LOW TEMPERATURE DOLOMITE SYNTHESIS



LOW TEMPERATURE DOLOMITE SYNTHESIS: REACTION KINETICS, UREA

CATALYSIS AND ISOTOPIC ANALYSES

By: Bradley Freake, B.Sc. (Hons)

A Thesis Submitted to the School of Graduate Studies in Partial Fulfillment of the

Requirements for the Degree Master of Science

McMaster University

© Copyright by Bradley Freake, February 2019



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

Descriptive Note

MASTER OF SCIENCE (2019), McMaster University, Hamilton, Ontario
School of Geography and Earth Sciences

TITLE: Low Temperature Dolomite Synthesis: Reaction Kinetics, Urea Catalysis and
Isotopic Analyses

AUTHOR: Bradley Freake
SUPERVISOR: Dr. Sang-Tae Kim
NUMBER OF PAGES: X, 183



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

Abstract

Dolomite is a naturally abundant carbonate mineral possessing important links to
economic mineral deposits, petroleum reservoirs and carbonate geochemistry, yet the
geochemical conditions by which it forms remain a mystery. Abundant attempts to
synthesis dolomite at temperatures below 100 °C have proved unsuccessful, forming the
paradox known as the “dolomite problem”. This study demonstrates a newly developed
method capable of synthesizing dolomite at temperatures as low as 60 °C. This method,
involving the addition of solid phase Na.COj3 to Ca-Mg?* cation solutions, seemingly
overcomes the kinetic barriers known to inhibit dolomite formation by rapid replacement
of Na2COz. Furthermore, although previously proposed to encourage dolomite formation,
the role of urea facilitating dolomite synthesis is confirmed. The addition of varying urea
concentrations is found to improve the stoichiometry and cation ordering of dolomite
between 50 - 80 °C, and notably, dolomite synthesis at 50 °C requires a 252 mmolal urea
concentration in solution. These findings provide a foundational tool which will greatly
benefit future research into answering the “dolomite problem”.

Due to the inability to synthesize dolomite at low temperatures, understanding of
isotope fractionation between dolomite and water has been poorly constrained. Therefore,
calibrations of the dolomite-water oxygen isotope paleothermometer are scarce, relying
on data from either the extrapolation of high temperature (> 100 °C) dolomite studies or
protodolomite synthesized at more ambient temperatures. Provided here is a new
dolomite-water oxygen isotope fractionation curve, constructed from dolomite
synthesized between 50 - 80 °C. Although certain dolomite synthesized by the method
developed in this study display apparent isotopic heterogeneity, a correction is applied to
more closely resemble isotopic equilibrium fractionation between dolomite and water.
Initial investigations into isotope effects associated with dolomite synthesis by the
method developed here are promising and should strengthen the role of dolomite in
carbonate geochemistry research.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

Section 1.1: Geochemical Overview for Carbonate Minerals

Studies of carbonate minerals have provided critical insight into numerous aspects
of earth and environmental sciences. Specifically, the understanding of solution chemistry
which promotes certain carbonate formation has provided insight into potential
environmental conditions that allowed the carbonate to form through geologic history,
including solution ionic strength, pH or temperature, or the presence of certain biologic
catalysts (e.g., Lippman, 1973; Morse et al., 1997; Vasconcellos et al., 1995). This
concept has become especially useful for the most abundant carbonate minerals: calcite,
dolomite, and aragonite (e.g., Warren, 2000). Although the solution conditions that enable
calcite and aragonite formation have been well-established (e.g., Kim and O’Neil, 1997,
Kim et al., 2006), understanding of dolomite formation has remained elusive for more

than a century (Land, 1998; Machel, 2004).

Calcite and aragonite commonly form as foraminifera shells, corals, and other
marine organisms. Calcite (CaCOs), a rhombohedral mineral, can be readily synthesized
in the laboratory through the simple mixture of a calcium salt (e.g., CaClz) and a
carbonate source (e.g., NaHCO3). Aragonite, a calcite polymorph that possesses an
orthorhombic crystal structure, can alternatively be synthesized by the addition of Mg?*
ions (> 1:1 molar Mg/Ca ratio in seawater above 25 °C) (Morse et al., 1997), which have
been found to inhibit calcite growth but do not impede aragonite formation. Dolomite,
like calcite, is a rhombohedral carbonate mineral, but contrasting calcite, dolomite

contains magnesium (Mg?*) ions within its crystal structure and is typically comprised of
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distinct alternating layers of CaCO3z and MgCO3, formed perpendicular to the mineral’s c-
axis (Figure 1.1) (Lippmann, 1973). This alternating crystal structure defines the R3"
space group, unique from the R3c space group of calcite, magnesite, siderite, and other
similar carbonate minerals (Lippmann 1973, Gregg et al., 2015). Distinct from calcite and
aragonite, dolomite may form either by dolomitization of previously deposited calcite or
aragonite (typically limestone), or by direct precipitation from solution. Recent dolomite
formation has been restricted to specific environments such as hypersaline sabkhas,
lagoons and playa lakes, which contain high alkalinities and salinities (McKenzie, 1981,
Arvidson and Mackenzie, 1999). Environments abundant in organic matter have also
been associated with modern dolomite formation (e.g., Mazzullo et al., 1987; Compton,
1988). Furthermore, parent solutions at locations in which Holocene dolomite are found
generally reach relatively high temperatures, regularly up to 40 °C or higher (Furman et

al., 1993).

Numerous advances in the fields of geology and geochemistry have resulted from
the ability to synthesize calcite and aragonite (among other carbonates) under well-
controlled conditions. For example, carbonate-water oxygen isotope paleothermometry
enables an estimation of past climate changes and its calibration requires carbonate
synthesis under precise temperatures (e.g., O’Neil et al., 1969; Kim and O’Neil, 1997).
As well, the calibration of §'!B isotopic signatures of borate incorporated into laboratory
synthesized carbonates allows an approximation of past ocean pH levels (Vengosh et al.,
1991; Pagani et al., 2005). More recently, the development of carbonate clumped isotope

research provides a new carbonate paleothermometer that has the potential to be highly
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valuable, as it does not require knowledge of oxygen isotopic compositions of past water
bodies in which carbonates formed, which is necessary for the carbonate-water oxygen
isotope paleothermometer (Ghosh et al., 2006; Eiler, 2011). Similarly, calibrations of the
carbonate clumped isotope paleothermometry would not be possible without carbonate

synthesis under highly accurate temperatures.

Although carbonate mineral research has provided an understanding of many
aspects of paleoclimates, the inability to synthesize dolomite at temperatures
representative of those in nature has left a sizeable gap in the field’s knowledge. The
discovery of a method, or experimental solution conditions, that facilitate dolomite
synthesis at near-ambient conditions would provide critical insight into to numerous
geological issues. These issues include: the mysteries concerning dolomite-rich oceans
that existed during the Pre-Cambrian, but dolomite scarcity in present oceans (Warren,
2000); the difficulty in establishing an accurate dolomite-water oxygen isotope
paleothermometer below 100 °C (Schmidt et al., 2005; Horita, 2014); and uncertainties in
the calibrations for dolomite clumped isotope paleothermometer (see Bonifacie et al.
(2017) for the most recent (proto)dolomite calibration). The clarity of dolomite formation
also has economic implications, as its understanding would provide clues for the
formation conditions of dolomite-hosted Mississippi Valley-Type (MVT) deposits and

dolomite oil and gas reservoirs (Braithwaite et al., 2004; Machel, 2004).
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Section 1.2: Dolomite Properties

Section 1.2.1: Dolomite Stoichiometry and Cation Ordering

Stoichiometry and cation ordering are the primary properties of dolomite used for
distinction from calcite and other similar carbonate minerals. Stoichiometry defines the
proportion of Ca?* and Mg?* (or in some instances Fe?* and Mn?*) that comprise the
dolomite structure. In the ideal case, dolomite stoichiometry is 50 % CaCOs and 50 %
MgCOs; however, many natural dolomites have compositions that deviate from perfect
stoichiometry (e.g., Rosen et al., 1989; Gregg et al., 1992). Commonly, natural dolomites
are Ca-rich in composition, especially younger samples formed during periods such as the
Miocene and Holocene, due to slow reaction kinetics and the preferential incorporation of
Ca?* ions (Gregg et al., 1992; Warren, 2000). However, occurrences of slightly Mg-rich
dolomite (%MgCOs between 50 and 55 %) have been documented as well, although these
instances have been rare (Rosen et al., 1989). Stoichiometric dolomite composition
implies more complete dolomite formation, as stoichiometric dolomite is more
thermodynamically stable than Ca-rich dolomite (Lippmann, 1973; Carpenter, 1980). In
the case of laboratory synthesis, %MgCOs3 has been utilized as an indicator of conditions,
such as parent solution chemistry or catalysts, that facilitate dolomite formation (e.g.,

Kaczmarek et al., 2011; Zhang et al., 2012a,b).

Dolomite stoichiometry is commonly determined by powder X-Ray diffraction
(XRD) analysis, due to its simplicity and low cost (Jones et al, 2001; Kaczmarek and
Sibley, 2011). Chave (1952) first discovered, through XRD analyses, that calcite 26

values (angle between incident X-Ray beam and detector) for the 104 diffraction peak
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increased (or shifted to greater 20 value) with an increasing proportion of Mg?*. The shift
in 20 is caused by smaller Mg?* ions substituting for Ca* ions and thereby reducing the
unit cell size (Gregg et al, 2015). A similar diffraction peak shift occurs in dolomite
analyses, which allows the proportion of Ca?* and Mg?* to be determined qualitatively
based on the 260 value of the dolomite 104 peak. Lumsden and Chimahusky (1980)
developed an equation enabling the stoichiometry of dolomite to be quantified based on

the 104 peak location. The equation is as follows:
%CaCOs = 333.33d — 911.99 (Equation 1.1)

where d is the d-spacing of the dolomite 104 peak from CuKa radiation XRD analysis,
which is directly proportional to the 26 value. The %MgCOs is then calculated by the
difference between %CaCOs and 100 %, but assumes there is no incorporation of other
cations (i.e. Fe?*, Mn?*, or Na?*). Although a sizable error of 1 - 3 %MgCOs can be
associated with the Lumsden and Chimahusky (1980) equation, this method is widely
utilized by researchers, especially for analyzing large data sets (Kaczmarek and Sibley,

2011; Gregg et al., 2015).

Other methods for determining dolomite stoichiometry include: scanning electron
microscope energy dispersive X-Ray spectroscopy (SEM-EDS), transmission electron
microscope (TEM)-EDS, X-Ray fluorescence (XRF), and inductively coupled plasma
mass spectrometry (ICP-MS) (e.g., Sanchez-Roman et al., 2008; Zhang et al., 2012a,b).
Examples in which XRF is used to estimate dolomite stoichiometry are rare, due to the

requirement for pure dolomite powders that contain no other mineral phases.
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Dolomite cation ordering refers to the fraction of Ca?* and Mg?* ions that are
occupied within the appropriate COs? layers in the crystal structure (Lippmann, 1973).
As previously discussed, dolomite is comprised of alternating layers of CaCOs3 and
MgCO; relative to the c-axis. Perfect cation order indicates that all Ca?* and Mg?* ions
are bonded within their respective layer. In other words, there is no replacement of Ca2*

ions for Mg?* in the MgCOs layer, or vice-versa.

In order for a carbonate mineral to be termed “dolomite”, evidence of cation
ordering is required (Land, 1980; Gregg et al., 2015), as cation ordering produces the
distinction between the R3 space group for dolomite and the calcite R3 ¢ group
(Lippmann, 1973). Commonly, dolomite cation ordering is identified by the presence of
“ordering” diffraction peaks in XRD analyses (Gregg et al., 2015). A carbonate mineral
cannot be labelled dolomite if the ordering peaks (the 015, 101, and 021 peaks) are
absent, regardless of the stoichiometry. CaCOs minerals that contain > 4 %MgCOs, and
display no cation ordering, are typically termed either high-magnesium calcite (HMC) or

protodolomite (Gregg et al., 2015) (discussed further in Section 1.2.2).

A quantitative analysis for dolomite cation ordering is possible through
comparison of the relative intensities of the 015 and the 101 dolomite diffraction peaks,
termed the cation ordering ratio (Goldsmith and Graf, 1958; Kaczmarek and Sibley,
2011). Alternatively, the cation ordering ratio is represented as % cation ordering by
multiplying the ordering ratio by 100. Perfectly ordered dolomite has equal intensities of
the 015 and 101 peaks, and therefore the % cation ordering is equal to 100 %. Many

natural dolomites, as well as most laboratory synthesized dolomite, possess cation
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ordering that is less than ideal (Warren, 2000), and similar to stoichiometry, partial
ordering is common for dolomite formed in recent geologic history, including samples

collected from the well-studied Coorong Region, Australia (Rosen et al., 1989).

Section 1.2.2: Protodolomite Characterization and Terminology

A discrepancy exists for the terms used to describe carbonate minerals that
resemble dolomite but fail to meet the requirements for stoichiometry and cation ordering
(Gregg et al., 2015). In order for a carbonate mineral to be termed dolomite, established
criteria include a sufficient proportion of MgCOs (generally above 43%) and evidence of
cation ordering (e.g., Land, 1980; Gregg et al., 2015). If one or both criteria fail to be met,
the mineral cannot be termed dolomite. However, the terms used to label minerals with
near-dolomite compositions are inconsistent and lack a clear definition (Gregg et al.,

2015).

Carbonate minerals that possess a calcite structure but contain a high proportion of
Mg?* ions (> 4 mol %MgCOs) are referred to as HMC (Tucker and Wright, 1990; Gregg
et al., 2015). Although natural occurrences of HMC have been found at Earth’s surface
conditions (Goldsmith et al., 1955), HMC is thermodynamically unstable in relation to
calcite and dolomite (Land, 1982). As well, laboratory synthesis of HMC is easily

achievable, including low temperature experiments (Graf and Goldsmith, 1956).

The term protodolomite was first introduced by Graf and Goldsmith (1956) to
describe stable Ca-Mg carbonates possessing either a composition that deviates from

ideal dolomite stoichiometry, is disordered, or a combination of both. However,
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subsequent studies argued or rejected the “protodolomite” terminology. Gaines (1977)
proposed that protodolomite should define carbonates with a large discrepancy from ideal
dolomite stoichiometry and have minor cation ordering, and instead used the term
“pseudodolomite” for carbonates with a near-ideal %MgCQO3 composition and the
absence of cation ordering. Other studies have instead used a variety of terms to describe
Ca-Mg carbonates that cannot be labelled dolomite, including: “very high magnesium
calcite” (Sibley et al., 1994; Zhang et al., 2010); “unordered dolomite” (Zempolich and
Baker, 1993); “non-stoichiometric dolomite” (Sibley et al., 1994); and “disordered

dolomite” (Zhang et al., 2010; Kaczmarek and Sibley, 2011).

For the purpose of consistency, the term “protodolomite” will be used in this study
to describe carbonates with near dolomite stoichiometry (> 43 %MgCOs), but with no
indication of cation ordering. If a carbonate contains < 43 %MgCOg3, it will be referred to
as HMC. Since cation ordering distinguishes the dolomite structure from that of calcite,
and following the definitions by Land (1980) and Gregg et al. (2015), a carbonate mineral
containing > 43 %MgCOs and displaying evidence of cation ordering will be labelled

dolomite.

Section 1.2.3: Dolomitization and Direct Precipitation

Dolomite formation is possible by either dolomitization of existing calcium
carbonate or direct precipitation from a parent solution (Graf and Goldsmith, 1956;
Warren, 2000). Dolomitization is likely the most dominant dolomite formation process
throughout geologic history (Machel, 2004; Horita, 2014), and typically, limestone

deposits are dolomitized after burial to greater depth, due to elevation in temperature and
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pressure (Machel, 2004). Dolomitization requires high temperatures, generally greater
than 100 °C, and a fluid source of concentrated Mg?* ions (Katz and Matthews, 1977;

Kaczmarek and Sibley, 2011). Dolomitization has been demonstrated to proceed from
initial calcium carbonate replacement with high magnesium carbonate, to formation of
disordered dolomite (protodolomite) with a high %MgCO3 composition, and finally

recrystallization to dolomite (Kaczmarek and Sibley, 2014).

Direct dolomite precipitation from seawater and other carbonate forming
environments is rare, due to the slow kinetics involved for the reaction at low
temperatures (Arvidson and Mackenzie, 1999). Calcite and aragonite are favored to
precipitate from solution because Ca?* ions readily react with CO3? ions to form CaCOs,
which is thermodynamically more stable than high-magnesium calcite or protodolomite
(Lippmann, 1973). Dolomite precipitation is also inhibited by the hydration of Mg?* ions,
which hinder Mg?* incorporation (Lippmann, 1973). The exact mechanisms which inhibit

direct dolomite precipitation are outlined in Section 1.3.1.

Direct dolomite precipitation has been proposed to explain certain cases of natural
dolomite formation, primarily in evaporitic environments (Rosen et al., 1989; Warren,
2000 and references within). In these geologic settings, direct precipitation of dolomite is
proposed to occur by elevated reaction kinetics caused by rapid evaporation. When
evaporation occurs quickly, precipitation of calcite, gypsum (CaSO4+2H,0) and
anhydrate (CaSQOa) is favored and, as a result, fluid molar Mg/Ca ratios readily increase

(Patterson and Kinsman, 1982; Rosen et al., 1989). Sufficiently high solution molar
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Mg/Ca ratio allows reaction kinetics to proceed rapidly enough to form dolomite by direct

precipitation (Rosen et al., 1989).

As a specific example, Rosen et al. (1989) provided multiple lines of evidence to
support dolomite direct precipitation out of evaporitic brines from the Coorong Lakes,
Australia. Dolomite samples suspected to directly precipitate, labelled Type-A dolomites
and suggested to have formed near basin centers, possessed: 1) an enrichment of Mg?*; 2)
identifiable heterogeneous microstructures, visible by TEM analyses, indicating rapid
precipitation and crystal growth; and 3) relatively 80 enriched, likely resulting from
evaporation of the lighter *%0. In comparison, nearby Type-B dolomite which formed at
lake margins, was Ca-rich, lacked heterogeneous microstructures, and was relatively

depleted in 80 (Rosen et al., 1989).

Section 1.3: Dolomite Formation and Laboratory Synthesis

Section 1.3.1: Inhibiting Factors of Dolomite Formation

The issues surrounding conditions that inhibit natural and laboratory dolomite
formation are attributed to several established factors (Lippmann, 1973; Arvidson and
Mackenzie, 1999; Petrash et al., 2017). First, the kinetics involved for dolomite
nucleation and growth at low temperatures may prevent the mineral from forming on
relatively short time scales (Land, 1998; Arvidson and Mackenzie, 1999). For example,
Land (1998) failed to precipitate dolomite following an allocated growth time of 32 years
at ambient temperatures and “1000-fold oversaturation” of dolomite. Subsequently,
Arvidson and Mackenzie (1999), by means of dolomite growth rate calculations using

temperature and solution saturation state as variables, stated that it likely not feasible to
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synthesize dolomite at ~ 25 °C. Furthermore, the associated sluggish reaction rates and
sufficient growth time for dolomite formation is evidenced by its scarcity in recent
sedimentary environments (i.e., Miocene to Holocene), yet its abundance throughout

certain geologic periods (i.e., Pre-Cambrian) (Warren, 2000; Machel, 2004).

Second, the difficulty for Mg?* ion incorporation into a growing dolomite crystal
structure is considered to be rate determining for dolomite formation (Lippmann, 1973;
Oomori and Kitano, 1987; Zhang et al., 2012a). Mg?* ions possess a double hydration
shell that can inhibit incorporation and favor the adsorption of Ca?* or other available
cations (Lippman, 1973). If Mg?* ions are incorporated, the hydration shell charge can
influence the carbonate structure and hinder further growth (Lippman, 1973; Mucci and
Morse, 1983). Third, insufficient parent solution alkalinity likely prevents dolomite
formation (Lippmann, 1973; Petrash et al., 2017), as raised alkalinity provides the
necessary free energy required to overcome the issue of Mg?* ion hydration (Lippmann,
1973; Machel and Mountjoy, 1986). Furthermore, Morrow and Ricketts (1988) found that
an increase in the carbonate concentration of parent solutions accelerated the rate of

dolomitization.

Finally, an inhibiting role of sulfate on dolomite formation has been widely
debated and remains controversial (Baker and Kastner, 1981; Brady et al., 1996; Sanchez-
Roman et al., 2009). Baker and Kastner (1981) first discovered that sulfate hindered the
dolomitization of calcite in their laboratory experiments at 200 °C. This effect results
from the formation of strong bonds between Mg?* ions and SO4? ions, which slows or

prevents Mg?* incorporation into the carbonate (Slaughter and Hill, 1991). Similarly,
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Morrow and Ricketts (1988) displayed that sulfate concentrations of ~ 4 mM inhibited
dolomitization of calcite, whereas dolomitization occurred more slowly <4 mM sulfate
than in the absence of sulfate. However, experiments conducted by Brady et al. (1996)
found that only sulfate concentrations <5 mM inhibit dolomite formation and proposed
that concentrations > 5 mM may instead accelerate formation. Subsequently, Sanchez-
Roman et al. (2009) also failed to observe an inhibiting effect from sulfate, regardless of
concentration, in experiments associated with aerobic bacteria. Recently, the majority of
low temperature dolomite synthesis studies have investigated use of sulfate-reducing
bacteria as a catalyst, with the belief that sulfate reduction to sulfide may facilitate

dolomite formation (Vasconcelos et al., 1995) (discussed further in section 1.3.4).

Section 1.3.2: High Temperature Dolomite Synthesis

Due to the inability to successfully synthesize dolomite at low temperatures, much
of the knowledge for conditions that facilitate dolomite formation have been obtained
from high temperature (> 100 °C) synthesis experiments (e.g., Kaczmarek and Sibley,
2011, 2014; Kaczmarek and Thornton, 2017). Although the bulk of these studies
synthesize dolomite through dolomitization, numerous favorable solution chemistry and
other conditions have been demonstrated to be applicable, or provide valuable insight, to

low temperature dolomite formation as well.

High temperature dolomitization experiments have shown that the initial solution
molar Mg/Ca ratio is a primary controlling factor in dolomite formation (Gaines, 1974;
Sibley, 1990; Kaczmarek and Sibley, 2011). Sibley (1990) found that protodolomite,

formed at 218 °C, increased in %MgCO3 from ~ 35 % to ~ 40 % when the initial solution
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molar Mg/Ca ratio was increased from 0.66 to 1. Kaczmarek and Sibley (2011),
conducting similar dolomitization experiments as Sibley (1990) at 218 °C, found that
dolomite stoichiometry is more dependent on initial solution molar Mg/Ca ratio than
previously understood. The authors showed that dolomite stoichiometry correlated
directly with the initial solution molar Mg/Ca ratio until dolomite had replaced ~ 95 % of
the initial CaCOs. However, after the 95 % threshold was elapsed, stoichiometry
increased readily (Kaczmarek and Sibley, 2011). In other words, dolomite stoichiometry
reflected the initial solution molar Mg/Ca ratio until CaCOz was almost entirely replaced.
Therefore, the authors proposed that the initial solution molar Mg/Ca ratio provides a
template for which dolomite follows until the reaction is nearly complete. It has yet to be
confirmed if the stoichiometry of dolomite formed by direct precipitation has a

comparable relationship with initial solution molar Mg/Ca ratio.

Kaczmarek and Sibley (2011) also found, in contrast to stoichiometry, that
dolomite cation ordering develops independently of initial solution molar Mg/Ca ratio.
Alternatively, cation ordering steadily increases with the progression of dolomitization,
and also increases with an elevation in dolomitization reaction rate. Furthermore,
dolomite cation ordering was displayed to have no correlation with stoichiometry, with
the exception of samples with > 95 % dolomite replacement (Kaczmarek and Sibley,

2011).

High temperature dolomitization experiments have determined a number of
factors that increase the dolomitization induction rate. Induction rate refers to the time

required for an initial replacement of CaCOz with dolomite, which is commonly
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identified by XRD analyses (Sibley et al., 1987; Kaczmarek and Sibley, 2011). Greater
reactant (CaCOs) surface area was found by Sibley and Bartlett (1987) to significantly
raise the induction rate for dolomitization of calcite at 175 °C. As well, multiple studies
have indicated that dolomitization proceeds more rapidly when replacing aragonite
instead of calcite, due to the higher solubility of aragonite (Baker and Kastner, 1981;
Kaczmarek and Sibley, 2014). It has been established that the dolomitization induction
rate also increases with elevated temperatures (Graf and Goldsmith, 1956; Arvidson and
Mackenzie, 1999), with increasing alkalinity (Morrow and Rickets, 1988), and at lower

solution pH values (Sibley et al., 1987).

Section 1.3.3: Low Temperature Dolomite Synthesis

Abundant attempts have been made to synthesize dolomite at low temperatures
(e.g., Graf and Goldsmith, 1956; Siegel, 1961; Liebermann, 1967; Oomori and Kitano,
1987; Deelman, 1999; Kelleher and Redfern, 2002; Zhang et al., 2012a,b), but each study
have proved unsuccessful, typically producing HMC, protodolomite, or a series of
irreproducible results. Nevertheless, insight into solution chemistry and potential catalysts
that facilitate pure protodolomite formation or raised %MgCO3s compositions have been

gained from the experimental studies.

Employing a somewhat unique approach in attempts to synthesize dolomite at
low-temperatures, Liebermann (1967) developed a dissolution-reprecipitation method,
using solutions with 1 - 6 times the salinity of seawater. This method consisted of
repeated cycles of precipitation and dissolution that aimed to dissolve unstable carbonate

minerals and eventually precipitate only stable dolomite. The repeated cycles involved the
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bubbling of CO; into parent solutions at room temperature for approximately 12 hours (to
dissolved unstable carbonates), followed by small additions of NaCOs or NH4OH to
raise pH to ~ 8.0, and finally the placement of parent solutions into a drying oven at 43 +
2 °C. Liebermann (1967) claimed to have synthesized a mixture of dolomite and HMC,
following an experiment using solutions that were 6 times the normal salinity of seawater
and employing a total of 14 cycles. However, the presence of cation ordering was not
clear, especially due to the lack of XRD patterns for the synthesized minerals. Other

similar experiments resulted in the synthesis of HMC or apparent protodolomite.

Oomori and Kitano (1987) synthesized pure protodolomite from sea water with an
molar Mg/Ca ratio of 4.9 and small additions of dioxane. The authors proposed that
dioxane acted as a catalyst for protodolomite formation by lowering the dielectric
constant of solution and thereby causing Mg?* ions to dehydrate. Kelleher and Redfern
(2002) synthesized a hydrous protodolomite with a composition of
Ca1.056Mg0.944(S04)0.035(CO3)1.965-0.26H20 by mixing MgSQO4:7H20, Ca(NO3)2-4H,0 and
Na.COz solutions, with a molar Mg/Ca ratio of 1.22, at 40 °C, 61 °C, and 81 °C for a
maximum growth time of 23 days. The authors suggested this hydrous protodolomite is
likely a precursor mineral for natural dolomite, and that the mineral would eventually
recrystallize into dolomite through continued dissolution-reprecipitation processes. More
recently, Horita (2014) repeated the methods of Kelleher and Redfern (2002) at 80 °C, but
for an extended period of 41 days, and precipitated a single protodolomite sample. The
protodolomite sample was slightly Ca-rich (~ 49 %MgCO:s), but the XRD results failed to

display evidence of the dolomite cation ordering peaks.
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Deelman (1999) claimed to have formed dolomite in low temperature experiments
(40 and 60 °C) by repeating the experimental methods of Liebermann (1967), but with an
addition of 50.5 mM urea. The concept of urea catalysis was previously proposed by
Mansfield (1980), following the discovery of a dolomite bladder stone that formed within
a Dalmatian dog. However, the assertion by Deelman (1999) that dolomite synthesis was
attained at 40 °C appears unsubstantiated, with questionable evidence for cation ordering.
The study also displayed irreproducible results for experiments in the absence of urea,
which included HMC, hydromagnesite ((MgCO3)4(OH).+4H,0), and magnesite
(MgCO0:s), and only a single experiment tested possible urea catalysis on dolomite

formation.

Zhang et al. (2012a) determined that the addition of sulfide to solutions containing
a molar Mg/Ca ratio similar to seawater produced HMC and protodolomite (the authors
used the term disordered dolomite) at 25 °C. The catalytic ability of sulfide was shown by
an evident increase in %MgCO3 with increasing sulfide concentration. Although the
sulfide addition also led to an increase in solution pH, which has been speculated to
facilitate dolomite formation by encouraging the dehydration of Mg?* ions (Slaughter and
Hill, 1991), control experiments were carried out that contained sulfide and amounts of
HCI to lower solution pH values. These control experiments produced HMC with similar
%MgCO:s as solutions containing without HCI. Therefore, sulfide is a potential catalyst
for dolomite formation in certain natural environments, especially those that coincide

with high values of pH (> 8.5), including environments in which bacterial sulfate
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reduction (BSR) produces high solution pH (Zhang et al., 2012a) (discussed further in

section 1.3.4).

Zhang et al. (2012a) also found that the addition of calcite seeds to experimental
solutions containing dissolved sulfide produced protodolomite, with upwards of 43
%MgCO3 at 25 °C. In relation, solutions containing calcite seeds and no sulfide produced
HMC with a maximum 26 %MgCOs. The authors also displayed that this “calcite seed
effect” prevented aragonite and monohydrocalcite formation (precipitated in the absence
of calcite seeds) and instead encouraged formation of HMC or protodolomite (Zhang et
al., 2012a). Zhang et al. (2012a) suggested the calcite seed effect as a possible
explanation for certain natural dolomite examples, such as dolomite recovered from the
Miocene Monterey Formation (Compton and Siever, 1984) and dolomite laminae found

within cores from ODP sites 680 and 686 (Kemp, 1990).

Section 1.3.4: Microbial and Biotic Protodolomite Synthesis

Research devoted to understanding dolomite formation drastically shifted
following the published findings of VVasconcelos et al. (1995), commencing a focus on
microbial catalysis on dolomite formation (e.g., Van Lith et al., 2003; Vasconcelos et al.,
2005; Sanchez-Roman et al., 2008; Roberts et al., 2013). Vasconcelos et al. (1995)
seemingly discovered that dolomite synthesis was possible in the presence of sulphate-
reducing bacteria (SRB) under anoxic conditions. Subsequent studies concentrated on
understanding the interaction between SRB and dolomite, as well as other possible
microorganism catalysts, and the associated altered solution chemistry which promote

dolomite formation (see Petrash et al., 2017 and references within). For example, Roberts
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et al. (2004) suggested that both natural and laboratory (25 °C) dolomite formation could
be influenced by methanogens, which interact with basalt rock, producing Mg?* and Ca2*
ions, and facilitating dolomite precipitation on the organism’s cell walls. Roman-Sanchez
et al. (2008) claimed that dolomite could be directly precipitated by two strains of aerobic
bacteria at 25 and 35 °C, by nucleation directly on the microorganism cell walls. Notably,
the study also showed that the aerobic microorganisms caused associated changes in
experimental solution chemistry, such as raised pH from ~ 7 to 8.5 — 9 and dissolved CO>
production, which subsequently formed HCOs™ or CO3?* (Sanchez-Roman et al., 2008).
Finally, Krause et al. (2012) claimed that the combination of sulfate-reducing bacteria and
extracellular polymetric substances resulted in dolomite precipitation under anoxic
conditions at 21 °C. Numerous other studies also displayed similar results from dolomite
synthesis experiments in the presence of microorganisms (e.g., Warthmann et al., 2000;

Van Lith et al., 2003; Bontognali et al., 2014).

The assertion of microbial mediation as an answer for the widely debated
“dolomite problem” has since been disproven (Zhang et al., 2012b, Gregg et al., 2015;
Kaczmarek et al., 2017). Numerous instances of claimed dolomite synthesis by SRB or
other biogenic sources were thoroughly evaluated by Gregg et al. (2015) and a deficiency
in the experimental results were outlined for each case. The reoccurring problem
surrounding the dolomite synthesis claims was the failure to effectively demonstrate
evidence of dolomite cation ordering, with XRD patterns lacking evident ordering

diffraction peaks (Zhang et al., 2012b; Gregg et al., 2015). Therefore, microbial
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mediation likely has yet to facilitate dolomite formation, instead producing HMC or

protodolomite (Gregg et al., 2015; Petrash et al., 2017).

Although dolomite has not been synthesized by microbial mediation, beneficial
evidence for conditions that facilitate dolomite formation and growth can be inferred from
the associated studies (Petrash et al., 2017). Microorganisms have been shown to increase
solution alkalinity and pH, as well as maintain higher pH values (Slaughter and Hill,
1991). Studies of microbial influences on dolomite formation has also revealed the
importance of the initial nucleation stage, indicating that factors that promote nucleation

are likely significant to low temperature dolomite synthesis (Petrash et al., 2017).

Section 1.3.5: Ostwald’s Step Rule

Ostwald’s Step Rule has been suggested as the process by which dolomite
typically forms (Kelleher and Redfern, 2002; Gregg et al., 2015; Rodriguez-Blanco et al.,
2015). First proposed by Ostwald (1897), Ostwald’s Step Rule states that the initial
reaction products continuously undergo a series of reactions to form products each less
soluble than the preceding product. Kelleher and Redfern (2002) proposed that Ostwald’s
Step rule explained why the authors obtained a hydrous protodolomite precipitate in
direct precipitation experiments at 40, 61, and 81 °C. The authors suggested that with
further reaction time, the hydrous protodolomite would undergo a series of dissolution
and reprecipitation steps until dolomite formed (Kelleher and Redfern, 2002). Previously,
Navrotsky and Capobianco (1987) showed that protodolomite, displaying no cation
ordering, is more soluble than dolomite and Carpenter (1980) found that Ca-rich dolomite

is more soluble than stoichiometric dolomite (Table 1.1)
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More recently, Rodriguez-Blanco et al. (2015) carefully investigated
(proto)dolomite formation by direct precipitation over the temperature range 60 - 220 °C.
The authors observed that dolomite forms by a distinct three-stage reaction pathway.
First, a hydrous amorphous Ca-Mg carbonate is initially formed, followed by partial
dehydration and rapid recrystallization to Ca-rich protodolomite (Rodriguez-Blanco et al.,
2015). Finally, in stage three, a relatively longer time period is required to recrystallize
protodolomite into ordered, and stoichiometric, dolomite. Rodriguez-Blanco et al. (2015)
proposed that stage three occurs following Ostwald’s Step Rule, as the final dolomite

product only formed after undergoing the dissolution and reprecipitation processes.

Section 1.4: Carbonate-Water Oxygen Isotope Thermometry

Since the 1950’s, oxygen isotopes of carbonates have become a value tool which
enables the reconstruction of climate temperatures for past carbonate depositional
environments (Epstein et al., 1951,1953; Tarutani et al., 1969). The method is founded
upon the temperature dependent oxygen isotopic exchange between carbonates and parent
solution during carbonate formation. Therefore, by establishing a calibration between the
formation temperature and oxygen isotope ratios of synthesized carbonates, past climate
temperatures can be estimated based on oxygen isotopic compositions of natural
carbonates. Calibrations for carbonate minerals have typically been developed through
inorganic mineral synthesis at accurately controlled temperatures, including generally
accepted low temperature calibrations for calcite (Kim and O’Neil, 1997) and aragonite

(Kim et al., 2007).
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Oxygen isotope carbonate-water thermometry requires knowledge of the initial
oxygen isotopic composition of the solution in which the carbonate formed, and that
isotopic equilibrium was attained between the carbonate and solution during mineral
formation (e.g., Kim and O’Neil, 1997; Coplen, 2007). In the absence of isotopic
equilibrium, nonequilibrium effects (i.e. kinetic effects) cause deviations from the true
equilibrium value. In nature, vital effects also cause oxygen isotope variations in
carbonates produced by aquatic organisms, likely due to Kkinetic effects during CO>

hydration and hydroxylation (McConnaughey, 1989a,b).

Section 1.4.1: Isotopic Equilibrium and Influence of Kinetic Effects

Isotopic equilibrium refers to the point in which two distinct chemical compounds
no longer exchange stable isotopes. The requirement of isotopic equilibrium has been
demonstrated for effective calculation of the temperature-dependent incorporation of
oxygen isotopes into precipitating carbonates (Kim and O’Neil, 1997; Kim et al., 2007;
Coplen, 2007). In addition, oxygen isotopic exchange between carbonates and water is
dependent on the carbonate minerology (i.e. calcite, aragonite, dolomite) and carbonate
composition (e.g., O’Neil et al., 1969; Kim and O’Neil, 1997). If isotopic equilibrium has
not been attained between a carbonate and its parent solution, Kinetic effects influence
oxygen isotope exchange and result in a value deviated from the equilibrium value (e.g.,

Beck et al., 2005; Kim et al., 2006).

Kinetic effects influencing carbonate formation were described by Given and
Wilkinson (1985), suggesting that carbonate nucleation kinetics and carbonate ion

concentrations can control the carbonate composition. Zeebe (1999) claimed that the
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Kinetic effects existed between calcite and water due to variations in solution pH.
Subsequently, it was discovered by Beck et al. (2005) that equilibration between
dissolved inorganic carbon (DIC) species and water is required prior to carbonate
formation. The authors found that the oxygen isotope equilibrium values between DIC
and water vary depending on the carbon species (i.e., HCO3, CO3%, and COz(aq) and
temperature. For example, Beck et al. (2005) determined an 1000Inaxco3-Hzo Value of
31.03 and an 1000Ina.cos-H2o Value of 24.19 at 25 °C. If equilibrium is not attained, DIC
and water may continue to exchange oxygen isotopes while carbonates form and the
determined 10001naicarbonate-water fTOllowing carbonate synthesis may not be representative

of an equilibrium exchange between carbonate and water.

The carbonate precipitation rate has also been demonstrated to produce kinetics
effects (Zuddas and Mucci, 1994; Kim et al., 2006). If a carbonate forms rapidly, it may
incorporate the isotopic signature of the DIC source closest to its nucleation site, and as a
result, incorporate the oxygen isotope composition of that DIC species (Beck et al.,
2005). In addition, Kim et al. (2006) determined that CO3*", as opposed to HCOs, is
preferentially incorporated into growing carbonates. Kim et al., (2006) also found that
HCO3 will breakdown to COs?, and the produced COs? ions require further equilibrium
with water. Otherwise, CO3? ions will contain the isotopic signature of the HCO3™ from
which it originated. As a result, rapid carbonate precipitation may lead to kinetic isotope
effects if the parent solution DIC is not effectively equilibrated. Furthermore, Kim and
O’Neil (1997) found nonequilibrium effects for calcite, witherite, and otavite synthesis

experiments at 10, 25, and 40 °C. The authors determined that elevated initial cation and
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HCOs™ concentrations resulted in oxygen isotope fractionation factors with considerable
variation and therefore proposed that the smaller, and more reproducible, oxygen
fractionation values were representative of isotopic equilibrium. Raised cation and HCO3"
concentration may have increased the carbonate formation rate, and thereby resulted in

Kinetic isotope effects.

Section 1.5: Study Purpose

This study aimed at developing a method to reproducibly synthesize dolomite at
temperatures below 100 °C, and by extension, provide insight into the environmental
conditions that promote dolomite formation. The long-standing “dolomite problem” has
puzzled the scientific community for more than a century and any potential evidence for
solution conditions that facilitate dolomite formation and growth are therefore invaluable.
A method, or solution chemistry, capable of synthesizing dolomite would also provide an
ability to more effectively evaluate geochemical tools, such as the oxygen isotope

dolomite-water thermometer and dolomite clumped isotope thermometer.

Investigated in this study are multiple conditions which may promote dolomite
synthesis. First, this study examines the influence of two distinct solution preparation
methods, and the associated kinetics effects, on dolomite formation and subsequent
growth. The methods differ by the phase of carbonate ions (CO3s?) at the time of solution
preparation, with NaCOs added to Ca-Mg solutions as either a dissolved solution or solid
Na,COs salt. Second, a potential effect from varying urea concentrations is thoroughly
studied. Urea has been proposed as a catalyst for dolomite formation in the past, due to

the discovery of a dolomite bladder stone that formed within a Dalmatian dog (Mansfield,

24



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

1980), and subsequent low temperature dolomite synthesis attempts with 50.5 mM urea
concentrations (Deelman, 1999). However, the experiments by Deelman (1999) were
inconclusive, and therefore a comprehensive investigation of possible urea catalysis is
targeted here. Third, after Deelman (1999) proposed that urea facilitates dolomite growth
by hindering chlorine ion absorption to the dolomite crystal structure and encouraging
COs? ion incorporation, CaCl, is substituted for Ca(NOs)2 in select experimental
solutions containing urea. Finally, reduction in solution bottle volume, from 250 mL to 50
mL while maintaining a constant 50 mL solution volume, is performed to examine a

possible influence of larger headspace.

Following successful low temperature dolomite synthesis, this study targeted to
develop an accurate dolomite-water oxygen isotopic paleothermometer calibration.
Previous dolomite-water calibrations below 100 °C are complicated by the inability to
synthesize dolomite, and subsequently measured protodolomite precipitates (\VVasconcelos
et al., 2005; Schmidt et al., 2005; Horita, 2014). By refining the dolomite-water
paleothermometer calibration at low-temperatures, attempts to successfully reconstruct
past environmental conditions for dolomite formation will be greatly enhanced.
Furthermore, possible isotopic kinetic effects produced by the dolomite synthesis

methods developed here are investigated.

Section 1.6: Thesis Outline
Chapter 1 consists of the fundamental background information required for an
understanding of dolomite formation, the related advances, and unresolved issues. This

chapter also introduces the focus of this study and its intended purpose. Chapter 2
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describes an in-depth experimental study which developed a method that enables
successful dolomite synthesis at temperatures between 50 °C and 80 °C, and outlines
clear evidence of urea catalysis on dolomite synthesis. Chapter 2 is prepared in a
condensed format in preparation for submission to Geology, and as a result, describes the
primary findings of dolomite synthesis experiments. Chapter 2 Appendices provides a
more comprehensive description for the methods and results of this dolomite synthesis
study, as well as an investigation of the effects of CaCl. substitution for Ca(NO3s)2 and the
reduction in experimental solution bottle volume on dolomite synthesis. Chapter 3
presents the establishment of a refined oxygen isotope dolomite-water paleothermometer
calibration, and its relation to both previously developed low temperature protodolomite-
water calibrations and high temperature dolomite-water calibrations. Furthermore,
possible kinetic isotope effects associated with dolomite formed by the solid addition
method are outlined and discussed. To conclude this thesis, Chapter 4 details the principal
conclusions obtained by this study, how the candidate’s findings will impact the scientific
field, and the necessary research required to further develop the scientific contributions

established here.
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Figure 1.1. The calcite (A) and dolomite (B) crystal structure. Black lines represent the
rhombohedral unit cell for both mineral crystal structures. Taken from Gregg et al. (2015).

Table 1.1. Solubilities of common carbonate minerals at 25 °C and 1 bar atmospheric pressure.
Solubility values for calcite are taken from Busenburg and Plummer (1989) and Nordstrom et al.
(1990), and values for aragonite, protodolomite and dolomite are taken from Nordstrom et al.
(1990).

Mineral Name Chemical Formula -logK,
Calcite CaCOg4 8.33-8.48
Aragonite CaCO, 8.34
Protodolomite CaMg(COy), 16.54
Dolomite CaMg(CO3), 17.09
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CHAPTER 2: LOW TEMPERATURE DOLOMITE SYNTHESIS: REACTION
KINETICS AND UREA CATALYSIS

Abstract

The understanding of geochemical conditions that facilitate dolomite formation at
low temperatures (< 100 °C) has remained a mystery since dolomite was first discovered,
forming the basis of the “dolomite problem”. Abundant attempts to synthesize dolomite at
temperatures below 100 °C have proved to be unsuccessful, although recent studies have
shed light on potential chemical conditions which promote dolomite formation, including
catalysis by biotic compounds, bacterial-mediation, and elevated pH. This study presents,
to the best of our knowledge, the first-known synthesis of dolomite at temperatures below
100 °C, which was achieved by employing a developed method that leads to precipitation
of partially-ordered dolomite at temperatures as low as 50 °C, following a ~ 42 day
growth period. This “solid addition method” involves the addition of a solid phase
Na>COz to Na—Ca—Mg—CO.-NO3-SO4 solutions, which appears to sufficiently accelerate
reaction kinetics to produce dolomite over relatively short time periods. This study also
demonstrates that added urea concentrations promote dolomite formation at 50 - 80 °C,
including a 252 mmolal urea concentration that is necessary for dolomite formation at 50
°C. These findings provide a breakthrough for the understanding of dolomite formation

and a foundational method that will enable continued progress by future research.

Section 2.1: Introduction

Despite the abundance of dolomite throughout geologic history, understanding of
the geochemical conditions favorable for dolomite formation at Earth’s surface
temperatures has plagued researchers for over a century (Graf and Goldsmith, 1956; Land
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1998; Warren, 2000; Gregg et al., 2015). The “dolomite problem”, referring to the
inability for dolomite synthesis in a laboratory setting at temperatures below 100 °C, has
developed into a well-known mystery (Land, 1998; Arvidson and Mackenzie, 1999). This
is especially puzzling, considering the ubiquity of dolomite formation in nature
throughout the geologic record, and present-day oceans that are supersaturated with
respect to dolomite (Warren, 2000). As a result, much of the knowledge regarding
geochemical conditions that facilitate low temperature dolomite formation rely on
experimental studies from elevated temperatures (> 100 °C) (e.g., Kaczmarek and Sibley,

2007, 2011; Kaczmarek and Thornton, 2017).

Laboratory synthesis studies have shown that numerous chemical conditions
facilitate dolomite precipitation and dolomitization at temperatures above 100 °C. These
include the molar Mg/Ca ratio, alkalinity, salinity, and the presence of sulfate ions,
among others (see Gregg et al., 2015 and references within). Several low temperature
experiments have investigated the role of biotic catalysts, such as dioxane (Oomori and
Kitano, 1987) and urea (Deelman, 1999) for dolomite synthesis. However, these efforts
were unsuccessful in reproducibly synthesizing dolomite and instead produced
protodolomite that lacked evidence of cation ordering. More recently, sulfate-reducing
bacteria, and other similar bacterial catalysts, seemingly overcame the Kinetic barriers of
dolomite formation and thus received the bulk of experimental focus (e.g., Vasconcelos et
al., 1995; Sanchez-Roman et al, 2008; Krause et al., 2012). However, microbial-
mediation as an answer to the “dolomite problem” has been disproven (Zhang et al.,

2012a; Gregg et al., 2015; Petrash et al., 2017) because these studies produced, at best,
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near-stoichiometric but disordered, protodolomite. Additional cases of (proto)dolomite
formation in nature have yet to be fully understood, such as partially-ordered dolomite
formation as a bladder stone in a Dalmatian dog (Mansfield, 1980) and the rapid

formation of protodolomite teeth by sea urchins (Wang et al., 1997; Goetz et al., 2014).

This study discusses the first known reproducible synthesis method for dolomite
at temperatures below 100 °C. The key experimental conditions for dolomite synthesis
found in this study are two-fold: (1) the addition of Na>CO3 as a solid phase to the
experimental solution (as opposed to an aqueous COs? source); and (2) the inclusion of
urea as a catalyst for dolomite formation. The combination of these two conditions
facilitate reproducible dolomite synthesis at temperatures as low as 50 °C, following a
~ 42-day growth period. These findings will significantly help us to understand
geochemical conditions for dolomite formation in nature and provide a foundational tool

for future research on dolomite.

Section 2.2: Materials and Methods

Ca-Mg carbonates were synthesized through modified methods of those used by
Kelleher and Redfern (2002) over the temperature range of 50 - 80 °C, at 10 °C
increments with a typical growth period of ~ 42 days (a maximum range between 33 and
56 days). Measured amounts of ACS-grade 256 mmolal MgSOa-7H.0, 238 mmolal
Ca(NOs3)2-4H20, 483 mmolal Na2COs, and varying CO(NH2). (urea) concentrations (O -
252 mmolal) were added to 50 mL of 18.2 Q deionized water within capped 250 mL glass
bottles. For all experiments, Na,CO3z was the final chemical reagent added to the parent

solution. Each solution was shaken vigorously by hand for 2 minutes following the
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Na>COs addition and immediately placed in a convection drying oven (~ £1 °C). Each
parent solution was shaken for 1 minute, 5 to 6 times per week with a minimum 24-hour
interval. Once the growth period elapsed, the pH of the parent solution was measured and
the precipitates were collected through vacuum filtration using a 0.45 um membrane disc
filter, then rinsed with a minimum of 150 mL deionized water and a small amount of

methanol, and finally dried at room temperature for a minimum of 48 hours.

Detailed experimental conditions are shown in Table 2.1. Consistent concentration
of 256 mmolal MgSO,-7H20 and 238 mmolal Ca(NOs)2-4H>0 were used for all parent
solutions and therefore the molar Mg/Ca ratio was held constant at 1.22 (Kelleher and
Redfern, 2002).In the ideal case, if all chemical reagents were dissolved, this solution is
supersaturated with respect to several minerals, including dolomite, calcite, aragonite and
magnesite. The influence of Na>COs phase on the synthesis of dolomite was investigated
by adding either Na,COs solution (e.g., Kelleher and Redfern, 2002) or solid Na,COsto
the parent solution (Figure 2.1). In addition, the catalytic ability of CO(NH.). (urea) was
examined by varying its concentration, as well as its exclusion, in selected parent
solutions. Finally, whereas most parent solutions in this study were prepared in 250 mL
glass bottles, a selection of parent solutions were prepared in 50 mL bottles (with a
consistent solution volume of 50 mL) to confirm that elevated headspace was not a
determining factor for dolomite formation in this study and to test the influence of

reduced headspace.

To identify the mineralogy of the precipitates and their respective chemical

compositions, powder X-ray diffraction (XRD) analyses were performed for all samples
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reported, using either a Bruker SMART6000 equipped with CuKa radiation, Bruker D8
Discover with CuKa radiation, or a Bruker D8 Discover with CoKa radiation. Carbonate
stoichiometry and cation ordering values were calculated through Lumsden and
Chimahusky (1980)’s equation based on the d-value of the dolomite 104 diffraction peak
and the intensity ratio of the dolomite 015/110 diffraction peaks, respectively. It was
found that %MgCO3 values calculated from XRD data collected by the Bruker D8
Discover with CuKa radiation were noticeably lower (1 - 2 %) than the values collected
from the two other XRD instruments. To account for this discrepancy and allow an
effective comparison of all collected %MgCOs data, a correction was applied for
precipitates analyzed by the Bruker D8 Discover with CuKa radiation. A more detailed
description of this correction is outlined in Appendix 2.1.3. Scanning electron microscopy
(SEM) was performed on a JEOL 6610LV and a JEOL JSM-7000F to examine the crystal
morphology of the precipitates. SEM-energy dispersive X-Ray spectroscopy (SEM-EDS)
and X-Ray fluorescence (XRF) were also performed to confirm the mineral composition

results obtained from XRD analyses.

A precipitate was labelled dolomite if it contained > 43 %MgCO3 and displayed
evidence of cation ordering (primarily the 015 peak) (Land, 1980; Gregg et al., 2015).
The term “protodolomite” was used in this study to describe carbonates with near
dolomite stoichiometry (> 43 %MgCO:s), but with no indication of cation ordering.

Carbonates that contained < 43 %MgCOs are referred to as HMC.

The §*3C values of precipitates were determined using a Thermo Finnigan Delta

plus XP isotope mass spectrometer equipped with a Gas Bench 11 headspace autosampler.
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A minimum 2 day reaction time was given to ensure a sufficient CO: yield from the
precipitates (see Section 3.3.1). The collected §*3C values were calibrated to standard
values for NBS 18 (-5.01 %o) and NBS 19 (+1.95 %o) on the VPDB scale. The §*3C values
of urea used in this study were measured using a Thermo Finnigan Delta plus XP isotope

mass spectrometer equipped with an Elemental Analyzer.

Section 2.3: Experimental Results

All quantitative experimental results (e.g., stoichiometry and cation ordering) for
individual precipitates are in Table 2.1 and the average results for each tested condition
(e.g., temperature, precipitation method, urea concentration) are shown in Table 2.2.
Dolomite was synthesized at 60, 70, and 80 °C, without the addition of urea, by adding
Na2COs as a solid phase to the parent solutions (hereafter referred to as the “solid
addition method”), which is confirmed by distinct evidence of cation ordering peaks (101,
015 and 021 XRD reflections) (Figure 2.2). Precipitates formed at 50 °C by the solid
addition method were protodolomite lacking evidence of cation ordering. The synthesis
experiments in which Na>COs was added as an aqueous phase to parent solutions
(hereafter referred to as the “aqueous addition method”) under the identical temperature
and solution chemistry produced protodolomite with no indication of cation ordering at
all tested temperatures (Table 2.1). These protodolomite precipitates appear structurally
identical to those synthesized in previous studies employing a similar method (Kelleher
and Redfern, 2002; Schmidt et al., 2005; Horita, 2014). (Proto)dolomite precipitated by
the solid addition method always contained a higher %MgCO3 concentration than those

from the aqueous addition method. For instance, the solid addition method yielded
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dolomite with an average 48.4 %MgCOs whereas the protodolomite produced by the
aqueous addition method contained an average of 45.7 %MgCOs at 60 °C (Table 2.2).
Dolomite was also formed in 50 mL bottles at 60 °C and 80 °C by the solid addition
method (Figure 2.3) (Table 2.A1), confirming that increased headspace was not the

determining factor facilitating dolomite precipitation in this study.

The addition of various amounts of urea in parent solutions was found to facilitate
an increase in cation ordering for dolomite formed at 50 - 80 °C (Table 2.1). Furthermore,
at 50 °C, dolomite cation ordering was evident solely with an added urea concentration of
252 mmolal to solutions prepared by the solid addition method (Figure 2.4). Although the
015 peaks of the triplicate samples formed with 252 mmolal urea concentration added are
distinctly attenuated in relation to those displayed by dolomite precipitated at elevated
temperatures (i.e. 60, 70, 80 °C), each sample appears to display a small broad peak at the
expected location for the 015 reflection (26 = 35.4 °) (Figure 2.5). Parent solutions at 50

°C containing less than 252 mmolal failed to produce dolomite.

Increasing the urea concentration was also found to increase the %MgCQO3 of
(proto)dolomite at each temperature tested, regardless of the solution preparation method
employed in this study (Table 2.1, Table 2.2). This finding is best highlighted at 80 °C, in
which average %MgCOs of the dolomite precipitates increased from 48.5 % in the
absence of urea, to 49.5 % with 50.5 mmolal of urea, and further increased to 50.6 %
MgCOs with 101 mmolal urea (Figure 2.6). However, while the addition of 50.5 mmolal

urea to parent solutions prepared by the aqueous addition method did increase the
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stoichiometry of protodolomite formed at all tested temperatures, only samples grown at

80 °C precipitated dolomite (Table 2.1).

SEM-EDS analyses confirmed the near-stoichiometric composition of dolomite
synthesized in this study (49.3 — 54.0 %MgCO:s) (Table 2.1). Although there is a
somewhat sizable discrepancy in %MgCOs (~ 2 - 4 %) between those obtained from
SEM-EDS (49.3 — 54.0 %) and calculated from XRD analyses (47.3 — 50.5 %), the trends
for MgCOs outlined in this study are consistent from the results of both analytical
methods. It should be noted that a correction was applied to certain SEM-EDS %MgCOs3
values, which is detailed in the Appendix 2.1.3. XRF analyses also validate the assertion
of near-stoichiometric dolomite for selected samples in this study (Table 2.3), although
quantitative comparisons to XRD and SEM-EDS data is not possible by this method, due

to the lack of an established procedure.

SEM analyses of the (proto)dolomite precipitates indicate a substantial difference
in morphology between precipitates synthesized by the solid addition method and the
aqueous addition method (Figure 2.7). Dolomite formed through the solid addition
method ranged from ~ 0.1 - 1 um and display an elongated “rod-like” structure. In
contrast, (proto)dolomites formed by the aqueous addition method were larger spherical
aggregates ranging in size from ~ 2 - 50 um. There was no discernable difference in the
morphology of precipitates formed by the solid addition method, regardless of urea
concentration (Figure 2.7). Similarly, aqueous addition method precipitates possessed an

identical spherical morphology regardless of urea addition.

43



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

Carbon isotope compositions of (proto)dolomite precipitates were measured to
investigate the effect of urea on dolomite synthesis. In our parent solutions, Na,COs (51°C
=-1.86 %o (VPDB)) and urea (5*°C = -41.04 %o (VPDB)) were the two sources of carbon.
Therefore, carbonates precipitated from parent solutions without urea should reflect only
the carbon isotope signature of the Na>COs used, whereas carbonates precipitated from
parent solutions containing urea should have carbon isotope signatures of both carbon
sources. An increase in urea concentration in the parent solution resulted in a strong
temperature-dependent linear *3C depletion in the precipitating (proto)dolomite (Figure
2.8). Furthermore, as the formation temperature increased, the degree of *3C depletion in
(proto)dolomite was increased, for each respective urea concentration (Figure 2.8). For
example, the average 5'°C value (-4.80 %o) for dolomite formed at 60 °C and with 101
mmolal urea concentration indicated that 12.2 % of incorporated carbon in the dolomite
was from the source urea, whereas urea carbon accounted for 23.8 % of the dolomite

carbon (833C =-9.32 %o) formed at 80 °C and with 101 mmolal urea.

Measured final solution pH values revealed a distinct trend of raised pH with
increasing urea concentration (Figure 2.9). Similar to §*3C signatures, average final pH
values were generally dependent on urea concentration. More specifically, final pH was
higher with increasing urea concentration and the influence of urea concentration was
promoted by elevated temperatures, which is evident by higher trend line slopes with

increasing temperatures (Figure 2.9).
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Section 2.4: Discussion

Section 2.4.1: Effect of Na.CO3 Phase on Dolomite Synthesis

Dolomite was synthesized between 50 and 80 °C by employing the solid addition
method; therefore, formation is primarily attributed to the addition of the carbonate ion
(COs?) as a solid phase. When employing the aqueous addition method, dolomite was
precipitated only at 80 °C with the addition of 50.5 mmolal urea. To the best of our
knowledge, no previous study has successfully synthesized dolomite at low temperatures

(< 100 °C) through the addition of either NaHCO3 or Na>COs as a solid phase.

A potential dolomite formation model is proposed here to explain the influence of
the solid addition method. Through the solid addition method, Ca?* and Mg?* ions may
quickly replace Na?* ions without allowing the NaCOj crystals to entirely dissolve, as a
rapid “pseudo-dolomitization” replacement. It appears that crystal growth was inhibited
within the parent solution, which is evident by generally consistent dolomite crystal size
regardless of temperature (Appendix Figure 2.A2). As a result, cation ordering would
occur within the dolomite precursor crystals, as the crystal grains are recrystallized
following Ostwald’s Step Rule when further growth no longer occurs (Kelleher and
Redfern, 2002; Rodriguez-Blanco et al., 2015). Ostwald’s Step Rule describes the process
by which the eventual formation of a final mineral product, in this case dolomite, is
preceded by a series of more soluble minerals (i.e. HMC, protodolomite), each less
soluble than the mineral produced previously. HMC has been demonstrated to be more
soluble than protodolomite, and protodolomite more soluble than dolomite possessing

cation ordering (Navrotsky and Capobianco, 1987).
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This model is largely supported by the findings of Kaczmarek and Sibley (2011).
The study demonstrated that, through high temperature (218 °C) dolomitization
experiments, whereas dolomite stoichiometry is dictated by parent solution chemistry,
cation ordering is independent of initial solution chemistry and evolves with reaction
progress (CaCOz replacement). Therefore, dolomite formed in this study may be
facilitated by an increase in reaction kinetics by the rapid replacement of Na,CO3 with
CaMg(CO0:s). without Na2COs dissolution, which would accelerate the reaction progress
and, by extension, accelerate cation ordering. Insufficient reaction kinetics for dolomite
nucleation and growth have been widely proposed as a primary inhibiting factor (Land,
1998; Arvidson and Mackenzie, 1999). Therefore, this form of “rapid pseudo-
dolomitization” may sufficiently elevate the reaction rate to achieve cation ordering that
would normally require exceedingly lengthy time periods (potentially decades to
centuries) when employing aqueous addition methods. Alternatively, the rapid
replacement of Na,COs may bypass the rate-limiting nucleation step entirely and

similarly allow more efficient dolomite growth.

This proposed model is also supported by the findings of Zhang et al. (2012a).
The authors, investigating the influence of dissolved sulfide (HS™ and H.S) on dolomite
formation, showed that the addition of sub-micron calcite seeds to parent solutions at 25
°C facilitated HMC formation in the absence of sulfide, and protodolomite in solutions
containing sulfide. In contrast, solutions without calcite seeds produced aragonite and
HMC without sulfide and with dissolved sulfide, respectively (Zhang et al., 2012a). The

authors did not discuss the kinetics that may be associated with this “calcite seed effect”,
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but attributed certain dolomite deposits, such as the Miocene Monterey Formation
(Compton and Siever, 1984) and the ODP Sites 680 and 686 (Kemp, 1990), to a similar
effect. Importantly, the HMC produced by Zhang et al. (2012a) in dissolved sulfide
solutions without calcite seeds appear visibly identical to the precipitates formed by the
aqueous addition method in this study, and notably, the protodolomite produced in sulfide
solutions containing calcite seeds display a similar “rod-like” crystal structure to the
dolomite formed in this study by the solid addition method (Figure 2.10). If Na2COs
grains cause a comparable “seed effect” as calcite, which may result from an increase in
reaction Kinetics, then the effect would be expedited for Na.COgz due its appreciably

greater solubility in comparison to calcite.

Natural examples of dolomite formation further support cation ordering
development with reaction progress. Numerous recent (e.g., Miocene, Holocene)
dolomite samples have been studied which display partial ordering (e.g., Sibley et al.,
1989; Gregg et al., 1992). In relation, older dolomite samples (e.g., Pre-Cambrian),
display stronger ordering (e.g., Gregg and Shelton, 1990), indicating that cation ordering
increases with time. Moreover, Gregg et al. (1992) found that Holocene dolomite from
Ambergris Cay, Belize, had increasing cation ordering that correlated with burial depth.
Therefore, extended formation progress is directly related to the degree of cation

ordering.

Our formation model is also supported by observed evidence from this study.
First, regardless of formation temperature (50 °C - 80 °C), all precipitates from the solid

addition method grew to approximately the same crystal size (~1 um in length), implying
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a limitation in a crystal growth (Appendix Figure 2.A2). In contrast, aqueous addition
method precipitates largely varied in crystal size, generally between 2 and 50 um at each
temperature studied. Second, the solid addition method produced a significantly larger
crystal quantity with respect to the precipitates from the aqueous addition method, even
though the total collected precipitate weights for both methods were approximately the

Ssame.

Section 2.4.2: Effect of Urea Catalysis on Dolomite Synthesis
Urea (CH4N20O) was found to improve the stoichiometry and cation ordering of
the dolomite precipitates obtained in this study, regardless of the formation temperature.

This finding is likely the result of urea hydrolysis following the chemical equations:
CHsN20 + H20 =2NH3 + CO2  (Equation 2.1)
NHs + H.O = NHsOH  (Equation 2.2)
CO2 + H2O =H,CO3  (Equation 2.3)

in which urea hydrolysis increases the solution pH by the further hydrolysis of NH3 into
NHOH, a strong base (Mansfield, 1980). Due to the pH range of the parent solutions
used in this study (6.91 — 8.97), the H2COs produced by the hydrolysis of CO2 would
rapidly dissociate to HCO3™ or CO3> (Beck et al., 2005; Kim et al., 2006). Because H2CO3
is a weak acid, the elevation of pH with increasing urea concentration suggests that

NH4OH production has a greater influence on pH than H,CO3 production (Figure 9).
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Increased solution pH has previously been proposed to facilitate dolomite growth
by causing a dehydration of Mg?* ions (Lippman, 1973), and recent experimental results
have supported this hypothesis (Zhang et al., 2012a,b). The dehydration of Mg?* ions has
been a well-documented inhibitor of dolomite formation due to the greater hydration
energy of Mg?* ions than that of Ca?* ions (Oomori and Kitano, 1987; Zhang et al.,
2012a,b). Mg?* ions possess a double hydration shell that can inhibit incorporation and
favor the adsorption of Ca?* or other available cations. Hydrated Mg?* ions which are
incorporated into a dolomite crystal structure, alter the charge of the carbonate and hinder

further growth (Lippmann, 1973).

Urea catalysis led to an increase in dolomite stoichiometry (%MgCO3) (Figure
2.6) and cation ordering (Table 2.2) for all temperatures tested in this study and its role is
evidenced by two factors. First, a comparison of final pH for all parent solutions forms a
linear trend that is dependent on urea concentration (Figure 2.9). This supports the effect
of urea hydrolysis, leading to NH4sOH and H2CO: formation (as discussed above) and the
resulting increase in solution pH. Second, §*3C values of the (proto)dolomite precipitates
display a strong correlation with urea concentration in the parent solution (Figure 2.8).
These stable isotope compositions likely provide a direct indication of the degree of urea
catalysis over the course of (proto)dolomite precipitation, reflecting the proportion of
COs? ions produced from urea hydrolysis that is incorporated into the precipitate. These
COs? ions would carry the lower §*3C value of urea (63C = -41.04 %o (VPDB)) and
cause the increasingly negative 5*3C values with increasing urea concentration (Figure

2.8).
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It is noteworthy that the degree to which urea promotes cation ordering and an
increase in stoichiometry is promoted at higher temperatures, evidenced by more
significant depletions in 13C (Figure 2.8) and greater final solution pH values (Figure 2.9)
as formation temperature increased. This finding is likely the result of thermal hydrolysis
of urea. Previously, Meldlin (1959) displayed that thermal hydrolysis of urea was possible
at 210 - 230 °C, which may have encouraged dolomite synthesis. The results of this study
demonstrate that thermal hydrolysis of urea is possible at temperatures as low as 50 °C.
However, with decreasing temperature, notably 50 °C, urea hydrolysis occurs to a lesser
degree, evident by the slight depletion of *C with increasing urea concentration (Figure
2.8). As a result, a minimum of 252 mmolal urea concentration was required to facilitate

dolomite formation at 50 °C.

Considering the available evidence, urea hydrolysis may promote dolomite
formation by one or more of a series of potential factors, including: 1) increasing pH,
which has been proposed to decreased hydration of Mg?* ions and thus promote Mg?* ion
incorporation into the dolomite crystal structure (Lippmann, 1973); 2) increasing
alkalinity, previously shown to increase the induction rate of dolomitization by increasing
reaction kinetics (Morrow and Rickets, 1988; Arvidson and Mackenzie, 1997); or 3) urea,
as a biotic compound, produces a similar influence on dolomite formation as other
organic substances, such as sulfate-reducing bacteria (\Vasconcelos et al., 1995), dioxane
(Oomori and Kitano, 1987) or polysaccharides (Zhang et al., 2012b), which have been

shown to facilitate protodolomite growth at ambient temperatures (25 - 40 °C), but have
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yet to be fully understood for their role in facilitating (proto)dolomite formation (Petrash

et al., 2017 and references within).

By confirming the catalytic role of urea for dolomite formation, urea may be a
potential analog for natural dolomite formation throughout geological history. In nature,
urea readily undergoes hydrolysis, catalyzed by the enzyme urease (Mansfield, 1980).
Therefore, urea rarely exists as a component in seawater or other carbonate forming
fluids. However, urea production into marine environments by organism’s urine and feces
(Mansfield, 1980) would undergo hydrolysis driven by urease, or thermal hydrolysis as
seen in this study, and potentially lead to an increase in dolomite %MgCOs3 and cation
ordering. Further research determining a possible correlation exists between periods of
increased urea production and elevated dolomite formation is required, as well as natural
studies of the relation between solution pH and dolomite formation, in cases of both

direct precipitation and dolomitization.

Section 2.5: Conclusions

Dolomite was successfully synthesized by the solid addition method in this study
without urea addition (60 - 80 °C) and by urea catalysis (50 - 80 °C). Mineral
identification was confirmed by distinct cation ordering peaks for dolomite, visible
through XRD analyses, as well as near-stoichiometric composition by XRD, XRF and
SEM-EDS techniques. Essential to dolomite formation in the laboratory at low
temperatures is the phase of the CO3? ions at the time of parent solution preparation and
the resulting change in carbonate precipitation Kinetics. (Proto)dolomite precipitates

obtained by adding a solid phase Na,CO3 to Na—Ca—Mg—CO,-NH2>-NO3-SO4 solutions
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were significantly different, both structurally and compositionally, from those synthesized
by the typical aqueous addition method. Investigations into the role of an increased
headspace indicate that the variation in parent solution preparation method, not larger
headspace, was the dominant altered conditions in this study, in comparison to previous
similar synthesis experiments. Evidence suggests that the solid addition method
developed in this study alters the reaction kinetics for mineral precipitation, facilitating a
rapid reaction rate for protodolomite formation, followed by dolomite recrystallization

through Ostwald’s Step Rule.

Dolomite formation at 50 °C using the solid addition method requires a minimum
urea concentration of 252 mmolal in the parent solution. Carbonate parent solutions with
an absence of urea lacked evidence of cation ordering reflections. Increasing
concentrations of urea also proved to facilitate an increase in (proto)dolomite %MgCOs at
each temperature studied between 50 and 80 °C. Although the exact mechanism by which
urea facilitates cation ordering and dolomite formation is currently unclear, its role may
be related to increased pH or alkalinity, or urea may influence dolomite formation
analogously to other organic substances, for which the reaction mechanisms have yet to

be fully understood.

This newly developed method for dolomite synthesis at Earth’s surface
temperatures will allow subsequent researchers to further investigate solution conditions
that facilitate dolomite growth, and specifically, an increased degree of cation ordering.
Such studies, as well as a more thorough examination of the reaction mechanisms

produced by this solid addition method, will produce a clearer understanding of how
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dolomite formed abundantly in past geologic settings and finally provide answers to the

widely debated “dolomite problem.”
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Figures and Tables

Aqueous Addition Method Solid Addition Method

Na,CO,
] * o
® o
[ ] ® °
MgS0,
MgS0, Ca(NO3),
Ca(NOs),

Figure 2.1. Schematic highlighting the difference in the solution preparation procedure between
the aqueous addition and solid addition methods.
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Figure 2.2. XRD patterns for protodolomite (50 °C) and dolomite (60, 70 and 80 °C) precipitated
by the solid addition method, containing no urea, and in 250 mL bottles. Black pattern 50 °C,
green pattern 60 °C, red pattern 70 °C, blue pattern 80 °C. Red bars represent ideal peak locations
of the “Star” dolomite calibration from the PDF-4" XRD database.
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Figure 2.3. XRD patterns displaying the 015 peak for dolomite formed at 60 °C and under varying
bottle size and urea concentration. From bottom to top: 250 mL bottle and no urea (black), 50 mL
bottle and no urea (blue), 250 mL bottle and 50.5 mmolal urea (red), and 50 mL bottle and 50.5
mmolal urea (green). Notice that the 015 peak is present for precipitates grown in both 250 mL
and 50 mL bottles.
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Figure 2.4. XRD patterns displaying the 015 peak for protodolomite and dolomite formed under
varying conditions at 50 °C. From bottom to top: aqueous addition method (AAM) and no urea
(green), solid addition method (SAM) and no urea (red), SAM and 50.5 mmolal urea (blue), and
SAM and 252 mmolal urea (black). At 50 °C, dolomite was only formed with the addition of 252

mmolal urea to the parent solution (black).
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Figure 2.5. XRD patterns for the triplicate dolomite samples precipitated by SAM, in 250 mL
bottles, and 252 mmolal urea. From bottom to top: BF-23-3 (black), BF-23-4 (blue), BF-25-4
(red).

58



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

Solid Addition Method: %MgCO, vs. Urea Concentration
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Figure 2.6. Influence of urea on %MgCOs of synthesized (proto)dolomite at 50, 60, 70, and 80 °C
and under identical conditions (solid addition method, 250 mL bottles).
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Figure 2.7. SEM images of synthesized (proto)dolomite at 60 °C and under various conditions
(highlighted in white). Top left image is of sample BF-14-3, top right is of BF-14-1, bottom left is
of BF-9-3, and bottom right is of BF-12-1.
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Figure 2.8. Influence of urea concentration on (proto)dolomite 5**C at each respective
temperature between 50, 60, 70 and 80 °C. Notice that §"3C decreases with increasing urea
concentration, as urea carbon is incorporated into the carbonate. Also, the degree to which §*C
decreases is greater with increasing temperature.
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o3 ®50°C
91 y=0.0134x+7.6649 ®60°C
y=0.0092x +8.0603 i R® =0.9081 ®70°C
.o RE=08368 . ? ©80°C
) . =0.0073x+8.0192
¢ - S it y = 0.0006x+8.4751
- R®=0.9769 N
8.7 R?=0.379
85
T 83
g1 pue
79
77
75 {
73
0 50 100 150 200 250
Urea Concentration (mmolal)

Figure 2.9. Relationship between urea concentration and the average final solution pH at 50, 60,
70, and 80 °C. Notice that pH always increases with increasing pH, and that as temperatures
increases, the influence of urea concentration is more significant.
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Figure 2.10. Comparison of the precipitates formed from this study and those from Zhang et al.
(2012a). Images in top left and top right were modified from Zhang et al. (2012a). Top left: HMC
(C) and aragonite (A) produced by Zhang et al. (2012a) from solutions containing dissolved
sulfite and an absence of calcite seeds at 25 °C; top right: protodolomite produced by Zhang et al.
(2012a) from solutions containing sulfate and calcite seeds at 25 °C; bottom left: protodolomite
formed in this study from solutions prepared by the aqueous addition method, containing no urea
and at 60 °C; bottom right: dolomite formed in this study from solutions prepared by the solid
addition method, containing 101 mmolal urea and at 60 °C. Notice that the precipitates formed by
Zhang et al. (2012a) from solutions with an absence of calcite seeds resemble those formed by the
aqueous addition method in this study, and that precipitates formed by Zhang et al. (2012a) in
solutions containing calcite seeds resemble those formed by the solid addition method in this
study.
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Table 2.1. Experimental conditions for parent solutions prepared in this study. All solutions
contained 238 mmolal Ca(NOs),, 256 mmolal MgSQ,, and 483 mmolal Na;COs;. XRD %MgCOs
collected from Bruker D8 Discover with CuKa. (°) were corrected as outlined in Appendix 2.1.3.

Sample 1D Condition Temperature Preparation ?Dr:r‘;ﬁ Urea XRD EDS % Cation H 13 0 Product
pe (°C) Method (Days) (mmolal) %MgCO; %MgCO; Ordering P 57C (%) Mineralogy
BF-22-3 No U 50 SAM 42 0 46.7° N/A 8.86 -1.87 P
BF-22-4 No U 50 SAM 42 0 46.2° 48.6° N/A 8.46 -1.80 P
BF-25-1 No U 50 SAM 42 0 46.8° N/A 8.28 -1.82 P
BF-22-1 u 50 SAM 42 50.5 46.3° N/A 8.54 -2.33 PA
BF-22-2 u 50 SAM 42 50.5 46.6° N/A 8.29 -2.57 P
BF-25-2 U 50 SAM 42 50.5 46.3° N/A 8.35 -2.43 P
BF-23-1 2XU 50 SAM 42 101 46.6° N/A 8.47 -2.96 P
BF-23-2 2XU 50 SAM 42 101 47.3 N/A 8.51 -2.96 P
BF-25-3 2XU 50 SAM 42 101 46.4° N/A 8.78 -2.59 P
BF-23-3 5XU 50 SAM 42 252 47.1° 1.92° 8.63 -4.09 D
BF-23-4 5X U 50 SAM 42 252 47.3° 49.3¢ 1.18° 8.66 -3.93 D
BF-25-4 5X U 50 SAM 42 252 46.7° 2.59° 8.57 -4.02 D
BF-24-1 AAM 50 AAM 42 0 40.8° 40.6° N/A 7.32 N/A H
BF-24-2 AAM 50 AAM 42 0 40.4° N/A 7.34 N/A H
BF-24-3 AAM+U 50 AAM 42 50.5 40.8° N/A 7.41 N/A H
BF-24-4  AAM+U 50 AAM 42 50.5 40.8° N/A 7.42 N/A H
BF-9-4 No U 60 SAM 42 0 47.6° 51.9 2.45° 8.02 -1.83 D
BF-16-3 No U 60 SAM 42 0 48.5° 3.55° 7.91 -1.82 D
BF-16-4 No U 60 SAM 42 0 48.3° 2.54* 7.92 -1.72 D
BF-20-2 No U 60 SAM 42 0 48.8" 1.82° 8.09 -1.78 D
BF-9-1 u 60 SAM 42 50.5 47.8° 2.34° 8.39 -3.74 D
BF-16-1 u 60 SAM 42 50.5 48.3 3.89° 8.30 -3.77 D
BF-16-2 u 60 SAM 42 50.5 48.6° 3.06° 8.32 -3.64 D
BF-20-1 u 60 SAM 42 50.5 48.4° 3.13° 8.81 -3.58 D
BF-12-1 2XU 60 SAM 42 101 49.1% 54,0 3.41° 8.68 -4.79 D
BF-12-2 2XU 60 SAM 42 101 48.7° 50.7¢ 223 8.77 -4.71 D
BF-20-3 2XU 60 SAM 42 101 48.6° 1.21° 8.73 -4.90 D
BF-14-3 AAM 60 AAM 42 0 46.0° N/A 7.49 N/A P
BF-14-4 AAM 60 AAM 42 0 45.5% 46.1¢ N/A 7.84 N/A P
BF-14-1 AAM+U 60 AAM 42 50.5 46.2° N/A 8.25 N/A P
BF-14-2 AAM+U 60 AAM 42 50.5 46.3% N/A 8.49 N/A P
BF-15-3 No U 70 SAM 42 0 47.2* 4.07* 8.21 -1.33 D
BF-15-4 No U 70 SAM 42 0 48.2° 3.64% 7.67 -1.54 D
BF-15-1 U 70 SAM 42 50.5 48.7* 5.33% 8.72 -5.04 D
BF-15-2 U 70 SAM 42 50.5 48.3° 5.35° 8.81 -4.46 D
BF-18-1 2XU 70 SAM 42 101 48.9° 5.44* 8.78 -7.74 D
BF-18-2 2XU 70 SAM 42 101 48.9° 5.60° 8.97 -7.42 D
BF-1-1 No U 80 SAM 33 0 49.1° 52.1¢ 4.29° 7.56 -1.83 D
BF-1-2 No U 80 SAM 33 0 47.6° 2.52¢ 7.53 -1.79 D
BF-28-1 No U 80 SAM 38 0 48.1° 3.47° 7.67 -1.46 D
BF-28-2 No U 80 SAM 38 0 49.0° 4.60° 7.40 -1.74 D
BF-1-3 u 80 SAM 33 50.5 49.7° 4.26° 8.60 -5.89 D
BF-1-4 u 80 SAM 33 50.5 50.1° 6.66° 8.67 -5.91 D
BF-6-1 U 80 SAM 41 50.5 48.8° 4.35° 8.51 -5.98 D
BF-6-2 U 80 SAM 41 50.5 48.3° 5.37° 8.53 -5.95 D
BF-6-5 2X U 80 SAM 41 101 50.5% 53.6 6.56 8.85 -9.28 D
BF-6-6 2X U 80 SAM 41 101 50.6° 5.04° 8.94 -9.36 D
BF-7-3 AAM 80 AAM 41 0 47.3* 42.2¢ N/A 6.91 -1.60 P.A
BF-7-4 AAM 80 AAM 41 0 46.3% N/A 6.98 -1.52 P.A
BF-7-1 AAM+U 80 AAM 41 50.5 455* N/A 8.06 -4.70 DA
BF-7-2 AAM+U 80 AAM 41 50.5 44.8* N/A 8.28 -4.36 D.A

D = dolomite; P = protodolomite; H = high magnesium calcite; A = aragonite; M = magnesium adipate glycinate
8 Bruker SMART6000 (CuKa); b: Bruker D8 Discover (CuKa); €. Bruker D8 Discover (CoKuay); d: SEM Corrected
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Table 2.2. Average parent solution and precipitate results.

Tempoerature Condition Urea % S\g/?: o, %MgCO; %MgCO, C?t/igﬁ Oc;szlg:g Avg. pH Avg. pH Al\;g s1C st F?roduct
(°C) (mmolal) (XRD) St. Dev  (EDS) Ordering St. Dev St. Dev  §°C Dev  Mineralogy
50.0 No U 0 46.6 0.29 48.6 N/A N/A 8.53 0.24 -1.83 -1.83 P
50.0 U 50.5 46.4 0.14 N/A N/A 8.39 0.11 -2.44 -2.44 P
50.0 2XU 101 46.8 0.42 N/A N/A 8.58 0.14 -2.84 -2.84 P
50.0 5X U 252 47.0 0.27 49.3 1.90 0.57 8.62 0.04 -4.01 -4.01 D
50.0 AAM 0 40.6 0.17 N/A N/A 7.33 0.01 N/A N/A H
50.0 AAM+U 50.5 40.8 0.01 40.6 N/A N/A 7.42 0.00 N/A N/A H
60.0 NoU 0 48.3 0.43 51.9 2.60 0.71 7.97 0.08 -1.78 0.04 D
60.0 U 50.5 48.3 0.30 3.10 0.55 8.48 0.21 -3.66 0.08 D
60.0 2XU 101 48.8 0.20 52.4 2.30 0.90 8.73 0.03 -4.80 0.08 D
60.0 AAM 0 45.7 0.25 46.1 N/A N/A 7.66 0.18 N/A N/A P
60.0 AAM+U 50.5 46.3 0.05 N/A N/A 8.37 0.12 N/A N/A P
60.0 50mL 0 47.4 0.22 2.10 0.52 7.81 0.10 -1.76 0.04 D
60.0 50mL+U  50.5 47.6 0.31 1.50 0.33 8.53 0.28 -3.47 0.33 D
60.0 50mL+2X U 101 41.7 0.16 1.70 0.17 8.73 0.07 -4.90 0.05 D
70.0 No U 0 41.7 0.50 3.86 0.21 7.94 0.27 -1.43 0.11 D
70.0 U 50.5 48.5 0.22 534 0.01 8.76 0.04 -4.75 0.29 D
70.0 2XU 101 48.9 0.00 5.52 0.08 8.87 0.10 -7.58 0.16 D
80.0 No U 0 48.5 0.61 52.1 3.72 0.81 7.54 0.10 -1.71 0.14 D
80.0 U 50.5 49.5 0.55 5.09 111 8.59 0.06 -5.92 0.04 D
80.0 2XU 101 50.6 0.05 53.6 6.25 0.31 8.90 0.05 -9.32 0.04 D
80.0 AAM 0 46.8 0.50 42.2 N/A N/A 6.95 0.03 -1.56 0.04 DA
80.0 AAM+U 50.5 45.2 0.37 N/A N/A 8.17 0.11 -4.53 0.17 DA
80.0 50mL 0 49.1 0.21 4.89 0.34 7.52 0.11 -1.70 0.06 D
80.0 50mL+U 50.5 50.3 0.00 4.56 0.05 8.63 0.02 -5.71 0.04 D

D = dolomite; P = protodolomite; H = high magnesium calcite; A = aragonite; M = magnesium adipate glycinate
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Table 2.3. XRF results for selected precipitates, including BF-Dol, the internal laboratory dolomite standard.

Analyte Symbol
Unit Symbol
Detection Limit

Analysis Method FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF FUS-XRF

Co304
%
0.005

CuO
%
0.005

NiO
%
0.003

Si02
%
0.01

AI203
%
0.01

Fe203(T)
%
001

MnO
%
0.001

Ideal Dolomite
BF-Dol
BF-1-1
BF-6-5
BF-9-4
BF-12-1
BF-14-4
BF-23-4

<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005

0.006
<0.005
<0.005
<0.005
<0.005

0.006

0.015

<0.003
<0.003
<0.003
<0.003
<0.003
<0.003
<0.003

0.2
0.61
0.75
0.13

<0.01
0.76
<0.01

0.34
0.33
0.34
0.35
034
0.34
0.33

0.02
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

0.013
<0.001
<0.001

0.001

0.006
<0.001
<0.001

MgO CaO Na20 K20 Tio2 P205 Cr203 V205 LOI Total
% % % % % % % % % %
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.003 0.01
21.86 30.41 41.73 100
21.09 30.64 <0.01 <001 0.02 0.03 <0.01 0.004 45,52 97.88
215 28.94 0.07 0.01 0.01 0.02 <0.01 <0.003 471.74 99.23
21.91 28.29 <0.01 <0.01 0.01 0.01 <0.01 <0.003 48 99.31
21.22 2917 0.03 <0.01 0.01 0.01 <0.01 <0.003 49.08 100
21.24 27.99 0.01 <0.01 0.01 0.01 <0.01 <0.003 49.94 99.53
194 27.95 03 0.02 <0.01 0.02 <0.01 <0.003 49.84 98.63
20.37 275 <0.01 <0.01 0.01 0.01 <0.01 <0.003 51.37 99.61
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CHAPTER 2 APPENDICES
Appendix 2.1: Detailed Materials and Methods

Appendix 2.1.1: Synthesis of Ca-Mg Carbonates

Ca-Mg carbonates were synthesized through a modified method used by Kelleher
and Redfern (2002) over the temperature range of 50 - 80 °C, at 10 °C increments with a
typical growth period of ~ 42 days (a maximum range between 33 and 56 days). A
selection of samples were also grown at 40 °C to test the lowest temperature that dolomite
synthesis was possible by this method. Measured amounts of ACS-grade 256 mmolal
MgSOs-7H>0, 238 mmolal Ca(NOs)2-4H20, 483 mmolal Na>COs, and varying CO(NH2)
(urea) concentrations (0 - 252 mmolal) were added to 50 mL of 18.2 Q deionized water
within capped 250 mL glass bottles. For all experiments, Na,COs was the final compound
added to the solution. Following the Na2COs addition, the solutions were shaken
vigorously by hand for 2 minutes and immediately placed in a convection drying oven (~
11 °C). Each parent solution was shaken for 1 minute, 5 to 6 times per week with a
minimum 24-hour interval. Once the mineral growth time elapsed, solution pH was
measured. The precipitates were then collected through suction filtration, rinsed with a
minimum of 150 mL deionized water and a small amount of methanol, and dried at room

temperature for a minimum of 48 hours.

Detailed experimental conditions are given in Table 2.Al. Consistent molal
concentrations of 256 mmolal MgSQO4-7H20, 238 mmolal Ca(NOs3)2:4H20 and 483
mmolal Na,COz were used for most parent solutions. Therefore, the parent solution molar

Mg/Ca ratio was held constant at 1.22. The influence of the Na,COs3 phase added was
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investigated by the addition of either dissolved Na.COs solution, as performed by
Kelleher and Redfern (2002) or solid Na,COz salt. More specifically, 25 mL of dissolved
Na>COs was added to a separate 25 mL solution containing Ca(NO3)2 and MgSO4
(hereafter referred to as the “aqueous addition method”) (Figure 2.1). The Ca(NO3)2-
MgSOs solution was cloudy prior to the dissolved Na,COgz addition and, regardless of
mixing time, the Ca(NO3)2 and MgSO. could not be entirely dissolved. The Na2COs
addition produced a thick, “milky” solution, indicating the instantaneous nature of the
reaction. Alternatively, parent solutions were prepared in a single 50 mL solution, in
which MgSO4 and Ca(NOs)2 were always added first and Na>COs salt added last

(hereafter referred to as the “solid addition method” (Figure 2.1)

The catalytic ability of urea (CO(NH2)2) was examined by its addition, and
varying concentration, in selected solutions. Urea was always added after Ca(NOs3). and
MgSOs, but prior to the Na,COz addition. Urea concentration ranged from 0 mmolal to
50.5 mmolal for experiments at 40, from 0 mmolal to 101 mmolal for experiments at 60,
70, and 80 °C and from 0 mmolal to 252 mmolal at 50 °C (Table 2.A1). The replacement
of Ca(NOz3), with CaCl, for parent solutions containing 50.5 mmolal urea, was also
performed. This replacement intended to investigate whether urea addition would prevent
the adsorption of CI- anions to a growing dolomite crystal structure, and encourage CO3*
ion absorption, as proposed by Deelman (1999). Finally, whereas most parent solutions in
this study were prepared in 250 mL bottles, a selection of solutions were prepared in 50
mL bottles (with a consistent solution volume) to test the influence of reduced headspace

on dolomite formation and growth. The primary purpose for this investigation was to
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confirm that increased headspace (50 mL solution in 250 mL bottle) was not the
determining factor for dolomite formation, and therefore the solid addition method
promoted dolomite formation, as most previously studies have generally used minimal

headspace (e.g., 50 mL solution volume in 50 mL bottle).

Appendix 2.1.2: Precipitate Crystal Structure Identification

Scanning electron microscopy (SEM) was performed on a JEOL 6610LV and a
JEOL JSM-7000F to identify mineral crystal structure. Images were taken with
magnifications up to 30,000. Carbonate samples were prepared for SEM imaging by
adhesion to carbon film attached to a metal mount, to which a thin layer of gold coating

was applied.

Appendix 2.1.3: Analyses of Precipitate Stoichiometry and Cation Ordering

To identify synthesized minerals and their respective chemical compositions,
powder X-ray diffraction (XRD) analyses were performed for all samples reported, using
either a Bruker SMART6000 equipped with CuKa radiation, Bruker D8 Discover with
CuKa radiation, or a Bruker D8 Discover with CoKa radiation. All XRD data collection
and analyses were performed at the McMaster Analytical X-Ray Diffraction Facility. The
variation in instruments used was due to unforeseen mechanical failures during the
analysis process. Samples analyzed on the Bruker D8 Discover with CoKa radiation were
prepared by compaction of the mineral powder to a mound on a metal plate, which were
flattened, and then analyzed. Samples analyzed on each instrument using CuKa radiation
were prepared by mounting mineral powers on a small glass rod, which were also flatten

prior to analysis.
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Raw diffraction data obtained from XRD analyses were integrated into 26 versus
intensity patterns, typically used for mineral identification and compositional analyses,
using DIFFRAC.EVA software. Mineral phases were identified using the ICDD PDF-4*
2018 Diffraction Database. The stoichiometry of all carbonate precipitates was calculated
by the 26 value of the dolomite 104 peak, which was accurately determined by peak
modeling using Topas software. Similarly, all precipitate % cation ordering values were
calculated by the respective peak intensities of the modelled 015 and 110 dolomite peaks
(Goldsmith and Graf, 1958; Kaczmarek and Sibley, 2011). The 015 and 110 peaks are
chosen for comparison because the 015 peak is a primary indicator of dolomite cation
ordering, whereas the 110 peak intensity is independent of cation ordering (Kaczmarek

and Sibley, 2011).

Carbonate stoichiometry and cation ordering values were calculated through the
Lumsden and Chimahusky (1980) equation, based on the d-value of the dolomite 104
diffraction peak, and the ratio of the dolomite 015/110 diffraction peaks, respectively (see
Equation 1.1, Section 1.2.1). Since the Lumsden and Chimahusky (1980) equation
requires 104 peak d-values, carbonates measured using the Bruker D8 Discover with

CoKao radiation had d-values recalculated to CuKa values following the equation:
dcu=(20co/(2*SIN(0.5*N*r/180) (Equation 2.A1)

where dcy is the d-value for CuKa radiation analyses, 26c, is the 26 values obtained from
CoKa radiation analysis, and N is the CoKo. radiation wavelength constant equal to

1.79026.

69



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

The recalculated values for samples analyzed by CoKa radiation correlated well
with samples analyzed by CuKoa radiation. However, a consistent sizeable error was
associated with XRD analyses between the two CuKa radiation instruments, which was
larger than the measured error measured from rerunning a single sample (~ 0.6
%MgCO:s). To correct for this error, and allow for more accurate comparison between
carbonate %MgCO3 measurements between the two CuKa radiation instruments,
correction values were established by calculating the difference in %MgCOs3 for samples
analyzed by both instruments. The results for these analyses are shown in Table 2.A3.
Interestingly, two distinct groups were found, in which carbonates formed at 80 °C had an
average %MgCQOz difference of 2.32 between analyses from both instruments, whereas
those formed at 60 °C had a smaller average difference of 1.24. Therefore, samples
analyzed by the Bruker D8 with CuKa radiation at 60 °C were corrected by +1.24
%MgCO3 and 80 °C samples corrected with +2.32 %MgCO3, for more accurate
comparison with samples previously analyzed by the Bruker SMART6000 with CuKa
radiation. Due to the inability to calculate an error for samples analyzed by the Bruker D8
with CuKa radiation at 50 °C, the smaller correction of +1.24 % was also applied to these
samples. For consistency, all XRD analyses using the Bruker D8 Discover with CuKa

were corrected with one of the two calculated values.

Scanning electron microscopy with energy dispersive X-Ray spectroscopy (SEM-
EDS) on a JEOL 6610LV was also utilized to confirm the mineral compositions obtained
from XRD analyses. SEM and SEM-EDS analyses were performed either by the

candidate or Chris Butcher, at the Canadian Centre for Electron Microscopy (CCEM) and
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the results are shown in Table 2.A1. Carbonate samples were prepared for SEM-EDS
analyses by adhesion to carbon film attached to a metal mount. In contrast to samples that
were solely analyzed for SEM imaging, carbonate samples prepared for SEM-EDS were
applied with a thin layer of carbon coating as opposed to gold coating. Furthermore,
mineral compositions of a select number of samples were also obtained by X-Ray

fluorescence, which was carried out by Activation Laboratories Ltd (Table 2.3).

A correction was also required for %MgCOs values collected from SEM-EDS
analyses. During SEM-EDS data collection, seemingly accurate ratios for carbonate
elemental compositions (used to calculate %MgCOs), were recorded. However,
compositional data stored in AZTEC software, analyzed following data collection,
displayed significantly lower %MgCOs values. To correct for this issue, a linear
correlation was calculated by comparing the initial %MgCO3 values recorded during
SEM-EDS analyses and the values stored in AZTEC software (Figure 2.A1). The
equation from this correlation was subsequently applied to correct all values from
AZTEC software that did not have initial values recorded. The validity for this correction
was confirmed by a similar error associated with a near-stoichiometric natural dolomite
sample (BF-Dol, internal dolomite standard), as well as the agreement with compositional

data obtained by XRD and XRF analyses (Table 2.Al).

Appendix 2.2.4: Carbon Isotope Measurements
Ca-Mg carbonates were prepared for isotopic analysis by thorough grounding
using a mortar and pestle. Small proportions of the ground powder (~ 150 um) were then

weighed on a Mettler Toledo analytical balance and deposited into glass tubes
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(Exetainer). The sample 5*3C signatures were determined using a Thermo Finnigan Delta
plus XP isotope mass spectrometer equipped with a Gas Bench 11 headspace autosampler.
This instrument has a typical analytical 'O precision of + 0.08 %o. The tubes were first
flushed and filled with He gas, and following the flush and fill procedure, 5 drops (check
volume) of 105 % phosphoric acid were injected into each tube to react with sample
powders and produce CO.. All samples were reacted within a block heated to a constant
25 °C (£ 0.1 °C). A minimum 2 day reaction time was given to ensure a sufficient CO;
yield from the (proto)dolomite samples (see Section 3.3.1). Once the allotted reaction
time elapsed, CO> isotopic mass ratios were measured. All Ca-Mg carbonates were
analyzed in duplicate. The collected 5*3C values were calibrated to standard values for

NBS 18 (-5.01 %o) and NBS 19 (+1.95 %o) on the VPDB scale.

Appendix 2.2: Detailed Results
Appendix 2.2.1: (Proto)Dolomite Crystal Structure

Scanning electron microscope (SEM) images provided carbonate crystal structure
information. An obvious difference in mineral crystal structure was found between
(proto)dolomite formed by the solid addition method and those formed by the aqueous
addition method (Figure 2.A2). (Proto)dolomite formed by the solid addition method
were rod-shaped crystals, whereas the aqueous addition method produced distinct
spherical aggregates. Furthermore, rod-shaped crystals (< 1 um) precipitated by the solid
addition method were considerably smaller than spherical crystals (~ 2 - 50 um) (Figure
2.A2). Notably, solid addition method carbonates were tightly clumped together

following the 48 hour drying period, whereas aqueous addition method carbonates were
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larger grainy crystals that remained separated. Seemingly identical crystal structure,
corresponding to the method employed, was consistent at all temperatures tested (Figure
2.A2). The total precipitate yield collected from both methods was indistinguishable and

ranged from ~ 2.2 - 2.4 grams.

The addition of varying urea concentrations for solutions prepared by both the
solid addition and aqueous addition method produced no discernable difference in
(proto)dolomite precipitate crystal structure (Figure 2.A2). The crystal structure of
precipitates produced by the replacement of Ca(NOz). with CaCly, and the reduction in
bottle size to 50 mL, were not investigated by SEM imaging. However, given that
precipitates produced by these conditions were visibly identical to the solid addition
method precipitates which were analyzed by SEM imaging (i.e. Ca(NOs)2 calcium source,
250 mL bottle), which were distinctly unique in relation to aqueous addition method
precipitates (larger grainy crystals that did not clump together), it is assumed that CaCl:
replacement of Ca(NO3)2 and bottle size reduction produced no significant change in
crystal structure. Therefore, the change in solution preparation method was the sole

condition that produced a change in (proto)dolomite mineral structure in this study.

All solid addition method precipitates from this study, regardless of experimental
conditions, produced either pure protodolomite (> 43 %MgCO3, no evidence of cation
ordering) or dolomite (Table 2.A1; Table 2.A2). In other words, solely one identifiable
phase was precipitated when the solid addition method was employed. In contrast, certain
aqueous addition method experiments produced multiple minerals (Table 2.A1; Table

2.A2). Specifically, all agueous addition method precipitates formed at 80 °C were a
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mixture of either protodolomite and aragonite (no urea added; BF-7-3, BF-7-4) or
dolomite and aragonite (50.5 mmolal urea; BF-7-1, BF-7-2). Similarly, precipitates from
the same method and grown at 40 °C, were either a mixture of protodolomite and
aragonite (no urea added; BF-11-3, BF-11-4) or protodolomite, aragonite, and magnesium
adipate glycinate (50.5 mmolal urea; BF-11-1, BF-11-2). In contrast, aqueous addition
method precipitates grown at 50 °C were pure HMC (< 43 %MgCO3), and those grown at

60 °C were pure protodolomite (Table 2.A1).

Appendix 2.2.2: Cation Ordering and Identification of Dolomite

The ability to synthesize dolomite at temperatures below 100 °C was the
fundamental finding of this study. XRD patterns were used to identify the presence of
required dolomite cation ordering peaks for all dolomite samples formed, which are the
015, 101, and 021 dolomite diffraction peaks. The 015 dolomite peak was the primary
peak investigated in this study due to its greater intensity in relation to the 101 and 021
peaks, as well as the focus given to its identification from previous studies (see Gregg et
al., 2015 and references within). Table 2.Al details an overview of the parent solution
conditions used for all synthesized samples, as well as the respective %MgCQOs3, % cation
ordering, and minerals identified. Table 2.A2 displays the average experimental results
for each investigated condition. The XRD patterns for all precipitated samples are

provided in the Supplementary Information.

Precipitates formed by the aqueous addition method, and an absence of urea, did
not display evidence of cation ordering at all temperatures tested (40 - 80 °C). Similarly,

the addition of 50.5 mmolal urea to solutions prepared by the aqueous addition method
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did not produce precipitates with cation ordering at 40, 50, or 60 °C. However, dolomite
was synthesized at 80 °C by the aqueous addition method with 50.5 mmolal urea

concentration added to the parent solutions.

The solid addition method did not produce dolomite at 40 °C, regardless of O
mmolal, or 50.5 mmolal urea concentrations. At 50 °C, the solid addition method solely
produced dolomite in combination with a 252 mmolal urea concentration addition (Figure
2.4). Although the 015 peaks of the triplicate samples formed by this condition are clearly
attenuated in relation to those displayed by dolomite precipitated at elevated temperatures
(i.e. 60, 70, 80 °C), each sample appears to display a small broad peak at the expected
location for the 015 reflection (26 = ~ 35.4 °) (Figure 2.5), which is not visible for
precipitates with urea concentrations < 252 mmolal. Parent solutions containing 50.5 and
101 mmolal urea concentrations, as well as an absence of urea, failed to dolomite
displaying evidence of cation ordering at 50 °C (Figure 2.4). All parent solutions prepared
by the solid addition method at 60, 70, and 80 °C resulted in dolomite synthesis. These
included solutions containing no urea, 50.5 mmolal urea, or 101 mmolal urea
concentration, solutions containing CaCl. replacement of Ca(NOs)., and solutions

prepared in 50 mL bottles (Table 2.A1).

The addition of varying urea concentrations to parent solutions was found to
increase the 015 peak intensity, and therefore the degree of dolomite cation ordering. This
finding is best represented quantitatively through the comparison of cation ordering ratios
for each dolomite precipitate (Table 2.A1; Table 2.A2). For example, the cation ordering

of dolomite synthesized at 70 °C by the solid addition method display a strong linear
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correlation with urea concentration, with average % cation ordering increasing from 3.86
with no urea, to 5.34 with 50.5 mmolal urea, and to 5.52 with 101 mmolal urea added
(Figure 2.A3). XRD patterns for dolomite formed at 70 °C likewise display a greater
intensity of the 015 diffraction peak with increasing urea concentration (Figure 2.A4).
Similarly, for dolomite synthesized at 80 °C, average % cation ordering increased from
3.72 with no urea, to 5.09 with 50.5 mmolal urea, to 6.25 with 101 mmolal urea added
(Figure 2.A5). Due to the variation in XRD instruments used at 80 °C (CuKa and CoKa),
comparison of XRD patterns with increasing urea concentration was not possible.
Dolomite formed at 60 °C did not display a definitive correlation between cation ordering
and urea concentration (Figure 2.A6; Figure 2.A7). This may be due to the variation in
XRD instruments used to analyze dolomite formed at this temperature over the course of
this study, or because thermal urea hydrolysis only weakly occurred at this lower

temperature (discussed in detail in Section 2.4.2).

The replacement of Ca(NO3z)2 with CaCly, in solutions that also contained 50.5
mmolal urea, resulted in lower dolomite cation ordering peak intensities than those
calculated from dolomite formed when Ca(NOs). was used (Figure 2.A8). Specifically,
solutions containing Ca(NOs)2 had average ordering percentages of 3.10, 5.34, and 5.09
at 60, 70 and 80 °C, whereas solutions containing CaCl, had average ordering

percentages of 2.06, 3.44, and 3.76 (Table 2.A2).

Finally, dolomite synthesized in 50 mL bottles, as opposed to 250 mL bottles,
displayed noticeably lower % cation ordering at 60 °C (Figure 2.A6; Figure 2.3).

Dolomite formed at 60 °C and in 250 mL bottles displayed % cation ordering values of
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2.59, 3.10, and 2.28 with no urea, 50.5 mmolal urea, and 101 mmolal urea added,
respectively. In contrast, dolomite formed in 50 mL the same temperature possessed
values of 2.07, 1.54 and 1.66 with no urea, 50.5 mmolal urea and 101 mmolal urea added,
respectively. However, no discernable difference was found between dolomite
synthesized by either bottle size at 80 °C (Figure 2.A5). At 80 °C, dolomite formed in 250
mL bottes had % cation ordering values of 3.72 and 5.09 with no urea and 50.5 mmolal
urea added respectively, whereas those formed in 50 mL bottles had ratios of 4.89 with no

urea and 4.56 with 50.5 mmolal urea.

To summarize the experimental conditions favorable for dolomite growth found in
this study: at 60, 70 and 80 °C, dolomite was always synthesized by the solid addition
method, regardless of solution chemistry conditions investigated in this study or the bottle
size. Dolomite was also formed at 80 °C by employing the aqueous addition method
when 50.5 mmolal urea was also added to the parent solution. At 50 °C, dolomite was
only synthesized by employing the solid addition method in 250 mL bottles with a 252

mmolal urea concentration.

Appendix 2.2.3: (Proto)Dolomite Stoichiometry

The influence of each tested experimental and chemical condition on
(proto)dolomite formation from this study was investigated by comparing the %MgCOs3
of synthesized (proto)dolomite. Primarily, the calculated %MgCO3 value was used,
following the equation established by Lumsden and Chimahusky (1980) (see Equation 1.1
discussion in Section 1.2.2). Values of %MgCO3 obtained through SEM-EDS analyses

are also presented for a select number of samples, to confirm the accuracy and reliability
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of the calculated values (Table 2.A1). Furthermore, XRF analyses data is presented in
Table 2.3, however quantitative %MgCOs values were unable to be calculated from the

collected data.

An obvious correlation was observed between (proto)dolomite %MgCO3 and
preparation method. The use of the solid addition method resulted in substantially higher
%MgCO3 values, in relation to the aqueous addition method, at all temperatures tested.
For samples formed at 50 °C, average %MgCOs increased considerably from 39.4 % to
45.3 % (Figure 2.A9). Precipitates at 60 °C displayed a smaller increase from 45.7 % 48.5
% to (Figure 2.A10). Finally, at 80 °C, a precipitate %MgCO3 increased from 46.8 % to
48.3 % (Figure 2.A11). Samples formed at 40 °C and 80 °C by the aqueous addition
method are affected by the presence of other phases that appear to cause unreliable
protodolomite %MgCOs values, therefore a comparison between the two methods may be

inaccurate.

The influence of urea catalysis on (proto)dolomite stoichiometry is clear. Raised
parent solution urea concentrations generally produced greater %MgCOs values; however
the effect of urea greatly increased at elevated temperatures (70 and 80 °C).
Protodolomite synthesized at 40 °C by the solid addition method possessed %MgCOs3
values that marginally increased from 45.3 % with no urea to 45.7 % with 50.5 mmolal
urea (Figure 2.A12). Experiments at 50 °C produced protodolomite with an average
%MgCO3 of 45. 3 %, 45.1 % and 45.5 % with added urea concentrations of 0 mmolal,
50.5 mmolal and 101 mmolal, respectively (Figure 2.A12). However, with 252 mmolal

urea added at 50 °C, dolomite was formed with a slightly higher average %MgCO3 of
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45.8 %. Precipitates synthesized at 60 °C displayed a weaker correlation between urea
concentration and %MgCOs (Figure 2.A12). At this temperature, %MgCO3 was nearly
identical with no urea and 50.5 mmol, possessing 48.5 % and 48.4 %, respectively, but
increasing the urea concentration to 101 mmolal slightly raised the %MgCOs to 48.8 %.
At 70 °C, dolomite %MgCOs increased from 47.7 % with no urea, to 48.5 % with 50.5
mmolal urea and to 48.9 % with 101 mmolal urea added (Figure 2.A12). Similarly, at 80
°C, average XRD %MgCOz increased from 48.3 % with no urea, to 49.5 % with 50.5

mmolal urea and further increased to 50.5 % with 101 mmolal urea added (Figure 2.A12).

The addition of 50.5 mmolal urea to parent solutions prepared by the aqueous
addition method, as opposed to the solid addition method, also generally resulted in
higher precipitate %MgCOz (Table 2.A2). Precipitates synthesized at 50 °C had
%MgCOs values that slightly increased from 40.6 % to 40.8 % (Figure 2.A9). At 60 °C,
protodolomite %MgCOs increase from 45.7 % with no urea to 46.3 % with 50.5 mmolal
urea (Figure 2.A10). Finally, as opposed to lower temperatures protodolomite formed at
80 °C by the aqueous addition method and no urea had an average %MgCO3 of 46.8 %,
but dolomite formed by the same method with 50.5 mmolal urea had an average
%MgCO3 of 45.2 % (Figure 2.A11). As previously stated, these 80 °C %MgCOs values
may be unreliable due to the precipitation of both (proto)dolomite and aragonite (Table

2.A1).

The replacement of Ca(NOs). with CaCl; in solutions prepared by the solid
addition method, and containing 50.5 mmolal urea, produced a noticeable reduction in

%MgCO:3 at all each temperature tested (60, 70 and 80 °C) (Figure 2.A13). Precipitates
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formed at 60 °C displayed a small decrease from 48.4 % to 48.0 %. At 70 °C, a more
sizeable decrease from 48.5 % to 47.7 % was observed. Finally, at 80 °C, %MgCOs

decreased from 49.5 % to 48.5 % when CaCl, replaced Ca(NOs). in parent solutions.

A temperature-dependent effect was found for precipitates grown in 50 mL
bottles, as opposed to 250 mL bottles. Precipitates formed at 60 °C in 50 mL bottles had
%MgCO3 values of 47.4 %, 47.6 % and 47.7 % with no urea, 50.5 mmolal urea and 101
mmolal urea, respectively (Figure 2.A10). These values are notable lower than
precipitates formed under the same conditions, but in 250 mL bottles, which had values of
48.3 %, 48.3 %, and 48.8 % with no urea, 50.5 mmolal urea and 101 mmolal urea,
respectively (Figure 2.A10). However, at 80 °C and using 50 mL, average dolomite
%MgCOs values were 49.1 % with no urea and 50.3 % with 50.5 mmolal, higher than
dolomite synthesized in 250 mL bottles, which had values of 48.5 % with no urea and

49.5 % with 50.5 mmolal urea (Figure 2.A11).

SEM-EDS results also indicate near-stoichiometric composition for dolomite
synthesized in this study (Table 2.A2). Generally, SEM-EDS values were ~ 2 - 4
%MgCO:s greater than the calculated XRD values. Despite this difference, the trends
observed from altered experiment conditions (e.g. method employed or urea addition) are
supported. The true value of %MgCOs3 is likely closer to the calculated XRD value, due
to XRD analyses providing a more average value in relation to SEM-EDS, which
analyzed smaller sample sizes. The compositional data collected by XRF is difficult to
compare directly with calculated XRD and SEM-EDS data, due to the lack of a method to

obtain %MgCO3 values from XRF compositions. Nevertheless, the selected synthesized
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(proto)dolomite samples from this study that were analyzed by XRF display compositions
that are similar to those of the internal dolomite laboratory standard (BF-Dol) and an ideal

dolomite composition (Table 2.3).

Appendix 2.2.4: Final Solution pH Trends

Two distinct trends are displayed when analyzing the final parent solution pH
values. Comparison of final pH values from parent solutions prepared by the solid
addition method display a linearly decreasing trend between the final pH and increasing
temperature (Figure 2.A14). More specifically, solid addition method solution average pH
ranged from 8.34 at 40 °C to 7.55 at 80 °C, whereas aqueous addition method solution
values declined from 8.41 at 40 °C to 6.95 at 80 °C. In addition, the aqueous addition
method final solution pH values were, in general, considerably lower than identical

solutions prepared by the solid addition method (Table 2.A1).

A more evident correlation was found between solid addition method final pH
with increasing urea concentration. At all temperatures tested (40 - 80 °C), increasing
urea concentrations caused an elevation in final pH (Figure 2.A14). Furthermore, the
slopes of the trendlines also increased with elevated temperatures, seemingly providing an
indication of the degree to which urea concentration influenced final solution pH. For 40
and 50 °C solutions, the slopes were nearly identical at 0.0007 and 0.006, respectively.
Average final pH values at 60 °C display a steeper slope of 0.0074. Finally, at 70 and 80
°C, increasing urea concentration resulted in increasingly steeper slopes values of 0.0092

and 0.0129, respectively. Notably, the pH values of 8.87 and 8.85, under the conditions
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70 °C and 80 ° with 101 mmolal urea concentration respectively, were the highest

average pH values recorded in this study.

Appendix 2.2.5: (Proto)Dolomite Carbon Isotopic Signatures

Ca-Mg carbonate §*3C values display a similar correlation with urea concentration
as final solution pH. The relation of §*3C values with increasing concentration, for each
temperature tested, is shown in Figure 2.A15. First, parent solutions with an absence of
urea formed (proto)dolomite with nearly identical 5!3C values to the initial Na,COs (-1.86
%o). As the solution urea concentration increased, the *3C values were lowered
accordingly, progressing toward the urea value (-41.04 %.). This trend occurred at each
tested temperature (Figure 2.A15). Second, similar to the trend shown by final solution
pH, the degree of (proto)dolomite *3C depletion depended on the formation temperature,
with a greater depletion as temperature increased. For example, a minor depletion in
protodolomite C occurred at 40 °C, as $*3C values decreased from -1.78 %o with no
urea, to -2.03 %o with 101 mmolal urea added. In contrast, 53C values were greatly lower
at 80 °C, decreasing from a value of -1.80 %o with no urea to -9.32 %o, with 101 mmolal
urea. Other altered experimental conditions, the reduction in bottle size from 250 mL to
50 mL and replacement of Ca(NOs). caused no discernable change in the (proto)dolomite

513C value (Table 2.A2).

Appendix 2.3: Supplementary Discussion
Appendix 2.3.1: Effect of CaCl, Replacement on Dolomite Synthesis
The replacement of Ca(NOs):2 in selected solutions that contained 50.5 mmolal

urea, was performed to investigate any influence of urea on CI ion adsorption into the
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dolomite crystal structure. However, the small sample size tested indicate that dolomite
formed by solutions containing Ca(NOz)2 possessed slightly stronger cation ordering
(Figure 2.A8) and slightly higher %MgCOs (Figure 2.A13). The minor increase in both
dolomite properties may result from a lower ionic strength when CaCl; is used.
Regardless of a potential influence from the Ca?* ion chemical compound used during
solution preparation, it appears unlikely that the cause for urea catalysis on dolomite
synthesis is due to the mitigation of CI> ion adsorption, and associated encouraged CO3z>
ion adsorption, as stated by Deelman (1999). Nevertheless, the possibility that urea
discourages the adsorption of multiple types of anions, not solely CI" ions, remains and

requires further investigation.

Appendix 2.3.2: Effect of Bottle Volume on Dolomite Synthesis

Primarily, precipitate growth in 50 mL bottles was tested to determine if dolomite
synthesis in this study was attributed to the developed solid addition method or to the
large headspace use in the 250 mL bottles. Results collected from this study indicate that
solution preparation method has a much greater influence on dolomite formation than a
change in headspace (e.g., Figure 2.A10; Figure 2.A11). However, it was found that
smaller headspace resulted in lower %MgCOs (Figure 2.A10), as well as weaker cation
ordering (Figure 2.A6), for precipitates formed at 60 °C. This trend was consistent
regardless of the added urea concentration (50.5 mmolal or 101 mmolal). Therefore, with
the number of samples tested (minimum duplicates for each condition; Table 2.Al), the
difference observed is greater than the expected analytical error for individual samples (~

0.6 %).
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With the lack of investigation of similar conditions by previous studies, the
influence of an increased headspace on dolomite synthesis is unclear. However, one
possible explanation may result from the increase in surface area at the solution-air
boundary during daily mixing periods. This increase in surface area would result in a
more efficient mixing of the Ca?*, Mg?* and CO3? ions and may encourage Mg?* ion
incorporation into the dolomite crystal structure. Furthermore, the higher bottle surface
area may facilitate separation of Ca?* and Mg?* into alternating layers and thereby
increase cation ordering of the dolomite precipitates. This proposal is supported by the
observation that precipitates formed in the 50 mL bottles generally remained clumped
together during the daily shaking periods. In contrast, precipitates formed in 250 mL
bottles, and prepared under identical conditions, separated more quickly while shaking
occurred. Therefore, raised headspace may cause a greater influence on mineral synthesis

than previously thought.

Nevertheless, dolomite synthesized in 50 mL bottles at 80 °C displayed both
higher %MgCO3 (Figure 2.A11) and % cation ordering than dolomite grown in 250 mL
bottles (Figure 2.A5). In this case the higher values may be a result of XRD instrument
used for analyses, with most precipitates formed in 250 mL bottles analyzed by the CoKa
instrument and all 50 mL precipitates analyzed by the CuKa instrument (Table 2.A1).
However, despite accounting for the error associated with instruction variation, dolomite
precipitated from 50 mL bottles are unlikely to possess significantly lower %MgCO3 and
cation ordering, to the degree found at 60 °C. Therefore, the inhibiting mechanism (i.e.

reduction in solution-air boundary surface area) observed at 60 °C appears negligible at
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elevated temperatures. This may be due to the raised thermodynamic energy caused by
increased temperatures which may allow the precipitates to separate more easily than at

lower temperatures.
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Figures and Tables

SEM-EDS %MgCO;: Recorded Values vs. Software Values
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Figure 2.A1. Correlation of initial recorded SEM-EDS %MgCOs and values displayed by Aztec
software (for samples BF-9-4 and BF-6-5). Values are those collected from multiple EDS
analyses of the two samples. Equation of line was used to correct for previously collected SEM-
EDS values for which initial values were not recorded (all other samples).
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Figure 2.A2. SEM images of selected carbonate samples from this study. Top left: BF-4-3
(protodolomite: 40 °C, SAM, 101 mmolal urea); top right: BF-12-1 (dolomite: 60 °C, SAM, 101
mmolal urea); middle left: BF-1-2 (dolomite: 80 °C, SAM, no urea); middle right: BF-6-5
(dolomite: 80 °C, SAM, 101 mmolal urea); bottom left: BF-24-1 (HMC: 50 °C, AAM, no urea);
bottom right: BF-7-3 (protodolomite: 80 °C, AAM, no urea).
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Figure 2.A3. Comparison of average % cation ordering for solid method precipitates with
increasing urea concentration at 70 °C. Value is also displayed for CaCl, replacement precipitates.
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Figure 2.A4. XRD patterns displaying 015 peak for dolomite formed under varying conditions at
70 °C. From bottom to top: solid addition method (SAM) and no urea (black), SAM and 50.5
mmolal urea (blue), and SAM and 101 mmolal urea (red). Notice the increasing intensity of the
015 peak with increasing urea concentration (increasing cation ordering).
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Figure 2.A5. Comparison of average % cation ordering for solid method precipitates with
increasing urea concentration at 80 °C. Values are displayed for precipitates grown in 50 mL
bottles and for CaCl, replacement precipitates as well.
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Figure 2.A6. Comparison of average % cation ordering for solid method precipitates with
increasing urea concentration at 60 °C. Values are displayed for precipitates grown in 50 mL
bottles and for CaCl, replacement precipitates as well.
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Figure 2.A7. XRD patterns displaying 015 peak for protodolomite and dolomite formed under
varying conditions at 60 °C. From bottom to top: aqueous addition method (AAM) and no urea
(green), solid addition method (SAM) and no urea (black), SAM and 50.5 mmolal urea (red), and
SAM and 101 mmolal urea (blue). At 60 °C, protodolomite was formed when using the AAM
(green) and dolomite was formed when using the SAM (black, red and blue). Furthermore, the
015 peak increased in intensity with increasing urea concentration.
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Figure 2.A9. Comparison of %MgCO; from solid addition method precipitates (SAM) with
aqueous addition method (AAM) precipitates, with increasing urea concentration and at 50 °C.
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Figure 2.A10. Comparison of %MgCOs from precipitates formed at all experimental conditions

tested in this study, with increasing urea concentration and at 60 °C.
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Figure 2.A11. Comparison of %MgCQ; from precipitates formed at all experimental conditions

tested in this study, with increasing urea concentration and at 80 °C.
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Solid Addition Method: %MgCQO, vs. Urea Concentration
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Figure 2.A12. Comparison of the influence of urea concentration on %MgCOs; for precipitates
formed using the solid addition method at 40, 50, 60, 70, and 80 °C.
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Figure 2.A13. Comparison of %MgCO3 when using the typical Ca(NOs3) as the Ca* ion source
and using CacCl; as the Ca*" ion source.
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SAM: Final Solution pH vs. Urea Concentration
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Figure 2.A14. Comparison of the final solution pH for solid addition method precipitates with
increasing urea concentration at 40, 50, 60, 70, and 80 °C.
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Figure 2.A15. Relation of urea concentration with 8*3C of solid addition method precipitates at
40, 50, 60, 70, and 80 °C.
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Table 2.A1. Experimental conditions for parent solutions prepared in this study. All solutions
contain 256 mmolal MgSO., 483 mmolal Na.COs, and 238 mmolal Ca(NOs),, with the exception
of 238 mmolal CacCl; replacing Ca(NOs); (indicated in condition column).

Bottle  Growth

semw 10 con TTRL TN vame pe (0 ey M S0

BF-3-1 No U 40 SAM 250 57 0 45.9° N/A 8.40 -1.83 P
BF-3-2 No U 40 SAM 250 36 0 44.8° N/A 8.43 -1.74 P
BF-3-3 u 40 SAM 250 57 50.5 46.1° N/A 853 -1.90 P
BF-3-4 u 40 SAM 250 36 50.5 45.8° N/A 8.54 -2.04 P
BF-4-1 u 40 SAM 250 42 50.5 45.3° N/A 8.36 -2.01 P
BF-4-2 u 40 SAM 250 42 50.5 45.6° N/A 8.47 -2.01 P
BF-11-3 AAM 40 AAM 250 42 0 46.2° N/A 8.34 N/A HA
BF-11-4 AAM 40 AAM 250 42 0 46.7° N/A 8.46 N/A HA
BF-11-1 AAM+U 40 AAM 250 42 50.5 49.3 N/A 8.28 N/A HAM
BF-11-2 AAM+U 40 AAM 250 42 50.5 48.6° N/A 8.23 N/A HAM
BF-22-3 No U 50 SAM 250 42 0 46.7° N/A 8.86 -1.87 P
BF-22-4 No U 50 SAM 250 42 0 46.2° 48.6° N/A 8.46 -1.80 P
BF-25-1 No U 50 SAM 250 42 0 46.8° N/A 8.28 -1.82 P
BF-22-1 u 50 SAM 250 42 50.5 46.3° N/A 8.54 -2.33 PA
BF-22-2 u 50 SAM 250 42 50.5 46.6 N/A 8.29 -2.57 P
BF-25-2 u 50 SAM 250 2 50.5 46.3° N/A 8.35 -2.43 P
BF-23-1 2XU 50 SAM 250 42 101 46.6° N/A 8.47 -2.96 P
BF-23-2 2XU 50 SAM 250 42 101 47.3° N/A 8.51 -2.96 P
BF-25-3 2XU 50 SAM 250 2 101 46.4° N/A 8.78 -2.59 P
BF-23-3 5X U 50 SAM 250 42 252 47.1° 1.92 8.63 -4.09 D
BF-23-4 5X U 50 SAM 250 2 252 47.3 49.3° 1.18 8.66 -3.93 D
BF-25-4 5X U 50 SAM 250 42 252 46.7° 2.59 8.57 -4.02 D
BF-24-1 AAM 50 AAM 250 42 0 40.8 40.6° N/A 7.32 N/A H
BF-24-2 AAM 50 AAM 250 42 0 40.4° N/A 7.34 N/A H
BF-24-3 AAM+U 50 AAM 250 42 50.5 40.8 N/A 7.41 N/A H
BF-24-4 AAM+U 50 AAM 250 42 50.5 40.8 N/A 7.42 N/A H
BF-9-4 No U 60 SAM 250 42 0 47.6° 51.9 2.45 8.02 -1.83 D
BF-16-3 No U 60 SAM 250 42 0 48,5 3.55 7.91 -1.82 D
BF-16-4 No U 60 SAM 250 42 0 483 2.54 7.92 -1.72 D
BF-20-2 No U 60 SAM 250 42 0 48.8° 1.82 8.09 -1.78 D
BF-9-1 u 60 SAM 250 42 50.5 47.8° 2.34 8.39 -3.74 D
BF-16-1 u 60 SAM 250 2 50.5 483 3.89 8.30 -3.77 D
BF-16-2 u 60 SAM 250 42 50.5 48.6° 3.06 8.32 -3.64 D
BF-20-1 u 60 SAM 250 42 50.5 48.4° 3.13 8.81 -3.58 D
BF-12-1 2XU 60 SAM 250 42 101 49.1% 54.0° 3.41 8.68 -4.79 D
BF-12-2 2XU 60 SAM 250 42 101 48.7° 50.7¢ 2.23 8.77 -4.71 D
BF-20-3 2XU 60 SAM 250 42 101 48.6° 1.21 8.73 -4.90 D
BF-14-3 AAM 60 AAM 250 42 0 46.0° N/A 7.49 N/A P
BF-14-4 AAM 60 AAM 250 42 0 45,5 46.1° N/A 7.84 N/A P
BF-14-1 AAM+U 60 AAM 250 42 50.5 46.2° N/A 8.25 N/A P
BF-14-2 AAM+U 60 AAM 250 42 50.5 46.3 N/A 8.49 N/A P
BF-12-3 CaCl,+U 60 SAM 250 42 50.5 483 1.87 8.88 -3.38 D
BF-12-4 CaCl,+U 60 SAM 250 42 50.5 47.6° 2.26 8.57 -3.76 D
BF-17-1 50mL 60 SAM 50 42 0 4.4 2.79 7.74 -1.81 D
BF-17-2 50mL 60 SAM 50 42 0 4.7 1.57 7.73 -1.75 D
BF-21-1 50 mL 60 SAM 50 42 0 47.2 1.85 7.96 -1.73 D
BF-17-3 50mL+U 60 SAM 50 42 50.5 4.9 1.63 8.66 -3.39 D
BF-17-4 50mL+U 60 SAM 50 42 50.5 4.7 1.09 8.78 -3.12 D
BF-21-2 50 mL+U 60 SAM 50 2 50.5 47.2° 1.89 8.14 -3.01 D
BF-21-3  50mL+2X U 60 SAM 50 42 101 47.9° 1.83 8.81 -4.85 D
BF-21-4  50mL+2X U 60 SAM 50 42 101 47.6° 1.49 8.66 -4.96 D

D = dolomite; P = protodolomite; H = high magnesium calcite; A = aragonite; M = magnesium adipate glycinate
8 Bruker SMART6000 (CuKa); b: Bruker D8 Discover (CuKa); €. Bruker D8 Discover (CoKuay); d: SEM Corrected
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Bottle  Growth

Sample 1.0 Conditon Temgecr?ture Prlfnp;:]a;:jon \’(‘;I:lt";e ;De;;’g (;Jwrr:;) %li(ll':(?og %5;?03 Ugrﬁff.fg PR 85C (%) MF.’nff;g;y
BF-15-3 No U 70 SAM 250 4 0 47.2° 407 821  -133 D
BF-15-4 No U 70 SAM 250 e 0 48.2° 364 767  -154 D
BF-15-1 u 70 SAM 250 e 505 48.7° 53 872 504 D
BF-15-2 V) 70 SAM 250 42 50.5 48.3% 5.35% 8.81 -4.46 D
BF-18-1 2X U 70 SAM 250 4 101 48.9° 544 878  -7.74 D
BF182  2XU 70 SAM 250 42 101 g9 5600 897 142 D
BF-183  CaCl+U 70 SAM 250 42 505 a1 35 869 -401 D
BF-184  CaCl+U 70 SAM 250 42 505 g3 33 843 512 D
BF-11 NoU 8 SAM 20 33 0 491 s21®  42° 756  -183 D
BF-12 NoU 8 SAM 250 33 0 a6 252 75 79 D
BF281  NoU 80 SAM 250 38 0 asr 34 767 146 D
BF282  NoU 80 SAM 250 38 0 a0 a6 740 AT D
BF-1-3 u 80 SAM 250 33 505 407 4260 860 589 D
BF-14 u 80 SAM 250 33 505 s 66 867 591 )
BF-6-1 u 80 SAM 250 41 505 g 43¢ 851 598 D
BF-62 u 80 SAM 250 41 505 ¥ 537 853 595 D
BF-65 XU 80 SAM 250 41 101 505 536 656 885 928 D
BF-66 XU 80 SAM 250 41 101 506 5o 894 936 D
BF73  AAM 80 AAM 250 41 0 mF @2 NA 69 160  PA
BF74  AAM 80 AAM 250 41 0 63 NA 698 152 PA
BF71  AAM+U 80 AAM 250 41 505 455 NA 806 470 DA
BF72  AAM+U 80 AAM 250 41 505 48 NA 828 43 DA
BF-63  CaCR+U 80 SAM 250 41 505 48 426 844 591 b
BF-64  CaCR+U 80 SAM 250 41 505 4gg 326° 854 594 b
BF131  somL 80 SAM 50 a3 0 s 523 74 164 D
BF132  somL 80 SAM 50 a3 0 e 455 763 -LT6 D
BF-133  50mL+U 8 SAM 50 B8 505 503 451" 861 576 D
BF-134  50mL+U 80 SAM 50 B8 505 508 461° 865 567 D

D = dolomite; P = protodolomite; H = high magnesium calcite; A = aragonite; M = magnesium adipate glycinate
& Bruker SMART6000 (CuKa); b. Bruker D8 Discover (CuKa); €. Bruker D8 Discover (CoKa); 4. SEM Corrected

96



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

Table 2.A2. Average experimental solution and precipitate results.

Avg. 0 Avg. Cation Ava. 13
Temgeé:r;ture Condition (mUr;EIaal) %MgCO; /OS':AgDiSS % (’\ég(;)oS Cation  Ordering Avg. pH g:gbzs 61% St6 Dcev MI?r:g:ie:g;y
(XRD) ) Ordering  St. Dev ' '

40 No U 0 45.3 0.57 N/A N/A 8.34 0.02 -1.78  0.04 P
40 u 50.5 45.7 0.30 N/A N/A 8.26 0.05 -199  0.05 P
40 AAM 0 46.4 0.24 N/A N/A 8.41 0.05 N/A N/A HAM
40 AAM+U 50.5 48.9 0.36 N/A N/A 8.53 0.01 N/A N/A HAM
50 No U 0 46.6 0.29 48.6 N/A N/A 8.53 0.24 -1.83  -1.83 P
50 u 50.5 46.4 0.14 N/A N/A 8.39 0.11 -2.44 244 P
50 2XU 101 46.8 0.42 N/A N/A 8.58 0.14 -284 -2.84 P
50 5XU 252 47.0 0.27 49.3 1.90 0.57 8.62 0.04 -401  -4.01 D
50 AAM 0 40.6 0.17 N/A N/A 7.33 0.01 N/A N/A H
50 AAM+U 50.5 40.8 0.01 40.6 N/A N/A 7.42 0.00 N/A N/A H
60 No U 0 48.3 0.43 51.9 2.60 0.71 7.97 0.08 -1.78  0.04 D
60 u 50.5 48.3 0.30 3.10 0.55 8.48 0.21 -366  0.08 D
60 2XU 101 48.8 0.20 52.4 2.30 0.90 8.73 0.03 -480  0.08 D
60 AAM 0.0 45.7 0.25 46.1 N/A N/A 7.66 0.18 N/A N/A P
60 AAM+U 51 46.3 0.05 N/A N/A 8.37 0.12 N/A N/A P
60 CaCl,+U 50.5 48.0 0.33 2.06 0.20 8.73 0.15 -357 019 D
60 50mL 0 47.4 0.22 2.10 0.52 7.81 0.10 -176  0.04 D
60 50mL+U 50.5 47.6 0.31 1.50 0.33 8.53 0.28 -347 033 D
60 50mL+2XU 101 47.7 0.16 1.70 0.17 8.73 0.07 -490  0.05 D
70 No U 0 47.7 0.50 3.86 0.21 7.94 0.27 -143 011 D
70 u 50.5 485 0.22 5.34 0.01 8.76 0.04 -475 029 D
70 2XU 101 48.9 0.00 5.52 0.08 8.87 0.10 -758  0.16 D
70 CaCl,+U 50.5 47.7 0.61 3.44 0.07 8.56 0.13 -456  0.55 D
80 No U 0 48.5 0.61 52.1 3.72 0.81 7.54 0.10 -171 014 D
80 u 51 49.5 0.55 5.09 111 8.59 0.06 -5.92  0.04 D
80 2XU 101 50.6 0.05 53.6 6.25 0.31 8.90 0.05 -9.32  0.04 D
80 AAM 0 46.8 0.50 42.2 N/A N/A 6.95 0.03 -156  0.04 DA
80 AAM+U 50.5 45.2 0.37 N/A N/A 8.17 0.11 -453 017 D.A
80 CaCl,+U 50.5 48.5 0.22 3.76 0.50 8.49 0.05 -5.92  0.02 D
80 50mL 0 49.1 0.21 4.89 0.34 7.52 0.11 -1.70  0.06 D
80 50mL+U 51 50.3 0.00 4.56 0.05 8.63 0.02 571 0.04 D

D = dolomite; P = protodolomite; H = high magnesium calcite; A = aragonite; M = magnesium adipate glycinate
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Table 2.A3. Comparison of %MgCO3 values calculated for identical samples analyzed by the
Bruker SMART6000 and Bruker D8 with CuKa radiation. Notably, the average difference
between instruments varied with temperature. Therefore, 60 °C samples analyzed by the Bruker
D8 with CuKa were corrected with a value of +1.235 and 80 °C samples analyzed by the same
instrument were corrected with a value of +2.316. Due to the inability to apply a similar method
for samples formed at 50 °C and analyzed by the Bruker D8 with CuKa radiation, these samples
were corrected with the smaller +1.235 value for greater consistency between samples.

Temperature . Bruker Bruker D8 )
Sample I.D Condition SMART6000 Difference
(°C) (CuKa)
(CuKa)

BF-16-3 60 No U 48.523 47.580 0.943
BF-12-1 60 2X U 49.068 47.950 1.118
BF-16-1 60 U 48.323 46.811 1.512
BF-17-3 60 50mL+U 47.909 45.579 2.331
BF-16-4 60 No U 48.304 47.842 0.462
BF-16-4(2) 60 No U 48.304 47.257 1.047

Avg. Difference 1.235
BF-6-5 80 2X U 50.536 47.740 2.796
BF-13-1 80 50 mL 49.355 47.124 2.232
BF-13-4 80 50 mL+U 50.325 48.405 1.920

Avg. Difference 2.316
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CHAPTER 3: OXYGEN ISOTOPE EFFECTS IN THE
DOLOMITE-WATER SYSTEM
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CHAPTER 3: OXYGEN ISOTOPE EFFECTS IN THE DOLOMITE-WATER SYSTEM
Abstract

The current understanding of the oxygen isotopic exchange between dolomite and
water has been inhibited by the failure to synthesize dolomite at low temperatures similar
to those that the mineral forms in nature. As a result, current established oxygen isotope
dolomite-water thermometer calibrations rely on extrapolation from high temperature
synthesis experiments (> 100 °C) or analyses of synthesized protodolomite, showing no
evidence of cation ordering, at more ambient temperatures (25 - 80 °C). Presented here is
the first known investigation into the oxygen isotopic exchange between synthesized
dolomite and water between 50 and 80 °C. Results from this study show that oxygen
isotope compositions in (proto)dolomite may be influenced by potential kinetic isotope
effects, relating to rapid precipitation and thus the failure for attainment of oxygen isotope
equilibrium between dolomite and water. A correction for possible kinetic isotope effects
is attempted by exclusion of isotopically heterogeneous (proto)dolomite in constructing
the dolomite-water oxygen isotope fractionation curve. The resulting corrected curve is
expressed as: 1000IN0golomite-water = 2.12(x0.10) - (10°%/T?) + 6.02(+0.90). The results
presented in this study serve as a foundation for future isotopic analyses of dolomite and

will aid in the understanding of isotopic exchange between dolomite and water in nature.

Section 3.1: Introduction
The failure to synthesize dolomite at temperatures below 100 °C has impeded the
ability to establish an accurate oxygen isotope dolomite-water paleothermometer

calibration at low temperatures that dolomite typically forms in nature (VVasconcelos et
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al., 2005; Schmidt et al., 2005; Horita, 2014). Instead, previous studies have developed
calibrations for the oxygen isotopic exchange between either HMC or protodolomite and
water at low temperatures (e.g., Vasconcelos et al., 2005; Schmidt et al., 2005), or
dolomite-water calibrations at high temperature (> 100 °C) (e.g., Northrop and Clayton,
1966; Katz and Matthews, 1977). Therefore, an accurate measurement to refine the low
temperature oxygen isotope fractionation between dolomite and water is necessary to

advance our understanding of paleoclimate throughout geologic history.

Due to the uncertainties surrounding dolomite formation at low temperatures,
attempts to develop the oxygen isotope dolomite-water paleothermometer have been
justifiably scarce. Northrop and Clayton (1966) used dolomite synthesized between 300 -

510 °C to develop the equation:
1000|nado|omite-water = 320 . (lOG/TZ) — 200 (Equation 31)

where T is temperature in Kelvins. This equation has also been extrapolated to lower
temperatures for use in comparison with isotopic analyses from protodolomite
synthesized below 100 °C, as well as dolomite formed in natural environments (Northrop

and Clayton, 1966; Horita, 2014).

Following the claim by Vasconcelos et al. (1995) that dolomite synthesis was
possible at near-ambient temperatures by sulfate-reducing bacteria, Vasconcelos et al.
(2005) used similar methods to seemingly synthesize dolomite between 25 - 45 °C and
measured an oxygen isotope dolomite-water calibration for low temperatures. However,

as previously discussed in Section 1.3.4, the samples failed to display evidence of cation
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ordering (Gregg et al., 2015; Petrash et al. 2017). Therefore, the study provided a
calibration for protodolomite-water and did not produce a significant advancement for the

understanding of oxygen isotopic exchange between dolomite and water.

Fritz and Smith (1970) synthesized, by the direct precipitation methods of Siegel
(1961), a combination of protodolomite and aragonite at 40 - 70 °C. The authors
attempted to obtain more accurate protodolomite 5180 values by extrapolating the data to
resemble pure protodolomite using a least squares refinement. Fritz and Smith (1970)
proposed that natural secondary dolomite, forming by recrystallization of protodolomite,
possesses 1000Inadolomite-water Values dependent on the initially precipitated protodolomite.
Similarly, Schmidt et al. (2005) synthesized mixtures of amorphous carbonates and
hydrous protodolomite between 40 - 80 °C by following the synthesis methods of
Kelleher and Redfern (2002). The authors recognized that dolomite formation was not
achieved, but instead aimed to provide a further understanding for oxygen isotope
exchange between protodolomite and water. By performing a step-wise acid reaction
method, Schmidt et al. (2005) attempted to remove amorphous carbonate from the
samples to retain pure protodolomite, which was analyzed for their oxygen isotopic

composition to better reflect dolomite oxygen isotope compositions.

More recently, Horita (2014) provided a more thorough investigation into the
oxygen isotope dolomite-water calibration over the temperature range 80 - 350 °C. The
single 80 °C sample was identified as protodolomite, synthesized by direct precipitation
using similar methods as Kelleher and Redfern (2002), but samples formed by

dolomitization between 100 - 350 °C were claimed to be dolomite with evidence of cation
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ordering (Horita, 2014). The author included the 80 °C protodolomite sample in the
paleothermometer calculation because it produced a “virtually identical” equation to the
one obtained using solely dolomite samples (Horita, 2014). The equation developed by

Horita (2014) is the following:
1000|nado|omite-water = 314(10022) . (106/T2) - 314(1011) (Equat'on 32)

This calibration by Horita (2014) likely represents the most accurate equation available to
date for oxygen isotope studies of natural dolomite, which generally form between 25 -

50 °C.

This study aims to provide further understanding of the oxygen isotope exchange
between dolomite and water at 50 - 80 °C. Investigated are possible kinetic isotope effects
that may be associated with dolomite synthesized by the newly developed solid addition
method. Furthermore, after attempting to correct for potential kinetic isotope effects, a
new dolomite-water oxygen isotope fractionation calibration is proposed, by isotopic
analysis of dolomite samples synthesized between 50 - 80 °C. This study provides
foundational insight into oxygen isotope exchange between dolomite and water at low
temperatures, and with further investigation into resolving Kinetic isotope effects that may
cause deviation from true equilibrium fractionation, the potential for the value of

dolomite in paleoclimate research will become greatly enhanced.
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Section 3.2: Detailed Materials and Methods

Section 3.2.1: Carbonate Synthesis

Ca-Mg carbonates were synthesized according to the detailed procedures outlined
in Appendix 2.1.1, and the solution compositions and tested experimental conditions
described in this study are outlined in Table 2.A1. However, it should be noted that all
aqueous addition method parent solutions were prepared using a thermally and
isotopically equilibrated Na,COs stock solution. Specifically, three separate 966 mmolal
Na2COs stock solutions were prepared in 500 mL capped bottles. Each stock solution was
placed in a convection drying oven (+ 1 °C) at the corresponding temperature to which
the subsequent prepared parent solutions would be placed (50, 60 and 80 °C). Each
solution was allotted a minimum 14 day period to allow thermal and isotopic
equilibration between the dissolved inorganic carbon (DIC) species and water (Beck et
al., 2005). Following the allotted equilibration period, aqueous addition method solutions
were subsequently prepared by adding 25 mL of the 966 mmolal Na,COs stock solution
to 25 mL of solution containing the remaining specified chemical reagents (e.g., MgSQOza,
Ca(NO:s), urea) (Table 2.Al1). Following this addition, the solutions were shaken
vigorously for 2 minutes and immediately placed in a convection oven at the specified
temperature (Table 2.Al). It was not possible for parent solutions prepared by the solid
addition method to have the DIC species isotopically equilibrated with parent water prior

to solution preparation, due to the nature of the method.
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Section 3.2.2: Oxygen Isotope Analyses for Carbonates

Prior to oxygen isotope analyses of the carbonates synthesized in this study, the
necessary reaction time between dolomite and phosphoric acid was investigated. A single
synthesized dolomite sample (BF-12-1) and an internal dolomite laboratory standard (BF-
Dol; natural sample) were used to establish the minimum time required for efficient
(proto)dolomite conversion to CO> by acid reaction. The bulk proportion of BF-Dol used
for this study was previous ground and sieved through a p200 mesh. Both BF-Dol and
BF-12-1 were further ground using a mortar and pestle prior to weighing. Proportions of
the BF-Dol and BF-12-1 were prepared for isotopic analyses as described below. Time
periods of 24, 48, 72, 96, 120, 144, and 168 hours were allotted for reaction between
dolomite and 105 % phosphoric acid. Samples of BF-12-1 and BF-Dol for each respective
reaction time were run in quadruplicate. Results of the dolomite time series test
demonstrated that a 48 hour reaction period was sufficient for phosphoric acid reaction

with dolomite (discussed in Section 3.3.1).

Carbonate samples were prepared for isotopic analysis by thorough grounding
using a mortar and pestle. Small proportions of the ground powder (~ 150 um) were then
weighed on a Mettler Toledo analytical balance and deposited into glass tubes
(Exetainer). The §'80 values for carbonate samples (8*8Ocarb) Were determined using a
Thermo Finnigan Delta plus XP isotope mass spectrometer equipped with a Gas Bench Il
headspace autosampler. This instrument has a typical analytical 580 precision of + 0.08
%o. The tubes were first flushed and filled with He gas, then 5 drops of 105 % phosphoric

acid were injected into each tube to react with sample powders and produce CO.. All
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samples were reacted within a heated block to a constant 25 = 0.1 °C. All carbonates were
given a minimum two day period for acid reaction. Once the allotted reaction time
elapsed, 580, Were measured. All (proto)dolomite samples were analyzed in minimum

duplicate.

The collected 5'8Qcar, values were corrected following the recommended methods
outlined by Kim et al. (2015). All §*80car, values were calibrated to standard values for
NBS 18 (7.19 %o) and NBS 19 (28.65 %0) on the SMOW scale. The acid fractionation
factor of 1.0110 was used to correct for the remaining (proto)dolomite oxygen produced
after phosphoric acid reaction (Sharma and Clayton, 1965). It should be noted that two
Na2CO3 sources were used to prepare parent solutions in this study, due to the exhaustion
of the initial Na,COj3 used. The two Na>COj3 sources possessed slightly different §QOcarb
values (Na2COs-A = 12.05 %o; Na,CO3-B = 11.22 %o); however, a comparison of final
5'80cary Values of precipitates formed from either Na,COs source indicated that the

change in Na2COjs did not produce a noticeable effect on §'8Ocar values.

Section 3.2.3: Oxygen Isotope Analyses for Solutions

Initial deionized water, used to prepare each experimental solution, and final
solution samples were collected following the allotted growth period and stored in a
cooling refrigerator at ~ 5 °C. Aliquots of parent solutions following initial reagent
mixing were unable to be collected, due to the rapid reaction rate of solutions prepared in
this study. Therefore, the oxygen isotope composition of the solution samples collected
following (proto)dolomite growth (§'8Ofinal) Were used to compare with the initial

deionized water (5%0inial) to identify solutions affected by evaporation or other isotope
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effects. All deionized water used for this study was stored in a single carboy, with
aliquots removed prior to solution preparation, to ensure consistency of the water 8*8Qintial

value.

The classic CO,-water equilibration method was employed to measure the
5'80intiar and 8*8Orinal Values. Solutions were measured using a Thermo Finnigan Delta
plus XP isotope mass spectrometer equipped with a Gas Bench Il headspace autosampler.
Empty tubes were first flushed and filled with a 0.2 % CO. and 99.8 % He gas mixture,
then injected with 0.2 mL of each solution. Each solution was measured in duplicate.
Following all solution injections, a minimum 24 hour equilibration time was given at 25 +
0.1 °C, and then the CO2 was subsequently measured. All solution samples were
calibrated to the internal laboratory standards MRSI-STD-W1 (-0.58 %o0) and MRSI-STD-

W2 (-28.08 %o), which were previously calibrated on the SMOW scale.

Section 3.3: Detailed Results and Discussion

Section 3.3.1: Time Series of 5*¥Opolomite

Results of the time series indicated that the maximum proportion of synthesized
dolomite (BF-12-1) converted to CO- (i.e. total yield) was obtained after ~ 48 hours
(Figure 3.1) (Table. 3.1). Total yields measured for longer reaction times, up to 168
hours, were identical within the expected systematic and analytical error. It is likely that
the maximum total yield measured (96.78 %) indicates that the total dolomite sample was
reacted with phosphoric acid, with consideration of errors associated with mass weighing,
sample transfer to glass tubes, and calculations producing the deviation from 100 % total

yield. In contrast to the synthetic dolomite, the total yield for the natural dolomite (BF-
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Dol) standard steadily increased over the reaction period tested and reached a maximum
total yield of 88.13 % after 168 hours. Since only laboratory synthesized dolomite, with a
similar crystal size and properties as BF-12-1, were analyzed for oxygen isotopic
compositions in this study, further tests to determine the time required to obtain near total
yield were not implemented. In addition, oxygen isotope compositions were found to be
independent of yield for both BF-Dol and BF-12-1 (discussed below). Therefore, a
minimum 2-day acid reaction time was allotted for the analyses of all (proto)dolomite in

this study.

The §*80car values of BF-Dol and BF-12-1 were found to be independent of
reaction time (Figure 3.2). However, it was found that four BF-12-1 samples possessed
significantly lower 50cam values (difference of 0.96 - 1.8 %o) than the average value.
Similarly, two BF-Dol samples had noticeable lower §'8Qcar values (difference of 0.90
and 2.66 %o) than the average value. As displayed by Figure 3.3, these values are not
related to the yield of CO2 produced. Therefore, the outlying values, depleted in 20, may
represent isotopically heterogeneous crystals formed during dolomite growth. A similar
trend was evident for certain samples synthesized at temperatures < 60 °C in this study,

which is presented and discussed in the following sections.

Section 3.3.2: Effect of Evaporation on Solution §'0
The 1000In0protoydolomite-water Values for all synthesized carbonates and associated
parent solutions, collected in this study, are displayed in Supplementary Information

Table S1. All carbonate samples were analyzed in minimum duplicate and the collected
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5180Qcar are provided as individual and average values. Also outlined are §'8Ofina for all

experimental solutions and the change in solution 580 (8'®Ofinal - 5*®Oinitial).

Certain 5'®Orinal Values were found to deviate significantly from the 58Oinia Value
(-6.64 %o) (Supplementary Table S1). Positive deviations likely resulted from
evaporation, caused by the relatively high temperatures tested in this study and the large
headspace within most experimental bottles (50 mL solution in 250 mL bottle). To
account for evaporation effects, all 3'8Ofinai (and associated 5'®Qcars) Values which were
>+0.5 %o in relation to the 5'®Oinitiar Value were excluded from further investigation and
were not used in determination of experimental 1000Indcarbonate-water Values. Most solutions
displaying evidence of evaporation were heated to 70 and 80 °C. Isotopic results for all

remaining carbonates and parent solutions are provided in Table 3.2.

Section 3.3.3: Effect of Urea on Solution and Carbonate 6*%0

In addition to 8*8Ofinal deviations from 3*8Ointiar Se€Mingly caused by evaporation,
certain §'80rinal Values from 60, 70 and 80 °C were found to be more negative than the
initial water value (Table 3.2). Comparison of the change in solution 680 (8*8Ofinal -
5'80initiat) With urea concentration reveal that higher urea concentrations resulted in
increasingly negative 5'®Orinal Values (Figure 3.4). Furthermore, the degree to which urea
concentration influenced 8'®Orinal Was greater at higher temperatures, especially 70 and 80
°C. This observed effect is likely associated with the thermal hydrolysis of urea, which is
more prominent as temperature increases, as shown by the relationship between
(proto)dolomite *3C and urea concentration (Figure 2.8) (Section 2.4.2). The hydrolysis

of urea in parent solutions produced CO3s* (Mansfield, 1980), following the reaction:
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CH4N20 + H20 = 2NH3z + CO2  (Equation 3.3)
and the subsequent hydrolysis of COs? produced H,COs; following the reaction:
COz + H,0 =H,CO;  (Equation 3.4)

where H,COz would likely dissociate to HCOs", due to the pH range of solutions prepared
in this study (6.91 — 8.97) (Beck et al., 2005; Kim et al., 2006). Urea hydrolysis in
solutions heated to 60, 70, and 80 °C appear to have produced a sufficiently large
proportion of DIC, possessing a 50 signature of the source urea, which effectively
altered the 8*®Ofina Value. An analysis of 1000Inoyproto)dolomite-water in relation to urea
concentration shows that urea hydrolysis produced a notable increase in 12000Inadolomite-
water fOr dolomite synthesized at 70 and 80 °C, whereas (proto)dolomite synthesized at 40
- 50 °C do not appear influenced by this effect (Figure 3.5). Therefore, to account for urea
hydrolysis, only dolomite synthesized in the absence of urea at 60, 70, and 80 °C were
used in construction of the dolomite-water oxygen isotope fractionation curve. Dolomite
synthesized in 50 mL bottles displayed no discernable difference in 5*8Qcar, to those
synthesized in 250 mL bottles (Figure 3.6), and therefore dolomite formed in 50 mL
bottles that contained no urea were used in constructing the dolomite-water fractionation

curve.

Section 3.3.4: Effect of Preparation Method on Carbonate 50
Carbonates precipitated by the aqueous addition method possessed 10001In.carbonate-
water Values that were somewhat different from precipitates prepared by the solid addition

method, but this difference varied with temperature (Figure 3.7). For example, HMC
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precipitated by the aqueous addition method at 50 °C displayed 1000Incicarbonate-water
indistinguishable from (proto)dolomite formed by the solid addition method. In contrast,
protodolomite formed at 60 °C by the aqueous addition method possessed slightly lower
1000Inacarbonate-water, Values (~ 0.5 - 1 %o). Finally, 10001Ino.carbonate-water Values of
precipitates formed by the aqueous addition method at 80 °C are notably lower than
dolomite produced by the solid addition method (~ 1 %o). A portion of the observed
discrepancy between the preparation methods is likely attributed to the isotopic
equilibration between DIC and water prior solution preparation for aqueous addition
method experiments. It should also be noted that precipitates from the aqueous addition
method at 80 °C were mixtures of (proto)dolomite and aragonite (Table 3.2), and
therefore the aragonite would influence the collected 58Ocar, Value (e.g., Kim et al.,
2007). Nevertheless, parent solutions prepared by the aqueous addition method did not
produce dolomite at 50 or 60 °C and precipitates were not pure dolomite at 80 °C;
therefore 1000Ina.carvonate-water Values for precipitates by the aqueous addition method were

not used in construction of the dolomite-water oxygen isotope fractionation curve.

Section 3.3.5: Effect of Non-Equilibrium Isotope Effects

The comparison of duplicate (or greater) analyses for individual carbonate
samples displayed potential kinetic isotope effects. More specifically, significant
variations were found between multiple analyses of the same synthesized carbonate
(Table 3.2). Therefore, certain synthesized carbonates are likely not isotopically
homogeneous. The apparent Kinetic isotope effects were only found to occur for

carbonates synthesized at 40 - 60 °C (Table 3.2). Similar isotopic heterogeneity was also
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clear for sample BF-12-1 during the investigation the dolomite time series study (Figure

3.2).

The finding of isotopic heterogeneity likely indicates that isotopic equilibrium was
not attained between certain growing carbonates and its associated solution, or that
equilibration between the two phases was not established following carbonate formation.
To investigate possible Kinetic isotope effects that may produce the observed isotopic
heterogeneity, the isotopic analyses for all solid addition method precipitates collected in
this study were plotted against the temperature-dependent oxygen isotope fractionation
curves for COs?-water and HCO3-water (Figure 3.7), established by Beck et al. (2005).
This comparison shows that the respective lower 10001noproto)dolomite-water Values from
duplicate analyses of isotopically heterogeneous (proto)dolomites lie between the curves
for COs%-water and HCO3™-water. In contrast, the greater 1000Inoproto)dolomite-water Values
more closely resemble the HCOgz™-water curve (Figure 3.7). Therefore, the lower
10001n0proto)dolomite-water Values more closely resemble the 520 signature of the source
Na2,CO3 (Na2COz-A = 12.05 %o; Na2CO3-B = 11.22 %o) and these carbonate samples were

likely only partially equilibrated with the solution during growth.

Considering that Na>COs and water were equilibrated prior to preparation of
aqueous addition method solutions, precipitates rapidly forming from these solutions
would closely resemble the COs* line if equilibrium was minimally attained (Figure 3.7).
However, precipitates formed by the aqueous addition method lie much closer to the
HCOs" line, indicating a progression toward isotopic equilibrium between these samples

and water (Figure 3.7). As a result, the similarity of most 1000In0oproto)dotomite-water Values
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from precipitates formed by the solid addition method to precipitates formed by the
aqueous addition method suggests that solid addition method precipitates have also
progressed toward oxygen isotopic equilibrium with water. Furthermore, this provides
additional evidence that carbonates with 1000Inaproto)dolomite-water Values (from duplicate
analyses) that deviate significantly toward the CO3? curve are only partially equilibrated.
Therefore, the highest 1000Inagolomite-water Values, or those that are furthest from the COz*
curve, are likely closer to the true values for oxygen isotopic equilibrium for dolomite

over this temperature range (50 - 80 °C).

The inability for attainment of isotopic equilibrium between certain
(proto)dolomite samples and water in this study is likely caused by the rapid reaction and
precipitation rates associated with the solid addition method. Rapid reaction rates may not
have allowed sufficient time for equilibration between (proto)dolomite and water prior to
mineral formation. Rapid precipitation would primarily affect the lowest temperatures
tested, as equilibration between carbonates and solution is attained more slowly with
decreasing temperature (Beck et al., 2005), which appears to occur here, as the deviations
from the average 1000In0oproto)dolomite-water INCrease at each respective temperature increase
with decreasing temperatures (Figure 3.7). A subsequent investigation into variation
growth periods would be beneficial, providing insight into whether 10001na.(proto)dolomite-
water Values progress from the COz?-water fractionation curve to the HCO3s?-water curve
with extended growth time. This test would indicate whether (proto)dolomite, especially

at 40 - 60 °C, can establish equilibrium with water following initial formation.
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Section 3.3.6: Temperature Dependence of Oxygen Isotope Fractionation between
Dolomite and Water

The compilation of 1000Inodolomite-water Values over the temperature range 50 - 80
°C are displayed in Figure 3.8 and the constructed curve demonstrates a strong linear
trend in relation to temperature. The average 1000Inadolomite-water VAlues used to construct
the curve are outlined in Table 3.2. Only synthesized carbonates displaying evidence of
cation ordering, and are therefore dolomite (Section 1.2.2), were used for constructing
this curve (Table 3.2). Therefore, protodolomite synthesized at 40 °C was excluded from
this construction of the curve. However, the attainment of oxygen isotope equilibrium
between dolomite and water cannot be effectively proven for this study, especially due to
the apparent isotopic heterogeneity of certain synthesized dolomite. For comparison, a
curve constructed from average 1000Inocarbonate-water Values of protodolomite and HMC is
displayed. It should be noted that, due to the combination of precipitates formed by the
aqueous addition method and solid addition method to construct this curve, there is likely
a high uncertainty for the validity of this curve for true oxygen isotope fractionation

between protodolomite/HMC and water.

In an attempt to account for any potential kinetic isotope effects, and to construct
a dolomite-water oxygen isotope fractionation curve that is closest to isotopic
equilibrium, a second calibration was determined by excluding dolomite precipitates that
were seemingly isotopically heterogeneous. With consideration of analytical error
(20.08), the rapid carbonate precipitation rate associated with the solid addition method

and the relatively large precipitate yields collected from each experimental solution (~ 2.2
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- 2.4 g), average 60 Values associated with a standard deviation () > 0.5 from
duplicate (or greater) analyses were viewed as isotopically heterogeneous. These 53Ocarb
values were then excluded from determination of 1000Indoiomite-water OVEr the temperature
range 50 - 80 °C, and the resulting “Homogeneity Test Corrected” fractionation curve is

displayed in Figure 3.9. This corrected curve has the form:
1000In0idotomite-water = 2.12(x0.10) - (10%T?) + 6.02(+0.90)  (Equation 3.5)

Notably, the Homogeneity Test Corrected dolomite-water fractionation curve displays a
stronger linear trend with temperature (R? = 0.9954) in relation to the uncorrected

10001nadolomite-water curve (R? = 0.9924) (Figure 3.9).

Section 3.3.7: Comparison of Dolomite-Water Fractionation Studies in Literature

Both dolomite-water oxygen isotope fractionation curves developed in this study
have a distinctly lower slope than all previously established (proto)dolomite-water
oxygen isotope fractionation curves (Figure 3.10). Displayed for comparison are: an
extrapolation to slighter higher temperatures of the protodolomite curve from
Vasconcelos et al. (2005) (25 - 45 °C); an extrapolation of Hortia (2014)’s dolomite-water
curve, which analyzed dolomite formed through dolomitization (80 - 350 °C); and an
extrapolation of the curve from Northrop and Clayton (1966), which synthesized dolomite
at highly elevated temperatures (300 - 510 °C). Also included are the experimentally
determined 1000Inoprotodolomite-water Values obtained by Fritz and Smith (1970) and Schmidt
et al. (2005) over the studied temperature range (50 - 80 °C). In addition, the theoretically

obtained curves reported by Chacko and Deines (2008) for dolomite, magnesite (MgCO3)
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and calcite (CaCOg) are displayed. As the Homogeneity Test Corrected dolomite-water
fractionation curve developed from this study did not incorporate dolomite that were
likely partially influenced by kinetic isotope effects, and are therefore isotopically
heterogeneous, it is likely more representative of isotopic equilibrium between dolomite

and water and is therefore used hereafter for comparison with previous literature.

The dolomite-water fractionation curve developed in this study intersects the
extrapolated Horita (2014) curve at approximately 60 °C (Figure 3.10). Similarly, our
curve is very similar to the 1000Inoprotodolomite Value of the VVasconcelos et al. (2005)
calibration at 50 °C. However, at 80 °C, our fractionation curve lies between the
calibration from Northrop and Clayton (1966), and those from Horita (2014) and
Vasconcelos et al. (2005). Unexpectedly, the curve developed here agrees well with
oxygen isotope analyses of protodolomite by Fritz and Smith (1970) and Schmidt et al.
(2005) at 80 °C. An explanation for this unusual trend, especially the significantly slower
slope in relation to literature, is unclear. Potentially, the dolomite-water oxygen isotope
fractionation curve determined in this study is more accurate at lower temperatures (50 —
60 °C) than many previous studies, due to the reliance of extrapolation by higher
temperature studies (Northrop and Clayton, 1966; Horita, 2014) or analyses of
protodolomite at similar low temperatures (25 - 45 °C) (Vasconcelos et al., 2005).
Furthermore, the 1000Inodolomite-water Values obtained from this study at 70 and 80 °C may
be affected by isotopic deviations caused by evaporation, which may not have been
entirely accounted for by the removal of precipitate data associated with a change in

solution 580 > 0.5. Evaporation is especially problematic due to the large headspace used
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for most experimental solutions (50 mL solution in 250 mL bottle). It must also be
considered that the potential kinetic isotope effects observed for precipitates from 50 and
60 °C produced lower 1000Inadolomite-water Values, as isotopic equilibrium between
dolomite and water may not have been attained. In these cases, certain dolomite crystals
would retain the oxygen isotope signature resembling the source Na>COs (Na.COz-A =
12.05 %o; Na2CO3-B = 11.22 %o), likely indicating that oxygen isotope equilibrium was
not attained between these crystals and water, and therefore, the measured §'8Qcar, value

would lie between the true dolomite 320 value and that of the Na,COs.

Further investigations into dolomite synthesized below 100 °C through rapid
precipitation, such as the solid addition method developed in this study, are required to
effectively evaluate the isotopic exchange between dolomite and water. More specifically,
potential alterations to a similar method that would permit oxygen isotope equilibrium
between dolomite and water without significantly reducing the seemingly rapid reaction
rates required to synthesize dolomite at low temperatures. Nevertheless, this study
provides the first known evaluation of 1000Indoiomite-water Values for synthesized dolomite
below 100 °C and, therefore, the comparison of this curve with those developed by
previous literature is potentially valuable for future studies to better evaluate isotopic

exchange between dolomite and water.

Section 3.4: Conclusions
This study investigated the first known oxygen isotope exchange between
dolomite and water at temperatures below 100 °C. Results indicate that potential kinetic

isotope effects seemingly hinder accurate determination of equilibrium 1000Ina.dolomite-water
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values, as certain (proto)dolomite samples were found to be isotopically heterogeneous.
These apparent kinetic isotope effects are limited to temperatures < 60 °C and are likely
caused by rapid carbonate precipitation, which may not permit isotopic equilibrium
between (proto)dolomite and water. Evidence for kinetic isotope effects is evident by
10001In0yproto)dolomite-water Values of isotopically heterogeneous (proto)dolomite with the
established curves for 1000Inoncos-water and 10001nacos-water CUrves, which reveal that
certain 5'8Q0car values more closely resemble the source Na,CO3s (Na2COs-A = 12.05 %o;

Na,COs-B = 11.22 %o).

By excluding 1000adoiomite-water Values that display sufficient evidence of isotopic

heterogeneity, a new dolomite-water oxygen isotope fractionation curve was developed:
1000Inadolomite-water = 2.12(0.10) - (10%T?) + 6.02(x0.90)  (Equation 3.6)

Although this curve has a decidedly lower slope than previously established calibrations
for dolomite that are extrapolated from higher temperatures, or solely utilized
protodolomite at more ambient temperatures, the strong reproducibility of
10000dolomite-water OVEY the temperature range in this study (50 - 80 °C) is promising.
However, further investigations into the influence of rapid dolomite precipitation, and the
associated potential kinetic isotope effects, are required to effectively understand isotopic

exchange between dolomite and water at near-Earth surface temperatures.
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Figures and Tables
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Figure 3.1. Relation of percent yield of CO from dolomite following reaction with phosphoric
acid. Displayed are data from our internal laboratory dolomite standard (BF-Dol), and synthesized
dolomite (BF-12-1). Notice that the percent yield of BF-12-1 is indistinguishable following a 48
hr reaction period, whereas the acid reaction for BF-Dol is incomplete following a 168 hr reaction
period.
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Time Series of 80, omie: 0 20 vs. Reaction Time
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Figure 3.2. Comparison of the §'®Ocan, of BF-12-1 and BF-Dol with increasing reaction time with
phosphoric acid. For both samples, there is no relationship between 3'*Oca, and acid reaction
reaction. Arrows indicate §*®Ocar Values that deviate from the average value, which is likely the
result of isotopic heterogeneity.
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Figure 3.3. Comparison of 8**Qcan, With percent yield for BF-12-1 and BF-Dol. There appears to
be no significant relationship between 8" Q¢ With percent yield.
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Figure 3.4. Change in solution 8'30 (8"®Ofinal - 6*®Oinitial) With increasing urea concentration over

the temperature range 40 - 80 °C. Notice that as urea concentration is increased, higher " Ofina
values were recorded, resulting in solutions enriched in 2O relative to the initial water used for

parent solution preparation. Notably, the degree to which this effect influences 5'®Osina is greater

as temperature increases.
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Influence of Urea on 1000In0. ., onate-water

® No Urea

A 50.5mmolal Urea
® 101 mmolal Urea
# 252 mmolal Urea

up

27 g
y l
A
26 °
2 ]
525 ' A
=]
2 A
= |
S |
S 24
— [ ] u
u
23
22
21
A
A
20
7.5 8.0 8.5 9.0 9.5 10.0 10.5
105/72 (K)

Figure 3.5. Comparison of 10001n0proto)dotomite-water TOr precipitates formed by the solid addition
method (duplicate analyses are plotted as separate values), with increasing urea concentration.
Only precipitates formed in 250 mL bottles and with Ca(NOs), as the Ca®* ion source are
displayed. At 40 - 50 °C, there is no discernable difference in 1000In0,proto)dolomite-water DEtWEEN the
conditions investigated in this study. However, at 70 and 80 °C, 1000Inaproto)dolomite-water VAIUES
from parent solutions containing urea are notable higher than those with an absence of urea.
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Comparison of Bottle Size
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Figure 3.6. Comparison of 10001n0proto)dotomite-water TOr precipitates formed by the solid addition
method in 250 mL bottles and those formed in 50 mL bottles (duplicate analyses are plotted as
separate values). There is no discernable difference in 10001n0(proto)dolomite-water With the varying

bottle size.
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Figure 3.7. Comparison of 1000In0.carbonate-water ValUES (including minimum duplicates) for solid
addition method precipitates (red) and aqueous addition method precipitates (green) from 40 - 80
°C. Also displayed are the oxygen isotope fractionation curves for HCOs and COs* (Beck et al.,
2005). Samples that are isotopically heterogeneous have certain 10001n0proto)dolomite-water Values that
more closely resemble the CO3?-water curve, whereas samples are appear closer to isotopic
equilibrium lie closer to the HCOs-water curve.
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Figure 3.8. Calibration of the initial dolomite-water oxygen isotope fractionation curve developed
in this study, as well as the carbonate-water oxygen isotope fraction curve, which is constructed

from values of protodolomites and HMC.
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Figure 3.9. Comparison of the uncorrected (green line), “Homogeneity Test ™ corrected (black
line) dolomite-water oxygen isotope curves developed in this study, as well as the carbonate-
water curve (protodolomite/HMC) (red). Displayed are 1000lnogoiomite-water Values used to calculate

the Homogeneity Test corrected curve.
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Figure 3.10. Comparison of the dolomite-water oxygen isotope fractionation curve developed
from study with previous literature calibrations and analyses. Shown are: the curve from this
study; calibration from Vasconcelos et al. (2005) extrapolated from 25 - 45 °C; calibration from
Horita (2014) extrapolated from 80 - 350 °C and single value at 80 °C from Horita (2014) (blue
triangle); calibration from Northrop and Clayton (1966) extrapolated from 300 - 510 °C;
1000Inaiprotodotomite-water Values collected by Fritz and Smith (1970) (purple squares) and Schmidt et
al. (2005) (green diamonds). Also displayed are the theoretical curves calculated by Chacko and

Deines (2008) for dolomite, magnesite and calcite.
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Table 3.1. Results of the dolomite time series investigation from this study. All samples were run
in quadruplicate. Standard Deviation is represented by .

Sample 1.D Rea;t]fgr;l;me 8"%0cas (%0)  Average o C;I)C:J(I:;d Average o
BF-12-1 24hrl 24 18.90 18.91 0.02 90.35 93.32 231
BF-12-1 24h r2 24 18.90 92.59
BF-12-1 24h r3 24 18.88 93.54
BF-12-1 24hr4 24 18.95 96.78
BF-12-1 48h r2 48 18.71 17.66 0.84 94.60 94.81 0.34
BF-12-1 48hr3 48 16.66 95.29
BF-12-1 48h r4 48 17.60 94.55
BF-12-172hrl 72 18.82 18.73 0.10 92.70 92.55 1.40
BF-12-172hr2 72 18.57 93.61
BF-12-172hr3 72 18.79 93.69
BF-12-1 72hr4 72 18.75 90.21
BF-12-1 96h r1 96 18.50 18.63 0.13 94.42 94.39 0.56
BF-12-1 96h r2 96 18.50 94.73
BF-12-196h r3 96 18.75 94.94
BF-12-1 96h r4 96 18.77 93.47
BF-12-1 120h r1 120 18.35 18.26 0.70 92.35 94.51 1.30
BF-12-1 120h r2 120 17.09 94.68
BF-12-1 120h r3 120 18.77 95.77
BF-12-1 120h r4 120 18.83 95.24
BF-12-1 144hr1 144 17.50 18.07 0.59 92.28 94.68 1.47
BF-12-1 144h r2 144 17.47 94.80
BF-12-1 144h r3 144 18.63 95.39
BF-12-1 144hr4 144 18.69 96.23
BF-12-1 168h rl1 168 18.80 18.74 0.06 95.00 94.57 1.08
BF-12-1 168h r2 168 18.78 95.75
BF-12-1 168h r3 168 18.72 94.70
BF-12-1 168h r4 168 18.65 92.81
BF-Dol 24h r1 24 28.07 28.09 0.04 36.94 35.35 3.03
BF-Dol 24h r2 24 28.05 37.61
BF-Dol 24h r3 24 28.08 36.71
BF-Dol 24h r4 24 28.15 30.14
BF-Dol 48h r1 48 28.05 28.15 0.07 52.70 53.42 0.99
BF-Dol 48h r2 48 28.15 54.46
BF-Dol 48h r3 48 28.16 54.32
BF-Dol 48h r4 48 28.25 52.20
BF-Dol 72h r1 72 27.97 28.03 0.10 65.07 64.01 1.16
BF-Dol 72h r2 72 27.92 62.68
BF-Dol 72h r3 72 28.18 65.26
BF-Dol 72h r4 72 28.06 63.03
BF-Dol 96h r1 96 27.91 27.95 0.22 69.59 70.09 4.26
BF-Dol 96h r2 96 27.61 63.54
BF-Dol 96h r3 96 28.15 72.15
BF-Dol 96h r4 96 28.12 75.10
BF-Dol 120h r1 120 28.00 27.83 0.48 81.08 80.96 1.70
BF-Dol 120h r2 120 27.01 79.39
BF-Dol 120h r3 120 28.19 83.68
BF-Dol 120h r4 120 28.10 79.68
BF-Dol 144h r1 144 27.93 28.09 0.10 81.97 82.53 0.85
BF-Dol 144h r2 144 28.21 83.88
BF-Dol 144h r3 144 28.12 81.68
BF-Dol 144h r4 144 28.10 82.60
BF-Dol 168h r1 168 25.22 27.04 1.08 86.74 86.11 244
BF-Dol 168h r2 168 27.64 88.13
BF-Dol 168h r3 168 28.00 87.61
BF-Dol 168h r4 168 27.31 81.97
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Table 3.2. Detailed parent solution conditions and isotopic results for all samples analyzed,
exclusion those displaying an evaporation effect. Experimental conditions outlined correspond to
the detailed descriptions in Table 2.A1. Standard Deviation is represented by o.

Temperature Precipitation - Product ~ Source 50, 5°Opina 8 °Ofina-

Sample ID Is) Method Condition Mineralogy  Na,COs i) Average o ) 0p 10000 caponae waer  AVErage o
BF-3-1r1 40 SAM NoU P A 20.88 2071 0.17 -6.30 0.34 26.99 2682 017
BF-3-1r2 40 SAM NoU P A 20.54 -6.30 0.34 26.66
BF-3-2r1 40 SAM NoU P A 20.62 20.45 0.17 -6.36 0.28 26.79 2663 016
BF-3-2r2 40 SAM NoU P A 20.29 -6.36 0.28 26.47
BF-3-3r1 40 SAM u P A 20.26 17.23 297 -6.35 0.29 26.42 2344 3.04
BF-3-3r2 40 SAM u P A 14.08 -6.35 0.29 20.35
BF-3-3r3 40 SAM u P A 1443 -6.35 0.29 20.69
BF-3-3r4 40 SAM u P A 2013 -6.35 0.29 26.30
BF-3-4r1 40 SAM u P A 20.80 19.63 118 -6.35 0.29 26.96 25.81 115
BF-3-4r2 40 SAM u P A 18.45 -6.35 0.29 24.65
BF-22-2r1 50 SAM NoU P B 20.46 20.17 0.29 -6.51 0.13 26.78 26.50 0.28
BF-22-212 50 SAM NoU P B 19.88 -6.51 0.13 26.21
BF-25-1r1 50 SAM NoU P B 20.16 19.92 0.24 -6.46 0.18 26.43 26.20 0.23
BF-25-112 50 SAM NoU P B 19.68 -6.46 0.18 25.97
BF-22-3r1 50 SAM u P B 18.85 19.92 1.06 -6.33 0.31 25.03 26.07 1.04
BF-22-3r2 50 SAM u P B 20.98 -6.33 0.31 271.12
BF-22-4r1 50 SAM u P B 20.24 2112 0.88 -6.49 0.15 26.55 2741 086
BF-22-4r2 50 SAM u P B 22.00 -6.49 0.15 28.27
BF-25-2r1 50 SAM u P B 19.74 19.88 0.14 -6.48 0.16 26.05 2619 014
BF-25-2r2 50 SAM u P B 20.03 -6.48 0.16 26.33
BF-23-1r1 50 SAM 2XU P B 16.96 17.96 1.00 -6.50 0.14 23.34 2432 098
BF-23-1r2 50 SAM 2XU P B 18.96 -6.50 0.14 25.31
BF-23-2r1 50 SAM 2XU P B 21.65 20.71 0.95 -6.51 013 27.96 27.03 093
BF-23-2r2 50 SAM 2XU P B 19.76 -6.51 013 26.10
BF-23-3r1 50 SAM 5XU D B 20.54 19.76 0.78 -6.56 0.08 26.92 2615 077
BF-23-3r2 50 SAM 5XU D B 18.98 -6.56 0.08 25.38
BF-23-4r1 50 SAM 5XU D B 19.91 19.98 0.06 -6.53 011 26.27 26.33""  0.06
BF-23-412 50 SAM 5XU D B 20.04 -6.53 0.11 26.40
BF-25-4r1 50 SAM 5XU D B 19.13 19.74 0.61 -6.54 0.10 25,51 26.11* 060
BF-25-412 50 SAM 5XU D B 20.35 -6.54 0.10 26.70
BF-24-1r1 50 AAM AAM H B 19.77 19.34 0.43 -6.40 0.24 26.00 25.58 0.43
BF-24-112 50 AAM AAM H B 18.90 -6.40 0.24 25.15
BF-24-2r1 50 AAM AAM H B 19.84 1991 0.07 -6.39 0.25 26.05 2612 007
BF-24-2r2 50 AAM AAM H B 19.98 -6.39 0.25 26.19
BF-24-3r1 50 AAM AAM+U H B 20.66 20.48 0.17 -6.35 0.29 26.82 2665 017
BF-24-3r2 50 AAM AAM+U H B 20.31 -6.35 0.29 26.48
BF-24-4r1 50 AAM AAM+U H B 19.61 20.00 0.40 -6.31 0.33 25.75 2614 039
BF-24-4r2 50 AAM AAM+U H B 20.40 -6.31 0.33 26.53
BF-9-4r1 60 SAM NoU D A 18.02 18.10 0.07 -6.56 0.08 24.44 2452 0.07
BF-9-4r2 60 SAM NoU D A 18.17 -6.56 0.08 24.59
BF-16-3r1 60 SAM NoU D A 18.71 18.72 0.01 -6.44 0.20 25.00 25,01 0.01
BF-16-3r2 60 SAM NoU D A 18.72 -6.44 0.20 25.01
BF-16-4r1 60 SAM NoU D A 18.67 18.77 011 -6.44 0.20 24.96 25.06" 011
BF-16-4r2 60 SAM NoU D A 18.88 -6.44 0.20 2517
BF-20-2r1 60 SAM NoU D B 19.73 19.32 0.41 -6.41 0.23 25.97 25570 0.41
BF-20-2r2 60 SAM NoU D B 18.90 -6.41 0.23 25.16
BF-9-1r1 60 SAM u D A 1875 18.82 0.07 -6.56 0.08 25.16 2523 007
BF-9-1r2 60 SAM u D A 18.89 -6.56 0.08 25.30
BF-16-1r1 60 SAM u D A 18.84 18.87 0.03 -6.54 0.10 25.22 2525  0.03
BF-16-1r2 60 SAM u D A 18.89 -6.54 0.10 25.28
BF-16-2r1 60 SAM u D A 7.76 13.28 5.52 -6.44 0.20 1418 1964 545
BF-16-2r2 60 SAM u D A 18.81 -6.44 0.20 25.09
BF-20-1r1 60 SAM u D B 20.10 20.22 0.12 -6.36 0.28 26.29 2640 012
BF-20-1r2 60 SAM u D B 20.34 -6.36 0.28 26.52
BF-12-1r1 60 SAM 2XU D A 17.84 18.07 0.23 -6.65 -0.01 24.35 2458 023
BF-12-1r2 60 SAM 2XU D A 18.30 -6.65 -0.01 24.81
BF-12-2r1 60 SAM 2XU D A 18.22 1861 0.38 -6.68 -0.04 24.76 2514 037
BF-12-2r2 60 SAM 2XU D A 18.99 -6.68 -0.04 25,51
BF-20-3r1 60 SAM 2XU D B 20.12 18.72 140 -6.59 0.05 26.53 25.16 137
BF-20-3r2 60 SAM 2XU D B 17.32 -6.59 0.05 2379
BF-12-4r1 60 SAM CaCl+U D A 18.41 18.35 0.06 -6.78 -0.14 25.04 24.99 0.06
BF-12-4r2 60 SAM CaCl+U D A 18.29 -6.78 -0.14 24.93
BF-17-1r1 60 SAM 50mL D A 18.74 1871 0.02 -6.57 0.07 2516 2514 0.02
BF-17-1r2 60 SAM 50mL D A 18.69 -6.57 0.07 2512
BF-17-2r1 60 SAM 50mL D A 1860 1730 131  -655 0.09 25,01 2372 129
BF-17-2r2 60 SAM 50mL D A 15.99 -6.55 0.09 2244
BF-17-3r1 60 SAM 50mL+U D A 18.77 18.66 011 -6.29 0.35 24.91 2480 011
BF-17-3r2 60 SAM 50mL+U D A 18.56 -6.29 0.35 2470
BF-21-2r1 60 SAM 50mL+U D B 19.13 18.98 0.15 -6.54 0.10 2551 2536 015
BF-21-2r2 60 SAM 50mL+U D B 18.82 -6.54 0.10 2521
BF-21-3r1 60 SAM 50mL+2X U D B 19.21 1925 0.04 -6.50 0.14 25.55 2559  0.04
BF-21-3r2 60 SAM 50mL+2X U D B 19.29 -6.50 0.14 25.63
BF-21-4r1 60 SAM 50mL+2X U D B 18.80 19.47 0.67 -6.20 0.44 24.84 2550  0.66
BF-21-4r2 60 SAM 50mL+2X U D B 20.15 -6.20 0.44 26.16
BF-14-3r1 60 AAM AAM P A 18.96 18.76 0.20 -6.26 0.38 25.06 2487 020
BF-14-3r2 60 AAM AAM P A 18.56 -6.26 0.38 24.67
BF-14-1r1 60 AAM AAM+U P A 18.91 18.42 0.49 -6.34 0.30 25.09 2460 048
BF-14-1r2 60 AAM AAM+U P A 17.92 -6.34 0.30 2412
BF-14-2r1 60 AAM AAM+U P A 18.40 1822 0.18 -6.25 0.39 24.50 2432 018
BF-14-2r2 60 AAM AAM+U P A 18.03 -6.25 0.39 2414

Na:COs-A §80 = 12.05 %o ; NazCO3-B 880 = 11.22 %o ; 5'®Oinitiat = -6.64 %o ; H: HMC; P: protodolomite; D: dolomite; A: aragonite
8: value used for uncorrected curve; b: value used for Homogeneity Test corrected curve
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Temperature Precipitation - Product  Source  §"°0c,, 5%0gm " Ofinar-
le 1D . A nal 1 A A

Sample o Method Condition Mineralogy Na,COs %) \verage o %) 5 3O|nma| 0000 Ccaonatewaer  AVerage o
BF-15-4r1 70 SAM NoU D A 17.52 17.66 0.14 -6.33 0.31 2372 2386™° 014
BF-15-4 12 70 SAM NoU D A 17.81 -6.33 0.31 24.00

BF-15-1r1 70 SAM u D A 1764 1764 000  -6.53 0.11 24.04 2404 0.00
BF-15-1r2 70 SAM u D A 17.65 -6.53 0.11 24.04

BF-18-1r1 70 SAM 2XU D A 17.85 1768 017  -6.77 -0.13 24.48 2431 017
BF-18-1r2 70 SAM XU D A 17.51 -6.77 -0.13 24.14

BF-18-2r1 70 SAM XU D A 17.94 17.80 0.14 -6.72 -0.08 24.52 2439 013
BF-18-2r2 70 SAM XU D A 17.66 -6.72 -0.08 24.25

BF-18-4r1 70 SAM CaClz+U D A 17.73 17.75 0.02 -6.83 -0.19 24.43 2445  0.02
BF-18-4r2 70 SAM CaCl+U D A w77 -6.83 -0.19 24.47

BF-1-1r1 80 SAM NoU D A 17.08 17.01 0.07 -6.32 0.32 2327 2320 0.07
BF-1-112 80 SAM NoU D A 16.94 -6.32 0.32 2313

BF-1-2r1 80 SAM NoU D A 16.58 16.76 0.18 -6.22 0.42 22.68 22.86"°  0.17
BF-1-2r2 80 SAM NoU D A 16.93 -6.22 0.42 23.03

BF-28-2r1 80 SAM NoU D B 16.63 16.60 0.02 -6.34 0.30 22.85 22,83 0.02
BF-28-2r2 80 SAM NoU D B 16.58 -6.34 0.30 2281

BF-1-3r1 80 SAM u D A 1711 1696 015  -6.46 0.18 23.44 2330 014
BF-1-312 80 SAM u D A 16.82 -6.46 0.18 2316

BF-1-411 80 SAM u D A 17.30 1730 000  -6.58 0.06 2376 2376 0.00
BF-1-412 80 SAM u D A 17.31 -6.58 0.06 2376

BF-6-1r1 80 SAM u D A 16.80 1687 007  -7.01 -0.37 23.70 2376 007
BF-6-1r2 80 SAM u D A 16.93 -7.01 -0.37 23.83

BF-6-2r1 80 SAM U D A 17.02 17.04 0.02 -6.79 -0.15 23.69 2371 0.02
BF-6-2r2 80 SAM U D A 17.06 -6.79 -0.15 23.72

BF-6-3r1 80 SAM CaCl+U D A 16.96 17.01 0.05 -6.88 -0.24 23.72 2377 0.05
BF-6-3r2 80 SAM CaCl+U D A 17.06 -6.88 -0.24 23.82

BF-6-4r1 80 SAM CaClz+U D A 16.04 16.57 0.34 -6.88 -0.24 2281 2334 034
BF-6-4r2 80 SAM CaClz+U D A 16.97 -6.88 -0.24 23.73

BF-6-4r3 80 SAM CaCl+U D A 16.58 -6.88 -0.24 23.35

BF-6-4r4 80 SAM CaClz+U D A 16.71 -6.88 -0.24 23.48

BF-6-5r1 80 SAM 2XU D A 17.16 17.20 0.04 -6.95 -0.31 23.99 2402 0.04
BF-6-512 80 SAM 2XU D A 17.24 -6.95 -0.31 24.06

BF-6-6r1 80 SAM 2XU D A 17.18 16.91 0.27 -6.99 -0.35 24.05 2378 027
BF-6-6 12 80 SAM 2XU D A 16.63 -6.99 -0.35 2351

BF-13-2r1 80 SAM 50mL D A 17.08 17.01 0.07 -6.53 011 23.49 23427 0.07
BF-13-2r2 80 SAM 50mL D A 16.94 -6.53 011 23.35

BF-13-3r1 80 SAM 50mL+U D A 17.07 16.99 0.08 -6.87 -0.23 23.82 2374 0.08
BF-13-3r2 80 SAM 50mL+U D A 16.91 -6.87 -0.23 23.66

BF-13-4r1 80 SAM 50mL+U D A 17.11 17.03 0.08 -6.79 -0.15 23.78 2370  0.08
BF-13-4r2 80 SAM 50mL+U D A 16.94 -6.79 -0.15 23.62

BF-7-3r1 80 AAM AAM PA A 1579 16.17 0.38 -6.16 0.48 21.85 2222 037
BF-7-3r2 80 AAM AAM PA A 16.55 -6.16 0.48 22.59

BF-7-4r1 80 AAM AAM PA A 16.18 16.27 0.09 -6.18 0.46 2225 2234 0.09
BF-7-412 80 AAM AAM PA A 16.36 -6.18 0.46 2243

BF-7-111 80 AAM AAM+U DA A 1620 1595 0.5  -6.32 0.32 22.41 2217 024
BF-7-112 80 AAM AAM+U DA A 15.71 -6.32 0.32 21.92

BF-7-211 80 AAM AAM+U DA A 1628 1630 003  -6.08 0.56 225 2227 003
BF-7-212 80 AAM AAM+U DA A 16.33 -6.08 0.56 22.30

Na2CO0s-A 8180 = 12.05 %o ; Na2CO3-B 580 = 11.22 %o ; 5*¥Onitiai = -6.64 %o ; H: HMC; P: protodolomite; D: dolomite; A: aragonite
8 value used for uncorrected curve; b. value used for Homogeneity Test corrected curve
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CHAPTER 4: CONCLUSIONS AND FUTURE RESEARCH

Section 4.1: Principal Findings

This study is the first known instance of dolomite synthesis at temperatures below
100 °C, displaying an ability to synthesize dolomite at temperatures as low as 60 °C
without urea catalysis. Developed is a method capable of producing dolomite simply and
under relatively short time periods (~ 42 days). The “solid addition” method, based on the
addition of solid phase Na>COs to MgSO4-Ca(NOs). solutions, likely expedites reaction
kinetics by the rapid replacement of undissolved Na,COs with Ca?* and Mg?* ions. By
doing so, dolomite formation may occur quickly by evading the rate-determining
nucleation phase and instead forming analogously to the previously described “calcite
seed effect”. This method has the potential for use as a foundational tool for further
investigations of possible solution chemistry or catalysts that facilitate dolomite formation

and thereby provide possible answers to finally solve the elusive “dolomite problem”.

Urea was found to have an apparent facilitating effect on dolomite formation.
Although previously proposed to encourage dolomite synthesis (Mansfield, 1980;
Deelman, 1999), a clear relationship has been established between increasing urea
concentration and dolomite formation. Increasing urea concentrations resulted in both
elevated stoichiometry and cation ordering of synthesized dolomite. Urea catalysis is
validated by distinct trends in carbon stable isotopes, displaying that *C depletion is
controlled by the urea concentration and indicating that urea carbon is incorporated into
the dolomite crystal structure. Importantly, the degree to which urea influences dolomite

synthesis is dependent on formation temperature, likely indicating that thermal urea
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hydrolysis is occurring. Furthermore, increasing urea concentration was generally
associated with an increase in pH, which was also dependent on temperature. The exact
mechanism by which urea catalysis facilitates dolomite formation is unclear at this time,
although it is likely that the effect is related to one or more of: elevated pH, elevated
alkalinity, or a comparable catalytic effect as those displayed by other biogenic

substances and certain microorganisms.

The role of the solid addition method on dolomite formation, as opposed to the
larger headspace used in this study, was confirmed by experiments conducted in smaller
50 mL bottles. Although the variation in headspace caused a limited effect at 80 °C,
decreased headspace at 60 °C resulted in weaker dolomite cation ordering and a reduction
in %MgCOs of ~ 1 %. Elevated headspace appears to allow more efficient solution
mixing during daily shaking periods by a greater surface area at the solution-air boundary.
Furthermore, although a small sample size was tested, initial results found that CaCl,
replacement for Ca(NOs) in solutions containing 50.5 mmolal urea caused a slight

decrease in both dolomite cation ordering and stoichiometry between 60 - 80 °C.

A new dolomite-water oxygen isotope calibration was developed by analyzing
(proto)dolomite samples synthesized by the solid addition method. This calibration is
somewhat similar to those previously published for low temperature protodolomite,
although the slope is decidedly higher. While the calibration presented in this study is the
first to use dolomite synthesized at temperatures below 100 °C, potential Kinetic effects

were likely found that may hinder the accuracy of equilibrium values. Therefore, further

136



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

investigations into dolomite synthesized by this method are required to effectively

evaluate possible isotopic kinetic effects caused by rapid mineral formation.

Section 4.2: Candidate’s Contribution to the Field

The candidate carried out the bulk of experimental procedures and analyses
outlined in this study. These include all the preparation of experimental solutions
described, precipitate filtrations, and XRD analyses and associated processing of XRD
patterns. The candidate carried out most ICP-MS analyses, although certain isotopic
analysis procedures were performed by either Martin Knyf or Kate Allan, due to
unforeseen circumstances. SEM and SEM-EDS analyses were partially conducted by the
candidate; however, the candidate was present during each procedure that was carried out
by Chris Butcher at the Canadian Centre for Electron Microscopy (CCEM). All data
analyses presented here were conducted by the candidate, as well as the writing of this
study. Incorporated are also scientific insight and editorial guidance given by the

candidate’s supervisor, Dr. Sang-Tae Kim.

The findings presented by the candidate should greatly benefit the field of
dolomite formation research and geology/geochemistry in general. The inability to
synthesize dolomite has developed into a widely recognized issue and the solid addition
method described here should provide a foundational tool for numerous subsequent
studies investigating conditions that encourage dolomite formation. The verification of
urea catalysis on dolomite formation should lead to studies that attempt to connect the
role of urea to natural dolomite formation environments. Finally, establishment of the first

dolomite-water oxygen isotope thermometry calibration at low temperatures (< 100 °C)
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using partially-ordered dolomite should be a valuable next step in developing a
calibration with true equilibrium values, which will allow estimation of the temperatures
that dolomite has formed in certain depositional environments and throughout geologic

history.

Section 4.3: Future Research Requirements

Numerous investigations are necessary to build upon the findings presented here.
First and foremost, the underlying mechanisms that enable the solid addition method to
synthesize dolomite are currently unconfirmed and an in-depth study into the exact
reaction processes would benefit the scientific community greatly. This includes
identifying if dolomite is formed by rapid reaction kinetics associated with the addition of
solid phase Na2CO3z and if this reaction is analogous to either a “calcite seed effect” or

high temperature dolomitization.

Experiments targeting various dolomite growth periods (i.e. intervals between 0
and 42 days) using this method would provide insight into the development of cation
ordering and stoichiometry. More specifically, this form of investigation would reveal if
cation ordering evolves with reaction progress, as proposed in this study. As well, testing
variations in the molar Mg/Ca ratio in conjunction with the solid addition method would
demonstrate if the previous finding that dolomite stoichiometry is dependent on the molar
Mg/Ca ratio template of the parent solution (Kaczmarek and Sibley, 2011) is applicable at

temperatures below 100 °C.
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Additional studies into the effect urea of catalysis on dolomite formation are
required. This includes determining if a potential urea concentration threshold exists at
which dolomite %MgCOs no longer increases (e.g., at 70 and 80 °C). More importantly,
further tests into dolomite synthesis using the solid addition method in conjunction with
urea addition are required at 40 °C and 50 °C. Primarily, potential dolomite synthesis at
40 °C, or lower temperatures, should be targeted by applying both higher urea
concentrations (i.e., > 252 mmolal) and longer growth periods (i.e., > 42 days). The
minimal temperature at which thermal hydrolysis of urea is possible should also be

investigated.

Finally, confirmation of any potential oxygen isotope kinetic effects associated
with dolomite formation by the solid addition method should be targeted. Similarly,
investigations into modifications of the solid addition method should target synthesizing
dolomite in isotopic equilibrium, if possible. By doing so, a more accurate dolomite-water
oxygen isotope thermometer could be developed, and the scientific field of carbonate

geochemistry would greatly benefit.
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Figure S1. XRD pattern for internal laboratory dolomite standard (BF-Dol), obtained by CoKa

radiation.
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Figure S2. XRD pattern for internal laboratory dolomite standard (BF-Dol), obtained by CuKa

radiation.
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Figure S3. XRD pattern for sample BF-1-1, obtained by CoKa radiation.
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Figure S4. XRD pattern for sample BF-1-2, obtained by CoKa radiation.

142



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

| BF-C13_flat_updated.raw (Y-Offset)
2000— | PDF 04-008-0789 Ca Mg ( C 03 )2 Dolomite

Counts

2”; ., N , A\JJJ_J\, M 4*/[0\ , Aﬂ\ A\Mmék

2Theta (TwoTheta) WL=1.78886

Figure S5. XRD pattern for sample BF-1-3, obtained by CoKa radiation.
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Figure S6. XRD pattern for sample BF-1-4, obtained by CoKa radiation.

143



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

1| BF-C31.raw
1 PDF 04-008-0789 Ca Mg ( C 03 )2 Dolomite

Counts

40 50 60 70 80

2Theta (TwoTheta) WL=1.78886

Figure S7. XRD pattern for sample BF-3-1, obtained by CoKa radiation.
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Figure S8. XRD pattern for sample BF-3-2, obtained by CoKa radiation.
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Figure S9. XRD pattern for sample BF-3-3, obtained by CoKa radiation.
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Figure S10. XRD pattern for sample BF-3-4, obtained by CoKa radiation.
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Figure S11. XRD pattern for sample BF-4-1, obtained by CoKa, radiation.
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Figure S12. XRD pattern for sample BF-4-2, obtained by CoKa radiation.
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Figure S13. XRD pattern for sample BF-6-1, obtained by CoKa, radiation.
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Figure S14. XRD pattern for sample BF-6-2, obtained by CoKa radiation.
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Figure S15. XRD pattern for sample BF-6-3, obtained by CoKa, radiation.
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Figure S16. XRD pattern for sample BF-6-4, obtained by CoKa radiation.
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Figure S17. XRD pattern for sample BF-6-5, obtained by CuKa radiation.
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Figure S18. XRD pattern for sample BF-6-6, obtained by CuKa radiation.
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Figure S19. XRD pattern for sample BF-7-1, obtained by CuKa radiation.
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Figure S20. XRD pattern for sample BF-7-2, obtained by CuKa radiation.
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Figure S21. XRD pattern for sample BF-7-3, obtained by CuKa radiation.
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Figure S22. XRD pattern for sample BF-7-4, obtained by CuKa radiation.
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Figure S23. XRD pattern for sample BF-9-1, obtained by CuKa radiation.
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Figure S24. XRD pattern for sample BF-9-4, obtained by CuKa radiation.
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Figure S25. XRD pattern for BF-11-1, obtained by CuKa radiation.
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Figure S26. XRD pattern for BF-11-2, obtained by CuKa radiation.
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Figure S27. XRD pattern for BF-11-3, obtained by CuKa radiation.

- | BF-Clidraw
220001 | PDF 04-008-0789 Ca Mg ( C 03 )2 Dolomite
| PDF 00-024-0025 Ca C O3 Aragonite

20 30 40 50 60 70

2Theta (TwoTheta) WL=1.54060

Figure S28. XRD pattern for BF-11-4, obtained by CuKa radiation.
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Figure S29. XRD pattern for BF-12-1, obtained by CuKa radiation.
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Figure S30. XRD pattern for BF-12-2, obtained by CuKa radiation.
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Figure S31. XRD pattern for BF-12-3, obtained by CuKa radiation.
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Figure S32. XRD pattern for BF-12-4, obtained by CuKa radiation.
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Figure S33. XRD pattern for BF-13-1, obtained by CuKa radiation.
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Figure S34. XRD pattern for BF-13-2, obtained by CuKa radiation.
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Figure S35. XRD pattern for BF-13-3, obtained by CuKa radiation.
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Figure S36. XRD pattern for BF-13-4, obtained by CuKa radiation.
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Figure S37. XRD pattern for BF-14-1, obtained by CuKa radiation.
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Figure S38. XRD pattern for BF-14-2, obtained by CuKa radiation.
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Figure S39. XRD pattern for BF-14-3, obtained by CuKa radiation.
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Figure S40. XRD pattern for BF-14-4, obtained by CuKa radiation.
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Figure S41. XRD pattern for BF-15-1, obtained by CuKa radiation.
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Figure S42. XRD pattern for BF-15-2, obtained by CuKa radiation.
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Figure S43. XRD pattern for BF-15-3, obtained by CuKa radiation.

o | | BF-Ci54.raw
1 | PDF 04-008-0789 Ca Mg ( C 03 )2 Dolomite
40000—:
30000—
@ ]
£ ]
=1
Q
o -
20000~
IOMO—-
0
20 30 40 50 60 70
2Theta (TwoTheta) WL=1.54060

Figure S44. XRD pattern for BF-15-4, obtained by CuKa radiation.
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Figure S45. XRD pattern for BF-16-1, obtained by CuKa radiation.
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Figure S46. XRD pattern for BF-16-2, obtained by CuKa radiation.
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Figure S47. XRD pattern for BF-16-3, obtained by CuKa radiation.
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Figure S48. XRD pattern for BF-16-4, obtained by CuKa radiation.
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Figure S49. XRD pattern for BF-17-1, obtained by CuKa radiation.
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Figure S50. XRD pattern for BF-17-2, obtained by CuKa radiation.
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Figure S51. XRD pattern for BF-17-3, obtained by CuKa radiation.
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Figure S52. XRD pattern for BF-17-4, obtained by CuKa radiation.
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Figure S53. XRD pattern for BF-18-1, obtained by CuKa radiation.
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Figure S54. XRD pattern for BF-18-2, obtained by CuKa radiation.
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Figure S55. XRD pattern for BF-18-3, obtained by CuKa radiation.
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Figure S56. XRD pattern for BF-18-4, obtained by CuKa radiation.
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Figure S57. XRD pattern for BF-20-1, obtained by CuKa radiation.
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Figure S58. XRD pattern for BF-20-2, obtained by CuKa radiation.
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Figure S59. XRD pattern for BF-20-3, obtained by CuKa radiation.
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Figure S60. XRD pattern for BF-21-1, obtained by CuKa radiation.
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Figure S61. XRD pattern for BF-21-2, obtained by CuKa radiation.
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Figure S62. XRD pattern for BF-21-3, obtained by CuKa radiation.
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Figure S63. XRD pattern for BF-22-4, obtained by CuKa radiation.
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Figure S64. XRD pattern for BF-22-1, obtained by CuKa radiation.

172




M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

| | BF22-2raw
oo | PDF 04-008-0789 Ca Mg ( C 03 )2 Dolomite

Counts
2
he

g 8
IIJ?IIA?III?II

?Ill$l|l$

8

W 1
1
& 1

0 30 40 50 60

2Theta (TwoTheta) WL=1.54060

Figure S65. XRD pattern for BF-22-2, obtained by CuKa radiation.
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Figure S66. XRD pattern for BF-22-3, obtained by CuKa radiation.
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Figure S67. XRD pattern for BF-22-4, obtained by CuKa radiation.
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Figure S68. XRD pattern for BF-23-1, obtained by CuKa radiation.

174



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

| BF23-2raw
1 PDF 04-008-0789 Ca Mg ( C 03 )2 Dolomite

i

L s s | T
60

|I|$1l|%|l|$11|$|1|$|!|$11

Counts
8
Ll 1?

$|l|$

2

8
lll?lll?lll

;

[N

o

2Theta (TwoTheta) WL=1.54060

Figure S69. XRD pattern for BF-23-2, obtained by CuKa radiation.
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Figure S70. XRD pattern for BF-23-3, obtained by CuKa radiation.
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Figure S71. XRD pattern for BF-23-4, obtained by CuKa radiation.
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Figure S72. XRD pattern for BF-24-1, obtained by CuKa radiation.
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Figure S73. XRD pattern for BF-24-2, obtained by CuKa radiation.
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Figure S74. XRD pattern for BF-24-3, obtained by CuKa radiation.
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Figure S75. XRD pattern for BF-24-4, obtained by CuKa radiation.
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Figure S76. XRD pattern for BF-25-1, obtained by CuKa radiation.
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Figure S77. XRD pattern for BF-25-2, obtained by CuKa radiation.
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Figure S78. XRD pattern for BF-25-3, obtained by CuKa radiation.
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Figure S79. XRD pattern for BF-25-4, obtained by CuKa radiation.
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Figure S80. XRD pattern for BF-28-1, obtained by CuKa radiation.

180



M.Sc. Thesis - B. Freake; McMaster University - School of Geography and Earth Sciences

3000~

2000

Counts

1000~

30 40

2Theta (TwoTheta) WL=1.54060

| BF28-2raw
| PDF 04-008-0789 Ca Mg ( C 03 )2 Dolomite

Figure S81. XRD pattern for BF-28-2, obtained by CuKa radiation.
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Table S1. Detailed parent solution conditions and isotopic results for all samples analyzed.
Samples removed due to evaporation effects are highlighted in grey.

i 38 18 18
Sample ID Tem(puegture Pri;';nhzt:" Condition r\;;z?:r; o z:g;; 5 (;:;"’ Average a ° (;:‘)"a' Z‘ 32:‘"[: 10000capomewaer  AVerage o
BF-3-1r1 20 SAM NoU P A 20.88 2071 017 -630  0.34 26.99 2682 017
BF-3-1r2 40 SAM NoU P A 20.54 630 034 26.66

BF-3-212 40 SAM NoU P A 20.62 2045 017  -636 0.8 26.79 2663 016
BF-3-2r2 40 SAM NoU P A 2029 63 028 26.47

BF-3-3r1 40 SAM u P A 20.26 1723 297 635 029 26.42 2344 304
BF-3-312 40 SAM u P A 14.08 635 029 2035

BF-3-313 40 SAM u P A 14.43 635 029 2069

BF-3-3r4 40 SAM u P A 2013 635 029 2630

BF-3-411 40 SAM u P A 20.80 1963 118 635 029 26.96 2581 115
BF-3-412 40 SAM u P A 18.45 635 029 2465

BF-22-111 50 SAM u P B 20.36 2031 006 -603 061 2621 2615 005
BF-22-112 50 SAM u P B 2025 603 061 26.10

BF-22-211 50 SAM NoU P B 20.46 2017 029 -651 0.3 26.78 2650 028
BF-22-212 50 SAM NoU P B 19.88 651 013 2621

BF-223r1 50 SAM u P B 18.85 1992 106 633 031 25.03 2607 104
BF-22-312 50 SAM u P B 20.98 633 031 27.12

BF-22-411 50 SAM u P B 20.24 2112 08 649 015 2655 2741 086
BF-22-412 50 SAM u P B 22.00 649 015 28.27

BF-23-111 50 SAM 2XU P B 16.96 1796 100 650 014 2334 2432 098
BF-23-112 50 SAM 2XU P B 18.9 650 0.4 2531

BF-23-211 50 SAM 2XU P B 2165 2071 095 651 013 27.96 2703 093
BF-23-212 50 SAM 2XU P B 19.76 651 013 26.10

BF-23-311 50 SAM 5XU D B 2054 1976 078  -656  0.08 2692 2615  0.77
BF-23-312 50 SAM 5XU D B 18.98 656 0.08 2538

BF-23-411 50 SAM 5X U D B 19.91 1998 006 653 011 26.27 2633 006
BF-23-412 50 SAM 5XU D B 2004 653 011 26.40

BF-25-1r1 50 SAM NoU P B 20.16 1992 024 646 0.8 26.43 2620 023
BF-25-112 50 SAM NoU P B 19.68 646 0.8 25.97

BF-25-211 50 SAM u P B 19.74 1988 014 648 016 26.05 2619 014
BF-25-212 50 SAM u P B 20.03 648 016 2633

BF-25-311 50 SAM 2XU P B 19.66 2006 040 527 137 2476 2515 039
BF-25-312 50 SAM 2XU P B 20.46 527 137 2554

BF-25-4 11 50 SAM 5XU D B 19.13 1974 061 -654 0.0 2551 2611 060
BF-25-4 12 50 SAM 5XU D B 20.35 654 010 26.70

BF-24-111 50 AAM AAM H B 19.77 1934 043  -640 024 26.00 2558 043
BF-24-112 50 AAM AAM H B 18.90 640 024 2515

BF-24-211 50 AAM AAM H B 19.84 1991 007 639 025 26.05 2612 007
BF-24-212 50 AAM AAM H B 19.98 639 025 26.19

BF-24-3r1 50 AAM  AAM+U H B 20.66 2048 017  -635 029 26.82 2665 017
BF-24-312 50 AAM  AAM+U H B 2031 635 029 26.48

BF-24-411 50 AAM  AAM+U H B 19.61 2000 040 -631 033 25.75 214 039
BF-24-412 50 AAM  AAM+U H B 20.40 631 033 2653

BF-9-1r1 60 SAM u D A 18.75 188 007 -65  0.08 25.16 2523 007
BF-0-112 60 SAM u D A 18.89 656 008 25.30

BF-0-411 60 SAM NoU D A 18.02 1810 007 -656  0.08 24.44 2452 007
BF-9-412 60 SAM NoU D A 1817 656 008 2459

BF-12-1r1 60 SAM 2XU D A 17.84 1807 023 665 001 2435 2458 023
BF-12-112 60 SAM 2XU D A 18.30 665  -001 24.81

BF-12211 60 SAM 2XU D A 18.22 1861 038 668  -0.04 24.76 %514 037
BF-12-212 60 SAM 2XU D A 18.99 668  -0.04 2551

BF-12-3r1 60 SAM  CaCl+U D A 17.98 1791 007 571 093 2355 2348 006
BF-12-312 60 SAM  CaCl+U D A 17.85 571 093 23.42

BF-12-411 60 SAM  CaCl+U D A 1841 1835 006 678  -0.14 25.04 249 006
BF-12-412 60 SAM  CaCl+U D A 18.29 678 014 24.93

BF-16-1r1 60 SAM u D A 1884 1887 003 -654 0.0 2522 2525 003
BF-16-112 60 SAM u D A 18.89 654 010 25.28

BF-16-2r1 60 SAM u D A 7.76 1328 552 -644 020 14.18 1964 545
BF-16-212 60 SAM u D A 18.81 644 020 25.00

BF-16-3r1 60 SAM NoU D A 18.71 1872 001 644 020 25.00 2501 001
BF-16-312 60 SAM NoU D A 18.72 644 020 25.01

BF-16-4 11 60 SAM NoU D A 18.67 1877 011 644 020 24.96 2506 011
BF-16-4 12 60 SAM NoU D A 18.88 644 020 2517

BF-17-111 60 SAM 50mL D A 1874 1871 002 -657 007 25.16 2514 002
BF-17-112 60 SAM 50mL D A 18.69 657 007 2512

BF-17-211 60 SAM 50mL D A 18.60 1730 131 655 009 25.01 2872 129
BF-17-212 60 SAM 50mL D A 15.99 655 0.09 2244

BF-17-311 60 SAM  50mL+U D A 18.77 1866 011 -629 035 2491 248 011
BF-17-312 60 SAM  50mL+U D A 18.56 620 035 24.70

BF-17-4 11 60 SAM  50mL+U D A 18.73 1841 031 521 143 2378 2347 031
BF-17-412 60 SAM  50mL+U D A 18.10 521 143 2316

BF-20-1r1 60 SAM u D B 20.10 2022 012 -63 028 2629 2640 012
BF-20-112 60 SAM u D B 20.34 63 0.8 2652

BF-202r1 60 SAM NoU D B 19.73 1932 041 641 023 25.97 2557 041
BF-20-212 60 SAM NoU D B 18.90 641 0.3 25.16

BF-20-3r1 60 SAM 2XU D B 2012 1872 140 -659  0.05 2653 2516 137
BF-20-312 60 SAM 2XU D B 17.32 650 005 2379

BF-21-1r11 60 SAM 50mL D B 1991 1957 034 584 080 2558 2524 034
BF-21-112 60 SAM 50mL D B 19.22 584 080 2490

BF-21-211 60 SAM  50mL+U D B 19.13 1898 015 -654 0.0 2551 253 015
BF-21-212 60 SAM  50mL+U D B 18.82 654 010 2521

BF-21-3r1 60 SAM  50mL+2XU D B 1921 7 1925 7 004 -650 0.4 2555 2559 004
BF-21-312 60 SAM  50mL+2XU D B 1929 650 0.4 25.63

BF-21-411 60 SAM  50mL+2XU D B 1880 " 1947 " 067 -6.20 0.44 24.84 2550 066
BF-21-4 12 60 SAM  50mL+2XU D B 20.15 620 044 26.16

BF-14-1r1 60 AAM  AAM+U P A 1891 " 1842 " 049 634 030 25.09 2460 048
BF-14-112 60 AAM  AAM+U P A 17.92 634 030 2412

BF-14-211 60 AAM  AAM+U P A 1840 " 1822 " 018 -625 039 2450 2432 018
BF-14-212 60 AAM  AAM+U P A 18.03 625 039 2414

BF-14-311 60 AAM AAM P A 1896 " 1876 " 020 -6.26 038 25.06 2487 020
BF-14-312 60 AAM AAM P A 18.56 62 038 24.67

BF-14-4 11 60 AAM AAM P A 1888 " 1881 " 007 -613 051 2486 2479 007
BF-14-4 12 60 AAM AAM P A 18.74 613 051 24.72
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Temperature Precipitation - Product Source  §°0c,, 5%Opiy 8" Ofinar
Sample ID o) Method Condition Mineralogy  Na,COs (ko) Average o Oy 0u 10000 cyponate warer  AVerage o
BF-15-1r1 70 SAM u D A 17.64 1764 000 653 0.11 24.04 2404 0.00
BF-15-112 70 SAM u D A 17.65 -6.53 0.11 24.04
BF-15-2r1 70 SAM u D A 18.04 1808 004 578 0.8 2368 2372 004
BF-15-2r2 70 SAM u D A 18.11 578 0.86 2375
BF-15-3r1 70 SAM NoU D A 18.23 1826 003 -219 4.45 20.26 2029 003
BF-15-312 70 SAM NoU D A 18.30 -2.19 4.45 2033
BF-15-4 11 70 SAM NoU D A 1752 1766 014  -6.33 031 2372 2386 014
BF-15-4 12 70 SAM NoU D A 17.81 -6.33 031 24.00
BF-18-1r1 70 SAM 2XU D A 17.85 1768 017 -677  -0.13 24.48 2431 017
BF-18-1r2 70 SAM 2XU D A 1751 677 013 2414
BF-18-2r1 70 SAM 2XU D A 17.94 1780 014 -672  -0.08 2452 2439 013
BF-18-212 70 SAM 2XU D A 17.66 672 -0.08 2425
BF-18-3r1 70 SAM CaCi2+U D A 18.60 1867 006 075 7.39 17.68 1774 0.06
BF-18-3r2 70 SAM CaCl+U D A 1873 0.75 7.39 17.80
BF-18-4 11 70 SAM caCl+U D A 17.73 1775 002 68  -0.19 2443 2445 002
BF-18-412 70 SAM CaCl2+U D A 17.77 683 -0.19 24.47
80 SAM NoU D A 17.08 1701 007 632 0.32 2327 2320 007
80 SAM NoU D A 16.94 6.32 0.32 2313
BF-1-211 80 SAM NoU D A 1658 1676 018  -6.22 0.42 2268 228 017
BF-1-212 80 SAM NoU D A 16.93 -6.22 0.42 23.03
BF-1-311 80 SAM u D A 1711 1696 015  -6.46 0.18 23.44 2330 014
BF-1-312 80 SAM u D A 16.82 -6.46 0.18 2316
BF-1-411 80 SAM u D A 17.30 1730 000 -658 0.06 2376 2376 0.00
80 SAM u D A 1731 -6.58 0.06 2376
80 SAM u D A 16.80 1687 007 701 -037 2370 2376 007
BF-6-112 80 SAM u D A 16.93 701 -0.37 23.83
BF-6-211 80 SAM u D A 17.02 1704 002 -679  -0.15 23.69 2371 0.02
BF-6-212 80 SAM u D A 17.06 679 015 2372
BF-6-311 80 SAM CaCl+U D A 16.96 1701 005 -688  -0.24 272 277 005
BF-6-312 80 SAM CaCl2+U D A 17.06 688 -0.24 2382
BF-6-411 80 SAM CaCl2+U D A 1604 " 1657 " 034 688  -0.24 2281 2334 034
80 SAM CaCl+U D A 16.97 68  -0.24 2373
BF-6-413 80 SAM CaCl2+U D A 1658 688 -0.24 2335
BF-6-414 80 SAM CaCl2+U D A 1671 688 -0.24 23.48
BF-6-5r11 80 SAM 2XU D A 1706 7 1720 7 004 695 031 23.99 2402 0.04
BF-6-512 80 SAM 2XU D A 17.24 695 031 24.06
BF-6-6 11 80 SAM 2XU D A 1718 7 1691 " 027 -6.99 -0.35 24.05 2378 027
BF-6-612 80 SAM 2XU D A 16.63 699 -0.35 2351
BF-13-111 80 SAM 50mL D A 1731 7 1724 " 006 571 0.93 2288 28 006
BF-13-1r2 80 SAM 50mL D A 1718 571 0.93 2276
BF-13-2r1 80 SAM 50mL D A 1708 " 1700 " 007  -653 0.11 23.49 2342 007
BF-13-212 80 SAM 50mL D A 16.94 653 011 235
BF-13-3r1 80 SAM 50mL+U D A 1707 " 1699 " 008 -687  -0.23 2382 2374 0.08
BF-13-312 80 SAM 50mL+U D A 16.91 687 0.3 23.66
BF-13-411 80 SAM 50mL+U D A 1711 7 17203 7 008 679 0.5 2378 2370 0.08
BF-13-4 12 80 SAM 50mL+U D A 16.94 679 -0.15 2362
BF-28-1r1 80 SAM NoU D B 1789 " 1749 " 040  -425 2.39 21.99 2160  0.39
BF-28-1r2 80 SAM NoU D B 17.09 -4.25 2.39 2121
BF-28-211 80 SAM NoU D B 1663 ° 1660 ~ 002 -634 030 2285 2283 0.02
BF-28-212 80 SAM NoU D B 1658 634 0.30 2281
BF-7-1r11 80 AAM AAM+U DA A 1620 7 1595 " 025 632 0.32 2241 217 024
BF-7-112 80 AAM  AAM+U DA A 1571 6.32 0.32 2192
BF-7-211 80 AAM  AAM+U DA A 1628 " 1630 " 003  -6.08 0.56 225 227 003
BF-7-212 80 AAM  AAM+U DA A 16.33 -6.08 0.56 2230
BF-7-311 80 AAM AAM PA A 1579 " 1617 " 038 616 0.48 2185 222 037
BF-7-312 80 AAM AAM PA A 1655 -6.16 0.48 2259
BF-7-411 80 AAM AAM PA A 1618 " 1627 " 009  -6.18 0.46 225 2234 0.09
BF-7-412 80 AAM AAM PA A 16.36 -6.18 0.46 2243
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