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Abstract of the thesis

The overriding aim of this research is concerned with understanding the chemical controls on
carbonate sedimentation in naturally occurring highly alkaline systems that produce enigmatic
mineral assemblages. The main approach taken here is to characterize the kinetic pathways of Ca-
Mg-carbonate precipitation and mineralization in systems lacking a biological carbonate factory
and to understand the relationship between fluid chemistry and mineralogy in non-classical
nucleation regimes. The first line of research explores the kinetics of Ca-Mg-carbonate nucleation
and recrystallization in the presence of phosphate (PO4) as an inhibitor in high-alkalinity
experiments. We identify and constrain new crystallization pathways to Mg-rich carbonates
magnesite and disordered dolomite from amorphous precursors that overcome energy barriers
under Earth surface conditions. The second line of research explores CaCOs nucleation under
Neoproterozoic seawater conditions. We identify and constrain saturation state thresholds
required for nucleation in these settings that are influenced by micromolar concentrations of POa.
The third line of research explores geological carbonates to test our hypotheses that PO4 may have
influenced the mid-Neoproterozoic CaCOs factory. We reveal new P records that identify
abundant and widespread P distribution at significantly elevated PO. concentrations in
Neoproterozoic Tonian aged carbonate rocks. Together, this research indicates enhanced P-
cycling in the Tonian that influenced the CaCOs factory and may have resulted in enhanced

concentrations of bioavailable P that was crucial for biological evolution.



Long abstract

This research is concerned with understanding alternative carbonate mineral formation pathways
to CaCOs3 and high-Mg CaCO; minerals that nucleate in high supersaturation regimes influenced
by chemical mediating compounds. To address this problem from a kinetic standpoint, we
investigate the impact of inhibition and supersaturation on the styles of Ca-Mg-CQOj3 precipitation
from synthetic alkaline seawater and lake water solutions. Our approach draws together
geochemical constraints for past depositional environments from fluid inclusion data (i.e., Spear
et al., 2014) and chemical precipitation boundaries for authigenic minerals calcite microspar,
primary dolomite and Mg-silicate (i.e., Tosca et al., 2011; Strauss and Tosca, 2020). We
incorporate these into different experimental methods to examine the precipitation of Mg-rich
CaCO; minerals from hyper-alkaline, hyper-saline conditions influenced by millimolar
concentrations phosphate (PQs) concentrations known to inhibit aragonite and calcite (i.e., Burton
and Walter, 1990). Our research reveals new, non-classical formation pathways to CaCO; that
likely led to enigmatic calcite microspar cement precipitation that is characteristic of mid-
Proterozoic marine carbonates. Environments like these dominated by chemical control can drive
kinetic pathways mediated by common compounds available in seawater that inhibit direct
aragonite and calcite crystallization and enable mineral pathways to overcome kinetic barriers.
Because the stratigraphic abundance of microspar (a direct seawater cement) peaked in the early
Neoproterozoic (James al., 1998), this research suggests that CaCOs nucleation thresholds were
repeatedly crossed on a global scale, which may have had drastic influence on biogeochemical
cycles and specifically the carbon cycle. Understanding kinetically driven pathways on mineral
formation elucidates the chemical controls on global systems that are not buffered by skeletal

carbonate productions and are highly sensitive to the surrounding chemical environment.

We have identified that the presence of dissolved PO, in water influences enhanced CO52-
alkalinity and increases supersaturation relative to carbonate minerals (i.e., Qcaicite and Qacmc). In

doing so, we have constrained key chemical nucleation threshold for calcite in mid-Proterozoic
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composition seawater that help explain kinetically driven mechanisms of carbonate

sedimentation.

Taking these PO, derived kinetic constraints further; we address the long-standing
problems related to Mg-rich carbonate production — notably of magnesite, high-Mg calcite and
dolomite from amorphous precursors that overcome energy barriers under Earth surface
conditions. Despite extensive research, lack of conformity to the expected thermodynamic
pathways and difficulty in synthetic production experimentally has left significant gaps in our
understanding of mineral formation pathways. The problem herein lies in the kinetics of
magnesium ions. To address the Mg related problem from a kinetic standpoint, we investigate the

impact of inhibition and supersaturation on the styles of Ca-Mg-COs3 precipitation.

Our approach used two different experimental methods to examine the precipitation of
magnesium carbonate minerals from hyper-alkaline, hyper-saline conditions at low diagenetic
temperatures (50 °C) with millimolar concentrations of POs. Firstly, from amorphous calcium
magnesium carbonate (ACMC) precursors (> 50 mol % Mg) that were added to alkaline-saline

solutions and secondly, from homogenous nucleation experiments in alkaline-saline solutions.

We reveal that the ACMC precursor experiments typically resulted in mixtures of very
high Mg-calcite (48 mol% Mg), aragonite and dolomite. The homogeneous nucleation
experiments promoted the nucleation of Mg-rich (>60 mol% Mg) ACMC spherules, from
solutions linked to kinetic inhibition by PO4 and supersupersaturation caused by enhanced
carbonate alkalinity. Crystallization within the evolved solutions led to widespread
transformation into hydromagnesite and subsequent recrystallization into magnesite and minor
presence of ordered dolomite mineral aggregates with apatite and aragonite. The maintenance of
supersaturation and inhibition by PO, facilitated magnesium incorporation into crystal structures
despite the Mg hydration barrier. Higher PO4 concentrations (14 mM/kg) were conducive to more

extensive and faster rates of transformation into magnesite and dolomite.
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This study identifies two new formation pathways and mechanisms for magnesite and
Mg-Ca-carbonate sediments formation and provides new calculated solubility estimates for
amorphous phases > 50 % Mg. This provide insight into reaction pathways and supports our
understanding of geochemical carbonate alkalinity and PO4 cycling processes in natural systems.
This is important for characterizing environmental systems that existed in Earth’s geological past
and may have existed on Mars, where spectroscopic evidence indicates the presence of magnesite

and sedimentary PO, concentrations higher than those typical on Earth (i.e., Ehlmann et al., 2008).

Although the production of these Mg-rich carbonate minerals can be facilitated by
microbial activity, an important finding is that conditions for magnesite and dolomite formation
at Earth surface conditions does not require microbial influence. Instead, these pathways
emphasize the importance of kinetic inhibitors in mineral formation pathways and signals that
alternative calcium carbonate precipitation pathways that may have dominated carbonate
sedimentation in paleo-environments and alkaline lake settings through much of Earths history.
This provides fundamentally important information in understanding the formation of magnesite
that can be met in alkaline lake settings where PO4 accumulations can reach > 1 mM (Toner and
Catling, 2020). These conditions enable magnesium hydration barriers to be overcome, which has

previously been described as ‘virtually impossible’ at Earth surface conditions (Xu et al., 2013).

Using the newly constrained geochemical conditions provided by experiments and
geochemical modelling, we tested our hypothesis that elevated dissolved PO4 concentrations in
mid-Proterozoic Tonian oceans may be recorded in carbonate sediments. This would and provide
insight into the Neoproterozoic geochemical P-cycle; at a key time in Earths history. Because our
experimental data show a strong relationship between POs, carbonates and apatitic scale
microfossils that have been identified in Tonian successions (Cohen et al., 2017) hinting at
elevated P concentrations, we examined Tonian aged shallow water carbonates for phosphate to

can constrain the relationship further.
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Our investigation focused on examining the concentration, speciation, and distribution of
phosphorus in non-skeletal shallow water carbonate sediments using a range of microanalytical
techniques. In-situ examination of the spatial distribution and molecular configuration of
phosphorous in Neoproterozoic carbonate samples was permitted through low-energy
synchrotron X-ray absorption spectroscopy (XANES) and micro-XRF mapping. In addition, the
molecular environment of phosphorous in carbonate fabrics was constrained using *'P solid-state

NMR indicating that phosphorous has been identified bound in the carbonate lattice.

Microcrystalline CaCO3, unambiguously precipitated in place (derived from the water
column) is associated with high phosphorous content. This directly supports the hypothesis that
dissolved PO4 was present during nucleation and may have acted as a key inhibitor during
mineralization at this time and may have provided bioavailable marine phosphorous that was
essential to biological evolution. These datasets have permitted a unique set of constraints on this
geochemically important relationship. Additionally, this research indicates that carbonates can
host a record of Neoproterozoic dissolved PO4 availability providing insight into the ancient

phosphorous cycle through a key interval of Earth’s history.

Furthermore, the Neoproterozoic Era (1000-541 million years ago) saw a major
biological evolutionary transition from a prokaryote-dominated biosphere to eukaryote-
dominated biosphere. As PO is a key component in all life on Earth, gaining a new perspective
on the Proterozoic P-cycle interrelated with the calcium-magnesium-carbonate system is
important for identifying potential influences that drove evolutionary shifts. However, the results
of this research signal that a revaluation of the role of P this critical time may be required. NMR,
show PO, is bound principally in carbonate fluorapatite (CFA); deposited as seafloor
synsedimentary cements, within Mg-silicate-rich intraclasts, nano-inclusions within microspar
cement and talc, and as disseminated detrital particles. Our data show that PO4 is dominantly
carbonate-associated, and only rarely associated with ferric-iron oxide/organic matter in these

mid-Neoproterozoic samples; Fe and S-bearing diagenetic minerals, the products of anoxic



respiration, are rare. These data suggest that the enhanced [PO4] in Neoproterozoic seawater may
have permitted non-classical CaCO; nucleation at high Qca, in turn producing synsedimentary
microspar with authigenic Mg-silicates (Strauss and Tosca, 2020), and apatite. Similar regimes
may have led to non-classical MgCOs and Mg-Ca-COs nucleation resulting in widespread primary

dolomite and high Mg-calcite sedimentation that dominates through much of the Precambrian.

Overall, our research provides new pathways to enigmatic CaCO; nucleation and MgCO3
nucleation with corresponding geochemical constraints and explanations for how kinetically
driven pathways may have dominated carbonate sedimentation and mineralogy through Earths
history. We also reveal new P records that identify abundant and widespread P distribution at
significantly elevated PO4 concentrations in Neoproterozoic Tonian aged carbonate rocks.
Together, this research indicates enhanced P-cycling in the Tonian that influenced the CaCOs
factory and may have resulted in enhanced concentrations of bioavailable P that was crucial for

biological evolution on the cusp of early eukaryotic diversification.
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Chapter 1: Introduction

1.1 Summary

This chapter is an introduction to the research on alternative calcium magnesium carbonate
formation pathways. Firstly, the chapter lays out the motivation and problems addressed by the
research. A full literature review then follows which provides an overview of sedimentary
carbonate precipitation styles in the Precambrian and in highly alkaline lacustrine settings and
shines a light on several enigmas related to calcium magnesium carbonate precipitation styles and
mineralogy. The review then introduces non-classical precipitation pathways via amorphous
carbonate precursors and provides explanations for problems related to the incorporation of
magnesium into calcium carbonate minerals. The chapter then draws together the problems
related to kinetic inhibition of thermodynamically favoured carbonate minerals and explores
inhibiting compounds that influence carbonate precipitation with a specific focus on phosphate.
From there, the review focusses on the geochemical phosphorous cycle and current constraints

on sedimentary phosphorous concentrations.

1.2 Motivation

Calcium carbonate (CaCOs) minerals such as calcite and aragonite and magnesium-rich minerals
such as high-Mg calcite, dolomite (CaMgCOs3) and magnesite (MgCQs3) are observed in modern
sediments and geological sedimentary rocks with occurrences spanning throughout Earths history
(Morse and Mackenzie, 1990). As a major sedimentary contributor, carbonate minerals play a key
role in carbon and calcium biogeochemical cycles (Morse and Mackenzie, 1990). Although
CaCO:s is the most abundant biomineral present day (Weiner and Dove, 2003), for much of Earths
geological history, skeletal CaCOs biomineralization was absent and carbonate sediments were
controlled by chemical processes. In the absence of a CaCOj3 biological buffer through much of

the Precambrian, kinetic pathways may have controlled carbonate production and led to high-Mg



CaCOs mineral production that was widespread during this time. These systems may have been
highly sensitive to ocean-atmospheric chemical variations, which would have had a major

influence on the global carbon cycle.

In this regard, compounds known to inhibit CaCOs mineralization pathways are
commonly available in seawater; yet elucidating the sedimentological consequences of kinetic
inhibition in natural settings remains largely unaccounted for. Furthermore, despite extensive
research and the widespread occurrence of primary dolomite, high-Mg calcite and magnesite in
the geological record and modern lakes, the inability to reproduce these minerals experimentally
has left significant gaps in our understanding of mineral formation pathways (i.e., Mckenzie and

Vasconcelos, 2009).

The inability to form both the thermodynamically most stable mineral dolomite and
thermodynamically most reactive minerals magnesite and high-Mg calcite experimentally means
that our understanding of carbonate deposition over most of Earths history remains largely
enigmatic. The lack of conformity to the expected thermodynamic pathway indicates that the
formation mechanisms of high-Mg CaCOs; minerals is kinetically controlled (i.e., Lippmann,
1973; Hardie, 1987). However, the hydration of magnesium ions (Mg*") may be a major energetic
barrier that inhibits the formation of these minerals (Bischoff, 1998). Therefore, the identification
of energetic barriers and means to overcome them are crucial for understanding carbonate

production in natural settings.

The overriding aim of this research is concerned with understanding alternative carbonate
mineral formation pathways to high-Mg CaCO; minerals that result in nucleation in high
supersaturation regimes and overcome kinetic barriers. To address this problem from a kinetic
standpoint, we investigate the impact of inhibition and supersaturation on the styles of Ca-Mg-
CO; precipitation. Our approach draws together geochemical constraints for past depositional
environments from fluid inclusion data (i.e., Spear et al., 2014) and chemical precipitation

boundaries for authigenic minerals calcite microspar, primary dolomite and Mg-silicate (i.e.,



Tosca et al., 2011; Strauss and Tosca, 2020). We incorporate these into different experimental
methods to examine the precipitation of Mg-rich CaCO3; minerals from hyper-alkaline, hyper-
saline conditions influenced by minor phosphate (POs). Together with micro-analyses of
geochemical signatures recorded in geological carbonates, we aim to connect kinetically driven
geochemical pathways with modern alkaline-saline lakes and marine systems that existed in the
Proterozoic Eon (2500-541 million years ago). Because records of this period in Earths history
indicate major shifts in atmospheric CO,, climate, marine redox state and phosphorous cycling,
understanding carbonate mineralization pathways as a direct output of these environments will

support key questions about past geochemical processes.

Furthermore, the Neoproterozoic Era (1000-541 million years ago) saw a major
biological evolutionary transition from a prokaryote-dominated biosphere to a biosphere where
eukaryotes became significantly more prevalent. PO, is a key component in all life on Earth,
gaining a new perspective on the Proterozoic P-cycle interrelated with the calcium-magnesium-
carbonate system is important for identifying potential influences that drove evolutionary shifts.
However, the results of this research signal that a revaluation of the role of P during this critical

time may be required.

1.3 Precambrian carbonates

1.3.1 Precambrian carbonate signatures

Calcium carbonate (CaCOs) minerals such as calcite and aragonite and their magnesium-rich
counterparts such as Mg-calcite, dolomite (CaMg(COs),) and magnesite (MgCOs3) are observed
in modern sediments and sedimentary rocks that span Earth’s geological history (Morse and
Mackenzie, 1990). These sediments play a key role in Earth’s carbon cycle (C-cycle), calcium
cycle (Ca-cycles) and influence other major biogeochemical cycles (Zeebe et al., 2008, Zeebe and
Wolfe Gladrow, 2001; Holland, 1984; Morse and Mackenzie, 1990) through precipitation, which

incorporates ocean-atmospheric CO; in the form of bicarbonate ions (HCOs") (Zeebe and Wolfe



Gladrow, 2001; Swart, 2015). Following precipitation, CaCOs minerals are deposited and stored
for millions of years within carbonate sediments and rocks. Despite the apparent chemical
simplicity, the formation of carbonate sediments is deceitfully complex owing to the unique
reactivity, physical properties and chemical diversity within carbonate minerals, which is further
complicated due to their origin from both biogenic and abiogenic sources (Arvidson and Morse,
2014). The precipitation of carbonate sediments occurs typically in marine settings and records
chemical signatures of the surrounding environment (Arvidson and Morse, 2014). Therefore,
significant information regarding ancient ocean-atmosphere conditions can be captured in
geological sediments through the incorporation of trace elements, ions, isotopic ratios and other
chemical signatures (i.e., Morse, 1985, Knoll et al., 1986; Swart, 2008; Arvidson and Morse,

2013).

Because carbonate strata have been deposited in oceans on Earth for at least 3 billion
years (Ga) (van Kranendok et al.,2003; Allwood et al., 2010; McIntyre and Fralick, 2017)
deposition during much Earth’s history occurred prior to the evolution of CaCOs skeletal
biomineralization (Grotzinger and James, 2000; Weiner and Dove, 2003; Cantine et al., 2020)
when biogenic carbonate production was absent or minor (i.e., dominated by stromatolites,
Raaben, 1969; Knoll and Swett, 1990). In fact, the first occurrence of calcareous mineralizing
eukaryotes is reported as late as the Neoproterozoic Ediacaran (570-510 million years (Ma);
Nama Group of Namibia, Grotzinger et al., 2000) in contrast to the abundance of biomineralogical
CaCOs production that has dominated from the Phanerozoic to the present day (Weiner and Dove,
2003). Therefore, the abiogenic and authigenic nature of Precambrian sediments provides an
original and unique chemostratigraphic record from which we can explore mineral formation
pathways, sedimentation processes and importantly, the chemical composition of water from the
time of precipitation, that together can support reconstructions of ancient depositional

environments (Fralick et al., 2017; Grotzinger and James, 2000).



1.3.2 Precambrian precipitation styles

Precambrian carbonate sedimentological records have long indicated distinct shifts in the style of
CaCOs production (i.e., Grotzinger and James, 2000), in response to secular variations in the
seawater chemistry (Grotzinger, 1989, Spence et al., 2016). For example, late Archean and early
Proterozoic carbonates are characterized by direct seafloor-encrustation of herringbone calcite
and aragonite fans (Grotzinger, 1989; Grotzinger and James, 2000; Sumner and Grotzinger, 1996;
2004), whereas their Neoproterozoic counterparts are mostly defined by finely crystalline micrite
(carbonate mud) and enigmatic calcite microspar cement (Figure 1. 1) (Knoll and Swett, 1990;
Sumner and Grotzinger, 1996; Turner, et al., 1997); a texture that is often attributed to
spontaneous/homogeneous precipitation from a supersaturated water body (Grotzinger, 1989;
Knoll and Swett, 1990; Hoffman et al., 1998). Calcite microspar most notably fills ‘molartooth
structures’ (MTS)(Figure 1. 1), which are enigmatic structures of variably shaped voids in fine-
grained marine carbonates that are synsedimentary (James et al., 1998; Sherman, 2000; Bishop
and Sumner, 2006; Hoffman and Macdonald, 2010; Hood et al., 2015). Occurrences of microspar
cement filled MTS have been identified in the Precambrian from the Archean to the Ediacaran
with a global geographical spread, however, they are almost uniquely confined to the
Mesoproterozoic to mid-Neoproterozoic (ca. 1500-720 Ma) and staggeringly account for around
25 % of the precipitated carbonate from this time (James et al., 1998; Shields, 2002; Bishop and

Sumner, 2006; Pollock et al., 2006; Hood et al., 2015; Shen et al., 2016; Hodgskiss et al., 2018).

These sediments coincide with drastic perturbations to Earth’s C-cycle and major climatic
instability in the mid-Neoproterozoic which is archived by distinct carbon isotope excursion
events (Knoll et al., 1986; Knoll and Walter, 1992; Des Marais et al., 1992; Halverson et al., 2005,
Johnston et al., 2012; Spence et al., 2016) and major changes in ocean-atmospheric geochemical
cycling (Holland, 1984; Holland et al., 1986; Halverson et al., 2005, Lenton et al., 2014; Horton,
2015; Reinhard, et al., 2016; Spence et al., 2016; Shields and Mills, 2017; Lenton and Daines,

2018 Wei et al., 2020). In addition, changes in tectonic activity (Harlan et al., 2003; Dallman et



al., 2015) intensity and styles of physical and chemical weathering are recorded during this time
(Hoffman et al., 1998; Pierrchumbert, 2011; Och and Shields-Zhou, 2017; Strauss and Tosca,
2020). Furthermore, key biological evolutionary milestones such as the evolution of Eukarya and
transition from a prokaryote dominated to a eukaryote dominated biosphere are reflected in the
Neoproterozoic (i.e., Canfield et al., 2007; Porter and Knoll, 2000; Porter, 2011; Brocks, 2017)
as well as apatite skeletal biomineralization of marine organisms (i.e., Cohen et al., 2017; Cantine
et al., 2020). Together, these combined tectonic-climatic-physiochemical conditions influenced
biogeochemical cycles and carbonate sedimentological processes in the Proterozoic and resulted
in radical changes to Earths evolutionary trajectory. However, the specific chemical factors that
control abiogenic CaCOs production and contribute to the diverse precipitation styles and

mineralogy in Precambrian carbonates are poorly constrained.
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Figure 1. 1 Petrographic and optical images of late Proterozoic sedimentary textures.

A) Intergranular calcite microspar cement matrix supporting dolomitised ooids
(Backlundtoppen Formation, Akademikerbreen Group, Svalbard, Norway). B) Mg-silicate
(now preserved as talc) nodules within abundant calcite microspar cement within laminated
lime mudstone (Svanbergfjellet Formation, Akademikerbreen Group, Svalbard, Norway). C)
Molartooth Structure (MTS) filled with calcite microspar cement within laminated micrite that
is variably deformed around the MTS indicating syn-sedimentary precipitation in soft-
sediment. D) Intraclasts of microspar within organic-rich lime mudstone (Fifteenmile Group,
Yukon, Canada). E) Pore-filling calcite microspar cement in an intraclastic wackestone
(Svanbergfjellet Formation, Akademikerbreen = Group, Svalbard, Norway). F)
Characteristically uniform pore-filling microspar cement comprised of euhedral interlocking
calcite crystals (Svanbergfjellet Formation, Svalbard, Norway). Optical images are shown in
plane-polarised light (PPL).



1.3.3 Precambrian dolomite Mg-Ca-CQO3 problem

In addition to unusual CaCOs precipitation styles and textural components, Precambrian
carbonates are characterized by distinctive mineralogy. Dolomite sediments (commonly termed
dolostone) dominate in Precambrian carbonate successions (Grotzinger and James, 2000, Knoll
and Swett, 1990; Hood and Wallace, 2018) with common occurrences of high-Mg calcite, yet the
occurrence and distribution of dolomite and high-Mg calcite is comparatively minor in
Phanerozoic successions and uncommon in recent sediments (i.e., Grotzinger and James, 2000).
Precambrian dolomite is typically characterized by dolomicrite mud (Tucker, 1982; Grotzinger,
1989; Grotzinger and Knoll, 1995) that based on isotopic (Shuster et al., 2018), sedimentological
and petrographic evidence (Tucker, 1982; Arvidson and McKenzie, 1999; Petrash et al. 2017) is
notably of primary to early diagenetic origin, and preserves no evidence of former aragonite
(Fairchild and Spiro, 1987). This means that despite common assumptions that dolomite presence
was associated with aragonite, primary dolomite appears to form directly from Precambrian
seawater that was unlike Phanerozoic and modern seawater in its chemical composition and redox
state and may have sustained conditions that promoted more widespread Ca-Mg-CO;
precipitation than today (Tucker, 1982; Burns et al., 2000; Hood et al., 2011; Hood and Wallace,
2012, 2018; Shuster et al., 2018; Wood et al., 2017). For decades, the formation of dolomite has
puzzled geologists owing to the difficulties in producing dolomite experimentally coupled with
the shortfalls of predicting and explaining the spatial and temporal geological and geographical
distributions of dolomite, which leaves significant gaps in our understanding of dolomite termed
‘the dolomite problem’ (i.e., Arvidson and Mackenzie, 1999; Fairbridge, 1957; Land, 1998;
Warren, 2000; Mckenzie and Vasconcelos, 2009; Gregg et al., 2015). Another problem is that
dolomite, and similarly enigmatic Mg-rich carbonates—magnesite and high-Mg calcite—are
often notably absent in settings supersaturated with respect to Mg-Ca-CO; where the formation
of these minerals is thermodynamically favourable. This means that based on thermodynamic

theory, the production of dolomite and magnesite should be widespread present day such as in



modern day seawater, yet these minerals are notably absent and instead aragonite and/or calcite
predominate (Baker and Kastner, 1981; Hardie, 1987; Wilkinson and Algeo, 1987; Brady et al.,
1996). As a consequence, our understanding of the key roles that Ca-Mg-COs3 sediments play in
Earth’s C-cycle as a buffer for the ocean-atmospheric CO, system (Zeebe et al., 2008, Zeebe and
Wolfe Gladrow, 2001; Holland, 1984) and as a product of divergent Precambrian ocean-

atmosphere chemistry remain somewhat ambiguous.

1.3.4 Alkaline lakes, magnesite and Mars

Although volumetrically less abundant than dolomite in Precambrian strata, large-scale magnesite
(MgCO:s) deposits also occur with relatively minor occurrences in the Phanerozoic (White and
Young, 1980; Frank and Fielding, 2003) and the modern. Magnesite is typically present in
continental high-alkaline evaporitic depositional settings (Miiller et al., 1972; Miser et al, 1987;
Warren, 1990; Pérez et al., 2002; McKirdy et al., 2010). In addition, evidence for carbonate
sediments on Mars suggests that depositional environments interacted with liquid water and may
have included lacustrine environments (i.e., Pollack et al., 1987). Based on near-, mid- and
far-infrared spectroscopy (Russel et al., 1999; Ehlmann et al., 2008; Palomba et al., 2009;
Michalski and Niles, 2010; Bultel et al., 2019) and remote sensing data (Bultel et al., 2019;
Horgan et al., 2020), carbonates minerals have been identified on Mars that are composed

dominantly of Mg-carbonate minerals magnesite (and possibly huntite; CaMg3[COs]4).

1.3.5 CaCOs enigmas from the Precambrian

A major problem in understanding Precambrian carbonates relates to the precise saturation state
with respect to calcite (Ccal, which is expressed by [€Q cal = [APca/K], where IAP represents ion
activity product and K represents the apparent mineral solubility product) associated with non-
skeletal CaCOj; precipitation. Although CaCO; may nucleate inorganically from modern seawater

at Qca ~20-25 (He and Morse, 1993), the Qca at which late Proterozoic CaCO; nucleated is



unquantified. This is critical because Proterozoic carbonate accumulations, particularly fine-
grained sediments are thought to reflect pervasive water column nucleation from supersaturated
seawater (Grotzinger, 1989; Herrington and Fairchild, 1989; Knoll and Swett, 1990). Recent
experimental and theoretical data suggest that the formation of CaCOs microspar cement during
Neoproterozoic times required Qca greatly exceeding that of the modern ocean (Strauss and
Tosca, 2020). However, the maintenance of CaCOs; supersaturation through much of the
Precambrian, by definition, requires the inhibition and/or modification of CaCOs precipitation
(i-e., Sumner and Grotzinger, 1996). This, in turn, suggests that before skeletons evolved, the rates
and pathways of CaCOs production may have been strongly controlled by kinetic factors.
Furthermore, it is generally agreed that the enigmatic precipitation of dolomite, high-Mg calcite
and magnesite (i.e,, Chave et al., 1962; Hardie, 1987; Raz et al., 2000; Long et al., 2014) requires
a kinetic mediator to overcome energy barriers (Lippmann, 1973; Hardie, 1987; Land, 1998;
Arvidson and Mackenzie,1999; Warren, 2000; Petrash et al. 2017; Warren, 2019) that may have

later been overcome by biomineralization (Robinson, 2016).

Nevertheless, despite much research to address these problems, the specific chemical
control and mechanisms of authigenic shallow water dolomite formation remain poorly
understood (Sibley et al., 1987; Gregg et al., 2015; Petrash et al. 2017); and the specific chemical
factors and kinetics that control saturation state (ca) associated with non-skeletal CaCO;
precipitation are poorly constrained. Neoproterozoic seawater chemistry is informed in-part by
chemical analysis of primary fluid inclusion studies from halite (Browne Formation, 830 Ma,
Officer Basin, Western Australia; Spear et al., 2014); characterized by higher Mg/Ca ratios, lower
sulphate content, higher dissolved inorganic carbon (DIC) content, higher total alkalinity (TA)

and lower calcium/alkalinity ratios.

Further evidence of kinetic control in Neoproterozoic seawater providing additional
chemical constraints is the presence of sedimentary Mg-silicates (now preserved as talc) (i.e., in

formations of the ~810-800 Ma Svanbergfjellet Formation, Akademikerbreen Group, Norway and

10



the ~812 Ma lower Callison Lake Dolostone, Fifteenmile Group, Canada (Macdonald et al., 2009;
Tosca et al., 2011; Strauss et al., 2015; Strauss and Tosca, 2020). Based on geochemical
experiments, modelling and microanalytical techniques, Mg-silicates provide chemical
constraints on Neoproterozoic depositional waters that would have required pH >8.5 and
minimum alkalinity:Ca ratios of 2:1 (Strauss and Tosca, 2020). Furthermore, talc provides
additional evidence of kinetic control in unusual Neoproterozoic seawaters because, similar to
dolomite, talc is thermodynamically favoured yet kinetically inhibited in modern day seawater,
indicating that a kinetic barrier was overcome in Neoproterozoic seawater that may have
permitted non-classical CaCOs nucleation at high Qca, in turn producing synsedimentary

microspar, authigenic Mg-silicates (Strauss and Tosca, 2020).

Although not common, there are additional sedimentary examples of environments that
produce concurrent high-Mg CaCOs-dolomite-Mg-silicate genetic relationships through
precipitation by chemically-dominated processes. Experimental studies based on these natural
systems can provide important chemical constraints. For example, the Cretaceous Pre-salt
lacustrine carbonates of the Santos and Compos basins of Brazil preserve significant volumes of
authigenic Mg-silicate minerals that formed closely with dolomite, magnesite and high-Mg calcite
minerals from seawater that indicates high Mg/Ca ratios, high pH and high Mg/Si (Wright, 2012;
Tosca and Wright, 2018; Tutolo and Tosca, 2018). Based on experimental geochemical studies
and modelling of Mg-silicate-carbonate crystallization, Tutolo and Tosca (2018) identified that
these systems required high pH > circa 10 and importantly were kinetically controlled. This is
because traditional precipitation mechanisms would dominantly produce aragonite due to the high
Mg/Ca ratios generated through requirements to sustain both CaCOs; and Mg-silicate growth,
however, evidence for aragonite its notably rare/absent in these settings despite elevated Mg?*
(Wright and Barnett, 2015; 2020) and pH, and therefore inhibitors to aragonite formation in

solution are required to sustain these mineralization pathways (Tutolo and Tosca, 2018) as well
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as produce the characteristic spherulitic morphologies that require very high states of

supersaturation (Granasy et al., 2005; Sunagawa, 2007; Shtukenberg et al., 2011).

Similar mineralogical relationships have been recorded in speleothems where authigenic
Mg-silicate (kerolite clay) is associated with Ca-Mg carbonate speleothems (containing, dolomite,
magnesite, hydromagnesite, monohydrocalcite and gypsum) in basaltic sea caves on the island of
Kauai in Hawaii (Léveillé et al., 2002) and speleothems consisting of Ca-dolomite, calcite,

gypsum and Mg-silicate are identified in Miocene dolostone caves in Cayman Brac (Jones, 2010).

Chemical and physical conditions of aqueous solutions clearly influence mineralogical
pathways and understanding Ca-Mg carbonate pathways compatible with Mg-silicate
precipitation is beneficial to elucidate the chemical controls on CaCOj; formation in natural

systems where biological calcification is absent.

1.4 Alternative CaCO3 precipitation pathways

1.4.1 Amorphous Ca-Mg-CaCQO3

One possibility for explaining the presence of enigmatic Ca-Mg-CaCOj; minerals and variations
in precipitation styles is through amorphous precursors controlled by kinetic pathways.
Amorphous phases are typically produced in high alkaline settings and may represent alternative
energetically favourable pathway for the formation and crystallization of carbonate minerals
(Schmidt et al., 2005; Radha et al., 2010; Rodriguez-Blanco et al., 2015; De Yoreo et al., 2015;
Purgstaller et al., 2016; Blue et al., 2017; Purgstaller et al., 2019). Amorphous calcium carbonate
(ACC; CaCOs3°H>0) is an unstable, hydrated phase of calcium carbonate that has been produced

synthetically from saturated solutions since 1916 (Johnston et al., 1916; Addadi et al., 2003).

However, the role of amorphous phases in producing crystalline carbonate minerals

inorganically and in natural sedimentary systems was not appreciated until relatively recently and
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amorphous precursors are now widely recognised as an intermediate stage for the
biomineralization of high-Mg calcites and biological CaCO; skeletons (i.e. in marine organisms)
(Chave, 1954; Schroeder et al., 1969; Stanley et al., 2002; Gayathri et al., 2007; Ma et al., 2007,
2009; Killian et al., 2009; Politi et al., 2010; Long et al., 2012; Seto et al., 2012; Yang et al.,
2016). Amorphous phases have been observed during low temperature inorganic synthesis in
natural environments (Bottcher et al., 1997; Fairbridge, 1957) including alkaline lake sediments
(Benzerara et al., 2006; Couradeau et a.l., 2012) and speleothems (Demény, et al., 2016) and
within microbial communities (Demény, et al., 2016; Tiinde Enyedi, 2020). Energetic studies
provide evidence for several pathways from reactive amorphous hydrated precursors to more
stable, dehydrated CaCOs phases and crystals upon ageing or heating (Radha, 2010). For example,
from ACC to calcite (Radha, 2010; Radha and Navrotsky, 2013; Blue, Rimstidt, and Dove, 2013),
from amorphous Ca-Mg-carbonate (ACMC) to high-Mg calcite (i.e. Rahda, 2010; Blue and Dove,
2015; Yang et al., 2016; Purgstaller et al., 2016; 2021) and from amorphous Fe carbonate (AFC)
to siderite or chukanovite (Jiang and Tosca, 2019). These investigations leave open the possibility
that similar conditions may be reached in natural systems where transient amorphous carbonates
may be produced authigenically. However, the metastablility of these phases indicates that
amorphous phases may only exist for a matter of hours to days before recrystallizing (i.e.,
Kelleher and Redfern, 2002), therefore, the mechanisms of formation and subsequent
recrystallization in natural environments are rarely recorded and to define these pathways requires

further experimental study.

Over recent years, experimental methods for ACC and ACMC nucleation have become
refined, and can be precipitated consistently under steady state conditions at ambient temperature
with controlled Mg content (i.c., Blue and Dove, 2015; Blue et al., 2017). However, the
subsequent transformation to crystalline solid phases with predictable compositions remains a
major challenge, particularly linked to Mg-rich carbonates. Recent research by Megelsberg et al.,
(2020) characterize two amorphous phases with distinct short-range structures and morphological

differences based on in situ Pair Distribution Function analysis (PDF) and Thermogravimetric
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analysis (TGA); these distinct phases are controlled by magnesium and carbonate concentration
([Mg?*] and [CO5*]) and are produced from both supersaturated and undersaturated conditions
with distinct results. High [COs] solutions stabilize Ca-rich ACC, in contrast, low [COs] favours
ACMC with mixed Ca- and Mg-short range order Megelsberg et al., (2020). The distinctive
structures are related to solution COs activity (aCO3) while solubility is primarily determined by
the Mg content of the solid. Based on Cryo-TEM, the structural formation of ACMC has been
suggested to form via prenucleation clusters of ACC and AMC that coalesce to form ACMC
nuclei with a homogeneous distribution of the Mg** and Ca®" ions (Yang et al., 2016). In-situ
TEM studies by Nielsen et al., (2014), indicate that secondary nucleation of carbonate occurs on
the crystal surface of amorphous precursors suggesting that the reactive surface area influences
nucleation prior to being consumed, as secondary nucleation progressively decreases the
saturation state of the system (Nielsen et al., 2014; Steefel and Van Cappellen, 1990). However,

there appear to be several different explanations and pathways for ACMC nucleation.

1.4.2 The role of magnesium

There are major challenges in precipitation of Mg-bearing phases due to the hydration of
magnesium. In carbonates, Mg*" is not easily inserted into the lattice of calcite because of the
larger hydration radius of Mg?" ion than that of Ca®" ion (Maguire and Cowan, 2002), an effect
of the higher free energy of solvation (Pavlov et al., 1998) and the higher dehydration enthalpy
(Stephenson et al., 2008) of Mg?" ion than those of Ca*" ion at room temperature (Yang et al.,
2016). Increased Mg*" content within calcite also decreases the thermodynamic stability under
ambient conditions (Busenberg and Plummer, 1989; Béttcher et al., 1997; Bischoff, 1998),
however, in the case for amorphous phases, Mg?* actually play a key role increasing the stability
of the amorphous phase forming ACMC from ACC (Reddy et al., 1976; Raz et al., 2000; Addadi
et al., 2003; Tao et al., 2009; Rodriguez-Blanco et al., 2014; Blue and Dove, 2015; Yang et al.,

2016; Blue et al., 2017; Jensen et al., 2020) and studies by Blue and Dove, (2015) reveal that the
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Mg content of ACMC is regulated by the interplay of three factors at steady state conditions: (1)

Mg/Ca ratio; (2) solution [COs]; and (3) solution pH.

More recently, research has honed in on additional mechanisms that enhance Mg content
of ACMC including increased pH (i.e., Blue et al., 2017), temperature (i.e., Purgstaller et al.,
2021) and increased residence times during ACMC nucleation (Megelsberg et al., 2020).
Experimental work has shown that Mg?* substitution in amorphous carbonate phases can be
extensive, which is a function of ambient pH, Mg/Ca ratio in solution, precipitation rate, and stir
rates. For example, Blue et al., (2017) synthesized ACMC inorganically with >50 mol% Mg and
based on calorimetric studies, Radha et al., (2012) found that ACMC containing 50 mol% Mg is
energetically the most stable composition of ACMC and is metastable with respect to disordered
dolomite. The mechanism of enhanced incorporation of Mg?" into Mg-calcite from ACMC is
likely enhanced by increased crystal growth rates (Mavromatis et al., 2013; Purgstaller et al.,
2021), and leads to structural defects caused by nanometric-sized high-Mg calcite crystals that
increase the solubility (Purgstaller et al., 2021). Increased Mg?" incorporation is also enhanced by
the promotion of nanocrystal formation and aggregation-based crystal growth (Sanchez-
Navas et al., 2013). This may be a result of the reduced solvation energy barrier of aqueous Mg
and high Mg/Ca ratio of the reactive solutions following initial ACMC precipitation, which can
be explained by low solubility of ACMC at elevated temperatures (Purgstaller et al., 2021). Yang
et al., (2016) synthesized high-Mg calcite (43 mol% Mg) via polymer stabilized ACMC
precursors. Recently, Purgstaller et al., (2021) synthesized very high-Mg calcite with ~50 mol%
Mg via ACMC. Recent experimental recrystallization experiments of an ACMC precursor have
confirmed that recrystallization of ACMC produces disordered dolomite at elevated temperatures
(Rodriquez-Blanco et al., 2015). Sedimentary characteristics of primary dolomite also reflect
spherulitic growth processes in some natural settings indicating the involvement of amorphous

precursors (Hood et al., 2011; Hood and Wallace 2012; Han et al., 2017).

1.4.3 ACMC transformation
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The conditions of the initial solution have an important control on the resultant carbonate
polymorph (Riechelmann et al., 2014). New pathways for the precipitation of CaCO3 and Mg-
rich CaCOs or CaMg(COs), from ions in solution via transformation from amorphous precursors
through ‘non-classical nucleation’ mechanisms may challenge the long-established view on
crystallization ‘classical nucleation theory’ (CNT) (Pokrovsky, 1998), used to understand the
nucleation of a thermodynamic phase (liquid or solid) and provide a prediction of the nucleation

rate.

In this context, the heightened interest in experimental studies of amorphous precursor
phases has begun to unravel some fundamental mechanisms of crystal formation dynamics that
were previously overlooked and highlights a potentially energetically favourable pathway
towards dolomite formation. However, the identification of amorphous phases has also unleashed
a plethora of complexities linked to understanding the physicochemical parameters, such as
solubility, structure, cation incorporation, hydration (particularly Mg?") and the role of inhibiting
compounds. Furthermore, the transformation remains a poorly understood pathway that is
strongly dependent on both the formation solution and the solution in which it recrystallizes, both

of which may be influenced by varying degrees of kinetic control.

1.4.4 Inhibiting compounds

For a crystal to form in a solution, it is typically suggested that a pre-nucleation cluster of
molecules must exceed a minimum size to grow into new crystal, otherwise it dissolves (Kittel
and Kroemer, 1980; Ohara and Reid, 1973) or that solution saturation states reach a threshold
where spontaneous/homogeneous precipitation occurs. However, compounds that inhibit
precipitation decrease the nucleation rates of new crystals. The supersaturation of seawater with
respect to calcite can be maintained by the presence of inhibitors that reduce carbonate
precipitation rates, therefore maintaining high Ca** and CO3* ion concentrations in seawater or

solution (Sumner and Grotzinger, 1996). Saturation states increase until the effects of the
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inhibitors are overcome and the removal of Ca?>" and COs?>, as calcium carbonate, balances the
influx of these ions (Sumner and Grotzinger, 1996). Inhibitors of calcite precipitation have been
studied for decades and compounds known to inhibit or modify the precipitation of CaCOj include
Fe?, Mg*, Mn?*, SO4*, POs* and organic acids (Meyer, 1984, Dromgoole and Walter, 1993;
Grotzinger and Kasting, 1993; Sumner and Grotzinger, 1996). Out of these compounds, POs*
dramatically influences CaCOs nucleation and growth kinetics at micromolar concentrations
(Simkiss, 1964; Leckie and Stumm, 1970; Pytkowicz, 1973; Reddy, 1977; Walter and Hanor,
1979; Berner et al.,, 1978; Meyer, 1984; House and Donaldson, 1986; Giannimaras and
Koutsoukos, 1987; Burton and Walter, 1990; Dove and Hochella, 1992; Millero et al., 2001;

Tadier et al., 2017).

1.4.5 Phosphate as a CaCQj; inhibitor

Dissolved orthophosphate compounds (PO — here on referred to as PO4) in seawater and
sediment pore-waters may have significant effects on carbonate mineralogy, morphology and
growth rates. Laboratory studies indicate that dissolved PO kinetically inhibits aragonite (Leckie
and Stumm, 1970; Berner et al., 1978; Burton and Walter, 1990; Dove and Hochella, 1992; Tadier
et al., 2017) and to a slightly lesser extent, inhibits calcite (Meyer, 1984; Burton and Walter,
1990). The presence of PO4 in seawater decreases homogenous precipitation rates (Simkiss, 1964;
Pytkowicz, 1973) and heterogeneous precipitation rates (Berner et al., 1978; Mucci, 1986; Burton
and Walter, 1990) of calcite and aragonite. Concentrations of total dissolved PO4 ([POurotal]) in
the range of 0.25-8 pM decreases crystal growth rates of aragonite with increasing phosphate
concentration (Tadier et al., 2017). [POusroa] ~2 UM decreases seeded calcite crystallization rates
by half (Reddy, 1977) 6 — 10 uM are sufficient to strongly inhibit calcite precipitation rates
(Reddy, 1977; Walter and Hanor, 1979; House and Donaldson, 1986; Giannimaras and
Koutsoukos, 1987; Walter, 1990; Dove and Hochella, 1992), yet are not high enough to
precipitate calcium phosphate (Leckie and Stumm, 1970). Furthermore, the presence of
[PO4rota] > 8 uM completely inhibits the crystal growth of aragonite (Tadier et al., 2017). Field
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studies corroborate laboratory results in which the deposition of carbonate crusts are inhibited by

1 uM of dissolved phosphate (Casanova and Lafont, 1985; Pentecost, 2018).

Phosphate speciation is pH-dependent (Figure 1. 2) (de Kanel and Morse, 1978) and the
extent of inhibition, rate of adsorption and amount of PO, incorporated into calcite precipitates
are all species dependent (Ishikawa and Ishikuni, 1981) and influenced by fluctuations in pH,
which is independent of the total phosphate concentration and saturation state (Burton and Walter,
1990). Evidence for pH and species dependence has been refined by experiments in which
aragonite growth rates decreased with increasing PO4 whereas calcite growth rates decrease with
increasing concentrations of both POs* and HPO4* (Burton and Walter, 1990). This further
suggests that pH fluctuations in seawater and sediment pore-waters may control PO4 speciation
and therefore influence CaCOs precipitation pathways and mineralogy. The uptake of POy is
higher in Mg-rich minerals, and decreases by approximately an order of magnitude with
crystallization to lower-Mg calcites (Burton and Walter, 1990; Xu et al., 2014). The mechanism
by which PO4 decreases the crystal growth rates of aragonite and calcite are reduced or inhibited
by blocking the active growth sites by the adsorption of PO4 ions (Tadier et al., 2017). The
relationship between the crystallization rate constant and the PO4 ion concentration follows an
expression based on the Langmuir-type adsorption model. This relationship suggests that calcite
growth inhibition by PO4 containing anions involves blockage of crystal growth sites on the

calcite surface (Reddy, 1977).
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Figure 1. 2 Bjerrum plot of speciation and relative [COs],[PO4] and [NH4] as a function of pH.
Polyprotic acids are capable of losing protons (H") in acid-base reactions. When a solution is in
equilibrium, it is possible to identify the speciation and relative proportions of these species -
aqueous carbonate: [HxCOs], [HCO57] and [CO5*] from DIC; phosphate: [HPO4], [HPO4*] and
[PO.*]; ammonium: [NH,"] [NH3], as a function of pH (based on from Zeebe and Wolf-Gladrow,
2001). The green shaded regions with appropriate labels reflect the approximate range of modern
surface seawater (Krissansen-Totton et al., 2018) and Proterozoic Tonian seawater (Strauss and
Tosca, 2020), modern alkaline lakes and Proterozoic seawater. The colours are to aid visual
identification — the red colours indicate the most common species and the blue colours indicate
speciation in high-pH alkaline settings.

1.5 Precambrian phosphorous cycle

Observational data and theoretical models indicate that POs; was extensively cycled in
Precambrian depositional environments (Notholt, and Jarvis, 1984; Cook and Shergold, 1986;

Bjerrum et al., 2002; Planavsky, et al., 2010; Horton, 2015; Cohen et al., 2017; Lenton and Daines,
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2018; Reinhard et al., 2017; Cantine et al., 2020), and must have been available in concentrations
high enough that multiple species used PO4 (apatite) over CaCOs to build skeletons (Cohen et al.,
2011; 2017; Cantine et al., 2020; Riedman et al., 2018). Despite these observations, and despite
the recognition of PO, as a known CaCQOs inhibitor, the influence of PO4 on CaCOs mineralization

in geological systems is not well understood.

Because phosphorous (P) is an essential component in the biomolecular construction and
activity of organisms (i.e., Gulick et al, 1955), the availability of P in the bioavailable form of
dissolved PO, is generally considered the ultimate limiting nutrient in marine primary
productivity over geological timescales (>10"5 years; Tyrell, 1999) (Van Cappellen and Ingall,
1996; Laakso and Schrag, 2014; Lenton et al., 2014; Cox et al., 2017; Laakso and Schrag, 2018a,
2018Db). In this regard, major changes in ocean-atmosphere chemistry through geological history
are related to the evolution of the biosphere (i.e., Holland, 1984; Holland et al., 1986) in which P
plays a crucial biogeochemical role (Van Cappellen, 1991) and is associated with key biological
milestones such as the evolution of Eukarya (i.e., Brocks, 1999; Canfield et al., 2007; Porter,
2011; Brocks, 2017). Furthermore, the increased availability of dissolved POs likely played an
important role in the origin of life on Earth (Gulick et al, 1955; Butusov and Jernelév, 2013;
Fernandez-Garcia et al., 2017; Eckford-Soper and Canfield, 2020; Toner and Catling, 2020). This
indicates that global biogeochemical perturbations may have been highly sensitive to fluctuations
in marine P concentrations (Ingall et al. 1993; Ingall and Jahnke 1994; Van Cappellen and Ingall

1994; Van Cappellen and Ingall 1996; Tyrell, 1999)

Therefore, understanding controls on the availability of PO, may be crucial to
understanding the evolution of the biosphere through the geological history of Earth (i.e.,
Fernandez-Garcia et al., 2017; Toner and Catling, 2020) both directly by controlling marine
productivity, and indirectly by regulating organic carbon burial (i.e., Lenton and Daines, 2018),

the C-cycle, partial pressure of oxygen (pO-) and through feedback mechanisms linked to oxygen,
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sulphur, iron, organic matter and P cycling (Van Cappellen and Ingall, 1996; Marz et al., 2008;

Mort et al., 2010; Laakso and Schrag, 2014; 2017; 2017; Sperling 2015).

1.5.1 Redox-driven phosphorous processes

Numerous studies and models address P-cycling and P burial in in marine sediments, which
influences the longer term availability and concentration of P in the ocean (Notholt, and Jarvis,
1984; Cook et al., 1990; Filippelli and Delaney; 1994; Ruttenberg and Berner, 1993; Glenn et al.,
1994; Compton et al., 2000; Bergmann et al., 2004). Much recent research has focused on the
Proterozoic because P was essential for the development of metabolic pathways that promoted
oxygenic photosynthesis, releasing photosynthetic oxygen as a byproduct and increasing oceanic
and atmospheric oxygen (pO.). This relationship between P and pO; is particularly important in
the Neoproterozoic with many models of rising O, levels or the maintenance of low pO, centred
around P availability and ocean-redox (Bjerrum and Canfield, 2002, Konhauser et al., 2007;

Planavsky et al. 2010; Laakso and Schrag, 2014; Reinhard et al., 2017; Poulton et al., 2017).

For example, it is typically suggested that P scavenging was enhanced under POy limited
anoxic-ferruginous ocean conditions because the deposition of organic matter removes
bioavailable P from the water column and subsequent anaerobic decomposition results in the
reduction of iron (Fe) minerals (ferric oxyhydroxide) in anoxic-ferruginous settings (Froelich, et
al., 1979; Ingall, and Jahnke, 1997; Krom, et al., 1991; Slomp, et al., 2004; Poulton and Canfield,
2011; Planavsky et al., 2010; 2011; Derry, 2015; Reinhard et al., 2017). Phosphorous cycling is
suggested to be significantly enhanced by redox-cycling in the ocean (Benitez-Nelson, 2015), and
microbially driven P-cycling is redox-dependent and exacerbated by anoxic and euxinic bottom
waters (Van Cappellen and Ingall, 1996; Poulton, 2017). This is because of the reduction of P-
bearing Fe oxyhydroxides by H»S (Canfield et al., 1992; Dos Santos et al., 1992) and SO,
reduction (Ingall et al., 1993; Ingall and Jahnke 1994; Van Cappellen and Ingall 1994; Slomp, et
al., 2004). Low import fluxes of riverine P (Laakso and Schrag, 2014) can also result in P limited

conditions and Fe minerals such as ferrihydrite and green rust (Zegeye et al., 2012; Cosmidis et
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al., 2014) and Fe-phosphate minerals such as vivianite (Derry, 2015) provide a ‘shuttle’ for marine
P from the water column to the sediment. Many of these explanations indicate a consequential
global decrease in primary production and organic carbon burial subsequently resulting in
minimal oxygen production or stable, low-oxygen environments (Poulton and Canfield, 2011;
Planavsky et al., 2010; 2011; Reinhard et al., 2016; 2017). Based on these processes, it has also
been suggested that P availability was limited in early Neoproterozoic and more broadly in
Precambrian oceans (Guilbaud, et al., 2020). Despite numerous different models of P-cycling and
pO- that have led to a variety of conclusions, there is no consensus on Proterozoic P-cycling or
Proterozoic oxygenation of the atmosphere and oceans. Either way, the P-cycle, along with
climatic, tectonic and other geochemical cycles appears to have experienced perturbations during
the Tonian (800 — 720 Ma) (Lenton et al., 2014; Horton, 2015; Reinhard, et al., 2016; Spence et

al., 2016; Lenton and Daines, 2018).

1.5.2 Constraints on aqueous phosphate in the Proterozoic

Despite many efforts to constrain and explain geochemical records of marine P, there are still
major gaps in our understanding of PO; availability through key intervals such as the Proterozoic.
To elucidate questions linked to P availability through geological history, research has looked to
geological sediments as chemical archives to help constrain marine P concentration. Our current
understanding of P cycling in the late Proterozoic has been dominantly based on bulk black shale-
hosted P content (Reinhard et al., 2017) and P/Fe ratios in late Neoproterozoic iron formations of
750 to 635 Ma (Planavsky et al., 2010), which initially indicate that a major change in P burial
took place from enriched P concentration in sediments and marine concentrations in the mid to
late-Neoproterozoic Tonian-Cryogenian reflecting redox-driven changes in P-cycling and burial
from previously P-limited conditions (Bjerrum, and Canfield, 2002 Planavsky et al., 2010; 2011;

Reinhard et al., 2016; 2017).
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However, new geochemical compilations of bulk shale-hosted P records and geochemical
models indicate that shale-hosted geochemical records record no statistically significant
perturbations to P fluxes through much of the Precambrian and specifically the Neoproterozoic
(Laakso et al., 2020, supplementary material) despite the global phosphogenesis in the Ediacaran
(570-510 Ma). However, their research does indicate that pore/bottom water [PO4] may have
been strongly influenced by the degree of internal P recycling suggesting both spatial and
temporal variation in Proterozoic P-cycling (i.e., Laakso et al., 2020). At the same time,
microfossil data also suggest enhanced availability of marine P during the Tonian based on the
presence of Tonian Ca-phosphate biomineralizing organisms known as apatitic scale microfossils
(ASM) across numerous basins which were present prior to the evolution of CaCO3 mineralizing
organisms (Cohen and Knoll 2012; Cohen et al 2017; Moczydtowska et al., 2018; Cantine et al.,

2020; Riedman et al., 2020).

Studies indicate that that shallow marine phosphorous burial was low until the late Tonian
when it became abundant — possibly originating from Neoproterozoic rift-basins and P-enriched
LIP-emplacement (Horton, 2015). Laakso et al. (2020) showed that large scale changes to the
deep-water aqueous phosphate reservoir rather than increased influx may have been driven by
Ediacaran increases in marine sulphate concentrations, which in turn facilitated increased organic
matter remineralization by sulphate-reducing bacteria. Furthermore, marine [PO4] could have
varied significantly at any one time and appreciable differences in P accumulation rate records
relative to continental weathering rates indicates that P influx can become decoupled from other
dissolved components, (Filippelli and Delaney, 1992), and P concentration and burial can be

decoupled from P input and output (Lenton, 2020).

Either way, whether changes to the P-cycle were related to increased P-flux or changes
in the deep water P reservoir, taken together, these observations hint at fundamental shifts in the
internal cycling of P that may not be obviously reflected in the bulk P content of siliciclastic rock

proxies for changes to P input and output fluxes and would benefit from further research. In this
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regard, the nature of P cycling in carbonate depositional environments and the degree to which
carbonate sediments archive marine P availability could represent a key archive of P availability
that complements siliciclastic records. By understanding the relationship between PO4, and
CaCOs mineralization pathways, we may be able to shed light on the availability of Precambrian
PO4 and perhaps take a step forward in understanding how major changes in ocean-atmosphere
chemistry through geological history were related to the evolution of the biosphere (i.e., Holland,
1984; Holland et al., 1986) in which P plays a crucial role biogeochemically and related to ocean-
atmosphere oxygenation (Gulick et al, 1955, Van Cappellen, 1991, Butusov and Jernelov, 2013;

Fernandez-Garcia et al., 2017; Eckford-Soper and Canfield, 2020; Toner and Catling, 2020).

1.6 Summary of chapters

1.6.1 Chapter 2: A non-classical pathway to Mg-rich CaCO3

This chapter outlines the experimental method used to synthesize ACMC and lays out a relatively
novel experimental method of precipitating enigmatic high-Mg Ca-carbonate and magnesite
minerals from ACMC precursors. Two different methods are used to nucleate and subsequently
recrystallize ACMC in synthetic highly alkaline, saline lake water solutions at 50 ° in the presence
of phosphate as a kinetic inhibitor. The data include solid sample analyses using XRD, FTIR,
SEM-HDBSD and solution analyses using ICP-AES. The recrystallization experiments produce
hydromagnesite, magnesite, very-high-Mg calcite and dolomite minerals through ACMC
precursors. Our results indicate that highly alkaline settings containing phosphate enable energetic
barriers—likely related to hydrated magnesium ions—to be overcome. Increasing Mg/Ca in these
settings results in a direct increase in Mg/Ca of the resultant mineral phases, and increasing
phosphate results in enhanced rates of Mg dehydration and magnesite crystallization.
Geochemical calculations from the resultant data provide new solubility product estimates values
for high-Mg ACMC. The discussion emphasizes on the importance of non-classical mineral

formation pathways. The geological implications from the study relate to highly alkaline lake
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settings that can accumulate significant phosphate concentrations and sedimentary environments

on Mars that preserve Mg-rich carbonates in phosphate influenced depositional settings.

1.6.2 Chapter 3: Non-skeletal CaCOs precipitation Proterozoic

seawater

Having established a better understanding of the constraints of alternative Ca-Mg-carbonate
mineral formation pathways through amorphous precursors in Chapter 2, we set out to test the
hypothesis that carbonate mineral formation pathways through ACMC precursors may have been
involved in producing the high-Mg Ca-carbonate minerals that are widespread in the mid-
Proterozoic to the Neoproterozoic, prior to carbonate biomineralization. We investigated CaCOs
precipitation from synthetic Proterozoic seawater using a constant composition experimental
design that results in homogeneous ACMC nucleation subsequent crystallization to Mg-calcite
and monohydrocalcite.

Primary and early diagenetic fabrics preserved in late Proterozoic marine carbonates have
long been interpreted as a reflection of elevated CaCO; supersaturation (Qca). The maintenance
of CaCOjs supersaturation spanning geological timescales requires the inhibition or modification
of CaCO; precipitation rates and pathways. Proterozoic geochemical data, models, and
microfossil mineralogy indicate that concentrations of dissolved PO4, a known inhibitor of CaCO;
precipitation were subject to substantial fluctuations affecting availability, in response to secular
changes in the global phosphorous cycle; however, the impact of PO4 on marine abiotic CaCO3
precipitation is poorly constrained. In an effort to constrain CaCOj; formation pathways influenced
by PO, this chapter outlines the methodology of a suite of CaCOs; nucleation experiments in

synthetic late Proterozoic seawater.

The data produced include solid analyses of samples using FT-IR, in-situ Raman, XRD
and SEM-EDS as well as dissolved solid sample and solution ICP-MS analyses. The results

indicate that dissolved POys inhibits the nucleation of crystalline aragonite and calcite and permits
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the formation of an amorphous Ca-Mg carbonate (ACMC) precursor phase, which rapidly
undergoes recrystallization to monohydrocalcite and/or calcite incorporating a range of Mg
concentrations. This pathway may be significant in providing an explanation for the
sedimentological, petrographic, and geochemical characteristics of the abundant but enigmatic
synsedimentary calcite microspar cement that is widely distributed in Precambrian carbonates.
Furthermore, this pathway may provide a mechanistic framework for how kinetic inhibitors may
have fundamentally altered the dynamics of shallow water CaCOs; precipitation and marine
carbonate chemistry throughout the Proterozoic Eon, which in turn may have potentially

influenced the long-term carbon cycle.

1.6.3 Chapter 4: Carbonate-hosted PO4 and the mid-Neoproterozoic P

cycle

This chapter outlines our investigation into geological carbonate sediments that aims to
investigate whether phosphate is recorded within Neoproterozoic carbonate sediments. This
permits a direct test of the hypothesis outlined in Chapter 2 and Chapter 3 where we hypothesize
that elevated PO4 concentrations in Tonian seawater led to kinetically controlled CaCOs mineral
formation pathways linked to PO, inhibition. In the absence of skeletal carbonates during this
time, kinetic pathways may have controlled the production of high Mg Ca-carbonate minerals that
are widespread in mid-Proterozoic to Neoproterozoic carbonates. Chapter 2 and Chapter 3
indicate that this is the case experimentally, therefore, we would expect to see PO, recorded in
Tonian carbonate sediments if our hypothesis rings true for the carbonate factory during the

Neoproterozoic.

The geological carbonate facies investigated are predominantly Proterozoic Tonian aged
dolomicrite carbonates containing calcite microspar and phosphorous microfossils from Svalbard,
Norway, the Northern Territories, Canada and the Yukon, Canada. A range of microanalytical

techniques were used to examine the PO4 bulk concentration, speciation, and distribution of PO,
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from three different Tonian sedimentary basins. This chapter presents bulk phosphate
concentrations of the sediments, SEM-EDS images and chemical data, synchrotron XANES and
uXREF to characterize the phosphorous in the carbonates and NMR and identify the identify the P
species and spatial-distribution within sediments. The analyses provide evidence for carbonate
hosted phosphate enrichment in mid-Tonian carbonates that appear to indicate lattice-bound
COs-associated PO4 within carbonate minerals. This may help explain the mechanisms by which
phosphate can be recorded within carbonate minerals. This multi-analytical approach has
provided a useful tool to inform us of the nature of the Proterozoic phosphorous cycle. Our data

suggest that phosphorous was likely not a limiting nutrient during this important geological time.

1.6.4 Chapter 5: Discussion and conclusions

This chapter draws together the experimental research and summarizes how our understanding of
Ca-Mg-carbonate mineral formation has developed through investigating kinetic pathways of
formation with phosphate as an inhibitor. We tested our hypotheses by conducting experiments
in synthetic Proterozoic seawater and highly alkaline lake water and then we tested our hypotheses
on geological Proterozoic carbonates. Through investigating multiple avenues, this research
strongly emphasizes the importance of kinetic inhibitors in carbonate mineralization. Through
identification of alternative mineral formation mechanisms and pathways, we have shed light on
new Mg-carbonate and high-Mg CaCO; pathways that can overcome energetic barriers related to
magnesium and inform us of carbonate sedimentological depositional environments and

geochemical processes.

Through the application of these mineral formation pathways linked to phosphorous
inhibition, we have honed in on a new approach that enables the characterization of phosphorous
in authigenic carbonate sediments as apatite and carbonate fluorapatite cements, intraclasts and
nanocrystals and in the form of lattice-bound COs-assocaited PO4. This provides a deeper

understanding of available P concentrations in marine environments in the Precambrian. Our
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research points toward enhanced phosphorous cycling during the Proterozoic. The integration of
the results from the different methods used in this research elucidates major controls on the

inorganic carbonate factory and the phosphorous cycle that have largely been unaccounted for.
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Chapter 2: Non-classical pathways
to Mg-rich carbonates

2.1 Abstract

Despite extensive research, the widespread occurrence of primary dolomite and
magnesite in the geological record, yet the inability to produce these minerals experimentally has
left significant gaps in our understanding of mineral formation pathways. The lack of conformity
to the expected thermodynamic pathway means the problem may lie in kinetics. To address this
problem from a kinetic standpoint, we investigate the impact of inhibition and supersaturation on

the styles of Ca-Mg-COs precipitation.

We use two different experimental methods to examine the precipitation of magnesium
carbonate minerals from hyper-alkaline, hyper-saline conditions at low diagenetic temperatures
(50 °C) with millimolar concentrations of POs. Firstly, from amorphous calcium magnesium
carbonate (ACMC) precursors (50 mol% Mg) that were added to alkaline-saline solutions and
secondly, from homogenous nucleation experiments in alkaline-saline solutions. We reveal that
the ACMC precursor experiments typically resulted in mixtures of very high Mg-calcite
(48 mol% Mg), aragonite and dolomite. The homogeneous nucleation experiments promoted the
nucleation of Mg-rich (>60 mol% Mg) ACMC spherules, from solutions linked to kinetic
inhibition by PO4 and supersaturation caused by enhanced carbonate alkalinity. Crystallization
within the evolved solutions led to widespread transformation into hydromagnesite and
subsequent recrystallization into magnesite and ordered dolomite mineral aggregates with apatite
and aragonite. The dominant Mg-Ca carbonates crystalline phase contained up to 54 mol% Mg.
The maintenance of supersaturation and inhibition by PO, facilitated spherical morphologies

composed of crystal aggregates and subsequent growth of the magnesite, dolomite and apatite
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crystals. Large crystals with high degrees of twinning protrude from aggregates and appear to
produce mineralogical defects related to PO, attachment on growth sites. Higher PO
concentrations (14 mM/kg) were conducive to more extensive and faster rates of transformation

into magnesite and dolomite.

These data show that the formation of magnesite and primary dolomite require non-
classical nucleation pathways. The pathway can be explained by the nucleation of an amorphous
precursor when exposed kinetic inhibitor PO4 and elevated CO; alkalinity under early diagenetic
early temperatures. This investigation is of fundamental importance for understanding natural
processes that form magnesite and primary dolomite that can be met in highly alkaline-saline
lacustrine settings influenced by [PO4] of 7 mM/kg; even in settings with low Mg/Ca of 1

([Mg*)/[Ca"]; 24/28 mM/kg).

This study identifies two new formation pathways and mechanisms for magnesite and
Mg-Ca-carbonate sediments formation and provides new solubility estimates for amorphous
phases > 50 % Mg. This informs us of geochemical carbonate alkalinity and PO4cycling processes
in natural systems that existed in Earth’s geological past and may have existed on Mars, where
spectroscopic evidence indicates the presence of magnesite and sedimentary PO4 concentrations
higher than those typical on Earth. Furthermore, the data provide new solubility product data that

provide insight into reaction pathways and may inform geochemical models.

2.2 Introduction

For decades, the formation of magnesite (MgCQO;) and dolomite (CaMg[COs],) has
puzzled geologists. Difficulties in synthesizing primary magnesite and dolomite in low
temperature abiogenic settings, coupled with shortfalls in predicting and explaining the spatio-
temporal distributions geologically leaves significant gaps in our understanding. In the case for
dolomite this enigma is termed ‘the dolomite problem’ (i.e., Given and Wilkinson, 1987; Land,

1998; Arvidson and Mackenzie, 1999, Gregg et al., 2015).
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Distinctive Mg-Ca-carbonate sedimentary successions are abundant in Precambrian and
Palacozoic successions yet their occurrence and distribution is comparatively minor in
Phanerozoic successions and modern sediments, which alludes to differences in chemical
composition of depositional waters (Tucker, 1982; Grotzinger and James, 2000; Burns et al.,
2000; Hood et al., 2011; Hood and Wallace, 2012, 2014, 2015; Wood et al., 2017). Primary
dolomite is an authigenic mineral thought to have formed by the process of homogeneous
nucleation and in situ stabilization from fluid (Tucker, 1982; Petrash et al. 2017) and is typically
characterized by finely crystalline dolomicrite (carbonate mud) (Tucker, 1982; Grotzinger, 1989;
Grotzinger and Knoll, 1995). Although volumetrically less abundant than dolomite in
Precambrian strata, large-scale magnesite deposits also occur with relatively minor occurrences
in the Phanerozoic (White and Young, 1980; Frank and Fielding, 2003) and the modern. MgCOs
deposits are enigmatic because even though sedimentological observations and assumptions from
modern sediments might indicate an evaporative depositional setting, magnesite is not associated
with CaSO4 minerals in the Precambrian deposits as would be expected from the interaction of
excess Ca** Mg?" and SO4> ions relative to HCOs and COs* ions due to evaporative concentration

(Frank and Fielding, 2003).

2.2.1 Magnesium carbonates in alkaline lakes

Deposits of Recent primary dolomite are not common but when identified often occur as primary
micritic precipitates with hydromagnesite (Mg5(CO3)4(OH),:sH,0) and occasionally magnesite
minerals (Miser et al., 1987). These dolomite-hydromagnesite-magnesite deposits are typically
present in marginal continental water-bodies characterized by evaporation, high alkaline pH, high
salinity and in some cases temperatures reaching 50 °C such as in sabkha flats, hypersaline
lagoons and playa lakes (von der Borch and Lock, 1979; Ohde, 1981; Miser et al, 1987; Tucker
and Wright, 1990; Arvidson and McKenzie, 1999; Warren, 1990; Vasconcelos, et al., 2005;
McKirdy et al., 2010; Nash et al., 2011; Garcia Del Cura et al., 2014; Petrash et al. 2017; Warren,
2019). For example, these deposits have been identified in the Coorong Lagoon and lakes of South
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Australia (Alderman 1959; Walter et al.,1973; Rosen et al., 1989; Warren, 2019) and the coastal
lagoon of Lagoa Vermelha, Brazil (Vasconcelos & Mckenzie, 1997; Warthmann et al., 2000).
Modern-day primary dolomite is also present in zones of bacterial sulphate reduction or
accompanying organic matter degradation processes that may be associated with elevated pore
water alkalinity (Baker and Burns, 1985; Middelburg, de Lange, and Kreulen, 1990; Vasconcelos
and McKenzie, 1997; Wright and Wacey, 2005). These settings may contain factors that could
influence the mechanisms, mineralogy and morphology of carbonate sediment formation during
syn-deposition and early diagenesis such as high-alkalinity from elevated concentrations of
carbonate ions [CO;*], [Mg?'] and [Ca*'] associated with increasing alkalinity and pH, and/or
microbial communities (i.e., Vasconcelos, et al., 2005; Garcia Del Cura et al., 2014). However,
despite numerous efforts to constrain the formation pathways (outlined in Gregg et al., 2015), the
exact chemical control on the mechanisms of dolomite, hydromagnesite and high Mg-carbonate

mineral formation remains complex.

Modern magnesite deposits are typically present in continental evaporitic and highly
alkaline depositional settings (Miiller et al., 1972; Miser et al, 1987; Warren, 1990; Pérez et al.,
2002; Power et al., 2009; McKirdy et al., 2010), cave speleothem deposits (i.e., Léveillé et al.,
2002) and are commonly associated with biogenic activity within microbial mats (Walter et
al.,1973; Last and De Deckker, 1990; Renaut, 1993; Sanz-Montero, 2019) and corals (i.e., Nash
et al., 2013). Magnesite deposits are also commonly associated with weathering products of mafic
and ultra-mafic minerals, which typically contain high magnesium oxide concentrations (up to
50%w) and are chemically alkaline (i.e., Power et al., 2009). However, magnesite is also
associated with siliciclastic minerals (Power et al., 2009; Sanz-Montero and Rodriguez-Aranda,
2012) and sulphate minerals (Thompson and Ferris, 1990; Zhang et al., 2000; Sanz-Montero et
al., 2019). In addition, suggestions that carbonate sediments formed on Mars in environments
influenced by interaction with liquid water have dated back to the 1980’s (i.e., Pollack et al.,
1987). Now there is a growing body of evidence that carbonates that outcrop on Mars and are

composed dominantly of Mg-carbonate minerals magnesite (and possibly huntite; CaMg3[ COs]4)
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based on near-, mid- and far-infrared spectroscopy (Russel et al., 1999; Bandfield et al., 2003;
Ehlmann et al., 2008; Palomba et al., 2009; Michalski and Niles, 2010; Bultel et al., 2019) and
remote sensing data (Bultel et al., 2019; Horgan et al., 2020). Estimations for the quantity of
carbonate mineral present on Mars varies, with ranges from 0-3 % carbonate in outcrop rocks
(Pollack et al., 1990) to 16-36 %uw carbonate measured from outcrop rocks (Morris et al., 2010),
which are commonly associated with mafic to ultra-mafic mineral assemblages on Mars (Ehlmann

et al., 2008).

Magnesite phases are more common in ancient settings as they are a more stable form
relative to hydrated counterparts. However, modern settings contain higher abundances of
hydrated Mg-carbonate phases (hydromagnesite and nesquehonite [MgCOs-3H,0]), which are
often found associated with microbial mats in contemporary saline and alkaline systems (Renaut,
1993; Power et al., 2009; Sanz-Montero et al., 2019). The precipitation of Mg-rich carbonate has
been suggested to require pH >8.5 in alkaline aqueous environments with elevated [Mg] and the
presence of carboxyl groups (Thompson and Ferris, 1990; Sanchez-Roman et al., 2009; Garcia

Del Cura et al., 2014; Power et al., 2017; Sanz-Montero et al., 2019).

2.2.2. Kinetic inhibition

One of the main problems is that Mg-rich carbonates and dolomite are often notably absent in
settings that are supersaturated with respect to these minerals, settings in which the formation is
thermodynamically favourable and should be widespread. In natural settings, such as in modern
day seawater, MgCO; and dolomite are absent and instead aragonite and/or calcite predominate
(Baker and Kastner, 1981; Hardie, 1987; Wilkinson and Algeo, 1987; Brady et al., 1996).
Thermodynamically, MgCOs is unstable relative to CaCOs minerals, yet is more reactive or
thermodynamically less stable; indicating that its formation should be common as it is
energetically more favourable. However, MgCOs3 is not common and recrystallization to MgCO3

may be restricted to geological timescales. The inhibition of magnesite formation synthetically

33



(i.e., Sayles and Fyfe, 1973) and under Earth’s surface conditions represents a distinct but related
challenge related to the hydration of Mg ions (Saldi et al., 2009; Kowacz et al. 2007).
Alternatively dolomite (MgCa[COs]») is the most thermodynamically stable and least reactive
mineral but again it is a challenge to explain. Understanding the enigmatic formation and

preservation of these minerals presents two unique but somewhat related challenges.

Because the abiogenic precipitation of magnesite and dolomite at low temperatures is
kinetically inhibited, due to the strong hydration of Mg?" ions, it is generally agreed that the
precipitation requires a kinetic mediator to overcome kinetic energy barriers (Lippmann, 1973;
Vasconcelos et al., 1995; Vasconcelos and McKenzie, 1997; Land, 1998; Sanchez-Roman et al.,
2009). Research indicates that Mg*" ions stabilize amorphous Ca-carbonate (ACC) phases
(Rodriguez-Blanco et al., 2012; Blue and Dove, 2015), therefore, one possibility is that Mg-rich
carbonates such as dolomite might recrystallize from amorphous Ca-Mg-carbonate precursors
(ACMC) or a series of metastable precursors (Schmidt et al., 2005; Radar et al., 2010; Rodriguez-
Blanco et al., 2015; Purgstaller et al., 2016; Kaczmarek and Thornton, 2017; Purgstaller et al.,
2020) that provides a more energetically favourable route for the formation of dolomite or
magnesite under certain chemical conditions. However, the chemical conditions necessary for
hydrous phases such as amorphous Ca-Mg-carbonate (ACMC) to transform into dolomite during
formation and growth are poorly understood due to the thermodynamics and kinetics of water
content and hydration associated with Mg (Kelleher and Redfern, 2002). Furthermore, how these
mineral phases exist in natural environments with respect to the metastablility indicates that
amorphous phases may only exist for a matter of days before recrystallizing (i.e., Kelleher and
Redfern, 2002). The transformation of ACC and ACMC phases to more stable minerals has been
recorded in present day environments such as in biological calcifiers (i.e., Politi et al., 2010),

alkaline lake sediments, microbial communities and speleothems (i.e., Demény, et al., 2016).

Although a number of compounds are known to inhibit or modify the precipitation of

CaCOs (including Fe**, Mg*, Mn?**, SO4*, PO4>, organic acids; [Berner, 1975; Meyer, 1984;
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Burton and Walter, 1990; Sumner and Grotzinger, 1996] and sulphate-reducing bacteria [i.e.,
Sanchez-Roman et al., 2009), research indicates that PO4 has a strong influence on the inhibition
of nucleation and growth kinetics of aragonite and calcite (i.e., Leckie and Stumm, 1970; Reddy,
1977; Ishikawa and Ishikuni, 1981; Burton and Walter, 1990; Dove and Hochella, 1992). This
control is evident at only micromole/kg (uM) concentrations (i.e., Reddy, 1977; Dove and
Hochella, 1992; Tadier et al., 2017) and controlled by pH induced PO, speciation (Kanel and

Morse, 1978; Ishikawa and Ishikuni, 1981).

2.2.3 PO4 enrichment in alkaline lakes

Settings in which CaCOs or even Ca-Mg-COs nucleation or precipitation rates are high as a result
of high supersaturation states may accumulate higher concentrations of POs. Incidentally, the
settings that record excessive POs concentrations in modern alkaline lakes often record
occurrences of low-temperature, primary dolomite and magnesite within muddy sediments (i.e.,
Searles Lake Evaporite (Smith and Haines, 1964; Coorong Lakes; Alderman 1959; Stone et al.,
2016; Warren, 2019). This is supported by recent research that points to a link between high PO4
concentrations in settings where primary dolomite is abundant such as in Proterozoic Tonian
settings (i.e., Strauss and Tosca, 2020; Roest-Ellis et al., 2020) and Cretaceous Pre-salt carbonate
settings that record multiple generations of early diagenetic dolomite with magnesite (Wright and
Barnett, 2015; Ceraldi and Green, 2017; Tutolo and Tosca, 2018) alongside high PO
concentrations (Pietsch et al., in press). In addition, it is suggested that sediments on Mars contain
excessive [PO4] linked to water-rock interaction, which models indicate could be around 45 times
higher than those on Earth (i.e., Adcock et al., 2013), which may coincide with evidence for Mg-
Ca-COs3 deposits on Mars (i.e. Morris et al., 2010). Together, these settings may indicate a link

between PO, and the styles and mineralogy of CaMg-COs, MgCOj; and CaCOs precipitation.

Geochemical POs-enrichment may be explained by recent indications that modern
alkaline lakes can accumulate PO4 to > 1 millimol/kg (mM) concentrations (Toner and Catling,

2020). This can be explained in high-alkalinity conditions where by a relationship with Ca** ion
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removal in the water column through CaCOs precipitation restricts the precipitation of apatite,
because apatite precipitation requires both high PO4 concentrations and Ca*" ions. The prevention
of apatite precipitation subsequently leads to excess PO4 accumulation in lake waters before

hitting apatite saturation thresholds (Gulbrandsen, 1969; Sass, 1981; Toner and Catling, 2020).

Geochemical PO4 enrichment may also come from the high pH that characterizes modern
alkaline lakes, due to the pH-dependent speciation of PO4 (see Bjerrum plot in Chapter 1, Figure
1.2) (de Kanel and Morse, 1978; Ishikawa and Ishikuni, 1981). This pH dependence is
independent of the [POuwt] and saturation state (Burton and Walter, 1990), which suggests that
pH fluctuations in water may influence the [POu] bioavailability. The availability of P as a
nutrient is typically regarded as a limiting factor in primary production. However, at high pH, the
PO, species are shifted to orthophosphate ions (PO4*) — the most bioavailable form of P in
solution (i.e., Reynolds and Davies, 2001). This raises the problem that if alkaline-saline lakes
are enriching bioavailable nutrient [POu.], then why are microorganisms not utilizing it? The
answer may lie in high-pH induced speciation that controls the deprotonation of aqueous
ammonium (NH4"), shifting NH4" to NH3 (ammonia gas) in equilibrium causing nitrogen nutrient
loss from the lake waters. Nitrogen limitation in P nutrient-rich environments is typically recorded
in soda lakes with high alkaline-saline geochemistry where nutrient loss occurs, for example
Mono Lake, California, USA that contains [POu] ~400 uM and ~1.4 M/kg salinity (Romero et
al., 1993; Jellison and Melack, 2001). High-salinity settings also exacerbate nitrogen limitation
by inhibiting nitrogen fixation (Herbst, 1998), and high-salinity contributes to a low species
richness (i.e., Chad et al., 2013; Kabede, 1998; Olli et al., 2019; Bernard et al., 2020). Together
these factors may decrease the rates of [POuwt] consumption by microorganisms and lead to a

gradual build-up of [POu].

Here, we examine precipitation in highly alkaline, saline conditions at low diagenetic
temperatures (50°C) in solutions that contain millimolar concentrations of PO4 to investigate the

impact of kinetic inhibition on the styles of Ca-Mg-COs precipitation from amorphous calcium
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magnesium carbonate (ACMC) precursors that may provide a glimpse into conditions in the

geologic past and even conditions on Mars.

2.3 Methods

2.3.1 Experimental setup

To investigate Ca-Mg-CO; precipitation from amorphous calcium magnesium carbonate
(ACMC) precursors, we performed two sets of experiments with solution chemical conditions
(Table 2.1 A) that were based on modern alkaline lake water. The lake conditions simulated were
supersaturated with respect to Ca-Mg-CO; minerals, produce primary dolomite and can
concentrate PO, to above 1 mM (Toner and Catling, 2020). The solutions contained high Mg/Ca
ratios where Ca?" and Mg?" concentrations (hereafter [Ca] and [Mg]) were selected based on
concentrations of modern lakes that contained dolomite and magnesite (geochemical review of
21 modern lakes; Chagas et al., 2016). The solutions contained total dissolved PO4 (hereafter
[POstor]) that ranged from 7 to 14 mM, which is above typical concentrations of modern alkaline
lake waters that can reach PO4 >1 mM (Toner and Catling, 2020) and most modern carbonate
sediment pore waters that can reach >30 pM (Morse, 1985). For the first set of experiments (Exp.
2), amorphous calcium magnesium carbonate (ACMC) precursor material with controlled content
was synthesized ex situ at 22+0.5 °C, dried in a vacuum desiccator for 24 h and subsequently
added to the lake water solutions. The ACMC was left to crystallize in lake water solutions within
individual polycarbonate bottles that were submerged in a water bath at 50+1.5 °C for 55 days.
These experiments investigated changes in dissolved inorganic carbon concentration ([ DIC]) that
ranged from 4 to 148 mM, changes in total alkalinity ([TA]) that ranged from 7 to 251 mM and
changes in ionic strength that ranged from 0.67 — 1.07 M through the addition of nonreactive salt
NacCl.

ACMC precursor material was synthesized by homogeneous nucleation from well-

characterized solutions that maintain a constant supersaturation and steady state, using the mixed
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flow reactor method (Blue, Rimstidt, and Dove, 2013; Blue and Dove, 2015) (Figure 2. 1A).
ACMC was produced with a controlled Mg/Ca ratio of 1, by regulating the Mg/Ca ratio of the

input solution the carbonate concentration and the pH (Blue and Dove, 2015).

A Mixed-flow-reactor for ACMC precipitation
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Figure 2. 1 Schematic diagram of the experimental set-up for controlled ACMC precipitation.
A: The method uses a steady-state mixed flow reactor to precipitate ACMC with controlled Mg
content (after Blue, Rimstidt, and Dove, 2013; Blue and Dove, 2015). Solutions of NaHCO3 and
MgCl2-CaCl2 were mixed simultaneously to precipitate ACMC with controlled Mg content.
Arrows show direction of flow. B: Schematic diagram of a polycarbonate bottle containing
ACMC precursor material or homogeneously nucleated material) in supersaturated solutions for
recrystallization experiments. Bottles were placed in a water bath at 50 °C for 63-64 days.

The second set of experiments — homogenous nucleation experiments (Exp. 7) contained
ACMC that was produced in situ by homogeneous nucleation from the highly supersaturated lake
water solutions at pH ~10 once Ca*" and Mg** stock solutions were added to the CO3* solutions.
The solutions contained dissolved [POuw] = 7 or 14 mM/L that are dominated by PO4** species
under the high-pH conditions examined here (i.e., Chapter 1, Figure 1.2). The nucleated ACMC

were left to crystallize in the reacted lake water solutions within individual polycarbonate bottles
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that were submerged in a water bath at 50° C for 64 days) (Figure 2. 1B). The experiment sets
were divided into three categories: 1) low Mg/Ca; 2) high Mg/Ca and 3) higher PO4 experiments.
These are summarized in Table 2.1 A-B. Low Mg/Ca experiments investigated nucleation from
solutions with [Mg]/[Ca] = 1-5 and total [Mg*"] = 43 mM and [Ca®'] = 8.9 mM, and increases in
ionic strength from [IS] = 0.40 to 0.82 M through the addition of non-reactive salt (NaCl). High
Mg/Ca experiments investigated increases in [Mg]/[Ca] ratios from 7—17 based on changes in
total [Ca®"] and [Mg*"] that ranged from 24-48 and 2.8-28 mM respectively. Higher POy
experiments were conducted under the same conditions as the low Mg/Ca experiments apart from
increasing dissolved [POus] from 7-14 mM/L. One control solution was made that was not
warmed in a water bath and upon nucleation was vacuum filtered from the solution and the solid

sample was dried and analyzed immediately.

To produce the solutions that were supersaturated with respect to ACMC, magnesite and
dolomite, we modelled the theoretical geochemical solutions using Geochemist’s Workbench
software (GWB) (Bethke and Yeakel, 2015) which utilizes the LLNL thermodynamic dataset and
the extended ‘‘B-dot” Debye-Huckel equation for activity coefficients of charged species
(Helgeson, 1969; Debye and Hiickel 1923). Activity coefficients of unity were assumed for
neutral species (Garrels and Christ, 1965). The theoretical geochemical models of synthetic
evaporative lake-water solutions that were used indicate that dolomite and magnesite can be
produced at low-diagenetic temperatures (50° C). Once modelled, the desired synthetic lake water
chemistry was produced by adding reagent-grade salts (Sigma-Aldrich) to nanopure (18 Q)
deionized water (Table 2.1 A—B). The solution alkalinity was ‘fixed’ and the pH was controlled
using a bicarbonate buffer system containing Na,CO;* — NaHCO;?>". This is an acid-base
homeostatic mechanism that involves the balance of carbonic acid (H,COs), bicarbonate
(HCOs*), and carbon dioxide (CO») in order to maintain pH. The system maintained atmospheric
partial pressure of carbon dioxide ~107°atm. Estimates of the carbonate chemistry were
calculated based on the known quantity of carbonate salt added and the manually adjusted pH.

For an extended description of the carbonate chemistry calculations, see the Supplementary
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Materials Eq. 1-16. The experiments were conducted in sterile equipment in a closed system with

no atmospheric headspace; therefore, gaseous CO, had little effect on carbonate speciation

throughout the experiments.

ACMC Precursor Experiments
Exp. ACMC Exp. Time TempMeasured [DIC] Qncrnc Qmc Mg/ [TA] lonic
2 No. added type (Days) (°C) pH /(solution)(solution) Ca COs/Ca mM/kg strength
(g) (initial) kg M/kg
7 0.09 63 50 10.3 148 2888 379 4 9 251 0.81
9 0.07 63 50 10.2 148 2888 379 4 9 251 1.01
11  0.09 63 50 10.1 148 2888 379 4 9 251 1.21
13 0.06 ACMC 55 50 10.3 16 298 39 4 1 27 0.67
15 0.06 55 50 10.1 16 298 39 4 1 27 0.87
17 0.07 55 50 10.0 16 298 39 4 1 27 1.07
19 0.08 53 50 10.4 4 89 12 4 0 7 0.66
21  0.07 53 50 10.2 4 89 12 4 0 7 0.86
23  0.08 53 50 10.1 4 89 12 4 0 7 1.06
Homogeneous Nucleation Experiments
ACMC . Measured [DIC] lonic
7E ),:,po added f;:e (TD':;:) T;rg)p PH mM/ Qamc  Qamc '\g/ COs/Ca m[I-\r/I?]kg strength
" (g) (initial) kg M/kg
6.6 0 Contr. O 22 9.9 148 907 252 5 12 109 0.78
7.0 0 64 51 9.9 148 1512 305 1 4 109 0.70
7.1 0 Low 64 51 10.0 148 866 248 3 6 109 0.71
Mg/Ca
7.2 0 64 51 10.1 148 210 102 4 12 109 0.70
7.3 0 64 51 10.0 148 129 77 7 19 109 0.69
7.4 0 64 50 10.4 148 118 76 9 21 109 0.70
75 o Meh o 51 100 148 121 77 11 27 109 0.70
Mg/Ca
7.6 0 64 51 10.0 148 105 71 13 31 109 0.70
7.7 0 64 51 10.0 148 90 65 15 37 109 0.70
7.8 0 64 50 10.0 148 101 72 17 37 109 0.70
7.9 0 64 50 10.0 148 257 120 5 12 109 0.80
8.0 0 Low 64 48 10.0 148 235 115 5 12 109 0.40
Mg/Ca
8.1 0 64 51 10.0 148 293 130 5 12 109 0.50
8.2 0 64 48 10.1 148 232 114 5 12 109 0.60
8.3 0 64 50 10.1 148 232 114 5 12 109 0.62
8.4 0 64 51 10.0 148 246 117 5 12 109 0.82
85 0 H'ngfr 64 52 101 148 214 108 5 12 109 0.42
8.6 0 64 49 10.1 148 228 110 5 12 109 0.52
8.7 0 64 49 10.3 148 176 96 5 12 109 0.72

Table 2.1 A Initial chemical parameters of the solutions for the ACMC precursor experiments
and homogeneous nucleation experiments. Saturation QACMC and QAMC are calculated for the
solutions and do not include the ACMC precursor material. The QACMC and QAMC values are
calculated from values provided by Chang et al., (2021) and Purgstaller et al., (2021) respectively
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for the ACMC Precursor Experiments and assume a resultant Mgsolid and Casolid mol% of 50
and the homogeneous nucleation experiment calculations are based on the Mgsolid and Casolid
mol% of the resultant solid material (see supplementary material S2 3. for calculations). The
homogenous nucleation experiments are categorised into low Mg/Ca, high Mg/Ca and high PO4
indicated in this table by the colours.

ACMC Precursor Experiments

EXP Measured [Na] [Mg] [Ca] [C1] [PO;] [HCOs] [COs] [DIC] [CO.laq

No pH (initial) mM/kg mM/kg mM/kg mM/kg mM/kg mM/kg mM/kg mM/kg mM/kg

7 10.3 364.8 47.6 111 2174 71 44,5 103.1 1475 0.0
9 10.2 564.8 47.6 111 4174 71 44,5 103.1 1475 0.0
11 10.1 764.8 47.6 111 6174 7.1 44,5 103.1 1475 0.0
13 10.3 141.0 476 111 2174 71 5.5 10.6 16.2 0.0
15 10.1 341.0 47.6 111 4174 741 5.5 10.6 16.2 0.0
17 10.0 541.0 47.6 111 6174 71 5.5 10.6 16.2 0.0
19 10.4 121.4 476 111 2174 741 0.9 3.2 4.1 0.0
21 10.2 3214 476 111 4174 741 0.9 3.2 4.1 0.0
23 10.1 521.4 47.6 111 6174 71 0.9 3.2 4.1 0.0
Homogeneous Nucleation Experiments

EXP Measured [Na] [Mg] [Ca] [Cl] [POJ [HCOs] [COs] [DIC] [COsl
No. pH (initial) mM/kg mM/kg mM/kg mM/kg mM/kg mM/kg mM/kg mM/kg mM/kg
6.6 9.9 675 43 8.9 503 7 44 103 148 0.01
7.0 9.9 765 24 27.7 603 7 44 103 148 0.01
7.1 10.0 765 43 16.6 619 7 44 103 148 0.01
7.2 10.1 765 38 8.9 594 7 44 103 148 0.01
7.3 10.0 765 38 5.5 587 7 44 103 148 0.01
7.4 104 765 43 5.0 596 7 44 103 148 0.01
7.5 10.0 765 43 3.9 594 7 44 103 148 0.01
7.6 10.0 765 43 3.3 592 7 44 103 148 0.01
7.7 10.0 765 43 2.8 591 7 44 103 148 0.01
7.8 10.0 765 48 2.8 601 7 44 103 148 0.01
7.9 10.0 865 43 8.9 703 7 44 103 148 0.01
8.0 10.0 465 43 8.9 303 7 44 103 148 0.01
8.1 10.0 565 43 8.9 403 7 44 103 148 0.01
8.2 10.1 665 43 8.9 503 7 44 103 148 0.01
8.3 10.1 679 43 8.9 503 14 44 103 148 0.01
8.4 10.0 879 43 8.9 703 14 44 103 148 0.01
8.5 10.1 479 43 8.9 303 14 44 103 148 0.01
8.6 10.1 579 43 8.9 403 14 44 103 148 0.01
8.7 10.3 779 43 8.9 603 14 44 103 148 0.01

Table 2.1 B Initial chemical composition and ionic concentration of the solutions for the ACMC
precursor experiments and homogeneous nucleation experiments. The experimental solutions
were prepared from analytical grade standards added to ultrapure deionized water. The
compositions presented here do not include the ACMC precursor material. The [COs]*, [HCOs]
and [CO»] was calculated based on the known [DIC] and pH according to the cabonate chemistry
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system (descrbed in the Supplamentary Material S2 3). The homogenous nucleation experiments
are categorised into low Mg/Ca, high Mg/Ca and high PO, indicated in this table by the colours.
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2.3.2 Experimental setup

1 mL samples were drawn from solution using a needle syringe and filtered through a 0.22 um
Durapore™ PVDF syringe filter. The 1 mL samples were dissolved in 14 mL HNO3 4 % and
analyzed using ICP-AES. Once the experiments were terminated solid precipitates were vacuum-
filtered onto 0.22 um EMD Millipore™ Durapore™ Nylon filters before mineralogical and

chemical analyses.

ICP-AES was used to acquire the elemental concentration (Ca, Mg and P) of solution
samples and bulk solid samples performed using an Ultima 2C Horiba Jobin Yvon inductively
coupled plasma optical emission spectrometer (ICP-AES). Each sample passed through a
pneumatic concentric nebulizer and cyclonic quartz spray chamber. The 1 mL samples were
dissolved in 4 mL nitric acid. Samples were analyzed with an uptake rate of 2 mL/min. Ca, Mg
and P concentrations were determined from calibration curves that were prepared from plasma-
grade Sigma-Aldrich element standards. Ca, Mg, and P standards were analyzed in in addition to
monitor standards that sandwiched every 5 samples to monitor accuracy and measure long term
instrumental drift. Drift was calculated and a correction factor was applied to the data. See

supplement S2 3 for full description.

X-ray powder diffraction (XRD) data was acquired using a high-resolution Panalytical
Empyrean powder X-ray diffractometer with Co-Ka radiation at the wavelength (1) of 1.540 A.
X-rays were generated from a Co anode supplied with 40 kV and a current of 20 mA. The scan
range was 25-65 °20 and step size 0.0260 (°20) for 96 seconds (s). Fixed anti-scatter and fix-slit
were used with a Soller-slit of 0.5° and a beam mask of 10 mm. The instrument subjects samples
to X-rays of a fixed wavelength, and the intensity of the reflected radiation was recorded
continuously as the sample and detector rotated. Intensity peaks arose when the mineral contained

lattice planes with d-spacings (A value) appropriate to diffract X-rays at that reflection value ().

To acquire infrared spectra (FTIR) and characterize the style of chemical bonding in compounds

in our samples, ~2 mg of the dried samples at room temperature was added to 200 mg K-Br (oven
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dried at 150 °C) and milled into a fine-grained homogenous powder, <10 um. Individual K-Br
hydraulically-vacuum pressed plates with the sample incorporated were produced. FTIR spectra
were acquired with a Perkin-Elmer Frontier FTIR spectrometer. The data were collected from
absorbance or transmittance vs. wavenumber (v) in the range of 400-4000 cm!. Spectrum
software was used to collect the data. A blank K-Br plate was run as a baseline which was auto-

calculated and removed as a background for each sample K-Br plate.

Scanning electron microscope High Definition Electron Backscatter Diffraction (SEM-
HDBSD) and Energy-dispersive X-ray spectroscopy (SEM-EDS) data was collected on samples
that were powdered, mounted onto carbon tape, and adhered to an SEM stub. The sample stubs
were coated with ~12 nm gold (100 seconds) using a Q150R ES sputter coater (Quorum
Technologies) at the Dunn School Bio-imaging Facility (University of Oxford). Scanning
Electron Microscope (SEM) sample characterization was performed using a FEI Quanta 650
Emission Gun (Thermo Scientific) operated at 8kV. Sample spectra was acquired for Ca, Mg and
O using Energy Dispersive Spectroscopy (EDS) by AZtec (Oxford Instruments) with a 50 mm

detector, aperture of 3 and spot size of 4 using an approximate 2nA beam current.

2.4 Results and Discussion

2.4.1 ACMC precursor solid sample characterization

XRD, FTIR and SEM-EDS analyses to examine the solid samples from the ACMC precursor
experiments showed that the ACMC precursor material underwent crystallization at temperatures
of 50 °C and pH levels of 10. These conditions resulted in solid, Mg-rich CaCOs mineral phases.
Overall, the analyses revealed that the most common mineral phases produced in ACMC

precursor experiments were high Mg CaCO3 minerals.

XRD results data from the recrystallized ACMC samples are presented in Figure 2.2. The

ACMC recrystallized in solutions that increased in supersaturation (Qacmc >89) and are plotted
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accordingly from the base to the top of the XRD diagrams. XRD analyses indicate that ACMC
recrystallization resulted in hydromagnesite, magnesite, very high Mg-calcite (VHMC),
aragonite, dolomite, and brushite/apatite/Ca-Mg-PO4 minerals. The dominant phase was high-Mg
calcite (Figure 2. 2). Estimates of the Mg content of the dominant Mg-Ca-COs phase were
determined from d-spacing (dios A) values from the obtained XRD results based on calculations
according to Goldsmith et al., (1961) ([Mg] %xrp), which are presented in Table S2.5. In the
ACMC precursor experiments, the average content was calculated for the highest djo4 values,
where the mean content of Mg is 42 % and reaches 48 % in experiments where Qacmc >298.
However, these estimates have a 5 % error (i.e., Bischoff et al., 1983; Zhang et al., 2010). XRD
evidence for dolomite is indicated by the presence of dios values = 2.90 A positioned at 35.95 °260,
indicating ~50 % Mg and diagnostic ordering peak dois values = 2.54 A positioned at 41.2 °20.
The presence of dolomite is observed in samples from solutions with the highest supersaturation

(Qacwmc >298), [DIC] at 16-148 mM, [TA] at 27-251 mM, Mg/Ca at 4 and [PO,] at 7 mM/L.

The XRD analyses indicate that recrystallization of ~50 Mg % ACMC resulted in high-
Mg calcite (Mg 10-30 %) to very high-Mg calcite with (Mg 40-50 %). Increases in Mg %
incorporation of the resultant phase (to ~48 Mg %) are indicated by shifts in dio4 values toward
higher position values (°20) (Figure 2. 2). Because all of these experiments were conducted in
solutions with constant [Mg]/[Ca] =4, the increased Mg enrichment can be explained by

increased CO;* alkalinity.

The FTIR analyses (Figure S2. 2) indicate that ACMC recrystallization from the most
supersaturated solutions (Qacmc >298) contained hydromagnesite and high Mg-calcite, dolomite,
aragonite, huntite and brucite (Mg-OH).. The presence of brushite (DCDP) is indicated by the
band at 800 cm™! indicating libration mode of H,O from DCPD (Petrov et al., 1967), however,
this may also indicate magnesite, nesquehonite or huntite. There are PO4> v4bands at 600 cm™! of
amorphous calcium phosphate (Layrolle and Lebugle, 1994) identified in samples recrystallized

in the most supersaturated solutions (Qacmc >298). However, 600 cm ™' may also be indicative
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of hydromagnesite and 595 is indicative of apatitic POa. vo PO4 bands were also identified at 485
cm . However, even with bands that characterize PO4 phases, there was no identification of a
band at 3571 cm™! for OH- stretching mode indicative of hydroxyapatite (Bigi et al., 2007). Bands
identified at 3700 cm™ in samples from the least supersaturated solutions (Qacmc = 98), which
are indicative of hydromagnesite, although they may also characterize Mg(OH), (brucite)
(Choudhari et al., 1973; Frost et al., 1999) or MgO bonds (Selvam et al., 2011). However, this is
only observed in samples from ACMC precursor recrystallization experiments conducted in less
supersaturated solutions with Qacmc = 89. These samples also contain small peaks at 3650 cm’™!
of hydromagnesite and broad bands around 3400-3500 suggesting possible poorly crystalline
hydromagnesite or an amorphous phase. Only experiments 7, 9 and 11 contain clear evidence of
hydromagnesite (3516, 3448, 3650 and 744 [and possibly 600] cm™). Monohydrocalcite is easily

identified in one sample and in another sample, a small band at 909 cm'! is indicative of huntite.

The band at 1119 cm™' is observed in FTIR spectra of samples 7, 9, 11 and 13, which may be
indicative of hydromagnesite; however, this may also indicate POs. The PO4* v3 band at 1119
cm ! in addition to the CO;* v; bands may be indicative of apatite (1111-1112 of poorly crystalline

hydroxyapatite or 1120-1150 of HPO4* (Gadaleta et al., 1996).

SEM-EDS indicates that the dominant morphology is spheres composed of
nanocrystalline dolomite, hydromagnesite and Mg-calcite at various stages of recrystallization.
Large euhedral calcite crystals can be identified, poorly crystalline dolomite spheres are present
and apatite nanocrystals may also observed. SEM-EDS provides chemical evidence of the
mineralogy observed above which provides further evidence of dolomite and hydromagnesite

crystals.
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Figure 2. 2 XRD diagrams of the resultant recrystallized solids from ACMC precursor experiments.
The XRD analyses indicate that recrystallization of ~50 Mg % ACMC resulted in dominantly high-Mg
calcite and aragonite. The green shaded area labelled HMC indicates high-Mg calcite (Mg 10-30 %)
and the shaded area labelled VHMC indicates very high-Mg calcite with (Mg 40-50 %). All samples
shown were from solutions with [Mg]/[Ca] =4 and pH = 10. The samples shown are from solutions
that increase in CO5* alkalinity from the base of the XRD diagram to the top. Corresponding increases
in Mg % incorporation are indicated by shifts in djo4 values toward higher position values (°20). This
trend is indicated by the grey arrows. d-spacing values are labelled and interpreted Bragg ordering (/k/)
assignments are shown in brackets. The zoomed in section shows XRD evidence for dolomite indicated
by the presence of dios values = 2.90 A positioned at 35.95 °20 indicating ~50 %Mg and the presence of
a small but diagnostic ordering peak dois values = 2.54 A positioned at 41.2 °20. Dol — dolomite; Arg —
aragonite; Mg-C — Mg-calcite, MHC — monohydrocalcite.

2.4.2 Homogeneous nucleation solid sample characterization

In the homogenous nucleation experiments, spontaneous nucleation occurred immediately upon
mixing of the stock solutions at room temperature (22 °C) producing an amorphous phase. XRD,

FTIR and SEM-EDS analyses of the control sample that was not subject to warming in the water
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bath (sample 6.6, Table 2.1 A) show that this phase was an Mg-rich ACMC. Based on solid
sample ICP-AES, the ACMC contained ~63.9 Mg mol% and based on FTIR v, values of 1081.41
cm ! contained an estimated ~70 Mg mol% (Blue and Dove, 2015) from an initial solution with
[Mg]/[Ca] of 5 and [COs]/[Ca] of 12 (XRD and FTIR shown in supplementary material Fig. S2.2-
2).

Upon nucleation, of the remaining solutions, the amorphous phases subsequently
underwent crystallization in 50 °C temperatures at pH 10 resulting in solid precipitates that exhibit
a variety of mineralogy and polymorph expression. These experiments were divided into three
sets as described in the methods: 1) low Mg/Ca, 2) high Mg/Ca and 3) higher PO,. A separate
figure for the three sets is presented with XRD, FTIR and SEM-HDBSD results (Figure 2. 3;
Figure 2. 4; Figure 2. 5). Table S2.1 in the supplementary information provides a semi-
quantitative result of the minerals present with the corresponding XRD reference codes as well
as the relative proportion of each mineral per sample. The XRD diagrams (Figure 2. 3; Figure 2.
4; Figure 2. 5) reveal that the amorphous phase recrystallizes dominantly into hydromagnesite,
which subsequently crystallizes into magnesite, dolomite and brucite (Mg-OH). with a number
of additional accessory mineral phases including aragonite, calcite, Ca-POs, apatite and halite

(NaCl).
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Figure 2. 3 FTIR spectra, XRD diagrams and SEM-HDBSD of low Mg/Ca nucleation

experiments.
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Figure 2. 3 FTIR spectra, XRD diagrams and SEM-HDBSD of low Mg/Ca nucleation
experiments. These samples represent the results of the homogenous nucleation experiments from
solutions with increasing [Mg]/[Ca] ratio from 1-5 that correspond with increasing sample
numbers (7.0-8.2) sample that contained [PO4] of 7 mM/L at pH 10 in 50 °C temperatures. A:
FTIR spectra indicate that hydromagnesite is the most dominant mineral present but magnesite,
dolomite and apatite peaks are also observed. Characteristic vibration bands (v — v4) are labelled.
B: Representative XRD diagrams of the samples. The XRD peaks positions (°20) and d-spacing
(A) are labelled for the dominant mineral phases hydromagnesite, magnesite, aragonite, dolomite
and apatite/POs. C-E: Representative SEM-HDBSD images of solid samples from some of the
homogenous nucleation experiments. The dominant morphologies are spherulitic aggregates with
some coarse euhedral crystals and sheet-like hydromagnesite.

Figure 2. 4 FTIR spectra, XRD diagrams and SEM-HDBSD of &igh Mg/Ca experiments.

These samples represent the results of the homogenous nucleation experiments from solutions
with increasing [Mg]/[Ca] ratio from 7—17 that correspond with increasing sample numbers (7.3—
7.8). The samples nucleated in solutions that contained [PO4] of 7 mM/L at pH 10 in 50 °C
temperatures. A: FTIR spectra indicate that hydromagnesite is the most dominant mineral present
but magnesite, dolomite and apatite peaks are also observed. Characteristic vibration bands (v —
v4) are labelled. B: Representative XRD diagrams of the samples. The XRD peaks positions (°20)
and d-spacing (A) are labelled for the dominant mineral phases hydromagnesite, magnesite,
aragonite, dolomite and apatite/PO4. C-E: Representative SEM-HDBSD images of solid samples
from some of the homogenous nucleation experiments. The dominant morphologies are
spherulitic aggregates with some coarse euhedral crystals and sheet-like hydromagnesite.

Figure 2. 5 FTIR spectra, XRD diagrams and SEM-HDBSD of higher PO; nucleation
experiments. These samples represent the results of the homogenous nucleation experiments from
solutions containing high [POu] at 14 mM/L with [Mg]/[Ca] = 5. The only difference between
these samples is an increase in salinity that correspond with increasing sample numbers (8.2—8.7).
A: FTIR spectra indicate that hydromagnesite is the most dominant mineral present but magnesite,
dolomite and apatite peaks are also observed. Apatite is more common in these samples.
Characteristic vibration bands (vi — v4) are labelled. B: Representative XRD diagrams of the
samples. The XRD peaks positions (°20) and d-spacing (A) are labelled for the dominant mineral
phases hydromagnesite, magnesite dolomite and apatite. C-E: Representative SEM-HDBSD
images of solid samples from some of the homogenous nucleation experiments. The dominant
morphologies are spherulitic aggregates with larger and coarser crystals and sheet-like
hydromagnesite is near absent. Apatite is more common in these samples and there is clear
evidence of magnesite and dolomite as well as other [PO4] minerals.
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E Dolomite Magnesite SEM-EDS Brucite Magnesite with Ca and POs

Wt o Wt% o Wt o W% o

Element Atomic % Wt'% (error) |Element Atomic % Wt% (error) |Element Atomic % Wt% (error) |Element Atomic % Wt% (error)
(o] 44.0 239 04 o] 68.0 51.8 12 (o] 61.1 38.7 08 o] 60.5 472 0.9
Mg 19.2 158 02 Mg 16.8 194 05 c 16.4 78 12 Mg 162 192 04
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Figure 2. 6 SEM-HDBSD images of solid samples from the homogenous nucleation experiments.
A: spheres comprised of aggregates of nanocrystalline magnesite and some nanocrystalline
dolomite with large (<1 pm) individual magnesite crystals or twinned magnesite crystals are
observed as well as large dolomite crystals that protrude out from the surface. B: Hydromagnesite
spheres at an earlier stage of recrystallization to magnesite. Aggregates of crystals inferred to be
apatite display well developed facets and are observed surrounded by hydromagnesite-magnets
spheres. C: High magnification image indicates the well developed nanocrystalline magnesite
aggregates that have recrystallized from hydromagnesite spheres. Coarse individual and twinned
magnesite are present on the surface. These exhibit growth defects. Coarse dolomite crystals with
well developed crystallinity are also observed. D: Coarse magnesite crystal protruding out from
the surface of a magnesite sphere. Unusual morphological features are observed on the that exhibit
dendritic-like features that appear to be growth inhibition on the growth surface. These areas have
a higher P concentration in SEM-EDS spectra which implies that magnesite crystal growth has
become inhibited, likely from the attachment of PO, to crystal growth sites. E: Representative
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SEM-EDS mineral mapping results for the minerals in the corresponding SEM-HDBSD images.
The gold (Au), palladium (Pd) and sulphur (S) are derived from the gold coating of the samples.

2.4.3 Low Mg/Ca experiments

XRD analyses of the solid samples recrystallized from the low Mg/Ca homogenous nucleation
experiments indicate that the experiments routinely produced hydromagnesite as the dominant
mineral with a typical mineral assemblage of hydromagnesite, aragonite, Mg-calcite, dolomite
and dicalcium phosphate (DCP; CaHPOs) (Figure 2. 3). The estimated [Mg] %xrp for the most
dominant mineral phase based determined from obtained XRD djos spacing values results
provides a mean content of Mg 48 % for the low Mg/Ca experiments (Mg/Ca = 1-4) ([Mg] %xrp
presented in Table S2.5) and 74 %mol Mg for the bulk solid based on ICP measurements (Table

S2.7).

SEM-EDS indicates that the dominant morphology is spheres composed of
nanocrystalline VHMC-dolomite and hydromagnesite at various stages of recrystallization. Large
euhedral calcite , aragonite and apatite crystals are also observed along with PO4 nanocrystals.
SEM-EDS provides chemical evidence of the mineralogy observed above which provides further

evidence of dolomite and hydromagnesite crystals.

Under the conditions examined here, initial TA and DIC are high but do not vary
significantly and do not appear to account for changes in mineralogy between the experiments.
On the other hand, the secondary mineralogy and the mineral morphology is strongly influenced

by the dissolved [POuwt], Mg/Ca and CO;3/Ca, ratio.

2.4.4 High Mg/Ca experiments

XRD analyses of the solid samples recrystallized from the high Mg/Ca experiments indicate that
the experiments routinely produced hydromagnesite as the dominant mineral with a typical

mineral assemblage of hydromagnesite, aragonite, dolomite and apatite (dominantly chlorapatite
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— Cl-Ap; [Cag.63 Nag49)SCI(PO4)3]) (Figure 2. 4). The XRD diagrams (Figure 2. 4) reveal that the
amorphous phase recrystallizes dominantly into hydromagnesite, which subsequently crystallizes
into magnesite, dolomite and brucite (Mg-OH). with a number of additional accessory mineral
phases including aragonite, calcite, Ca-POs, apatite and halite (NaCl). The estimated [Mg] %oxrp
for the most dominant mineral phase determined from obtained XRD dio4 spacing values Mg
content reaches 54 % Mg for the high Mg/Ca experiments (Mg/Ca = 9—17) (presented in Table
S2.5), and up 95 %mol Mg for the bulk solid. The dominant PO4 phase identified in the high

Mg/Ca experiments is a chlorapatite rather than DCP.

2.4.5 Higher PO4 experiments

XRD analyses of the solid samples recrystallized from the higher PO, experiments indicate that
similar to high Mg/Ca experiments, the dominant mineralogy is hydromagnesite a with a typical
mineral assemblage of hydromagnesite, aragonite, dolomite and apatite (dominantly chlorapatite
— Cl-Ap; [Cag.63 Nag.40)SCI(PO4)3]) (Figure 2. 5). However the proportion of these minerals present
changes with a decrease in aragonite and hydromagnesite and a shift to more crystalline (less
hydrated) forms magnesite MgCOs apatite and dolomite (Table S2.1 semi-quantitative results).
The SEM-HDBSD images (Figure 2. 5) and SEM-EDS chemical quantification reveal that the
amorphous phase recrystallizes dominantly into hydromagnesite (with Ca and PO4) which
subsequently crystallizes into magnesite and dolomite with brucite (Mg-OH). with additional
phases of abundant apatite — which may be present in different forms; chlorapatite, hydroxyapatite
and carbonate apatite. A number of additional accessory mineral phases including aragonite,
calcite and halite (NaCl) are present.

The estimated [Mg] %xrp for the most dominant mineral phase determined from obtained
XRD dio4 spacing values provide an average Mg =48 % Mg for the higher PO, experiments
(Mg/Ca = 5; [PO4] = 14 mM) (presented in Table S2.5), and 79 %mol Mg for the bulk solid. This
is very similar to the Mg content of the low Mg/Ca experiments. The dominant PO, phase
identified in the high Mg/Ca experiments is a chlorapatite rather than DCP.
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2.4.6 Solid sample interrogation and challenges

Because there is a polyphase mixture of minerals, disentangling the individual phases and
minerals is challenging. Hydromagnesite appears to cover a broad range of chemical composition
and morphological variations between the samples. Crystallographic databases would benefit
from additional hydromagnesite data that accounts for incorporated C and possibly POs.
Hydromagnesite peaks are clearly identified and comprise >50 % of most samples, but also
strongly overshadow minor dolomite and magnesite peaks which can be identified in many of the
spectra. Many of the samples also contain Ca-Mg(CO3), and MgCOs peaks and all samples
contain very high magnesium content >) 50 mol% Mg based on d-104 spacing value of < 2.90
A. Furthermore, peaks were observed that did not match any specific mineral references exactly,
however, the mineral identification software used indicated that the most similar minerals
identified were apatite, monetite, Ca-PO,4 and Mg-PO4 minerals, chlorapatite and brushite. This
suggests that the peaks are linked to the presence of PO4 minerals and/or possibly PO4 bound

within the carbonate lattice.

The FTIR spectra represent mixed Mg-CO; and Ca-Mg-CO; mineral phases in all
samples (Figure 2. 3). Hydromagnesite and magnesite feature as the dominant mineral present in
all of the samples. Hydromagnesite FTIR features are very well defined in all samples with the
highest intensity recorded in high Mg/Ca experiments. Characteristic bands are displayed at 3649
cm’! resulting from OH stretch that represents the non-hydrogen-bonded water molecule
vibration. Broad crystallization water bands are displayed at 3510 and 3450 cm™ with an
additional band at 1654 cm™ assigned to the water bending vibration of strongly hydrogen bonded
water molecules. Hydromagnesite v; CO;* asymmetric stretching bands (1480, 1420, and 1120
cm™!) and v» CO;* bending bands (885 and 857 cm™) are very strong. Small but well pronounced
bands at 1110 ad 1120 cm™ characterize hydromagnesite and/or poorly crystalline apatite. The
presence of DCDP and/or magnesite is indicated by the band at 800 cm™. The presence of

combination bands at 2535-2538 cm’! results from magnesite and can be identified in all samples
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and is strongest in samples higher PO, experiments. Furthermore, these samples also produce a
broad band around 1090-1095cm™ which is indicative of nesquehonite (MgCO;*3H,0) or

dolomite (Figure 2. 5).

Hydromagnesite and magnesite are present as sub-spherical 1-5 um spheres that are
prolific throughout the samples (Figure 2. 6). The hydromagnesite spheres are observed at various
stages of recrystallization and are comprised of aggregates of nanocrystalline magnesite or
hydrated MgCOs depending on the stage of recrystallization. Some hydromagnesite spheres
contain nanocrystalline magnesite and dolomite together. In the well crystallized magnesite
aggregates (Figure 2. 6A) and some of the poorly crystalline spheres, large (<1 um) individual
magnesite crystals or twinned magnesite crystals (Figure 2. 6A) are observed as well as large
dolomite crystals that protrude out from the surface (Figure 2. 6A,C). Dolomite spheres with
‘dumbbell’ morphology were identified in many samples are observed at various stages of
recrystallization. Surface SEM-EDS spectra of microcrystals within the dolomite dumbbells
indicate near equal Mg and Ca %.: (Figure 2. 6E). In addition, several apatite and PO4 minerals
are observed. These minerals are characterized by a variety of morphologies and are highly

crystalline relative to the hydromagnesite phases.

Crystal morphology and structures can be easily altered by the addition of crystal growth
inhibitors (Yang et al., 2013). The spherical morphologies, dumbbell morphologies and dendritic
morphologies observed are consistent with inhibition mechanisms. For example changes in the
crystal morphology can be caused by interaction of inhibitors and the active sites on the surface
of the crystals, which changes the stereochemical orientation of CaCOj; growth sites (Reddy and
Hoch, 2001; Suharso et al., 2017), and sodium triphosphate inhibitors can produce amorphous

spherulites (Yang et al., 2013).

The SEM-EDS corroborates the XRD and FTIR evidence for the presence of dolomite
and magnesite. Poorly crystalline hydromagnesite, magnesite, dolomite along with very high Mg-

calcite and calcite spheres at early stages of crystallization are also observed in the samples. Many
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of these examples at a much earlier stage of crystallization contain higher P concentrations
identified by SEM-EDS. A broken sphere composed of partially recrystallized AMC-

hydromagnesite-magnesite provides evidence that some of the spheres are hollow.

The large magnesite and dolomite minerals that protrude from the surface of the
nanocrystalline spheres exhibit unusual dendritic like features (Figure 2. 3) that appear to be
growth inhibition on the crystal surface. These areas have a higher P concentration in SEM-EDS
spectra (Figure 2. 6D,E), which may represent crystal growth inhibition from the attachment of

PO4 to crystal growth sites on magnesite and dolomite.

Dolomite FTIR characteristically has a calcite-type structure yet shows a shift of all bands
to higher frequencies, and displays characteristic FTIR absorptions at 728-730, 2626 and 3020
cm’! that are identified in all samples. The FTIR bands detected at 3020 cm™' and 2626 cm™! are
combination frequencies, and the band at 730 cm™! is assigned to the in-plane bending (v4) mode
of COs* in the dolomite structure. Dolomite FTIR features at 2626 cm ™' and 730 cm ™! are present
in all samples (Figure 2. 3;Figure 2. 4;Figure 2. 5) with some more prominent than others. The v,
CO;* bending bands (880 and 850 cm™) are also present. The 2525 ¢m™! broad combination
frequency band was weak but identifiable in the samples and particularly samples 7.0, 8.2 and
8.6. As is the case with the XRD data, the samples with the strongest dolomite bands were
produced from high Mg/Ca experiments and in POy experiments. All samples appear to contain
some dolomite that is present with varying degrees of crystallinity from a poorly crystalline or
‘proto’ dolomite to stoichiometric dolomite indicated by the presence of the (015) ordering peak

in XRD diagrams.

Calcite displays characteristic FTIR absorptions at 713 cm™! (in-plane bending at 713 cm®
!, v4 CO3%) and v» COs% out-of-plane bending bands (872 and 846 cm™') indicates Mg-calcite and
is weak but present in all samples. Aragonite spectra are distinct from that of calcite as they show
a characteristic double peak at 700 and 713 cm™ (in-plane bending, v4 COs*) as well as peaks at

843 and 855 cm! (out-of-plane bending, v» COs*), that can be identified in several samples
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(Figure 2. 3;Figure 2. 4;Figure 2. 5). The carbonate symmetric and asymmetric stretching bands
of aragonite are located at 1084 and 1484 cm ! respectively. Aragonite double peaks at 713 and
700 cm™! are identified in most samples and are less prominent but still distinguishable in higher
PO, experiments. Bending peaks at 843-844 cm™' and 854-855 cm'are weakly defined in some
but not all samples. A broader band at 1440-1570 cm™ may indicate replacement of Ca** by Mg?*
in aragonite structures. Samples from higher POs experiments and high Mg/Ca experiments

contain only very weak aragonite bands.

Phosphate (PO4>" group) is identified by the bands at 600 cm™ and 1150 ¢m™ on the FTIR
spectra in all samples. PO4> group displays characteristic FTIR bands at 560 and v4 600 cm!
(asymmetric bending mode, v4 PO4*) and 960 (vi symmetric stretching), vs asymmetric stretching
at 1000-1160 cm'. The bands at 1110 and 1120 may indicate HPO4* or poorly crystalline apatite
but also may indicate COs* asymmetric stretching bands of hydromagnesite. The adsorbed water
band is relatively wide, from 3600 to 2600 cm’!, with a peak at 3570 cm™ a weaker peak is formed
at 630 cm™'. One of the limitations in mineral identification using FTIR is that several PO, and
Mg-Ca-carbonate bands in FTIR overlap. For example COs* bands between 1080-1090 cm™
linked to MgCOs can also be explained as v; PO, bands of apatite and COs* bands of 875, 880

linked to MgCOs, MgCa(COs), and Mg-calcite can also be explained by HPO4>.

The solutions with higher phosphate concentration and samples with high CO5*/Ca ratios
and high Mg/Ca ratios (13-20) appeared to precipitate less aragonite but produce more prominent,
poorly crystalline dolomite peaks. Mg/Ca ratio appears to effect the resultant mineralogy, with all
samples appearing to produce hydromagnesite, magnesite and minor amounts of aragonite. The
lower Mg/Ca ratios have stronger dolomite and aragonite bands. The bump in FTIR at 729/730
cm! is a unique identifier of dolomite, which is best recorded in higher PO, experiments.
Phosphate concentration influences the resultant polymorph and higher concentrations lead to an

increase in apatite minerals.
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The SEM-HDBSD photomicrographs (Figure 2. 3Figure 2. 4Figure 2. 5Figure 2. 6)
represent the solid precipitates formed from inorganic homogeneous nucleation and
recrystallization experiments. Figure 2. 6 portrays some of these microcrystalline textures in
higher resolution. The dominant mineral is hydromagnesite followed by apatite, magnesite,
dolomite and aragonite. In some samples CaCO3; was observed with varying content of Mg and
PO4 however, it was difficult to identify the exact mineralogy (i.e., calcite, aragonite, Mg-calcite
or another CaCO3z mineral) from the SEM-HDBSD images. No observed influence on the resultant
mineralogy could be linked to increased ionic strength apart from possibly the presence of the
evaporite mineral northupite (NasMg(COs).Cl) that was identified according to XRD analyses

and observed by SEM analyses.

Crystals inferred to be apatite (Figure 2. 6B) are present as coarse aggregates that exhibit
strong crystallinity. The hydroxyapatite crystals appear to be hexagonal bipyramid shapes that
integrate together and are often present with a high proportion of crystal twinning. Minerals
resembling the uncommon Mg-PO4 mineral newberyite and struvite as well as Ca-PO, minerals
whitlockite, monetite and brushite appear to be present in some samples based on crystal
morphology and XRD; however, the mineralogy cannot be confirmed by SEM analysis alone.
The SEM-EDS on a selection of the spheres and dumbbells demonstrates hydrous to anhydrous
aggregates with ratios of Mg > Ca indicative of MgCOs or Mg = Ca indicative of dolomite or
very high Mg-calcite. Further analyses demonstrate a variety of morphologies including tabular
and bladed crystals likely of calcite growing from smaller crystalline aggregates. Bipyramidal
calcite is also observed in some samples. There are also some curved shaped Mg-calcite crystals
that contain P. Amorphous NaCl minerals are also identified and some contain magnesite crystals
embedded on the surface. Halite with a cubic morphology is also identified in some samples.
SEM observations indicate that many of the minerals mentioned appear to be near their
equilibrium crystalline morphology and there is a surprisingly high proportion of twinned

carbonate minerals in these samples.
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2.4.7 Aqueous geochemical system

Over the experimental period of 64 days, solution samples were extracted using a needle-syringe
through a septum cap and analyzed using ICP-AES measurements (Table S2.2-3, supplementary
material). The results indicate that immediately upon nucleation, all [Ca*] was expended and
remained constant at approximately 0 mM throughout the experiment. Significant [Mg**] was also
removed from solution immediately but not entirely, as minor concentrations remained in
solution. However, it is clearly noticeable that over time, [Mg?'] in solution decreased, indicating
slower incorporation of Mg?* ions into the carbonate mineral or recrystallization/ reorganization
of the mineral(s). Alternatively, this may indicate the precipitation of Mg-phosphate phases. PO,
was also removed from the solution immediately upon nucleation by approximately 50%, leaving
relatively high [POs] in solution. [PO4] exhibited greater variability throughout the course of the
experiment, typically decreasing in solution slightly and then increasing. This may represent
adsorption and desorption, or recrystallization of an amorphous phase to a more stable apatite or
calcium/magnesium phosphate phase or variable incorporation and release within the carbonate
lattice of carbonate minerals such as ACMC and hydromagnesite during recrystallization.
However, as P is harder to detect through many analytical techniques including ICP-AES
analyses, this may also represent a measurement variability. The pH measurements from the initial
pH measurement of 10 were followed by measurements taken throughout the course of the
experiment that decreased over time to a pH of around 9.5. This indicates nucleation or
crystallization of the nucleated phase within the solutions as COs* ions are removed from the

solution.

2.4.8 Bulk solid Mg content

The Mg content ([Mg]acmc) was calculated for the homogenous nucleation experiments according
to the equation (S2. Eq.X25) described where [Mg] and [Ca]so are the measured concentrations

of Ca and Mg of the solids from the ICP-AES results. The results and description of the bulk solid
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sample characterization are presented in Table. S2.2 and the results for the aqueous solution
concentrations are presented in Table S3.3. The [Mg mol%] of the resultant bulk solid ranged
from 54.2 — 95.0% (however, this resultant phase is a mixture of phases including crystalline
hydromagnesite). The estimated [Mg] %xrp for the most dominant mineral phase determined

from obtained is presented in Table S2.7.

2.4.9 ACMC mineral pathway and solubility product calculations

For the full suite of relevant calculations and descriptions of the carbonate chemical system and
ACMC precipitation pathway used in for experiments, please see supplementary material S2 3.
Although more common for ACC (Brecevi¢ and Nielsen, 1989), thermodynamic datasets for
ACMC are not widely available. However, constraints on solubility data of ACMC (Purgstaller
et al., 2016, 2019, 2021) and AMC (Chang et al., 2021) have recently been published. The
formation reaction for Mg-calcite and ACMC can be used according to Purgstaller et al., (2016)
(S2 3.4, Eq. X17). In order to yield thermodynamic data from our experiments and assess the
effect of changes to the chemical conditions of the solutions on the solubility (K) of ACMC, we
calculated the activities of Ca*", Mg** and COs*" ions in the initial solution and the bulk ACMC
stoichiometry from the resultant solid (Mg and Ca Mol %acmc), which were used to calculate ion

activity product (IAP) and the solubility product (K) values for ACMC (Kacwmc; see S2 3).

Based on our nucleation experimental conditions of ~50 °C, we used K values published
by Purgstaller et al., (2021) for ACMC nucleation at 60 °C where m = 0.01632 and y0 = -6.910.
This yielded Log(K)ACMC values of Log(K)acmc = -5.36 to -6.05. The less negative solubility
product values correspond to higher Mg contents, which were observed in our samples. The
ACMC precursor experiments yielded Log(K)ACMC values of Log(K)acmc = -6.09. Although
these values are in accordance with values of ACMC at 60 °C with Log(K)acmc = -6.13

(Purgstaller et al., 2021), the values are indeed closer to the values for Mg-rich ACMC, where
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Mg-rich solubility product Log(Kacmc) = -4.54 and Ca-rich solubility product Log(Kcmc) = -6.28
(Purgstaller et al., (2019). These values also correspond closer to AMC values of Log(K) =-5.201
(Chang et al., 2021) than values of ACC at 60 °C of Log(K)acc = -6.91 (Brecevi¢ and Nielsen,
1989) and Log(K)acc = -7.510 (Gebauer et al., 2008). For reference, the solubility product for

calcite in seawater at 25°C is Log(K)cawite = -6.3693 (based on concentration (Mucci, 1983).

Estimations of the apparent ion activity product (IAP) resulted in values obtained for
Log(IAPamc) = -2.72 to -3.39 in homogeneous nucleation experiments and Log(IAPamc) = -2.63
to -4.15 in ACMC precursor experiment solutions. Using the calculated ion activity product
(IAPacmc: S2 3 Eq. X28) and the apparent mineral solubility product (Kacmc: S2 3 Eq. X26) of
the experimental solution we estimated the apparent saturation state (€2) with respect to ACMC
(Qacmc) (S2 3 Eq. X29). This yielded Qacme = 176 to 1512 (see Table S2.5) and are shown in
Table 2.1 with the chemical conditions of the experiments. The logarithm of the Qacmc values
provides the Saturation Index (SI), which produced values of 2.0 to 3.18 in homogeneous
nucleation experiments and 1.9 to 3.5 in ACMC precursor experiment solutions. In a similar
manor, values obtained for Qamc = 305 to 65 in homogeneous nucleation experiments and Qamc
=379 to 6 in ACMC precursor experiment solutions based on K values obtained from Chang et

al., (2021).

2.4.10 Homogenous nucleation influence of PO4 and Mg/Ca

The estimated [Mg] %xrp for the most dominant mineral phase determined from obtained XRD
dy04 spacing values indicate that the average Mg/Ca of the resultant solid is directly related to the
Mg/Ca of the initial solution under the same pH and COs>—alkalinity regime. Under these highly
alkaline conditions, estimated Mg content can be summarized by [Mg]/[Calinitia1 > 5 results in

[Mg]solia > 48 % [Mg]/[Calinitial < 5 results in [Mg]solia < 48 %.

On the other hand, increasing the [PO4] (higher POy experiments) results in higher degree

of crystallinity (structural ordering of a solid by regular atomic arrangement) of the minerals;
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magnesite, dolomite and apatite. The solid sample characterization analyses show that
hydromagnesite and magnesite are the dominant mineral produced across a broad range of
conditions around pH 10. Under the conditions examined here, initial TA and DIC are high but
do not vary significantly and do not appear to account for changes in mineralogy or the degree of

crystallinity between the experiments.

Furthermore, the secondary mineralogy and the mineral morphology is strongly
influenced by the dissolved [POuwi], Mg/Ca and CO3/Ca, ratio. The solutions that produced the
highest proportion of magnesite and dolomite and the greatest degree of crystallinity were the
higher PO, experiments that contained [POuw] of 14 mM/L (Figure 2. 5). These solutions were
further characterized by Mg/Ca of 5 and COs/Ca of 12 at pH 10 in 50 °C temperatures. As these
experiments were conducted in a ‘closed system’ the effects of atmospheric pCO, exchange were
eliminated and had no impact on the solution chemistry or resultant mineralogy. The experiments
also show that dissolved POy strongly controls the resulting Mg-Ca-COs polymorph precipitated
from solution. This indicates that presence of PO, and highly alkaline conditions that together

likely sustain excessive supersaturation and may overcome Mg related barriers.

2.5 Discussion

2.5.1 Homogenous nucleation experiments

Kinetic barriers that inhibit low-temperature magnesite and dolomite precipitation
dominantly result from an energy barrier related to Mg?* ions. The hydration of these ions
influences the ionic radii; and therefore, the ‘hydrated radius’. Smaller ions with a higher charge
like Mg tend to be more hydrated and have larger hydrated radii due to a more intense electric
field because the ion holds water molecules tightly. [Mg?] have a radius of 0.65-0.72 A, which
increases to 3.95 A when hydrated and is the largest hydrated radius of any common cation
(Nielsen 1984; Kehres and Maguire, 2002). Furthermore, this increases the hydration-free energy

value to -1505 kJ/mol (Kiriukhin, 2002).
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These hydration effects play a significant role on Mg-carbonates due to the sluggish
reaction kinetics between the hydrated ion and the solution. This inhibits the formation of
magnesite (Sayles and Fyfe 1973; Pokrovsky and Schott, 2002; Duckworth and Martin, 2004)
and impedes the incorporation of Mg?" into the dolomite crystal lattice (1973 Lippmann; Brady
et al., 1996). The dehydration of Mg** requires a very high activation energy to overcome an
activation energy barrier (Lippmann, 1973; Land, 1998; Warren, 2000; Warren, 2019), and
despite much research on the topic, to date there has been insufficient evidence to conclusively
explain what this kinetic mediator might be. An alternative hypothesis suggests that a fundamental
barrier, other than Mg?* hydration exists preventing Mg?* and CO5? ions from forming long-range
ordered structures (Xu et al., 2013) consisting of regular patterns of arrangement of particles or
atoms that repeat periodically. This barrier is proposed to result from the lattice limitation on the
spatial configuration of CO; groups in magnesite crystals where the CO; groups are interlocked
between the Mg—O octahedral, which may be rather difficult to produce at ambient conditions
unless the Mg-O octahedral are compressed allowing movement of the CO; group (Xu et al.,
2013). The energy barrier for forming an ordered Mg—COs3 arrangement may be too high to
overcome at low-temperature/pressure conditions because of the entropic loss associated with
intensified restrictions on the CO3; groups in magnesite (Xu et al., 2013). However, we propose
that this energy barrier may be overcome due to the inhibition and resulting supersaturation linked
to the strong inhibitory effects of PO4. Although this may not be limited to POs, it is clear that
PO4 has strong inhibitory effects relative to other inhibiting compounds at only micromole/kg

(uM) concentrations (i.e., Reddy, 1977; Dove and Hochella, 1992; Tadier et al., 2017).

It has been suggested that metastable hydrous magnesium carbonates will likely mature
to thermodynamically stable magnesite over time (Zhang et al., 2000). Alternatively, research
indicates that the transformation rate of hydromagnesite to magnesite increases with an increase
in ionic strength and a decrease in [Mg] (Zhang et al., 2000). Two mechanisms for this
transformation have previously been proposed: Firstly from brines with low [Mg], where the

dehydration of hydromagnesite and concomitant formation of magnesite and brucite (Mg[OH]»)
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minerals are favoured (Zhang et al., 2000) and secondly, in brines with high [Mg], where a
hydromagnesite dissolution — magnesite precipitation process is favoured (Zhang et al., 2000).

However, in practice and in natural systems, these mechanisms are not well understood.

Our results indicate the formation of magnesite is possible through the influence of high
CO;* alkalinity conditions and the presence of minor concentrations of POs. Our results indicate
that this firstly leads to the spontaneous homogenous nucleation of very-high Mg amorphous
phases ACMC, AMC and ACP from supersaturated solution. The high pH and [POu] of 7 mM
act as a kinetic inhibitors to aragonite and calcite. The inhibition may be due to the suppression
of aragonite and/or calcite spontaneous nucleation of through early adsorption of PO4 onto
nucleated particles, which blocks active growth sites (i.e., Reddy, 1977; Burton and Walter, 1990;
Tadier et al., 2017). The ACMC appears to consistently precipitate as spheres which is consistent
with high saturation conditions (i.e., Kelleher and Redfern, 2002). Amorphous phase ACMC is
stabilized by [Mg?'] which makes it less reactive (Rodriguez-Blanco et al., 2014; Jensen et al.,
2020). Because the initially precipitated ACMC samples in homogenous nucleation experiments
contained approximately >60 Mg %, and because ACMC is much less reactive than pure ACC,

this likely led to the presence of ACMC for prolonged time periods relative to ACC.

The ACMC recrystallized into hydromagnesite and subsequently magnesite and dolomite
across a broad range of highly alkaline chemical conditions at high pH and [PO4] concentrations
of 7 mM/L and 14 mM/L. under the conditions examined here, the formation of high-Mg ACMC
and hydromagnesite is not dominantly linked to Mg/Ca or [Mg**] but linked to high COs*
alkalinity conditions and the presence of PO4.. Together this leads to the nucleation of very high-
Mg ACMC and likely sustains excessive supersaturation states (Qacmc) and provides a kinetic
pathway for the dehydration of Mg and crystallize into magnesite. This is a fundamentally
important observation that outlines a pathway to overcome major hydrated Mg?* kinetic barriers

or Mg-O CO; lattice restriction (Xu et al., 2013).
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Our experiments indicate that the crystallization into magnesite was most efficient in
higher PO, experiments indicating the important role that phosphate plays in aqueous carbonate

systems.

By outlining the chemical conditions that lead to the formation of primary magnesite and
dolomite and provide constraints on the chemistry we can begin to understand how high activation
energies are overcome and how the formation conditions may have been met in natural systems.
Recent research provides evidence that temperature (Purgstaller et al., 2021) may play a role in
the formation of very high magnesium calcite, and based on time-lapse Raman spectroscopic
monitoring, a formation pathway for dolomite has been characterized via

ACMC>monohydrocalcite>Nesquehonite>dolomite pathway (Montez-Hernandez et al., 2020).

Variations in spherulitic morphologies and growth patterns can be observed by the
inclusion of metastable phases with disordered orientation (Granasy et al., 2005; 2006). This may
explain the spherulitic morphologies of amorphous/disordered phases observed in our
experiments that mature into hydromagnesite and magnesite, with subsequent surface growth of
magnesite and dolomite to larger sized crystals (Granasy et al., 2005; 2006). We see a wide range
of morphologies within Mg-Ca-CO; and hydromagnesite-MgCOj3 spheres. Some of these spheres
are composed of nanocrystalline aggregates and are associated with sheets of hydromagnesite,
which may be linked to changes in pH and the degree of crystallization (i.e., Zhang et al., 2010).
In addition, high pH conditions can cause an increase in ionic substitutions. Therefore, combining
high pH and high salinity conditions together may account for some of the observed variability

in the XRD and FTIR spectroscopy.

Changes in solution [Mg?'] and [PO4*] observed from ICP-AES throughout the duration
of the experiment are likely a result of ACMC/AMC dissolution-precipitation via Ostwald
ripening processes at high Qacmc values (i.e. Kile and Eberl, 2003). Under the supersaturated
experimental conditions, following widespread nucleation, further homogeneous nucleation may

have declined and the resulting conditions may have led to the growth of existing crystals. This
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may explain SEM observations that show spherical mineral aggregates that contain large crystals
protruding out from their surface. Many of the large crystals observed in SEM-HDBSD images
appear to be near the crystal equilibrium morphology of the mineral and there is a surprisingly
high proportion of twinned carbonate minerals in these samples. Twinning in crystal growth
typically occurs as a result of changes in temperature, pressure or stress/strain resulting in growth

twins, transformation twins or deformation twins (Nelson, 2019).

2.5.2 ACMC geological implications

The conditions examined here contain high alkalinity and PO4 conditions that are
commonly identified in modern lake environments. The production of uncommon high Mg-
minerals (i.e., hydromagnesite, dolomite, magnesite and Mg-PO4 minerals) at low temperature
(50 °C) demonstrate that at the very least, these minerals can form in environmental settings such
as sedimentary pore waters and in highly alkaline lakes where enhanced [POs4] and salinity
contribute to the formation of Mg-rich carbonates and subsequently magnesite and dolomite.
These conditions may have been reached temporarily over short time periods or may have
prevailed for prolonged periods at specific times in the geological past, possibly present day and

may be exacerbated in lacustrine settings that experience cycles of wet and dry conditions.

Recent primary dolomite and hydromagnesite precipitates have been identified in Milne
Lake, South East Coorong — near Salt Creek, Australia (Miser et al., 1987) and in North
Stromatolite Lake, Pellet Lake, Dolomite Lake and Halite Lake (Warren et al., 2019). This is an
important observation for our research findings because Meningie Lake, Lake Coorong South and
South Salt Creek and nearby have recorded [POuwt] up to 7, 8 and 16 mM respectively (Stone et
al., 2016). Although the dolomite sediments are of Holocene age, and the water samples are taken
from modern lake water (and therefore it is possible that [POu] levels may have been influenced
by anthropogenic factors) it does suggests that there may have been high [POu] in these lakes

when primary dolomite and hydromagnesite were produced. The high [POuw] is most likely
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present because the lakes drain water from Meso- and Neoproterozoic basins that contain
abundant phosphorite deposits linked to the Adelaide geosyncline (Howard et al., 1986). This
indicates that in lakes that produce primary dolomite and magnesite, [POu:w] levels likely reach
those examined in our experiments. This provides a compelling geological test for our hypotheses
and a possible explanation for the present of these enigmatic mineral assemblages in these

settings.

Much research on phosphate mineral precipitation is informed by biochemical and
biomaterial fields. However, these studies are still important for understanding the precipitation
pathways. Typically, the initial nucleation of amorphous calcium phosphate subsequently
transforms to octacalcium phosphate (OCP) and then possibly dicalcium phosphate dehydrate
(DCDP) before crystallizing into apatite (Johnsson and Nancollas, 1992). This pathway is
observed in natural seawater where apatite forms via OCP precursors (i.e., Baltic Sea — brackish
[Gunnars et al.,, 2004]). However, Mg stabilizes ACP and inhibits the transformation of
ACP>HAp or phosphate mineral DCPD (i.e., brushite) and to apatite (i.e., Boskey and Posner,
1974) at ratios as low as [Mg]/[Ca] > 0.2. Although geochemical POs-enrichment may be
explained in highly-alkaline-saline environments by Ca?' ion removal through CaCO;
precipitation (i.e., Toner and Catling, 2020) and further influenced by decreased biological
consumption rates relative to influx rates due to high —pH nitrogen limitation (i.c., Herbst, 1998)
and salinity (i.e., Chad et al., 2013), these processes may become complicated in settings
influenced by Mg. This is because the precipitation of amorphous CaCO; phases (ACC) and in
the presence of high PO4 concentrations — amorphous calcium carbonate phosphate (ACP) are
promoted in many alkaline lakes due to the high saturation states. Both ACC and ACP phases are
stabilized in the presence of Mg?* ions that decreases the solubility (Boskey and Posner, 1974;

Blue and Dove, 2017) and inhibits the precipitation of apatite.

This may influence the accessibility of bioavailable PO4 and may also promote the

formation of carbonate associated apatite (CAP) through recrystallization because high pH leads
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to an increase in ionic substitutions and may instead lead to the precipitation of Mg-PO4 minerals
such as whitlockite and struvite (i.e., Hilger et al., 2020). However, because Mg stabilizes both
ACC (i.e., Blue et al., 2017) and ACP (i.e., Boskey and Posner, 1974; Coombes and Rey, 2010),
it decreases the solubility. This inhibits the transformation of ACC to calcite and aragonite, and
ACP to HAp. Yet Mg (and CO3) ionic substitution in apatite actually destabilizes the crystal lattice
and decrease the solubility. Therefore, understanding the kinetics of these pathways requires
further research to constrain the Mg-Ca-PO4-COjs relationship. The high sensitivity and impact of
Mg on these systems appears to influence a number of phases and pathways that may exist for

prolonged periods in a metastable phase and may influence geochemical cycles.

Research also indicates that above pH 8.0, Ca-P species (CaPO4Ca®) form on the surface
of calcite, followed by Ca-P phases (ACP, DCP, and HAP) and MgHPO4Ca" adsorption
complexes form on dolomite surfaces at Mg sites before growing into newberyite (MgHPO4) by
incorporating Ca-P and/or Mg-P (Xu et al., 2014). Furthermore, The Mg content in dolomite
favours the rapid growth of DCP which indicates that dolomite is a more efficient phosphorus
sink than calcite in calcareous environments (Xu et al., 2014) and ACMC is a highly effective
adsorbent of phosphate from aqueous solutions as a result of its unique structure and high specific
surface area (Xu et al., 2014). Together, these properties may offer an explanation into high [PO4]
observed in high Mg carbonate sediments such as in Precambrian carbonate sediments and

modern alkaline lake sediments.

Modern day lacustrine environments can accumulate PO4 to > 1 mM concentrations in
alkaline lake settings linked to Ca®* ion removal in the water column through CaCOjs precipitation
that restricts the precipitation of apatite and leads to excess PO4 accumulation (Toner and Catling,
2020). In these settings CaCOs nucleation or precipitation rates are high as a result of high
supersaturation states which leads to further accumulation of PO4. This can be explained in high-
alkalinity conditions where by a relationship with Ca®* ion removal in the water column through

CaCO; precipitation restricts the precipitation of apatite, because apatite precipitation requires
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both high PO4 concentrations and Ca?"ions. The prevention of apatite precipitation subsequently
leads to excess PO, accumulation in lake waters before hitting apatite saturation thresholds

(Gulbrandsen, 1969; Sass, 1981; Toner and Catling, 2020).

In these high alkalinity lake waters, the accumulation of PO4 and alkalinity leads to
CaCOs (aragonite and calcite) inhibition by PO4 and a build-up of excessive supersaturation
states. This promotes prolific amorphous Ca-Mg-CO3 nucleation as spherules. This would in turn
lead to the maintenance of high supersaturation sustained by PO, kinetic inhibition and the
prevention of further nucleation leading to a change from nucleation to growth dominated
sedimentation processes. Subsequently, the amorphous phases crystallize to more ordered crystal
phases dolomite and magnesite via hydromagnesite. Hydromagnesite can contain significant
concentrations of calcium that may be micro inclusions resulting from fast nucleation rates and
high saturation states, which may crystallize into dolomite. This pathway may explain
occurrences of low-temperature, primary dolomite within muddy sediments in modern alkaline
lakes that record excessive PO4 concentrations such as Searles Lake, California (Smith and

Haines, 1964) and the Coorong Lakes of Australia (Alderman 1959; Warren, 2019).

Furthermore, these conditions may shed light on early aqueous environments that existed
on Mars where magnesite (MgCQOs), huntite (CaMg3(COs)4) and hydromagnesite minerals are
identified in sedimentary environments based on spectroscopy (i.e., Palomba et al., 2009; Horgan
et al., 2020) and remote sensing data (i.e., Bultel et al., 2019). Mars is also suggested to contain
excessive [PO4] linked to water-rock interaction, which models indicate could be between 10—45

times higher than those on Earth (i.e., Dreibus and Winke,1985; Adcock et al., 2013).

2.5.3 ACMC precursor experiments

The ACMC precursor experiments indicate that the formation VHMC with minor

dolomite is possible in highly alkaline conditions influenced by POs. This suggests that similar
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conditions may lead to primary dolomite formation, which may subsequently undergo increased

structural ordering over time or under slightly different chemical conditions.

This formation pathway may also begin to explain the presence of distinctive Mg-
carbonate and Mg-Ca-carbonate sedimentary successions dominant in Precambrian and
Palaeozoic rocks. For example, the primary dolomite Neoproterozoic successions in which
sediments are characterized by finely crystalline dolomicrite (carbonate mud) (Tucker, 1982;
Grotzinger, 1989; Grotzinger and Knoll, 1995; Burns et al., 2000; Hood et al., 2011; Hood and
Wallace, 2012). Recent research indicates that these sediments may also contain evidence for
enhanced P cycling in the water column due to minimal organic matter burial and remineralization
processes (i.e., Lenton and Daines). Enhanced PO4 coupled with high carbonate alkalinity
provides an interesting set of chemical parameters that together overcome the hydration barrier

of Mg in Mg-Ca-carbonate precipitation that has previously remained enigmatic.

2.6 Conclusions

Although dolomite is thermodynamically the most stable form of Mg-Ca-carbonate, the formation
of dolomite at Earth surface temperatures is enigmatic. Alternatively, magnesite and Mg-bearing
carbonates are highly reactive compared to Ca- and Ca-Mg-carbonate minerals, and are therefore
relatively unstable. This indicates that Mg-bearing carbonates should form readily, yet their
formation is inhibited by sluggish kinetics due to the hydration barrier of Mg. These two pathways
present two unique but somewhat related challenges for understanding the formation and

preservation of these minerals over geological timescales.

The results produced in this experimental study reveal insight into the formation of very
high-Mg calcite, magnesite, dolomite, and POs minerals under early-diagenetic conditions at
50° C with pH = 10. We reveal that the recrystallization of ACMC from precursors under these
conditions typically resulted in mixtures of very high Mg-calcite (48 mol% Mg) with minor

aragonite and dolomite.
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The presence of kinetic inhibitor PO, and high COs-alkalinity in homogenous nucleation
solutions led to the precipitation of AMC and ACMC as well as likely amorphous calcium
phosphate phases. This crystallizes into hydromagnesite as the abundant and dominant phase,
which subsequently crystallizes into magnesite and dolomite minerals that remain stable. This
offers a non-classical explanation for the presence of enigmatic, high-Mg carbonate minerals
heavily influenced by the initial solution composition. These chemical conditions can be met in
highly alkaline, supersaturated waters that are influenced by PO4 and Mg.

This may be explained by high pH settings that lead to speciation of dissolved inorganic
carbon (DIC) in solution shifting the dominant species from HCOs- to COs™ (Figure 1.2). In
addition, supersaturation is enhanced by high COs-alkalinity in the presence of kinetic inhibitor
PO, that prevents the production of calcite and aragonite minerals by increasing nucleation
thresholds. Together, these processes lead to the production of ACMC with very-high Mg content
>50% and leads to relatively fast recrystallization into crystalline phases. The rate of
crystallization is increased with increased [POs].

Our results indicate that under high carbonate alkalinity conditions, with pH 10 and PO4
=7 mM, increased Mg/Ca ratios result in increased Mg/Ca of the resultant mineral phase (low
and high Mg/Ca experiments). Increasing the [PO4] (higher POy experiments) results in higher
degree of crystallinity of the mineral — notably magnesite, but also minor ordered dolomite
minerals and apatite. Increased salinity and [PO4] appears to result in chlorapatite rather than DCP
minerals.

This investigation outlines two important pathways that form in high carbonate alkalinity and pH
conditions under Earth surface conditions, with supersaturation enhanced by POj4 inhibition of

calcite and aragonite minerals:

1) A pathway to magnesite crystallization prompted by the production of very high-Mg
ACMC and AMC. These conditions overcome crystallization inhibition related to Mg?*

hydration barriers.
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2) A pathway to very high-Mg calcite-dolomite crystallization prompted by the production
and subsequent recrystallization of high-Mg ACMC.

Furthermore, the thermodynamic data collected and calculated from the experimental datasets
provide solubility product estimates for high Mg-ACMC and very high Mg-ACMC that can be
used to inform future research. This provides fundamentally important information in
understanding the formation of magnesite that can be met in alkaline lake settings where PO4
accumulations can become significantly enriched. This pathway may offer insight into ancient
carbonate factory and its links to major geochemical cycles. Furthermore, these conditions may
shed light on early aqueous environments that existed on Mars where magnesite dominates
carbonate deposits and excessive PO4 concentrations are linked to mafic water-rock interaction

(i.e., Adcock et al., 2013).

Supplementary material

Supplementary material is located at the end of the document in the Supplementary Materials
- S2.

Chapter 3: Non-skeletal CaCO;
precipitation from Proterozoic
seawater

3.1 Linking Chapter 2 and Chapter 3

Having established a better understanding of the constraints of alternative Ca-Mg-carbonate
mineral formation pathways through amorphous precursors in Chapter 2, we set out to test the
hypothesis that carbonate mineral formation pathways through ACMC precursors may have been
involved in producing the high Mg Ca-carbonate minerals that are widespread in the mid-

Proterozoic to the Neoproterozoic, prior to carbonate biomineralization. We investigated CaCOs
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precipitation from synthetic Proterozoic seawater using a constant composition experimental
design that results in homogeneous ACMC nucleation subsequent crystallization to Mg-calcite

and monohydrocalcite.

3.2 Summary

Primary and early diagenetic fabrics preserved in late Proterozoic marine carbonates have
long been interpreted as a reflection of elevated CaCOs supersaturation (Qca). The maintenance
of CaCOjs supersaturation spanning geological timescales requires the inhibition or modification
of CaCO; precipitation rates and pathways. Proterozoic geochemical data, models, and
microfossil mineralogy indicate that concentrations of dissolved PO4, a known inhibitor of CaCO;
precipitation, were subject to substantial fluctuations affecting availability, in response to secular
changes in the global phosphorous cycle; however, the impact of PO4 on marine abiotic CaCO;
precipitation is poorly constrained. In an effort to constrain CaCOs formation pathways influenced
by POy, this chapter outlines the methodology of a suite of CaCO; nucleation experiments in
synthetic late Proterozoic seawater. The data produced include solid analyses of samples using
FT-IR, in-situ Raman, XRD and SEM-EDS as well as dissolved solid sample and solution ICP-
MS analyses. The results indicate that dissolved POs inhibits the nucleation of crystalline
aragonite and calcite and permits the formation of an amorphous Ca-Mg carbonate (ACMC)
precursor phase, which rapidly undergoes recrystallization to monohydrocalcite and/or calcite
incorporating a range of Mg concentrations. This pathway may be significant in providing an
explanation for the sedimentological, petrographic, and geochemical characteristics of the
abundant but enigmatic synsedimentary calcite microspar cement that is widely distributed in
Precambrian carbonates. Furthermore, this pathway may provide a mechanistic framework for
how kinetic inhibitors may have fundamentally altered the dynamics of shallow water CaCO;
precipitation and marine carbonate chemistry throughout the Proterozoic Eon, which in turn may

have potentially influenced the long-term carbon cycle.
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3.3 Abstract

Precambrian carbonates record secular variations in the style of CaCOj; nucleation and growth,
yet the geochemical conditions recorded by some enigmatic textures remain poorly quantified.
Here, we performed CaCOs nucleation experiments in synthetic seawater in order to constrain the
mineralization pathways of synsedimentary calcite microspar cement, a prolific component of
Proterozoic carbonates. We found that dissolved PO4 above ~12 pmol/L (uM) inhibits the
nucleation of aragonite and calcite and permits the formation of an amorphous Ca-Mg carbonate
(ACMC) precursor once CaCOj; supersaturation (Qcal) is > 45. Depending on seawater Mg/Ca,
ACMC then rapidly recrystallizes to monohydrocalcite and/or calcite. This precipitation

mechanism is consistent with sedimentological, petrographic, and geochemical characteristics of
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Proterozoic synsedimentary calcite microspar cement, and it suggests that kinetic interactions
among common seawater ions may open non-traditional CaCO3 mineralization pathways and

sustain high CaCOj3 supersaturation.

3.4 Introduction

Before the advent of skeletal biomineralization, CaCOs production is thought to have been
strongly influenced by inorganic processes. For example, distinctive sedimentary and early
diagenetic fabrics documented in Precambrian rocks record secular variations in marine carbonate
chemistry (Grotzinger and James, 2000); however, the specific chemical controls on abiotic
CaCOs production are poorly constrained.

A particularly enigmatic product in this regard is synsedimentary calcite microspar
cement, a widespread and abundant primary pore-filling component of Mesoproterozoic to
Neoproterozoic (Tonian) carbonates (Figure 3. 1; James et al., 1998). This cement comprises
mosaics of equant 5-15 pm calcite crystals that share identical cathodoluminescence char-
acteristics and preserve evidence for initial spheroidal particle precipitation with polygonal
overgrowths (Fairchild and Spiro, 1987; Pollock et al., 2006). Sedimentological evidence
indicates that these cements crystallized rapidly relative to surrounding sediment (e.g., James et
al., 1998), while geochemical data and mass balance constraints indicate an origin from fluids
dominated by contemporaneous seawater (Frank and Lyons, 1998; Bishop and Sumner, 2006).
Unlike other late Proterozoic carbonate components that clearly preserve evidence of former
aragonite (consistent with relatively high Mg/Ca in Tonian seawater; Spear et al., 2014), the pri-

mary mineralogy of microspar is unconstrained.
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Figure 3. 1 Examples of late Proterozoic synsedimentary calcite microspar cement.
(A) Intergranular calcite microspar cement (Backlundtoppen Formation, Svalbard, Norway). (B)
Calcite microspar cement intraclasts in organic-rich lime mudstone (Fifteenmile Group, Yukon,

Canada). (C) Pore-filling calcite microspar cement in intraclast wackestone (Svanbergfjellet
Formation, Svalbard, Norway). (D) Euhedral interlocking calcite crystals of pore-filling
microspar cement (Svanbergfjellet Formation, Svalbard, Norway). All images in plane-polarized
light.

The formation of calcite microspar cement has recently been suggested to have required
CaCOs supersaturation (Qcar) greatly exceeding that of the modern ocean (Strauss and Tosca,
2020). The maintenance of CaCOs; supersaturation through much of the Precambrian, by
definition, would have required the inhibition and/or modification of CaCOs precipitation (i.e.,
Sumner and Grotzinger, 1996). This, in turn, suggests that before skeletons evolved, the rates and
pathways of CaCOs production may have had a strong kinetic control.

Although several compounds are known to inhibit or modify the precipitation of CaCO3
(including Fe?*, Mg*", Mn*", SO4*, PO,*, and organic acids; Burton and Walter, 1990; Sumner
and Grotzinger, 1996), relatively few studies have elucidated the sedimentologic consequences
of kinetic inhibition. For example, PO4 dramatically influences nucleation and growth kinetics at
umol/L (M) concentrations (i.e., Burton and Walter, 1990), and although observational data and

theoretical models indicate both spatial and temporal variations in Precambrian PO4 cycling (e.g.,
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Laakso et al., 2020), the consequences for nonskeletal CaCOs production are virtually unknown.
Here, we examined the influence of common seawater ions on the dynamics of CaCO;

precipitation from Precambrian seawater, with a specific focus on dissolved POs.

3.4 Methods

We examined CaCO; nucleation in the presence of PO4 with two types of experiments conducted
in synthetic Tonian seawater at 22 + 1.5 °C and stirred at 250 rpm: (1) degassing experiments,
and (2) constant composition experiments (Fig. S3.1 in the Supplemental Material). Synthetic
Tonian seawater (based on fluid inclusion constraints; Spear et al., 2014) was prepared from
reagent-grade salts, stock solutions, and deionized water (see Table S3.1). Total dissolved PO,
(hereafter [POu4o]) ranged from 0 to 100 pM, the higher values of which exceed most modern
carbonate sediment pore waters (which can reach >30 pM; Morse, 1985). In degassing
experiments, nucleation thresholds were approached by saturating the solution with 10% CO, gas
and fixing total alkalinity (TA). CO; was then degassed by N> purging, which increased ¢, until
nucleation occurred. Continuous monitoring of pH, with known [Ca*"] and TA, constrained the
carbonate chemistry at the point of nucleation. In constant composition experiments, the desired
Qca, dissolved inorganic carbon (DIC), ionic strength, and TA were kept constant via autotitration
of CaCl, and Na,COs- NaHCO;-NaOH titrants until CaCO; nucleation occurred (Fig. S3.1).
Continuous monitoring of pH and [Ca*'], with ion-selective and AgCl reference electrodes,
constrained carbonate chemistry at the point of nucleation. Reactor headspace was effectively
eliminated in order to minimize CO; exchange between the solutions and atmosphere.

During both types of experiments, solution samples were extracted, syringe-filtered, and
acidified to measure Ca, Mg, P, and Si concentrations via a PerkinElmer NexION 350D
inductively coupled plasma—mass spectrometer (ICP-MS). [POuw:] was determined using the
ascorbic acid method (see the Supplemental Material). Immediately upon nucleation, solids were

vacuum-filtered, rinsed with isopropanol, and dried in a vacuum-desiccator at 25 °C for 24 h.

79



Solids were analyzed with a PANalytical Empyrean X-ray diffractometer (XRD) with a Co-Ka
source (40 kV and 40 mA). The Mg content of the solids was estimated by Rietveld refinement
(Tables S3.2 A and S3.2 B).

Solids were also analyzed using a Perkin-Elmer Frontier Fourier transform infrared (FT-
IR) spectrometer. KBr powder was milled with vacuum-dried samples (~3 mg) and pressed into
optically transparent discs. Scanning electron microscope (SEM) and energy dispersive X-ray
spectroscopic (EDS) analyses on Au-coated solids were performed using an FEI Quanta 650 field
emission gun operated at 3.5-5 kV under high vacuum. /n situ Raman spectra were collected
using a Tornado HyperFlux PRO Plus Raman spectrometer in constant composition experiments

with 12 scans averaged over 120 s intervals.

3.5 Results

Degassing and constant composition experiments showed that the Qca threshold at which CaCOs
nucleation occurs is strongly influenced by dissolved PO4 (Figure 3. 2; Tables S3.1 C and S3.1
D). Below 6 uM POy, spontaneous CaCOj; nucleation occurred at Qcq between 20 and 30 (Figure
3. 2); under the conditions examined here, this range was largely independent of DIC and TA. In
contrast, at [POu] greater than ~12 uM, CaCOs; nucleation was strongly inhibited, and the
minimum threshold for CaCO; nucleation corresponded to Qca of ~45 (Figure 3. 2;Figure 3. 3).
No detectable CaCOs nucleation occurred below this threshold, even over extended experiment
durations (19 d). For experiments where precipitation was observed, CaCOs nucleation induction
time (or the time elapsed between the establishment of supersaturation and nucleation) increased
strongly with increased [POu] from 25 to 100 uM (Figure 3. 3). The experiments also showed
that dissolved POj strongly controlled the resulting CaCO3 polymorph precipitated from seawater
solutions (Figure 3. 2). Specifically, below 6 uM [POuwt], aragonite was consistently produced.
Above 6 uM POuo, no aragonite was observed, and precipitates were dominated by monohy-

drocalcite and/or Mg-calcite. Our data show that in the presence of POs, monohydrocalcite is
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produced across a broad range of Mg/Ca and COs/Ca ratios; however, lower Mg/Ca and COs/Ca
ratios promote Mg-calcite formation over monohydrocalcite (Figure 3. 2). XRD, in situ Raman
spectroscopy, and ex-situ FT-IR analyses showed that in the presence of PO4, amorphous Ca-
Mg-carbonate (ACMC) initially nucleated from solution and recrystallized to either mono-
hydrocalcite and/or Mg-calcite (Figs. S3.2—S3.3) in minutes to hours (Figure 3. 4). Amorphous
calcium phosphate (ACP) nucleated in experiments where POuo approached 100 pM (along with

ACMC), which recrystallized to octacalcium phosphate over 48 h (Fig. S3.3).
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Figure 3. 2 Results of CaCOsnucleation experiments in synthetic late Proterozoic seawater

at 22 £+ 1.5 °C with different Mg/Ca ratios. (A) Mg/Ca = 2.67, (B) Mg/Ca = 3.3, and (C) Mg/Ca
= 5.56. Dashed gray contours represent CaCOs supersaturation (€2,) determined using apparent
solubility product (K,*) of calcite (10~ at 25 °C) in seawater based on concentrations (Mucci,
1983). Colored contours represent solubility product estimates of amorphous Ca-Mg carbonate
(ACMC), where log Keove = 0.018 x (mol% Mg)-=at 25 °C, at 30, 40, and 50 mol% Mg-
(Purgstaller et al., 2019). DIC—dissolved inorganic carbon; TA—total alkalinity. Data points
represent crystalline polymorphs precipitated at corresponding solution compositions.
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Mg, and CO3:). (B) Relationship between calculated induction time and Qcy. Gray shaded area
indicates minimum nucleation threshold of Qc.= 45 in seawater with elevated [POaot].
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Figure 3. 4 In situ Raman spectroscopic results obtained from constant composition experiments
conducted in Tonian seawater with 50 umol [POau]. Raman spectra indicate amorphous Ca-Mg
carbonate (ACMC) (~30-50 mol% Mg) precipitation and recrystallization to calcite within 24 h,
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which are represented by shifts in absorption wavenumber and transition to higher intensity
values. ACC—amorphous calcium carbonate; DIC—dissolved inorganic carbon.

The experiments also showed that dissolved POs strongly controlled the resulting CaCOs
polymorph precipitated from seawater solutions (Figure 3. 2). Specifically, below 6 uM [POuo],
aragonite was consistently produced. Above 6 uM PO, no aragonite was observed, and
precipitates were dominated by monohydrocalcite and/or Mg-calcite. Our data show that in the
presence of PO4, monohydrocalcite is produced across a broad range of Mg/Ca and CO3/Ca ratios;
however, lower Mg/Ca and CO3/Ca ratios promote Mg-calcite formation over monohydrocalcite
(Figure 3. 2). XRD, in situ Raman spectroscopy, and ex-situ FT-IR analyses showed that in the
presence of PO4, amorphous Ca-Mg-carbonate (ACMC) initially nucleated from solution and
recrystallized to either monohydrocalcite and/or Mg-calcite (Figs. S3.2—S3.3) in minutes to hours
(Figure 3. 4). Amorphous calcium phosphate (ACP) nucleated in experiments where POu
approached 100 puM (along with ACMC), which recrystallized to octacalcium phosphate over 48

h (Fig. $3.3).

3.6 Discussion

Our results indicate that [POuo] above ~12 uM suppresses the spontaneous nucleation of
aragonite and/or calcite in synthetic Tonian seawater, most likely through adsorption onto nascent
particle nuclei and subsequent inactivation of growth sites (Burton and Walter, 1990). This
permits the formation of ACMC under suitably saturated conditions, which explains several
experimental observations. First, the minimum Qg nucleation thresholds observed in our
experiments correspond closely with ACMC solubility estimates (Figure 3. 2; Purgstaller et al.,
2019). ACMC solubility is a function of its Mg content, which is influenced by solution Mg/Ca,
[COs2-], and pH (Blue and Dove, 2015). Vibrational spectroscopy (Raman v1 values) indicates
that the ACMC formed in our experiments varied between 30 and 50 mol% Mg (i.e., Purgstaller

et al., 2019; see Figure 3. 4).
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The initial nucleation of ACMC in Tonian seawater (when [POu] > 12 uM) also rec-
onciles experimental observations of CaCOs polymorph selection. ACMC is metastable and
rapidly transforms to Mg-bearing calcite or monohydrocalcite (Blue et al., 2017). The resulting
crystalline phase is dependent on the Mg content of ACMC, solution Mg/Ca, COs/Ca, pH, and
stirring rate (Blue et al., 2017; Purgstaller et al., 2019). Consistent with this, our observations
indicate that lower Mg/Ca ratios promote calcite (Figure 3. 2), whereas higher Mg/Ca ratios
promote monohydrocalcite. Although monohydrocalcite may also recrystallize to Mg-calcite
(Fukushi and Matsumiya, 2018; Purgstaller et al., 2019), this pathway was not observed under the
conditions examined here.

ACMC nucleation provides a simple explanation for an apparent CaCO; nucleation
threshold in seawater when [PO4t] > 12 uM. Spontaneous CaCOj; nucleation induction time has
been shown to continuously increase with decreasing Qca in modern seawater, as predicted by
classical nucleation theory (CNT; Pokrovsky, 1998). Conversely, our experiments show that in
seawater with elevated [POuwt], no nucleation occurs below an Q¢ threshold of 45 (Figure 3. 3),
even over time scales where nucleation should have occurred according to CNT. This result is
consistent with molecular dynamic calculations of supersaturated CaCOs solutions (Wallace et
al., 2013), which show that once a key Qca threshold is crossed, amorphous CaCOs can form
through the rapid production of dense liquid droplets. This liquid-liquid separation process occurs
in a compositional regime that may only be accessed if the precipitation of crystalline polymorphs
is suppressed.

ACMC-mediated precipitation pathways may, in turn, strongly influence the loci of
CaCO; nucleation in marine systems where elevated POy is present. In the modern ocean,
inorganic CaCOj nucleation is often linked to the presence of microbial substrates (Robbins and
Blackwelder, 1992). This is because nucleating calcite on a microbial substrate requires less
energy than the direct nucleation of calcite from aqueous solution (e.g., Obst et al., 2009).
However, in the presence of PO4 (or other compounds that inhibit crystalline CaCO3 nucleation),

the energy barrier to ACMC nucleation is lower than the barrier to CaCO3 nucleation on a foreign
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substrate (Wallace et al., 2013; De Yoreo et al., 2015). This in turn implies that foreign surfaces
are unlikely to influence CaCOs nucleation thresholds in supersaturated systems where calcite
and aragonite nucleation is inhibited, consistent with experimental and natural systems (Reddy
and Hoch, 2012; Fukushi and Matsumiya, 2018); thus, ACMC would be expected to nucleate
where variations in temperature, pressure, and/or fluid composition exceed its solubility in natural
systems.

Our experimental observations provide new insight into Precambrian nonskeletal
carbonate sedimentation. Specifically, these experimental data begin to constrain the origin of
fabrics associated with rapid CaCOj; nucleation, such as synsedimentary calcite microspar cement
(James et al., 1998). We hypothesize that the lack of petrographic evidence for former aragonite
in late Proterozoic microspar (Fairchild and Spiro, 1987) is most consistent with ACMC
nucleation and subsequent transformation to calcite (Bishop and Sumner, 2006). Spheroidal cores
and crystal size distributions observed in microspar cement are also consistent with Ostwald
ripening of an ACMC precursor formed at high Qca values (greater than 69—100; Kile and Eberl,
2003), as is enhanced Sr incorporation into the resulting calcite because ACMC favors trace-
element uptake (Littlewood et al., 2017). Together, these observations support the hypothesis that
microspar cement reflects precipitation pathways enabled only under high Qca (Strauss and
Tosca, 2020).

Crucially, it is the suppression of aragonite and calcite in marine systems that enables
ACMC formation, which in turn opens subsequent recrystallization pathways to CaCQOs. Although
Fe?, Mg, Mn*", SO4%, or organic acids may modify CaCOs; growth rates, they are not known to
suppress aragonite nucleation at high Mg/Ca (Bots et al., 2011). Thus, among known inhibitors,
PO4 is likely to have influenced shallow-water CaCOs; production through much of the
Proterozoic. In fact, elevated [POuw:] has been shown to maintain high Qc, and lead to the
production of metastable precursors in several synthetic and natural systems (Gallagher et al.,
2013; Lin et al., 2018), including many alkaline lakes (Bischoff et al., 1993; Fukushi and

Matsumiya, 2018). These observations, in combination with our experimental data, suggest that
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the stratigraphic distribution of depositional fabrics reflecting high Qc. such as microspar, and
possibly cap carbonates and giant ooids (Grotzinger and James, 2000; Trower, 2020), could
together reflect kinetic controls on CaCOs3 precipitation through the effects of elevated pore and/or
bottom water [POs]. Although shale-hosted geochemical records indicate relatively minor
perturbations to net P flux through much of the Precambrian (including intervals of global
phosphogenesis; Laakso et al., 2020), pore/bottom water [POa,] may have been most strongly
influenced by the degree of internal PO recycling (Ingall et al., 1993) and/or the apatite burial
efficiency controlled by seawater [Ca*"] (e.g., Zhao et al., 2020). Although the details of PO4
cycling and burial in Precambrian CaCO; depositional environments are poorly constrained,
Tonian Ca-phosphate biomineralizing organisms (Cohen et al.,, 2017) record enhanced P
availability in the water column at a time when synsedimentary microspar peaked in its

stratigraphic distribution (James et al., 1998).

3.7 Conclusions

Our data show that kinetic interactions among common seawater ions may generate nontraditional
mineralization pathways that offer new explanations for enigmatic Precambrian carbonate fabrics
such as synsedimentary calcite microspar cement; thus, future interpretations of isotopic and
trace-elemental variations in Precambrian carbonates should take explicit account of these CaCO;
mineralization pathways and their associated expressions. More broadly, our data show that
because [POu] strongly increases nucleation thresholds, while effectively arresting the growth
rates of preexisting CaCOs (Mucci, 1986), periods of enhanced PO4 recycling, whether driven by
ecological factors (Lenton and Daines, 2018) or ocean-atmosphere redox (Laakso et al., 2020),
may have fundamentally altered the dynamics of CaCO; precipitation throughout much of the

Proterozoic Eon.
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Chapter 4: Carbonate-hosted
phosphate and mid-Neoproterozoic
P cycling

Sascha Roest-Ellis, Justin Strauss, Brian Phillips, Galen
Halverson, Jocelyn Richardson, Samuel Webb, Olivia Gaitonde
and Nicholas Tosca.

4.1 Linking Chapter 3 and Chapter 4

This chapter outlines our investigation into geological carbonate sediments that aims to answer
whether phosphate is recorded within Neoproterozoic carbonate sediments and if so, how it is
recorded. This permits a direct test of the hypothesis outlined in Chapter 2 and Chapter 3 where
we hypothesize that elevated PO4 concentrations in Tonian seawater led to kinetically controlled
CaCOs mineral formation pathways linked to PO4inhibition. In the absence of skeletal carbonates
during this time, kinetic pathways may have controlled the production of high-Mg CaCOs
minerals that are widespread in mid-Proterozoic to Neoproterozoic carbonates. Chapter 2 and
Chapter 3 indicate that this is the case experimentally. Therefore, we would expect to see POy
recorded in Tonian carbonate sediments if our hypothesis rings true for the carbonate factory
during the Neoproterozoic. This chapter uses a range of microanalytical techniques to examine
the PO, bulk concentration, speciation, and distribution of PO4 from three different Tonian

sedimentary basins.
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4.2 Summary

With a view to test the hypothesis that elevated dissolved phosphorus concentrations in Tonian
oceans may be recorded in carbonate sediments and to provide insight into the Neoproterozoic
geochemical P-cycle; we examine phosphorus in Tonian aged shallow water carbonates. Our
experimental data show a strong relationship between phosphate, carbonates and apatitic scale
microfossils that have been identified in Tonian successions (Cohen et al., 2017) hinting at
elevated P concentrations, but by analysing geological carbonates for phosphate we can constrain

the relationship further.

Our investigation focuses on examining the concentration, speciation, and distribution of
phosphorus in non-skeletal shallow water carbonate sediments using a range of microanalytical
techniques. In-situ examination of the spatial distribution and molecular configuration of
phosphorous in Neoproterozoic carbonate samples was permitted through low-energy
synchrotron X-ray absorption spectroscopy (XANES) and micro-XRF mapping. In addition, the
molecular environment of phosphorous in carbonate fabrics was constrained using *'P solid-state

NMR indicating that phosphorous has been identified bound in the carbonate lattice.

Microcrystalline CaCO3, unambiguously precipitated in place (derived from the water
column) is associated with high phosphorous content. This directly supports the hypothesis that
dissolved PO4 was present during nucleation and may have acted as a key inhibitor during
mineralization at this time and may have provided bioavailable marine phosphorous that was
essential to biological evolution. These datasets have permitted a unique set of constraints on this
geochemically important relationship. Additionally, this research indicates that carbonates can
host a record of Neoproterozoic dissolved POy availability providing insight into the ancient

phosphorous cycle through a key interval of Earth’s history.
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4.3 Introduction

As a critical nutrient and basic component of all life on Earth, phosphorus plays a central role in
structuring terrestrial and marine ecosystems (Gulick et al, 1955; Van Cappellen, 1991, Butusov
and Jernel6v, 2013; Fernandez-Garcia et al., 2017), and in regulating long-term changes in ocean-
atmosphere redox. Because phosphorous (P) availability is thought to limit marine primary
productivity over geological timescales (>10"5 years) (Tyrell, 1999), perturbations to net P inputs
or outputs, or to the degree of biological recycling (Ingall et al. 1993) are considered to drive
fluctuations in primary production, net organic carbon burial, and ultimately atmospheric pO?2.
At the same time, because P burial in marine sediments is redox-dependent, the global
biogeochemical cycle of phosphorus is intimately connected to those of oxygen, carbon, sulfur,
and iron through important feedback mechanisms (Van Cappellen and Ingall 1994; 1996, Marz

et al., 2008) (Figure 4.1).

Although geochemical data and biogeochemical models have examined the causes and
consequences of shifts in P-cycling through much of Earth's history (Filippelli, and Delaney,
1992; 1994; Glenn et al., 1994; Compton et al., 2000; Bergmann et al., 2004), the nature of the
Precambrian phosphorus cycle, and its role in the long term oxygenation of the atmosphere and
oceans, remains open to debate (Bjerrum and Canfield 2002, Konhauser 2007; Planavsky et al.
2010; Reinhard et al., 2017; Poulton 2017; Laakso et al. 2020). In particular, because the
Neoproterozoic Era (1000-541 Ma) witnessed significant shifts in the intensity of physical and
chemical weathering (Tosca et al., 2010; Bahlburg and Dobrzinski, 2011; Mills, Lenton, Watson,
2014; Cox et al., 2016), atmospheric pCO; and climate (Hoffman et al., 1998; Pierrehumbert,
2011; Och and Shields-Zhou, 2017; Strauss and Tosca, 2020), and the redox state of marine
systems (Van Cappellen and Ingall, 1996; Marz et al., 2008; Mort et al., 2010; Laakso and Schrag,
2014; 2017; 2017, Sperling 2015), much intellectual focus has centered on how changes in

P-cycling may have contributed to a shift in the prokaryote-dominated biosphere and low pO,
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atmosphere that characterized much of the early-mid Proterozoic, eventually facilitating a rise in

eukaryotes within the late Neoproterozoic biosphere.

Available constraints on the Neoproterozoic P-cycle have been almost exclusively
derived from the bulk P concentration in sedimentary rocks. Several recent studies have proposed
that secular variations in bulk sedimentary P reflects corresponding perturbations to the size of
the marine bioavailable P reservoir (Bjerrum and Canfield, 2002, Konhauser et al., 2007,
Planavsky et al. 2010; Laakso and Schrag, 2014; Reinhard et al., 2017; Poulton et al., 2017). For
example, in a study of more than 8,000 shale samples, Reinhard et al. (2017) argued, on the basis
of biogeochemical modelling, that an apparent Tonian-Cryogenian increase in sedimentary P
reflected redox-driven changes in P cycling and burial that ultimately established a larger
bioavailable P pool. At the same time, because sedimentary biomarker data indicate an apparent
shift to eukaryote-dominated primary production in Cryogenian rocks, Brocks et al. (2017)
hypothesized that this major ecological milestone was facilitated by Tonian-Cryogenian changes

in P availability as hypothesized by Reinhard et al. (2017).

However, because bioavailable phosphorus concentrations in the water column are
controlled by the recycling of P released from sediments in addition to input and burial fluxes
(i.e., Figure 4.1) (Ingall et al., 1993; Ingall and Jahnke 1994; Van Cappellen and Ingall 1994;
Slomp, et al., 2004), the degree to which shale-hosted P might reflect the evolution of the marine
P-cycle remains unclear. For example, Laakso et al. (2020) showed that large scale changes to the
deep-water aqueous phosphate reservoir may have been driven by Ediacaran increases in marine
sulfate concentrations, which in turn facilitated increased organic matter remineralization by
sulfate-reducing bacteria. This conclusion implies that changes in P-cycling may be triggered by
internal biological recycling mechanisms rather than by large scale shifts in erosional P fluxes.
Consistent with this suggestion, a new compilation of shale-hosted P reported by Laakso et al.
(2020) shows no statistically resolvable variation across the Neoproterozoic despite the onset of

global phosphogenesis in the Ediacaran.
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Although large-scale perturbations to P cycling in marine systems may not be reflected
in average bulk shale-hosted P concentration (Laakso et al., 2020,), these studies and others
(Planavsky et al., 2010 Lenton et al., 2014; Horton, 2015; Reinhard, et al., 2016; Spence et al.,
2016; Lenton and Daines, 2018) make it clear that further constraining Neoproterozoic P cycling
requires observational constraints on the size of the aqueous P reservoir and on the mechanisms
by which sediments record bioavailable P. Unfortunately, direct constraints on sediment
pore/bottom water P concentrations have proven elusive. Unambiguous evidence for
synsedimentary P precipitation in siliciclastic lithologies is difficult to obtain, and where such
evidence is available, the presence of P-bearing minerals alone is insufficient to constrain aqueous
P concentrations in the absence of independent chemical constraints. Nevertheless, early-mid
Neoproterozoic carbonate rocks (ca. 811 Ma) do host the earliest reported evidence for
biologically-controlled mineralization in the form of Ca-phosphate (apatite) (Cohen and Knoll
2012; Cohen et al 2017; Moczydlowska et al., 2018; Cantine et al., 2020; Riedman et al., 2020).
These microfossils, which record complex, template-controlled crystallization of apatite
preserved at the nanometer scale (Cohen et al 2017) provide independent evidence that aqueous
phosphate reached water column concentrations high enough to offer a potential ecological
opportunity to ancient eukaryotic organisms (Riedman et al., 2020). Even so, this observation has

remained enigmatic in the context of Neoproterozoic P-cycling.

Here, in an effort to provide observational constraints on the nature of P-cycling through
the Neoproterozoic, we examine the concentration, speciation, and distribution of phosphorus in
non-skeletal carbonate sediments. We focus here on carbonate rocks deposited during the Tonian
period in order to test the hypothesis that elevated aqueous P concentrations, qualitatively inferred
from apatitic scale microfossils (Cohen et al., 2017) may in fact be reflected in Tonian carbonate
sedimentary rocks more broadly. In what follows, we present a variety of microanalytical data
that specifically target the speciation and distribution of carbonate-associated P. We then place
these data in an aqueous geochemical framework to unravel the behaviour of aqueous phosphate
during the formation and diagenesis of mid-Neoproterozoic carbonate rocks. Finally, and more
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broadly, we evaluate the degree to which non-skeletal carbonates may shed important light on P-
cycling in shallow carbonate platform settings both through the Neoproterozoic and perhaps

through earlier stratigraphic intervals.
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Figure 4. 1 Schematic diagram of key late Proterozoic ocean cycles (this is not exhaustive and is for
illustration purposes only), highlighting key geochemical and biogeochemical cycles and P species. Key
late Proterozoic carbonate sedimentary features are also indicated. Modified after Lenton and Daines,
2018 and Benitez-Nelson, 2015.
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4.4 Geological setting
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Figure 4. 2 Map indicating the geographical locations of the Neoproterozoic successions analyzed, the
arrows point to the geographical locations (after Strauss and Tosca, 2020). A: Fifteenmile Group, Mount
Slipper, Tatonduk Inlier, Ogilvie Mountains, Yukon, Canada, and the Little Dal Group, Stone Knife
River, Mackenzie Mountains, Northwest Territories, Canada. B: Akademikerbreen Group, Svalbard,

Norway.

The results of the analyses are presented for three successions: (1) R1, Akademikerbreen Group,
Svalbard, Norway; (2) P1401, Fifteenmile Group, Mount Slipper, Tatonduk Inlier and Coal Creek
Inlier, Ogilvie Mountains, Yukon, Canada; (3) M304, Little Dal Group, Ram Head and Snail

Spring, Stone Knife River, Mackenzie Mountains, Canada. Figure 4. 2 gives the current

geographical location of these successions.
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4.4.1 Akademikerbreen Group, Norway

Analyses were conducted on samples of mid-Neoproterozoic Akademikerbreen Group from
outcrops in Roaldtoppen, Murchisonfjorden in northeastern Svalbard, Norway (Figure 4. 2). The
Akademikerbreen Group consists of well preserved mid-Neoproterozoic sediments of the upper
Hecla Hoek Series of the Northeastern basement province. These successions are exposed within
the north-south trending fold and thrust belt (Figure 4. 2) (Harland and Wilson, 1956; Sandford,
1956; Wilson, 1961) and were deposited around the time that supercontinent Rodinia was
fragmenting (Harlan et al., 2003; Dallman et al., 2015; Halverson et al., 2018). The
Akademikerbreen Group is a ca. 1350-2500 thick almost exclusively carbonate sequence that was
deposited at tropical latitudes (Maloof et al., 2006) within stable thermally subsiding metamorphic

basin complex (Halverson et al., 2018; Maloof et al., 2006)

The mid—upper Tonian Akademikerbreen group (equivalent to the Hunnberg and Rysse
formations [Flood et al., 1969]) is subdivided into the Grusdievbreen, Svanbergfjellet, Draken
and Backlundtoppen formations (Wilson, 1961; Knoll and Swett, 1990; Halverson et al., 2007;
2018). These formations record the complete Bitter Springs carbon isotope excursion anomaly
(BSA) (ca. 810-800 Ma) (Halverson et al., 2005, 2007, 2018; Maloof et al., 2006; Macdonald et
al., 2010, 2018; Swanson-Hysell et al., 2015; Cohen et al., 2017) within the upper Grusdievbreen
through the lower Svanbergfjellet Fm. (Figure 4. 3). The Svanbergfjellet Fm. is further subdivided
into units that progressing up section are described as the Lower Dolomite, Lower Limestone,
Algal Dolomite and Upper Limestone (Knoll and Swett, 1990; Halverson et al., 2007; Maloof et
al., 2006). The BSA spans from the contact between the upper and lower members of the
Grusdievbreen Fm. to the contact between the Lower Dolomite and the Lower Limestone
members of the Svanbergfjellet Fm. (Figure 4. 3). Both contacts are subaerial exposure surface
contact disconformities that correspond with negative carbon isotope shifts of ca. 8%o that define

the BSA (Worndle et al., 2019).
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The ~250 m thick upper Grusdievbreen Formation consist of dominantly limestone
calcilutite to grainstone and wackestone with recrystallized limestone and dolostone
conglomerates (Halverson et al., 2007; 2018; Wdrndle et al., 2019). Sedimentary structures
include minor crossbedding, minor microbial laminations (Halverson et al., 2007; 2018) and
authigenic talc (Mg-silicate) is present (Halverson et al., 2007; Tosca et al., 2011). The overlying
ca. 600 m Svanbergfjellet Fm. (805—788 Ma; Halverson et al., 2018) consists dominantly of
dolomite sediments and hosts abundant molar tooth structures, stromatolitic laminae and voids
that are filled with calcite microspar cement and associated with authigenic Mg-silicate nodules.
Mg-silicate becomes more abundant in the Svanbergfjellet Fm. relative to the Grusdievbreen Fm.
as nodules and significant cm- to m-scale talc rich mudstone deposits (Tosca et al., 2011; Strauss
and Tosca, 2020). The Svanbergfjellet Fm. represents overall shallowing up carbonate cycles
deposited in subtidal to peritidal settings on a tropical carbonate ramp progressing to a rimmed
platform (Knoll and Swett, 1990; Maloof et al., 2006; Worndle et al 2019). The Lower Dolomite
member comprises dolomite sequences that contain stromatolitic boundstone, intraclast packstone
to wackestone and dolograinstone as well as dolomitic and siliciclastic mudstone (Knoll and
Swett, 1990; Maloof et al., 2006; Halverson et al., 2007). Mudcracks and tepees indicate exposure
surfaces and stromatolites, cross-bedded oolitic grainstones, and finely laminated carbonate and
siliciclastic mudstones characterize subtidal environments (Knoll and Swett, 1990; Maloof et al.,
2006; Halverson et al., 2007; Strauss and Tosca, 2020). Talc nodules and aggregates are present
in the Lower Dolomite member and are associated with calcite microspar cement and talc-rich
black mudstone (Tosca et al., 2011; Strauss and Tosca, 2020). The overlying Lower Limestone
member is limestone dominated and contains red, green, grey, and black shales, stromatolites and
dark grey to black finely laminated to wavy carbonate and siliciclastic mudstones with abundant
molar tooth structures and stromatolites, which indicate a shallow subtidal depositional
environment (Knoll and Swett, 1990). The overlying Algal Dolomite member contains series of
shale to stromatolite cycles of bedded limestone that contains molar tooth structures and

stromatolites. (Knoll and Swett, 1990; Maloof et al., 2006; Halverson et al., 2007). Talc nodules
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and aggregates are also present and are associated with calcite microspar cement and talc-rich
black mudstone deposits reach up to a meter in thickness (Tosca et al., 2011; Strauss and Tosca,
2020). The Algal Dolomite member is capped by a distinctive biostrome (Knoll and Swett, 1990;
Maloof et al., 2006; Halverson et al., 2007). The overlying Upper Limestone member consists of
thickly laminated, parallel to irregular and wavy bedded, muddy calcimicrite to lutite finely
bedded carbonate, with interbedded wackestones and rudstones (Halverson et al., 2007; 18) that

also contains talc nodules (Tosca et al., 2011; Strauss and Tosca, 2020).
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Figure 4. 3 A: Bulk PO4 concentrations of carbonates from the Akademikerbreen Group, Svalbard, Norway,
presented against 813C isotopic signatures (Halverson et al., 2007), lithological stratigraphy with
chemostratigraphic [Mg]/[Ca] and [Mn]/[Sr] ratios (Halverson et al., 2007). The Bitter Springs Stage (carbon
isotope anomaly) is indicated by the grey shaded area. B: Zoomed in area presents a higher resolution sample
set, but note that the stratigraphic height in meters between A and B do not correspond. Modern ooid [PO4] are
represented by the grey dashed line for comparison.
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4.4.2 Fifteenmile Group, Canada

Analyses were conducted on samples from the Fifteenmile Group outcrop that is exposed in the
Tatonduk Inlier faulted anticline (Young, 1982; Macdonald et al., 2012) and the Coal Creek Inlier
of Mount Slipper (Macdonald et al., 2012). Both inliers are located in the western Ogilvie
Mountains which spans the Yukon (Canada)-Alaska (USA) border (Figure 4. 4). (Macdonald
and Cohen, 2011;Macdonald et al., 2011; Macdonald et al., 2013b, 2018). The Fifteenmile Group
(Macdonald et al., 2015) was previously named the Upper Tindir Group (Macdonald et al., 2010).
The Fifteenmile Group was deposited on the margin of Laurentia (Cohen and Knoll, 2012) that
formed part of the supercontinent Rodinia. The Fifteenmile Group was deposited in an
intracratonic basin that was subject to thermal subsidence in (Halverson et al., 2018). An age of
810.7 £ 5.8 Ma was reported from Re-Os geochronology from black, organic-rich shale from the
Fifteenmile Group, Mount Slipper, Ogilvie Mountains, Yukon (Cohen et al., 2017) an age of
811.5 £ 0.25 Ma (zircon U/Pb ID-TIMS) was reported from a tuff from the Fifteenmile Group in
the Ogilvie Mountains (Macdonald and Roots 2010; Macdonald et al. 2010) that is
stratigraphically ca. 50 m below where 613Cean values begin to decrease in the Fifteenmile Group
as part of the BSA ((Macdonald et al., 2010, 2012). A minimum age for the Fifteenmile Group

based on U/Pb ID-TIMS of volcanic rhyolite flows is 717.43 £ 0.14 Ma (Macdonald et al. 2010).

The Fifteenmile Group exposed at the Tatonduk Inlier of Mount Slipper presents
exposures that consist of >350 m stromatolitic dolostone and an additional ca. 500 m of black
shale interbedded with quartz sandstone and minor carbonate that are assigned to the Reefal
assemblage (Figure 4. 4). The samples analyzed here correspond with the fossiliferous zones in
the upper strata of the Reefal assemblage as described by Cohen et al., (2017) in Fifteenmile
Group assemblages that predate the onset of the Bitter Springs Anomaly. The sediments consist
of ca. 60 m of interbedded planar-laminated lime mudstone, calcareous black and gray shale, and

sparse tabularclast conglomerate and calcisiltite interbedded with discontinuous matrix-supported
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rudstone and chert nodules that contain apatitic-scale fossils (ASMs) (as well as in the carbonate

matrix) (Macdonald et al., 2010; Cohen and Knoll, 2012; Cohen et al., 2017).

The Fifteenmile Group of the Coal Creek Inlier has recently been subdivided into the Gibben and
Chandindu formations and the overlying Reefal assemblage. (Halverson et al., 2012; Macdonald
et al., 2011; 2012). Following a disconformable contact, this is overlain by the Callison Lake
Formation dolostone (Macdonald and Roots, 2010; Strauss et al., 2015; Halverson et al., 2018).
The Reefal assemblage exposed in the Coal Creek Inlier contains platform and distal foreslope
facies with stromatolite reef facies, intertidal to supratidal carbonate facies, which includes dark
grey limestone microbialaminites indicative of lagoonal depositional settings, dolomitic
microbialaminites indicative of supratidal settings and abundant grainstone indicative of
supratidal and proximal reef settings (Macdonald et al., 2012). Carbonate mudstone that contain
abundant molar tooth structures are also present within facies dominated by talus reef breccias

that are indicative of upper foreslope settings (Macdonald et al., 2012).
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Figure 4. 4 Lithological stratigraphy and 8'*C isotopic signatures from carbonates of the
Fifteenmile Group from Mount Slipper, Yukon (Macdonald et al., 2010, 2011). The Bitter Springs
Stage (carbon isotope anomaly) is indicated by the grey shaded area. B: Bulk PO4 concentrations
of carbonates are presented against a zoomed in section of the 8'3C stratigraphy. Note that the
Fifteenmile group samples analyzed in this investigation are pre-Bitter Springs Event. The black
arrow indicates the location of the samples shown in Figure 4. 8 with uXRF, XANES and SEM
data. The purple symbols indicate the location of the apatitic ASMs (Cohen et al., 2017).

4.4.3 Little Dal Group, Canada

Analyses were conducted on samples from the mid-Neoproterozoic stratigraphy of the Little Dal
Group, which is part of the Mackenzie Mountains Supergroup exposed at Ram Head and Snail
Spring, of the Stone Knife River in the Mackenzie Mountains, Northwest Territories, Canada
Aitken 1981; Halverson 2006; Worndle, et al., 2019) (Figure 4. 5). The Little Dal Group is part
of the ca. 500 km long Mackenzie Mountains Supergroup deposited in an intracratonic basin. The
basin was subject to thermal subsidence (Halverson et al., 2018) and associated with

Neoproterozoic tectonic activity from the breakup of the supercontinent Rodinia (~825-580 Ma)
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characterized by distinct magmatic events indicating upwelling mantle plumes (Li et al., 2008,
Ernst and Bleeker, 2010). Based on abrupt changes in the formation thickness and stratigraphic
relationships, it is suggested that synsedimentary sub-basins underwent irregular subsidence
caused by excessive episodic subsidence along growth faults that may have developed during the
extension of a basin into a lower plate segment of an evolving passive margin border (Turner and

long, 2008).

Age constraints for the Little Dal Group place deposition between 775 — 1005 Ma, based
on corresponding U-Pb detrital zircons from the underlying Katherine Group (Leslie, 2009) and
diabase U-Pb zircons within unconformably overlying Little Dal Basalts of the Ram Head Fm.
(Aitken, 1982; Milton et al., 2017). These have been correlated with the Gunbarrel igneous event
mafic intrusions assigned an age of ca. 775-780 Ma (Dudas and Lustwerk 1997; Harlan et al.,
2003; Halverson et al., 2006). The BSA is archived in the upper Snail Spring Formation through
to the lower Ram Head Formation (Halverson, G. P., 2006; Worndle, et al., 2019). Carbon isotope
chemostratigraphy enables correlation of sequences between the Fifteenmile Group, Little Dal
Group, and Shaler Supergroup (Macdonald et al. 2010; 2011; Turner, 2011) as well as the

Akademikerbreen Group, Svalbard (Worndle, et al., 2019).

The Little Dal Group is a mixed carbonate-siliciclastic succession that consists of shale,
limestone, dolostone, evaporates and sandstone with major reef complexes (Figure 4. 5). Reef
complexes up to 300 m in height and 8§ km in diameter contain major microbial build-ups
surrounded by nodular limestone and carbonate interbedded with shale (Aitken, 1981; Turner et
al., 1992). The Snail Spring Formation consists of mudstone with interbedded siltstone and quartz
arenite overlain by laminated and reefal carbonates that were deposited in a shallow marine
environment (Aitken, 1981; Worndle, et al., 2019). The overlying Ram Head Fm. consists of
stromatolites and ooid grainstones that were deposited on a high energy carbonate platform

(Aitken, 1981; Turner et al., 1993, 1997; Turner and Long, 2008, 2012; Worndle, et al., 2019).

103



Mackenzie Mnts
Little Dal Gp M304 500

450
w
400 -
£
T 350 g
3 ¥
T ]
£ 4]
] c
[+ =
o
wI
g
=0
o
preBitter
St R '
£
[T
o>
£
=
=
‘B
c
vy
— 1 = [ T 1 T T I I T T 1
Worndle et al, 2019 4 10 0 500 1000 150000 02 04 06 0 200 400 600 800 1000
Bulk PQy  (ppm) Mg/Ca (wti/wt?%) Mn/Sr (ppm)
. Stromatolite Grainstone . Rudite - Sittstone . Shale E Limestone
B Micobialominice . Ribbonite . Rhythmite Sandstone AV Flooding interval Dolostone

Figure 4. 5 Bulk PO, concentrations of carbonates from the Little Dal Group presented against 813C isotopic
signatures, lithological stratigraphy with chemostratigraphic [Mg]/[Ca] and [Mn]/[Sr] ratios (Aitken, 1981;
Halverson 2006; Turner and Long, 2008; Worndle, et al., 2019). The Bitter Springs Stage (carbon isotope
anomaly) is indicated by the grey shaded area.

4.5 Methods

4.5.1 Sample selection

A total of 275 samples from 4 stratigraphic sections were analyzed during this study. For bulk
carbonate-associated P and solid-state NMR analyses (discussed below), powders were micro-
drilled from lithologies that either clearly represented syn-depositional or early diagenetic fabrics
(i.e., calcite microspar cement) or were unaffected by later diagenetic veining. Corresponding thin

sections were made, cut to 30 microns thickness, doubly polished to facilitate a variety of
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microanalyses, characterized by optical microscopy, and imaged correspondingly to link

microanalyses to petrographic characteristics.

4.5.2 Bulk POy

In order to determine bulk PO4 concentrations of micro-drilled powders, powdered carbonate rock
samples were digested in 10 mL of 1 mol HCI for 24 hours. To fix pH to the desired rage, 2.425
mL aliquots of this solution were added to 2.575 mL of 1 mol NaOH before diluting with
deionized milliQ water when necessary. Total dissolved PO4 analyses of the resulting solutions
was spectrophotometrically using the ascorbic acid method, whereby orthophosphate present in
the solution is reacted with molybdate in an acid medium to produce a mixed
phosphate/molybdate complex. The complex then becomes reduced by ascorbic acid, yielding an
intense molybdenum blue color that was measured at 880 nm using a HACH DR2800

spectrophotometer (Baird et al., 2017).

4.5.3 3'P and '°F solid state NMR

In order to constrain the nuclear environment and therefore dominant host phases of P and F
present in micro-drilled samples, solid state phosphorous-31 nuclear magnetic resonance (*'P
NMR) and fluorine-19 nuclear magnetic resonance ('9F NMR) experiments were conducted at

Stony Brook University .

4.5.4 Synchrotron pXRF and XANES

Synchrotron X-ray Absorption Near Edge Structure (XANES) and microscopic X-
ray fluorescence (u-XRF and XANES) analyses of carbonate thin sections were performed at the
P K-edge (2153 eV) at beamline 14-3 and Fe K-edge (7200 eV) and Sr and Mn K-edge (16200

eV) at beamline 2-3 at the Stanford Synchrotron Radiation Lightsource (SSRL), SLAC National
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Accelerator Laboratory. The experiments were performed with the Stanford Positron Electron

Accelerating Ring (SPEAR) storage ring containing 500 mA at 3.0 GeV in top-off mode.

The incident energy at both BL 14-3 and BL 2-3 is obtained using a Si(111) double crystal
monochromator. The energy at BL 14-3 was calibrated using fluorapatite mineral powder at the
P K-edge at 2153 eV. The energy at BL 2-3 was calibrated so that the first derivative maximum

inflection of an Fe metal foil was defined to be 7112 eV.

The beamline utilizes a Kirkpatrick-Baez mirror system to micro-focus the beam to
achieve a 5x5 micron spot at BL 14-3, and a 2x2 micron spot at BL 2-3. Samples were mounted
at 45° to the incident x-ray beam and were spatially rastered in continuous scan mode in front of
the incident beam using Newport VP-XL-25 stages. Several thin sections could be mounted

simultaneously on a motorized multi-sample holder in the sample chamber.

The incident and transmitted x-ray intensities were measured with helium (BL14-3) or
nitrogen (BL2-3) filled ion chambers. The fluorescence lines of the elements of interest were
monitored using a silicon drift Vortex detector, using Xpress3 pulse processing electronics. This
detector configuration enabled the collection of high-energy resolution fluorescence data at high
count rates with minor loss in energy resolution or peak shifts, and an overall reduction in noise

(Barkan et al., 2003).

Elemental maps were taken at a resolution of 10-15 micron step size with a dwell time of
250 milliseconds. Data was processed using standard methods using the MicroAnalysis Toolkit

(Webb et al., 2011) and SIXPACK software (Webb et al., 2005).

4.5.5 SEM-EDS backscatter

Scanning Electron Microscope (SEM) analyses of highly polished, carbon coated thin sections
were performed using a FEI Quanta 650 Emission Gun operated at an accelerating voltage of

15 kV under high vacuum with a dwell time of 10 ps. The SEM is also equipped with an Energy
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Dispersive X-Ray detector to facilitate semi-quantitative chemical analysis via Energy Dispersive
Spectroscopy (EDS) by AZtec (Oxford Instruments) with a 50 mm detector, aperture of 3 and

spot size of 4 using an approximate 2nA beam current.

4.6 Results

4.6.1 PO, record within Neoproterozoic carbonates

For each sedimentary succession examined in this study, we present datasets principally to
address the following questions: (1) at what concentrations is P present in micro-drilled
components?; (2) what minerals host P identified in the samples?; (3) how is P spatially
distributed and in which sedimentary/diagenetic components? To address these questions, for
each succession we present the results of bulk P analyses and solid-state NMR data of micro-
drilled components followed by synchrotron pu-XRF and XANES as well as SEM-EDS data from

carbonate hosted phosphate thin-section samples.

4.6.2 Akademikerbreen Group

4.6.2.1 Bulk POq4

The bulk PO4 concentration ([PO4]) of powdered carbonates from the Akademikerbreen Group
are presented in Figure 4. 3 along with corresponding 8'*C.ar (Halverson et al., 2004, 2005, 2007,
2018; Worndle, et al., 2019) and [Mn]/[Sr] and [Mg]/[Ca] ratios, which provide a proxy for
diagenetic alteration (i.e. Derry et al., 1992; Brand and Veizer, 1980) and a crude geochemical
metric for dolomitization, respectively (Figure 4. 3). The overall [PO4] of the Akademikerbreen
Group carbonates exceeds that of modern ooids. Overall, the Akademikerbreen Group is
characterized by high [PO4] throughout, at concentrations that exceed those of modern Bahamian
aragonitic ooids (that have concentrations of around 77 ppm [POs]; Figure 4. 3, though an increase

in [POs] values is observed through the Bitter Springs C-isotopic Stage. The Akademikerbreen
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Group carbonates exhibit some degree of stratigraphic variability in [PO4], with elevated
concentrations typically corresponding with the more negative §'°C isotopic values. Bulk [PO4]
generally increases as the succession shallows upward, through the upper interval of the
Svanbergfjellet Formation, reaching maximum values in an interval associated with stromatolitic
bioherms and dolomitic mudstones and very fine grainstones. Although no correlation between
the PO4 concentrations and [Mn]/[Sr] ratio is evident in these data, high PO, concentrations often,
though not exclusively, occur with elevated [Mg]/[Ca] ratios in the Grundiesvebreen Fm. and the
Svanbergfjellet Fm. However, this relationship is not apparent in the Draken Fm., which generally
records syn-depositional and early diagenetic dolomitization and variable silicification (Figure 4.

3), and synchrotron-hosted pu-XRF, XANES, and SEM-EDS.

4.6.2.2 Solid state NMR

Solid state *'P and "°F NMR data were acquired from a subset of micro-drilled powders in order
to characterize the mineralogical hosts and local bonding environment of P within the carbonates.
Solid state *'P NMR spectra indicate that the mineral phase that hosts PO, in the Akademikerbreen
Group carbonates is almost entirely apatite, with a chemical shift of ca. 2.5-2.8 ppm. °F data
further show that the dominant host of F is consistent with a trioctahedral silicate (likely talc given
petrographic and XRD analyses. In addition, a chemical shift of -102 ppm highlights the presence
of fluorapatite, while the presence of a weak band at -88 ppm further corresponds to a “francolite-
type defect” arising from F-bonding environments sensitive to the substitution of carbonate for
phosphate in francolite (Yi et al. 2013) (Figure 4. 6 and supplementary material, Figure S4 6).
Together, these data indicate that much of the P hosted within Akademikerbreen Group
carbonates is carbonate fluorapatite (CFA) and P is dominantly carbonate associated PO, within
CFA. In addition, incorporation of POy into the calcite lattice may be observed by minor changes
in the *'P NMR chemical shift of orthophosphate (PO4) group identified by a broad peak with a
chemical shift ca. 3.5 ppm with narrow resonance at 2.9 ppm (Figure 4. 7) (Mason et al., 2007;

Philips et al., 2016).
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4.6.2.3 p-XRF and XANES, SEM-EDS

The location and distribution of PO4 within the Akademikerbreen Group carbonates were both
characterized by synchrotron based p-X-ray Fluorescence imaging (u-XRF) and XANES
analyses, in addition to petrographic and SEM-EDS analyses on thin section samples. p-XRF
mapping reveals that P is widespread and abundant throughout the carbonates and is particularly
concentrated within talc cement. XANES spectra taken at the K-edge indicate that P is locked in
the mineral apatite (Figure 4. 6). However, u-XRF and XANES also provide evidence for COs-
associated, lattice-bound POy that is disseminated within CaCO; calcite microspar cement and
micrite (Figure 4. 7). This carbonate associated PO4 appears to be characterized by a featureless
peak with no post-edge shoulder (as is present in apatite) and a shift to higher energy values
(ca. 0.2-0.3 eV) (Figure 4. 7). The spatial distribution of P also indicates that in addition to lattice-
bound P and small micron-scale disseminated particles, high concentrations of P are associated

with POs-rich intraclasts (Figure 4. 6).

SEM-EDS analyses reveal that large P-rich regions are composed of a mixture of talc and
apatite where individual crystals of apatite hundreds of nanometers in size are embedded within
a talc matrix. This intimate mixture of apatite and talc is often observed as a pore filling cement
(Figure 4. 7) or may constitute intraclasts that appear to have precipitated during sediment
deposition and early diagenesis, and were subsequently re-worked into surrounding sediments.
CFA crystals are engulfed by calcite microspar crystals (Figure 4. 6). SEM-EDS analyses also
revealed that individual apatite crystals have been engulfed by coarser calcite and dolomite
crystals (Figure 4. 7) and CFA masses define zones concentrated along the edges of coarser calcite
and dolomite crystals with euhedral faces. Together these relationships indicate that overgrowths
of micrite and/or microspar crystals and diagenetic recrystallization of calcite and dolomite
remobilized lattice-bound PO4 and pre-existing apatite crystals, suggesting that PO, concentration
within carbonates largely predated early diagenesis. Our analyses also show that apatite-rich

cements and intraclasts are associated with thin intraclast conglomerate horizons, suggesting that
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apatite filled sedimentary pores at the seafloor which was then physically re-worked (Figure 4.
6). u-XRF and XANES spectroscopy also identified abundant apatite crystals and intraclasts that
were trapped and concentrated along stromatolitic laminae (Figure 4. 7). The relationships of
these particles with surrounding calcite and dolomite crystals and the textural features indicative
of trapping and binding rather than precipitation processes (Knoll, 2015) strongly indicate a
detrital origin. For example by the observed upward accretion of the finely laminated structure
(Bosak et al, 2013) and the observed particles suggests that CFA intraclasts and particles were
continuously provided from the water column or surrounding sediments during the time that
stromatolites were trapping and binding sediment on the seafloor. This may have been facilitated
by hypothetical exopolymeric substances (EPS) that traps nanoscale detrital particles and
nutrients (Papineau et al 2015), which is hypothesized to be the principal accretion mechanism of

stromatolites in Proterozoic oceans (Knoll, 2015).

u-XRF analyses also reveal that Akademikerbreen Group carbonates are characterized
by elevated Sr in calcite microspar and high background Sr in the carbonate matrix as well as low
Mn/Sr and slightly contrasting distributions of Sr and Mn within thin beds (not shown). The low
Mn/Sr indicates that the carbonates are well preserved (i.e., Derry et al., 1992), and have not
undergone significant diagenesis that would have expelled Sr and incorporated Mn (i.e., Brand
and Veizer, 1980). Ca and Sr are closely associated with a positive correlation. Fe is very minor
within the samples and XANES spectra show that Fe appears to be bound in detrital chlorite rather

than in minerals such as pyrite or iron oxide minerals.
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Figure 4. 6 Synchrotron based u-XRF and XANES analyses of Akademikerbreen Group carbonate sample
from the Svanbergfjellet Formation, Svalbard. A: P uXRF map indicates the distribution of P. B: pXRF
map indicates the corresponding distribution of Si. High uXRF elemental abundance is indicated by lighter
colours (white—red) and low abundance is indicated by cooler colours (black—blue). P mapping reveals P
cement, P intraclasts and abundant disseminated P within calcite microspar and micrite. C: Petrographic
image of the corresponding mapped area in plane polarized light indicate an intraclast-rich microspar
horizon. D: SEM-EDS analyses of the P-rich bright spots reveals that P is hosted by CFA associated with
talc cement, as intraclasts and bound within calcite. I: XANES spectra provide evidence that the P is
present as apatite, identified by the characteristic ‘apatite shoulder’. The XANES spectra are numbered
with locations labelled on the P uXRF map (A).
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Figure 4. 7 Synchrotron based p-XRF and XANES analyses of Akademikerbreen Group carbonate sample
from the Svanbergfjellet Formation, Svalbard. A: P uXRF map indicates the distribution of P which is
present as COs-associated PO, that is disseminated within CaCOs calcite microspar cement and micrite.
The spatial distribution of P also indicates that in addition to lattice-bound P, high concentrations of P are
associated with POs-rich intraclasts and micron-scale disseminated particles. B: uXRF map indicates the
corresponding distribution of Si. C: Petrographic image of the corresponding mapped area in plane
polarized light. D: XANES spectra of the carbonate associated POy are characterized by a featureless peak
(spectra 2 and 3) with no post-edge shoulder (as is present in apatite — spectra 1) and a shift to higher
energy values (ca. 0.2—.3 eV). E: Zoomed in area emphasizing the shift in energy values characteristic of
the COs-associated PO4s. XANES spot spectral analyses locations are labelled on the P uXRF map (A). F:
Bulk *'P NMR analyses with a zoomed in section over the dominant P bearing phase is apatite. Additional
incorporation of POy4 into the calcite lattice may be observed by the small shoulder observed at ca. 3.4
consistent with minor changes in the 3'P NMR chemical shift of orthophosphate (PO4) group within the
calcite lattice (Mason et al., 2007; Philips et al., 2016).
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4.6.3 Fifteenmile Group

4.6.3.1 Bulk POq4

Overall, bulk PO4 concentrations through the Fifteenmile Group within the Tatonduk Inlier
(Cohen et al., 2017) increase upward through the stratigraphic section with concentrations well
over 1000’s ppm. Trace element data determined by ICP-MS on bulk digested sample powders
(i.e., from Cohen et al., 2017) show that P concentrations generally increase with CaCOs content
(Figure 4. 4). The Fifteenmile Group has both higher average and individual [PO4] relative to the
Akademikerbreen Group. Although there is minor presence of TOC in the section, there is no
apparent relationship corresponding with high [POs]. The Fifteenmile Group carbonates appear
to exhibit some stratigraphic variability in PO., with lower [PO4] corresponding with the
dolostone lithology and a slightly more positive §'°C isotopic signature, which corresponds with
the post Bitter Springs Stage of the Akademikerbreen Group carbonates. This signal may be a

result of early marine diagenesis.

4.6.3.2 p-XRF and XANES, SEM-EDS

u-XRF and XANES spectroscopy indicate that P is dominantly located in authigenic apatite
intraclasts and finely disseminated apatite crystals that are abundant in the largely micritic
carbonate matrix; these components are particularly concentrated along bedding laminations
(Figure 4. 8). SEM-EDS and p-XRF spectroscopy were also used to identify examples of P in
pore-filling authigenic apatite cement. Together, the presence of several different types of PO4
within the Fifteenmile Group carbonates suggests that POs was available at the time of

sedimentation as detrital sediment and as a dissolved species in seawater or pore water.

The Sr u-XRF distribution maps (Figure 4. 8) also reveal that Fifteenmile Group samples are
characterized by elevated Sr in the carbonate matrix and particularly concentrated in calcite

microspar intraclasts and cement. Low total Mn and low Mn/Sr are also observed, which indicates
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that the carbonates are well preserved (i.e., Derry et al., 1992), and have undergone minimal

recrystallization (i.e., Brand and Veizer, 1980).
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Figure 4. 8 Synchrotron based pu-XRF and XANES analyses of Fifteenmile Group carbonate sample
from the Tatonduk Inlier Reefal assemblage. A: P uXRF map indicates the distribution of P, which is present
as authigenic intraclasts, disseminated within CaCQOs calcite microspar cement and throughout the micrite.
The spatial distribution of P also indicates that in addition to lattice-bound P, high concentrations of P are
associated with POs-rich intraclasts, pore-filling cement. B: Si uXRF map indicates corresponding
concentrated Si along bedding planes. C: Petrographic image of the mapped area in plane polarized light
corresponding with images A and B. Arrow indicates way up. D: Sr u-XRF map acquired at the Fe K-edge
(7200 eV) indicates elevated Sr concentrated in calcite microspar intraclasts and cement. E: Petrographic
image corresponding with the Sr mapped area in plane polarized. F-H: SEM-EDS analyses of apatite
cement, CO;s-associated PO, cement circled in yellow and apatite intraclasts. I: XANES spectra of apatite
cement and intraclasts. XANES spot spectral analyses locations are labelled on the P uXRF map (A).
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Figure 4. 9  Synchrotron based p-XRF and XANES analyses of Fifteenmile Group molar tooth
structure filled with calcite microspar within laminated microspar-dolomicrite from the Coal Creek
Inlier, Canada. A: P pXRF map indicates the distribution of P, which is present as is disseminated
within CaCOs calcite microspar cement and micrite. The spatial distribution of P also indicates high
concentrations of P in POs-rich intraclasts and micron-scale disseminated particles throughout the
laminar horizons. B: pXRF map indicates the corresponding distribution of Si. C: Petrographic image
of the corresponding mapped area in plane polarized light indicating syn-depositional molar tooth
structures. D-E: SEM-EDS analyses indicates that disseminated apatite crystals are abundant in the
largely micritic carbonate matrix and are identified within calcite and dolomite crystals and in between
crystal boundaries. F: XANES spectra contain a characteristic shoulder indicative of apatite with two
possible variations. XANES spot spectral analyses locations are labelled on the P uXRF map (A).

4.6.4 Little Dal Group

Bulk [PO4] within the Little Dal Group is characterized by minimum values of ca. 77 ppm
increasing to maximum values ca. 1185 ppm with a mean of ca. 326 ppm (Figure 4. 5). The base
of the section is characterized by high [PO.], which then rapidly decreases. This trend repeats and

is followed by an overall increasing trend higher up in the stratigraphic section. The Little Dal
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Group carbonates do exhibit some stratigraphic variability in which high [PO4] corresponds
strongly with more negative 8'3C isotopic signatures (Figure 4. 5), broadly consistent with both
the Akademikerbreen Group and the Fifteenmile Group. The Little Dal Group exhibits some
lithological variability with significantly high [POs] of around 1185 ppm characterizing
stromatolitic horizons and the highest bulk [PO4] generally corresponding with microbialaminite,

stromatolites and ribbonites.

4.6.4.2 Solid state NMR

3P NMR spectra from a subset of micro-drilled samples indicate that the mineral phase that hosts
POs in the Little Dal Group carbonates is predominantly apatite with resonance peak identifiable
on the NMR spectra (Figure 4. 10). The *'P NMR phosphorous speciation data generally yields
an apatite-like *'P signal ca. 2.8 ppm (Figure 4. 10). '°F data indicate a fluorapatite F peak, and
some but not all of the Little Dal Group spectra contained a carbonate defect determined by a
resonance peak shift in the NMR spectra that indicates carbonate substitution for POs4, known as
B-type carbonate substitution (supplementary material Figure S4 6). However, the '°F “francolite-
type defect” is difficult to discern in these spectra due to the typically low fraction of F, which is
sensitive to CO; substitution. The "F peak near -150 ppm likely arises from dioctahedral
phyllosilicates Sample 28.2 yielded very broad 3'P and "F peaks this may result from high-Fe
content as suggested by the broad peaks and wide spinning sideband pattern in the '°F spectrum
(supplementary material Figure S4 6). In addition, incorporation of PO, into the calcite lattice
may be observed by minor changes in the 3'P NMR chemical shift of orthophosphate (PO4) group
within the calcite lattice identified by a broad peak with a chemical shift near ca. 3.5 ppm with

narrow resonance at 2.9 ppm (Figure 4. 7) (Mason et al., 2007; Philips et al., 2016).

4.5.4.3 n-XRF and XANES, SEM-EDS and petrography

p-XRF and XANES spectroscopy show that P is present as apatite, which is widely distributed

and prolific within the micrite matrix. Most significantly, however, these microanalyses indicate
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that the apatite is in the form of a cement that may be a product of diagenetic remobilization
(Figure 4. 10). SEM-EDS shows large, up to 50 um, euhedral apatite minerals that are abundant
and exhibit hexagonal morphology. These occur extensively within dolomite minerals and K-Al-
Si-rich clays (Figure 4. 10). Smaller euhedral apatite crystals are also abundant and occur within
clay and dolomite and throughout micritic sediment within the formation. Apatite is clearly
abundant in the Little Dal Group and is most notably present as large intraclasts within dolomite
crystals, surrounding mineral crystal boundaries, within clays and within pore space (Figure 4.
10). SEM-EDS analyses identified the presence of another style of morphologically distinctive
elongate lath-like apatite minerals that are common in some samples and are concentrated in

dolomite minerals or pore spaces within some of the Little Dal samples (Figure 4. 10).
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Figure 4. 10 Synchrotron based p-XRF and XANES analyses of Little Dal Group carbonate sample
from the Snail Spring Formation, Canada. A: P uXRF map indicates the distribution of P, which is
widely distributed and prolific within the micrite matrix. Significant apatite is present in the form of a
cement that may be a product of diagenetic remobilization or syn-diagenetic fluid interaction. D: SEM-
EDS show extensive widespread concentrations of apatite including large, up to 50 um, euhedral PO4
minerals with hexagonal morphology within dolomite minerals and K-Al-Si-rich clay. E: Large, up to
30 um apatite concentrated within and between boundaries of dolomite crystal. Smaller euhedral apatite
crystals are also abundant and occur throughout micritic sediment, clay and dolomite. Additional
varieties of POy are also present including CO;-associated POu. F: 3'P NMR speciation data generally
yields an apatite-like *'P signal (ca. 2.8 ppm) but is broad and shifted to slightly higher values ca. 3.0
ppm. Shoulder and low-intensity broad peaks characterize the presence of additional species and COs-
associated POy is indicated by a small hump ca. 3.4 ppm. G: XANES spectra indicate apatite with two
possible variations (spectra 3—4). Possible CO;-associated POs are characterized by a featureless peak
(spectra 1-2) with no post-edge shoulder and a shift to higher energies (ca. 0.2-0.3 eV). In addition,
self-absorption effects are evident in the XANES spectra. H: Zoomed in area emphasizes the energy
shift characteristic of COs-associated PO4 (XANES locations are labelled on the P uXRF map (A). I:
Zoomed out area of 3'P NMR speciation data (image F above) indicating variations between samples.
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4.7 Discussion

4.7.1 CaCOs-associated P in Tonian carbonate rocks

Together, our data show that Tonian carbonate successions are generally associated with high
concentrations of PO, compared to modern carbonate sediments. The carbonate-associated
phosphate can be categorised into (1) individual POy ions incorporated within the calcite and/or
dolomite lattice (or “lattice-bound” phosphate), (2) individual micron to sub-micron-sized
crystals of CFA of largely intraformational origin, (3) authigenic apatite-talc precipitates that fill
pores and occasionally re-distributed as intraclasts, and (4) diagenetically remobilized P. The
presence and distribution of these phosphatic components provides strong evidence that several
Tonian carbonate depositional environments were characterized by elevated aqueous
concentrations of PO4. For instance, laboratory studies have shown that P may be incorporated
into the calcite lattice if the crystal grows in an aqueous environment containing sufficient
aqueous PO4 (Mason et al, 2007; Phillips et al., 2016). This lattice-bound P occurs dominantly
within calcite microspar cement, which is a ubiquitous and distinctive component of Tonian
carbonate rocks (James et al., 1998; Sherman, 2000; Bishop and Sumner, 2006). Geochemistry,
sedimentology and petrography have shown that calcite microspar cement is largely
syn-depositional in origin (James et al., 1998; Sherman, 2000; Bishop and Sumner, 2006) derived
from fluids dominated by contemporancous seawater and reflects unusually high CaCO;
supersaturation (Strauss and Tosca, 2020). Thus, our documentation of lattice-bound PO4 within
this component indicates that PO4 was available in the water column as microspar nucleated from

pore/bottom waters that were highly supersaturated with respect to CaCOs.

In addition, the widespread production of CFA crystals and their continuous
sedimentation in carbonate mudstones, grainstones and stromatolites indicates that CFA was
produced authigenically at or near the seafloor. First, authigenic apatite of marine origin typically

produces sub-micron scale CFA crystallites (Lucas and Prevot-Lucas, 1997) which we have
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documented are ubiquitous in Tonian carbonate successions. In contrast, detrital igneous apatite
typically occurs as macroscopic, euhedral crystals (Paquet and Clauer, 1997) composed of
fluorapatite rich in trace and rare-earth elements (Nash, 1984). All three sedimentary successions
analyzed in this investigation preserve remarkable evidence or microscopic CFA though, the
Little Dal Group provides evidence of euhedral fluorapatite of potential detrital/igneous origin,
consistent with higher concentrations of dioctahedral silicates. Finally, in addition to sub-micron
scale authigenic CFA crystals, CFA co-precipitation with talc as cements and intraclasts further
indicates that the two minerals were occasionally generated from the same fluid and that relatively
alkaline conditions were sometimes associated with appreciable concentrations of aqueous

phosphate.

4.7.2 Controls on P availability during CaCO3 sedimentation

What processes may have increased the concentration of aqueous phosphate in Tonian carbonate
depositional environments? Phosphorus can be concentrated in modern sediments deposited in
coastal upwelling environments through the microbial degradation of organic matter within
sediments, which can be further aided by the release of polyphosphate. Alternatively, P can be
concentrated in modern non-upwelling oxic sediments through the remineralization of organic
matter and the reductive dissolution of Fe-oxides; this liberates previously adsorbed phosphate to
sediment pore waters and produces early diagenetic apatite. Sediments deposited under euxinic
conditions typically release PO, liberated from organic matter back to the water column (i.e.,

Lenton and Daines, 2018).

However, our data are inconsistent with redox-dependent remineralization of organic
matter as the principal source of phosphate to Tonian carbonate successions. First, the samples
investigated here are all exceptionally lean in organic matter (i.e., Cohen et al., 2017) which is
consistent with low TOC values recovered in siliciclastic equivalents of the stratigraphy

investigated here (Kunzmann et al., 2015). Although very low organic matter concentrations
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could be interpreted to indicate efficient remineralization under, for example, oxic conditions, the
geochemical consequences of aerobic remineralization are at odds with geochemistry required for
the generation and preservation of calcite microspar, a ubiquitous component of these successions
(James et al., 2000). This is because aerobic remineralization produces DIC with no overall
change in total alkalinity which serves to decrease CaCOj3 supersaturation (Soetaert et al., 2007).
In other words, if this process were dominant in providing PO4 to pore and bottom waters, CaCO;
would eventually become undersaturated and promote CaCO; dissolution, as it does in modern
temperate carbonate depositional environments (James et al., 2005). In addition, our observations
are also inconsistent with anaerobic remineralization of organic matter. For example, although
microbial iron reduction is an efficient alkalinity pump (Soetaert et al., 2007) mass balance
considerations demand that significant quantities of Fe** be released to accompany this metabolic
process. Specifically, laboratory constraints show at the CaCOj; supersaturation (and associated
DIC and alkalinity) required to promote microspar and talc precipitation, even minimal amounts
of Fe** would be immediately precipitated as siderite (Roest-Ellis et al., 2020; Jiang C. Z. and
Tosca, 2019). Indeed, extensive characterization of the concentration and distribution of Fe
through micro-XRF, XANES, and SEM-EDS shows that it is largely present at minor to trace
concentrations and bound almost exclusively in detrital silicate minerals such as chlorite and illite
(supplementary material Figure S4 1 and S4 2 in appendix). Although ocean-atmosphere redox
pumping leads to enhanced PO4 accumulations (Laakso et al., 2020), we see no significant
evidence for Fe minerals, indicating that Fe redox pumping is likely not a major contributor to
the enhanced PO4 accumulations in the depositional environments investigated here. Similarly,
these data show that pyrite is relatively rare within the intervals investigated here; indicating that
microbial SO, reduction of organic matter played a minimal role in providing aqueous POs to the

depositional system.

In addition to chemical release of phosphate from polyphosphate (reductive dissolution),
microbes can influence PO, accumulations. For example, increased phosphate concentrations
recorded in some anoxic sediments may result from the active microbial release of phosphate
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from polyphosphate (Brock, 2011). These microbes may have also played a role in fixing
phosphate in marine sediments in the Proterozoic and Archean following the Great Oxidation
event (ca. 2.4 Ga) when nearshore environments became sufficiently enriched in photosynthetic
oxygen to facilitate Fe-redox pumping of pore water phosphate by coupled microbial and redox
concentration of bioavailable phosphorus in coastal settings (Brock, 2011). However, there is

little observed evidence (or at least little preserved evidence) of Fe-redox mechanisms.

Minimal concentrations of organic matter, a lack of metabolic products recording the
influence of anaerobic remineralization, and geochemical constraints on Tonian CaCOs
production all indicate that diagenetic production of phosphate played a negligible role in
providing it to Tonian carbonate depositional systems. This indicates that significant background
concentrations of aqueous phosphate may have instead been supplied directly by seawater. A
variety of petrographic observations support the conclusion that the CaCOs, talc and apatite
components we observe formed syn-depositionally and from solutions dominated by

contemporaneous seawater.

First, a variety of data shows that CaCO; microspar precipitation, the dominant
component of successions examined here, took place (1) before appreciable compaction of the
sediment, and (2) while the sediment itself was susceptible to physical re-working. For example,
differential compaction features of sediment around microspar cements commonly represent more
than 10x collapse of the initial sediment thickness at the time microspar crystallized (Westphal et
al., 2000), indicating a highly porous substrate containing more water than sediment. In addition,
microspar clasts and microspar grainstone lags are widely common in a number of late
Mesoproterozoic and Tonian carbonate successions, which reflects the erodibility of the sediment
shortly after microspar precipitated (Figure 4. 7). In fact, the fine-grained lime mudstones of the
Fifteenmile Group in the Tatonduk inlier (Figure 4. 7) are largely composed of re-worked and

eroded CaCOj3; microspar and include microclasts of apatite.
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In addition, the presence of talc and microspar within Tonian successions further attests
to a syn-depositional origin from fluids dominated by seawater. Although Tosca et al. (2011)
initially interpreted the Mg-silicate nodules within the Svanbergfjellet Formation as a wholly
diagenetic phenomenon, this explanation is at odds with mass balance constraints as well as
geochemical and sedimentological data. The presence of pore-filling microspar and talc requires
the delivery of significant amounts of seawater through the uppermost portion of the sediment
(Bishop & Sumner, 2006). If we assume that seawater [Ca] was equivalent to 10 mmol/kg (i.e.,
Spear et al., 2014), and assume that only 50% of the microspar volume was originally precipitated
(and the remaining 50% precipitated as a later overgrowth), a microspar-rich ribbon 7 x 5 x 1 cm
in size requires more than 47 liters of seawater to form. This strongly supports the inference that
synsedimentary microspar cement, like any other syn-depositional CaCOs cement, reflects
seawater more than diagenetic fluids (a conclusion reached by many previous authors, including
Bishop and Sumner, 2006 and James et al., 1998). In fact, Bishop and Sumner (2006) proposed
that such large amounts of seawater could be injected into underlying permeable and porous
sediments through the combination of hydrostatic responses to wave oscillation (i.e., storms or

fair-weather waves).

In light of geochemical and petrographic evidence that CaCOs microspar and talc
represent authigenic precipitates derived from contemporaneous seawater, it follows that lattice-
bound PO, within microspar, commonly identified in XANES spectra (and NMR) reflects the
presence of background concentrations of PO4. Similarly, the co-precipitation of talc and apatite
in the form of pore-filling cements and intraclasts allows us to place strong constraints on the
concentration of total inorganic phosphorus in contemporaneous seawater. A number of
experimental studies have shown that the homogeneous precipitation of apatite from seawater
instead begins with the nucleation of a precursor phase, which arises from the strong inhibitory
effect of Mg?* on apatite growth (Golubev et al., 1999; Johnsson and Nancollas, 1992; Gunnars
et al.,, 2004). These studies have shown that the precursor phase is commonly octacalcium
phosphate (OCP), which then recrystallizes to hydroxyapatite or carbonate fluorapatite (CFA)
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(i.e., Oxmann and Schwendenmann, 2014). If we accept that OCP nucleation represents a key
threshold that seawater must have exceeded in order to trigger apatite precipitation, then we can
examine the controls on this threshold in light of our observation that apatite co-precipitated with
talc. Accepting that talc precipitation from seawater requires a minimum pH of 8.5 (Tosca et al.,
2011; Strauss and Tosca, 2020) the total inorganic phosphorus required to nucleate OCP can then
be evaluated as a function of Ca?" concentration (Figure 4. 11). Available constraints on marine
Ca*" concentration for Tonian successions can be derived from fluid inclusions from the Browne
Formation (Spear et al., 2014) and the presence of gypsum-before-halite evaporites deposited
intermittently through Tonian global stratigraphy. This implies that seawater Ca?* likely resided
within the range of 6-12 mmol/kg (Spear et al., 2014). These constraints in turn imply that in
order to generate talc-apatite co-precipitates total inorganic phosphorus concentrations likely fell
within the range of 30-80 pmol/kg P, over an order of magnitude higher than modern global

marine phosphorus concentrations.

This relationship also implies that changes in Ca?" are likely exert a strong control on the
degree of PO, accumulation in seawater and sediments. For instance, if marine Ca®>" decreases,
then marine phosphate concentrations in turn increase, which may increase sedimentary
concentrations of P accordingly. This may provide a simple explanation for stratigraphic
variability in total P we observe within the Akademikerbreen and Fifteenmile Groups, which
show variability in P that corresponds with petrographic indications of high alkalinity (i.e.,

microspar and talc; Figure 4. 11) which may have led to transiently low Ca concentrations.
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Figure 4. 11 Solubility of OCP precursor phase to hydroxyapatite and carbonate CFA in
seawater. Accepting that talc precipitation from seawater requires a minimum pH of 8.5 (Tosca et
al., 2011; Strauss and Tosca, 2020) the total inorganic phosphorus required to nucleate OCP can
then be evaluated as a function of Ca*" concentration. For Tonian successions Ca*" concentration
can be derived from fluid inclusions from the Browne Formation (Spear et al., 2014). These
constraint indicate that in turn imply that in order to generate talc-apatite co-precipitates, total
inorganic phosphorus concentrations likely fell within the range of 30-80 umol/kg P, over an order
of magnitude higher than modern global marine phosphorus concentrations.
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4.8.3 Implications for the late Proterozoic P cycle

Our observations expand upon increasing evidence that aqueous POs; was abundant and
bioavailable in Tonian basins across the world, and provide geochemical and petrographic
constraints that illuminate the state of the Tonian P cycle. For example apatite scale microfossils
(ASMs) have been identified within the Tonian Fifteenmile Group within the Tatonduk Inlier
(Cohen and Knoll 2012; Cohen et al 2017) and in the Vsingso Group, Sweden (Moczydtowska et
al., 2018), as well as phosphatic scales in vase shaped microfossils across four sedimentary basins
(Riedman et al., 2020). These observations all indicate that phosphate was available at non-
limiting concentrations in order to support independent acquisition of apatite biomineralization
(Cohen et al 2017). Our data confirm this conclusion, and provide observational evidence that the
standing pool of total dissolved phosphate was significantly higher through much of the Tonian

than in the modern ocean.

The burial efficiency of seawater P in marine sediments has been suggested to influence
the cycling and concentration of P in the ocean (Filippelli and Delaney, 1992; Ruttenberg and
Berner, 1993) yet appreciable differences in P accumulation rate records relative to continental
weathering rates indicates that P influx can become decoupled from other dissolved components
(Filippelli and Delaney, 1994). Although P appears to have been cycled intensely during the late
Proterozoic, and the following Ediacaran period is characterized by periods of phosphogenesis,
recent compilations of sedimentary P content from shales coupled with mass balance constraints
show that phosphorite deposits only account for a minor proportion of the total P influx to the
ocean (Laakso, et al., 2020). It is important to note that these compilations do not provide a
statistically significant difference in sedimentary P content throughout much of the
Neoproterozoic (Laakso et al., 2020). Therefore, the style of P cycling during the late Proterozoic
may be more suitably explained by major water column remineralization and internal P cycling
models of P accumulation and burial outlined by Lenton and Daines (2018) and Ingall et al.,

(1993) that likely influenced total aqueous PO4 concentrations rather than changes to overall
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oceanic P fluxes (Laakso et al., 2020). This is supported by the low export flux of organic-C that
is well documented from Precambrian sediments (Schrag et al., 2013; Kunzmann et al., 2015;
Laakso and Schrag, 2018; Sperling and Stockey, 2018) and corroborated by our observations
from this investigation that indicate a lack of organic-C and a lack of minerals linked to anoxic
respiration. Following this, toward the end of the Neoproterozoic and early Paleozoic, a
‘biological pump’ would have become increasingly efficient in the Paleozoic as eukaryotes
evolved and enhanced P and organic-C burial and facilitated oxygen sensitive bioturbation that
expanded the oxygenated zone and helped to regulate early oxygen and P cycles (i.e., Boyle et

al., 2014; Lenton and Daines, 2018).

4.8.4 Implications for CaCOs precipitation

Tonian aged carbonates often record high Sr concentrations and increasing *’Sr/**Sr values which
indicates a time of high hydrothermal and river water flux, likely related to the breakup of the
supercontinent Rodinia (i.e., Derry et al., 1989; Asermon et al., 1991; Halverson, et al., 2007). In
addition, high Sr concentrations are often recorded in carbonate sediments of Neoproterozoic age
which is often used to infer that the primary mineralogy is aragonite or was former aragonite that
may have recrystallized to the energetically more stable calcite or dolomite. Yet although we
observe high Sr concentrations in these carbonates, we observe no petrographic evidence for
aragonite in any of these samples. This observation was also noted by Fairchild and Spiro, (1987)
who identified no preserved evidence of former aragonite based on petrographic examination of
late Proterozoic microspar cement. The carbonates from the three successions investigated in this
study are also dominated by microspar, an enigmatic carbonate cement that has an unconfirmed
primary mineralogy (i.e., James et al., 1998), but is characterized by high Sr. Recent research
hypothesizes that the lack of an aragonite precursor to Proterozoic calcite microspar cement can
be explained by non-traditional CaCOs; mineralization pathways under high CaCOs saturation
seawater (Strauss and Tosca, 2020) in the presence of high atmospheric pCO; that sustained

excessive marine CaCOs supersaturation (Tosca et al., 2011). This pathway is made possible by
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the presence of dissolved inhibiting compounds that would have subsequently influenced rates
and styles of CaCOj3 sedimentation (Strauss and Tosca, 2020). This formation pathway for late
Proterozoic calcite microspar cement may be explained by the precipitation of an amorphous
CaCOs (ACC) precursor and subsequent recrystallization to calcite (Bishop and Sumner, 2006;
Pollock et al., 2006) in the presence of minor concentrations of dissolved PO, in late Proterozoic
Tonian composition seawater (Roest-Ellis, et al., 2020). This is further supported by experimental
evidence and uXRF analyses showing that synthetic POs-doped calcite produces PO, species very

similar to those recorded in Proterozoic carbonates (supplementary material, Figure S4. 5).

The observed high Sr in Proterozoic calcite microspar is also supported by the formation
of calcite via an amorphous precursor to calcite. This is because ACC is relatively indiscriminate
to trace element uptake and therefore captures unusually high concentrations of Sr (Littlewood et
al., 2017). Together, the conditions resulting in elevated marine PO4 may have played a significant
role in the mineralogy and style of Precambrian carbonate deposition. This would explain the
presence of high [PO4] within these carbonates alongside calcite microspar cement that records
high Sr concentrations. High PO4 concentrations in Proterozoic seawater may also be linked to
kinetic controls that influenced secular variation in Proterozoic carbonate precipitation (i.e.,

James et al., 1990).

4.9 Conclusions

Recent geochemical compilations of Proterozoic shale P have indicated that P burial did not vary
significantly in the Proterozoic (Laakso et al., 2020). By incorporating several analytical
techniques to understand and constrain Proterozoic P in carbonate sediments, we reveal new P
records that identify abundant and widespread P distribution at significantly elevated [PO4]
concentrations in Neoproterozoic Tonian aged carbonate rocks. P is located in several distinctive
types of COs-associated P and carbonate fluorapatite in Tonian aged carbonate rocks. The

authigenic nature of much of this P and the incorporation into precipitating calcite minerals
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provides contextual evidence for seafloor precipitation associated with elevated P concentrations.
The evidence weighs in favour of an enhanced P-cycle with water column remineralization
heightened by the absence of major organic matter burial (i.e., Lenton and Daines). Thus, this
dataset provides an opportunity to further understand Proterozoic marine P availability and burial.
Because Ca?' ions can influence modern alkaline settings, enabling concentrations of PO4 to
reach > 1 mol, it is possible that similar processes may have influenced late Proterozoic marine
conditions as a result of high alkalinity and high supersaturation with respect to CaCOs. By
extension, our data suggest that Proterozoic marine basins contained enhanced P-cycling on a
global scale, which may have lasted for prolonged periods of time and may have had significant
implications for Proterozoic carbonate deposition styles and may have provided bioavailable

marine [PO4] that was essential to biological evolution.
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Chapter 5: Discussion and
conclusions

5.1 Overview of research aims

For much of Earths geological history, skeletal CaCOs; biomineralization was absent and
carbonate sediments were controlled by chemical processes. In the absence of a CaCOj3 biological
buffer through much of the Precambrian, kinetic pathways dominated carbonate production and
led to widespread high-Mg CaCO; mineral production. However, these systems may have been
highly sensitive to ocean-atmospheric chemical variations, which would have had a major

influence on key geochemical cycles.

Elucidating the sedimentological consequences of kinetic inhibition in natural settings
through experimental and geological analyses is important for understanding geochemical cycles
and processes that lead to enigmatic high-Mg CaCO; and MgCOjs precipitation. By identifying
CaCOs—MgCO;, pathways linked to kinetic mediation by common ions in seawater and lake
systems, we aim to shed light on mechanisms that underpin enigmatic high-Mg carbonate mineral
formation. In doing so, we set out to geochemically constrain carbonate precipitation processes

and gain a new perspective on phosphorous availability during key periods in Earths history.

5.2 Chapter 2 conclusions summary

Magnesite and Mg-rich carbonates are highly reactive compared to Ca- and Ca-Mg-carbonate
minerals (calcite and dolomite). This indicates that Mg-bearing carbonates should form readily,
yet their formation is inhibited at Earths surface conditions. Alternatively, dolomite is
thermodynamically the most stable form of Mg-Ca-carbonate, yet the formation of primary

dolomite at Earth surface conditions remains largely unexplained. Challenges for understanding
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the formation and preservation of these minerals over geological timescales have remained
enigmatic but appear to be related to kinetics and the major influence of an enlarged hydration
radius of Mg ions resulting in sluggish kinetics. Our experimental results reveal insight into very
high-Mg calcite, magnesite and dolomite mineralization pathways under Earth surface conditions.

Two important pathways are characterized:

3) A pathway to very high-Mg calcite-dolomite crystallization from ACMC precursors in highly
alkaline settings where supersaturation is influenced by [PO4] = 7 mM/kg. This pathway is
prompted by the recrystallization of high-Mg ACMC that typically resulted in mixtures of
very high Mg-calcite (ca. 48 mol% Mg) with minor aragonite and dolomite.

4) A pathway to magnesite crystallization via hydromagnesite. This pathway is prompted by the
homogenous nucleation of very high-Mg ACMC and/or AMC in high alkalinity settings

where supersaturation is influenced by [PO4] > 7 mM/kg.

These results indicate that (A) under high carbonate alkalinity conditions influenced by
[PO4] = 7 mM, increased Mg/Ca ratios resulted in increased Mg/Ca of the final mineral where
Mg > 50 %. (B) Increasing the [PO4] led to an increase in the extent and rate of crystallization,
notably of magnesite, but also minor dolomite minerals and apatite. (3) Increased salinity and
[PO4] resulted in the formation of chlorapatite rather than monetite that was associated with lower
salinity and [PO4] settings. (4) Morphological changes are characterized by the presence of
spherules that are composed of microcrystalline aggregated of either hydromagnesite or
magnesite depending on the extent of crystallization or very-high Mg-calcite in precursor
experiments. (5) These conditions led to an unusually high abundance of crystal twinning.

These results shed light on long-standing enigmas related to magnesite and dolomite
formation and expand our current understanding of possible geochemical environments that can
lead to Mg—Ca—CO3 mineral production. This provides important insight into kinetically driven

processes that may have influenced carbonate sedimentation and related geochemical cycles in
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geological history and helps identify possible formation mechanisms that result in magnesite

mineral production in Martian environments.

5.3 Chapter 3 conclusions summary

Our data show that kinetic interactions among common seawater ions may generate non-
traditional mineralization pathways that offer new explanations for enigmatic Precambrian
carbonate fabrics such as synsedimentary calcite microspar cement; thus, future interpretations of
isotopic and trace-eclemental variations in Precambrian carbonates should take explicit account of
these CaCO; mineralization pathways and their associated expressions. More broadly, our data
show that because [POuw] strongly increases nucleation thresholds, while effectively arresting the
growth rates of pre-existing CaCOs3 (Mucci, 1986), periods of enhanced PO, recycling, whether
driven by ecological factors (Lenton and Daines, 2018) or ocean-atmosphere redox (Laakso et al.,
2020), may have fundamentally altered the dynamics of CaCOs precipitation throughout much of
the Proterozoic Eon. This may indicate that secular variations observed in carbonate successions
in the Precambrian relate to secular variations in the concentration or relative proportion of kinetic

mediating compounds such as POj.

5.4 Chapter 4 conclusions summary

Our observations expand upon increasing evidence that aqueous POs; was abundant and
bioavailable in Tonian basins on a global scale, and provide geochemical and petrographic
constraints that illuminate the state of the Tonian P-cycle. By incorporating several analytical
techniques to constrain Proterozoic P in carbonate sediments, we reveal new P records that
identify abundant and widespread P distribution at significantly elevated [PO4] concentrations in
Neoproterozoic Tonian aged carbonate rocks. P is located in several distinctive types of COs-
associated P and carbonate fluorapatite in Tonian sediments. The authigenic nature of much of
this P and the incorporation into precipitating calcite minerals provides contextual evidence for

authigenic seafloor precipitation associated with P enrichment.
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The evidence weighs in favour of an enhanced P-cycle with water column
remineralization heightened by the absence of major organic matter burial (i.e., Lenton and
Daines). Thus, this dataset provides an opportunity to further understand Proterozoic marine P
availability and burial. Because Ca*" ions can influence modern alkaline settings concentrating
POsto > 1 mol, it is possible that similar processes influenced late Proterozoic alkaline and
supersaturated marine conditions. By extension, our data suggest that Proterozoic marine basins
contained enhanced P-cycling on a global scale, which may have lasted for prolonged periods of
time and may have had significant implications for Proterozoic carbonate deposition styles and
may have provided bioavailable marine [POs] that was essential to biological evolution. However,
if evidence that points toward PO4enrichment during this time coincides with no corresponding
increase in primary production and organic matter burial as these sediments indicate, this may
signal that biological P limitation was usurped by possible nitrogen limitation. This could be
explained by elevated pH induced that results in a shift from aqueous ammonium (NH4") to
ammonia gas (NH3) that removes nitrogen from water. This would support observations of a

build-up of POs: without an increase in organic-C burial.

5.5 Geological CaCO3; production discussion

These data suggest that the enhanced [PO4] in Neoproterozoic seawater may have
permitted non-classical CaCO; nucleation at high Qca, in turn producing synsedimentary
microspar with authigenic Mg-silicates (Strauss and Tosca, 2020), and apatite. Similar regimes
may have led to non-classical MgCO3 and Mg-Ca-COs nucleation resulting in widespread primary

dolomite and high Mg-calcite sedimentation that dominates through much of the Precambrian.

In fact, the stratigraphic abundance of microspar peaked in the early Neoproterozoic
(James al., 1998), indicating that nucleation threshold were repeatedly crossed across multiple
basins. An addition, evidence that highly alkaline settings influenced by PO4leads to non-classical
MgCO; and Mg-Ca-COs nucleation (Mg > 50 %) indicates that similar kinetically controlled
environments may have existed through much of the Precambrian and contributed to the

133



production of widespread primary dolomite and high Mg-calcite sedimentation that dominates

through much of the Precambrian.

Together, these chemical constraints and newly identified kinetic thresholds uncover
mechanisms that control the shallow water Precambrian CaCOs factory that underwent significant

variations in response to biogeochemical changes throughout Earth’s history.

5.6 Proterozoic P-cycle discussion

By understanding the relationship between PO, and CaCOs mineralization pathways, we can
shed light on the availability of Precambrian PO, and perhaps take a step forward in understanding
how major changes in ocean-atmosphere chemistry through geological history were related to the
evolution of the biosphere in which P plays a crucial role biogeochemically (Gulick et al, 1955,

Holland, 1984; Holland et al., 1986; Van Cappellen, 1991, Eckford-Soper and Canfield, 2020).

The results from multiple lines of research conducted in this thesis overwhelming point
toward an enhanced POs4 cycle in the Tonian, with high PO4 turnover and significant PO,
concentrations within the mid-Neoproterozoic ocean system compared to the modern ocean and
times preceding and following the mid-Neoproterozoic. Our observations, based on bulk
carbonate PO, analyses to identify PO, concentrations, *'P NMR and XANES analyses to identify
the P speciation and pXRF, SEM-EDS and petrography to characterize the spatial distribution
and mineralogical context of POs expand upon increasing evidence that aqueous POs was

abundant and bioavailable in Tonian basins on a global scale.

We provide geochemical and petrographic constraints that illuminate the state of the
Tonian P-cycle and support observations that phosphate POs was non-limiting through much of

the Tonian at concentrations conducive to apatite biomineralization (i.e., Cohen et al 2017).

The availability of P as a nutrient is typically regarded as a limiting factor in primary

production. However, at high pH, the POy species are shifted to orthophosphate ions (PO4>) — the
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most bioavailable form of P in solution (i.e., Reynolds and Davies, 2001). Therefore, two key
questions remain: what caused mid-Tonian PO4 enrichment and if alkaline-saline lakes are

enriching bioavailable nutrient [POu], then why are microorganisms not utilizing it?

The burial efficiency of seawater P in marine sediments has been suggested to influence
the cycling and concentration of P in the ocean (Filippelli and Delaney, 1992; Ruttenberg and
Berner, 1993) yet appreciable differences in P accumulation rate records relative to continental
weathering rates indicates that P influx can become decoupled from other dissolved components
(Filippelli and Delaney, 1994). Although P appears to have been cycled intensely during the late
Proterozoic, and the following Ediacaran period is characterized by periods of phosphogenesis,
recent compilations of sedimentary P content from shales coupled with mass balance constraints
show that phosphorite deposits only account for a minor proportion of the total P influx to the

ocean (Laakso, et al., 2020).

Therefore, the style of P cycling during the late Proterozoic may be more suitably
explained by major water column remineralization and internal P cycling models of P
accumulation and burial outlined by Lenton and Daines (2018) and Ingall et al., (1993) that likely
influenced total aqueous PO, concentrations rather than changes to overall oceanic P fluxes
(Laakso et al., 2020). This is supported by the low export flux of organic-C that is well
documented from Precambrian sediments (Schrag et al., 2013; Kunzmann et al., 2015; Laakso
and Schrag, 2018; Sperling and Stockey, 2018) and corroborated by our observations from this
investigation that indicate a lack of organic-C and a lack of minerals linked to anoxic respiration.
Following this, toward the end of the Neoproterozoic and early Paleozoic, a ‘biological pump’
would have become increasingly efficient in the Paleozoic as eukaryotes evolved and enhanced
P and organic-C burial and facilitated oxygen sensitive bioturbation that expanded the oxygenated
zone and helped to regulate early oxygen and P-cycles (i.e., Boyle et al., 2014; Lenton and Daines,

2018).
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Furthermore, [POs]-enrichment may be explained by recent indications that modern
alkaline lakes can accumulate PO4 to > 1 mM concentrations (Toner and Catling, 2020). This can
be explained in high-alkalinity conditions where by a relationship with Ca*" ion removal in the
water column through CaCOj precipitation restricts the precipitation of apatite and leads to excess

PO4 accumulation in lake waters (Gulbrandsen, 1969; Sass, 1981; Toner and Catling, 2020).

Geochemical PO4 enrichment may also come from the high pH that characterizes modern
alkaline lakes, due to the pH-dependent speciation of PO4 (de Kanel and Morse, 1978; Ishikawa
and Ishikuni, 1981). The availability of P as a nutrient is typically regarded as a limiting factor in
primary production. However, at high pH, the PO, species are shifted to orthophosphate ions
(PO4*) — the most bioavailable form of P. However, pH > 8 and high alkalinity also shifts aqueous
ammonium NH4" to NH; (ammonia gas) in equilibrium causing nitrogen nutrient loss from the
water through degassing. Furthermore, ammonia can be highly toxic to biological organism and
inhibits photosynthesis by binding to the oxygen-evolving complex (Abeliovich and Azov, 1976;
Wang et al., 2019). Together, these factors may decrease the rates of [POuwt] consumption by
microorganisms and lead to a gradual build-up of [POu4,] but have potentially damaging
consequences on productivity and perhaps maintaining low levels of atmospheric oxygen (i.e.,

Planavsky et al., 2018).

Although our data and published models point toward an enhanced PO4 cycle, we cannot
rule out the possibility of an increase in P influx (i.e., Horton, 2015, Cox et al., 2016) — even if it
is a local one. In the case of the Little Dal Group, it is not inconceivable that an additional presence
of PO4 was derived from of either a) a serpentonite derived source of elevated PO4, b) a magmatic
derived source of apatite or ¢) reworking of apatite sediments. Geochemical investigations into
possible influence of serpentonite derived or igneous derived P-enrichment in mid-Tonain basins

are required to better understand the mineralogy and source of PO, cycling and possible sources.
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a)

b)

Mantle serpentinization may have acted as a route to liberating P during alteration from
olivine to serpentonite in ultramafic rocks leading to orthophosphate and pyrophosphate
(Pasek et al., 2020).

Alternatively, although the Laurentian plate records no apparent volcanism ca. 830-817 Ma
(Harlan et al., 2003; Thompson et al., 2014), Rodinia passing over a mantle plume prior to
basin subsidence may have resulted in crustal fluid interaction. This coincides with the Guibei
(China) and Gairdner (Australia) large igneous provinces and the Olympic Dam dolerite (Park
et al., 1995; Macdonald et al. 2012; Apukhtina et al., 2016). These events are dated at 817 &
11 Ma based on titanite grains (Apukhtina et al., 2016), which marginally precedes the Bitter
Springs Stage ~811 Ma, and these events culminated in the Laurentian Gunbarrel event ~780
Ma (Macdonald et al., 2012). All of these igneous events are associated with significant
igneous P enrichment with apatite assemblages and concentrations up to P,Os = 8200 ppm
(i.e., Apukhtina et al., 2016). Interaction with igneous derived minerals may account for some
anomalies identified in the P-enriched Little Dal Group carbonates, notably the multiple
sources of apatite, presence of TiO> minerals and Sr-rich microspar cement that records up to

700 ppm in these carbonates (Halverson et al., 2007).

Either way, whether changes to the P-cycle were related to increased P-flux or changes in the

deep water P reservoir, taken together, these observations hint at fundamental shifts in the internal

cycling of P that may not be obviously reflected in the bulk P content of siliciclastic rock proxies

for changes to P input and output fluxes and would benefit from further research. In this regard,

the nature of P cycling in carbonate depositional environments and the degree to which carbonate

sediments archive marine P availability could represent a key archive of P availability that

complements siliciclastic records. By understanding the relationship between PO, and CaCOs

mineralization pathways, we may be able to shed light on the availability of Precambrian PO4 and

perhaps take a step forward in understanding how major changes in ocean-atmosphere chemistry

through geological history were related to the evolution of the biosphere (i.e., Holland, 1984;
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Holland et al., 1986) in which P plays a crucial role biogeochemically and related to ocean-
atmosphere oxygenation (Gulick et al, 1955, Van Cappellen, 1991, Butusov and Jernelov, 2013;

Fernandez-Garcia et al., 2017; Eckford-Soper and Canfield, 2020; Toner and Catling, 2020).

5.7 Concluding remarks

Our research reveals new, non-classical formation pathways that lead to high-Mg calcite,
magnesite, dolomite and apatite minerals at Earth surface temperatures in hyper-alkaline, hyper-
saline environments. These environments drive kinetic pathways mediated by common

compounds that inhibit direct aragonite and calcite crystallization.

The presence of dissolved PO in water influences enhanced COs-alkalinity and increases
supersaturation relative to carbonate minerals (i.e., Qcaicite and Qacmc). These pathways can help
explain kinetically driven mechanisms that exist present day on Earth and likely existed in the
geologic past. Our approach draws together geochemical constraints for past depositional
environments from fluid inclusion data (i.e., Spear et al., 2014) and chemical precipitation
boundaries for authigenic minerals calcite microspar, primary dolomite and Mg-silicate (i.e.,
Tosca et al., 2011; Strauss and Tosca, 2020). We incorporate these into different experimental
methods to examine the precipitation of Mg-rich CaCO; minerals from hyper-alkaline, hyper-
saline conditions influenced by millimolar concentrations phosphate (POs) concentrations known

to inhibit aragonite and calcite (i.e., Burton and Walter, 1990).

We have identified that the presence of dissolved PO, in water influences enhanced CO52-
alkalinity and increases supersaturation relative to carbonate minerals (i.e., Qcaicite and Qacmc).
This opens up non-classical formation pathways to CaCOs that likely led to the enigmatic calcite
microspar cement precipitation that is characteristic of mid-Proterozoic marine carbonates. In
doing so, we have constrained key chemical nucleation thresholds for carbonate nucleation in
mid-Proterozoic composition seawater that helps explain kinetically driven mechanisms of

carbonate sedimentation. This research suggests that CaCO; nucleation thresholds were
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repeatedly crossed on a global scale in the Neoproterozoic, which may have had drastic influence
on biogeochemical cycles and specifically the carbon cycle. Understanding kinetically driven
pathways on mineral formation elucidates the chemical controls on global systems that are not
buffered by skeletal carbonate productions and are highly sensitive to the surrounding chemical
environment. This indicates that the Precambrian shallow water CaCOs factory may have been

subject to major fluctuations through most of Earth’s history.

Through identification of alternative mineral formation mechanisms and pathways, we
have shed light on new Mg-carbonate and high-Mg CaCO; pathways that can overcome energetic
barriers related to magnesium hydration and inform us of carbonate sedimentological depositional
environments and geochemical processes. Although the production of these Mg-rich carbonate
minerals can be facilitated by microbial activity, an important finding is that conditions for
magnesite and dolomite formation at Earth surface conditions do not require microbial influence.
Instead, these pathways emphasize the importance of kinetic inhibitors in mineral formation
pathways and signals that alternative calcium carbonate precipitation pathways that may have
dominated carbonate sedimentation in paleo-environments and alkaline lake settings for ca. 3
billion years. This provides fundamentally important information in understanding the formation
of magnesite that can be met in alkaline lake settings where PO4accumulations can reach > 1 mM
(Toner and Catling, 2020). The integration of the results from the different methods used in this
research elucidates major controls on the inorganic carbonate factory and the phosphorous cycle
that have largely been unaccounted for. These conditions are very relevant for understanding early
aqueous environments that existed on Mars leading the deposits of magnesite that dominate
carbonate sediments (i.e., Ehlmann, 2008. These environments happen to contain MgCOs as well

as excessive PO4 concentrations linked to mafic water-rock interaction (i.e., Adcock et al., 2013).

In characterizing the nature of P within geological carbonates, NMR show that PO, is
bound principally in carbonate fluorapatite (CFA); deposited as seafloor synsedimentary cements,

within Mg-silicate-rich intraclasts, nano-inclusions within microspar cement and talc, and as
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disseminated detrital particles. Our data show that PO, is dominantly carbonate-associated, and
only rarely associated with ferric-iron oxide/organic matter in these mid-Neoproterozoic samples;
Fe and S-bearing diagenetic minerals, the products of anoxic respiration, and organic matter are
rare. These data suggest that the enhanced [PO4] in Neoproterozoic seawater may have permitted
non-classical CaCOj; nucleation at high Qc,, in turn producing synsedimentary microspar with
authigenic Mg-silicates (Strauss and Tosca, 2020), and apatite. Similar regimes may have led to
non-classical MgCOs; and Mg-Ca-CO; nucleation resulting in widespread primary dolomite and

high Mg-calcite sedimentation that dominates through much of the Precambrian.

Through the application of these mineral formation pathways linked to phosphorous
inhibition and geochemical interrogation of Proterozoic carbonates, we have honed in on a new
approach that enables the characterization of P concentration, speciation and distribution in
authigenic carbonate sediments as apatite and carbonate fluorapatite cements, intraclasts and
nanocrystals and in the form of lattice-bound COs-assocaited PO4. This provides a deeper
understanding of available P concentrations in marine environments in the Precambrian. Our
research points toward enhanced phosphorous cycling during the Proterozoic and reveals that
mid-Neoproterozoic seawater featured enhanced bioavailable marine PO4 This carries a number

of significant implications for the global P-cycle, on the cusp of early eukaryotic diversification.

5.7.1 Future research

This research has resulted in a significant platform from which future experimental investigations
can be leveraged. Needless to say, further investigation into the newly identified pathways would
be highly beneficial. The pathway to high-Mg calcite and dolomite would benefit from further
investigation by broadening the experimental conditions with a specific focus on characterizing
the conditions and mechanisms of formation in Precambrian environments and modern lacustrine

environments (i.e., Coorong Lagoon and Searles Lake).

The pathway to magnesite crystallization from hydromagnesite would benefit from

characterization from experiments that focus on depositional environments with a specific focus
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on mafic mineral and POy interactions, for example drawing on chemical conditions of modern
natural deposits and deposits that may be present on Mars. Supporting in situ analyses to
characterize the mechanisms by which hydration barriers related to Mg ions may be overcome

would be of key importance.

Emphasis on understanding lattice bound COs-associated PO, is an exciting area of
research that will benefit from further experimental geochemical investigations and kinetic
constraints, supported by microanalytical characterization (i.e., XANES and pXRF — Richardson

and Webb, SSRL; and*'P NMR, Phillips, Stonybrook).

Furthermore, the inhibitory effect of Mg?* on octacalcium phosphate transformation to
apatite in seawater would support geochemical models. But perhaps more importantly, because
POs is a key component in all life on Earth, investigating the calcium-magnesium-carbonate-
phosphate system in highly alkaline settings may be of fundamental importance in probing
geochemical environments related to biological evolution and for understanding the geochemical
conditions that may have led to the precursors of biomolecular building blocks that eventually

ended up as RNA that marks the origin of life on Earth.

Further geological analyses to identify PO4 in additional successions and time periods

will only strengthen our understanding of the Proterozoic P-cycle.

Geochemical investigations into the causes of enhanced PO4 in sedimentary basins would
be of great importance to the geological and biological community. Possible lines of research
relate to possible influence of serpentonite derived P-enrichment or igneous derived P-enrichment
in mid-Tonain basins specifically related to the Little Dal Group. Furthermore, investigations into
why PO; is not being utilized by organisms in the mid-Tonian could start with a focus on

investigating whether high pH caused deprotonation and a resultant nitrogen nutrient crash.

End
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Supplement 1

S1 Introduction to supplementary material

Additional relevant data, extended methodologies and geochemical calculations are provided in
the supplementary material. The supplement number corresponds to the chapter number in the
thesis i.e., Chapter 1 — Supplement 1; Chapter 2; Supplement 2; Chapter 3 — Supplement 3;

Chapter 4 — Supplement 4.
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Supplement 2

S2  Supplementary material Chapter 2

S2 1.1 Additional FTIR and XRD data
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Figure S2. 1 Representative FTIR and XRD diagrams from the homogenous nucleation
experiments. Interpretations are labelled. A: FTIR indicates an ACMC spectrum from a sample
that was nucleated at room temperature (22 °C), vacuum filter dried and analyzed immediately
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without subject to recrystallization in the water-bath. The ACMC spectra presents no observable
crystalline bands. The remaining spectra are taken from homogenous nucleation experiments
8.5 and 8.6 (i.e., Table S2). These solids precipitated from Aigher PO, experiments in highly
alkaline and supersaturated solutions (Qacmc = 228) that contain [PO4] = 14 mM/L,

Mg/Ca = 5, ([Ca*"] 9; [Mg?*] 43 mM), CO;/Ca = 12 ([CO5*] 103; [Ca®"] 9 mM) at pH 10 in 50
°C temperatures. The increase in salinity in 8.6 appears to result in a greater degree of
crystallinity of magnesite peaks and the lower salinity appears to result in a greater degree of
crystallinity of dolomite peaks. B: A representative XRD diagram of the sample, 8.6. The XRD
peaks positions (°20) and d-spacing (A) are labelled for the dominant mineral phases.

S2 1.2 XRD characterization of ACMC
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Figure S2. 2 XRD diagrams of initial ACMC precursor and homogenous nucleation phases.

The absence of peaks is indicative of amorphous material. The homogenous nucleation
experiment ACMC is notably different from the controlled ACMC precursor with a distinct
hump positioned at approximately 12° 20. Indicating that this phase may contain mixed
amorphous Mg-carbonate (AMC) and/or amorphous Ca-phosphate (ACP). The homogenous
nucleation Mg mol% is based on ICP-AES solid analyses and FTIR v; peak values. The ACMC
precursor material precipitated through steady state conditions contained approximately 50 %
mol Mg based on FTIR v, peak values (Blue and Dove, 2015)
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HMGs: hydromagnesite, NSQh: nesquehonite, HAp: hydroxyapatite, COsAp: carbonate apatite, CLAp:

chlorapatite, DCP: dicalcium-PO4

Table S2 1 Summary of the semi quantitative XRD results from the homogenous nucleation
expetiments. The values given are for the closest XRD reference matches corresponding with
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the analyzed XRD diffraction peaks of the experimental samples. The approximate percentage
of the minerals present, chemical formula of the identified minerals and representative reference
codes are indicated. It is important to note that many of the samples contained disordered
crystallography, polyphase mixtures of minerals and possible ionic substitution within the
crystals and/or inclusions within the crystals or contain hydrated ions. These impurities may
have resulted in altered or atypical XRD diffraction data and contributed to challenges with
identification. Therefore, the reference codes for minerals are not often a ‘good’ match and this
table represents a summary of the closest matches. The dataset would benefit from more
extensive Rietveld refinement.

In addition to the Mg-and Mg-Ca carbonate minerals produced in the homogenous nucleation
experiments, XRD spectra identify the presence of rare mineral northupite Na;sMg(COs)-Cl from
several samples, which may be explained by the excess of magnesium, sodium and chlorine in
the solutions (Deelman, 2011). Although northupite is uncommon, it is most notably identified in
evaporative sediments from Searles Lake, California; an alkaline carbonate-rich lake that
produces primary dolomite (Smith and Haines, 1964) and contains uniquely high [POu],
dissolved inorganic carbon ([DIC]) (i.e., Toner and Catling, 2020) and hosts primary dolomite
sediments (Smith, 1978). Northupite is a metastable mineral that forms from an amorphous
precursor and alongside witherite (BaCO3) can ripen via dissolution—crystallization process into
dolomite-group mineral norsethite (BaMg(COs).) (Pimentel and Pina, 2014). Although Ba and
Mn are absent in our experiment, this process may be similar to that which forms primary
dolomite at the expense of two metastable precursor minerals such as ACMC and AMC or
hydromagnesite in similar environmental settings. Although previous studies indicate that
northupite may form resulting from high [CI] in solution that may favour northupite over
hydromagnesite and nesquehonite (Deelman, 2011) we observe predominantly hydromagnesite
with only minor northupite indicated. This may indicate that northupite postdates the formation

of hydromagnesite in solution.
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S2 1.4 FTIR results from homogenous nucleation experiments

va (POY) FTIR Exp. 2 v+ (CO3) va (POY)
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Figure S2. 3 FTIR results from ACMC precursor experiments with vibrational bands assigned
and mineralogical interpretations based on peaks.
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Figure S2. 4 FTIR results from homogenous nucleation experiments with vibrational bands
assigned and mineralogical interpretations based on peaks.
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S2 2 Homogenous Nucleation Experiments

S2 2.1 ICP-MS solid sample analyses

During the homogeneous nucleation experiments (Exp. 7), the aqueous Ca and Mg concentrations
of experimental solution samples were extracted, syringe-filtered (0.22 um), and acidified (HNO;3,
4 %). When the experiments were terminated, the bulk solid samples were syringe-filtered
(0.22 um), vacuum-filtered, rinsed with isopropanol, and dried in a vacuum-desiccator at 25 °C
for 24 h before digestion (HNOs, 4 %). The Ca, Mg and P elemental concentrations were then
measured using ICP-AES performed using an Ultima 2C Horiba Jobin Yvon inductively coupled
plasma optical emission spectrometer (ICP-AES) at Kingston University. Samples were
randomized, replicates were analyzed every 10 samples, 8 calibration standards were used and 1
ppm, quality control (QC) standards were analyzed every 10 samples. In addition, 10 matrix
matched standards were produced and analyzed along with blank samples with no Ca, Mg or P
were analyzed every 10 samples and reference standards: SPS-SW2; NASS-7; SLRS-6 R2 5xdil
and a synthetic seawater with no calcium. The analytical precision for the bulk solid samples was
+ 4% for Mg and £5% for Ca and the analytical precision for the aqueous solution samples was

+ 6%.
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EXP7 EXP7 ) ca(ph) TP ME oxf;lclao . Mgmol Camol
No. No.2 Ca solid % %
Exp7 66 12360396 11497455 23857851 1.08 63.9 45
Exp7 7.0  114356.65 171127.08 285483.72 0.67 52.4 8.1
Exp7 7.1  152817.29 140309.95 293127.25 1.09 64.2 5.5
Exp7 7.2 20172520 7141495 273140.15 2.82 82.3 2.2
Exp7 7.3 23704676 49590.60  286637.36 4.78 88.7 1.4
Exp7 7.4 24406828 3845436  282522.64 6.35 91.3 1.1
Exp7 7.5 24015521 38497.83 278653.04 6.24 91.1 1.1
Exp7 7.6 23713205 29852.91  266984.97 7.94 92.9 0.8
Exp7 7.7 25029821 21687.69 271985.91 11.54 95.0 0.6
Exp7 7.8 24129330 21873.40  263166.70 11.03 94.8 0.6
Exp7 7.9 19958151 77669.83 27725134 2.57 80.9 2.4
Exp7 7.9d. 20337606 7824336 281619.42 2.60 82.0 2.4
Exp7 80  218020.64 7914407 297164.71 2.75 79.1 2.6
Exp7 81 18854835 81968.06 270516.41 2.30 82.1 2.4
Exp7 82 21826046 78306.57 296567.04 2.79 81.4 2.4
Exp7 84 20765093 7814870  285799.63 2.66 83.3 2.2
Exp7 85 219863.06 72862.72 292725.78 3.02 82.8 1.8
Exp7 86  171782.85 58797.41  230580.26 2.92 86.0 1.7
Exp7 87  215607.84 57801.96 273409.80 3.73 63.9 4.5

Table S2 2 Results of the bulk solid samples from homogenous nucleation experiments
following digestion and analysis by ICP-AES to determine Mg, Ca and P concentration. P was
below the detection limit in all solid sample analyses and is not shown. Mg/Ca ratio. Mg and Ca
mol % were estimated from the calculation shown in Eq. 2.25.
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S2 2.2 ICP-AES solution analyses

ICP-AES results

Average Sample Days in bath Mg mM/L Ca mM/L P mM/L
7.0 0 5.79 0.01 2.67
7.0 22 0.08 0.00 2.28
7.0 54 0.06 0.00 241
7.0 64 0.04 0.00 3.81
7.1 0 0.69 0.01 3.37
7.1 22 0.07 0.00 2.37
7.1 54 0.06 0.00 3.31
7.1 64 0.03 0.00 3.36
7.2 0 0.30 0.00 1.49
7.2 54 0.07 0.00 1.72
7.2 64 0.01 0.00 1.99
7.3 0 0.25 0.00 4.88
7.3 22 - - -
7.3 54 0.06 0.00 3.74
7.3 64 0.04 0.00 1.50
7.4 0 0.77 0.00 2.48
7.4 22 0.02 0.00 2.59
7.4 54 0.05 0.01 1.35
7.4 64 0.04 0.00 1.75
7.5 0 1.39 0.01 1.61
7.5 22 0.05 0.00 3.43
7.5 54 0.06 0.00 3.54
7.5 64 0.03 0.00 4.37
7.6 0 0.67 0.01 3.56
7.6 22 0.06 0.00 4.09
7.6 54 0.05 0.00 3.22
7.6 64 0.05 0.01 2.60
7.7 0 0.69 0.00 4.19
7.7 22 0.10 0.00 3.74
7.7 54 0.06 0.00 2.25
7.7 64 0.06 0.00 4.08
7.8 0 0.33 0.01 3.03
7.8 22 0.06 0.00 2.12
7.8 54 0.02 0.00 2.59
7.8 64 0.06 0.00 2.31
7.9 0 0.66 0.00 1.89
7.9 22 0.04 0.00 3.96
7.9 54 0.07 0.01 1.54
7.9 64 0.05 0.00 4.10
8.0 0 0.39 0.02 2.79
8.0 22 0.05 0.00 3.06
8.0 54 0.07 0.01 3.01
8.0 64 0.05 0.00 2.03
8.1 0 341 0.01 5.02

183




8.1 22 0.06 0.01 2.04
8.1 54 0.05 0.00 2.69
8.1 64 0.04 0.00 4.38
8.2 0 0.47 0.01 1.69
8.2 22 0.12 0.02 2.39
8.2 54 0.04 0.00 2.73
8.2 64 0.10 0.01 211
8.3 0 0.50 0.00 3.58
8.3 22 0.03 0.00 5.25
8.3 54 0.05 0.00 2.86
8.3 64 0.05 0.01 1.73
8.4 0 0.53 0.01 2.27
8.4 22 0.06 0.00 1.57
8.4 54 0.11 0.02 3.25
8.4 64 0.03 0.00 2.37
8.5 0 0.73 0.01 1.54
8.5 22 0.07 0.01 2.72
8.5 54 0.08 0.01 1.85
8.5 64 0.58 0.00 5.20
8.6 0 0.14 0.01 331
8.6 22 0.15 0.01 1.97
8.6 54 0.05 0.00 3.04
8.6 64 0.05 0.00 0.48
8.7 0 0.36 0.00 2.61
8.7 22 0.08 0.01 4.42
8.7 54 0.07 0.01 3.42
8.7 64 0.10 0.01 2.02
Table S2 3 Results of the solution samples taken through the course of the homogeneous

nucleation experiments following digestion and analysis by ICP-AES to determine changes in
Mg, Ca and P concentration.
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ICP-AES matrix-matched standard results
Sample MgO mM/L Ca0 mM/L PO, mM/L P,0s pM/L
STD1_Sw1 0.0012 0.0003 0.0004 0.3544
STD1_Sw1 0.0050 0.0009 0.0014 1.4149
STD1_Sw1 0.0065 0.0008 0.0018 1.8341
STD1_Sw1 0.0079 0.0011 0.0023 2.2521
STD1_SwW2 0.0010 0.0002 0.0003 0.2884
STD1_SwW2 0.0004 0.0002 0.0001 0.1132
STD1_SwW2 0.0016 0.0001 0.0005 0.4512
STD1_SW2 0.0032 0.0001 0.0009 0.8986
STD1_Sw3 0.0034 0.0001 0.0010 0.9610
STD1_SwW3 0.0017 0.0004 0.0005 0.4707
STD1_SwW3 0.0029 0.0003 0.0008 0.8336
STD1_Sw4 0.0015 0.0003 0.0004 0.4346
STD1_Sw4 0.0014 0.0003 0.0004 0.3953
STD1_Sw4 0.0008 0.0003 0.0002 0.2410
STD1_Sw4 0.0011 0.0002 0.0003 0.3016
STD1_SW5 0.0018 0.0001 0.0005 0.5019
STD1_SW5 0.0027 0.0002 0.0008 0.7628
STD1_SW5 0.0004 0.0001 0.0001 0.1219
STD1_SW5 0.0009 0.0003 0.0003 0.2620
STD1_Sw3 0.0077 0.0053 0.0022 2.1974
STD6_SW1 0.0097 0.0075 0.0027 2.7445
STD6_SW1 0.0035 0.0026 0.0010 0.9837
STD6_SW1 0.0088 0.0068 0.0025 2.4995
STD6_SW1 0.0135 0.0090 0.0038 3.8431
STD6_SW2 0.0088 0.0065 0.0025 2.5025
STD6_SW2 0.0080 0.0056 0.0023 2.2639
STD6_SW2 0.0031 0.0024 0.0009 0.8872
STD6_SW2 0.0038 0.0022 0.0011 1.0686
STD6_SW3 0.0044 0.0033 0.0013 1.2536
STD6_SW3 0.0126 0.0095 0.0036 3.5831
STD6_SW3 0.0060 0.0040 0.0017 1.7135
STD6_SW3 0.0069 0.0050 0.0020 1.9652
STD6_SW4 0.0096 0.0070 0.0027 2.7362
STD6_SW4 0.0070 0.0055 0.0020 1.9975
STD6_SW4 0.0053 0.0038 0.0015 1.4929
STD6_SW4 0.0064 0.0043 0.0018 1.8110
STD6_SW5 0.0048 0.0036 0.0014 1.3507
STD6_SW5 0.0041 0.0030 0.0012 1.1655
STD6_SWS5 0.0062 0.0047 0.0017 1.7469
STD6_SWS5 0.0052 0.0041 0.0015 1.4756
U.S. Geological Survey (U.S.G.S.) W-2 standard material was also used for geochemical reference

Table S2 4 Results of the ICP-AES matrix-matched solution standards following digestion
and analysis by ICP-AES. These results were used to determine precision and error.
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S2 3 Geochemical calculations

S2 3.1 Carbonate speciation

The sum of inorganic carbon species dissolved in solution; carbon dioxide COz(q) (including
H>COs3), bicarbonate HCOs, and carbonate CO;%, is referred to as total dissolved inorganic
carbon (DIC). DIC can be determined from COx partial pressure (pCO») using Henry’s law
(Eq. 2.1). Henry’s law is expressed by:

p=kyC (Eq. 2.1)
The COyg dissolution and dissociation, assuming water activity to be unity can be expressed by:
Krg K4 K,

where p, represents the partial pressure of the solute above the solution, £z is Henry's law constant,
and C is the concentration of the solute in the solution. There are five equilibrium constants in

seawater expressed by:

co
K [CO2(aq)]

, _ [HCOz] X [H*]
K: = O] (Eq.2.4)
, _ [CO%7] x [H]
Kz = THCO;] (Eq.2.5)
OH~™ Ht
Kz = % (Eq.2.6)
. [(OH)y ] x [H']
Kj = B(OM),] (Eq.2.7)

To account for salinity dependence in seawater, ‘apparent’ dissociation constants are used
(Mehrbach et al., 1973), these stoichiometric constants expressed in terms of concentration
denoted by (*) rather than ion activity. K’¢" represents the Henry’s law constant for COx) in

equilibrium with the COxq) (0.034 molkg'bar! at 298 k; Henry, 1803; Zeebe and Wolf-Gladrow,
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2007), (Eq. 2.1). K;" and K" represent the apparent dissociation constants of carbonic acid, Ky~

of water, and Kg" of boric acid.

S2 3.2 Carbonate reaction system

The reaction between CO, and H»O, results in 6 species that are strongly pH dependant; together
these make up the carbonate system: COx); H2CO; (carbonic acid); HCO;5™ (bicarbonate); COs*
(carbonate); H" (proton); and OH" (hydroxyl) ions. The reaction of a carbonate system is

expressed by:
COsag) + H2Oag) ¢— H2CO30g) @H' (ag) + HCO3aq) ¢ 2H (ag) + CO3%ag) (Eq. 2.8)

S2 3.3 Total alkalinity

An excess of proton acceptors over donors with respect to the zero level of protons is defined as
the total alkalinity (TA) (Dickson, 1981). The simplified total alkalinity (based on carbonate

alkalinity) (Wolf-Gladrow et al., 2007) is expressed by:
Total alkalinity = HCO3'(aq) + 2CO32'(aq) + OH'(aq) - H+(aq) (Eq. 2.9)

The total alkalinity of a sample is dominated by the contributions of HCOs3™ (which is the
dominant species of carbonic acid at pH = 8.2) and COs>. The OH" contributes less than 1% to
total alkalinity and H' even less. Present day seawater has a pH value ~8.2 and a total alkalinity
dominated by HCOs and COs* and total alkalinity>DIC (Wolf-Gladrow et al., 2007). However
alkaline lakes and Neoproterozoic seawater may have had an increased DIC pool, as

supersaturation states appear high.

When CO; dissolves in water, it is buffered by pH, therefore, the species concentration changes.

Therefore, TA is expressed by:

K"
TA = COy[—+2 b — gt (Eq.2.10)

Ki"K>" BrKz" Ky*
H* H*
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Where K", K»", K", and K", represent equilibrium constants expressed in terms of concentration
rather than ion activities (see Eq. 2.3—6 ), H' represents a proton, and Br represents total dissolved
boron. Stoichiometric constants are not ‘true thermodynamic constants’ and therefore are salinity
dependent. We know the starting TA concentration of our experiments because we know the
composition of the solution including the amount of salt added and the pH. TA was also calculated
based on calculations from Geochemists Workbench (Bethke and Yeakel, 2015) and known

amount solution composition.

(Eq. 2.11)

DIC = CO» (1 + 55 + K1)

(H*)?
The effect of ionic strength of the solution on the dissociation constants can be simplified to K, *
and K»’*, however Ko* does not vary with ionic strength as the activity coefficient for uncharged

COxq) 1s assumed to be unity. K;’* and K>’ * are expressed by:

v
K = K2 (y—H YHC°3> (Eq. 2.12)
Yco,
YH+Ycoz-
Ky =K} <u> (Eq. 2.13)
YHCO3

where y represents the activity coefficient in seawater with ionic strength of 0.714.
Obtaining K;”* and K, * values allows COs* concentrations to be determined at a specific
pH and DIC concentration (summarized from Zeebe and Wolf-Gladrow, 2001). The calculation

of CO; from pH and DIC can be expressed by:

KI* KI*KI*
Ly 12 ) (Eq.2.14)

Co, = DIC/<1 ot Ty

this equation can be used to calculate pCO? (ppm), where Ky represents Henry’s gas constant
(1071468 M/atm) and increases with increasing ionic strength at constant temperature (Henry,

1803). pCO? is expressed by:

co,

pCO, = (K ) x 1000000 (Eq.2.15)

H
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Because we have known DIC concentrations and pH of the initial solution, we can calculate

[CO5*] which is expressed by:

(Eq.2.16)

KI*KI*
[CO%~] = DIC x < 12 )

[H+]2 + K" [H*] + KKy

The change in Mg** and Ca** concentration during nucleation can be calculated from ICP-AES
or ICP-MS elemental measurements of solution samples. By combining the Mg?* and Ca?*
concentrations, the stoichiometric equivalent of [CO5*] is subtracted from the total DIC, before
the remaining [CO;*] is calculated using Eq. 2.16 (assuming spontaneous carbonate speciation
and no degassing). This allows saturation state estimations of the solution with respect to a

mineral phases.

S2 3.4 ACMC mineral pathway

Although more common for ACC (Brecevic and Nielsen, 1989), thermodynamic datasets for
ACMC are not widely available. However, constraints on solubility data of ACMC (Purgstaller
et al., 2016, 2019, 2021) and AMC (Chang et al., 2021) have recently been published. The
formation reaction for Mg-calcite and ACMC can be used according to Purgstaller et al., (2016),

which is expressed by:

1xCa* + oMg?" + COs% «— CagyMgxnCOs (Eq.2.17)

In order to yield thermodynamic data from our experiments and assess the effect of changes to
the chemical conditions of the solutions on the solubility (K) of ACMC, we calculated the
activities of Ca*", Mg?" and COs* ions in the initial solution. We also calculated the bulk ACMC
stoichiometry from the resultant solid (Mg and Ca Mol%acmc), which were used to calculate

KacMmc values (described below).
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S2 3.5 Ion activity

Firstly, to calculate the activity (a) of ions in experimental solutions, ion activity coefficient
values (y) for the solute species can be calculated using the Extended Debye-Huckel equation

expressed by:

—0.509z%/1.
"1+ (3.28d; /I,

log (Eq. 2.18)

where vi is the activity coefficient, z; is the charge number of ion species, / is the ionic strength of
the solution (expressed by Eq. 2.23 below) and d; is the ion size parameter. lonic strength of
0.65673 was used at 25 °C. d; values are from (Kielland, 1937). Ion activity values (a) can be
determined from the concentration of the solute species in the synthetic solutions which are

measured by ICP or calculated, multiplied by the activity coefficient values (y) and expressed by:

aH = 10(-1xPH) (Eq.2.19)
aCa= yCa x Ca (Eq.2.20)
aMg = yMg x Mg (Eq.2.21)
aCO3 = yCO3 X CO3 (Eq.2.22)

where a represents the ion activity from the calculated initial composition or the ion activity using
measured values from ICP. Where (y ) represents activity coefficients of y Ca = 0.297, y CO; =
0.195, y Mg = 0.401, and y H = 0.756, (alternative values of y Ca = 0.256, y CO; = 0.205, y Mg
=0.285, and y H=0.709 at 35 permil salinity for modern seawater (Millero and Schrieber 1982;
Pilson, 2013) were also used but gave a difference of <0.68 %). The aH,O values of the
experimental solutions remained constant, therefore, aH,O of water activity was assumed to be
unity in accordance with (Purgstaller et al., 2016; 2019; 2021). However, as the calculations are
based on ions in seawater/ saline solutions, stoichiometric constant values are dependent on ionic

strength, which is expressed by:

=1/, %m;z} (Eq.2.23)
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where mi is the molality of the ith ion, Zi is the integer number of charges on the ith ion, and the
summation is over all ions. lonic strength in our experimental solutions ranges from = 0.415 to

1.21 M/kg.

S2 3.6 Solubility product

Mineral nucleation is predicted when the ionic activity product (IAP) (Eq. 2.28 below) of the
dissolved ions in solution exceeds the mineral solubility product K (or Ky,) (Eq. 2.24). The
estimation of the apparent mineral solubility product (K) with respect to ACMC was calculated

and is expressed by:
K = (aCa®*" )'"™*(aMg*" )(aC0%™)(H,0)" (Eq.2.24)

Although the term K is widely accepted for crystalline phases, it is not necessarily valid for
amorphous phases (Brecevi¢ and Nielsen, 1989), particularly as amorphous phases are more
sensitive to thermal variability, instability and structural disorder. However, it provides a useful
constraint.

The Mg content ([Mg]acmc) was calculated according to the equation where [Mg]soiia and [Ca]solia
are the measured concentrations of Ca and Mg of the solids from the ICP-AES results with units

Ml/kg:

Mgy = —— ek X 100 (Eq. 2.25)
Elsalid [Mg]sotia + [Ca]solia a2

The results for the bulk solid sample characterization are presented in Table. S2.2 and the results
for the aqueous solution concentrations are presented in Table S3.3. The [Mg mol%] of the
resultant bulk solid ranged from 54.2 — 95.0% (however, this resultant phase is a mixture of phases

including crystalline hydromagnesite).

At a given temperature, the linear increase of the solubility (K) of ACMC as a function of the Mg

content [Mg]solid (in mol%) is expressed according to Purgstaller et al., (2021) by:
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Kacmec = m [Mg]solid + y0 (Eq.2.26)

where m = slope and y0 = intercept. Based on our experimental conditions of ~50 °C, we used K
values published by Purgstaller et al., (2021) for ACMC nucleation at 60 °C where m = 0.01632

and y0 = -6.910. This yielded the equation:

K = 10(0.01632[Mg mol%])+ —6.91 (Eq 227)

K is often expressed as Log(K). The results from this study yielded
Log(K)acme =-5.36 to -6.05 with less negative values corresponding to higher Mg content. These
values are in accordance with values of ACMC at 60 °C of Log(K)acmc = -6.13 (Purgstaller et al.,
2021); however, these values are closer to Mg-rich ACMC where Mg-rich solubility product
Log(Kacmc) = -4.54 and -Ca-rich solubility product Log(Kcmce) = -6.28 (Purgstaller et al., (2019).
These values also correspond more closely with AMC values published by Chang et al., (2021)
of Log(K) = -5.201 than values of ACC at 60 °C of Log(K)acc = -6.91 Bre¢evi¢ and Nielsen,
(1989); values of ACC at 60 °C of Log(K)acc = -7.510 (Gebauer et al., 2008). For reference, the
solubility product for calcite in seawater at 25°C is Log(K)carcite = -6.3693 (based on concentration

not activity (Mucci, 1983).

S2 3.7 Ion activity product

The estimation of the apparent ion activity product (IAP) with respect to ACMC is based on
activities (a) and is expressed by:

IAPycmc = (aCa® ) (aMg?")'(aCO37)" (Eq.2.28)

where activities were calculated from the aqueous solution concentrations and where (1-x) =
[Mg]acmc/100) determined by the ICP measurements of Mg and Ca mol% and » indicates the
number of H>O in the ACMC (assumed to be unity). This research obtained a range of ion activity

product values from Log(IAPacmc) = -3.41 to -2.88 in homogeneous nucleation experiments and
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Log(IAPacmc) = -2.62 to -4.13 in ACMC precursor experiments. IAPacmc increased as a function
of Mg content ([Mg]acmc = (1-x) x 100 in mol %, which can be explained by the increasing water
content and changes in short-range order, as Ca is substituted by Mg in the ACMC structure as
observed by (Purgstaller et al., 2019). IAPacmc values also decrease as a function of increasing
temperature according to Purgstaller et al., (2021). In a similar manor, values obtained for
Log(IAPamc) = -2.72 to -3.39 in homogeneous nucleation experiments and Log(IAPamc) = -2.63

to -4.15 in ACMC precursor experiment solutions.

S2 3.8 Saturation State

Using the calculated ion activity product (IAPacmc: Eq. 2.28) and the apparent mineral solubility
product (Kacmc: Eq. 2.26) of the experimental solution we estimated the apparent saturation state

(Q2) with respect to ACMC (Qacwmc), which is expressed by:

IAP
Q acnc = % (Eq.2.29)

which yielded Qacmc = 176 to 1512 (see Table S2.5). The logarithm of the Qacmc values provides
the Saturation Index (SI) which produced values of 2.0 to 3.18 in homogeneous nucleation
experiments and 1.9 to 3.5 in ACMC precursor experiment solutions. In a similar manor, values
obtained for Qamc = 305 to 65 in homogeneous nucleation experiments and Qamc = 379 to 6 in

ACMC precursor experiment solutions based on K values obtained from Chang et al., (2021).
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ACMC Precursor Experiments

Aqueous conc. initial

Measured

Calculated

EXP 2 [Mg] [Ca] [COs] | Mgsolia Casolia| @ a a [Mg] [Ca] IAP

No. mM mM mM | mol% mol%|(Mg*) (Ca*) (COs%) acmc acmc  Acmc K Log(K) Dacuc S
7 47.6 11.1 103.1 50 50 0.297 0.401 0.195 0.1190.9730.0023 8.1E-07 -6.09 2888 3.5
9 476 111 103.1 50 50 0.297 0.401 0.195 0.1190.9730.0023 8.1E-07 -6.09 2888 3.5
11 476 11.1 103.1 50 50 0.297 0.401 0.195 0.1190.9730.0023 8.1E-07 -6.09 2888 3.5
13 476 111 10.6 50 50 0.297 0.401 0.195 0.1190.9730.0002 8.1E-07 -6.09 298 2.5
15 47.6 111 10.6 50 50 0.297 0.401 0.195 0.1190.9730.0002 8.1E-07 -6.09 298 2.5
17 476 111 10.6 50 50 0.297 0.401 0.195 0.1190.9730.0002 8.1E-07 -6.09 298 2.5
19 476 111 3.2 50 50 0.297 0.401 0.195 0.1190.9730.0001 8.1E-07 -6.09 89 1.9
21 476 111 3.2 50 50 0.297 0.401 0.195 0.1190.9730.0001 8.1E-07 -6.09 89 1.9
23 476 111 3.2 50 50 0.297 0.401 0.195 0.1190.9730.0001 8.1E-07 -6.09 89 1.9

Table S2 5 Table presents [Mg], [Ca] and [COs] initial concentrations along with Mg and Ca
mol% that. For the ACMC nucleation experiments, the ACMC precursor was ~50 mol% Mg
and this was the value used for these calculations. Kacmc is determined by Eq. 2.27, IAPacwmc is

determined by Eq. 2.28, QacmMmc is determined by Eq. 2.29. Changes in salinity had a negligible

effect on K values with ~1.27% change.
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Homogenous Nucleation Experiments

Aqueous conc. initial | Measured Calculated

EXP a

[Mg] [Ca] [COs]|Mgsolia Casoia| a a [Mg] [Ca] IAP
7 2 K Log(K) Qacmc
mM mM mM | mol% mol% |(Mg?*) (Ca**) ACMC ACMC  ACMC

No.

Sl

6.6 40.1 8.25 132 639 4.5 0.012 0.003 0.026 63.9 4.5 0.0012 1.4E-06 -5.87 864

2.9

7.0 23.80 27.75 132 524 8.1 0.007 0.011 0.026 0.075 0.693 0.0013 8.8E-07 -6.05 1512

7.1 42.84 16.65 132 64.2 5.5 0.013 0.007 0.026 0.061 0.761 0.0012 1.4E-06 -5.86 866

7.2 38.08 8.88 132 823 2.2 0.011 0.004 0.026 0.025 0.885 0.0006 2.7E-06 -5.57 210

7.3 38.08 555 132 887 1.4 0.011 0.002 0.026 0.019 0.918 0.0004 3.5E-06 -5.46 129

7.4 4284 499 132 913 1.1 0.013 0.002 0.026 0.019 0.937 0.0004 3.8E-06 -5.42 118

7.5 4332 388 132 911 1.1 0.013 0.002 0.026 0.019 0.934 0.0005 3.8E-06 -5.42 121

7.6 4284 333 132 929 0.8 0.013 0.001 0.026 0.017 0.948 0.0004 4.0E-06 -5.39 105

7.7 4284 2.77 132 950 0.6 0.013 0.001 0.026 0.016 0.962 0.0004 4.4E-06 -5.36 90

7.8 4761 2.77 132 948 0.6 0.014 0.001 0.026 0.018 0.962 0.0004 4.3E-06 -5.36 101

7.9 4284 8.88 132 809 2.4 0.013 0.004 0.026 0.029 0.874 0.0007 2.6E-06 -5.59 257

8.0 42.84 888 132 82.0 2.4 0.013 0.004 0.026 0.028 0.873 0.0006 2.7E-06 -5.57 235

8.1 42,84 888 132 79.1 2.6 0.013 0.004 0.026 0.032 0.864 0.0007 2.4E-06 -5.62 293

8.2 42.84 888 132 821 2.4 0.013 0.004 0.026 0.028 0.874 0.0006 2.7E-06 -5.57 232

3.2

2.9

2.3

2.1

2.1

2.1

2.0

2.0

2.0

2.4

2.4

2.5

2.4

8.3 4284 888 132 821 2.4 0.013 0.004 0.026 0.029 0.874 0.0006 2.6E-06 -5.58 246

8.4 4284 888 132 814 2.4 0.013 0.004 0.026 0.029 0.874 0.0006 2.6E-06 -5.58 246

8.5 4284 888 132 833 2.2 0.013 0.004 0.026 0.026 0.884 0.0006 2.8E-06 -5.55 214

8.6 42.84 8.88 132 82.8 1.8 0.013 0.004 0.026 0.027 0.905 0.0006 2.8E-06 -5.56 228

8.7 42.84 888 132 86.0 1.7 0.013 0.004 0.026 0.023 0.910 0.0005 3.1E-06 -5.51 176

2.4

2.4

2.3

2.4

2.2

Table S2 6 Table presents [Mg], [Ca] and [COs] initial concentrations along with Mg and Ca
mol % of the resultant bulk solid samples, which were estimated from the calculation shown in
Eq. 2.17 for homogenous nucleation experiments following digestion and analysis by ICP-AES
to determine Mg and Ca within the solid phase. Kacmc is determined by Eq. 2.27, IAPacmc is
determined by Eq. 2.28 and Qacmc is determined by Eq. 2.29. Changes in salinity had a
negligible effect on K values with ~1.27% change.
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Homogenous Nucleation Experiment ACMC Precursor Experiment
) [Mg]solid .
Exp. 7 No. dioa (A) [Mg] %xro  mol% (bulk Exp. 2 No. dioa (A) [Mg] %xro
-ICP)
7.0 2.933 36.1 52.4 7 3.0200 0.0
7.0 2.908 44.9 52.4 7 3.0060 10.1
7.1 2.908 45.0 64.2 7 2.9000 47.9
7.2 2.899 48.3 823 9 3.0410 0.0
7.3 2.885 53.2 88.7 9 3.0150 6.9
7.4 2.882 54.3 91.3 9 2.9080 45.1
7.5 2.888 52.2 91.1 11 2.9050 46.1
7.6 2.898 48.6 92.9 11 3.0140 7.2
7.7 2.900 47.9 95.0 13 2.9000 47.9
7.8 2.888 52.2 94.8 13 2.9107 441
7.9 2.906 45.8 82.0 15 3.0349 0.0
7.9 2.899 48.3 82.0 15 2.9963 135
8.0 2.908 45.1 79.1 15 2.9692 23.2
8.1 2.903 46.9 82.1 15 2.9081 45.1
8.2 2.901 47.6 81.4 17 3.0363 0.0
8.3 2.902 47.2 - 17 2.9924 14.9
8.4 2.898 48.6 83.3 19 3.0780 0.0
8.5 2.902 47.2 82.8 19 3.0150 6.9
8.6 2.901 47.6 86.0 21 3.0181 5.7
8.7 2914 42.8 63.9 21 2.9962 13.6
8.7 2.901 47.6 63.9 23 3.0192 53

Table S2 7 Table of estimated [Mg] %xrp based on dies spacing (A) values from XRD results.
Estimates of the Mg content of the dominant Mg-Ca-CO3 phase were calculated according to
the calculations from Goldsmith et al., (1961) and updated with Mg results from (Zhang and
Dave, 2000; dos Santos et al., 2017). In the homogenous nucleation experiments the mean
content of Mg is 47 % and reaches 54 % in the high Mg/Ca experiments. In the ACMC
precursor experiments the average content was calculated for the highest dio4 values, where the
mean content of Mg is 42 % and reaches 48 % in experiments Qacmc >298. However, it is
important to note that the validity of this calculation is somewhat unreliable especially for high-
Mg content due to variations in Mg-calcite, disordered dolomite and amorphous phases. The
data would benefit from Rietveld refinement using lattice parameters and cell volumes of
disordered and ordered dolomite (i.e., Zhang et al., 2010).
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Supplement 3
S3 1 Supplementary methods — published

CITATION: Roest-Ellis, S., Strauss, J.V., and Tosca, N.J., 2021, Experimental constraints on
non-skeletal CaCOs precipitation from Proterozoic seawater: Geology, Geological Society of

America, v. 49, p. XX, https://doi.org/10.1130/G48044.1.

Please visit https://doi.org/10.1130/GEOL.S.13377239 to access the supplemental material

S3 1.1 Experimental design

CaCOs nucleation in the presence of PO4 was examined with two types of experiments (Figure
S3. 1) conducted in synthetic Tonian composition seawater (Table S3. 1) that was based on fluid
inclusion constraints; Spear et al., (2014) as described in the main text). CaCO3 nucleation was
first examined with degassing experiments (Figure S3. 1) where CO, was degassed to increase
the CaCOj supersaturation ((ca) until nucleation occurs based on He and Morse, (1993) and Lee
and Morse, (2010) as described in the main text. Continuous monitoring of pH, in combination
with known [Ca?'] and total alkalinity (TA), constrained the carbonate chemistry at the point of
nucleation (Table S3. 1). CaCO; nucleation was also examined with constant composition
experiments (Figure S3. 1) based on Beck et al., (2013), where the desired Qcarcite, dissolved
inorganic carbon (DIC), ionic strength, and TA were maintained via autotitration as described the
main text. Continuous monitoring of pH and [Ca?'], with ion selective and AgCl reference

electrodes, constrained carbonate chemistry at the point of nucleation as described the main text.
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Figure S3. 1 Schematic diagram of A: degassing experiment set up indicating the CO, and N,
gas inlet and measurement electrodes and B: constant composition experiment set up indicating
the DIC and Ca?" titrant inlets and measurement electrodes as described in the main text.
Arrows indicate direction of flow.
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S3 1.2 Bulk PO4 method

During constant composition experiments, solution samples (1.5 ml) were syringe-filtered
(0.22 um) and acidified (6 ml HNOs 4 %) for solution sample total PO4 concentration ([POuw)],
determined by spectrophotometry using the ascorbic acid method (phosver3 Ascorbic Acid
Method 8048, Hach Lange) that determines the PO4 concentration by detecting the absorbance at
a wavelength of 680nm of the reduced phosphate-molybdate complex in solution (Baird et al.,

2017).

S3 3.1 Experiment solution chemistry

Neoproterozoic Seawater Experiments - Table A

DIC lonic

EXPID pH molal Qal Mg?**/Ca* COs*/Ca** TA molal strength
molal
1-A 310718 9.2 0.025 301 5.56 1.59 0.039 0.67
1-B 101018R 8.8 0.025 183 5.56 0.96 0.034 0.65
1-C 210818 8.3 0.025 75 5.56 0.40 0.028 0.66
1-D 170918 7.7 0.025 21 5.56 0.11 0.026 0.65
1-E 241018R 9.2 0.015 181 5.56 0.95 0.024 0.66
1-F 301018 8.8 0.015 110 5.56 0.58 0.020 0.65
1-G 061110 8.3 0.015 45 5.56 0.24 0.017 0.65
2-MB 300419 8.7 0.010 83 3.33 0.25 0.013 0.63
2-MBR 040619 8.7 0.010 83 3.33 0.25 0.013 0.63
2-MCR 170619 8.7 0.010 83 3.33 0.25 0.013 0.63
2-S1 290719 8.5 0.014 83 3.33 0.25 0.013 0.63
2-EB 100419 8.1 0.024 60 3.33 0.18 0.026 0.64
2-F 211118 9.2 0.014 169 5.56 0.89 0.022 0.66
2-H 240119 8.7 0.014 117 3.33 0.35 0.018 0.64
2-1140119 8.5 0.014 83 3.33 0.25 0.013 0.63
2-1-R 170118 8.5 0.014 83 3.33 0.25 0.013 0.63
2-) 280119 8.3 0.014 56 3.33 0.17 0.016 0.63
2-MR 190219 8.7 0.010 83 3.33 0.25 0.013 0.63
2-N 270219 8.5 0.010 59 3.33 0.17 0.012 0.63
2-Q 050319 8.9 0.025 113 3.33 0.33 0.014 0.63
2-X270220 8.7 0.014 117 2.86 0.21 0.013 0.63
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Neoproterozoic Seawater Experiments - Table B

EXP ID [Na] [K] r[nl\glgall [Ca] [Si] [SOs] [ClI] [PO4] [HCOs] [COs] [CO2]
molal molal molal molal molal molal umolal molal molal

1-A 310718 0.452 0.010 0.050 0.009 0.00 0.003 0.565 50 0.0107 0.0143 0.00001
1-8 101018R 0.452 0.010 0.050 0.009 0.00 0.003 0.565 50 0.0163 0.0087 0.00003
1-C 210818 0.452 0.010 0.050 0.009 0.00 0.003 0.565 50 0.0213 0.0036 0.00011
1-D 170918 0.452 0.010 0.050 0.009 0.00 0.003 0.565 50 0.0235 0.0010 0.00048
1-E 241018R 0.452 0.010 0.050 0.009 0.00 0.003 0.565 50 0.0064 0.0086 0.00000
1-F 301018 0.452 0.010 0.050 0.009 0.00 0.003 0.565 50 0.0098 0.0052 0.00002
1-G 061110 0.452 0.010 0.050 0.009 0.00 0.003 0.565 50 0.0128 0.0022 0.00006
2-MB 300419 0.452 0.010 0.040 0.012 0.00 0.003 0.565 100 0.0070 0.0030 0.00001
2-MBR 040619 0.452 0.010 0.040 0.012 0.00 0.003 0.565 100 0.0070 0.0030 0.00001
2-MCR 170619 0.452 0.010 0.040 0.012 0.00 0.003 0.565 25 0.0070 0.0030 0.00001
2-S1290719 0.452 0.010 0.040 0.012 0.00 0.003 0.565 50 0.0070 0.0030 0.00001
2-EB 100419 0.452 0.010 0.040 0.012 0.00 0.003 0.565 50 0.0217 0.0021 0.0002
2-F 211118 0.452 0.010 0.050 0.009 0.00 0.003 0.565 50 0.0060 0.0080 0.0000
2-H 240119 0.452 0.010 0.040 0.012 0.00 0.003 0.565 50 0.0098 0.0042 0.0000
2-1140119 0.452 0.010 0.040 0.012 0.00 0.003 0.565 50 0.0070 0.0030 0.00001
2-1-R 170118 0.452 0.010 0.040 0.012 0.00 0.003 0.565 50 0.0070 0.0030 0.00001
2-)280119 0.452 0.010 0.040 0.012 0.00 0.003 0.565 50 0.0119 0.0020 0.0001
2-MR 190219 0.452 0.010 0.040 0.012 0.00 0.003 0.565 50 0.0070 0.0030 0.0000
2-N 270219 0.452 0.010 0.040 0.012 0.00 0.003 0.565 50 0.0079 0.0021 0.0000
2-Q 050319 0.452 0.010 0.040 0.012 0.00 0.003 0.565 50 0.0060 0.0040 0.0000
2-X 270420 0.452 0.010 0.040 0.014 0.00 0.003 0.565 50 0.0070 0.0030 0.0000

Note: HCOs, CO3 and CO2 were computed using relationships and constants in Zeebe and Wolf-Gladrow

(2001).
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Neoproterozoic Seawater Experiments - Table C

EXP ID pH DIC Qcal Mg?*/Ca** COs*/Ca* TA
molal molal
110716 8.56 0.0115 21.37 5.55 0.300 0.0142
130716 8.70 0.0039 25.83 5.55 0.165 0.0054
140716 8.86 0.0028 22.42 5.55 0.119 0.0039
190716 7.63 0.0229 17.65 5.55 0.228 0.0248
250716 9.21 0.0076 92.69 5.55 0.490 0.0120
260916 8.87 0.0145 117.33 5.55 0.620 0.0201
101016 8.51 0.0265 118.97 5.55 0.629 0.0320
311017 8.76 0.0215 147.62 5.55 0.780 0.0285
021117 8.60 0.0218 114.89 5.55 0.608 0.0272
061117 8.48 0.0232 98.79 5.55 0.522 0.0278
241016 8.87 0.0087 117.40 2.67 0.223 0.0120
191016 8.33 0.0156 83.10 2.67 0.158 0.0179
171016 8.42 0.0236 150.11 2.67 0.285 0.0278
131117 8.64 0.0196 184.29 2.67 0.350 0.0248
141117 8.64 0.0196 184.29 2.67 0.350 0.0248

Neoproterozoic Seawater Experiments - Table C

EXP ID [Ca] molal [Mg] molal KH,PO4 umolal r::?;I pCO; uatm [COs*] molal
110716  0.0090 0.0499 0 0.0017 866 0.0027
130716  0.0090 0.0499 0 0.0017 120 0.0015
140716 0.0090 0.0499 0 0.0017 86 0.0011
190716 0.0090 0.0499 0 0.0017 6282 0.0020
250716  0.0090 0.0499 50 0.0017 71 0.0044
260916  0.0090 0.0499 50 0.0017 430 0.0056
101016  0.0090 0.0499 50 0.0017 2286 0.0057
311017 0.0090 0.0499 23 0.0017 897 0.0070
021117 0.0090 0.0499 12 0.0017 1459 0.0055
061117 0.0090 0.0499 6 0.0017 2180 0.0047
241016 0.0150 0.0400 50 0.0017 258 0.0033
191016 0.0150 0.0400 50 0.0017 2192 0.0024
171016  0.0150 0.0400 50 0.0017 2617 0.0043
131117 0.0150 0.0400 75 0.0017 1167 0.0053
141117 0.0150 0.0400 100 0.0017 1167 0.0053

Table S3. 1 Details of carbonate chemistry at the point of nucleation. A: constant
composition experimental parameters. B: constant composition solution chemistry. C:
degassing experimental parameters. D: degassing solution chemistry. HCO3, CO; and
CO2 were computed using relationships and constants in Zeebe and Wolf-Gladrow,
(2001). Mg/Ca and CO3/Ca are molar ratios.
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S3 1.3 Rietveld refinement

The Mg content of the solids was estimated by Rietveld refinement (Table S3. 2) using GSAS-II
(Larson and Von Dreele, 2004) with structural models for Mg-calcite reported in Paquette and
Reeder (1990) and calibrations determined by Titschack et al. (2011). X-ray diffraction patterns

(XRD) (Figure S3. 2) represent amorphous calcium magnesium carbonate (ACMC) and resultant

solids.
Rietveld refinement - Table A
Calcite
Estimated
EXP ID Phases Rej’(:zual wt.% al(A) c(A) volume (A3 comznt
(mol %)
2Q-050319 Mg-calcite + MHC 4.198% 75.0 4.97789 16.96770 364.120 3.34
21-140219 Mg-calcite 9.666% 100.0 4.97614 16.98467 364.228 3.23
2M-190219 Mg-calcite + MHC 4.259% 87.5 4.96822 16.93305 361.966 5.65
1C-210818 Mg-calcite 5.935% 100.0 4.97335 16.97488 363.610 3.89
21-140119 Mg-calcite 8.354% 100.0 4.97634 16.99683 364.517 2.92

A-171016 Mg-calcite + MHC 5.014% 96.8 4.96725 16.95286 362.247 5.35
A-141117 Mg-calcite + MHC +arag 9.55% 86.0 4.96884 16.95949 362.621 4.95
A-241016 Mg-calcite + MHC 13.10% 77.5 4.94545 16.87389 357.402 10.5

Rietveld refinement - Table B
Monohydrocalcite
EXP ID Phases V:/: a(A) c (A) volume (A3)
2Q-050319 Mg-calcite + MHC 25.0 10.59414 7.53753 732.642
21-140219 Mg-calcite -- -- -- --
2M-190219 Mg-calcite + MHC 12.5 10.58886 7.52948 731.128
1C-210818 Mg-calcite -- -- -- --
21-140119 Mg-calcite -- -- -- --
A-171016 Mg-calcite + MHC 3.2 10.57972 7.54315 731.192
A-141117 Mg-calcite + MHC + arag 2.7 10.52771 7.41047 711.286
A-241016 Mg-calcite + MHC 22.5 10.56369 7.47366 722.263

Table S3. 2 Rietveld refinement of synthetic samples produced from experiments that contain
Mg-calcite, monohydrocalcite (MHC) and aragonite (arag). A: Rietveld refinement values for
Mg-calcite. B: Rietveld refinement values for monohydrocalcite.
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S3 1.4 XRD diagrams
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Figure S3. 2 XRD solid sample characterization from experimental solutions with Bragg peaks
assigned. Amorphous-Ca-Mg-carbonate (ACMC), monohydrocalcite (MHC), calcite (C) and
amorphous calcium phosphate (ACP).

S3 1.5 Spectroscopy

Ex-situ FT-IR analyses display diagnostic absorbance features in vibrational spectroscopy (Figure
S3. 3). Amorphous calcium phosphate (ACP) also nucleates in experiments where POuo
approached 100 gmolal (along with ACMC), which recrystallized to octacalcium phosphate

(OCP) over 48 hours (Figure S3. 3). FTIR spectra also indicate that poorly crystalline calcium
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phosphate phases may be present and associated with samples containing monohydrocalcite and

calcite (Figure S3. 3).
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Figure S3.3  FTIR sample characterization of monohydrocalcite (MHC), calcite (C) and
octacalcium phosphate (OCP) with peaks representing apatite (ap) and amorphous calcium
phosphate (ACP) also labelled.
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S3 2 Additional supplemental material — unpublished

S3 2.1 Constant composition titration data

The constant composition procedures based on Beck et al., (2013) mimic supersaturated natural

seawater systems by constantly replenishing depleted ions controlled using a Metrohm Titrino

920 dual-direction autotitrator (Tiamo 2.2 software) via a pH electrode and paired Ca®* ISE and

AgCl reference electrodes. Degassing of dissolved COsq) and gaseous pCO; absorption were

minimized to prevent carbonate speciation. Once DIC-pH conditions were established, nucleation

experiments were initiated by adding CaCl, to reach the desired Qcaicite. An example of the titration

data collected from the Constant Composition experiments is presented in Figure S3. 4.
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Plotted data showing the reaction progression from the titration data for A:

degassing experiment and B: Neoproterozoic experiment Exp. 2-X with pH and calcium
electrode data. Experimental solution conditions and solid sample characterization for Exp. 2X
can be found in Roest-Ellis et al., (2021) Supplementary Methods, Table S3.1,S3.2) which can

be viewed in Chapter 3.
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S3 2.2 Induction time calculations

The induction time (t) (minutes) is the time taken for a supersaturated steady state system to begin
precipitating material as the nuclei cluster crosses a critical threshold. In these experiments, pH
measurements were used to determine the time elapsed from the preparation of the solution by
adding the CaCl, to the NPZ-seawater, through to precipitation (of ACC). Nucleation was
characterized by a pH decline (rate), and rapid dosing of the titrant to maintain constant
composition, as well as visible changes to the solution as a white, opaque colour characterized
solid precipitation. The reaction is characterized by (Eq. 3.1) (Pokrovsky, 1998). The induction

time was used for calculating nucleation rates.

Ca?* + HCO3 = CaCO3z() + H* (Eq.3.1)
Homogeneous nucleation occurs spontaneously without preferential nucleation sites or surfaces
(i.e. no seed). The induction period can be measured from homogeneous nucleation experiments
and used to calculate nucleation rates and estimate the surface energy of ACC (Figure S3. 5). The
induction time (t, minutes) is the time taken for a supersaturated steady state system to begin
precipitating material. pH measurements were obtained from the constant composition
experiments and used to determine the time elapsed from the addition of Ca to seawater to
precipitation of ACC. Nucleation was characterized by pH decline (initial pH — 2.5 %) and the
onset titration to maintain constant composition. The theory of homogeneous nucleation, states
that a plot of the logarithm of induction time (t), as a function of the logarithm of the

supersaturation () must yield a straight line (Nielsen and Toft, 1984; Pokrovsky, 1998).
log. = A + nlogg (Eq.3.2)

The observed induction time displays a linear dependence, decreasing with increasing
supersaturation according to Eq. 3.2, Figure S3. 5. The slope and y-intercept (A) of the regression
line from Eq. 3.2 are used to calculate estimates of surface energy (o) between ACMC and the

seawater solution. Using the observed induction time, an equation relating to the solid-solution
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surface energy and the degree of supersaturation (S) can be derived according to Eq. 3.3 (van

Cappellen, 1991).

wa*o?

In tind =A+ —(ka)z Ins

(Eq. 3.3)

where mean ionic diameter estimate a of 3.4315¢'°, Boltzmann constant ks 1.380658¢*, and T
(Kelvin) 298.15 are used. However, replotting Eq. 3.2 as the logarithm of induction time against
the inverse of the logarithm of the saturation ratio (S) with respect to ACMC, incorporating the
new value for S calculated from (Eq. 3.3) we observe a positive correlation (Figure S3. 5). We
then use the recalculated Eq. 3.2 to calculate the surface energy (c) of ACMC with better

constraints, see Table S1 for values.

Ind. Time Energy (o)
ID Sample PO4umol Simmol Mg:Ca (mins) Qcalcite Slope A mJ/m?2
280119 2-J 2553 56
270219 2-N 1392 59
110219 2 50 0 3.33 198 8 28.049 | -13.455 0.105
140119 2-| 233 83
190219 2-M 135 83
050319 2-Q 150 113
301018 1-F 185 110
211118 2-F 66 169
221018 1-E 50 0 5.56 70 181 14.661 | -4.2091 0.076
101018 1-B 243 183
310718 1-A 15 301
210818 1-C 277 75
040619 2-MBR 100 0 3.33 185 83
170619 2-MCR 25 0 3.33 28 83
290719 2-SI 50 2 3.33 125 83
All Results 14987 | -46715 | 0.076

Table S3. 3 Induction time data measured from experiments, with calculated slope and y-
intercept (A) values of the regression line from Eq. 3.2 used to calculate estimates of surface
energy (o) between ACMC and the solution.
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Figure S3.5  Figure from Roest-Ellis et al., (2020) indicates results of the induction time
measurements (1) from all data combined (A) Relationship between natural logarithm of
measured CaCOs nucleation induction time (Zi,¢) and calculated saturation ratio, S = Qq/n),
where N = number of ions in ACMC = 3(Ca**, Mg?*, and COs™). (B) Relationship between
calculated induction time (t) and Qcariee. Grey shaded area indicates minimum nucleation
threshold of Qcacie = 45 in seawater with elevated [POato]. The plot of the logarithm of
induction time (7), as a function of the logarithm of the supersaturation () must yield a straight
line (Nielsen and Toft, 1984; Pokrovsky, 1998) represented by Eq. 3.2 in plot A).

These experiments as published in Roest-Ellis et al., (2020) show that in synthetic seawater with
elevated [POuiwt], no nucleation occurs below an Qaiciee threshold of 45 (Figure S3. 4), even over
time scales where nucleation should have occurred according to CNT (Pokrovsky, 1998). This
result is consistent with molecular dynamic calculations of supersaturated CaCO3 solutions
(Wallace et al., 2013), which show that once a key Qcarcite threshold is crossed, amorphous CaCO3
can form through the rapid production of dense liquid droplets. This liquid-liquid separation
process occurs in a compositional regime that may only be accessed if the precipitation of

crystalline polymorphs is suppressed.
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S3 2.3 FTIR results

FTIR results for the remaining Neoproterozoic seawater experiments.
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Figure S3. 6  Plotted FTIR data showing Neoproterozoic seawater experiments Exp. 1 and
Exp 2_MB that contain 100 pmol [PO4] compared with 50 pmol [PO4] in the rest of the
experiments. CO;* and PO4> vibrational modes are labelled and interpretations of Ca-Mg- COs*
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and PO4 minerals are labelled. Labels: MHC — monohydrocalcite, C — calcite and Mg-C — Mg-
calcite and ACP — amorphous calcium phosphate.
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Figure S3.7  Plotted FTIR data showing Neoproterozoic seawater experiments Exp. 2. COs*

vibrational modes are labelled and interpretations of Ca-Mg- CO5* minerals are labelled.
Labels: MHC — monohydrocalcite, C — calcite and Mg-C — Mg-calcite.
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S3 2.4 ICP-MS solid sample results

During experiments, the aqueous Ca and Mg concentrations of experimental solution samples
were extracted, syringe-filtered (0.22 um), and acidified (HNO;, 4 %). When the experiments
were terminated, the bulk solid samples were syringe-filtered (0.22 pm), vacuum-filtered, rinsed
with isopropanol, and dried in a vacuum-desiccator at 25 °C for 24 h before digestion (HNO3 4
%). The Ca, Mg, P, and Si concentrations were then measured via a PerkinElmer NexION 350D
inductively coupled plasma—mass spectrometer (ICP-MS). Samples were randomized, replicates
were analyzed every 10 samples, 8 calibration standards were used and 1 ppm quality control
(QC) standards were analyzed every 10 samples. In addition, blank samples with no Ca, Mg or P
were analyzed every 10 samples and reference standards: SPS-SW2; NASS-7; SLRS-6 R2 5xdil
and a synthetic seawater with no calcium. The analytical precision for the bulk solid samples was
+ 2% for Mg and £5% for Ca. Based on the ICP-MS results, the Mg content of the bulk solid was
calculated according to the equation where [Mg]soiia and [Ca]solia are the measured concentrations

of Ca and Mg of the solid with units Mol/kg:

[Mg] o = (Mel. X 100 (Eq.3.4)
Blsolid [Mg]salid + [Ca]salid a-

The results are presented in Table S3.4. In addition, approximate mass-balanced Mg and Ca mol
%w: were calculated from ICP-MS for the dominant mineral phase (i.e., Mg-calcite, high Mg-
calcite, monohydrocalcite and ACMC) present in the solid precipitates detected by XRD from the
Neoproterozoic seawater nucleation experiments and accounts for mass balance for Ca, Mg, C, O

and H mol %wt.

It is important to note that in our experiments, the molar Mg/Ca of the solids and the mass balance
calculated from the solution Mg and Ca concentrations indicates that substantial Mg content must
have incorporated into the monohydrocalcite solid phases. According to XRD analyses, there
were no crystalline phases other than monohydrocalcite present in most experiments (i.e., Table

S2.A). This discrepancy was also noted by Fukushi and Matsumiya, (2018) and Fukushi et al.,
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(2017), the latter of whom examined the speciation of Mg associated with monohydrocalcite using
XANES, calculations and geochemical modelling and concluded that most Mg was present as a
discrete amorphous phase with a stoichiometry of MgCOs- This may explain the high Mg content

of monohydrocalcite in our examples.

Mg24 Ca40 Mg:Ca

Dominant P 31 Helium Ammoniaoverall Mg Ca Mineral Mineral
b Sample  ineral (ppb) KED DRC  of ™Mo mol Mg  Ca
PP % % mol %* mol %*

(ppb)  (ppb)  solid

310718-0 1-A ACMC 13143 30399 275409 0.1T  9.94 90.06 4.50 24.71
210818-0 1-C Mg-cal 7812 6643 369028 0.02 1.77 98.23 0.59 20.01

101018-0 1-B MHC 3677 1555 239113 0.01 0.65 99.35 0.22 30.48
241018-0 1-E MHC 8436 6591 337019 0.02 192 98.08 0.96 29.84
301018-0 1-F MHC 18599 20767 341660 0.06 5.73 94.27 2.1 28.00
061118-0 1-G MHC 8208 595 292770 0.00 0.20 99.80 0.10 30.70
211118-0 2-F MHC 8095 8051 343973 0.02 2.29 97.71 12.06 29.66

170119-0 2-1 Mg-cal 8756 8155 364269 0.02 219 97.81 0.72 19.62
240119-0  2-H MHC 5563 25023 263635 0.09 8.67 91.33 4.17  26.63

280119-0 2-J MHC 9183 448 304822 0.00 0.15 99.85 0.07 30.73
Mg-cal,
MHC
270219-0  2-N MHC 8507 593 324662  0.00 0.18 99.82 0.09  30.71

050319-0  2-Q Mg-cal 7559 5245 327363 0.02 1.58 9842 0.52 19.82
050319-0d. 2-Q Mg-cal 7207 5153 316870 0.02 1.60 98.40 0.53 19.81

190219-0 2-M 9002 11674 328012 0.04 3.44 96.56 1.13 19.21

300419-0 2-MB MHS;IMg— 107061 80278 265260 0.30 23.23 76.77 - -
40619-0 2-MBRE - 68247 58782 147300 0.40 28.52 71.48 - -
210519-0 2-MC - 70972 54424 173433 031 23.89 76.11 - -
170619-0 2-MCR - 82279 56195 160588 0.35 25.92 74.08 - -
290719-0 2-SI-Mid - 14043 40351 224654 0.18 15.23 84.77 - -
290719-0 d. 2-SI-End - 14006 40621 224419 0.18 15.33 84.67 - -

Table S3. 4 ICP-MS results of dissolved solid to determine Mg/Ca ratio. Mg and Ca mol %
were estimated from the calculation shown in Eq. 3.4. (*) denotes approximate mass-balanced
Mg and Ca mol %.. that were calculated from ICP-MS for the dominant mineral phase present
in the solid precipitates from the Neoproterozoic seawater nucleation experiments detected by
XRD and accounts for estimated Ca, Mg, C, O and H mol % according to theoretical mass-
balance of the minerals (see Table S2.5). MHC — monohydrocalcite, ACMC — amorphous

calcium magnesium calcite, Mg-cal — magnesium calcite, d. — duplicate.
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S3 2.5 Theoretical Mol % of solid samples

Molar weight corrected theoretical composition of solid minerals precipitated in Neoproterozoic

seawater nucleation experiments using approximate Mg and Ca Mol % that were calculated

from ICP-MS (Table S3.4) for the dominant mineral phase present and approximate H>O for the

amorphous phases.

i +
Theoretical Mol % Cv‘t;;;: NuaTobrﬁLOf vve?;a;t Molar weight % vfl::ighl\tn%
ACMC Ca(0.5Mg(0.5(CO3)2#(H20)
Ca Calcium 40.1 1 40.1 18.2 292
Mg Magnesium 24.3 1 24.3 11.0 '
C Carbon 12.0 2 24.0 10.9
(0] Oxygen 16.0 8 128.0 58.1
H Hydrogen 1.0 4 4.0 1.8
Total 220.4 100.0
Monohydrocalcite CaCO3=(H20)
Ca Calcium 40.1 1 40.1 30.8 30.8
C Carbon 12.0 2 24.0 18.5 ’
o Oxygen 16.0 4 64.0 49.2
H Hydrogen 1.0 2 2.0 1.5
Total 130.1 100.0
Low Mg-calcite Ca(.96)Mg(0.04)(CO3)2
Ca Calcium 40.1 0.96 38.5 20.1 20.6
Mg Magnesium 24.3 0.04 1.0 0.5 ’
C Carbon 12.0 2 24.0 12.5
o Oxygen 16.0 8 128.0 66.9
Total 191.5 100.0
Mg-calcite Ca0.92)Mg(0.08)(CO3)2
Ca Calcium 40.1 0.92 36.9 19.3 20.3
Mg Magnesium 24.3 0.08 1.9 1.0 '
C Carbon 12.0 2 24.0 12.6
o Oxygen 16.0 8 128.0 67.1
Total 190.8 100.0
Calcite CaCO3
Ca Calcium 40.1 1 40.08 40.04
C Carbon 12.0 1 12.01 12.00
o Oxygen 16.0 3 48.00 47.96
Total 100.09 100.00
ACMC Ca(0.8\Mg(0.2)(CO3)2#(H20)
Ca Calcium 40.1 0.8 32.06 14.55 191
Mg Magnesium 24.3 0.2 4.86 2.21 '
C Carbon 12.0 2 24.02 10.90
o Oxygen 16.0 8 128.00 58.07
H Hydrogen 1.0 4 4.03 1.83
Total 192.97 87.54
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Table S3. 5 Theoretical composition of solid minerals precipitated in Neoproterozoic seawater
nucleation experiments using approximate Mg and Ca Mol % that were calculated from ICP-

MS (Table S3.4) for the dominant mineral phase present.
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S3 2.6 Isotopic analysis of solid samples using Gasbench

To investigate the isotopic 8'*C/*2C and §'30/'°O of the Neoproterozoic nucleation experiments,
samples drawn from solutions, filtered and vacuum dried were analyzed. The solid sample and
initial solution composition are summarized in Table S3.1. Multiple samples from the same
experiment taken at different time intervals are presented here from the middle (2_M 190219
mid) of an experiment and at the end (2 M 190219 end) of an experiment (Table S3. 4). This
progression in time means that the nucleated product was left in the solution to precipitate more
or recrystallize. The summarized semi—quantitative mineralogy based on XRD analyses (Table
S3. A) indicate that the earlier of the samples was dominantly calcite (87.5 %) with a smaller
proportion of monohydrocalcite (12.5 %) with Mg wt% content that decrease correspondingly
from 5.7 % to 3.9 %. There is not enough data for reliable interpretations or conclusions regarding
the mineral progression, but one possibility is that monohydrocalcite with Mg incorporated was
produced via ACMC which then recrystallizes to calcite with a slightly lower concentration of
magnesium than the monohydrocalcite. The samples may recrystallize removing some Mg or
incorporate more calcium as the titrator continues to titrate Ca’>" CO*- PO4* solutions to maintain
constant composition and further nucleation continues. The corresponding isotopic §'*C/'?C data
for these samples (presented in Table S3. 7.) becomes slightly more depleted from -2.122 to -
2.360 during the experiment progression. This may be consistent with increased and rapid
nucleation. Apparent changes in isotopic composition related to Mg-Ca-carbonate polymorphism
are indicated (Table S3. 7), for example monohydrocalcite and calcite (Mg-calcite) have relatively
similar §'*C/!2C values of ~2.1 to ~2.5, yet high Mg ACMC has a more enriched (less negative)
value ~ 0.8, however, this sample was taken earlier on in the experiment duration relative to the

other samples and contains
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Solid sample Initial solution
composition conditions
Calcite Monohydrocalcite M Q
Sample wt% vzflt % wt‘:gA) (calicte) DIC pH
NOCZ_grain-250-355 ug - - - - - -
NOCZ_grain-250-355 ug - - - - - -
NOCZ_grain-250-355 ug - - - - - -
NOCZ_grain-250-355 ug - - - - - -
NBS19-grain - - - - - -
NBS19-grain - - - - - -
NBS18-grain - - - - - -
NBS18-grain - - - - - -
STD_NaHCO3 - - - - - -
1_C 210818 75.0 25.0 33 75 25 8.3
2 1 140119 100.0 - 3.2 83 14 8.5
2 M 190219 mid 87.5 12.5 5.7 83 10 8.7
2 M 190219 end 100.0 - 3.9 83 10 8.7
2 Q 050319 100.0 - 2.9 113 6 89
1_A 310718 N/A (ACMC 100%) - - 301 25 9.2

Table S3. 6 Table summarizing the characteristics of the samples used for isotope data
collection. Data are presented in Table S3.7 below. The Mg wt% content of the solids presented
here was estimated using XRD Rietveld refinement and these values are originally reported in
Roest-Ellis et al., (2021) Supplementary Methods, Table S2.1; S2.2).

Correct Correct Correct
Ampl. Mean Std. Mean Std. Correct *
Sample 44 §°C/C dev. 60/0 d " sBo/c0 N
ev. ev. 813c/12c 613c/12c 8180/160

NOCZ_grain 6240 2.04 0.029 -2.351 0.03 2110 -1.933 - -
NOCZ_grain 6385 2.092 0.022 -2.335 0.036 2.164 -1.916 - -
NOCZ_grain 6217 2.108 0.026 -2.326 0.029 2.180 -1.907 - -
NOCZ_grain 6295 2.133 0.015 -2.337 0.018 2.206 -1.918 - -
NBS19-grain 6086 1.876 0.015 -2.642 0.022 1.942 -2.226 - -
NBS19-grain 5681 1.891 0.02 -2.59 0.034 1.958 -2.174 - -
NBS18-grain 5229 -4.828 0.023 -23.252 0.045 -4.928 -23.021 - -
NBS18-grain 5550 -4.988 0.024 -23.23 0.023 -5.092 -22.999 - -
STDNaHCO3 6232 -2.763 0.023 -16.249 0.027 -2.812 -15.955 - -
1_C 210818 4931 -5.144 0.043 -8.627 0.025 -5.252 -8.265 -2.440 7.690
2_1_140119 5825 -5.066 0.018 -13.507 0.03 -5.172 -13.189 -2.360 2.767
2_M_190219 mid 5139 -4.834 0.035 -12.982 0.045 -4.934 -12.659 -2.122 3.296
2_M_190219 end 5853 -5.066 0.021 -13.291 0.04 -5.172 -12.971 -2.360 2.985
2_Q_050319 6949 -4.954 0.021 -14.169 0.02 -5.057 -13.857 -2.245 2.099
1 _A_310718 10306 -3.576 0.011 -9.072 0.029 -3.645 -8.714 -0.833 7.241
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Table S3. 7. Isotope analyses of solid samples precipitated in Neoproterozoic seawater
experiments. Isotopic analyses was conducted using Gasbench at the University of Oxford
Department of Earth Sciences. The minimum voltage (mV) was 1000 and the maximum voltage
was 12000. Peak count for each sample were 6. The data presented show data that were corrected
using two standards (denoted by *) in which the corrected standard results were: NBS19-grain
83C/12C 1.95 (mean), 0.01.87 (std. dev); 3'%0/'°0 -2.2 (mean), 0.037099 (std. dev); and NBS18-
grain 8'*C/2C -5.01 (mean), 0.115944 (std. dev); §'*0/'°O -23.01 (mean), 0.015696 (std. dev).
The second set of data presented show data corrected using two standards as previously mentioned
in addition to a sodium bicarbonate (NaHCO3) powder standard that was used in the initial sample
precipitation (denoted by **). The results here do not present enough data to warrant
interpretations or conclusions, however, however the sample repeats from different stages in the
same experiment (2 M 190219 mid and 2 M 190219 end) indicate that the sample §'*C/!*C
becomes slightly more depleted from -2.122 to -2.360 during the experiment progression where

the samples may recrystallize.
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Supplement 4
S4 XANES and unXRF

S4. 1 Fe K-edge XANES and pXRF

XANES and pXRF data collected at the Fe K-edge demonstrate that the Fe present in these
samples is almost exclusively bound up in detrital phases chlorite and biotite. This important
observation indicates that microbial diagenetic re-processing, as an origin for the P cannot account

for the enhanced P accumulations in these carbonates.
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XANES and pXRF maps of Fe- K-edge indicating biotite and chlorite as the
dominant minerals that bind Fe rather than Fe minerals associated with microbial reduction.
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Figure S42.  XANES and uXRF maps of Fe- K-edge indicating biotite and chlorite as the
dominant minerals that bind Fe rather than Fe minerals associated with microbial reduction.

220



S4. 2 P K-edge XANES and pnXRF Akademikerbreen Group
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Figure S43.  Additional P K-edge XANES and uXRF of Akademikerbreen Group stromatolite from
the Svanbergfjellet Formation. SEM images of the same sample and additional sample 261.0-A are
included and *'P and '°F NMR data are presented.
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S4. 3 XANES reference compilation from BL 14-3, SSRL

Normalized XANES spectra of P-bearing minerals standards and references for comparison with
samples. Spectra and processing obtained by Jocelyn Richardson and Sam Webb at SSRL Stanford
Synchrotron Radiating Lightsource, USA.
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Figure S44.  A: Normalized spectra of P-bearing minerals standards and references for
comparison with samples. B: Zoomed in area highlighted by red box to display the dominant peak
shifts observed between the samples. Spectra and processing obtained by Jocelyn Richardson and
Sam Webb at SSRL Stanford Synchrotron Radiating Lightsource, USA. C: Selected XANES
spectroscopy of Akademikerbreen Group and Little Dal Group that appear to characterize CO;-
associate lattice bound PO4 D: Zoomed in area of (C) to show the dominant peak energy shifts.

S4. 4. Synthetic calcite — carbonate associated POy

XANES spectroscopy of synthetic calcite carbonate associated PO4 (CAP) precipitated in
PO4-doped solutions using the ammonium carbonate gas diffusion method first described by
Gruzensky, (1967). The resultant solids were analyzed to characterize the nature of PO4 (see
section S4 1.7 for further characterization). The three samples contain increasing measured bulk
POs. The spectra are normalized and consist of the average of three XANES for each sample. The
XANES spectra indicate carbonate-associated POs4 which appears to be characterized by a
featureless peak with no shoulder (as present in apatite) and a shift to higher energy values (~0.2—
.3 eV) (Fig. S4 5). This may be explained because presence of CO; in apatite causes a decrease
in crystallinity and crystal ordering (i.e. Harries et al., 1987), which, with high CO3 concentrations
leads to calcium carbonate phosphate phases with near-amorphous crystallinity that appears

amorphous — poorly crystalline in XRD patterns (i.e., Trautz, 1960).
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Figure S4 5.  XANES spectroscopy of synthetic CaCO;3-PO4 samples with increasing PO,
from bottom to top. Each spectra is the average of three spectra.

S4. 5 Akademikerbreen Group *'P NMR and “F NMR

NMR spectroscopy on Tonian aged carbonates from the Akademikerbreen Group and
Little Dal Group were analyzed by Brian Phillips at Stony Brook University, New York. Based
on solid-state NMR spectroscopy, incorporation of POj4 in calcite can be observed by changes in
the 3'P NMR chemical shift of the PO4 group (Phillips et al., 2016) and *'P/"*C rotational echo
double resonance (REDOR) experiments that identify atomic-scale proximity of C-O-P of the

PO groups to C in the COs* ion of calcite providing. This can provide evidence that PO, is tightly
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enclosed within the calcite lattice (Phillips et al., 2016) and not precipitated on the calcite surface
for example. The orthophosphate is identified by a broad peak with a chemical shift near ~3.5

ppm with narrow resonance at = 2.9 ppm (Mason et al., 2007; Philips et al., 2016).

Akademikerbreen Group Akademikerbreen Group
31 CFA FAp|19F NMR [Talc
Apatite P NMR defect '

R1-24.5

R1-257.8-C

R1-261.0-A

Intensity (arb. units)

R1-234.2-B
CaCOs-FOs

R1-312.0

R1-312.0

1
r||||1]rr||||1'|rr|||11'|r||||1 ||||||||||||||||||||||||I||||

5 10 5 0 5 -0 -15 60 -B0 -100 -120 -140 -160 -180 -200
3P chemical shift (ppm) 9F chemical shift (ppm)

Figure S4 6.  Solid state *'P and '°F NMR data indicate that the mineral phase that hosts PO4
in the Akademikerbreen Group carbonates is almost entirely apatite, with a chemical shift of ca.
2.5-2.8 ppm. "F data further show that the dominant host of F is consistent with a trioctahedral
silicate (likely talc given petrographic and XRD analyses. In addition, a chemical shift of -102
ppm highlights the presence of fluorapatite, while the presence of a weak band at -88 ppm further
corresponds to a “francolite-type defect” arising from F-bonding environments sensitive to the
substitution of carbonate for phosphate in francolite (Yi et al. 2013). Together, these data indicate
that much of the P hosted within Akademikerbreen Group carbonates is CFA and P is dominantly
COs—associated PO4 within CFA. In addition, incorporation of POj into the calcite lattice may be
observed by minor changes in the *'P NMR chemical shift of orthophosphate group identified by
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a broad peak with a chemical shift ca. 3.5 ppm with narrow resonance at 2.9 ppm (Mason et al.,
2007; Philips et al., 2016).

S4. 6 Little Dal Group *'P NMR and “F NMR
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Figure S4 7.  The *'P NMR phosphorous speciation data generally yields an apatite-like 'P
signal ca. 2.8 ppm. '°F data indicate a fluorapatite F peak, and some but not all of the Little Dal
Group spectra contained a carbonate defect determined by a resonance peak shift in the NMR
spectra that indicates COj; substitution for POs, known as B-type carbonate substitution
(supplementary material Figure S4 6). However, the '°F “francolite-type defect” is difficult to
discern in these spectra due to the typically low fraction of F, which is sensitive to COs
substitution. The '°F peak near -150 ppm likely arises from dioctahedral phyllosilicates. Sample
28.2 yielded very broad 'P and '°F peaks. This may result from high-Fe content as suggested by
the broad peaks and wide spinning sideband pattern in the '°F spectrum (supplementary material
Figure S4 6). Additional PO, incorporation into the calcite lattice may be observed by minor
changes in the *'P NMR chemical shift of orthophosphate within the calcite lattice identified by
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a broad peak with a chemical shift near ca. 3.5 ppm with narrow resonance at 2.9 ppm (Mason et
al., 2007; Philips et al., 2016).
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S4. 8 Little Dal Group SEM-EDS elemental maps
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Figure S4. 8. Little Dal Group SEM-EDS elemental maps that indicate multiple diffrernt chemical
variations and styles of apatite present within carbonate sample 169.0 m. A: High F (possibly
CFA) apatite embedded within dolomite but in close proximity to clays. Apatite has a Ca core
with an Mg-POq rich rim. B: Large, euhedral, low F apatite within K-Mg-Al-Si clays. Ti minerals
also present. C: F-poor apatite present between dolomite crystal boundaries. No association with
clays. Morphologically different characterized by clusters of apatite with elongated morphologies
. D: PO4 cement within dolomite matrix. Cement is of possible later stage diagenetic origin or
syn-depositional fluid flow. Compositionally, the fluid is rich in Os, Si, K, Al rich fluid. No F, S
or Fe are observed

S4. 9 XRD, FTIR and SEM for synthetic calcite COs-associated PO4
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Figure S4 9.  Characterized synthetic CaCOs—POQOj4 precipitated from POs—doped solutions. Resultant
solids were analyzed to characterize the nature of POs. In addition to XANES spectroscopy (Figure S4
5), increasing PO4results in increased bulk PO, and different characteristics (Figure S4 8-10). A: FTIR
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spectra of samples with colours corresponding to sample 120418-1, 120418-2 and 120418-3 (labelled)
that contain increasing concentrations of POj. Vibrational frequencies of CO;* and PO4* are labelled.
The spectra indicate that each sample is calcite, with additional vaterite in samples 120418-2 and
120418-3 (indicated by 744 and 876 cm™! and monetite. In addition, PO4> can be identified by the bands
at 630 and 586 cm™! possibly indicating lattice-bound PO, within the calcite crystals. B: XRD diagrams
with colours corresponding with samples. PO4 phases are indicated by asterisk (*). C-E: SEM images
of samples 120418-1, 120418-2 and 120418-3 with increasing concentrations of PO, respectively.
Pronounced morphological changes corresponding to increased PO4 concentration are related to PO4
inhibition of the growing calcite crystals. A: Table summarizing the initial chemical concentrations of
POs* and Ca*" (B: Summary of solid sample characterization of sample 120418-1, 120418-2 and
120418-3. The bulk PO4, concentrations were determined by spectrophotometry using the phosver3
ascorbic acid method 8048, Hach Lange) (Baird et al., 2017).
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Figure S4 10.  Zoomed in section of FTIR spectra (scale is exaggerated vertically to emphasize
the band locations and each spectra is displaced vertically) of PO4 doped synthetic calcite samples
120418-1, 120418-2 and 120418-3 (labelled) that contain increasing concentrations of PO4. A: v4
PO, region indicating the 668 cm™ sharp peak that develops with increasing PO4 content and B:
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v3 PO4 region contains defects in the spectra that indicate the presence of PO4 within the samples.
C: XANES spectroscopy for corresponding samples. Each spectra is the average of three spectra.
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Figure S4 11. Synthetic CaCO;-PO4 XRD data are shifted vertically to expand the y-axis for
clearer presentation. The three samples are calcite with increasing PO4 from the top to the bottom
of the plot (see figure 4.8 for measure PO, content) with defects that indicate incorporation of
POy ions in the calcite lattice. The samples display a minor but perhaps significant shift in 20 (°)
position to lower values with increasing measured [POs]. B: Inset shows a zoomed in section of
the XRD diagram to clearly display the shift to lower 26 (°) position with increasing PO4 indicated
by the arrows.

S4. 9 Notes on COs-associated phosphate (CAP)

The investigations characterizing P within geological carbonates conducted in this research have

helped build a picture of P presence in Neoproterozoic carbonate sediments and provide
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approximations of ancient marine P availability and the influence on biogeochemical systems
during geologically important windows. Through these investigations, micro-analytical
characterization of carbonate sediments has led to the identification of calcite associated
orthophosphate or carbonate-associated phosphate (CAP) from Proterozoic carbonates based on
techniques including *'P NMR spectroscopy and XANES, (outlined in Chapter 4 and Phillips et

al., 2016).

The incorporation of POy into calcite or CAP has also been observed from synthetic
laboratory precipitation experiments and in natural samples such as cave deposits (i.e., Mason et
al., 2007; Phillips et al., 2016) providing evidence that dissolved PO4 can be structurally
incorporated into the calcite crystal lattice (Mason et al., 2007; Phillips et al., 2016). On the other
hand, adsorption of calcium phosphate on calcite crystal surfaces can also result in incorporation
in the resultant mineral (i.e., Watson, 2004) through subsequent growth. Either way, the
incorporation can provide insight into the chemical environmental conditions of crystallization
(i.e., Mason et al., 2007; Fairchild and Treble, 2009; Philips et al., 2016). In both synthetic
samples, cave deposits (Phillips et al., 2016) and calcite in coral skeletons (Chen et al., 2019) the
presence of P occurs mainly as inorganic PO, (Phillips et al., 2016). Based on solid-state NMR
spectroscopy, incorporation of POy in calcite was observed by changes in the 3'P NMR chemical
shift of the PO4 group (Phillips et al., 2016) and 3'P/'3C rotational echo double resonance
(REDOR) experiments identified atomic-scale proximity of C-O-P of the PO4 groups to C in the
CO;* ion of calcite providing evidence that the POy is tightly enclosed within the calcite lattice
(Phillips et al., 2016) and not precipitated on the calcite surface for example. The orthophosphate
is identified by a broad peak with a chemical shift near ~3.5 ppm with narrow resonance at = 2.9

ppm (Mason et al., 2007; Philips et al., 2016).

Because dissolved POs can be structurally incorporated into the calcite lattice,
investigations carbonates and CAP in calcite when used together with kinetic constraints can

provide a record of dissolved [POsw:] from the environment of precipitation. However, one
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drawback is that CAP is relatively understudied component of carbonates and the mechanisms by
which PO, is incorporated into calcite and the chemical environments conducive to the
incorporation of POs in calcite require better constraints. For example, what are the kinetics

controlling CAP.

Furthermore, there is insufficient data and a poor understanding of the incorporation of
PO4 into Mg-Ca-carbonate minerals and the influence of these systems on PO4 and CO3; minerals.
This is particularly important in the case of Mg-carbonates because Mg?* stabilizes amorphous
calcium phosphate phases and amorphous calcium carbonate phosphate phases and inhibits the
transformation from octacalcium phosphate to hydroxyapatite (Jasielec et al., 2020). This
inhibition results from Mg?"* ions inhibiting the formation and crystal growth of HAp and favours
the formation of ACP and S-TCP (tricalcium phosphate) over HAp (Ding et al., 2014; Berg,
2017). This has geological significance because Mg-Ca-carbonate sedimentation dominates
geological carbonate successions/ seawater precipitation through much of the Proterozoic (i.e.,
Grotzinger and James, 2000). In order to understand the formation of CAP and how this relates
to P availability in synthetic environments and ancient marine environments, we must first
understand fundamental chemical environmental conditions and specifically, the influence of
[POuwt], [COs], [Ca] and [Mg] on the incorporation of P in CaCO; minerals. This provides an

opportunity for future experimental and geological microanalytical investigations.
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