influence on mineral
morphology both on an atomic-scale, i.e. unit-cell dimension, and on a microscopic scale. Also, we run a
secondary set of experiments that is based on solution precipitation to determine the difference of mineral
formation at hybrid interfaces and at purely inorganic conditions.
By investigating biomineral formation at hybrid interfaces we will get new insights in:
o (1) The application of (isotope-) geochemical signatures determined on the shells of marine
calcifiers as archives for palaco-climatological and -oceanographic reconstructions.
e (2) The parameters controlling the different shapes and compositions of minerals
e (3) The mineralization of bones, teeth and tendons as well as pathological mineralization e.g. the
formation of dental calculus or arteriosclerosis, which is also associated with the precipitation of
calcium phosphate and related minerals

We use Environmental Scanning Electron Microscopy (ESEM) as a high-resolution in-situ observational
tool. This ensures, that we can analyse the minerals without disturbing their morphology or causing
alteration, due to drying or solution effects. A small quantity of the minerals will furthermore be dried and
analysed with ATR, XRD and TGA to explore their mineralogy and mineralization efficiency.

Brief description of the work:

We developed a set of precipitation experiments to optimize protocols for mineralization in polymer gels.
The polymer gels were synthesized at the beginning of each week. They need to be prepared immediately
prior to the experiments to avoid shrinkage due to drying of the gel. They were then exposed to the
reacting and diffusing solutions and left to mineralize for 7 days. Moreover, the precipitation experiments
from solution were conducted. In the second week, the preparation of the mineralized polymer gels were
carried out in order to prepare them for further analysis.

Results :

1. Introduction:

Biominerals constitute hybrid organic-inorganic (HOI) materials that form at the organic-inorganic interface
of various lifeforms. The HOI materials that are the main focus of this STSM are calcium phosphate (CP)
phases. CP phases have a wide range of occurrences and uses ranging from products of biomineralization and
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post-sedimentation in natural surroundings, add-ons in composites for tailored properties e.g. of cements and
water treatment agents, to innovative medical-related products e.g. for remineralisation of teeth. To date, the
mechanisms leading to mineral formation are not yet fully understood, with different models coexisting:
Mineral formation (1) via direct, inorganic precipitation due to oversaturated aqueous solution, or indirectly
through (2) microbial mediation or (3) replacement of carbonates. Mineral formation through microbial
mediation can be further subdivided: (i) precipitation from microbially induced, local supersaturation or
manipulation of pH; or (ii) mineralization within a gel-like biofilm produced by microbes living at the water
sediment interface. The ploymer gels developed by Tauberts laboratory group represent a good approximation
to these gel-like biofilms and can thus serve as a template for CP mineralization. Only few studies concentrate
on the formation of CP (or calcium carbonate) in gel phases. Kniep and coworkers have shown that the
reaction conditions and the gel composition may have a dramatic influence on the formation of fluorapatite',
but similar data on hydroxyapatite is still not understood. The whole (natural) process of mineral formation is
a complex interplay of numerous parameters. We are therefore concentrating on those parameters that can
easily be controlled under laboratory conditions, i.e. temperature, pH, molar Ca/P ratio and availability of
elements.

2. Experimental:
The overall experimental set-up is twofold and is summarized in table 1:
(1) CPs are formed in the polymer gels.

(2) CPs precipitate from solution using similar conditions.

Na,HPO,

Mineralization within the polymer gels was accomplished through Polymergel
double diffusion (see Figure 1). These experiments were set up in
two groups:
(1.A) Temperature was kept stable at 25°C during cac, — |
mineralization with a molar Ca/P ratio of 1:1. <

Mineralization
Front

(1.B) Temperature was kept stable at 37°C during . —
mineralization with a molar Ca/P ratio of 1:1 KiSiEs e IUGISMTIIEION GRL
X e X i e mineralization set-up. The small tube has a
Both sets of gel mineralization experiments mineralize for 7 days. In | volume of 15 ml, the outer one 50 ml. The
these experiments only the parameters temperature (25°C & 37°C) P?L com})?;ntc was always added 0;;?
: s : of the gel. The Ca component was adde
and availability of elements were modified. from below, and remains the same for

Calcium phosphate precipitation from solution (titration- | 2dditional solutions (e.g. MgCly).

experiments) was performed in four groups, each in which certain
parameters were systematically modified:

(2.A) Molar Ca/P ratio was kept stable at 5:3 = 1.67, to match that of hydroxyapatite, while the pH
was adjusted over a range matching both modern and ancient seawater.

(2.B) Molar Ca/P ratio was kept stable at 1:1, matching that of the gel-mineralization experiments
while the pH was adjusted over a range. In this approach, the PO4 component was provided
using a Sorensenbuffer?, mainly to match previous gel mineralization experiments conducted
at the lab in Potsdam (unpublished data).

(2.C) Both Molar Ca/P ratio and pH were kept stable, at 5:3 and pH 9 respectively. Additionally,
certain elements were added to the solution. Each run was performed with 25 ml and 20 ml
initial solution of the PO4 component, to test whether the cations compete for the anion.

(2.D) This group comprises only a single run, in which all parameters from the experiment at pH 9
from group B were adopted, but the Ca and PO, components were switched. This run was

Ve.g.: K. Bleek, A. Taubert, Acta Biomater. 2013, 9, 6283; R. Kniep, S. Busch, Angew. Chem. Int. Ed. Engl. 1996, 35, 2624; H.
Tlatlik, P. Simon, A. Kawska, D. Zahn, R. Kniep, Angew. Chem. Int. Ed. 2006, 45, 1905.
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conducted for demonstration only. By switching the initial solution in the titration beaker, the
drop of Ca ions in the solution can be more easily monitored.

Table 1: Summary of the polymer gel mineralization experiments and titration experiments. Mol = molarity, comp =
component,

Samples molarity Comp. 1 molarity Comp. 2 molarity Comp. 3

25°C 1A1 0.5M Na,HPO, + 05M CaCl, + 1:1
1.A.Mg 0.5M Na,HPO, + 0.5M CaCl, + 001M MgCl, 11
1.A.Ba 0.5M Na,HPO, + O05M CaCl, + 001M BaCl, 1:1
1.AU 05 M Na,HPO, + 05 M CaCl, 1:1

37°C 1.8.1 0.5M Na,HPO, + O05M CacCl, 11
1.B.Mg 0.5M Na,HPO, + 05M CaCl, + 0.01M MgCl, 11
1.B.Ba 0.5M Na,HPO, + 05M CaCl, + 0.01M BaCl, j i
1.B.All Na,HPO, + CaCly + 001M NaSQ,,Bacl, MgCl, 1

Group Sample mol Comp. 1 mol Comp. 2 mol Comp.3 pH Ca/P
A 2.A1 25ml 0.3M  Na,HPO, + 20ml O05M CaCl, 9.5 553
2.A.2 25ml 0.3M  Na,HPO, + 20ml 05M CaCl, 9 5:3
2.A3 25 mi 03 M Na,HPO, + 20ml 0.5M CaCl, 8 53
2.A4 25mli 0.3M  Na,HPO, + 20ml 05M  CaCl, 7 5:3
2.A5 25ml 03M  NayHPO, + 20ml 05M CaCl, 6 5:3
B 2.B.1 25 ml 0.1M Sérensbuffer + 20ml 0.1M CaCl, 7.4 1:1
2.B.2 25 ml 0.1M Sorensbuffer + 20ml 0.1M CaCl, 8 1:1
2.B3 25 ml 0.1M Sorensbuffer + 20ml 0.1M CaCl, 6.4 1:1
C 21C) 20mi 0.3M  Na;HPO, + 20ml 05M  CaCl, + 0.01M  MgCl, 9 5:3
2.C.1.2 25ml 0.3M  NayHPO, + 20ml 05M CaCl, + 0.01M  MgCl, 9 5:3
2.C.2 20ml 03M Na,HPO, + 20ml 05M CaCl, + 0.01M BaCl, 9 533
2.C.2.2 25ml 0.3M  Na,HPO, + 20ml 05M  CaCl, + 0.01M BacCl, 9 553
203 20ml  03M Na,HPO, + 20ml 05M  CaCl, + 001M NaSO, 9 5:3
2.C.3.2 25 ml 0.3M Na,HPO, + 20ml 05M CaCl, + 0.01M NaSO, 9 5:3
D 2.D.1 40ml  03M  NaHPO, + 40ml 05M  CaCly 9 5:3

Preliminary Results:

All gel mineralization experiments exhibit a mineralization front (compare Figure 2). In contrast to
previous mineralization experiments the amount of minerals forming in the gels was more efficient. This
was achieved by using higher concentrated solutions and only Na,HPOy as phosphor source instead of
Sérensenbuffer”. Initial mineralization was usually visible after 24 hours. From a purely visual point of
view, no differences between the mineralizations at 25°C and at 37°C were observed. Most of the
methods to analyze the gels including the minerals are time consuming and exceed the duration of this
short-term stay. However, the samples from the mineralization run at 25°C were already dried, ground
and handed in for XRD analysis. A small portion of the mineralization-front and the round-shaped
particles were preserved for the ESEM analysis, which will be done in Graz, Austria.

The samples acquired from the experiments using a titrator are treated in a similar manner, although
preparation is a bit different. We will apply the same methods to characterize these samples. After
titration the solutions were filtered with a 5-13 um filter and dried overnight in an oven at approx. 40°C.
The dried samples were ground to a fine powder. The samples from the experiments conducted at pH 7-
9.5 all dried into solid, ceramic like pieces. For all but three samples ATR spectra were collected. All
samples could be identified as crystalline hydroxyapatite, except for samples 2.A.5 and 2.B.3 (pH 6 and
pH 6.5, respectively). These two samples can be identified as the CP brushite (see figure 4).

2 Phosphat-Buffer after Sérensen: A phosphate-buffer that consist of two 0.1 M solutions from (1) KH,PO, and (2) Na,HPO,
2H,0. These two components are combined to match a certain pH in the range 4.9 — 8.0.
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Figure 2: Mineralized polymer gel, sample 1.A Ba. The minerals form as small particles of needle-like, sometimes star-shaped
cumulates at the lower end of the gel. Above the main mineralization front, rounded particles scatter in streak-like formations.

Precipitation of a CP mineral phase always occurred instantaneous producing white slurry (Figure 3). The
ATR analysis showed that the crystalline phase is hydroxyapatite, which always precipitates at pH 9.5-7.
However, it is most likely that an amorphous precursor phase, ACP, precipitates first, which then
subsequently crystallizes to hydroxyapatite. Crystallization of ACP to HAP occurs rapidly in the presence
of water. Isolation of the amorphous phase can be achieved by filtering the solution and lyophilizing the
filter cake instantly after precipitation. Therefore, no ACP is present after drying the samples at ca. 40°C
overnight. For the same reason, no ACP is expected to be present in the mineralized gels. However, with
ESEM we will be able to examine whether there is still some evidence of an amorphous precursor phase,
as e.g. oddly shaped particles.
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Figure 3: Log file of titration experiment 2.D.1: E (ppm) = Ca content in ppm; V' (ml) = added PO4 component; E(%T) =
Transmission measured by the phototrode; Volumen Zugr. ~ Stat. = Added volume of base to stabilize the pH, unit in ml. The
displayed value for the temperature (T) is not measured and was added to the display by the software. The free Ca content and
(light-) transmission in the solution drops instantly with the addition of the PO, component, underlining that the reaction of Ca
+ PO, to hydroxyapatite (or the precursor phase ACP) is instantaneous.
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Figure 4: ATR spectra of selected samples. Y-axis: arbitrary units. Brushite precipitates from solution at pH <7, whereas
apatite is formed at pH 7-9.5. The spectra of the hydrogels exhibit only peaks with lower intensity. The mineralized-gel
spectrum resembles brushite. However, interference effects from the gel phase cannot be excluded. Therefore, XRD analyses
are necessary to identify the mineral phase.

Outlook :

Subsequent to this short-term stay all pending methods will be applied to the samples prepared in
Potsdam. Further, the set of experiments will be expanded for both temperatures, including elemental
additions such as strontium and sulfate (SO4). Further, a complementary set of experiments mineralizing
calcium carbonates in the polymer gels will be conducted. In these mineralization experiments we will
mainly focus on the mineral calcite, the trigonal variation of CaCOs.

Further, due to thermodynamics temperature exerts an influence on kinetics, element mobility, solubility
etc. It should therefore be tested whether a stable temperature, preferably matching the temperature used
for gel mineralization, influences the results of the solution-precipitation in any way.

To investigate other processes of mineral formation, like replacement of carbonates, we will develop a
protocol to conduct experiments in which gel-mineralized calcium carbonates are exposed to a POg-rich
solution, without inducing shrinking or alteration of the gels.

During the STSM a collaboration of both working groups, Graz and Potsdam, was discussed and
arranged. This collaboration combines the expertise of both partners: the laboratories in Graz (Technical
University and Karl-Franzens-Universitdt Graz) will focus on the geochemistry, crystal analysis, isotope
chemistry and analysis while the laboratory in Potsdam will focus on the synthesis and characterization of
the hydrogels and biomineralization. The results of this project will then be published.

Acknowledgements:

I would like to thank A. Taubert for the opportunity to work in his lab; and his working group for kindly
taking me in and helping me out. I am also very grateful to M. Przezdziak for assistance with the gel
synthetization. Further gratitude is expressed to my supervisors D. Hippler and M. Dietzel. Last but not
least, I would also like to thank Edith Stabentheiner for offering the use of the facilities at the Institute of
Plant Sciences (KFU Graz).

Publication of Results:
I agree with the publication of the research results concerning this STSM on the HINT website (in the

form of a short news article)

Signature:



Ll "-I' HYBRID INTERFACES 3 coskE
COSTACTION MP1202 ELROPEAN COOPERATION

N SCIENCE AND TECHNOLOUY

Page 1 be completed by Host Institution:

Briel description of the nature of the collaboration:

Benveen different working groups, inside the same working group?

The collaboration took place between different workgroups. The special character of this collaboration is
the fact that it took place between a chemistry and a geology research group. The two group leaders met a
while ago on the occasion of a seminar at TU Graz and it turned out that there are many overlapping
interests. The collaboration focused on joint experiments on the synthesis and mineralization of hydrogels
that serve as model systems for biofilms. The visitor, Ms. Stammeier, was taught how to make the gels
and how to perform the mineralization experiments and the host lab learned a lot about the geological
significance of biofilms for geological processes. A further collaboration is planned and several samples
are currently being made and exchanged between the laboratories.

Briet description of the host group and the work related to HINT scieatific focus (F1-F5), objectives
and the WGs and WGs Subtopics involved:

The hosl laboratory focuses on the synthesis and characterization ot hybrid materials and has a long
slanding experience in biomineralization and related approaches. One of the central research areas is the
development of biocompatible hybrid materials; this is a central theme in F2, especially F2_WG3a,b /
F2_WGI13a,b

Appreciation of the work performed during the visit related to the host group’s subject of research:
Ms. Stammeier has been among the most successful visitors, has performed excellently and we are

looking torward to a continued, interesting and very fruitful collaboration in the future. We would also be
happy to have Ms. Stammeier again as a visitor in our laboratory.

Signed:
The original must be signed by host.

BBl -

Prof. Andreas Taubert







139

Appendix E

Supplementary Material to Chapter 4

E.1 Methodology

For Mg isotope measurements bulk sample powders were leached in 3 mol [~! HNO3
for 24h at 70°C, capturing both carbonate fluorapatite (CFA) and carbonate phases
(calcite and dolomite). This acid-soluble fraction was used for all consecutive ele-
mental analysis and separations. The Mg fraction was purified with a two-step ion
exchange chemistry using BioRad AG50-X12 and HNOj3 and HCI as eluent agents
(see Stammeier et al. under review). Measurements were performed on a Plasma II
MC-ICP-MS instrument (Nu Instruments, Wexham, UK) at the Graz University of
Technology, Austria. Measurements were performed with standard-sample-bracketing
(SSB) and are reported in the d-notation as per mil (%o) deviation relative to DSM3.
Repeated measurements of reference material Cambridge-1 (Romil Ltd., Waterbeach,
Cambridge, UK) yielded -2.64 £ 0.10 %o for §26Mg and -1.36 %+ 0.04 %o for 62°Mg (2
SD, n=23), identical to previously reported values by e.g., Mavromatis, Meister, and
Oelkers (2014).
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E.2 Sample Description, Elemental and Isotope Infor-

mation

TABLE E.1: Lithologic description of hand specimens and respective qualitative XRD re-
sults determine the major mineral phases, such as carbonate fluor apatite (CFA), quartz and
calcite/dolomite. Note that the order of minerals does not reflect quantitative results. Mag-
nesium content of the acid-soluble fraction (3 mol =1 HNOj3) is as reported in Stammeier
et al. (under review). Mg isotopes (62°Mg and §2Mg in % DSM3) are reported as the
mean of replica measurements with the uncertainty, expressed as 2s, referring to the standard
deviation of the mean. In case the uncertainty of replica measurements is lower than the
repeatability precision, values marked with *, the repeatability precision of 4+ 0.04 %o for
§25Mg and + 0.10 %o for 62°Mg (2s, n = 23) for CAM-1 is reported.

Lithologic MgO Mg §2°Mg

Sample Mineralogy +2s +2s
description (wt. %) (% DSM3) (%0DSM3)
tz, CFA,
KO 1 phosphatic chert duartz, LEA, 457 -0.21% 0.04 -0.45* 0.10
calcite
KO 2 phosphatic chert quartz, CFA, calcite 0.89 -0.04* 0.04 0.06 0.12
tz, CFA,
KO 3.1 phosphatic chert quartz 2.37 -0.37 0.05 -0.77* 0.10
dolomite, calcite
KO 3.2 phosphatic chert n.d. n.d. 0.25 0.04 0.48* 0.10
tz, CFA
KO 04 cherty dolostone duartz, LEL, 19.1 -0.34 0.09 -0.66 0.17
dolomite

artz, CFA
KO 6 phosphatic chert duarts, LEL, 2.87 0.23 022 -0.49 0.28
dolomite, calcite

hosphatic plat artz, CFA
KO 9 phosphatic piaty duarts, LR, 2.68 -1.16* 0.04 -2.12% 0.10
chert dolomite, calcite
tact dolostone artz, CFA
KO 10.1 contact dolostone/  quartz, CFA, 2.34 -0.59 0.05 -1.15% 0.10
phosphorite dolomite, calcite
KO 10.2 phosphorite n.d. n.d. -0.65% 0.04 -1.24* 0.10
artz, CFA
KO 11 phosphorite duartz, LS, 2.98 -L.O1* 0.04 -1.91% 0.10
dolomite, calcite,
dolomiti tz, CFA
KO 12 olomie duartz, LEL, 5.99 -0.66* 0.04 -1.42* 0.10
phosphorite dolomite, calcite
hosphatic flat artz, CFA
KO 13.1 phosphatic fa duartz, LEL, 5.25 -0.90% 0.04 -1.85% 0.10

pepple conglomerate dolomite, calcite

hosphatic flat
KO 13.2 posphatic a n.d. n.d. -0.90 0.06 -1.69* 0.10
pepple conglomerate

n.d. = not determined

E.3 Petrography

The samples predominantly represent granular phosphorites (P205> 18 wt. %) con-
sisting of various phosphatic grains of different size. According to Trappe (1998) these
granular phosphorites can be classified as well-sorted phos-grainstones and poorly-
sorted phos-rudstones. Phosphatic grains include phosphatic intra clasts (Inset A)
and peloids (Inset B), as well as coated grains, such as oncoids and ooids. Scanning
electron microscopy (SEM) images of phos-peloids and ooids highlight the preserva-
tion of well-defined CFA nano-crystals indicating an almost pristine internal structure.
Within the laminae of coated grains, the fibrous CFA nano-crystals can be radially
arranged (Inset C) or as spherulitic, botryoidal aggregates within phos-peloids (inset

D). The matrix of these granular phosphorites can be calcite, dolomite or chalcedony.
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In most samples, the dolomite matrix forms a mosaic structure of anhedral grains (In-
set A). Petrographic observations indicate depositional cycles of reworking of primary
phosphate fabrics, the so-called Baturin cycling (Baturin, 1971) and thus phosphorite

formation in a shallow-water, moderately to high-energy environment.

EHT= 1000V ignal A= far § EHT = 10.00KV

Mag= 1344KX  wD=217mm o.= e 2 H Mag= 816KX  wD=216mm

FIGURE E.1: Inset A: Poorly sorted flat-pebble phos-rudstone (KO 13) with a sparry dolomite

matrix. Inset B: Well-sorted phos-grainstone, with few coated grains and sparry calcite cement

(KO10). Inset C: Detailed SEM image of a phos-ooid illustrating the well-preserved, fibrous

CFA crystals radially-arranged in each ooid laminae (KO13). Inset D: SEM image of the

internal structure of a phos-peloid showing spherulitic, botryoidal aggregation of fibrous CFA
crystals (KO13).
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