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PRELIMINARIES 
 

ABSTRACT 
 

Natural calcium carbonates, such as foraminifera and speleothems, are ubiquitous 
on the Earth’s surface and are essential subjects of study to the field of paleoclimatology. 
In particular, climate proxies using stable isotope and/or trace element concentrations of 
marine or continental carbonates largely rely on laboratory calibration studies in which 
carbonates are synthesized and their geochemical properties are carefully quantified. The 
boron isotope compositions of marine carbonates are a potentially powerful tool for the 
reconstruction of ancient seawater pH. If proven reliable, this tracer will allow systematic 
recording of paleooceanographic conditions, greatly assisting climatologists identifying 
historical fluctuations in atmospheric carbon dioxide concentrations. 
 

The boron isotope-pH proxy relies on the hypothesis that only the charged borate 
ion, possessing a distinct boron isotope composition as a function of pH, is incorporated 
into the carbonate crystal lattice. In this study, abiotic calcite was synthesized in high 
ionic strength solutions (0.7 mol/kg) across a range of controlled pH conditions (low pH 
~ 7.15, mid pH ~ 8.35 and high pH ~ 9.15). The magnitude of boron isotope fractionation  
(δ11B) was determined to quantify the pH-dependence of δ11Bcalcite between the carbonate 
and the precipitating solution. The observed increase in boron isotope composition of 
calcite with pH is consistent with preferential incorporation of borate ion into the crystal 
lattice, however the sensitivity of the acid dissociation and isotope equilibrium constants 
render it difficult to ascertain its exclusive contribution to the boron isotope composition 
of calcite. Observed non-equilibrium effects further mask the interpretation of the 
underlying mechanisms, which must be understood precisely to validate the proxy. 
Ultimately, the relationship between the boron isotope composition of marine carbonates 
and ocean pH may provide objective evidence for ocean-CO2 system alterations possibly 
stemming from human-induced climate change. 	
  

This research also evaluated the temperature- and pH-dependence of oxygen 
isotope fractionation (between calcite and water) in high ionic strength systems at 10, 25 
and 40 °C over a pH range of 7.46-9.43. Our study is the first to assess oxygen isotope 
effects and fractionation behavior under these varied conditions while employing the 
constant addition method. Preliminary results support several working hypotheses in the 
field and have proven consistent with previously untested theoretical predictions. 
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1.1 Carbon dioxide and climate 

 Paleoclimatology relies on the identification of historical changes in climate by 

measuring variations in several important variables, including Earth’s concentration of 

atmospheric carbon dioxide, average sea surface temperatures (SST), and oceanic 

circulation patterns. Any observed climate change can be traced back to each of these 

parameters, which themselves are intrinsically linked. Swedish scientist Arrhenius (1896) 

first quantified the greenhouse effect and postulated a resultant warming planet. 

Subsequent research conducted by Chamberlin (1898), who hypothesized a variety of 

geological processes potentially affecting atmospheric carbon dioxide concentrations 

[CO2(atm)], built the foundation for future climatologists. Cenozoic (0-65 Ma) climate has 

varied in both direction and duration, with slow changes spanning tens of millions of 

years and others significantly more abrupt in nature. Although atmospheric carbon 

dioxide partial pressure (pCO2) levels were higher in the Cenozoic than at present, 

controversy abounds regarding its accurate concentration on geological timescales. To 

obtain information on past climate conditions, geochemical and paleobiological indicators 

known as “proxies” can be used. Many climate models and proxies demonstrate 

consistent overlap and are in excellent agreement in their predicted CO2 variations over 

the past 550 million years. 

Ice core records are the most convincing evidence of globally averaged pCO2 

changes, demonstrating that climate change is tightly coupled with pCO2. Unfortunately 

these robust archives only date back as far as ~ 420,000 years due to sheer length 

restrictions of coring (Petit et al., 1999). Hidden in the Earth are ancient environmental 
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records however these dating clues only apply to the minutest representation of the 

planet’s history. Instead, climatologists have turned to proxies in their quest to understand 

the carbon cycle spanning millions of years. Stable isotopes are intrinsic to many of these 

invaluable paleoproxies, as indicated by their abundant use in paleothermometry (e.g., 

McCrea, 1950), ocean circulation (e.g., Duplessy et al., 1984), and paleoproductivity 

(e.g., Meyer et al., 2011) reconstructions. 

 Climate change will affect the storage capacity of the oceanic carbon reservoir, 

the magnitude of which depends on several competing processes involving a pCO2 

differential across the air-water interface (Fung, 2002). A warming of ocean water will be 

accompanied by freshening due to melting glaciers and ice caps – a combined effect that 

diminishes solubility, increases ocean stratification by restricting vertical mixing, and 

retards thermohaline circulation, overall leading to slower surface removal of surplus 

carbon (Fung, 2002). This accumulation of CO2 leads to a downward shift in pH and 

subsequently higher dissolved CO2 gas fractions of the carbonate system, potentially 

exceeding the natural buffering effect of seawater (Figure 1.1). Furthermore, rising pCO2 

levels will inevitably alter seawater carbonate chemistry, as the surface ocean absorbs an 

increasing amount of this soluble gas (Klochko et al., 2009). The International Panel on 

Climate Change (2001) predicts that, if pCO2 continues to rise at the current rate, surface 

ocean CO2 concentrations will triple preindustrial values by the end of this century. The 

ocean pH, in turn, would plummet 0.35 units, overwhelming the ocean’s neutralizing 

capacity and undermining the function of marine ecosystems. 
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1.1.1 Defining pCO2 and the role of oceans 
 

Holding fifty times the amount of carbon present in the atmosphere, the oceans are a 

massive carbon sink and the primary control of pCO2 on short timescales (Foster, 2008). 

Understanding the ocean carbon cycle is crucial but complicated by the inability of CO2 

to simply dissolve in seawater. Instead, this gas reacts with water such that the total 

dissolved inorganic carbon (DIC) is comprised of four species: dissolved carbon dioxide 

(CO2(aq)), carbonic acid (H2CO3), bicarbonate ion (HCO3
-) and carbonate ion (CO3

2-) 

(Zeebe et al., 1999). The relative distribution of these species is related to solution pH, 

controlled by a series of equilibrium reactions. These equilibrium constants are functions 

of solution temperature, pressure and salinity. The relative concentrations of these species 

are determined by the concentration of DIC with respect to the acid-titrating capacity of 

seawater, referred to as its alkalinity (Total ALK), which describes the total equivalence 

of ions that must be protonated in order to lower the pH of sea water to the acid 

dissociation constant (pKa) of carbonic acid.   

The world’s oceans readily exchange CO2 with the atmosphere; the extent to which 

CO2 dissolves in water is determined by its partial pressure and the chemical reactions of 

the dissolved species with other solutes present. In seawater, the CO2 system is described 

by several co-varying parameters, which can rarely be measured simultaneously: 

1. Total dissolved inorganic carbon (DIC) and its constituent species 
2. pH (NBS, total, free, or seawater scales) 
3. CO2 partial pressure (pCO2)  
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The ongoing exchange of CO2 is mainly governed by the pCO2 of surface waters: 

the gas will transfer into the ocean if atmospheric pCO2 exceeds that of the surface 

waters, or transfer out of the ocean if the reverse is true. Temperature and ocean chemical 

composition control the pCO2 of surface water, and these variables can be separated on 

the basis of their responses to glacial/interglacial climate changes. The determination of 

ancient ocean pH constrains pre-industrial pCO2 and its control on atmospheric 

chemistry, providing a more comprehensive understanding of future implications 

resulting from these fluctuations. The development of an accurate proxy for paleo-pH is 

necessary with global warming, attributed to an industrial increase in the greenhouse gas 

CO2(atm), positioned at the forefront of environmental concerns. 

 Figure 1.2 details the dissolution of CO2 in seawater by examining a series of 

chemical equations denoting its speciation steps. DIC is defined as the sum of [CO2(aq)], 

[H2CO3], [HCO3
-] and [CO3

2-], with its species distribution pH-dependent. Modern surface 

waters possess a pH ~ 8.1, with HCO3
- the most abundant carbonate species (~ 90% of 

DIC), followed by CO3
2- (~ 10% of DIC) and CO2(aq) the least dominant, comprising < 1 

% of DIC. At any given time, such little carbon exists within the carbonic acid species, 

H2CO3, that the concentrations of CO2(aq) and H2CO3 are usually combined as [CO2(aq)] 

(Wilson et al., 2012). The continuing addition of CO2 to seawater is the fingerprint of 

anthropogenic ocean acidification; a lower pH will shift the balance between the three 

carbonate species, with [CO2(aq)] and [HCO3
-] increasing and [CO3

2-] decreasing (Klochko, 

2009). 
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1.1.2 Current developed proxies for pCO2 

 Recently developed climate proxies offer potential to deepen our understanding of 

the past carbon cycle. These proxies of past pCO2 enable reconstruction of CO2(atm) 

variations over the last 15 Ma. As detailed by Henderson (2002), currently well-

established isotope-derived proxies for reconstruction of the carbon cycle include those 

for ocean productivity (231Pa/230Th, U concentration), nutrient utilization (Cd/Ca, δ15N, 

δ30Si), alkalinity (Ba/Ca), pH (δ11B), carbonate ion concentration (foraminiferal weight, 

Zn/Ca) and atmospheric CO2 (δ11B, δ13C). Other developing climate proxies include bulk 

inorganic/organic carbon content in marine sediments, air bubbles trapped in ice cores, 

paleosols, boron isotopes in planktic foraminifera, alkenone and lipid biomarkers derived 

from haptophyte algae, and fossils from plants/leaves.  

 While pCO2 estimates are consistent across numerous approaches, many of these 

geochemical proxies are associated with relatively large uncertainties rendering it difficult 

to accurately constrain the changes occurring over time (Sigman and Boyle, 2000; Royer 

et al., 2001). Current gaps in knowledge of the paleo-pCO2 record must be filled in order 

to provide a complete history of global climate and atmospheric carbon dioxide levels, 

and establish a predictable relationship between the two variables. 

1.2 Calcium carbonate polymorphs 

Calcium carbonate minerals occur widely in nature and comprise ~ 10 % of all 

sediments in the marine environment, thus are intrinsic to many biological functions and 

processes. Calcium carbonate primarily precipitates as calcite and aragonite, while 

vaterite is metastable under ambient conditions (Berner, 1975; Paquette and Reeder, 
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1990). Calcium carbonates are sensitive indicators of the global marine environment, 

serving as sedimentological records of both long-term and abrupt changes in the exogenic 

carbon cycle. 

The three calcium carbonate polymorphs share the same chemistry and are thus 

characterized by their contrasting crystal structures (Figure 1.3). This thesis focuses on 

abiogenic calcite in particular: Figure 1.4 provides a view of the (001) calcite surface 

plane. These three polymorphs can be distinguished by their crystal Bravais lattices – 

orthorhombic (aragonite), rhombohedral (calcite) lattice, and hexagonal (vaterite). The 

structural details of vaterite are controversial but there is general agreement that the 

carbonate planes are parallel to the c axis, as opposed to perpendicular as observed in 

calcite and aragonite (Wang and Becker, 2009). At STP (room temperature and under 

normal atmospheric conditions), calcite is the most stable phase while the other two are 

metastable polymorphs which readily transform into the stable calcite phase (Figure 1.5) 

(Berner, 1975; Morse et al., 1997; Paquette and Reeder, 1990; Allen and Hönisch, 2012). 

Aragonite will crystallize preferentially under certain formation conditions; it exists as a 

stable mineral at higher pressures but not at higher temperatures. To avoid spontaneously 

converting to calcite, the pressure must increase to maintain stability with increasing 

temperature. Winland (1969) argues that mineral stability must be assessed relative to 

given pressure conditions and temperature conditions as well as associative substances; 

when chemical equilibrium with the environment is considered, aragonite has the lowest 

free energy of formation and is therefore the thermodynamically stable phase in shallow 

marine environments. A number of ions present in seawater can be substituted into the 
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carbonate crystal structures, rendering it a questionable assumption that both calcite and 

aragonite will attain equilibrium with seawater given their differing lattice properties. The 

composition of each polymorph, with respect to its chemical equilibrium status with 

seawater, must therefore be known in order to identify the stable form of CaCO3 in these 

conditions. 

The transition between the calcite and aragonite precipitation phase-fields is 

determined by both the supersaturation state and the Mg:Ca of the solution. The degree of 

supersaturation (SI), with respect to calcium carbonate, is defined as: S=[Ca2+][CO3
2-]/Ksp 

which represent the activities of calcium and carbonate ions in the solution, and the 

thermodynamic solubility product of calcite or aragonite, respectively. Heterogeneous 

nucleation can occur at lesser supersaturation than homogeneous nucleation, with the 

presence of different seed crystals having the potential to lower the activation energy 

barrier (Winland, 1969). The surface ocean is supersaturated with respect to CaCO3, with 

the predominant mineralogy dictated by subtle variations in the aqueous magnesium-to-

calcium (Mg:Ca) ion distribution as well as the biology of the secreting organism. Normal 

seawater has a Mg:Ca molar ratio of ~5.5 (Winland, 1969). According to the Doerner-

Hoskins relation describing partitioning coefficients, calcite equilibrated with seawater at 

earth surface conditions should contain about 10 mole percent MgCO3 (Winland, 1969). 

Calcite growth requires a combination of high supersaturation of calcium 

carbonate and a Mg:Ca ratio much like modern seawater (compared to the lower ratio 

observed in fresh water); however, calcite will not precipitate above a certain ratio 
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threshold (Morse et al., 1997). This ratio displays a distinct temperature dependence: 

aragonite will preferentially precipitate from seawater when Mg:Ca exceeds 4:1 at 10 °C 

and 1:1 at 25 °C (Morse et al., 1997). In natural systems, calcite typically incorporates 

magnesium into its lattice and can include over 20 mole percent MgCO3 (Reddy and 

Wang, 1980; Paquette and Reeder, 1990; Morse et al., 1997). The synthesis of aragonite 

and calcite yields a very similar approach with the primary difference necessarily 

reflected by the Mg:Ca used to create the solution (Berner, 1975). Even subtle changes to 

the ratio will alter oceanic global carbonate deposition. 

Earth has witnessed several cycles of aragonite and calcite seas (Figure 1.6), 

which themselves are indicative of seafloor spreading rates: more rapid spreading is 

associated with higher sea level and hydrothermal activity pumping calcium into the 

ocean while withdrawing magnesium through bedrock interactions, with “low-Mg 

calcite” primarily deposited (Wilkinson and Algeo, 1989). Oceanic calcium 

concentrations are lower, and magnesium concentrations higher, during periods of slower 

sea floor spreading coinciding with lower sea levels; these conditions favour aragonite 

and “high-Mg calcite” deposition (Wilkinson and Algeo, 1989). For context, early 

Paleozoic and the middle- to late-Mesozoic oceans were calcitic in nature, while 

aragonite characterized the early Mesozoic and Cenozoic seas (Lowenstein et al., 2001; 

Palmer amd Wilson, 2004). Based on shallow marine carbonates documenting secular 

oscillations in carbonate mineralogy, the Mg:Ca ratio has fluctuated between 1 and 5 over 

the past 560 million years (Wilkinson and Algeo, 1989). Aragonitic seas occur during 

periods of high Mg:Ca ~ 5 (from ~ 340 to ~ 170 Ma and the modern ocean) whereas 
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calcitic seas are marked by low Mg:Ca ~ 1 (~ 550-340 Ma and ~ 170-40 Ma) (Stanley 

and Hardie, 1998).  

The incorporation of magnesium into the calcite lattice has also been the subject 

of recent investigation. Its incorporation mechanism and subsequent influence on mineral 

properties have undergone intensive research to resolve questions surrounding its 

equilibrium status. Many studies indicate that magnesium in fact inhibits calcite 

nucleation and growth (e.g., Reddy and Wang, 1980; Mucci and Morse, 1984) due to the 

higher activation energy (~ 20%) required for Mg2+ dehydration (relative to Ca2+) on the 

surface of a growing crystal, which functions as the rate limiting step during carbonate 

precipitation from solution (Nancollas and Purdie, 1945). In contrast, the larger cation 

sites present in the aragonite crystal structure can more easily accommodate magnesium 

ion substitution. 

Both experimental studies (e.g., Tarutani et al., 1969; Kim et al., 2006) and natural 

sample data (e.g., Grossman and Ku, 1986; Muth-Bohm et al., 2000) indicate that 

aragonite has a slightly greater affinity for oxygen incorporation than calcite. The sign 

and magnitude of the aragonite-calcite enrichment of ~ 0.6 ‰ (Tarutani et al., 1969) to ~ 

0.8 ‰ (Kim et al., 2006) at 25 °C is now well accepted in the literature. 

Though rare in nature, assessing the chemical properties and behaviour of vaterite 

is essential to fully understand isotopic fractionation in carbonates. This has proven to be 

a difficult task due to the mineral’s instability in aqueous solutions.  Kim and O’Neil 

(1997) synthesized vaterite crystals and found them to be isotopically very light, in 

significant disequilibrium with the water, and controlled by varying diffusion rates of the 
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different isotopic species of CO2. In their experimental investigation, vaterite always 

formed with calcite in a saturated calcium bicarbonate solution, however calcite was the 

sole precipitate in solutions containing relatively high concentrations of calcium chloride 

and sodium bicarbonate; hybrid solutions produced a mixture of the two minerals. The 

amount of precipitated vaterite was inversely proportional to the precipitation rate. 

To change the polymorph precipitating from seawater, the saturation state must be 

altered such that seawater is undersaturated with the more soluble polymorph (aragonite) 

but is supersaturated with a more stable polymorph (calcite). The pCO2 must lie between 

2600 to 3500 μatm in order for seawater (S = 35, 25 °C, 1 atm) to be undersaturated with 

aragonite but supersaturated with calcite. Considering the current pCO2 is about 360 

μatm, an order of magnitude change is necessary to produce a change from modern 

aragonitic seas to calcitic conditions.  Other factors influencing saturation state, such as 

alkalinity, may reduce the degree of this requisite change. 

1.3 Applications to Earth systems 

 Abiotic studies provide an important foundation upon which applied and/or 

biogenic research can build and accurately interpret their observations. Both types are 

integral to the formation of sound paleoclimate proxies. Laboratory studies, in which 

experiments are conducted under controlled, tightly monitored conditions, allow the 

variable of interest to be examined exclusively; this understanding can then be translated 

to living Earth systems, characterized by a dynamic and ever-evolving environment. 

While difficult to ascertain the role of each parameter due to multifactorial influences in 
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the “real world”, accruing relevant literature for both abiotic and biogenic studies is 

invaluable to the eventual integration of knowledge. 

 In this thesis, calcite was synthesized using homogeneous nucleation in an effort 

to isolate isotope fractionation behaviour. However, in nature, carbonate growth typically 

proceeds under heterogeneous conditions as crystals nucleate on an already-present 

substrate. Once the nature of isotope fractionation in select calcium carbonate minerals 

has been better established, heterogeneous nucleation offers a number of advantages to 

researchers (which will be further explored in Chapter 3) including a more accurate 

representation of crystal growth in Earth systems. 

 Similarly, the differing chemical and physical properties among calcite and 

aragonite carbonate polymorphs has several implications for evolving oceanic conditions 

with climate change. The modern ocean is predominantly aragonitic and the primary 

composition of corals, whereas foraminifera, chalk and coccoliths are calcitic in nature 

(Milliman, 1993). Ocean acidification is of prominent environmental concern; as per 

Henry’s Law, heightened seawater dissolution of carbon dioxide will reduce the output of 

CO3
2-, thereby reducing the ocean’s carbonate state of saturation. As a result, the 

saturation horizon will rise, leaving less room for precipitation of calcium carbonate. 

Aragonite precipitation is favoured under these circumstances due to its increased 

solubility product and ubiquitous presence in warm, shallow waters. Subsequent 

reduction of photosynthetic coccolithic and foraminifera products possesses dire potential 

to disrupt the marine ecosystem. 
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 Carefully calibrated laboratory studies, developed to assess the behaviour of these 

calcium carbonate polymorphs under a variety of experimental circumstances, is a pre-

requisite to their examination in Earth systems. As a result of intricate distinctions in their 

crystal lattice, calcite and aragonite possess differing chemical and physical properties, 

which must first be understood under controlled conditions prior to disentangling their 

effects when manifested in nature. The delicate seawater calcium-to-magnesium ratio has 

fluctuated widely in the past and will continue to shift with Earth’s changing climate. 

Thus, a fundamental understanding of key, influential factors is integral to forecasting 

alterations to the marine ecosystem balance related to climate change and the 

development of appropriate mitigation strategies. 

1.4 Conclusions 

Measured variations in Earth’s concentration of atmospheric carbon dioxide form 

the foundation of paleoclimate research, which is integral to the field of climatology. It is 

only through the establishment of past climatic shifts that future climate change can be 

accurately predicted. The dynamic, ever-evolving Earth has undergone massive climate 

changes throughout its history; understanding the causes and linkages is essential to 

prioritize the factors driving these shifts and position them in an appropriate large-scale 

context. Figure 1.7 illustrates the purpose of this research from a progressively broader 

research perspective. 
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1.5 Thesis structure 
 

Chapter 1 presented a big-picture link between this thesis research and the field of 

paleoclimatology, specifically pertaining to the study of aqueous stable isotope 

geochemistry. A synthesis of previous research completed on oxygen isotope 

fractionation between calcium carbonate, and the solution from which it grew (αCaCO3-H2O), 

will be discussed in Chapter 2. Additionally, the boron isotope paleo-pH proxy is 

presented in great detail, linking the relevance of this research to its ongoing refinement. 

A brief introduction to mass spectrometry analysis procedure and primary calibration 

materials will be provided as necessary background information. 

Chapters 3, 4 and 5 are written in “sandwich” format. Chapter 3 takes the form of 

a review article, discussing and assessing various abiogenic calcium carbonate synthesis 

methodologies. An outline of these approaches, and their corresponding 

rationale/objectives, will aid in the understanding of subsequent material presented in this 

thesis. Chapter 4 acts as an important stepping stone in the refinement of the boron 

isotope paleo-pH proxy, comparing the boron isotope composition of inorganic calcium 

carbonate samples with the calculated boron isotope composition of borate in order to 

evaluate the applicability of the proxy across calcite and aragonite polymorphs. Chapter 5 

explores oxygen isotope effects in synthesized calcite crystals, assessing trends and 

discrepancies in oxygen isotope fractionation behavior across three different growth 

temperature values, three distinct stable pH conditions and a variety of precipitation rates. 

The conclusions of this thesis are presented in Chapter 6. This will include a 
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summary of the research conducted and the candidate’s specific contributions to research 

articles involving multiple authors. The applicability and relevance of this body of 

research to geochemistry will be discussed, in addition to suggestions for future work, 

aimed at the new graduate student who wishes to continue in the field. 
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Figure 1.1: Predicted trend between dissolved carbon dioxide concentration and pH. 
(Feely et al., 2004) 

An increase in the oceanic carbon dioxide concentration leads to more acidic conditions 
(marked by a lower pH), with potentially devastating effects on marine ecosystems. 
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Figure 1.2: Schematic illustration of oceanic carbonate system equilibria. 

Upon reacting with water, carbon dioxide first converts to aqueous carbon dioxide 
(CO2(aq)) and carbonic acid (H2CO3, Eq. 1). Carbonic acid rapidly dissociates and 
generates bicarbonate ions (HCO3

-, Eq. 2), which then dissociate into carbonate ions 
(CO3

2-, Eq. 3). The reactions driving Equations 1 and 2 also produce protons (H+), which 
reduce the pH of the solution (pH is the negative logarithm of the proton concentration or 
activity, -log10[H+]). It should be noted that the dissolution of CO2 in seawater does not 
result in full dissociation into carbonate ions; the number of hydrogen ions produced, and 
the subsequent drop in pH, is reduced by the natural capacity of seawater to buffer against 
pH variations (Eq. 4). In this reaction, CO2 is neutralized upon reacting with CO3

2- to 
produce HCO3

-. The HCO3
- product of Eq. 4 circles back through the partial dissociation 

represented by Eq. 3, releasing protons and lowering the pH (“ocean acidification”), but 
this drop is far reduced compared to that experienced by an un-buffered system.  
 
 

 (1) CO2(aq) + H2O ↔ H2CO3   (2) H2CO3 ↔ HCO3
- + H+ 

 (3) HCO3
- ↔ CO3

2- + H+     (4) CO2(aq) + CO3
2- + H2O → 2HCO3

-  
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Figure 1.3: A comparison of the polymorphs of calcium carbonate. 
 
From left to right: Unit cells for calcite, aragonite and vaterite. Calcite displays trigonal 
crystal system, aragonite displays orthorhombic and vaterite belongs to the hexagonal 
crystal system. Calcite and vaterite exhibit sixfold coordination of oxygen (red) atoms 
around the central calcium (green) atoms, while aragonite exhibits ninefold coordination. 
Vaterite octahedra are highly distorted relative to those formed in calcite. Additionally, 
calcite and vaterite display an elongated c axis versus aragonite’s shortened axis. Thus, 
calcite and vaterite carbonate groups are widely spaced (4.05 Å and 4.01 Å, respectively) 
whereas aragonite possesses closer carbonate spacing (2.9 Å). Constructed in Mercury 
CSD 2.0. 

 
 
 

Calcite	
   Aragonite	
   Vaterite	
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Figure 1.4: The (001) calcite surface. 

An atomistic view of an atomically flat (001) surface of calcite, displaying in-plane three-
fold coordination of the oxygen (red) about the carbon (grey) atom. Constructed in 
Mercury CSD 2.0. 
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Figure 1.5: Secular oscillations in the Mg:Ca ratio of seawater over the past 500 Ma. 
(Stanley, 2002) 
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Figure 1.6: Temperature-pressure phase diagram of calcium carbonate (Carlson, 
1980). 

At room temperature and pressure, calcite is the stable mineral form of calcium 
carbonate. Aragonite becomes more stable than calcite only at high pressure 
[approximately 3500 bars (350 MPa) at 25°C and 7000 bars (700 MPa) at 300°C], 
consistent with its greater density. 

Dashed lines represent metastable equilibria. “A” denotes aragonite while “I” through 
“V” represent calcite polymorphs. Data from Crawford and Hoersch, 1972 (C+H); 
Johannes and Puhan, l97l (J+P); Irving and Wyllie, 1973 (I+W); Mirwald, 1976 (M); 
Kondo et al., 1972 (KS+M); Bridgman, 1939 (B). 
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Figure 1.7: Fundamental research objectives. 

A “big-picture” flowchart describing the aims of this boron study, from the narrow focus 
on marine carbonates expanding to their role in reconstructing past climate conditions. 
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 2.1 Introduction to aqueous geochemistry 

The isotopic composition of a mineral is strongly dependent on the nature of its 

chemical bonds, principally determined by its electronic structure. However, certain 

physicochemical differences arise due to an overall change in mass number as a result of 

quantum mechanical effects. For example, one additional neutron can significantly slow a 

reaction and thereby alter the resultant infrared spectrum emission. Isotope fractionation 

occurs when two phases of the same substance possess differing isotope ratios, which are 

either equilibrium- or kinetics-driven processes. 

At equilibrium, the stable isotope fractionation factor (α) is defined as the ratio of 

any two isotopes in a given chemical compound, divided by the ratio of any two isotopes 

in a different chemical compound. That is, αA-B=RA/RB. Isotope geochemistry reports 

isotopic composition of compounds on a relative (rather than absolute) scale using delta 

notation, where 𝛿 = !!"
!!"

− 1 ∗ 1000 with both Sample (Sa) and Standard (St) measured in 

the laboratory by conventional mass spectrometry. Kinetic isotope effects, which occur 

under unidirectional and irreversible processes, are also responsible for fractionation. 

Quantifying these effects provides insight on reaction pathways and mass dependent 

relationships. Mass spectrometers are complex pieces of equipment used to measure 

isotopic abundances by separating charged atoms based on their charge and behaviour in 

magnetic and/or electric fields. An online continuous-flow isotope ratio mass 

spectrometer (CF-IRMS), used in the McMaster University Research Group for Stable 

Isotopologues (MRSI) laboratory, is depicted in Figure 2.1.  
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The use of isotopes as a paleoclimate tool was first proposed in 1947 by Harold 

Urey, who described the interphase partitioning of two stable isotopes of an element as a 

“special case” in which a negligible change in pressure offers a considerable advantage 

over other established geothermometers. In order to apply this thermometer, isotopic 

equilibrium must be achieved, which requires products to be in chemical equilibrium. 

Thus, minerals in a rock determined to be in isotope equilibrium presents strong evidence 

that the rock is in chemical equilibrium. Stable isotopes continue to gain popularity in 

geochemistry studies, demonstrating great potential for reconstructing past climate and 

allowing a longitudinal examination of natural system dynamics. Initiated by Urey’s 

(1947) groundbreaking paper, the application of stable isotopes to carbonate studies was 

subsequently explored by Emiliani (1955), Epstein et al. (1951, 1953) and McCrea 

(1950). In the nineteen-eighties, combining this newfound knowledge with ongoing polar 

ice-core research, marine carbonates firmly established themselves as an invaluable 

resource for paleoclimate reconstructions. Stable isotopes have been progressively 

incorporated into proxies, which are used to infer past climatic changes in instances 

where variables cannot be directly measured for the past. However, these variables affect 

the chemistry and biology of the marine sedimentary record in a measurable way and are 

thus representative of the past environment by “proxy”. The following discussion aims to 

highlight the application of oxygen and boron stable isotopes to marine carbonate studies 

and evaluate their potential role in proxy development and contribution to further 

research. 
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2.2 Oxygen isotope studies  

 The most abundant element on Earth, oxygen occurs in compounds of all phases, 

many of which are thermally stable over a broad spectrum of temperatures. Due to the 

large mass difference and high abundance of the light isotope (16O ~ 99.757%, 17O ~ 

0.038%, 18O ~ 0.205%), the 18O/16O is typically determined to be 1:500 in natural 

samples. Calcium carbonates are intrinsic to paleoclimatic and paleoenvironmental 

reconstructions by means of oxygen isotope analysis. Since Urey (1947) laid out its 

theoretical basis, an abundance of data has accumulated for oxygen isotope fractionation 

in carbonate-water (CaCO3-H2O) systems. However, these theoretical calculations are not 

without controversy, and empirical measurements as well as natural observations of 

oxygen isotope fractionation factors have also undergone considerable scrutiny. An 

explicit differentiation of the three terms is as follows: “theoretical” refers to statistical 

mechanical calculations that have not been measured in the lab or observed in situ, while 

“empirical” describes natural setting circumstances or a real-world environment, in 

contrast to “experimental” data which indicates laboratory-generated information under 

controlled conditions. 

The study of marine carbonates has recently been popularized due to their 

importance in understanding oxygen isotope fractionation in the CO2-H2O system. 

Therefore, determining the extent to which the CaCO3-CO2-H2O system controls stable 

isotope fractionation is essential to supplement the ongoing archive of Earth’s climate 

history. While the δ18O value of carbonates are commonly used as paleothermometry 

tools (e.g., Epstein et al., 1953; Broecker, 1986; Lea et al., 2000), comparisons of 
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experimental results versus natural carbonate samples indicate that chemical (isotopic) 

equilibrium is not always achieved in natural settings, complicating their role in 

temperature reconstructions (Gabitov et al., 2012). Thermodynamically, the state of 

equilibrium (thus marking the onset of precipitation) is unaffected by auxiliary 

parameters such as precipitation rate and pH variance (e.g., Kim et al., 2006). The oxygen 

isotopic fractionation between carbonate and water (1000lnα CaCO3-H2O) has also been used 

to estimate carbonate precipitation temperature (McCrea, 1950; Epstein et al., 1953; 

Tarutani et al., 1969; Kim and O’Neil, 1997). Such fractionation factors are typically first 

calculated theoretically using laboratory-determined vibrational frequencies, or naturally-

derived measurements from systems in geochemical equilibrium. Doubt has been cast 

upon the validity of laboratory calibrations due to the difficulty of precipitating calcite in 

oxygen isotope equilibrium, which itself is promoted by slow growth rates according to 

Tarutani et al. (1969) and Kim and O’Neil (1997). 

 
 Experimentally determined oxygen isotope fractionation factors for the aqueous 

CO2-H2O system, specific to individual carbonate species differing at room temperature, 

have been reported by Usdowski and Hoefs (1990), Beck et al. (2005) and Zeebe (2007). 

Derivation of oxygen isotope temperatures requires quantification of the pH-dependence 

of the oxygen isotope compositions in the carbonate-water system (Hoefs, 2009). Oxygen 

isotopes are typically measured using an isotope ratio mass spectrometer, with δ18O 

values normalized to the recommended values for the international reference materials 

NBS-19, SMOW, and SLAP. Carbonate δ18O values are typically calculated using a 

CO2–H2O oxygen isotopic fractionation factor of 1.04120 (O’Neil et al., 1975) and an 
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acid-liberated CO2–calcite oxygen isotopic acid fractionation factor of 1.01025 at 25 °C 

(Sharma and Clayton, 1965). 

 For isotopic analysis, oxygen must be extracted from its surrounding compound, 

which can be accomplished using a variety of techniques. Sharma and Clayton (1965) 

outline the fluorination process necessary to measure the carbonate δ18O value 

(δ18Ocarbonate). Certain carbonates (i.e., magnesite, siderite) require higher reaction 

temperatures (90-150 °C) to isolate CO2(g) (Rosenbaum and Sheppard, 1986). Most stable 

isotope laboratories turn to the method developed by McCrea (1950) to analyze the 

oxygen isotope composition of carbonates. Phosphoric acid and carbonate react to liberate 

gaseous carbon dioxide; however, it comprises only two-thirds of the oxygen in 

carbonate, necessitating the application of an “acid fractionation factor” (AFF) to obtain 

its true isotopic composition. The so-called isotope effect is influenced by the metal 

cation attached to carbonate in the reactant, as well as the reaction temperature and 

preparation procedure. Much research has been dedicated to obtaining an accurate AFF, 

which is essential in the interpretation of all carbonate data.  There are currently a number 

of published AFF and the possibility exists that many are in error, severely hampering 

efforts to determine thermodynamic and physical constraints in natural systems. 

 Practical difficulties also arise with the use of natural samples, casting doubt upon 

the validity of oxygen isotopes as a paleothermometry tool. Isotopic heterogeneity has 

been documented in biogenic and abiogenic calcites synthesized under controlled, 

constant conditions (Dietzel et al., 2009; Barras et al., 2010). Furthermore, the initial 

isotopic composition of the natural fluid growth medium is often unknown; Rollion-Bard 



M.Sc.	
  Thesis	
  –	
  J.	
  Wyman;	
  McMaster	
  University	
  –	
  School	
  of	
  Geography	
  and	
  Earth	
  Sciences	
  
	
  
	
  
	
  

32	
  

et al. (2008) reported a depletion in δ18O of 3 ‰ in early-precipitated calcite versus later-

precipitated calcite, despite the absence of alteration and both biominerals belonging to 

the foraminifera. They attributed this depletion to the elevated pH at the onset of 

precipitation, thereby increasing the isotopically light CO3
2- component in the calcifying 

fluid. Coplen (2007) suggests that true thermodynamic equilibrium in the calcite-water 

oxygen-isotope system is achieved in a stable geochemical environment experiencing 

very low growth rates. At their Devils Hole, Nevada study site, Coplen et al. (1994) 

reported the precipitation of calcite in carbon isotopic equilibrium and were able to rule 

out oxygen isotopic disequilibrium after examining several lines of evidence. 

Additionally, water temperature and chemistry conditions of the cave have been nearly 

constant since the early 1930s (Winograd and Pearson, 1976). Thus, these factors 

comprise the modern research requirements for a natural environment to be well suited as 

a “natural laboratory to calibrate the calcite-water oxygen isotope geothermometer” 

(Coplen, 2007). Of course, this claim is not without controversy, and will be further 

explored in subsequent chapters. 

The δ18O value of precipitated carbonates is determined by the relative proportion 

of DIC species present in the parent solution (McCrea, 1950; Zeebe et al., 1999; Zeebe, 

2007). Since this distribution is pH-dependent, the δ18Ocarbonate is a function of solution pH. 

In their investigations involving biogenic carbonates, Spero et al. (1997) reported these 

parameters to be inversely related, however Kim et al. (2006) determined that no 

relationship in fact exists by measuring the same δ18O value for synthetic aragonites 

precipitated at two different pH values of 8.22 and 10.77. Thus, any δ18O variations 
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cannot be attributed to changing pH at the site of calcification. Rather, extraneous oxygen 

introduced during the processing of a calcium carbonate shell influences its 18O/16O 

signature and thus colours the true temperature determination derived from their proposed 

carbonate-water paleotemperature scale (Epstein et al., 1951). Additionally, inherent 

variations in 18O/16O over Earth’s history complicate the precise comparison of this 

oxygen ratio in marine shells versus the surrounding water.  

Numerous experimental studies have been conducted to determine the oxygen 

isotopic fractionation between inorganically precipitated calcite and water (Tarutani et al., 

1969; Kim and O’Neil, 1997; Jiménez-López et al., 2001, 2004; Zhou and Zheng, 2003). 

As is the nature of scientific evolution, each of these reports build upon past knowledge in 

an effort to constrain variables and optimize their study’s precision. For example, Kim 

and O’Neil (1997) recommended an increase of 0.28 for the temperature coefficient (i.e., 

slope, or 1000lnα value) proposed by Tarutani et al. (1969) to comply with Friedman and 

O’Neil (1977), while Coplen (2007) suggested an increase of 0.25 for the 1000lnα value 

reported by Kim and O’Neil (1997) in accordance with the use of a CO2-calcite oxygen 

isotopic acid fractionation factor of 1.01025. These various calcite-water fractionation 

expressions have been refined, under carefully selected precipitation methods and 

temperature-specific conditions, to produce calcite that is in apparent equilibrium with its 

surrounding water. Conflicting mineralogical affinity data reported by Zhou and Zheng 

(2003) has since been widely discounted due to unsatisfactory documentation of their 

methodology (e.g., Kim and O’Neil, 2006; Coplen, 2007).  

Chacko and Deines (2008) also obtained fractionation data through theoretical 
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calculations using the methods of statistical mechanics. Their calculations are in 

agreement with Chacko et al. (1991) and Schauble et al. (2006). Such mutual 

corroboration between theoretical and empirical evidence indicates that true equilibrium 

fractionation factors have indeed been derived independently for each of these systems. 

This conclusion, however, contrasts with the fractionation data provided by Coplen 

(2007). Their Devils Hole karst yielded substantially larger calcite-water fractionations; if 

this natural sample datum accurately reflects equilibrium fractionations in the calcite-

water system, as the authors believe it does, then previous calibrations (theoretical and 

empirical alike) are all in error. However, the Devils Hole data may prove to be incorrect 

since modern-day water temperature and isotopic composition “cannot unequivocally be 

demonstrated to be the same as that responsible for calcite precipitation” (Chacko and 

Deines, 2008). 

Clearly, the carbonate-water oxygen isotopic fractionation factor requires re-

evaluation and careful calibration given the current discrepancy between theoretical, 

laboratory, and natural samples. A more precise definition of isotopic equilibrium and 

disequilibrium conditions is imperative to more accurately constrain αCaCO3-H2O values 

representative of true equilibrium and subsequently determine carbonate precipitation 

temperature, a parameter intrinsic to paleoenvironmental reconstructions.  

2.3 Boron isotope studies 

2.3.1 Introduction 
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Boron has two stable isotopes, 10B and 11B, which are present in 20% and 80% 

abundances, respectively. This element holds great promise as a geochemical tracer, with 

a relatively long residence time of ~ 20 million years (Pearson and Palmer, 2000), little 

variation within oceanic isotope compositions over the past ~21 million years (Rollion-

Bard et al., 2011), hovering around 39.61 ‰ (Foster et al., 2010) and pH-dependent 

incorporation behaviour into carbonates (Milliman, 1974; Furst et al., 1976; Vengosh et 

al., 1991). Boron displays a large isotopic mass difference therefore identical samples and 

normalizing standards are necessary to correct for any resulting mass fractionation (Foster 

et al., 2006). In modern marine carbonates, boron is found in concentrations ranging from 

1-100 ppm (Milliman, 1974; Furst et al., 1976; Vengosh et al., 1991). Boron isotope 

compositions are expressed as δ11B, defined as parts per thousand deviation from NBS 

951 international boron reference material, where δ11B = ( !!!/!"!"#$%&'
!!!/!"!"#$%&$'&

 –1)*1000. In 

aqueous solution, boron occurs as two species, trigonally-coordinated boric acid B(OH)3 

and tetrahedrally-coordinated borate B(OH)4
-. These species each possess unique bond 

strengths and vibrational frequencies, resulting in isotopic fractionation (~ 20 ‰) between 

the two forms, with 11B preferentially found in the B(OH)3 form. Their differentiating 

isotopic fractionation behaviour and equilibrium values are strongly influenced by pH, a 

characteristic that has attracted widespread interest among paleoclimate researchers 

(Hemming and Hanson, 1992; Sanyal et al., 2000). This defines its power as a climate 

proxy since any variations in the boron isotope composition of foraminifera signify past 

changes in oceanic pH. The boron isotopic compositions of modern marine carbonates lie 

within a relatively narrow range (22.1 ‰ relative to NBS SRM95) for all samples 
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regardless of their origin (i.e., biogenic, abiogenic, warm water, cold water, aragonitic, or 

calcitic) (Hemming and Hanson, 1992). Since the isotopically lighter tetrahedral borate is 

preferentially incorporated into the carbonate lattice, the dissolved seawater boron 

becomes isotopically heavy, which accounts for the high δ11B values observed in 

seawater. 

 Several key studies have examined the applicability of carbonate boron isotopic 

composition to climate reconstruction techniques (Hemming and Hanson, 1992; Sanyal et 

al., 1995; Pearson and Palmer, 2000; Hönisch and Hemming, 2005). Simultaneous 

application of these proxies will provide insight into the state of the paleo-carbonate 

system and link the saturation state of the oceans with changing carbon dioxide 

concentrations. The boron-isotope approach to paleoclimatology is founded on the 

assumption that rising pCO2 values will mean more carbon dioxide is dissolved in the 

surface ocean, thus lowering its pH. These pH values can then be determined by 

measurement of the boron-isotope composition of calcium carbonate (δ11Bcarb) 

precipitated from the seawater. This proxy aims to demonstrate the coupling between 

surface ocean chemistry and the atmosphere, as recorded in marine archives, allowing for 

quantitative estimation of ancient atmospheric pCO2 values not achievable by ice cores 

(Hemming and Honisch, 2007). 

2.3.2 Dissociation constant of boric acid 

 As illustrated in Figure 2.2, the two most abundant aqueous boron species are 

trigonal boric acid, B(OH)3, and tetrahedral borate ion, B(OH)4
- in seawater; polynuclear 

boron species (i.e., B3O3(OH)4
-, B4O5(OH)4

2-, B5O6(OH)4
-) are chemically negligible at 
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their typical seawater concentrations of ~ 0.4 mmol/kg (Klochko et al., 2006). These 

predominant species are strongly pH-dependent (Hershey et al., 1986) and equilibrate 

rapidly (Zeebe et al., 2001) according to the following equation: 

B(OH)3 +H2O ⇌	
  H+ + B(OH)4
-	
  

where KB = [B(OH)4
-][H+]/[B(OH)3] 

 The concentration of each species can be calculated as a function of pH once the 

acid dissociation constant, expressed as (pKB), is applied (Dickson, 1990; Pagani et al., 

2005). The experimental conditions in which the constant is quantified and applied must 

be similar. Varying such conditions, such as temperature and chemical constituents, will 

alter the reaction pathways and result in a suboptimal selection of pKB. In addition, the 

pH scale used to determine the pKB value must be identical to that used for the 

dissociation constants for CO2 equilibria, to ensure an accurate estimation of pCO2 from 

pH. Assuming the dissociation constant of boric acid pKB = 8.597 (at 25 °C), borate ion 

accounts for ∼ 28.5 % of boron species in modern seawater (pH ~ 8.2). 

The pH can be identified using the total scale (pHT), free scale (pHF), seawater 

scale (pHSWS), or NBS scale (pHNBS). The latter is defined with low ionic-strength (I = ~ 

0.1 mol/kg), standard buffer solutions, each having an assigned pH. Such pH 

quantification methodology is incompatible with high ionic-strength solutions such as 

seawater (I = ~ 0.7 mol/kg), which alters the liquid junction potential by several millivolts 

(Dickson, 1992, 1993; Hansson, 1973). Therefore, directly recording pH is not 

appropriate due to the electrical potential charge differential observed between solution 

and electrode. Instead, the pHT scale was introduced, in which synthetic seawater-
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containing sulfate ions exist as the standard state and buffers of high ionic strength are 

assigned their own pH values (Hansson, 1973). The pHSWS scale is only appropriate for 

fluoride-containing system, while the pHF scale focuses primarily on the hydrogen ion 

concentrations, though it oversimplifies sulphur concentrations and activity coefficients, 

therefore its use is limited. 

 The application of the boron isotope-pH proxy in paleoseawater pH 

reconstructions is founded on the origin of marine foraminifera in natural seawater. The 

ionic strength is an inorganic experiment consideration to mimic the incorporation of 

boron into carbonates in the natural environment. As discussed above, experimental pH 

measurements are necessarily converted from the pHNBS to the pHT scales (Dickson, 

1990). This is so accomplished with a pH buffer of similar ionic concentration to the 

experimental solutions, termed the Tris buffer as it is based on 2-amino-2-

hydroxymethyl-1,3-propanediol, and is now widely used to define seawater pH scales. 

Thus, the pHT values can be accurately compared to the dissociation of boric acid in 

seawater. 

 With a pKB value of 8.597 at 25 °C, boron speciation is predominantly trigonal in 

nature at pH < 8.6 and tetrahedral at pH > 8.6 (Dickson, 1990; Hemming and Hanson, 

1992; Klochko et al., 2006). The distribution of B(OH)3 and B(OH)4
- in solution also 

depends on temperature, pressure, salinity (Dickson, 1990), and solution composition 

(Hansson, 1973). Hershey et al. (1986) demonstrated that borate ion activity, which 

describes the tendency to interact with other dissolved chemical species, varies with 

solution composition. Therefore, depending on the concentration of Mg, Ca, Na and/or K 
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concentrations of ancient oceans, dissolved boron may have behaved differently. This is 

in contrast to the ongoing assumption that the activity of dissolved boron species has been 

constant through time. 

2.3.3 Boron isotope equilibrium constant 

 The equilibrium isotope exchange reaction between boric acid and borate is: 

10B(OH)3 + 11B(OH)4 ⇌11B(OH)3 + 10B(OH)4 

where 11-10KB = [
!!!(!")!][!"!(!")!!]
[!"!(!")!][!!!(!")!!]

 

The isotope equilibrium constant can be determined either theoretically or 

experimentally. The former accounts for the different vibrational energies of the two 

boron coordinations but these calculations are environmentally-sensitive and subject to 

the theoretical quantification of molecular forces (Kakihana et al., 1977; Klochko et al., 

2006). Until recently, the boron isotope equilibrium constant (11-10KB) was cited as 1.0194, 

a theoretical calculation performed by Kakihana et al. (1977); this value has since been 

re-evaluated and a majority of follow-up studies have reported larger 11-10KB values (Table 

2.1). The enrichment in 11B of B(OH)3 relative to B(OH)4
- can be attributed to the 

differing molecular coordinations and vibrational frequencies of aqueous boron species 

(Kakihana et al., 1977; Vengosh et al., 1991; Hemming and Hönisch, 2007; Hönisch et 

al., 2007) by ~ 27 ‰ (Klochko et al., 2006). The relationship between the boron isotope 

composition of carbonate (δ11Bcarb) in seawater and pH is described as: 

pH = pKB + log [!(!")!!]
[!(!")!]

 

where pH = -log [H+], pKB= -log KB, KB is an equilibrium constant and the square 
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brackets denote total concentrations of B(OH)3
 

and B(OH)4
- in all forms (e.g., free 

B(OH)4
- plus ion pairs). The difference between pH measured in solutions of 11B (11pH) 

and the pH of solutions containing solely 10B (10pH) can be written as: 

11pH – 10pH = p11KB - p10KB + log [!!!(!")!][!"!(!")!!]
[!"!(!")!][!!!(!")!!]

  

where p11KB - p10KB = log(11-10KB). 

Figure 2.3 shows the δ11B of the aqueous boron species vs. seawater pH, which 

was generated by combining the equation outlining the distribution of aqueous boron 

species and the equilibrium boron isotope exchange reaction (Hemming and Hanson, 

1992). Based on the dissociation of B(OH)3 in seawater, the relative proportions of 

B(OH)3 and B(OH)4
- in seawater are present as a function of pH, with trigonal B(OH) 3 

being enriched in 11B relative to B(OH)4
- (Figure 2.4).   

As observed by Klochko et al. (2006), carbonates precipitated at higher pH 

displayed higher δ11B values versus those precipitated at lower pH. However, 

complicating this observation was the fact that boron isotope compositions of these 

laboratory-controlled precipitates trended near or below the theoretical isotope exchange 

constant for seawater borate proposed by Kakihana et al. (1977). Such downward offset 

contradicts the mass balance of boron isotope systematics in solution, which dictates that 

the isotopic composition of a carbonate precipitated in a given solution should be equal or 

greater than the isotopic composition of borate ions in that solution since aqueous borate 

comprises the lowest (i.e., lightest) end member (Zeebe et al., 2003). This inexplicable 

observation casts doubt upon the “borate curve” itself as well as the accompanying, likely 

underestimated, 11-10KB value (Zeebe et al., 2003, 2005; Pagani et al., 2005). 
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2.3.4 The boron isotope paleo-pH proxy 

Introduction 

The boron isotope paleo-pH proxy is founded on three working hypotheses: (1) 

the relative proportion of boric acid (B(OH)3) and borate (B(OH)4
-) in seawater is a 

function of seawater pH; (2) at equilibrium, the tetrahedrally-coordinated borate ion is 

depleted in 11B relative to trigonally-coordinated boric acid; and (3) borate is exclusively 

incorporated into marine carbonates without a significant kinetic isotope effect. However, 

these assumptions have recently undergone considerable scrutiny. An independent 

assessment of each reveals calculation discrepancies in various reports of the isotope 

fractionation factor, a need to ascertain the role of biological vital effects, and the 

possibility that some boric acid may indeed be incorporated into the crystal structure. 

Thus, the reliability of the proxy has been challenged. Constraints must be placed on 

these controversial components in order for the boron proxy to be broadly accepted 

within the scientific community as a paleoclimate reconstruction tool. Further debate 

exists surrounding the fractionation factor, which varies among theoretical and empirical 

estimates: among the most widely cited values are the theoretically-calculated 

fractionation factor of 1.0194 at 25 °C proposed by Kakihana et al. (1977) versus the 

empirically-derived fractionation factor of 1.0272 determined by Klochko et al. (2006). 

There has been a flurry of activity to recalculate and remeasure the isotope 

fractionation between aqueous boron species (e.g., Liu and Tossell, 2005; Pagani et al., 

2005; Zeebe, 2005). Most studies attempt to refine the fractionation factor using ab initio 

calculations of the theoretical isotope effect based on the vibrational energies of the two 
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coordinations. All but one of these results is significantly greater than determined by 

Kakihana, ranging from 1.0176 to 1.030, indicating the uncertainties in vibration 

frequency data and assumptions used in the calculations. Using a range of total boron 

concentrations in spectrophotometric measurements, Klochko et al. (2006) published a 

new boron isotope equilibrium constant of 1.0272, which is consistent with ab initio 

calculations. This remains the favoured value due to its strictly experimental basis, 

independent of theoretical deductions. 

Deviation from the δ11BB(OH)4–pH curve under equilibrium conditions can be 

attributed to several factors, as summarized by Pagani et al. (2005): (1) the isotopic 

fractionation occurring between solid phase and solution may differ from that between 

aqueous boron species, creating an offset in isotopic composition from the dissolved 

species; (2) equilibrium may not describe the bulk ambient solution and carbonate 

interaction, but instead a chemically distinct site-specific “pool”; (3) in the solid phase, 

boron speciation may comprise both trigonal and tetrahedral species, the proportion of 

which changes as a function of pH; (4) the theoretical δ11BB(OH)4–pH relationship is 

erroneous. Alternatively, boron incorporation into carbonates may be associated with 

non-equilibrium isotope fractionation if one boron species is preferentially and 

irreversibly incorporated over the other. This may occur if growth rate is rapid relative to 

exchange rates, thereby introducing kinetic isotopic fractionation upon uptake. Under 

these circumstances, δ11Bcarb reflects the isotopic composition of both the dissolved boron 

species that is incorporated in addition to the associated kinetic fractionation. The 

magnitude of this fractionation is dynamic and will alter under varying conditions. 
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The proxy is additionally complicated by inherent uncertainties associated with 

secular variations in δ11Bcarbonate and environmental reconstructions exceeding the 

residence time of boron in the ocean, which are cumulatively significant factors (Pagani 

et al., 2005; Honisch and Hemming, 2005). In response to the published critique by 

Pagani et al. (2005), Honisch and Hemming (2005) constructed six empirical calibration 

curves to confirm the validity of the theoretical fractionation factor presented by 

Kakihana et al. (1977), designed as a rigorous test of the proxy. The empirical results 

were consistent with previous theoretical calculations, providing strong support for the 

applicability of the boron paleo-pH proxy to planktonic foraminifera. Oceanic pH, the 

borate to carbonate ratio in seawater, temperature, mineralogy, biological influences and 

kinetic factors are all important controls which account for the very narrow boron isotopic 

range observed in marine carbonates. 

Boron incorporation into carbonate minerals 

Compared to modern seawater total boron concentrations of 4.8 ppm, the boron 

concentrations in marine carbonates analyzed to date are relatively high (40-100 ppm), 

indicating that marine calcification acts as a substantial sink for boron. While oceanic 

surface waters are supersaturated with respect to calcite and aragonite, direct precipitation 

of inorganic calcium carbonate is rare due to the presence of various constituents (e.g., 

magnesium, phosphates and dissolved organic compounds) rendering conditions 

unfavourable for carbonate precipitation by inhibiting the formation of CaCO3 nuclei 

(Berner, 1975; Mucci, 1986). 
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The boron isotope-pH proxy is founded on the exclusive incorporation of the 

borate ion into the crystal lattice. This was first postulated following the observation of 

different boron isotope signatures in clay and seawater, indicating the uptake of charged, 

isotopically light borate into clays (Schwarcz et al., 1969). Both Vengosh et al. (1991) 

and Hemming and Hanson (1992) affirmed this fractionation behaviour in marine 

carbonates. Ion substitution dynamics appear to be polymorph-specific, as the larger 

tetrahedral borate anion is substituted into the smaller lattice sites in aragonite, while the 

smaller trigonal boric acid is substituted into the larger lattice sites in calcite. Due to 

differences in crystal size and coordination, trace elements partition differently between 

calcite and aragonite. For example, divalent cations larger than Ca2+ are more easily 

incorporated into aragonite’s carbonate site than calcite (Mucci and Morse, 1982), while 

SO4
2- substitutes into the calcite crystal structure preferentially over aragonite (Kitano et 

al., 1979). When it comes to boron incorporation in carbonates, the bond length it shares 

with oxygen must be considered; since the B-O bond length is ~ 7% larger than that of C-

O in trigonal coordination, and the anion site in aragonite is smaller in volume than 

calcite (37.77 Å and 40.87 Å respectively), then trigonally-coordinated boron will be 

more compatible with calcite (Hemming et al., 1995). 

Since the size of both boric acid and borate ion are comparable to that of 

carbonate ion, either could substitute into the carbonate lattice. Charge balance 

considerations necessitate that substitution of borate could be charge-balanced by the 

coupled substitution of an alkali for calcium while substitution of boric acid would 

substitute for carbonate and calcium. Since the B-O bond length of 0.137 nm for trigonal 
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boron is similar to the C-O bond length of 0.128 nm (Kakihana et al., 1977), boron is 

likely substituting in the CO3
2- site of the crystal lattice. Cation sites within the aragonite 

crystal structure are sufficiently large to allow substitution of larger ions such as 

magnesium, strontium and barium. Subsequent research has focused on possible 

mechanisms for this preferential incorporation of B(OH)4
- into calcite and aragonite (e.g., 

Kitano et al., 1978; Hemming and Hanson, 1992; Hemming et al., 1995; Tossell, 2006). 

In their study of boron uptake in synthetic carbonates, Kitano et al. (1978) 

originally observed that boron uptake is greater in aragonite than calcite by a factor of 3-5 

and that the presence of magnesium in the parent solutions heightened boron uptake in 

calcite compared to magnesium-free solutions, observations later verified by Hemming et 

al. (1995). A higher content of boron in marine biogenic aragonite relative to calcite (15 

to 9 ppm, respectively) is also well corroborated (e.g., Furst et al., 1976; Vengosh et al., 

1991; Hemming et al., 1995). This can be explained by the abundance of organic matter 

in calcite, contrasted with the location of boron in the inorganic constituents of the shell, 

as opposed to the organic matrix (Furst et al., 1976). Such differences in boron 

concentrations among the various calcium carbonate polymorphs may be attributed to 

biogenic effects, which dictate the inclusion (corals) or exclusion (gastropods) of aqueous 

boron species (Vengosh et al., 1991).  

Sen et al. (1994) suggested that carbonate boron incorporation mechanisms may 

also be influenced by the various species coordinations, which can be assessed with 11B 

magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy analysis. 

Their study differentiated the local coordinations of natural calcite and aragonite, 
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synthetic calcite and aragonite, and a phase-changed calcite: natural and synthetic calcite 

contained 90% boric acid and 10% borate, the natural and synthetic aragonite contained 

only borate, and the altered calcite contained only boric acid. This remarkable observation 

indicates that boron incorporation into calcite may require a coordination change. Prior to 

this, Kitano et al. (1978) had hypothesized the presence of borate in both polymorphs, 

though its abundance in aragonite far exceeds calcite. This is consistent with Hemming et 

al. (1995) who provided isotopic data revealing that borate is preferentially incorporated 

in aragonite relative to calcite. Thus, if B(OH)4
- is indeed the predominant species 

interacting with the carbonate surface, then boron must change in coordination from 

tetrahedral to trigonal upon its incorporation into calcite, which will be reflected in the 

relative partitioning behaviour if this coordination alteration is energetically or kinetically 

hindered. 

Hemming et al. (1995, 1998) suggested the presence of a structural barrier in 

calcite dictating this quantitative change from tetrahedral to trigonal coordination without 

significant isotopic fractionation, which would support the exclusive incorporation of 

borate into carbonate minerals from aqueous solutions. Tossell (2006) further 

hypothesized the existence of an intermediate phase during the coordination change 

(Figure 2.5). In this scenario, boron incorporation cannot be described simply by the 

adsorption of borate to the carbonate surface, but rather chemical reactions between 

HCO3
-
 and B(OH)3 or B(OH)4

- occur during the early growth phase. Termed 

“chemosorption”, this stage sees B(OH)2CO3 isomers of either trigonal or tetrahedral 

coordination form on the surface. 
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However, δ11B variability in calcite samples from follow-up empirical studies 

(Sanyal et al., 1995, 2000, 2001; Hönisch et al., 2004) and the systematic observation that 

aragonite is enriched in 11B relative to calcite are in marked contrast to the NMR results 

reported by Sen et al. (1994). The coordination change from tetrahedral in solution to 

trigonal in calcite detected by Sen et al. (1994) and Hemming et al. (1998) was 

investigated further by Klochko et al. (2009), who determined an equal presence of 

trigonally and tetrahedrally coordinated boron in biogenic carbonates. Larger positive 

deviations of δ11B in carbonates relative to aqueous borate were detected at lower pH 

values, indicating that the incorporation of trigonally-coordinated boron is important at 

lower pH. This is to be expected since the relative concentration of trigonally-coordinated 

boron increases with decreasing pH. Incorporation of both boric acid and borate into 

carbonates would yield an overall higher boron isotopic composition than expected if 

only borate was incorporated, as boric acid is enriched in 11B relative to the tetrahedral 

species. 

However, Klochko et al. (2009) noted a significant amount of boron in trigonal 

coordination, correlating to a far higher enrichment in 11B than that reported in the 

literature for both biogenic and inorganic carbonates. By extension, a change in 

coordination from trigonal to tetrahedral must indeed occur, which Ruiz-Agudro et al. 

(2012) hypothesize may be the limiting factor for boron incorporation into calcite. This 

argument may also explain why boron is preferentially incorporated into aragonite 

relative to calcite, as observed by Hemming et al. (1995). Moreover, variations in calcite 

growth rates may affect the relative proportions of trigonally and tetrahedrally 
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coordinated boron found in carbonate samples (Sen et al., 1994; Klochko et al., 2009; 

Rollion-Bard et al., 2011), associated with the time needed to undergo the coordination 

change rather than both species actually being incorporated. The results obtained by Ruiz-

Agudo et al. (2012) suggest that tetrahedrally-coordinated boron is predominantly 

incorporated into calcite, and that the offset found between δ11B in carbonates and the 

solution from which they precipitated can be attributed to isotopic fractionation 

associated with the change in coordination from tetrahedrally-coordinated to trigonally-

coordinated boron. 

Abiogenic versus biogenic sampling 

Significant isotopic offsets have been observed between inorganic, biogenic 

calcification, and foraminifera species compared to the reported empirical δ11B-pH 

relationship (Sanyal et al., 2001). These discrepancies can be attributed to species-

specificity, differences in microenvironment pH and/or due to diurnal differences in the 

relative proportion of calcite precipitated (Zeebe et al., 2003; Sanyal et al., 2001). In their 

study of corals, Hemming et al. (1998) determined more positive boron isotope values 

occurred during periods of high primary productivity, enhanced symbiont photosynthetic 

activity and a resultant higher pH. Vital effects may account for the offset observed 

between δ11B and the theoretical δ11BB(OH)4 values in planktic foraminifera (Hönisch et al., 

2007). Laboratory-based studies cannot possibly recreate true conditions, however coral 

and foraminifera culture experiments best mimic the natural environment while 

controlling its associated parameters. The overall shape of the borate curve initially 

generated theoretically by Kakihana et al. (1977) (and subsequently empirically by 
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Klochko et al., 2009) has been reproduced by an abundance of coral and foraminifera 

experiments over a spectrum of pH values, each demonstrating a variable offset (e.g., 

Honisch et al., 2004; Sanyal et al., 2001). 

Natural samples are ideally obtained from shallow sediment cores to minimize 

dissolution effects (Honisch et al., 2007), contain high boron concentrations to satisfy 

current analytical limitations, and do not alter seawater composition when secreting the 

carbonate. The Siderastrea sidereal coral, composed of aragonite, contains a high 

concentration of boron (approximately 60 ppm) and grows at the epidermis which comes 

into direct contact with seawater (Hemming and Hanson, 1992). Compared to internal 

shell growth observed in molluscs and/or species containing lower boron concentrations, 

this coral constitutes an ideal specimen for the application of boron isotope-pH proxy 

(Hemming and Hanson, 1992). 

 Hemming and Hanson (1992) attributed the range in boron isotope composition to 

the fact that only the aqueous borate ion is involved in reactions incorporating boron into 

the carbonate crystal structure, since their compiled data closely matched the isotopic 

composition of the tetrahedral species in seawater. However, boron isotope values 

reported by Vengosh et al. (1991) did not plot as reliably, necessitating an investigation to 

correctly interpret the proxy. Unknown pH, salinity and temperature values at sample 

localities each contribute uncertainty to the study of modern carbonates; controls on 

boron uptake and fractionation cannot be analyzed quantitatively. Therefore, Hemming et 

al. (1995) initiated a laboratory-based study to grow synthetic calcite from an ionic 

strength akin to seawater over a range of boron concentrations, which confirmed the 
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original findings. A key additional observation was the lack of mineralogical influence on 

isotope composition, which set the stage for the boron isotope proxy. A subsequent 

empirical study (Sanyal et al., 2000) also reported the tight coupling between boron 

isotope isotopes in synthetic inorganic carbonates and the pH of the growth solution over 

a range of pH values.  

 In the past, boron isotopes were analyzed by inserting samples containing ~ 5 μg 

boron into a positive ion thermal mass spectrometer (PTIMS), although foraminiferal 

carbonates did not satisfy these sizing constraints. Paleoceanographers have since 

benefitted from the introduction of the negative ion thermal mass spectrometer (NTIMS), 

in which analyses can be executed with smaller sample sizes (~1 ng) (Hemming and 

Hanson, 1994). However, this instrument has been associated with notable in-run 

fractionation and mass interferences (Sanyal et al., 1995; Foster et al., 2006). The multi-

collector inductively coupled plasma mass spectrometer (MC-ICPMS) has proven the 

best instrument in this instance: its stability allows for machine-induced fractionation to 

be easily corrected, requiring only marginally larger sample sizes, yielding rapid isotopic 

analysis relative to the other approaches, and achieving < 1 ‰ precision (Foster, 2008). 

2.3.5 Insight into past studies 

 At a given pH value, Hemming et al. (1995) determined the boron isotope 

compositions of synthesized carbonate to equal that of the borate ion, although pH 

gradients have been reported in studies implementing a similar methodology (e.g.,  

Paquette and Reeder, 1995). Such experimental considerations must be taken into account 

when evaluating Hemming et al. (1995) reports of no crystal precipitation during the 
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initial two days of their study, in which the pH of the experiments increased from 5.6 to 

8.0. Had any crystals indeed precipitated during this period of dynamic pH fluctuation, 

the intended pH range achieved upon stabilizing would not be accurately reflected. When 

trying to determine the equivalence of δ11BB(OH)4, a stable pH must be maintained over the 

course of carbonate synthesis, otherwise boron incorporation would occur over a range of 

pH values and yield a faulty comparison baseline.  

 To explain the relatively light δ11B values of their marine carbonates, Hemming 

and Hanson (1992) reasoned that borate was exclusively incorporated into the crystal 

structure. This tetrahedral species would have interacted with the growing crystal 

surfaces, reflected by changing crystal geometry in high boron concentration growth 

conditions (Hemming et al., 1995). However, nuclear magnetic resonance (NMR) 

imaging reveals the equivalent coexistence of trigonal and tetrahedral boron coordinations 

in biogenic calcite (Klochko et al., 2009). It must be noted that this test is not necessarily 

indicative of which molecule is incorporated from solution; boron may alter coordination 

with 3 or 4 oxygen atoms during adsorption and transform into borocarbonate upon 

incorporation. The large offset present between boric acid and borate ion isotopes is a 

valuable indirect marker for boron species incorporation. 

Sanyal et al. (2000) synthesized calcium carbonates under ambient laboratory 

conditions in the presence of seed material over a small range of pH (7.9-8.6) in artificial 

seawater. Their goal was to determine the relationship between the pH of the parent 

solution and the boron isotope composition of the synthetic carbonates, then quantify the 

extent to which biogenic effects influence boron isotope composition. Sanyal et al. (2000) 



M.Sc.	
  Thesis	
  –	
  J.	
  Wyman;	
  McMaster	
  University	
  –	
  School	
  of	
  Geography	
  and	
  Earth	
  Sciences	
  
	
  
	
  
	
  

52	
  

reported no potential kinetic effects due to the agreement between their δ11BB(OH)4 versus 

pH curve and that of Kakihana et al. (1977). The findings of Sanyal et al. (2000) oppose 

those of Hemming et al. (1995) since δ11Bcarbonate is lighter than δ11BB(OH)4, indicating 

potential biogenic limits of this proxy. However, calcite growth varied among the 

different pH values and Sanyal et al. (2000) did not confirm the isotopic equilibrium of 

their experimental system, therefore this conclusion may not accurately portray the 

overall role of kinetic effects in the synthesis of calcium carbonate. An additional 

consideration is that Sanyal et al. (2000) included starting solutions with total boron 

concentrations (BT) of 74 ppm (6.8 mmol/kg H2O), around 15 times that of natural 

seawater (~ 4.8 ppm, or 0.4 mmol/kg H2O). Klochko et al. (2006) determined that an 

increase in boron concentration by a factor of 125 (600 ppm or 0.05 mol/kg H2O) has no 

observable effect on the boron isotope equilibrium exchange between aqueous boric acid 

and borate, although it is not known how higher boron concentrations influence overall 

boron uptake and associated boron isotope fractionation between the calcium carbonate 

and the mother solution. 

 Sanyal et al. (2000) was instrumental to the reconstruction of past oceanic pH 

using the boron isotopic composition (δ11B) of foraminifera, clearly demonstrating the 

relationship between changing ocean pH with the global carbon cycle. Their research has 

also linked δ11B of inorganic calcite with the pH of artificial seawater, providing further 

support for the hypothesis that B(OH)4
- is the dominant species incorporated into calcite’s 

structure. However, instituting both a temperature control and confirmation of isotopic 

equilibrium would better portray the role of kinetic effects in calcium carbonate synthesis. 



M.Sc.	
  Thesis	
  –	
  J.	
  Wyman;	
  McMaster	
  University	
  –	
  School	
  of	
  Geography	
  and	
  Earth	
  Sciences	
  
	
  
	
  
	
  

53	
  

 Inconsistencies between Hemming et al. (1992, 1995) and Sanyal et al. (2000) 

may be attributed to the different experimental methods implemented in each study. 

While Hemming et al. (1995) synthesized their calcite with a modified free-drift method, 

in which the solution was not stirred and therefore uniform distribution of the 

precipitating solution could not be guaranteed, Sanyal et al. (2000) used the pH-stat 

system with continuous monitoring of pH. Hemming et al. (1992) had employed a similar 

experimental setup in which vertical pH gradients were present, potentially explaining the 

difference in boron isotopic compositions between the inorganic calcites, although Sanyal 

et al. (2000) later discounted this possibility in their rapidly stirred, steady-state reactor 

experimental setup. Instead, they concluded that inorganic calcite co-precipitation 

experiments display a strong δ11B value dependence on solution pH. Additionally, the 

unknown offset of carbonate-borate boron isotope compositions between Hemming et al. 

(1995) and Sanyal et al. (2000) may be attributed to varying ionic strengths of the two 

studies. The desired pH was obtained manually in both cases: the former by adjusting 

pCO2 in the reaction chamber, and the latter through the addition of acids and bases (HCl 

and NaOH) with sodium carbonate injections to maintain constant pH spanning the 

synthesis duration. Both Hemming et al. (1995) and Sanyal et al. (2000) successfully 

correlated the boron isotope composition of calcium carbonate with solution pH however 

the differing results remain unresolved. For advancement of the boron isotope-pH proxy, 

further research is required to ascertain potential effects in a spectrum of species over a 

larger pH range, better constrain the experimental variables, and resolve the offset in 

δ11Bcarbonate compared to the predicted equilibrium δ11BB(OH)4 between these two studies. 
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While the primary assumption of the boron isotope-pH proxy assumes that 

δ11Bcarbonate= δ11BB(OH)4, the relationship between δ11BB(OH)4 and pH is based on a model 

generated from a theoretical value. In their cultured experiments, Sanyal et al. (2000) 

measured isotopic composition values deviating from the slope of a theoretical curve, 

indicating its imperfection. If the established relationship is indeed assumed to be correct 

then an empirical correction can be applied, extrapolated from the results of these 

inorganic carbonate precipitation experiments. If the empirical value is in fact correct 

then the δ11Bcarbonate-pH relationship is faulty and, subsequently, estimates of ocean pH 

derived from the theoretical model are in error. Regardless of questions surrounding 

boron incorporation, diagenesis considerations and the exact mechanism of isotopic 

inheritance, the sensitivity of the δ11Bcarbonate-pH curve must be better understood in order 

to appropriately evaluate the uncertainties and variables affecting it. 

When using boron as a pH proxy, changes in growth rate, the pH of the calcifying 

fluid, and the crystallographic form in which boron is incorporated must also be carefully 

considered, as each these factors may influence amount of boron incorporated and its 

isotopic signature. In their inorganic calcite growth experiments, Sanyal et al. (2000) 

reported time requirements of 24, 12, and 3 h to precipitate 100 mg of calcite on 200 mg 

of seed at pH values of 7.9, 8.3, and 8.6, respectively – an eight-fold increase in growth 

rate from pH 7.9 to 8.6. As documented by Turner (1982), rapid reactions involving 

isotope exchange, including crystallization, are more susceptible to kinetic effects by 

preferentially fractionating the lighter isotope into the reaction product. It is expected that, 

with increasing growth rate, kinetic fractionation would result in δ11B values deviating 
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increasingly from the trend parallel to the B(OH)4
- curve. Using in situ Atomic Force 

Microscopy (AFM) to study coprecipitation of boron by calcite as a function of pH, 

supersaturation and boron concentration, Ruiz-Agudro et al. (2012) suggested that 

variations in the calcification rate, or the calcite crystallographic form in which boron is 

incorporated, must also be considered (in addition to changes in pH) when using boron in 

carbonates as a pH proxy. These factors also have the potential to influence the amount of 

boron incorporated during growth and possibly the boron isotopic signature.  

2.3.6 Conclusions and future work 

The boron isotope-pH proxy and surrounding controversy has been described in 

detail. Briefly, the oceanic system is comprised of two dominant species of dissolved 

boron, boric acid [B(OH)3)] and borate [B(OH)4
-], the relative concentrations of which 

change with pH. At low pH (< 8.6), boron is predominantly in the form of boric acid, 

while borate exists primarily at high pH (> 8.6). The stable isotope 11B is enriched in 

B(OH)3 compared to B(OH)4
-, with an effective isotopic fractionation on the order of 27 

‰ between the two boron species (Klochko et al., 2006). Therefore, the isotopic 

composition of the dissolved species is dependent upon the relative concentration of the 

dissolved species, which changes with pH. A diverse range of biogenic and inorganic 

marine carbonates record boron isotopic compositions approximating the boron isotopic 

composition of B(OH)4
- at modern seawater pH, therefore borate species must be 

incorporated into marine carbonates (Hemming and Hanson, 1992). A number of follow-

up studies have supported this interpretation over a wide range of pH values (7.7-9.0), 

including empirical calibration studies on planktonic foraminifera (Sanyal et al., 1996, 
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2001) as well as studies in which calcium carbonate has been inorganically precipitated 

(Hemming et al., 1995; Sanyal et al., 2000). It is now widely accepted that borate is 

predominantly incorporated into the aragonite crystal lattice with no observed 

fractionation while the incorporated species in calcite is 90% boric acid, a differential 

potentially resulting in heavier boron isotopic composition of calcite relative to aragonite. 

However, a systematic depletion in δ11B relative to the expected value for aqueous 

B(OH)4
- has been observed. Klochko et al. (2006) cited several potential mechanisms: 

δ11B of biogenic carbonates may have been influenced by pH adjustment at the site of 

calcification, vital effects are species-specific and not constant with pH, and/or boron 

partitioning during carbonate mineralization may create non-equilibrium enrichment of 

δ11B in the experimental carbonates. All of these circumstances introduce a large error in 

the pH estimate. Klochko et al. (2009) subsequently suggested that δ11B-enriched boric 

acid may also be incorporated into the carbonate lattice in addition to borate, thus 

increasing the overall boron isotopic composition of the carbonate than that expected 

from exclusive borate incorporation. The value of δ11Bcarbonate will differ from the 

theoretical δ11BB(OH)4  if boric acid is also incorporated into the carbonate (which may 

result from changes in pH and/or growth rate), as suggested by numerous studies (e.g., 

Pagani et al., 2005; Klochko et al., 2009; Rollion-Bard et al., 2011). The reliability of 

boron isotopes as a paleo-pH proxy is called into question under these circumstances. The 

change in coordination from tetrahedral (in solution) to trigonal (in calcite) may explain 

the offset reported between δ11B in carbonates and the solution from which they 

precipitated, however this clearly indicates that the relationship between boron 
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composition and seawater pH is far more complicated than initially suggested. Finally, 

the role of kinetic effects related to changes in growth rate may also help to explain some 

of the variability of the data reported in the literature. The development of growth rate 

corrections for boron content in marine biocarbonates, using controlled culture 

experiments focused on species with different calcification rates, is a logical step to 

advance the use of boron as a pH proxy. 

The boron isotope paleo-pH proxy can only be applied upon appropriate selection 

of the boric acid dissociation (pKB) and boron isotope fractionation constant (11-10KB). In 

addition, boron partitioning and coordination in calcium carbonates must be characterized 

and constrained at any given pH value, and vital effects influencing δ11B of biogenic 

carbonates must be absent or known. To estimate ancient ocean pH and pCO2 conditions, 

the application of boron isotopes in marine carbonates is founded upon three pillars to the 

proxy: (1) aqueous boron speciation is pH-dependent, governed by the boric acid 

dissociation constant (pKB); (2) isotope exchange occurring between aqueous boric acid
 

and borate ions, the latter possessing a distinctly lighter isotopic compositions, is 

controlled by the boron isotope fractionation constant (11-10KB); (3) borate is preferentially 

incorporated into both inorganic and biogenic carbonates without further fractionation. Of 

these three listed items, the first two have been experimentally constrained (Dickson, 

1990; Klochko et al., 2006, respectively). However, the partitioning of boron species in 

carbonates and the magnitude of isotope fractionation associated with the incorporation of 

boron as either boric acid or borate remains largely unresolved. 
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Application of empirically-derived relationships to the boron isotope paleo-pH 

proxy allows scientifically sound reconstruction of surface seawater pH (Sanyal et al., 

1995) and variations in atmospheric pCO2. The previous assumption of only borate being 

incorporated into the carbonate crystal structure is intrinsic to the boron isotope-pH proxy 

application to paleoseawater conditions. If this is indeed true, the carbonate isotope 

composition should mirror that of the borate sharing the same pH value, therefore 

seawater pH can be determined at the time of carbonate formation provided proper 

calibration of the proxy. The proxy is not necessarily invalidated if dual incorporation of 

species occurs however it is significantly complicated. As will be explored in this thesis, 

while not placing further constraints upon the proxy, abiotic observations of mineral-

specific non-equilibrium effects associated with boron uptake provide important insight 

into environmental conditions when applied to the biogenic realm. 

Reconstruction of paleo-pH yields important clues to paleo-pCO2 concentrations 

and subsequently provides objective evidence for ocean-CO2 system alterations possibly 

stemming from human-induced climate change. To minimize outside influences (e.g., 

dissolution effects), samples should be collected from areas of low productivity and large 

shell size fractions (Honisch et al., 2007). However, the ambiguity associated with 

inferring formation environments (e.g., temperature and salinity) of natural samples 

renders the proxy far from robust; external conditions can be better controlled with 

cultured samples, as performed by Sanyal et al. (1996), although biogenic effects during 

carbonate precipitation must then be quantified. These culture studies allow species-

specific vital effects to be examined, which will prove to be an important knowledge link 
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as the proxy continues to be refined. Laboratory simulations, in which all variables are 

controlled, provide the most useful experimental basis at this point in time. For the proxy 

to advance, all aspects of its foundation must first be fully understood and established. 
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Figure 2.1: Analytical line for Finnigan Gas Bench II autosampler online with an 
isotope ratio mass spectrometer.  
 
The McMaster University Research Group for Stable Isotopologues employs a Gas Bench 
II headspace autosampler with a Thermo Finnigan Delta plus XP isotope ratio mass 
spectrometer. For the purposes of this thesis, the GasBench II is used to measure the 
oxygen isotope composition of water and carbon isotope composition of DIC. 
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Figure 2.2: Molecular configurations of the dominant aqueous boron species in 
seawater. 
 
Left: Boric acid, B(OH)3, molecular structure. The unit cell is comprised of four such 
molecules. Right: Addition of one hydroxide molecule yields the borate ion, B(OH)4

-, 
structure. Constructed in Mercury CSD 2.0. 
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Figure 2.3: Distribution of aqueous boron species as a function of pH. 
 
The pH-dependent speciation behavior calculated using pKB

 = 8.597 (Dickson, 1990). 
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Table 2.1: Previously established boric acid dissociation constants (from Klein-
Gebbinck, 2013) 
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Figure 2.4: “The borate curve” δ11B of B(OH)4

- in seawater as a function of pH. 
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Figure 2.5: Potential “chemosorption” mechanism of boron incorporation into 
calcium carbonate. Constructed in Mercury CSD 2.0. 
 
Schematic model of molecular structures are adopted from Tossell (2006) and Klochko 
(PhD Dissertation), associated with six chemical reactions as indicated below. 

(1) B(OH)3 + H2O à B(OH)4
- + H+ 

(2) 10B(OH)3 + 11B(OH)4
- à 11B(OH)3 + 10B(OH)4

- 

(3) B(OH)3 + HCO3
- à B(OH)2CO3

- + H2O 

(4) B(OH)4
- + HCO3

- à B(OH)2CO3
- + H2O + OH- 

(5) B(OH)2CO3
- + H2O à B(OH)3 + HCO3

- 

(6) B(OH)2CO3
- + H2O + OH- à (OH)4

- + HCO3
- 
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3.1 Introduction 

 
Calcium carbonates, such as foraminifera and speleothems, are ubiquitous on 

Earth’s surface and are essential subjects of study to the field of paleoclimatology. Their 

global presence and importance in the geologic record has yielded extensive investigation 

into calcium carbonate precipitation behaviour in aqueous solutions. In particular, 

paleoclimate proxies using stable isotope and/or trace element concentrations of marine 

or continental carbonates largely rely on laboratory calibration studies in which 

carbonates are synthesized and their geochemical properties are carefully quantified. The 

precipitation of calcium carbonates has been examined comprehensively in the field of 

stable isotope geochemistry subsequent to McCrea’s (1950) pioneering study. The 

proposed paleotemperature scale is founded upon the temperature-dependent oxygen 

isotope fractionation between carbonate and water under equilibrium precipitation 

conditions. While the past five decades have witnessed innumerate follow-up studies 

employing a wide variety of experimental techniques to synthesize calcium carbonate 

minerals, several key innovative studies have markedly improved the approach in its 

entirety (e.g., Gruzensky, 1967; Tarutani et al., 1969; Romanek et al., 1992; Jiménez-

López et al., 2004; Kim et al., 2006, 2007; Dietzel et al., 2009; Gabitov et al., 2012). 

These methods have been continually modified to satisfy current research needs, reflect 

improved technological advancements, and comply with intra-laboratory equipment 

intricacies. This review summarizes and differentiates the most common abiotic 

carbonate synthesis techniques, which can be distinguished by four broad approaches: (1) 

free drift; (2) degassing; (3) constant addition and (4) CO2 diffusion.  
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Since McCrea (1950) published the first temperature-based oxygen isotope 

fractionation relationship between calcite and water, various novel precipitation 

techniques have been developed to improve upon the current understanding of 

equilibrium oxygen, carbon and calcium isotope fractionation between carbonate minerals 

and water. Differences between the oxygen isotope fractionation factors proposed by Kim 

and O’Neil (1997) and Gabitov et al. (2012) can be attributed to experimental intricacies 

associated with different precipitation methods. Researchers must carefully consider the 

method by which to grow abiogenic carbonates, as complexities specific to each 

technique can play a significant role in their success in research. The specific need for 

thermal, chemical and/or isotopic equilibrium conditions must be assessed independently 

to determine which technique is most appropriate for the desired experimental purpose. 

This review paper will chronicle the development of carbonate synthesis techniques over 

the last fifty years in the field of stable isotope geochemistry, thus providing a foundation 

upon which future studies can base their research objectives and optimize their research 

methodology. 

3.2 Seeded versus non-seeded growth experiments 

Calcium carbonate minerals can be synthesized by one of two precipitation 

mechanisms: spontaneous nucleation (homogeneous growth) or seeded nucleation 

(heterogeneous growth). The former is characterized by the absence of a solid interface 

(e.g., Garside, 1982) while the latter occurs in the presence of a solid interface (e.g., 

Romanek et al., 1992). These are differentiated by precipitation processes and rate 
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constants, although this variation has proven difficult to quantify (Garside, 1982; 

Romanek et al., 1992). A rate constant is calculated from an individual run to distinguish 

crystal growth mechanisms for mineralogically pure seed; it should be constant among 

different runs unless different mechanisms are acting within or between runs. 

The overgrowth or seeded nucleation method occurs upon crystal material 

(“seed”) previously added to the solution prior to initiation of the precipitation 

experiment. The presence of seed offers several benefits over its unseeded precipitation 

counterpart. A state of supersaturation, and subsequent spontaneous nucleation, is not 

necessary for mineral growth to proceed. Unlike spontaneous precipitation experiments, 

the overgrowth approach allows reliable measurement of the crystal growth rate 

(Nancollas and Gardner, 1974; Reddy, 1977; Reddy and Wang, 1980). In their 

exploration of crystal growth kinetics of calcium oxalate monohydrate from 

supersaturated solutions, Nancollas and Gardner (1974) determined that well-

characterized hydroxyapatite seed material proved accurate in measuring relative changes 

of ionic concentrations from the parent solution as small as 0.02 %. The use of seed 

crystals eliminates the nucleation process present in carbonate precipitation experiments 

under supersaturated conditions; mineral growth upon nuclei is the sole remaining 

process, isolating the measurement of growth kinetics. Seeded precipitation is therefore 

preferentially selected for kinetic studies examining the mechanism of calcium carbonate 

precipitation. The preparation of seed material also allows mineralogical control 

(beneficial for any carbonate experiment) with measurable and quantifiable grain sizes 
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easily adjusted for the desired experimental purpose (Nancollas and Gardner, 1974; 

Romanek et al., 1992). 

Seeded crystal growth thus provides an accurate simulation for studies aiming to 

recreate natural conditions, because precipitation invariably occurs on an already existing 

surface (the mineral itself or a metal with available sites for adsorption of lattice ions). As 

such, field conditions can be much better mimicked with seeded growth studies than via 

spontaneous precipitation, in which surface characteristics are not well known and vary 

significantly over the course of an experiment. Factors such as secondary nucleation and 

the effect of foreign ions can also be studied under highly reproducible conditions. The 

primary limiting factor to seeded precipitation experiments is the resulting isotopic 

heterogeneity between the seed and overgrowth (e.g., Romanek et al., 1992).  

To permit accurate determination of fractionation factors, the amounts of seed and 

overgrowth must be carefully monitored. For example, calculation of overgrowth carbon 

isotope composition (δ13C) requires knowledge of δ13C value of initial seed, δ13C value of 

final solid, and the associated fraction of overgrowth, which comprises the difference 

between final and initial solid weights divided by the final solid weight (Romanek et al., 

1992). Typically, the fraction of overgrowth precipitated is quantified using the mass and 

concentration of the titrants added. Uncertainty in the fraction of overgrowth can lead to 

significant error in the quantification of isotope fractionation factor, the magnitude of 

which is larger for slower rate runs due to limited production of overgrowth.  
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Recent seeded precipitation experiments have provided important practical 

implications relating crystal growth with stable isotope equilibrium and fractionation 

processes. Dietzel et al. (2009) modeled their kinetic data against the currently accepted 

apparent equilibrium fractionation value proposed by Kim and O’Neil (1997) and 

observed a distinct trend in the oxygen isotope fractionation of calcite with varying 

precipitation rates. Using a secondary ion mass spectrometer (SIMS), Gabitov et al. 

(2012) measured oxygen isotope fractionation between calcite and water across multiple 

calcitic growth layers. The crystal centre was characterized by reduced oxygen isotope 

fractionation, implying kinetics-related alteration for spontaneous nucleation and early 

stages of seeded nucleation (at high growth rates). The outer edge of the crystal was 

marked by an increasing trend towards the previously proposed equilibrium fractionation 

(Kim and O’Neil, 1997), suggesting that seeded nucleation occurs nearer equilibrium at 

reduced growth rates. Thus, crystal growth and precipitation rates have proven to be 

determining factors in the method of isotopic fractionation, both theoretically and 

empirically (Kim and O'Neil, 1997; Dietzel et al., 2009; Gabitov et al., 2012; Watkins et 

al., 2013). Seeded precipitation experiments allow further investigation of the kinetic 

fractionation contribution to the overall isotopic fractionation within the carbonate 

mineral growth system. 

3.3 Selected abiotic carbonate synthesis techniques 

3.3.1 Free drift 

Gruzensky (1967) was the founding father of free drift experiments, in which 

individual carbonate crystals precipitate from a sealed solution. His procedure set the 
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stage for a plethora of follow-up studies (e.g., Paquette and Reeder, 1990, 1995; 

Lemarchand et al., 2004; Hemming et al., 2005; Gabitov et al., 2012). A prepared parent 

solution is left to interact with escaping gaseous carbon dioxide, altering initial 

equilibrium conditions and therefore solution pH. Free drift carbonate mineral synthesis 

studies can be employed in both open and closed systems. Often, multi-minerals are 

produced as a result of solution heterogeneity and differing growth mechanisms, yielding 

data difficult to interpret (Rubinson and Clayton, 1969; Emrich et al., 1970; Turner, 

1982). Certain open system methods offer greater mineralogical, chemical, and isotope 

control over the course of precipitation; these variables have been maintained 

simultaneously by Morse (1974) and Romanek et al. (1992), using the pH-stat and 

chemo-stat techniques, respectively. 

Carbonate precipitation occurs once the experimental solution reaches 

supersaturated conditions with respect to a specific polymorph of CaCO3 (i.e., calcite or 

aragonite). While the concentration of calcium ions in the parent solution is assumed 

constant during the course of each experiment, it is important to quantify the amount of 

calcium ions removed from the solution through precipitation and concentration of the 

dissolved CO3
2- species in the experimental solution to determine the saturation index of 

the solution (Lemarchand et al., 2004).  

In the classic approach, illustrated in Figure 3.1, solid ammonium carbonate 

sublimates to produce NH3 and CO2. Under ambient conditions, ammonium carbonate 

crystals decompose according to the following reaction: 
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(NH4)2CO3 → 2NH3(g) + CO2(g) + H2O(g) 
 

 
Gaseous species NH3 and CO2 then dissolve and diffuse into an aqueous solution of 

calcium and ammonium chloride (CaCl2·∙NH4Cl), with further dissociation occurring as a 

function of solution temperature and salinity according to the equilibrium reaction 

schemes described in Lemarchand et al. (2004). These reactions yield an increase in both 

total alkalinity and pH of the solution, and thus enhance supersaturation conditions with 

respect to calcite: Ω = [Ca2+][CO3
2-]/Ksp, where Ksp represents the solubility product of 

calcite in the experimental solution. The degree of supersaturation is controlled by the 

rate of CO2 gas supply to the system via sublimation. Upon reaching the targeted value, 

carbonate (i.e., calcite or aragonite) crystals nucleate along the aqueous surface, beaker 

walls, and substrate of the immersed glass tubing. The beakers are titrated with an 

aqueous solution of ammonium carbonate to achieve desired carbonate alkalinity values, 

limiting the development of significant pH gradients. 

 Jiménez-López et al. (2001, 2004) innovated the free-drift system to enable 

control over the carbonic acid system, and thus pH, stabilizing isotopic equilibrium over 

the course of carbonate precipitation. A closed-system approach was adapted to examine 

the effect of progressive dissolution and investigate the influence of recrystallization 

reactions on calcium carbonate precipitation kinetics and isotopic partitioning. In this 

experiment, pH was maintained while the chemical composition (i.e., Ca2+) of the solution 

drifted towards chemical equilibrium. Crystal growth upon the induced nuclei was driven 

primarily by the dissolution of NH3 into the reacting solution from an underlying 
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reservoir of ammonium acetate (NH4Ac), while calcium was removed from solution via 

calcium carbonate precipitation of solid carbonate; pH was thus maintained by the 

hydrolysis of ammonia gas. The carbonic acid system chemistry remained stable while 

solution saturation state approached equilibrium as precipitation ensued. Parent solution 

consisting of CaCl2, MgCl2 and NaHCO3 was placed within watch glasses supported by 

pedestals atop an argon-rich enclosure. An NH4Ac reservoir underlying the pedestals 

evaporated NH3 into the system, which then dissolved within the parent solution, driving 

spontaneous nucleation and resultant magnesian calcite crystal growth. The carbonic acid 

system ensured a relatively constant state of isotopic equilibrium throughout carbonate 

precipitation. The bulk and isotope chemistry of the carbonic acid system thus remained 

relatively stable while the solution saturation state approached equilibrium, induced by 

carbonate precipitation. A pseudo-constant pH was achieved by the hydrolysis of 

ammonia gas simultaneous with precipitation-driven consumption of calcium ions. 

Extensive investigation into the chemical and isotope compositions of free drift 

precipitation experiments has revealed several influencing factors responsible for 

variations in solution pH, including: (1) degassing of CO2(aq); (2) dissolution of NH3(g); (3) 

generation of H+ during carbonate formation, and (4) dissolution of CO2(g) into the NH4Ac 

reservoir. As noted in Jiménez-López et al. (2001), the first factor, degassing of CO2(aq) 

from the parent solution, is an important consideration in the initial experimental stage. 

This period is marked by significant gaseous exchange between the master and NH4Ac 

solutions and resultant increase in δ13C value of dissolved inorganic carbon (DIC). CO2 

outgassing may yield the preferential escape of lighter isotopes due to the relative 
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diffusion coefficients for molecules of different mass (Usdowski and Hoefs, 1990). No 

correlation between oxygen isotope fractionation and the mineralogy of the precipitate 

was observed over the experimental duration. Likewise, when the initial gas phase comes 

into physical contact with the master solution, CO2(g) is exsolved from solution and 

solution pH consequentially increase according to the following chemical reactions: CO3
2-

(aq)+ 2H+
(aq) ⇌  HCO3

-
(aq) + H+

(aq) ⇌  H2CO3
-
(aq) ⇌  H2O(l) + CO2(g) . Over time, the degree of 

disequilibrium is diminished as a constant pCO2 is reached. An increase in pH can also be 

attributed to the dissolution of NH3(g) in the master solution based on the equilibria H2O(l) 

+ NH3(g) ⇌  NH4
+

(aq) + OH-
(aq). Assuming the system approached chemical equilibrium, this 

dissolution would require the pH of the parent solution to increase ~1 pH unit over the 

course of an experiment. The exsolution of CO2(aq) from the master solution into the 

headspace and underlying NH4Ac reservoir act as a sink for CO2, raising the pH in the 

master solution. 

3.3.2 Degassing 

A well-differentiated subset of the free drift method, the degassing technique involves 

the removal of dissolved gas from its aqueous housing solution. That is, solutions are 

continuously bubbled with a CO2/N2 gas mixture; the onset of precipitation is associated 

with drifting solution chemistry and pH as calcium and carbonate ions are consumed. 

“Passive” degassing can be differentiated from “forced” degassing primarily by the 

hastened reaction speed. Forced, or active, degassing typically involves bubbling of pre-

purified nitrogen gas (saturated with water of identical oxygen isotope composition as the 

parent solutions) through the solution to remove carbon dioxide present in the parent 
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solution. Passive degassing does not bubble nitrogen gas but rather allows the carbon 

dioxide to degas freely into the overlying headspace. The two experimental setups, 

depicted in Figure 3.2a and 3.2b, closely resemble one another. Both methods achieve 

chemical equilibrium and subsequently induce supersaturation, spontaneous nucleation, 

and resultant calcium carbonate mineral precipitation according to the following reaction 

scheme (Kim et al., 2007): 

H2O + CO2(aq) ⇌ H2CO3(aq) 
Ca2+

(aq) + 2HCO3
-
(aq) ⇌ CaCO3(s) + H2CO3(aq) 	
  

In accordance with Le Chatelier’s principle, the inter-media pCO2 differential 

necessitates degassing of CO2 to the surrounding atmosphere. Solution chemistry and pH 

values slowly drift as a result of the degassing and consumption of calcium and carbonate 

ions during precipitation. Reduced experimental duration may minimize these shifts in 

pH. While this technique was first employed to synthesize calcite at thermal equilibrium, 

solutions were stored at temperatures differing from their precipitation conditions, 

potentially resulting in isotopic and chemical disequilibrium as these processes do not 

occur at the same rate (Beck et al., 2005). Assuming a mid-pH range of 8.0-8.7, the low 

temperature solutions (13.6, 18.0, 19.9 °C) would have required approximately 8 hours to 

establish isotopic equilibrium (as extrapolated from Beck et al., 2005); even colder 

temperatures necessitate equilibration times on the scale of days to weeks. Without 

establishing baseline equilibrium conditions, the measured oxygen isotope composition of 

calcium carbonate (δ18Ocarbonate) does not accurately reflect the system temperature. Kim et 

al. (2007) updated these findings by providing sufficient time for both chemical and 
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isotopic equilibrium to be achieved based upon solution pH and temperature. 

Kim et al. (2007) employed the passive degassing technique to synthesize 

aragonite at 0 and 25 °C. Upon thermal and isotopic equilibration of DIC, rapid bubbling 

of CO2 ensued to increase solubility prior to the addition of MgCl2�6H2O and 

CaCl2�2H2O. Once mixed, the solution was sealed and CO2 was allowed to degas into the 

headspace of the container causing precipitation of CaCO3 as aragonite dictated by the 

Mg:Ca molar ratio of 4:1. The reported aragonite-water fractionation factor is consistent 

with that obtained by both forced degassing and constant addition techniques (Kim et al., 

2007).  

A slightly different approach was taken by Tarutani et al. (1969), in which carbon 

dioxide was bubbled through a solution containing sodium bicarbonate and sodium 

chloride to precipitate calcite or calcite-vaterite mixtures. This approach renders it 

difficult to constrain the mineralogy of precipitates. Moreover, upon addition of all 

chemical components, the solution was immediately prepared for precipitation.  The 

reduced reproducibility observed at lower temperatures can be attributed to inadequate 

time allotment for thermal and isotopic equilibrium to be achieved (Beck et al., 2005). In 

addition, to minimize the isotopic change in parent solution over the course of carbonate 

precipitation due to evaporation, the nitrogen gas was run through with water of equal 

oxygen isotope composition to the parent solution. Carbonate precipitation occurred once 

water-saturated N2 removed sufficient CO2 to initiate spontaneous nucleation (e.g., 

Tarutani et al., 1969). 
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Since precise quantification of precipitation rate was not possible due to 

spontaneous nucleation of carbonate at the onset of precipitation using this technique, 

Tarutani et al. (1969) altered the nitrogen flow rate during inorganic carbonate synthesis. 

Precipitation rate and 1000lnαcarbonate-water were determined to be independent of one 

another under these experimental conditions, ruling out the influence of growth rate on 

biogenic carbonate oxygen isotopic fractionation.  

In an effort to reinvestigate and ascertain this reported relationship, Kim and 

O’Neil (1997) modified the traditional degassing experimental setup and installed an 

apparatus designed for two different types of bubbling. Pure CO2 gas was bubbled 

through their sodium bicarbonate solution then, once thermal equilibrium was established, 

water-saturated nitrogen gas was introduced slowly through the solutions to remove CO2 

(Kim and O’Neil, 1997). The apparatus is connected in series, ensuring equal flow of 

nitrogen gas throughout. To explore factors influencing precipitation rate, Kim and 

O’Neil (1997) altered the bubble size and frequency, with Type I producing large bubbles 

sequentially by passing nitrogen gas through a tube with no constriction, and Type II 

generating many small bubbles at once by passing nitrogen gas through a glass frit filter. 

The latter yielded a higher pH (~ 0.5 units), indicating it to be the more effective 

approach for removal of carbon dioxide. Kim and O’Neil (1997) observed precipitation 

rate to vary as a function of flow rate, bubble size, and CO2 removal. As a result, they 

refined three fractionation relationships (αcalcite-H2O, αotavite-H2O and αwitherite-H2O), provided 

insight into non-equilibrium fractionation behaviour in carbonates and presented evidence 

linking calcium carbonate isotope fractionation behavior with precipitation rate. 
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An apparent drawback of the degassing technique is the inability to maintain 

initial chemical and isotope equilibrium conditions. Onset of precipitation is marked by 

the removal of Ca2+, CO2, and CO3
2- from solution, thereby altering chemical and isotopic 

equilibrium. Jiménez-López and Romanek (2004) employed the degassing technique to 

quantify the carbon isotope composition of siderite (δ13Ccarbonate) and attributed drift in 

their δ13Ccarbonate values to the continuous exsolution of CO2(g) from solution, rendering it 

difficult to accurately quantify carbon isotope fractionation. McCrea’s (1950) 

groundbreaking study has since been widely improved upon, as experimental procedures 

have been tweaked to establish initial chemical and isotopic equilibrium, as well as to 

minimize chemical and isotopic drift of oxygen throughout precipitation (e.g., Kim and 

O’Neil, 1997; Kim et al., 2007). Control over carbon isotope composition is also being 

actively tested. 

3.3.3 Constant addition 
 
 The constant addition method exists as a culmination of past techniques, 

encompassing the “fluidized bed” (e.g., Chou and Wollast, 1984; Chou et al., 1989), 

“chemo-stat” (e.g., Mucci and Morse, 1983; Romanek et al., 1992) and “pH-stat” (e.g., 

Lorens, 1981; Kazmierczak et al., 1982) approaches with suitable modifications 

implemented as required. This technique was devised to control isotopic and chemical 

equilibrium of the parent solution by continuously adding CO3
2- ions to replace those 

consumed during precipitation (Mucci and Morse, 1984; Kim et al., 2006, 2007). The 

constant addition system requires a steady state environment for carbonate precipitation 

spanning the course of the experiment, providing reliable measurements of the crystal 
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growth rate in both the presence and absence of additive substances (i.e., seed) (Reddy 

and Wang, 1980). 

 
The “fluidized bed” reactor emerged as the earliest version of the constant 

addition system in the nineteen eighties. The premise of this reactor is centred on fluid 

mechanics, adjusting flow to ensure fluid velocity is equal to the steady state of the solid 

particles in constant suspension; a particle that has escaped to the less dense overhead 

medium will immediately fall back to the fluidized bed below (Chou and Wollast, 1984). 

Therefore, it is possible to obtain a homogeneous suspension for a given height and flow 

rate of the fluid. By altering the pumping rate, and thereby the renewal of fresh solution, 

it is possible to vary the residence time and concentration of the fluid in the reactor. This 

approach possesses a distinct advantage over other methods as it allows evaluation of 

various chemical conditions without manipulating the solid phase, but instead by abruptly 

altering the composition of the input solution and ensuring a constant input supply of 

reactants (Chou et al., 1989). Difficulty arises in the maintenance of steady state 

conditions. These fluctuations alter solution pH and ion concentrations, which in turn 

affect the saturation state and overall precipitation kinetics under study. 

Inspired by the fluidized bed reactor, Zhong and Mucci (1993) introduced an 

appropriate alternative to this method, the “constant addition” system. The original 

version was modified with two sequential changes: addition of a gas phase, and the cease 

of circulation within the reacting solution. The introduction of a gas phase to the system 

promotes mixing of the solid and liquid phases in the solution and holds constant the 
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pCO2 at a predetermined value (Zhong and Mucci, 1993). Meanwhile, solution would no 

longer be removed from the reacting chamber, greatly simplifying the technique. 

In the constant addition system, designed by Mucci and Morse (1982) in its 

infancy, reactant solution is simply added to the reactor at a constant rate, thereby 

attaining and maintaining steady state conditions throughout the experimental duration. 

This method is characterized by the addition of two titrant solutions containing DIC and 

calcium ion species, respectively. A fully saturated (with respect to a given calcium 

carbonate polymorph, i.e., calcite or aragonite) bulk solution is prepared and, ideally, 

stored to achieve thermal, chemical and isotopic equilibrium. Upon establishing these 

baseline conditions, precipitation is initiated by slowly injecting the two titrant solutions 

into the parent solution, creating a state of supersaturation and resultant calcium 

carbonate precipitation. Carefully crafted chemical conditions, ensuring replenishment of 

ions via titrant addition, allows chemical and isotopic equilibrium to be maintained 

independent of experimental duration (Romanek et al., 1992; Kim et al., 2006). As 

hypothesized by Zuddas and Mucci (1994), equilibrium conditions within the constant 

addition system rely on finely tuned precipitation rate, which is dictated by titrant 

injection rate. 

 One subset of the constant addition system is the “chemo-stat” technique, in 

which mineral precipitation reactions are conducted in an open system over a wide range 

of precipitation rates. Constant composition conditions are achieved through the use of a 

dual syringe pump that dispenses two titrants in equal amounts. The temperature of 

solutions is held constant by circulating water from a temperature-controlled water bath 
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and a water-jacketed glass reaction vessel. Romanek et al. (1992) adapted the “open-

system chemo-stat” technique used by Mucci and Morse (1983) to study supersaturation 

and carbon isotope composition conditions. In this modified approach, Romanek et al. 

(1992) maintained supersaturation of the parent solution and precipitated carbonate under 

various precipitation rates and temperatures, subsequently measuring carbon isotope 

fractionation factors αCO2-calcite and αCO2-aragonite under known chemical, isotopic and thermal 

equilibrium using seeded carbonate overgrowth. Another division of the constant addition 

system, the “pH-stat” method was developed to advance the seeded growth technique by 

allowing the kinetics of crystallization to be studied over a broad spectrum of 

supersaturation states under constant pH conditions. Both “chemo-stat” and “pH-stat” 

methods can be conducted with or without seed as resources allow; seeded crystal 

synthesis allows researchers to control mineralogy however the procedure is further 

complicated by correction factors to differentiate crystal overgrowth from the internal 

seeding. 

 
Within the constant addition umbrella system, difficulty can be encountered using 

the highly sensitive “chemo-stat” approach, which often requires several rounds of 

experimentation before achieving a successful run, necessarily defined by a stable 

solution composition. Typically, the onset of each experimental run is marked by 

dynamic fluctuations dependent on the reaction rate and the difference between initial and 

steady-state boundary conditions. The “pH-stat” system is also not without its challenges, 

requiring a truly closed system to prevent gas exchange between the air and solution and 

subsequent alteration of pCO2 values. In addition, analytical uncertainty is introduced due 
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to electrode drift over the course of a precipitation; to minimize error, the controller 

should be bypassed entirely and syringe pump injection should proceed directly into the 

solution.  

 
Control over chemical and isotopic equilibrium was greatly enhanced by the 

addition of carbonate-forming ions (e.g., Ca2+ and CO3
2-) to replace those consumed by 

precipitation, as employed by Mucci and Morse (1983), Romanek et al. (1992) and Kim 

et al. (2006, 2007). In the “open-system chemo-stat” technique (Mucci and Morse, 1983) 

adaptation by Romanek et al. (1992), stock solution containing NaHCO3, NaCl, and 

CaCl2·∙H2O was bubbled with a CO2/N2 mixture to ensure the solution was undersaturated 

with respect to CaCO3.  Two titrants containing CaCl2 and NaHCO3 were also prepared.  

A CO2/N2 gas mixture was actively bubbled through the carbon-bearing solutions to 

maintain carbon isotopic equilibrium. Selected seed material (i.e., calcite or aragonite 

depending on the desired precipitated polymorph) was then added to the stock solution to 

initiate precipitation, providing a nucleus upon which overgrowth proceeded. Both titrants 

were continuously injected into the stock solution using a peristaltic pump to maintain 

supersaturation and precipitation by replenishing calcium and carbonate ions. Injection 

rate and solution chemistry controlled the precipitation rate. The experiment was 

conducted under temperature-controlled conditions using a circulating water bath to 

maintain thermal equilibrium. The addition of titrant solution and ongoing stirring of the 

solution ensured initial chemical equilibrium conditions were held constant over the 

experimental duration, while continuous bubbling of CO2/N2 gas mixture through the 

NaHCO3 titrant and stock solutions maintained isotopic equilibrium. With this intricate 
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technique, the stock solution maintained a constant state of supersaturation, calcium 

carbonate precipitated at an adjustable temperature and precipitation rate, and the carbon 

isotope composition of seed overgrowth was quantified under chemical, isotopic, and 

thermal equilibrium conditions. 

The “closed-system constant addition” method enables carbonate precipitation to 

occur under stable thermal, chemical and isotopic equilibrium conditions. Illustrated in 

Figure 3.3, Kim et al. (2006) modified the constant addition method with an experimental 

setup resembling the “chemo-stat” technique but without the ongoing pumping of the 

CO2/N2 gas mixture through the titrant and stock solutions. This permits relative 

maintenance of oxygen isotope composition of the parent solution, and thus oxygen 

isotope equilibrium among DIC, through replenishment of ions by titrant addition. 

The constant addition method has proven effective in providing precise 

measurements of oxygen isotope fractionation between aragonite and water (Kim et al., 

2006) in addition to carbon isotopic fractionation between calcite and DIC (Romanek et 

al., 1992). The experiments proceed under conditions of constant oxygen isotope 

composition, accomplished with the addition of titrant possessing similar isotopic 

composition to the parent solution. Chemical equilibrium (with respect to DIC) is 

achieved prior to mixing under stable titrant temperature and ongoing precipitation 

progress. As illustrated by Romanek et al. (1992) in their innovative “chemo-stat” design, 

a continuous stream of CO2/N2 mixture through both the titrant and bulk solution is 

required to maintain a constant carbon isotope composition (δ13CDIC). This approach, 



M.Sc.	
  Thesis	
  –	
  J.	
  Wyman;	
  McMaster	
  University	
  –	
  School	
  of	
  Geography	
  and	
  Earth	
  Sciences	
  
	
  
	
  
	
  

95	
  

however, is associated with drifting oxygen isotope composition (δ18OH2O). Such a 

limitation may be remedied by ensuring prior equilibration of CO2 with the parent 

solution, although this has yet to be tested. Minimizing the off-gassing of CO2 may also 

reduce carbon isotope composition drift of the solution DIC, which may be achieved by 

creating a closed system for the parent solution in which headspace is non-existent. 

Furthermore, high-density plastic or glass containers for bulk and titrant solutions may 

reduce CO2 diffusion through the container walls. 

3.3.4 CO2 diffusion 

The CO2 diffusion method was first developed by Dietzel and Usdowski (1996) in 

their assessment of trace element (strontium) partitioning in galena, covellite, and calcite. 

The technique was further refined to determine the oxygen isotope fractionation between 

calcite and water (Dietzel et al., 2009). Founded on the principle of diffusion, an inner 

solution housing high pCO2 is contained in an outer solution comprised of calcium ions, 

an NH4Cl buffer, and overall low pCO2 conditions (Figure 3.4) (Tang et al., 2008; Dietzel 

et al., 2009). The CO2 leaks across a diffusive polyethylene membrane separating the two 

solutions, inducing a CO2 flux to crystallize calcium carbonate from an aqueous solution. 

The concentration of dissolved inorganic carbon (DIC) in the outer solution increases 

until a critical saturation index for spontaneous calcite precipitation is achieved. The 

applied CO2-diffusion technique is used as a simple mixed-flow reactor where the CO2 

flux may be varied simply by altering the thickness or type of the membrane, or by 

adjusting the chemical composition of the solution (e.g., pH, HCO3
- or Ca2+ 

concentration). 
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In the CO2 diffusion technique, the buffer and pH-stat titration technique ensures a 

stable solution pH throughout the course of the precipitation experiment, although ionic 

concentrations are not similarly controlled due to the consumption of calcium ions 

without replenishment in the outer solution (as is accounted for in the constant addition 

system). However, the rate of diffusion (i.e., precipitation rate) dictates the depletion of 

inner solution pCO2 and, by extension, the final isotopic compositions. Carbonate 

precipitation rate is thus controlled by the CO2 flux through the membrane. This flux can 

be precisely determined by adjusting the membrane thickness and the respective pH of 

the inner and outer solutions; in principle, a thinner membrane and a lower pH of the 

inner solution induces a higher CO2 flux due to shorter diffusion lengths, and an elevated 

CO2 gradient between the solutions. In order to accurately portray equilibrium oxygen 

isotopic fractionation, precipitation rate and/or initial equilibrium conditions must be 

controlled. Moreover, the CO2 diffusion technique cannot measure carbon isotope 

fractionation due to the continuous transfer of CO2 between solutions out of chemical 

equilibrium. Alteration of oxygen isotope compositions of DIC may also be associated 

with the transfer of DIC (mainly in the form of CO2) although the overall drift is likely 

negligible. 

Diffusion of CO2 is controlled by the partial pressure gradient, inducing a flux of 

DIC from the inner to outer solution, which houses solution of constant pH. Since the 

diffusion of negatively charged CO3
2- species requires a simultaneous diffusion of 

corresponding cations, the CO2 molecules diffuse through the membrane with no net 

charge transfer. Consequently, no significant DIC transfer occurs if the inner solution 
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contains sodium bicarbonate without the addition of gaseous CO2. Notably, Dietzel et al. 

(2009) allowed insufficient time after preparing parent solutions to ensure initial isotopic 

equilibrium was achieved, casting doubt upon the reliability of their results. Dietzel et al. 

(2009) attributed this variability to altered solution pH and precipitation rate, although 

another influencing factor may be at play, as indicated by the large variability between 

experiments of similar pH and precipitation rate.  

The CO2 diffusion method is characterized by three distinct stages: (1) CO2 

diffusion through the membrane into the outer solution; (2) CO2 diffusion and fast 

precipitation at elevated saturation with respect to calcite; (3) CO2 diffusion and slow 

precipitation at lower saturation with respect to calcite. The overall reaction yields equal 

consumption of CO2 and OH-. NaOH was added to maintain pH; the rate of addition (i.e. 

amount of added over time) represents the flux of CO2 from the inner to outer solution. 

The linear slope reflects a nearly constant pCO2 in the inner solution as CO2 diffuses to 

the outer solution at a constant rate, inducing calcite precipitation. The slope for the 

second stage is more than double that of the first, indicating n > 1 in the above equations 

and fast precipitation at relatively high degrees of saturation. The third stage is marked by 

lesser slope, indicating n < 1 and therefore slow precipitation at rather low saturation. 

Both latter stages consume NaOH linearly with time, suggesting negligible changes of 

pCO2 in the inner solution and a constant rate of CO2 diffusion to the outer solution. 

3.4 Discussion and conclusions 
 

The CaCO3 system is especially interesting for isotope fractionation studies, as it 
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can provide both equilibrium and kinetic data simultaneously on both carbon and oxygen 

isotope effects (Chacko and Deines, 2008). Control over thermal, chemical and isotopic 

equilibrium is controlled by temperature, pressure, pH, precipitation rate, growth rate and 

growth method (Romanek et al., 1992; Kim and O’Neil, 1997; Beck et al., 2005; Dietzel 

et al., 2009). However, these parameters have only been studied empirically. In their 

assessment of abundant natural cave speleothem data, Coplen (2007) and Tremaine et al. 

(2011) both indicate that true equilibrium conditions have not yet been achieved in the 

laboratory. Experimental precipitation experiments are executed over a short timeframe 

relative to the environment, as reflected by the rapid carbonate growth rate compared to 

that observed in speleothem deposits (Watkins and Nielsen, 2013). Therefore, robust 

experimentation is required to accumulate a comprehensive understanding of growth rate, 

as well as other equilibrium parameters, to justify the continued usage of empirically-

derived equilibrium fractionation factors applied to the majority of modern 

paleothermometry studies. 

To examine equilibrium effects, either the free drift or pH-stat synthesis methods 

can be employed depending on the desired experimental conditions. Free drift 

experiments should be conducted when current data is insufficient in describing 

precipitation kinetics and element partitioning behaviour of mixed cation carbonates. 

Experiments carried out by this method may serve as a starting point for future chemo-

stat experiments to clarify the solid-solution state relationships of mixed-cation 

carbonates and provide a base level understanding to determine the origin of natural low 

temperature carbonates of similar chemistry (Romanek et al., 2009). 
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 One drawback of the degassing and constant addition methods in their currently 

engineered states is the inability to quantify precipitation rate. This statistic can be used to 

determine the extent to which equilibrium conditions have been achieved. For example, 

trace element literature (e.g., Dromgoole and Walter, 1990; DeVillers et al., 1995) 

suggests that chemical equilibrium will be better achieved when employing a slower 

precipitation rate. Neither of the two homogeneous nucleation methods can precisely 

determine precipitation rate due to (1) the unpredictable number and size of the nuclei on 

which carbonate growth occurs and (2) the dynamic nature of carbonate growth surface 

area over precipitation duration; however, it can be calculated with alternative synthesis 

methods employing heterogeneous nucleation (i.e., seeded growth) which have been 

successfully applied to carbonate kinetics studies (Zhong and Mucci, 1993). While many 

studies have measured and discussed the empirical relevance of precipitation rate, new 

research has indicated that precipitation amount provides equal insight into equilibrium 

conditions. Controversy surrounds the importance of precipitation rate versus 

precipitation amount on stable isotope fractionation between natural carbonates and their 

environmental solutions. A comparison of experimental results and natural carbonate 

samples indicates that chemical (isotopic) equilibrium is not always attained in nature; 

therefore potential influencing factors must be evaluated independently to discern the 

circumstances under which true equilibrium conditions are achieved. 
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Figure 3.1: Free drift 

Solid ammonium carbonate overlying the reaction vessel sublimates to produce NH3 and 
CO2 gases, which then diffuse and dissociate into an aqueous solution of calcium and 
ammonium chloride (CaCl2-NH4Cl). This results in an increase of the total alkalinity 
(Total ALK) and pH of the solution and a subsequent increase in the supersaturation 
conditions with respect to calcite (Ω =[Ca][CO3]/Ksp). The NH3/NH4 system acts as a pH 
buffer to moderate pH and minimize variance in isotopic composition over the course of 
experimentation. 

Modified schematic of Jiménez-López et al. (2001) and Lemarchand et al. (2004). 
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Figure 3.2a: Passive degassing 

A starting parent solution is contained in a closed system reaction chamber connected to a 
constant-temperature water bath. This degassing approach allows CO2 to degas freely into 
the overlying headspace. Over time, equilibration of atmospheric and solution pCO2 is 
achieved and supersaturation conditions (with respect to calcium carbonate) are 
established. Carbonate precipitation commences shortly thereafter. 

Modified schematic of Kim et al. (2007) 
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Figure 3.2b: Active degassing 

A starting parent solution is contained in a semi-open-system reaction chamber connected 
to a constant-temperature water bath. Pre-purified nitrogen gas, saturated with water of 
identical oxygen isotope composition to the experimental solutions, is bubbled slowly 
through the solutions to remove CO2. Slow is defined as approximately 20 bubbles per 
minute and fast is defined as 48 bubbles per minute (Kim and O’Neil, 1997). This 
bubbling induces supersaturation, spontaneous nucleation, and precipitation of calcium 
carbonate. The bubbling of nitrogen gas through the solution aims to catalyze the 
precipitation process, stabilizing the rate of carbon dioxide gas removal. The solution-
atmospheric pCO2 gradient is largest at the beginning and smallest at the end of the 
experiment. 

Modified schematic of Kim and O’Neil (1997).
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Figure 3.3: Modified constant addition  

Closed reaction chambers are connected in series to a circulating constant-temperature 
water bath. Two titrant solutions (one NaHCO3 and/or Na2CO3 solution and one CaCl2 
solution, with or without Mg2+ depending on the pH of the experiment) are 
simultaneously injected at a constant and selected rate by a dual syringe pump into an air-
tight Teflon reaction vessel housing a thermally and isotopically equilibrated Na-Mg-Cl-
CO3 or Na-Ca-Mg-Cl-CO3 starting solution at a predetermined [Mg]:[Ca] ratio depending 
on the desired carbonate polymorph growth.  To prevent isotopic stratification and ensure 
solution homogeneity, a floating magnetic stirrer is used throughout precipitation. The 
constant addition technique allows maintenance of isotopic, thermal and chemical 
equilibrium conditions. 

Modified schematic of Kim et al. (2006). 
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Figure 3.4: CO2 diffusion 

In a temperature-controlled chamber, an inner solution housing high pCO2 is contained in 
an outer solution comprised of calcium ions, an NH4Cl buffer, and lower pCO2 
conditions. The CO2 diffuses across a polyethylene membrane (2mm) separating the two 
solutions. The concentration of dissolved inorganic carbon (DIC) in the outer solution 
increases until a critical saturation index for spontaneous calcium carbonate precipitation 
is achieved. To ensure homogeneity and avoid grinding of crystals, a floating magnetic 
stir bar is included in the outer solution throughout experimentation. 

Modified schematic of Dietzel et al. (2009). 
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Abstract 

The boron isotope compositions of marine carbonates are a potentially powerful 

tool for the reconstruction of ancient seawater pH. If proven reliable, this proxy will allow 

systematic recording of paleooceanographic conditions, greatly assisting climatologists 

identifying historical fluctuations in atmospheric carbon dioxide concentrations. In this 

study, boron speciation in inorganic calcite and aragonite – as well as the magnitude of 

boron isotope fractionation between the carbonate and its parent solution – was quantified 

in high ionic strength solutions (0.7 mol/kg) across a range of controlled pH conditions: 

low pH ~ 7.15, mid pH ~ 8.35 and high pH ~ 9.15. These abiotic experiments were 

designed to spontaneously nucleate the two calcium carbonate polymorphs to identify the 

dependence of carbonate boron isotope composition (δ11Bcarbonate) on the pH of the parent 

solution. Both aragonite and calcite displayed a distinct correlation between boron isotope 

composition and solution pH, supporting one of the pillars to the hypothesis, namely the 

preferential incorporation of the lighter borate (B(OH)4
-) ion into the crystal lattice. 

However, the chemical composition of this study’s solutions disallow the application of 

an exact boric acid dissociation constant and isotope equilibrium constant, rendering 

exclusive incorporation of B(OH)4
- difficult to confirm. Boron isotope compositions of 

marine carbonate therefore require further quantification from artificial seawater solutions 

comprising select constituents such that appropriate constants can be applied to more 

clearly verify the proxy.
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4.1 Introduction 

The Vostok ice core records ongoing cyclic fluctuations in Earth’s atmospheric 

carbon dioxide partial pressure (pCO2) levels over the Pleistocene glacial cycles (Barnola 

et al., 1987; Jouzel et al., 1987). However, such robust environmental archives are limited 

to the past ~ 420, 000 years (Petit et al., 1999). Climatologists instead rely on proxies, 

preserved physical characteristics of the past, in their quest to understand Earth’s history 

over several million years – a timespan not recordable by direct measurements. The 

evolution of Earth’s atmospheric carbon dioxide concentrations must be fully pieced 

together to differentiate natural changes from those out of the ordinary and position future 

climate change within a geological context. Proxies developed to quantify ice volume and 

temperature changes (i.e., δD and δ18O) are exceptionally well aligned with the ice core 

record, denoting pCO2 as a driving factor behind Earth’s oscillating climate (Petit et al., 

1999).  

	
  	
   The study of marine carbonates has recently been popularized due to the influence 

of CO2-water interactions on oxygen isotopic compositions (Usdowski and Hoefs, 1990; 

Beck et al., 2005; Zeebe, 2007). Ice core records indicate that pCO2 oscillated between 80 

and 300 parts per million by volume (ppmv) over the last four glacial cycles (Petit et al., 

1999). Using boron isotopes in planktic foraminifer shells, Hönisch et al. (2009) 

constructed a record of sea surface pCO2, concluding that modern levels are the highest 

they have been in the last 2.1 million years. Seawater carbonate chemistry is subsequently 

altered as the surface ocean absorbs an increasing amount of this soluble gas (Klochko et 



M.Sc.	
  Thesis	
  –	
  J.	
  Wyman;	
  McMaster	
  University	
  –	
  School	
  of	
  Geography	
  and	
  Earth	
  Sciences	
  
	
  
	
  
	
  

113	
  

al., 2009). The oxygen isotope fractionation factor (1000lnαCaCO3-H2O) is integral to the 

derivation of ocean surface temperatures; thus, understanding the CO2-water system is 

essential to supplement the ongoing archive of Earth’s climate history (Hoefs, 2009). To 

minimize uncertainty intrinsic to any natural, dynamic system, settings in which all 

variables are controlled must first be examined to lay the foundation of understanding. In 

this experimental study, inorganic carbonates were synthesized over a three-year timeline, 

consisting of three- to four-week series of individual experimental durations, under 

constant temperature and pH conditions. 

Boron holds great promise as a geochemical tracer, with a relatively long residence 

time of ~ 20 million years (Lemarchand et al., 2002), little variation within oceanic 

isotope compositions over the past ~ 21 million years (Spivack et al., 1987; Rollion-Bard 

et al., 2011) and pH-dependent boron isotope incorporation behaviour into carbonates 

(Milliman, 1974; Furst et al., 1976; Vengosh et al., 1991). The dominant isotopic 

fractionation process occurs as an equilibrium exchange reaction between trigonally-

coordinated boric acid (B(OH)3) and tetrahedrally-coordinated borate (B(OH)4
-). These 

species equilibrate rapidly (Zeebe et al., 2001) and their relative abundance is strongly 

pH-dependent (Hershey et al., 1986).  

The boron isotope paleo-pH proxy is based on three assumptions: (1) the relative 

proportion of boric acid [B(OH)3] and borate [B(OH)4-] in seawater is a function of 

seawater pH; (2) at equilibrium, the tetrahedrally-coordinated borate ion is depleted in 11B 

relative to trigonally-coordinated boric acid; (3) borate is exclusively incorporated into 

marine carbonates without a significant kinetic isotope effect. This approach to 
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paleoclimatology is founded on the observation that rising pCO2 values increase the 

dissolved carbon dioxide content in the surface ocean, thus lowering its pH. These pH 

values can then be determined by measuring the boron isotope composition of calcium 

carbonate (δ11Bcarbonate) precipitated from the seawater. Fundamental to the boron 

incorporation process is the equilibrium state necessarily achieved by the precipitating 

carbonate and parent solution (Vengosh et al., 1991). Among the tenets of the proxy is the 

hypothesis that only borate is incorporated into the crystal lattice without fractionation, 

therefore the boron isotope composition of the carbonate should equal that of the borate. 

Hemming et al. (1995) and Hemming and Hanson (1992) both observed similar boron 

isotope compositions of calcite, aragonite and borate, indeed suggesting that the ion is 

adsorbed on to the crystal surface and structurally incorporated into both polymorphs 

despite their different crystal coordinations. 

This proxy aims to demonstrate the coupling between surface ocean chemistry and 

the atmosphere as recorded in marine archives, allowing for quantitative estimation of 

ancient atmospheric pCO2 values. However, controversy exists over the possibility that 

some boric acid may indeed be incorporated into the crystal structure. In this study, 

aragonite and calcite were synthesized at a range of stable pH values from 7.10 to 9.18 

using total scale, with a thermostated modified constant addition technique.  

Since oxygen isotope fractionation behavior in marine carbonates is well established 

in the field, comparing and contrasting this study’s oxygen isotope fractionation with 

published values – and using the observed trends to discern information about the lesser-

known boron isotope fractionation behavior – highlights the importance of using known 
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relationships as a baseline for examining the stable isotope systematics of those that are 

not as well established (i.e., boron). This study is the first to link oxygen and boron 

isotope effects in abiotic aragonite and calcite samples; additional control of carbon 

isotope systematics is integral to the development of a multi-element approach, which has 

remarkable potential to improve the robustness of the boron isotope paleo-pH proxy and 

provide a foundational model for refining other paleoclimate proxies. 

4.2 Experimental methods 

4.2.1 Experimental setup 

 This study employed the unseeded pH-stat method, a modified version of the 

constant addition technique. In this approach, parent solution is simply added to the 

reactor at a constant rate, thereby attaining and maintaining steady state conditions 

throughout the experimental duration. The pH-stat technique was developed to study the 

kinetics of crystallization over a broad spectrum of supersaturation states under constant 

pH conditions. This is achieved through the use of a dual syringe pump that dispenses two 

titrants in equal amounts. These titrants are injected simultaneously at a predetermined 

continuous rate of 0.50 mL/hr into an airtight Teflon® reaction vessel that has been both 

thermally and isotopically equilibrated. The starting solution reaches a state of 

supersaturation (with respect to calcium carbonate) prior to addition of the two titrant 

solutions, with subsequent spontaneous nucleation marked by a phase change from the 

dissolved inorganic carbon species to carbonate precipitation. Calcium carbonate is thus 

precipitated without the use of seed material. The chemical compositions of all involved 
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solutions are carefully controlled to achieve stable pH over the experimental duration and 

precipitation of the desired polymorph. 

 The temperature of solutions is held constant (25 ± 0.04 °C) by circulating water 

from a temperature-controlled water bath (25 ± 0.01 °C) and a water-jacketed glass 

reaction vessel. Solution homogeneity is maintained with a floating magnetic stirrer 

throughout precipitation. Aliquots of experimental solution are collected for oxygen, 

carbon and boron isotope analysis both at the onset and conclusion of each experiment. 

Solution temperature and pH are monitored daily using a Thermo Scientific Traceable® 

digital thermometer and ROSS® 
Sure-Flow combination pH electrode, respectively; the 

electrode is calibrated with NIST-traceable pH buffers (4.00, 7.00, and 10.00) as well as a 

Tris buffer (8.38 and 8.25). The buffers are stored in a temperature-controlled water bath 

at 25 ± 0.01 °C to ensure consistency between all experimental solutions. Upon 

termination of each experiment, solutions are filtered, dried overnight in a 70 °C oven 

then subsequently collected for isotopic analysis. 

4.2.2 Solution preparation 

 Experimental starting solutions were gravimetrically prepared using deionized 

water (~18 MΩ cm) and ACS grade NaHCO3 and Na2CO3, the ratio of which was 

dependent on the targeted initial pH as well as the concentrations of boric acid and 

sodium chloride. The solution remained in a temperature-monitored water bath (25 ± 0.01 

°C) for a minimum of seven days to ensure that the DIC species and water reached 

oxygen isotopic equilibrium. ACS grade MgCl2�6H2O and CaCl2�2H2O were added to 

the equilibrated starting solutions immediately preceding experimental synthesis. To 
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precipitate aragonite, the ratio of MgCl2�6H2O to CaCl2�2H2O was adjusted to 4:1; this 

ratio was reduced to 0.13 for calcite precipitation (Morse et al., 2007). The completed 

starting solution was then enclosed in a reaction chamber maintained at 25.00 ± 0.04 °C, 

receiving injections from two different titrant solutions. To ensure consistent oxygen 

isotope water values, both titrants were prepared with deionized water collected at the 

same time as that used for their associated starting solution. The titrant conditions varied 

with intended solution pH: one included ACS grade NaHCO3, Na2CO3, and NaCl, while 

the other was comprised of ACS grade CaCl2�2H2O, B(OH)3, and NaCl. In response to 

the decrease in dissolved boron during experiments with no constant boron addition, as 

observed by Klochko et al. (2006), boron was constantly supplied to the reaction vessel 

via titrant solution throughout the experiments. Specific solution chemistries and 

experimental conditions are outlined in Table 4.1. 

 The experimental solution was sampled before and after each synthesis 

experiment with a 60 mL plastic syringe then deposited in a 50 mL vial. A final rinse of 

the vials with experimental solution occurred immediately prior to a second aliquot 

injection of the water sample. The water samples were stored in the refrigerator for 

oxygen and boron isotopic analysis at a later date. The latter required the sample to be 

filtered through a Millipore 0.45 µm Durapore® syringe filter then stored in 1.5 mL vials, 

which had been precleaned in 3M HCl at 80 °C overnight, rinsed five times with 18 MΩ 

Milli-Q water, oven-dried and stored in a closed high-density polyethylene bottle. Upon 

collection of water samples, the remaining solution was run through a vacuum filtration 

system using 0.45 μm Durapore® membrane filters to isolate the suspended calcium 
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carbonate crystals. Borosilicate glassware was avoided to ensure isotopic exchange with 

the boron in the experimental solution did not occur. Salts were thoroughly rinsed with 2 

liters of 18 MΩ Milli-Q water followed by ultra-pure methanol. The filtered calcium 

carbonate sample was oven-dried at ~ 70 °C overnight then collected and weighed. An 

average carbonate yield from a 3-week precipitation experiment was ~ 50 mg (aragonite) 

and ~ 200 mg (calcite). 

4.2.3 Seawater pH buffer 

 The pH scale used to determine the pKB value must be identical to that used for 

the dissociation constants for CO2 equilibria to ensure an accurate estimation of pCO2 

from pH. The pH can be identified using the total scale (pHT), free scale (pHF), seawater 

scale (pHSWS), or NBS scale (pHNBS). The latter is defined by low ionic-strength (I = ~ 0.1 

mol/kg), standard buffer solutions, each having an assigned pH. Such pH quantification 

methodology is incompatible with high ionic-strength solutions such as seawater (I = ~ 

0.7 mol/kg), which alters the liquid junction potential by several millivolts (Dickson, 

1993; Hansson, 1973). Application of the boron isotope-pH proxy in paleoseawater pH 

reconstructions is founded on the origin of marine foraminifera in natural seawater, thus 

ionic strength is an important inorganic experiment consideration to mimic the 

incorporation of boron into carbonates in the natural environment. To convert 

experimental pH measurements, a Tris buffer is used to accurately compare the pHT 

values to the dissociation of boric acid in seawater (Dickson, 1993; Hansson, 1973). 

Experimental solutions were designed to simulate the ionic strength of natural 

seawater. The Tris buffer was prepared according to Millero et al. (1993), in which ACS 
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grade KCl, Na2SO4, and NaCl salts are dried at 90°C for twenty-four hours, and then the 

buffer is prepared gravimetrically using the salts, deionized water, Tris and Tris-HCl. To 

account for any degradation over time, a second Tris buffer solution was made one year 

after the first. A Tris correction factor (determined to be ~ 0.28 and ~ 0.15 pH units for 

the two different buffers prepared) must be quantified to accurately scale the pH values, 

and is calculated by differentiating the RmV for a pH of 8.10 using the calibrated NIST 

buffer solutions from the RmV measured with the pH electrode for the Tris buffer. This 

correction factor is then applied to all pH values recorded by the electrode, calibrated by 

the NIST buffers. The total scale communication of pH measurements ensures consistent 

reporting of results to accurately depict their relationship with the dissociation of boric 

acid in seawater. 

4.2.4 Oxygen (δ18O) isotope analysis 

 All synthesized calcium carbonate minerals were identified as pure aragonite or 

calcite using the x-ray diffraction (XRD) analytical facility at McMaster University. The 

oxygen isotope compositions of the samples were quantified by the MRSI VG OPTIMA 

isotope ratio mass spectrometer equipped with an ISOCARB automated common acid 

bath at 90 °C (precision ± 0.08 ‰). Oxygen isotope compositions were normalized to the 

recommended values for standards NBS 18 (7.16 ‰) and NBS 19 (28.65 ‰) relative to 

SMOW. To calculate the δ18O specific to aragonite and calcite, corresponding acid 

fractionation factors of 1.01063 and 1.01030 were applied (Kim et al., 2007). 

 The classic CO2-H2O equilibration technique (Epstein and Mayeda, 1953) was 

modified slightly for oxygen isotope analysis of experimental solution samples. Using the 
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Gas Bench II headspace autosampler with a Thermo Finnigan Delta plus XP isotope ratio 

mass spectrometer at McMaster University (precision ± 0.05 ‰), Exetainer® vials were 

flushed and filled with a 0.2% CO2 and 99.8% He mixture with a double needle at a flow 

rate of 100 mL/min. A 1 mL syringe dispensed 0.2 mL quantity of sample into each vial. 

Twenty-seven hours was allotted for equilibration at 25 ± 0.1 °C, after which time the 

CO2 in the headspace was analyzed. Analyses were run as duplicates, with previously 

calibrated laboratory water standards MRSI-STD-W1 (0.58 ‰) and MRSI-STD-W2 

(28.08 ‰), measured at the onset and conclusion of each session. 

4.2.5 Boron (δ11B) isotope analysis 

Boron samples were sent to the United Kingdom for isotopic analysis. Using 

multicollector inductively coupled plasma mass spectrometry (MC-ICPMS), the boron 

isotope compositions of aragonite and calcite samples were analyzed at The National 

Oceanography Centre, Southampton (NOCS). Synthetic aragonite and calcite samples of 

1-3 mg were rinsed with ~ 500 µL of boron-free MilliQ (18.2 MΩ cm) water, 

ultrasonicated for 30 seconds and then centrifuged for 4 minutes, in an effort to remove 

any boron that may have adhered to the carbonates from the experimental solution. This 

procedure was repeated five times; each supernatant extract was subjected to B/Ca 

analysis on the Thermo XSeries II Quadropole ICPMS to assess rinsing efficiency. The 

cleaned samples were transferred to Teflon centrifuge tubes, leached in weak acid 

(0.0005M HNO3) to rid any remaining adsorbed boron, rinsed three times in MilliQ water 

to remove the weak acid, and finally dissolved in 0.5M HNO3. The boron was separated 

from the calcium carbonate matrix to obtain accurate boron isotope compositions (Foster 
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and Rohling, 2013). Samples were buffered with boron-free 2M sodium acetate-0.5M 

acetic acid then directed through 20 µL columns of boron-specific anion exchange resin, 

Amberlite IRA 743 (Lemarchand et al., 2002). The matrix and buffer were rinsed ten 

times with 160 μl of boron-free MilliQ water while the sample boron was eluted five 

times with 160 μl of 0.5M HNO3. One more rinse with 160 μl of 0.5M HNO3 was passed 

through the columns before measuring boron concentrations in this elution tail to ensure > 

99.9% elution efficiency. Boron isotopes were then analyzed with a Thermo Neptune 

MC-ICPMS, a highly sensitive instrument (600-800 mV for a 50 ppb boron solution) 

equipped with an adaptable and customizable introduction system, ideal for boron isotope 

measurements due to its fine-tuning ability. Complete procedural replicates of seawater 

and an in-house coral standard indicate the reproducibility of MC-ICPMS measurements 

to be ± 0.25 ‰ at a 95% confidence level (Foster et al., 2008). 

Preventative measures were taken to ensure that boron contamination (external to 

the system) did not bias experimental δ11B data. Caution was exercised to (1) reduce 

airborne particulate boron; (2) purify all reagents involved in sample preparation; (3) 

ensure effective cleaning protocols for sample vessels; and (4) implement correct analyst 

practices. “Blank pots”, consisting of 1.5 mL autosampler vials filled with HNO3 equal to 

sample volumes, were measured every three samples to allow accurate characterization of 

fall-in blank, reagent-borne blank, and any possible contamination from the autosampler 

vials. At NOCS, samples are assessed in duplicates, with independent replicate 

measurements that do not share bracketing standards or blanks, and the mean δ11B is 

calculated. Intralaboratory precision was quantified using standards and corals containing 
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a range of boron concentrations, providing a δ11B external reproducibility at 2σ of 0.23 ‰ 

(50 ppb) and 0.33 ‰ (10 ppb). 

4.3 Results and discussion 

���4.3.1 Oxygen isotope fractionation between CaCO3 and H2O 

Calcium carbonate samples ranging from 43-389 mg (aragonite) and 91-330 mg 

(calcite) were successfully precipitated using the modified constant addition method. 

Table 4.1 shows that these masses were a function of both the chemical composition and 

duration of the experiment. 

Oxygen isotope analyses were used to corroborate the existence of isotopic 

equilibrium conditions during carbonate precipitation. The relationship between the each 

sample’s oxygen isotope compositions of the synthesized carbonate and precipitating 

solution was compared with the published equilibrium carbonate-water oxygen isotope 

fractionation equation. Specifically, as determined by Kim et al. (2007) and Kim and 

O’Neil (1997) respectively, 

1000lnαaragonite-water =17.88 (103/T) – 31.14 

1000lnαcalcite-water =18.03 (103/T) – 32.42 

The oxygen isotope fractionation (1000lnαaragonite-water) for the aragonite samples 

synthesized in this study at 25 °C ranged from 28.80 to 29.15 ‰ and averaged 28.97 ± 

0.11 ‰ (Table 4.2) while the oxygen isotope fractionation (1000lnαcalcite-water) for the 

calcite samples spanned 28.40 to 28.71 ‰ with an average of 28.56 ± 0.08 ‰ (Table 4.2). 

The overlap of our aragonite oxygen isotope fractionation data with the published 
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relationship (28.83 ‰, as per Kim et al., 2007) indicates that our experimental system 

was in isotopic equilibrium throughout aragonite synthesis. However, our calcite samples 

consistently lie at the upper bound or outside the analytical error range of the published 

relationship for calcite oxygen isotope fractionation (28.05 ‰, as per Kim and O’Neil, 

1997) and thus appear to be non-equilibrium products. Several factors may be responsible 

for this apparent contrast in data, including: (1) kinetic effects were at play during abiotic 

calcite synthesis; (2) the accuracy of using well-established oxygen isotope equilibrium 

values to ascertain the overall equilibrium nature of the experimental system; (3) the 

influence of ionic strength on precipitation mechanism; and (4) mineral-specific effects of 

boron uptake into the crystal lattice. These possibilities are each explored below. 

The calcite growth samples may indeed have been subjected to systematic kinetic 

effects. Calcite yield far outweighed that of aragonite over similar timespans, indicating 

faster precipitation and thereby samples in disequilibrium, which is highly sensitive to 

crystal growth and/or precipitation rate (Dietzel et al., 2009; Gabitov et al., 2012). 

Possible oxygen isotope effects observed during calcite precipitation can be attributed to 

the preferential deprotonation of isotopically heavy HCO3
- ions and the incorporation of 

isotopically light CO3
2- during mineral growth (Figure 4.1). The observed departure from 

oxygen equilibrium among these samples provides further evidence of its rapid growth, 

disallowing re-equilibration of the calcite surface with its ambient water. It appears that a 

“fast” injection rate of 0.50 mL/hr does not allow sufficient time to elapse for the DIC to 

isotopically equilibrate; in this scenario, preferentially-incorporated CO3
2- ions thus 

possess the isotopic signature of the heavier HCO3
- ion, yielding products heavier than 
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predicted equilibrium. A slower injection rate would ensure isotopic equilibrium is 

achieved. Our observations indicate that growth rate is an important consideration, in 

addition to the pH of the precipitating fluid, when evaluating the boron isotope 

composition of carbonates due to their possible influences on amount of boron 

incorporated and, by extension, the associated isotopic signature. 

Notably, our study is the first to employ the constant addition method for abiotic 

calcite growth; under laboratory conditions at 25 °C, the current published oxygen isotope 

equilibrium for calcite was generated using the CO2 degassing technique (Kim and 

O’Neil, 1997) whereas that of aragonite has been tested using the degassing as well as 

constant addition techniques. In theory, the state of equilibrium exists as a standalone 

entity, independent of synthesis methodology. The synthesis of aragonite employing two 

experimental methodologies yielded no statistical difference in the determination of the 

equilibrium oxygen isotope fractionation factor between aragonite and water (Kim et al, 

2007; Kim et al., 2014). It is therefore assumed that oxygen isotope fractionation 

behaviour for calcite samples synthesized via CO2 degassing will be within the analytical 

error range of those	
  grown	
  using	
  the	
  constant	
  addition	
  method.	
  However, it is worthwhile 

to try an alternative precipitation technique to corroborate the accuracy of the degassing 

equilibrium value for calcite, as it is possible that true equilibrium lies elsewhere. This 

consideration cannot be discounted until the calcite sample set from our study is indeed 

determined to be in disequilibrium, and/or further investigations (employing different 

methodology) support the initial equilibrium quantified by Kim and O’Neil (1997). 
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Moreover, previous reports of calcite-water oxygen isotope equilibrium were 

conducted in low ionic strength solutions. To simulate oceanic salinity, this study used 

solutions of high ionic strength akin to natural seawater (~ 0.7 mol/kg). Such a difference 

may alter the carbonate precipitation mechanism, inducing kinetic effects in the calcite 

samples otherwise not observed in aragonite possibly due to heightened reaction rates 

generating disequilibrium carbonate products. Kim et al. (2014) determined the 

equilibrium aragonite-water oxygen isotope fractionation factor to be independent of the 

ionic strength of the parent solution up to 0.7 mol/kg, although this relationship for calcite 

has yet to be investigated. 

It is also possible that the oxygen isotope data is affected by boron incorporation 

into the calcite crystal lattice. To ascertain the influence of boron uptake on oxygen 

isotope equilibrium, two artificial seawater solutions should be prepared identically, with 

one as the “control group” and the other excepting only the inclusion of boric acid. 

Subsequent comparisons of the data will reveal whether or not the presence of boron 

disturbs oxygen isotope equilibrium. Quantification of various percentages of DIC-

precipitated in two separate solutions (each containing only one of the two aqueous boron 

species, i.e., boric acid and borate) will also provide insight into the validity of the proxy. 

For example, if the overall boron isotope composition of the precipitated carbonate shifts 

with the percentage of DIC precipitated (e.g., 20% versus 40% versus 80%) then the 

speciation basis of the proxy is called into question. Of course, each of these variables 

must be examined independently. An additional consideration, specific to boron isotope 

composition as suggested by Ruiz-Agudro et al. (2012), attributes the deviation from 
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equilibrium to isotopic fractionation associated with the potential change in coordination 

from tetrahedrally-coordinated to trigonally-coordinated boron upon incorporation into 

the crystal lattice. This possibility begs further investigation beyond the scope of this 

study.	
   

Spontaneously precipitated calcite has never been unequivocally proven to be in 

true isotopic equilibrium at low temperatures (< 100 °C). Kim and O’Neil (1997) serve as 

the “gold standard” (i.e., baseline reference) for measured oxygen isotope fractionation 

factors derived for slow-growth calcite precipitates at 25 °C, reporting values consistent 

with statistical mechanical calculations of enrichment factors (27.67 ‰) (Chacko and 

Deines, 2008). However, Coplen's (2007) study sequence from Devils Hole, Nevada, 

revealed natural samples known to be near equilibrium but exhibiting a significantly 

larger oxygen isotopic fractionation factor (29.80 ‰). Dietzel et al. (2009) provided 

supportive evidence for these findings, suggesting that kinetic effects were at play in 

studies preceding Coplen’s. Such a discrepancy indicates that equilibrium values may be 

underestimated for low temperatures (5-40 °C). Notably, Dietzel et al. (2009) did not 

allow for establishment of initial isotopic equilibrium prior to carbonate synthesis, which 

was conducted using the CO2 diffusion technique, possibly introducing further 

methodological error into the investigation. Furthermore, Kluge et al. (2014) recently 

reported that the Devils Hole site temperature was, in fact, stable while δ18Ocarbonate varied 

– this is in direct contrast to the data interpretation provided by Coplen (2007). To resolve 

the current controversy of oxygen isotope fractionation factors for calcite, it is necessary 

to re-evaluate the currently adopted “equilibrium” values. 



M.Sc.	
  Thesis	
  –	
  J.	
  Wyman;	
  McMaster	
  University	
  –	
  School	
  of	
  Geography	
  and	
  Earth	
  Sciences	
  
	
  
	
  
	
  

127	
  

4.3.2 Boron isotope compositions in synthetic carbonate samples 

The boron isotope compositions of inorganic aragonite and calcite (δ11Baragonite and 

δ11Bcalcite) precipitated from pH values spanning 7.10 to 9.15 (aragonite) and 7.46 to 8.53 

(calcite) are reported in Table 4.3. The pH trends and stability throughout carbonate 

syntheses are illustrated in Appendix A.2. While the δ11B value of the experimental 

solution remained constant at ~ 39.85 ‰ over the course of carbonate growth, as pH 

increased from 7.10 to 9.15, δ11Baragonite also increased from 14.54 ‰ to 34.96 ‰, while 

δ11Bcalcite increased from 18.32 ‰ to 23.31 ‰ as pH increased from 7.25 to 8.15 (Figure 

4.2). This direct correlation, in addition to the observed decrease in boron isotope 

fractionation between carbonate and solution with increasing pH, strongly supports the 

hypothesis that B(OH)4
- is incorporated into the crystal lattice (e.g., Spivack et al., 1993; 

Sanyal et al., 1995). Its exclusive incorporation cannot be confirmed in this study, 

however, particularly due to the unresolved boron isotope fractionation behavior in 

calcite, currently masked by kinetic effects. 

Interestingly, both low-pH (7.4-7.6) and mid-pH (8.4-8.6) calcite samples share a 

common offset (~ 0.5 ‰) from oxygen isotope equilibrium, however this same difference 

is not reflected along the estimated aqueous borate curve which accounts for a variety of 

pKB characterizations. Rather, the mid-pH calcites are in relatively good agreement with 

the mid-pH aragonites as well as the aqueous borate curve, compared to the low-pH 

calcites which are situated ~ 3 ‰ above the low-pH aragonites corresponding closely 

with the borate curve. 
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Incorporation of 11B-enriched boric acid along with borate ion in the carbonate 

lattice during mineralization may account for the non-equilibrium enrichment of 11B in 

the experimental calcites, resulting in a heavier overall boron isotopic composition of the 

carbonate compared to the expected value assuming exclusive incorporation of borate. 

Previous literature (e.g., Sanyal et al., 2000) indicates that boron incorporated into 

synthetic carbonate minerals precipitated under pH-controlled conditions possesses an 

isotopic signature very similar to that of aqueous borate, offering quantitative evidence 

for preferential incorporation of borate into the carbonate. However, a progressive 

enrichment in 11B relative to aqueous borate is registered at lower pH values, as observed 

by the positive offset between δ11B of inorganic calcite (Sanyal et al., 2000) and aqueous 

borate (Klochko et al., 2006) observed to be ~ 4, 2 and 1 ‰ at pH values of 7.6, 8.2 and 

8.5, respectively. Equal proportions of aqueous boron species are found at pH = 8.597 

(Dickson, 1990) with the relative concentration of boric acid increasing as pH decreases 

(Klochko et al., 2006); thus, its contribution to the incorporation of boron into the 

carbonate also increases, progressively amplifying deviations in δ11Bcarbonate from the 

borate curve. 

These inorganic carbonate precipitation experiments proved time-consuming, with 

earlier synthesis attempts marked by non-ideal pH variability given the primary objective 

of this project is to constrain boron isotopic composition and speciation by isolating these 

parameters (i.e., precipitating carbonates at a stable pH). Evaluation of the pH trend 

associated with synthesized δ11Bcarbonate versus calculated δ11BB(OH)4- is further complicated 

by pKB
 and 11-10KB constants unique to experimental conditions employed in this study 
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(see Table 4.4 for details). Rather, to accurately interpret the boron isotope compositions 

of synthesized carbonate samples, the most appropriate constants must be selected based 

on similarities in experimental solution compositions. 

The makeup of our system yields a pKB value between 8.597 (Dickson, 1990) and 

8.830 (Hershey et al., 1986), as well as 11-10KB values ranging from 1.0250 to 1.0272 

(Klochko et al., 2006). The acid dissociation constants (pKB) are differentiated based on 

the chemical constituents of the parent solution: Na+, Mg2+, Ca2+, K+, SO4
2- and Cl- were 

all included in Dickson’s (1990) experimental media while only Na+ and Cl- were added 

to Hershey et al. (1986) aqueous solution. Similarly, the two varying boron isotope 

fractionation factors (11-10KB) reported by Klochko et al. (2006) were empirically observed 

as chemical equilibrium in a 0.6 mol/kg KCl-H2O mixture (1.0250) and a 0.7 mol/kg 

synthetic seawater solution (S = 35, BT= 0.01 mol/kg H2O) were 1.0250 and 1.0272, 

respectively. If only borate is being incorporated into the crystal lattice, then pKB
 and 11-

10KB lie nearer 8.597 and 1.0250, respectively. A line of ‘best fit’ for our assumed 

equilibrium aragonite data generates a pKB
 value of 8.64 and a 11-10KB value ~ 1.0254; 

however, possible incorporation of any B(OH)3 renders these constants invalid in 

calculating δ11BB(OH)4- with pH. Since exclusive incorporation of borate ion into the crystal 

lattice has not been confirmed, previously established values for pKB
 and 11-10KB were 

applied to compare δ11Bcarbonate and δ11BB(OH)4-. 

Notably, the chemical composition of the synthetic seawater solutions in this 

study does not contain sulfate ion or potassium, which are both components of true 
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seawater, rendering the Tris correction factor imperfect. Application of a different 

correction factor will inevitably affect the positioning of the pKB curve. Therefore, usage 

of a Tris buffer will be more appropriate with the inclusion of additional seawater 

constituents in follow-up studies. Daily calibration of the buffer will allow any drift to be 

monitored and rectified by regularly renewing buffer solution. 

This study comprises two intermediate steps in the establishment of the boron 

isotope paleo-pH proxy, namely the examination of inorganic aragonite and calcite 

oxygen and boron isotope behaviour at 25 °C under a variety of stable pH conditions.   

Subsequent experimental work will include other ion constituents to closer mimic natural 

seawater conditions, improving the pKB and 11-10KB selection processes, and providing a 

more realistic depiction of oxygen and boron stable isotope systematics in the oceans. 

Carbonate samples from this study will next be subjected to 11B magic angle spinning 

nuclear magnetic resonance (MAS NMR) spectroscopy analysis to further classify boron 

coordination within the crystal lattice. This insight will be invaluable to identify the 

presence of trigonal or tetrahedral boron however cannot identify any changes in 

coordination that may have occurred upon uptake. 

4.4 Conclusions 

Calcium carbonate in the form of aragonite and calcite was synthesized from high 

ionic strength solutions at 25 °C with stable pH values ranging from 7.10 to 9.18 using a 

modified constant addition method. The boron isotope composition of each sample was 

compared to the predicted equilibrium boron isotope composition of B(OH)4
- in seawater 

at the same pH value. Boron isotope compositions analyzed by MC-ICPMS were 
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interpreted by considering pKB constants 8.597 and 8.830, as well as 11-10KB values of 

1.0250 and 1.0272. These double-bounded constants were necessary due to the unique 

chemical compositions of this study’s experimental solutions, which were neither as 

simple nor complex as those from which the constants were derived. The direct 

correlation of increasing δ11Bcarbonate with pH indicates the preferential incorporation of 

B(OH)4
- into the crystal lattice, an observation consistent with a fundamental supposition 

underlying the boron isotope paleo-pH proxy. 

Carbon isotope behavior plays a potentially important role for the boron-pH proxy 

due to certain elemental similarities with boron, perhaps offering further insight into the 

power of a multi-element approach in the refinement of paleoclimate proxies. However, 

the experimental system must first be developed to control its isotopic variance spanning 

the carbonate growth period. To ascertain the point at which isotopic drift is minimized, 

different injection rates can be implemented as a trial-and-error attempt to yield zero 

fluctuation. Alternatively, the initial solution can be left in a closed system for calcium 

carbonate crystal growth to proceed without the addition of titrant solution; upon 

quantification of precipitation rate, the rate of ion replenishment can be calculated 

appropriately and implemented as a function of titrant injection rate. Investigation of 

these various permutations and interrelationships is essential to the development of a 

multi-element approach targeted to refine the boron isotope paleo-pH proxy.  

Controversy remains as to as to the exact mechanism of boron incorporation into 

carbonate, specifically whether only borate ion or both boric acid and borate ion can be 
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incorporated. The debate aside, the isotopic composition of boron in carbonate 

precipitated from seawater is strongly pH-dependent (Sanyal et al., 2000), allowing 

reconstruction of paleo-seawater pH from marine carbonates. Growth rate is an additional 

consideration when using boron as a pH proxy due to its possible influence on the amount 

of boron incorporated and its associated isotopic signature. A fundamental understanding 

of laboratory-synthesized samples, in which chemical composition and temperature are 

carefully calibrated, will allow for quantification and correction of vital effects in natural 

samples. Eventually, the boron isotopic composition of marine biogenic carbonates 

preserved in sediment will reveal important information about the environment from 

which they were precipitated. 

This study serves as a stepping-stone chronicling the development of the boron 

isotope paleo-pH proxy. While the pH-dependence of boron isotope compositions in 

marine carbonates requires further investigation under conditions more likened to true 

seawater, our results demonstrate the feasibility of the proxy in reconstructing seawater 

pH. This parameter can then be used in conjunction with seawater alkalinity or the 

dissolved inorganic carbon concentrations to outline variations in pCO2 spanning Earth’s 

history (Zeebe and Wolf-Gladrow, 2001). Subsequent application of ancient seawater pH 

values to general circulation models documenting historical trends will provide a more 

intricate understanding of the cause-and-effect relationships underlying climate change. 
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Table 4.1: Experimental conditions for modified constant addition experiments. 
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Table 4.2: Oxygen isotope compositions confirming isotopic equilibrium. 
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Figure 4.1: Comparison of this study with published oxygen isotope equilibrium 
values. 
 
Using the modified constant addition method, the oxygen isotope fractionation of 
synthesized aragonite samples fall within the analytical error range reported by Kim et al. 
(2007) whereas that of the calcite samples are systematically offset ~ 0.5-0.7 ‰ from the 
equilibrium value proposed by Kim and O’Neil (1997) using the degassing technique. A 
combined analytical error is approximately 0.2 ‰.  
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Table 4.3: Boron isotope compositions in synthetic calcium carbonate. 
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Figure 4.2: Estimated in situ fit (red line) of inorganic carbonate data with 
theoretical approximation (black line). 
 
To best simulate experimental conditions in this study, an acid dissociation constant 
(pKB) of 8.597 was used (as per Dickson, 1990) and a Tris correction factor of 0.28 was 
applied to the total scale pH readings compiled for all boron-measured aragonite and 
calcite samples. Our data yields an in situ boron equilibrium constant (11-10KB) of ~ 1.0254 
relative to that empirically derived from Klochko et al. (2006), a discrepancy attributable 
to the unique chemical constituents in this study’s synthetic seawater solution.  
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Table 4.4: Acid dissociation constants (pKB) for B(OH)3 at 25 °C (from Klein-
Gebbinck, 2013). 
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Abstract 

This study is the first to examine kinetic effects in synthetic calcite over a 

spectrum of pH and temperature ranges using the modified constant addition method. 

Oxygen isotope systematics were quantified in abiotic calcite samples grown in a high 

ionic strength solution (~ 0.7 mol/kg) at three different temperatures (10, 25 and 40 °C) 

and over three different pH ranges (low pH ~ 7.15, mid pH ~ 8.35 and high pH ~ 9.15). 

Oxygen isotope fractionation between calcite and H2O was found to be dependent on both 

temperature and pH. Injection rate was adjusted with temperature to conform to known 

reaction rate constants in an attempt to contrast equilibrium products with those 

experiencing kinetic effects. Preliminary results support Kim et al. (2006), who postulated 

the link between injection rate, precipitation rate and state of isotopic equilibrium.  

Solution chemistry was also determined to be an important factor when differentiating the 

temperature- and pH-dependence spanning the various permutations in experimental 

conditions; the presence of bicarbonate and/or carbonate ions (HCO3
- and CO3

2-, 

respectively) was found to be instrumental to the derivation and – predictably – deviation 

from oxygen isotope equilibrium. Several causalities for oxygen isotope effects were 

identified, ultimately providing strong support for the calcite-water oxygen isotope 

equilibrium fractionation factor reported by Kim and O’Neil (1997) relative to other 

published values. 
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5.1 Introduction 

The discovery and development of stable isotope geothermometry is fundamental 

to the field of paleoclimatology. Geologists have long contemplated how Earth’s climate 

has varied in the past but were unable to quantify historical temperature changes until 

Urey’s 1947 groundbreaking contribution, in which he calculated the temperature 

dependence of oxygen isotope fractionation between calcium carbonate and water, 

highlighting the potential of marine carbonates to act as a paleothermometer. Urey (1947) 

determined that an empirically-derived calcite-water oxygen isotope fractionation 

(1000lnαcalcite-water) change from 30 to 31 ‰ yielded a temperature change from 8 °C to 12 

°C. While isotopic fractionation behaviour has proven to be more complex than initially 

believed, this remarkable relationship provided an important and inspiring foundation for 

paleoclimatology researchers to build upon. The temperature dependence of calcium 

carbonate mineral growth is an important parameter to be examined when chronicling the 

variation in relative abundances of abiotic marine carbonate polymorphs over time. The 

critical Mg:Ca ratio at which calcite versus aragonite precipitates decreases sharply with 

increasing temperature (Morse et al., 1997).  

The validity of oxygen isotope fractionation as a temperature proxy is affected by 

non-equilibrium fractionation effects due to calcium carbonate growth solution chemistry 

and/or precipitation rate (McCrea, 1950; Tarutani et al., 1969; De Villiers et al., 1995; 

Kim and O'Neil, 1997; Spero et al., 1997; Zeebe, 1999; Jiménez-López et al., 2001; Kim 

et al., 2006). Using the CO2 diffusion technique, Dietzel et al. (2009) previously observed 
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kinetic effects affecting oxygen isotope fractionation for disequilibrium calcite growth. 

Their results call into question the accuracy of the currently adopted calcite-water oxygen 

equilibrium fractionation factor (Kim and O’Neil, 1997) however it must be noted that 

Dietzel et al. (2009) did not account for establishment of isotopic equilibration prior to 

experimentation, rendering it difficult to disentangle the contributing factors. The 

temperature-sensitive nature of achieving isotopic equilibrium within the parent solution, 

prior to experimentation, proved to be an integral consideration for the outcome of this 

study. Both thermal and chemical equilibrium must be individually established prior to 

attaining a state of isotopic equilibrium (Beck et al., 2005). A change in temperature or 

pH will directly impact isotope exchange kinetics and thus the time required to achieve 

isotopic equilibrium. Decreasing temperature and/or increasing pH will retard reaction 

rates, whereas increasing temperature and/or decreasing pH are associated with faster 

reactions; exact relationships detailed in Beck et al. (2005) are valuable to ensure 

apparent oxygen isotopic equilibrium has been reached among DIC species before 

initiating a precipitation experiment. 

Apparent oxygen isotopic fractionation between carbonates and water is further 

influenced by a combination of kinetic effects in the aqueous carbonate species (Mills and 

Urey, 1940; McConnaughey, 1989, Kim et al., 2006) as well as surface entrapment of 

isotopically light CO3
2- ions (Watson, 2004). At higher precipitation rates, kinetic effects 

in solution largely control the state of (dis)equilibrium, which itself is a function of 

changing solution chemistry, pH, and/or precipitation rate. At slower precipitation rates, 

aqueous carbonate species are in oxygen isotopic equilibrium, thus fractionation is 
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governed by the entrapment of CO3
2- in the surface layer, minimizing the role of solution 

pH and amplifying the influence of precipitation rate (Dietzel et al., 2009). Predictably, 

discrepancy exists among theoretical, empirical and experimental reports of the oxygen 

isotope fractionation equation between calcite and water, however a range of uncertainty 

must be considered to accurately identify overlap between approaches. As noted by 

Coplen (2007), Horita and Clayton (2007) did not include the error associated with their 

statistical-mechanical calculations, rendering the possibility that, under a larger umbrella 

of uncertainty, these calculations may agree with Coplen's measured values. 

Given the ongoing debate in the literature over appropriate selection of 

equilibrium carbonate-water fractionation factors and varied interpretations of observed 

kinetic effects, it is necessary to further investigate oxygen isotopic fractionation during 

slow carbonate precipitation; a thorough evaluation of the potential acting mechanisms 

will reveal important insights to distinguish equilibrium from disequilibrium oxygen 

isotope fractionation effects. Our study is the first to oxygen isotope effects in synthetic 

calcite over a variety of pH and temperature ranges using the modified constant addition 

method, abiding by Beck et al. (2005)’s recommended guidelines to ensure parent 

solutions had established isotopic equilibrium preceding the onset of experimentation. 

Oxygen isotope systematics were quantified in abiotic calcite samples grown in a 

seawater-like solution (~ 0.7 mol/kg) at three different temperatures (10, 25 and 40 °C) 

and over three different pH ranges (low pH ~ 7.15, mid pH ~ 8.35 and high pH ~ 9.15). 

Numerous permutations of these experimental conditions were trialed to provide insight 

into the relationship linking temperature, pH, and non-equilibrium isotope effects. 
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5.2 Experimental methods 

5.2.1 Overview 

This study employed the unseeded pH-stat method, a modified version of the 

constant addition technique. In this approach, reactant solution is simply added to the 

reactor at a constant rate, thereby attaining and maintaining steady state conditions 

throughout the experimental duration. A dual syringe pump dispenses two titrants in 

equal amounts, which are injected simultaneously at a continuous, predetermined rate of 

0.25 mL/hr or 0.50 ml/hr into an airtight Teflon® reaction vessel. The starting solution 

reaches a state of supersaturation (with respect to calcite) just prior to the addition of the 

two titrant solutions, with subsequent spontaneous nucleation and carbonate precipitation. 

Calcium carbonate is thus precipitated without the use of seed material under a closed 

system. The constant addition method allows ongoing replenishment of aqueous ions as 

they are consumed during carbonate precipitation in a given period of time. 

 The temperature of experimental solutions is held constant by circulating water 

from a temperature-controlled water bath and a water-jacketed glass reaction vessel. In 

this study, experimental chambers were connected to three different water baths, each set 

at a different temperature (i.e., 10 ± 0.01 °C, 25 ± 0.01 °C and 40 ± 0.01 °C). Solution 

homogeneity is maintained with a floating magnetic stirrer throughout precipitation. 

Aliquots of experimental solution are collected at the onset and conclusion of each 

experiment. Solution temperature and pH are monitored daily using a Thermo Scientific 

Traceable® digital thermometer and ROSS® Sure-Flow combination pH electrode, 

respectively; the electrode is calibrated with NIST-traceable pH buffers (4.00, 7.00, and 
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10.00) which are also stored in their respective temperature-controlled water baths to 

ensure consistency between all experimental solutions. Upon termination of each 

experiment, solutions are filtered, with the carbonate crystals dried overnight in a 70 °C 

oven then subsequently collected for isotopic analysis. 

Once pH was deemed “stable” (e.g., σ = 0.10) after conducting multiple trials 

under the closed system, identical conditions across both mid- and low-pH ranges (8.4-

8.6 and 7.6-7.8 total scale, respectively) were employed to isolate temperature effects, 

examining trends across three different synthesis temperatures (10, 25 and 40 °C). The 

chemical compositions of all involved solutions were carefully controlled over the 

experimental duration and precipitation of the desired polymorph, as illustrated in 

Appendix A.3. Calcite was precipitated for all reported experimental runs (n=32) in this 

study. 

5.2.2 Solution preparation 

 Calcite was precipitated from Na-Cl-Ca-Mg-(B)-CO2 solutions of seawater-like 

ionic strength (0.7 mol/kg). Experimental starting solutions were gravimetrically prepared 

using deionized water (~18 MΩ cm) and ACS grade NaHCO3 and Na2CO3, the ratio of 

which was dependent on the targeted initial pH as well as the concentrations of boric acid 

and sodium chloride. The solution was stored in a high-density polytheylene (HDPE) 

bottle immersed in a temperature-monitored water bath specific to the desired 

temperature for experimentation (i.e., 10, 25 or 40 °C) to ensure that the DIC species and 

water reached oxygen isotopic equilibrium at a given temperature. This study adhered to 
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the kinetic parameters describing rates of oxygen isotope exchange among dissolved 

species reported by Beck et al. (2005) who estimated isotopic equilibrium to occur at 24, 

9 and 2 h for 15, 25 and 40 °C, respectively. These values are consistent with Halas and 

Wolacewicz (1982), who reported equilibration times of 8.8, 2 and <1 h at 25, 35 and 40 

°C. As an added precaution, all prepared parent solutions were left to equilibrate in a 

temperature-controlled water bath at least one week prior to commencing the 

precipitation experiment.  

Once the minimum guideline equilibration time had elapsed, ACS grade 

MgCl2�6H2O and CaCl2�2H2O were added to the equilibrated starting solutions 

immediately preceding experimental synthesis. Using the Geochemist’s Workbench® 

package (Bethke, 1996, 1998), these chemicals were added gravimetrically in a known 

Mg:Ca ratio of 0.13 to generate precipitation of calcite versus other polymorphs, 

promoting reaction with the bicarbonate to produce calcium carbonate. The completed 

starting solution was then enclosed in a temperature-controlled reaction chamber, 

receiving injections from two different titrant solutions. To ensure consistent oxygen 

isotope water values, both titrants were prepared with deionized water collected at the 

same time as that used for their associated starting solution. The titrant conditions varied 

with intended solution pH: one included ACS grade NaHCO3 and/or Na2CO3 and NaCl, 

while the other was comprised of ACS grade CaCl2�2H2O, B(OH)3 and NaCl. Mid-pH 

bulk solutions were prepared employing a 3:1 ratio of NaHCO3:Na2CO3 (i.e., 7.5:2.5 

mmolal) with one titrant solution replenishing these ions at a 4:1 ratio. In contrast, all 

low-pH solutions were comprised solely of NaHCO3. Specific solution chemistries and 
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experimental conditions are outlined in Table 5.1. 

Since the solubility of CO2 decreases with increasing temperature, it is impossible 

to hold constant both saturation of calcite and calcium concentration over the range of 

temperatures investigated (10-40 °C). Therefore, to maintain the saturation index of the 

system, calcium ion concentration should be reduced with increasing experiment 

temperature. The temperature spectrum observed in this experiment yielded negligible 

influence of calcium ion concentration on the system’s state of saturation, all of which 

were calculated using Geochemist’s Workbench® (Bethke, 1996, 1998). 

5.2.3 Collection and filtration of samples 

 The experimental solution was sampled before and after each synthesis 

experiment with a 60 mL plastic syringe then deposited in a 10 mL vial. A final rinse of 

the vials with experimental solution occurred immediately prior to a second injection of 

the water sample. The water samples were stored in the refrigerator for oxygen isotopic 

analysis at a later date. Upon collection of water samples, a glass rod with a rubber 

policeman was used to destabilize crystals adhering to the sides of the chamber and join 

the suspended precipitates. The solution was run through a vacuum filtration system using 

a 0.45 μm Durapore® membrane filter overlying a plastic funnel support with a silicone 

stopper inserted into a 1 L Büchner flask. A 300 mL Büchner funnel was secured to the 

setup with a clamp, fitted atop with a rubber hose to withdraw air from the flask, creating 

a vacuum. The remaining precipitate was thoroughly rinsed with 2 liters of 18 MΩ Milli-

Q water followed by ultra-pure methanol. The filtered calcium carbonate sample was 
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oven-dried at ~ 70 °C overnight then collected and weighed for subsequent x-ray 

diffraction and stable isotopic analyses. Carbonate yield was found to be a function of 

both the temperature and pH at which it was synthesized (see Discussion). All of the 

calcium carbonate samples were identified as calcite at McMaster University’s X-Ray 

Diffraction Facility (see Appendix). 

5.2.4 Isotopic analysis of calcite 

 Small samples (~ 100 μg) of precipitates were weighed on the MRSI Mettler 

Toledo scale, placed into small stainless steel sample cups then inserted into an Isocarb 

carbonate preparation device attached to a Fisions Optima dual-inlet mass spectrometer 

for determination of isotopic composition (precision ± 0.08 ‰). The samples were run 

against two standards, NBS 19 and NBS 18, with oxygen isotope compositions 

normalized to the recommended values for NBS 18 (7.16 ‰) and NBS 19 (28.65 ‰) 

relative to SMOW. To calculate the δ18O specific to calcite, a corresponding acid 

fractionation factor of 1.01030 was applied (Kim et al., 2007). 

5.2.5 Isotopic analysis of solutions 

 The classic CO2-H2O equilibration technique (Epstein and Mayeda, 1953) was 

modified slightly for oxygen isotope analysis of experimental samples. Using the Gas 

Bench II headspace autosampler with a Thermo Finnigan Delta plus XP isotope-ratio 

mass spectrometer at McMaster University (precision ± 0.05 ‰), Exetainer® vials were 

flushed and filled with a 0.2% CO2 and 99.8% He mixture with a double needle at a flow 

rate of 100 mL/min. A 1 mL syringe dispensed 0.2 mL quantity of sample into each vial. 
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Twenty-seven hours was allotted for equilibration at 25 ± 0.1 °C, after which time the 

CO2 in the headspace was analyzed. Analyses were run as duplicates, with laboratory 

water standards MRSI-STD-W1 (0.58 ‰) and MRSI-STD-W2 (28.08 ‰) previously 

calibrated against SMOW and SLAP, analyzed to begin and end each session.  

5.3 Results 

5.3.1 Oxygen isotope fractionation trends at 10 °C 

 At this low-temperature regime, in which a titrant injection rate of 0.50 mL/hr was 

employed for all experiments, the oxygen isotope fractionation between calcite and water 

(1000lnαCaCO3-H2O) displayed a predictable trend at both low- and high-pH experiments, 

with an apparent anomaly occurring under mid-pH conditions (Figure 5.1). A higher 

1000lnαCaCO3-H2O was observed at low-pH, attributable to the greater proportion of HCO3
- 

ions present in the parent solution; likewise, the sole high-pH product was associated with 

a lower 1000lnαCaCO3-H2O due to the dominant influence of CO3
2- ions in the parent 

solution. However, the mid-pH experiments were statistically distinguishable from one 

another and noticeably offset from both predicted equilibrium (Kim and O’Neil, 1997) 

and oxygen isotope fractionation trend, a result explored in the Discussion. 

5.3.2 Oxygen isotope fractionation trends at 25 °C 

 The oxygen isotope fractionation trend was examined at 25 °C under two different 

injection rates (0.50 mL/hr for low-pH experiments, 0.25 mL/hr for high-pH experiments, 

with both trialled for mid-pH experiments) while Ca:Mg concentration was also halved in 

two mid-pH experiments. The low- and high-pH data are similarly offset from the 

published calcite-water oxygen isotope equilibrium value (Kim and O’Neil, 1997), 
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however they approach equilibrium from opposite directions (i.e., low-pH nearer HCO3
-
 

and high-pH nearer CO3
2-) (Figure 5.2). Interestingly, the mid-pH samples straddle the 

calcite-water equilibrium line as a function of titrant injection rate and/or Ca:Mg 

concentration in the parent solution (see Table 5.1). Both these variables were altered to 

quantify the shift in their respective 1000lnαCaCO3-H2O values. Calcites (n=5) synthesized 

using 0.50 mL/hr lie slightly above published equilibrium, whereas those grown with a 

slower injection rate (n=1), halved Ca:Mg (n=1) and a hybrid of these alterations (n=1) lie 

slightly below published equilibrium. 

5.3.3 Oxygen isotope fractionation trends at 40 °C 

 Data compiled at this upper temperature regime, in which calcites were grown 

using a “slow” titrant injection rate of 0.25 mL/hr, display the most consistent trend of the 

three temperature ranges. However, no high-pH experiments are reported in this study 

due to tubing contamination issues (see Discussion), which generated carbonate products 

< 100% pure calcite. The low- and mid-pH calcites were determined to be within the 

analytical error of oxygen isotope equilibrium, as provided by Kim and O’Neil (1997) 

(Figure 5.3). A slight but noticeable, negative linear data trend can be observed in 

1000lnαCaCO3-H2O with pH. High-pH experiments must be repeated to yield pure calcite to 

improve the statistical significance of this apparent trend. 

5.3.4 Oxygen isotope fractionation trends with temperature 

 To ascertain the hypothesized influences of HCO3
- and CO3

2- on oxygen isotope 

fractionation behaviour, a compiled plot of the calculated 1000lnαCaCO3-H2O spanning the 

three temperature permutations can be assessed with the oxygen isotope fractionation 
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between bicarbonate-water and carbonate-water components of the carbonic acid system, 

as determined by Beck et al. (2005). Deviation from calcite-water oxygen isotope 

equilibrium (Kim and O’Neil, 1997) can also be compared for all tested temperature and 

pH conditions. 

 Our data strongly trend along the reported oxygen isotope equilibrium values 

reported by both Beck et al. (2005) and Kim and O’Neil (1997) (Figure 5.4). A negative, 

linear relationship exists between 1000lnαCaCO3-H2O with temperature. Noticeably, the 

spread of data (i.e., sample variance under the same temperature conditions) lessens with 

increasing temperature, which is consistent with the temperature-dependent solution 

isotopic equilibration times recommended by Beck et al. (2005). 

5.4 Discussion 

5.4.1 Influences on carbonate yield  

Carbonate minerals exhibit retrograde solubility, marked by a decrease in 

solubility with increasing temperature, attributable to the temperature influence on the 

solubility of carbon dioxide and dissolved carbonate species. The resulting difficulty in 

collecting samples can be further amplified by the positive relationship between 

precipitation rate and temperature. That is, colder growing conditions yield less calcite 

precipitation, which also dissolve more easily. This combined effect is clearly observed 

when contrasting mid-pH calcite samples synthesized at 10 °C compared to amounts 

collected at 25 and 40 °C (Table 5.2). Since our experimental design is characterized by 

spontaneous nucleation, it is not practical or appropriate to calculate surface area- or 

weight-normalized precipitation rates. Instead, to approximate calcite precipitation rate, 
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bulk precipitation rate (subsequent to spontaneous nucleation) is communicated. This 

approach is proportional to the titrant injection rate at fixed titrant concentrations (Zuddas 

and Mucci, 1994). 

As per Watkins et al. (2013), in which oxygen isotope behaviour was examined at 

the calcite-water interface, injection rate was varied according to temperature. Variations 

in oxygen isotope makeup within aqueous marine carbonate samples can create 

disequilibrium conditions if the precipitate forms quickly and is not given sufficient time 

to achieve equilibrium (Kim and O’Neil, 1997). At the lower and mid-temperature ranges 

of this study (10 and 25 °C), an injection rate of both 0.25 mL/hr (“slow”) and 0.50 mL/hr 

(“fast”) was employed, while only 0.25 mL/hr was used for experiments conducted at 40 

°C. Since precipitation rate increases with temperature, a slower injection rate was 

employed in an attempt to slow crystal growth, minimize kinetic effects to the system and 

thus synthesize carbonates nearer equilibrium conditions. No distinct trend between 

calcite yield, temperature and pH was observed as a function of bulk precipitation rate 

(Figure 5.5), which accounts for experimental duration and total solution input (mg 

CaCO3 precipitated/kg solution/day).  

5.4.2 Effect of DIC species on oxygen isotope fractionation 

The oxygen isotope compositions of precipitated calcite are controlled by both the 

kinetics of surface nucleation and the reactants, primarily CO3
2- ions, present at areas of 

precipitate growth (Given and Wilkinson, 1985). At 25 °C, Beck et al. (2005) reported 

oxygen isotope fractionation of 1000lnαCO3-H2O = 31.00 ± 0.15 ‰ and 1000lnαHCO3-H2O = 
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24.19 ± 0.26 ‰, within the analytical error of Kim et al. (2006) who determined 

1000lnαCO3-H2O = 30.53 ± 0.08 ‰ and 1000lnαHCO3-H2O = 23.71 ± 0.08 ‰ at the same 

temperature. 

Typically, temperature is the controlling factor affecting the direction and 

magnitude of equilibrium isotope fractionations, with only one equilibrium isotope 

fractionation factor expected at a given temperature. However, Zeebe (1999) suggested 

that the oxygen isotope composition of carbonates is dependent on both temperature and 

the relative abundance of the individual carbonic acid species (e.g., H2CO3, HCO3
-, and 

CO3
2-) in the parent solution (i.e., pH) at the time of precipitation. A follow-up 

investigation conducted by Kim et al. (2006) (also predicted by Deines, 2005) indicates 

that oxygen isotope fractionation factors between orthorhombic carbonate and water are 

independent of the relative contribution of the carbonic acid species to the DIC.  

The duality of solution chemistry carbon speciation and oxygen isotope 

fractionation behaviour is an important consideration in our laboratory-controlled study. 

Mid-pH parent solutions were prepared employing a hybrid of NaHCO3:Na2CO3 (in a 3:1 

ratio of 7.5:2.5 mmolal) whereas low-pH parent solutions were prepared using solely 

NaHCO3 (10 mmolal) and high-pH parent solutions contained Na2CO3 as the only DIC 

source. Each of these DIC species is associated with its own oxygen isotope equilibrium 

fractionation factor with water, as reported by Beck et al. (2005), producing a 

fractionation factor bias intrinsic to parent solution pH due to the sheer availability of 

HCO3
- versus CO3

2- ions available in solution. Furthermore, while CO3
2- ions are 
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preferentially incorporated into the calcite solid during precipitation (Given and 

Wilkinson, 1985), during rapid calcite precipitation, kinetic effects observed at the low-

pH range can be attributed to the preferential deprotonation of isotopically light HCO3
- 

ions into CO3
2- and its subsequent incorporation into the calcite crystal; insufficient time 

elapses for the isotopic equilibrium between HCO3
- and CO3

2- species, therefore the 

recently-transformed CO3
2- (from HCO3

-) ions still carry the isotopic signature of HCO3
-. 

Calcite samples then adopt an isotopic signature closer to that of the HCO3
- equilibrium 

line. Similarly, the CO3
2- species is dominant for samples synthesized at high-pH. Rapidly 

precipitated calcites under these conditions would yield oxygen isotope fractionation 

values nearer the CO3
2—H2O equilibration line reported by Beck et al. (2005). Notably, the 

HCO3
--CO3

2- speciation occurs in near-equal proportions at the mid-pH realm, balancing 

the contributing factors. Even under rapid precipitation, more CO3
2- is available for 

incorporation into the crystal lattice (versus that at lower-pH) such that deviation from the 

calcite-water oxygen isotope equilibrium fractionation is lessened, minimizing the 

influence of HCO3
- ions altering the isotopic signature upon deprotonation. The 

magnitude of this differential appears further reduced at 40 °C but it must be noted that 

injection rate was halved in an attempt to slow precipitation rate. 

Several permutations of the available parameters have yet to undergo 

experimentation, however our apparent data trend is consistent with the predicted role of 

each dominant carbonic acid species oxygen isotope equilibrium fractionation with water, 

as a function of pH. For the low-pH growth conditions, slower-growth calcites would 

approach the calcite-water equilibrium value (Kim and O’Neil, 1997) from “top-down”, 
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due to a greater timespan allotted for isotopic equilibration to be achieved during 

precipitation. Similarly, the dominance of CO3
2- at high pH indicates that oxygen isotope 

fractionation values would approach equilibrium from the “bottom-up”. Completion of 

these final combinations is targeted in the near future to quantitatively confirm this trend 

in its entirety. 

5.4.3 Effect of temperature on oxygen isotope fractionation 

This study used the calcite-water oxygen isotope fractionation equation proposed 

by Kim and O’Neil (1997), which has been widely employed and proven consistent with 

experimental and theoretical results (e.g., O'Neil et al., 1969; Tarutani et al., 1969; Horita 

and Clayton, 2007). A significantly smaller 1000lnαCaCO3-H2O was observed in this study 

with increasing temperature, aligning with previous work conducted by Kim and O’Neil 

(1997). 

Of additional significance is the similarity in bulk precipitation rate across 

samples nearest predicted equilibrium for all three experimental temperature ranges. 

Notably, the “outlier” set amongst the nine permutations (i.e., low-mid-high pH at 10-25-

40 °C) occurred for mid-pH at 10 °C. Calcites grown under these conditions possessed a 

distinctly low bulk precipitation rate, and generated samples far below expected 

equilibrium. These experiments were conducted using new tubing of different chemical 

composition than past shipments, unbeknownst to our lab until amorphous precipitate 

collected in the tubes and leaked into the experimental chamber. Presumably formed as a 

result of tubing leaching, this foreign substance generated carbonate products of lighter 
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oxygen isotope composition than its pure calcite counterparts, indicating its preference for 

the uptake of heavy oxygen isotopes. A weak, unidentifiable peak (as determined by 

XRD analysis) provides further evidence that these samples were likely anomalous; a 

repeat investigation into the mid-pH, 10 °C calcite synthesis experiment will prove 

illuminating. 

A stark contrast in the variation of oxygen isotope fractionation with temperature 

can also be observed in Figure 5.4. Most notably, the spread among samples (within a 

given temperature range) drastically decreases with increasing temperature. Since 

equilibration time is reduced with temperature, it can be deduced that experiments 

conducted at the lower temperature regime were not given sufficient time to attain 

isotopic equilibrium. Therefore, it appears that another mechanism is involved in the 

CaCO3-H2O isotopic exchange process following exchange with DIC, H2O and carbonate. 

5.5 Conclusions and future work 

Stable isotope geothermometry has been used extensively to reconstruct Earth’s 

past and present climate variability, specifically the oxygen isotope carbonate-water 

paleothermometer pertaining to biogenic marine carbonates. Most of these calibration 

studies, however, were conducted in solutions of ionic strengths differing from seawater. 

Given that a majority of calcium carbonates used for paleoclimate research are marine in 

origin, the similarity of our seawater-like study with current paleothermometry 

calibrations, which are founded on the stable isotope systematics studies of carbonates 

precipitated from low ionic strength solutions (e.g., Kim and O'Neil, 1997; Kim et al., 
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2007), indicate that these calibrations may be suitable for paleoclimatic reconstructions 

based on the analysis of marine carbonates. 

In this experimental investigation, the synthesis of abiotic calcite samples 

displaying oxygen isotope effects provides further insight into distinguishing equilibrium 

versus non-equilibrium fractionation and growth behaviour in calcium carbonates. 

Furthermore, the culmination of select contributing factors (i.e., injection rate, 

precipitation rate and incorporation of DIC species) indicates that equilibrium 

1000lnαCaCO3-H2O values for oxygen isotopic fractionation between calcite and water at 25 

°C are in close approximation with the empirical value proposed by Kim and O’Neil 

(1997) (28.05 ‰) as well as the theoretical value (27.67 ‰) calculated by Chacko and 

Deines (2008). 

Our study is the first to examine oxygen isotope effects in synthetic calcite over a 

spectrum of pH and temperature ranges using the modified constant addition method. 

Several distinct trends emerged over each of the tested parameters (i.e., pH and 

temperature). Less calcite was collected for experiments conducted at 10 °C than at 25 °C 

and 40 °C, due to decreased reaction rates (i.e., precipitation) and retrograde solubility 

behaviour displayed by carbonates at lower temperatures. Deviations from predicted 

oxygen isotope equilibrium at each of the three pH and temperature regimes are 

attributable to the chemical composition of starting parents solutions, given the presence 

of NaHCO3 and/or Na2CO3, as well as varying control over injection/precipitation rate. 

This parameter was adjusted with temperature to conform to known reaction rate 
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constants, in an attempt to contrast equilibrium products with those experiencing kinetic 

effects. Calcites synthesized at the upper temperature regime of 40 °C achieved nearest-

equilibrium conditions (within the published analytical error range), providing evidence 

to support Kim et al. (2006) and Zuddas and Mucci (1994), who proposed that isotope 

equilibrium is controlled by precipitation rate, which itself is controlled by titrant 

injection rate. This apparent trend can be confirmed by testing the two remaining 

experimental permutations (i.e., 10 °C with slow injection and 40 °C with a fast injection) 

(Figure 5.6), as well as a repeated trial for mid-pH calcites at 10 °C to confirm the 

presumably anomalous contribution of the amorphous precipitate, providing empirical 

evidence for the influence of injection rate on equilibrium oxygen isotope fractionation. 

The role of temperature on stable oxygen isotope systematics may also be 

calibrated by clumped isotope paleothermometry (Ghosh et al., 2006). An inherent 

weakness of the carbonate-water thermometer is that temperature determination requires 

knowledge of oxygen isotope compositions of both carbonates and the water from which 

they grew. Other marine paleothermometers (e.g., speciation of planktonic organisms, 

relative abundances of alkenones, or the Mg/Ca or Sr/Ca ratios of corals, foraminifera, 

and other carbonate-producing organisms) are useful for Pleistocene temperature 

reconstruction but are not viable options to extrapolate beyond this timeframe. The 

clumped isotope approach involves a homogeneous equilibrium and allows rigorous 

constraints of carbonate growth temperatures based on the isotopic composition of 

carbonate alone. This is a promising avenue for circumstances under which it is difficult 

to obtain original oxygen isotope compositions (i.e., for ancient waters). 
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Table 5.1: Experimental conditions for modified constant addition experiments.	
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Figure 5.1: Oxygen isotope fractionation at 10 °C. 

Note that mid-pH samples were synthesized during a period of tubing contamination in 
the experimental setup, necessitating a rerun to ascertain the true oxygen isotope 
fractionation for pure calcite at this pH range. A combined analytical error is estimated to 
be  0.2 ‰.  
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Figure 5.2: Oxygen isotope fractionation at 25 °C. 

Note that mid-pH samples were synthesized using several combinations of injection rates 
and Ca/Mg concentrations. To add statistical significance to the observed trend, further 
calcite samples will be grown and examined under each of these trialled conditions. A 
combined analytical error is estimated to be 0.2 ‰.  
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Figure 5.3: Oxygen isotope fractionation at 40 °C. 

A combined analytical error is estimated to be 0.2 ‰. 
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Figure 5.4: Oxygen isotope fractionation trends with temperature. 

A combined analytical error is estimated to be 0.2 ‰. 
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Table 5.2: Oxygen isotope data experimental results from synthetic calcite growth 
trials, as a function of pH and temperature. 
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Figure 5.5: Interplay of carbonate yield, temperature and pH, calculated as a 
function of bulk precipitation rate (mg CaCO3/kg solution/day). 
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Figure 5.6: The interplay of temperature, pH and injection rate with predicted 
isotopic equilibrium at 25 °C. 

A combined analytical error is estimated to be 0.2 ‰. 
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      6.1 Introduction    

The refined calibration of the boron isotope-pH proxy will greatly enhance our 

understanding of historical atmospheric CO2 fluctuations and the effect of this greenhouse 

gas on Earth’s climate. Any change in atmospheric CO2 concentrations will be reflected 

in seawater pH due to equilibrium exchange of atmospheric CO2 with CO2 dissolved in 

the ocean. Elevated atmospheric CO2 concentrations (presumably from anthropogenic 

emissions) will cause ocean acidification, marked by a reduction in seawater pH. 

Research conducted in this study involved the synthesis of calcium carbonate by 

spontaneous nucleation at stable pH values, with subsequent boron and oxygen isotope 

analysis of both precipitated carbonate crystals and the precipitating solutions. 

Specifically, this thesis examined the dependence of the boron isotope composition (δ11B) 

of synthetic calcite on the pH of the precipitating solution. A systematic increase in 

δ11Bcalcite was observed, with decreasing boron isotope fractionation between calcite and 

solution as pH increased, supporting the hypothesis that B(OH)4
- ion is incorporated into 

the crystal lattice.  However, the exclusive incorporation of borate cannot be confirmed, 

as it appears that boric acid may also be integrated into the crystal structure, as evidenced 

by heavier boron isotope compositions in the low-pH samples. While this is to be 

expected given the dominance of boric acid at pH < 8.597 (Dickson, 1990), the 

magnitude of the deviation from the aqueous borate curve suggests that either the samples 

were not precipitated in isotopic equilibrium and/or more than a single aqueous boron 

species is incorporated into the carbonate lattice. 



M.Sc.	
  Thesis	
  –	
  J.	
  Wyman;	
  McMaster	
  University	
  –	
  School	
  of	
  Geography	
  and	
  Earth	
  Sciences	
  
	
  
	
  
	
  

187	
  

This thesis also employed the modified constant addition method to examine 

oxygen isotope behavior across three temperature and pH ranges in high (0.7 mol/kg) 

ionic strength solutions. The oxygen isotope composition of water (δ18OH2O) was analyzed 

to confirm equilibrium conditions within the experimental system. Numerous variables 

impacting oxygen isotope effects and fractionation behavior in solution were identified 

and proven consistent with theoretically predicted acting influences, and subsequent 

suggestions were made to correct for them. 

Chapter 1 discussed the importance of aqueous stable isotope geochemistry to the 

field of climatology, with Chapter 2 detailing the mechanisms of oxygen isotope 

fractionation between calcium carbonate and its growth solution (δ18OCaCO3-H2O). The 

second chapter also introduced the boron isotope paleo-pH proxy and isotopic analysis 

procedures in the laboratory. Chapter 3 served as an overview of the methodological 

options to synthesize abiotic calcium carbonate minerals, providing context for the 

following two chapters.  The sequential nature of the boron isotope paleo-pH proxy 

development was advanced in Chapter 4, which investigated the boron isotope 

compositions of synthetic aragonite and calcite samples from a range of stable pH values. 

Finally, Chapter 5 evaluated the temperature dependence of oxygen isotopes in 

synthesized calcite crystals across three different growth temperature and three distinct 

stable pH conditions. This sixth chapter summarizes each research chapter’s major 

findings and/or purpose, outlines the candidate’s contributions to Chapters 3, 4 and 5, 

identifies each study’s relevance to the field, and explores future avenues of research 

specific to the two experimental projects presented in this thesis. 
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6.2 Candidate’s Contributions to Collaborative Research 

6.2.1 Evaluation of abiotic carbonate synthesis techniques in stable isotope geochemistry  

 In this review paper, the candidate conducted the literature review, compiled the 

information and provided a comprehensive summary (of which only a portion appears in 

this thesis) of the current methodological options available to synthesize abiotic calcium 

carbonates and the considerations involved in their selection. The candidate then 

integrated editorial suggestions made by the candidate’s supervisor (the collaborative 

author). 

6.2.2 Investigation of oxygen and boron stable isotope systematics in the calcium 
carbonate-CO2-H2O-NaCl system 

This collaborative study was a continuation of Christa Klein-Gebbinck et al. 

(2013) investigation into the boron isotope paleo-pH proxy. Experimental work was split 

according to each thesis focus (i.e., aragonite and calcite synthesis experiments). The 

candidate conducted all modified constant addition experiments yielding calcite 

mineralogy, analyzing the resultant carbonate samples via IRMS and solution samples for 

oxygen and carbon via CF-IRMS, as well as normalizing and interpreting the mass 

spectrometry output data. The candidate then wrote up the paper targeted for publication, 

designed figures/tables, and incorporated feedback suggested by the collaborating 

authors. 

6.2.3 Temperature dependence and kinetic effects in the calcite-CO2-H2O-NaCl system  

This partnership again involved the candidate and the candidate’s supervisor. The 

candidate was responsible for all modified constant addition experiments, the preparation 
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of standard solutions, subsequent isotopic analyses of carbonate crystals and their 

precipitating solutions, as well as data interpretation. Upon discussion with the 

supervisor, the candidate completed the research paper, with recommended changes made 

by the supervisor. 

6.3 Research relevance and applicability to field of geochemistry 

The reconstruction of variations in Earth’s concentration of atmospheric carbon 

dioxide is fundamental to the field of climatology. Understanding and characterizing past 

climatic shifts is essential to accurately predict future climate change, particularly with 

modern environmental concerns surrounding the effect of anthropogenic CO2 emissions 

on global climate. A variety of geochemical proxies have been developed to chronicle 

past climate aberrations, in lieu of direct measurements for timeframes exceeding the 

limits of practical measurement. These proxies supplement and/or complement current 

global circulation climate models in an overarching effort to minimize prediction 

uncertainties.  Specific to this thesis, the boron isotope paleo-pH proxy is used to estimate 

the pH of ancient seawater, which reflects changes in the atmospheric-dissolved CO2 

equilibrium. Once quantified, pH can be used in conjunction with either alkalinity or total 

inorganic carbon concentration to reconstruct atmospheric pCO2. 

The robustness of the boron-pH proxy is challenged in this thesis by 

experimentally evaluating the contribution of the aqueous borate (B(OH)4
-) species to the 

total boron isotope composition of calcite. The inorganic synthesis of abiotic minerals 

permits a targeted variable to be assessed in isolation, eliminating auxiliary environmental 
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components and thus minimizing unknown influences on the system. This thesis is one 

step in a series investigating the boron isotope systematics in marine carbonates, to assess 

the proxy’s validity and its legitimacy for paleoclimate research applications. 

Identification of temperature-dependent oxygen isotope fractionation trends is 

important to consistently synthesize calcium carbonate samples in oxygen isotope 

equilibrium, under a wide range of temperature and pH conditions. Such ability requires a 

fundamentally sound understanding of all the underlying mechanisms. Lesser known 

variables can then be more easily isolated and studied, allowing ongoing augmentation of 

our current state of knowledge. 

6.4 Future research 

While the research findings presented in this thesis advance our understanding of 

the boron-pH proxy, several amendments can be made to improve the overall precision 

and thus further refine the proxy. For example, inclusion of other seawater constituents to 

the synthetic seawater-like solution will better reflect the isotopic fractionation behavior 

of true seawater. Artificial seawater solutions in this thesis were comprised solely of 

NaHCO3, Na2CO3, MgCl2, CaCl2, NaCl and B(OH)3. Similarly, the addition of SO4
2- and 

K+ will better approximate the use of Tris buffer to correct for seawater pH data from a 

standard electrode measurement in RmV, and allow for more appropriate applications of 

pKB
 and 11-10KB. The complexity of the system must be increased sequentially to ensure 

reliable control over important parameters such as pH and ionic strength. A 

comprehensive understanding of controls on the system requires evaluation of boron 
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incorporation into calcium carbonates over a range of ionic strengths and temperatures, 

expanding upon this study which precipitated aragonite and calcite at 25 °C in high ionic 

strength (0.7 mol/kg) solutions. An additional consideration involves the abiotic synthesis 

of carbonate minerals in the laboratory, which allow experiments to be conducted under 

controlled conditions, thus isolating the variable of interest. In the future, this knowledge 

base can be transferred to natural samples to evaluate the existence of species-specific 

vital effects. Certain foraminiferal species will be identified as suitable candidates for pH 

reconstructions, which can then be compared with historical models to confirm past pCO2 

conditions. 

A potential revolution to the proxy involves control over carbon isotope 

equilibrium, which may reveal important insights linking fractionation trends between 

carbon and boron isotopes. Notably, these two elements are one atomic number apart and 

share similar atomic properties. Ultimately, developing a multi-element approach to the 

boron isotope paleo-pH proxy will better identify its true applicability and limitations 

over a range of ionic strengths, temperatures and growth environments. 

The onset of precipitation and nature of crystal growth also offer future avenues 

for research. Theoretically, the constant addition technique is ideally designed to control 

carbon and oxygen isotope drift, achieved with the titrant addition of ions to replenish 

those consumed by precipitation. This objective, however, is not consistently met. To 

ascertain the point at which isotopic drift is minimized, different injection rates can be 

implemented as a trial-and-error attempt to yield zero fluctuation. Alternatively, the initial 
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solution can be left in a closed system for calcium carbonate crystal growth to proceed 

without the addition of titrant solution; upon quantification of precipitation rate, the rate 

of ion replenishment can be calculated appropriately and implemented as a function of 

titrant injection rate. The use of seeded material within the constant addition system will 

also provide insight into the linearity of growth. For this study, a bulk precipitation rate 

(mg CaCO3 precipitated/kg solution/day) was quantified. This is a coarse representation 

of growth rate, assuming it is constant and ongoing. Unlike spontaneous precipitation 

experiments, the overgrowth approach allows reliable measurement of the crystal growth 

rate in the presence, as the nucleation process is eliminated such that mineral growth upon 

nuclei allows isolation of the growth kinetics parameter. 

While this study quantified the boron isotope composition of laboratory-

synthesized calcium carbonates, sufficient carbonate samples and precipitating solutions 

remain to undergo MAS NMR spectroscopy analysis. These results will identify the 

presence of trigonal and/or tetrahedral forms of boron in the carbonate lattice. While 

NMR studies will not confirm whether boric acid is contributing to the overall boron 

isotope composition of the carbonate, boron coordination will be established and 

coordination changes during uptake will be revealed for both aragonite and calcite 

polymorphs. Examining the mechanisms of boron incorporation and potential influences 

of boric acid on the carbonate’s boron isotope compositions will deepen our fundamental 

understanding of the proxy. Tossell (2006) hypothesized a mineral-specific coordination 

change in carbonate crystal structure may occur upon B(OH)4
- uptake, necessitating 

independent investigations for aragonite and calcite since systematic processes occurring 
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at the carbonate surface may depend on crystal habit. 

Assessing the temperature- and pH-dependence of oxygen isotope effects in 

synthetic calcite has yielded promising results, consistent with previous literature from 

both a theoretical and empirical standpoint. Several permutations of the available 

parameters (i.e., injection rate and temperature) have yet to undergo experimentation, 

however this knowledge will quantitatively fill in the remaining gaps. Such information 

adds to the ever-growing database linking carbonic acid speciation, calcium carbonate 

precipitation rates, oxygen isotope effects, pH and temperature variables. MRSI colleague 

Chris Spencer is currently tweaking the constant addition method for carbonate synthesis 

in an attempt to improve control over carbon isotope drift. Application of other abiotic 

calcium carbonate synthesis techniques, as described in Chapter 3, under identical 

experimental conditions (i.e., solution chemistry, injection rates and temperatures), will 

supplement our oxygen isotope equilibrium fractionation knowledge across a spectrum of 

growth conditions.  

Information generated by oxygen stable isotope analyses in marine carbonates has 

already been widely used to piece together Earth’s past environmental conditions, 

including fluctuations in temperature, ocean circulation patterns and biotic productivity; 

inclusion of historical pH changes allows quantitative determination of atmospheric 

pCO2. The boron isotope paleo-pH proxy is currently undergoing sequential development, 

which is essential to substantiate its validity. Once refined, this proxy can be cross-

verified with other established proxies to reconstruct past environmental conditions, 
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informing discussions of global warming and enabling scientists to predict future climate 

with more certainty. Furthermore, the development of a multi-element approach to stable 

isotope geochemistry analyses, as explored in this thesis, may prove to be a tremendously 

powerful tool in the evaluation, refinement and augmentation of the current paleoclimate 

archive. 
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Figure A.1: X-ray diffraction (XRD) data alignment of selected calcite samples. 

Mineralogy is determined by measuring the angles and intensities of diffracted x-ray 
beams, specific to the crystalline atoms within the mineral. An arbitrary vertical stacking 
of selected carbonate samples from this study illustrates the alignment of peaks along 
identical diffracted angles, which also position exactly with the calculated, theoretical 
calcite peaks (uppermost plot). Thus, these samples are identified as “pure” (100%) 
calcite via XRD crystallographic analysis. 



M.Sc.	
  Thesis	
  –	
  J.	
  Wyman;	
  McMaster	
  University	
  –	
  School	
  of	
  Geography	
  and	
  Earth	
  Sciences	
  
	
  
	
  
	
  

ii	
  

 

Figure A.2: Stability of pH during calcite synthesis experiments for boron analysis 
at 25 °C. 
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Figure A.3: Stability of pH during calcite temperature-dependence experiments 
(black dashed lines for 25 °C, blue dots represent 10 °C and red x’s indicate 40 °C 
carbonate growth conditions). 
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Table A.1a: Compilation of oxygen isotope data for synthesized calcites at 10 °C. 
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Table A.1b: Compilation of oxygen isotope data for synthesized calcites at 25 °C. 
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Table A.1c: Compilation of oxygen isotope data for synthesized calcites at 40 °C. 
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Table A.2a: Compilation of carbon isotope data for synthesized calcites at 10 °C. 
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Table A.2b: Compilation of carbon isotope data for synthesized calcites at 25 °C.	
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Table A.2c: Compilation of carbon isotope data for synthesized calcites at 40 °C. 
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