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Abstract 

 

Speleothems are important archives of terrestrial paleoclimate due to their wide 

geographical coverage and the ability to date their growth layers using U-Th and 

U-Pb radiometric dating. Extensive research into various speleothem-based 

geochemical proxies has been undertaken in the last half century, and a significant 

number of proxies are now used routinely for reconstructions of paleoclimate 

including stable oxygen and carbon isotopes (known to respond to variations in 

rainfall and temperature), fluorescence (indicative of the quality and quantity of 

organic matter present in cave dripwaters) and speleothem minerology (e.g. fabric 

defects and nano-crystal aggregation). Trace element proxies in speleothems have 

also garnered attention, but the suite of trace elements used to date has primarily 

been limited to the alkali earth metals as they exhibit simple partitioning and are 

characterised by partition coefficients (Kd values) less than 1. Their role in karst 

systems is thus comparatively well constrained. 

 

In contrast, the first-row transition metals have been the focus of only a few 

speleothem-based studies, despite recent evidence suggesting some of these metals 

(namely Co, Ni and Cu) may be useful additions to the current suite of trace element 

proxies already utilised. Thus, although theoretical distribution coefficient data are 

available for these metals, their partitioning behaviour into speleothem calcite is not 

well understood. Theoretical distribution coefficients are useful in understanding 

partitioning behaviour under certain conditions, but the non-thermodynamic nature 

of partition coefficients during calcite precipitation in most natural contexts 

requires partitioning behaviour under speleothem-specific conditions to be 

established. For instance, despite theoretical distribution coefficients being greater 

than 1 for Co, Ni and Cu, apparent partition coefficients (Kd app) calculated for these 

metals in actual speleothem samples are frequently less than 1 due to the 

dependence of Kd app on a number of factors including calcite precipitation rate, 

crystal morphology, and complexation reactions between natural organic matter 

(NOM) and trace ions. Indeed, complexation of first-row transition metals in 

speleothem-forming dripwaters has been shown to significantly alter the 

availability of these metals for incorporation into speleothem calcite. This study 

therefore aimed to investigate the partitioning behaviour of Co, Ni and Cu into 
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calcite precipitated under karst-analogue conditions and in the presence of organic 

ligands to help establish these metals as viable speleothem-based paleoclimate 

proxies. 

 

In order to do this, a suitable method for growing calcite under karst-analogue 

conditions was first established. All experiments were undertaken inside a purpose-

built chamber that ensured precise control of temperature, humidity and pCO2, and 

calcite was grown in a manner analogous to that observed for natural speleothems, 

with calcite precipitation occurring as a result of CO2 degassing from a thin solution 

film. Observed growth rates and structural characterisation of the precipitated 

CaCO3 indicated the method developed was suitable for the desired purpose, and 

the partitioning data obtained subsequently was considered to be applicable to ‘real-

world’ speleothem and cave dripwater samples. 

 

The partitioning behaviour of Co, Ni and Cu into calcite grown under speleothem-

like conditions was assessed, and speleothem-specific Kd values of ~ 4, 1 and 44, 

respectively, were determined. The relatively high inorganic Kd values determined 

for Co and Cu illustrate the reason why these divalent metals have frequently been 

overlooked as paleoclimate proxies in speleothems: metals with high partition 

coefficients are thought to exhibit complex partitioning behaviour and are 

significantly affected by PCP. However, further experiments carried out with 

organic ligands present in solution illustrated that the complexation of Co, Ni and 

Cu by nitrilotriacetic acid (NTA) and Suwanee River fulvic acid (SRFA) 

significantly altered their partitioning behaviour, with apparent partition 

coefficients reduced below 1 for all three metals. It was shown that partitioning of 

Co, Ni and Cu into calcite was controlled not only by their affinity for the calcite 

lattice (i.e. inorganic Kd values) but also by the dissociation of the metal-ligand 

complexes, and that the amount of ‘free’ metal available for incorporation into 

calcite was dependent on residence time and the dissociation constants of the 

complexes. 

 

The results found in this study highlight the fact that the incorporation of the 

divalent first-row transition metals into speleothem calcite cannot be considered in 

terms of simple inorganic partitioning, as the widespread presence of NOM in karst 

systems will alter their partitioning behaviour significantly. Thus, although the use 
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of these metals as speleothem-based proxies has previously been overlooked in 

favour of elements such as the alkali earth metals which exhibit simple partitioning 

(i.e. Kd << 1), in reality the NOM present in karst systems will reduce the effects of 

PCP on these divalent first-row metals, and they should in fact be considered as 

useful additions to the current range of paleo-proxies used.  
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1 Background and Literature Review 

 

1.1 Introduction 

 

Cavers and tourists in Aotearoa (New Zealand) and around the world explore and 

marvel at the unique subterranean features formed by mineral deposits in caves. 

However it has become increasingly apparent that these features may not have value 

only in their ability to impress tourists, but they also hold within them clues to help 

us reconstruct past environments.1-2 Over the past half-century, significant amounts 

of research into the geochemistry of CaCO3 cave formations such as stalagmites, 

stalactites and flow stones (collectively known as speleothems, Figure 1.1) have 

been carried out in order to help researchers to use them as paleoclimate records.1-

8 

 

Speleothems may contain within their growth layers information on past events and 

past climatic conditions. Not only are major events such as bushfires and volcanic 

eruptions potentially recorded within them, but also indicators of past climatic 

conditions including temperature and rainfall.1, 9 These events are ‘recorded’ in the 

form of various geochemical signals, referred to as ‘proxies’, that respond 

systematically to changes in environment. Examples include stable isotope ratios, 

organic material and trace element content. If these signals can be measured in each 

growth layer, it is possible to make inferences about past environmental conditions 

over the time that the speleothem was growing. Speleothem science is thus a field 

of vital importance to climate scientists (and no-doubt society as a whole) as 

understanding environmental conditions throughout the geological record allows us 

to advance our understanding of Earth’s current climate systems and the effects of 

anthropogenic activities on these systems. Reconstructions of paleoclimate from 

archives such as speleothems can be used to inform climate models that predict 

climatic processes, and these models are now essential for us to understand and to 

combat the effects of anthropogenic climate change. 
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Figure 1.1. A group of speleothems in Waipuna cave, Waitomo, New Zealand. The red boxes 

indicate three different speleothem formations that may be used as paleoclimate records: a 

stalactite, stalagmite and flow stone. 

 

Speleothems are by no means the only paleoclimate records available, and indeed 

they were overlooked for many years in favour of other paleoclimate archives due 

to the complex nature of their formation pathways. However recent technological 

advances and improved understanding of karst hydrology and the formation 

processes of these archives have ensured speleothems have been extensively 

studied as paleoclimate archives in recent times. The major advantages of 

speleothems as paleoclimate archives over other terrestrial records such as lake 

sediment cores is the age of these records and the high temporal resolution that they 

provide.1, 10-11 The high-resolution nature of many speleothems (sub-annual 

resolution in some cases), and the ability to date their growth layers using U-Th and 

U-Pb radiometric dating, alongside their extensive geographical coverage, mean 

that speleothem samples are a fundamental tool for terrestrial paleoclimate 

reconstruction and for understanding climate-system mechanisms.1 

 

Although many speleothem-based proxies have been extensively explored for their 

ability to provide paleoclimate information, the unambiguous interpretation of these 

proxies has proven difficult and there is a need for further investigations into other 

possible proxies to ensure speleothem-based climate reconstructions are robust and 

reliable. For instance, the signals provided by the stable isotope ratios of oxygen 

Flowstone 

Stalagmites 

Stalactites 
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and carbon (d18O and d13C, respectively) in speleothems have been widely studied 

and used to provide estimations of past rainfall and temperature variations. 

However, these isotopic ratios are controlled by multiple factors, and thus careful 

consideration and assumptions are required in order to delineate the primary origin 

of these signals in a given archive. Thus, further proxies that can be used alongside 

d18O and d13C signals are required to ensure the correct interpretation of these 

signals.  The use of trace metal proxies in speleothem archives has become an 

increasingly popular method of achieving this, as concentrations of trace metals and 

trace metal isotope ratios also respond to certain processes that occur in the karst 

system. However, the range of trace metals currently used is slim, and is usually 

limited to alkali earth metals such as Sr and Mg as their role in karst systems is 

comparatively well constrained. 

 

In the past decade however, it has become apparent that first-row transition metals 

such as Co, Ni and Cu, may provide further assistance in interpreting speleothem 

archives. These divalent transition metal ions are known to complex strongly with 

the natural organic matter (NOM) present in karst systems, and this interaction has 

been identified as the most significant controlling factor during the transport of 

these transition metals to the site of speleothem deposition.12-13 It is this interaction 

between divalent metal ions and organic matter that has been identified as vitally 

important for the use of first-row transition metals as proxies. There have now been 

several studies that suggest the dissociation of the metal-NOM complexes at the 

water-speleothem interface may occur in a predictable way and as a function of 

time.14 Thus, past drip rates in caves may be able to be reconstructed from the 

transition metal signatures recorded in speleothem calcite, as these signatures will 

be a function of complex dissociation. However, the constraints controlling the 

incorporation of first-row transition metals into calcite, and the effects of organic 

ligands on this process, have not been extensively studied. Thus, further studies are 

necessary to help improve our understanding of the behaviour of such metals in 

cave systems so that these new proxies can be further developed and utilised as 

potentially quantitative speleothem-based proxies of paleoclimate. 
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1.2 Cave Systems and Speleothem Formation 

 

1.2.1 Introduction 

 

In order to design a series of experiments that are of relevance to natural speleothem 

samples, the hydrological and geochemical processes that occur in real cave 

systems must be understood and, where possible, replicated. Thus, a brief review 

of surface-to-cave processes and speleothem formation will be carried out here. 

 

Speleogenesis (the formation of a cave) can occur via various mechanisms 

involving tectonic forces, pressure, geochemical processes, water erosion, 

microorganisms, and atmospheric influences.1 Karst caves are the most common 

type of cave, and these form in soluble minerals such as dolomite, marble, gypsum, 

chalk and most commonly, limestone. As the focus of this study is calcium 

carbonate deposits, only karst caves derived from limestone will be discussed 

further. In brief, the formation of these caves occurs when limestone is dissolved 

by acidic groundwater that percolates through faults, joints, and bedding planes. 

These cracks eventually enlarge to become caves and cave systems.1 

 

1.2.2 Surface-to-Cave Processes 

 

The subsurface of a karst landscape is divided into two zones which are defined by 

the level of the water table. The phreatic zone lies below the water table, and its 

pore spaces are thus usually saturated year-round.1 The vadose zone, however, is 

the area above the water table, and is itself comprised of three layers: the soil (this 

layer may not be present in some cases), epikarst and lower vadose layers. As the 

vadose zone lies above the water table, it can be saturated or void of water 

depending on the time of year, geology, rainfall and above ground vegetation.1 In 

the soil zone, high partial pressures of carbon dioxide (pCO2) are present due to the 

respiration of microorganisms and root exhalation. High pCO2 levels ensure that 

infiltrating water reacts to form carbonic acid (Equation 1.1), meaning the water 
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becomes acidic and can therefore interact and dissolve the carbonate in the lower 

layers (Equation 1.2).1 

 

                          H2O(l) + CO2(g) ⇌ H2O(l) + CO2(aq) ⇌ H2CO3(aq)	 	 (1.1) 

 

   H2CO3(aq) + CaCO3(s) ⇌ Ca2+(aq) + 2(HCO3-)(aq)	 	 (1.2) 

 

The soil zone is also where a significant proportion of organic matter (OM) enters 

into the system (Figure 1.2). As meteoric water enters the soil layer, organic matter 

derived from soil fauna and vegetal detritus becomes mobilised and is carried into 

the layers below, eventually reaching the growing speleothem surface.1, 12-13 A wide 

variety of organic compounds of varying size and polarity comprise this organic 

matter, and thus a convention has been established to characterise OM into three 

classes. The largest fraction of OM, known as the particulate fraction, is 

functionally defined as having solids greater than 1 μm. The colloidal fraction is 

defined as the OM fraction having solids between 1 nm and 1 μm in size. Finally, 

the dissolved organic matter fraction (DOM) is characterised by a size of less than 

1 nm. Both hydrophilic and hydrophobic compounds comprise OM, and this effects 

the mobility of OM in the karst system. Lignin-derived and long chain alkane 

compounds have reduced mobility in the karst system due to their hydrophobic 

characteristics, while hydrophilic compounds such as organic acids and protein-

derived compounds (e.g. amino acids) have a significantly higher mobility.13 

Hydrophilic organic ligands therefore are of more interest in this study because of 

this increased mobility, and because of their higher affinity for complexation to 

metal ions. Another source of OM that may be preserved in speleothem records is 

from microbial communities within the cave/on the speleothem surface,13 however 

this organic matter is of little relevance to this study so will not be discussed further.  
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Figure 1.2. Origins and fate of OM in a karst system. Adapted from reference [13]. 

 

The second layer of the vadose zone, the epikarst, often acts as an aquifer, a result 

of low porosity/permeability caused by strong weathering.15-17 This means the 

epikarst is often responsible for storing water, and thus is fundamental in dictating 

the residence time of the water, which can vary significantly on the scale of days to 

years. The residence time of this water is particularly important for paleoclimate 

reconstructions as it will impact the signals that are eventually captured within a 

speleothem archive.15-17 There are two broad categories of flow through the 

epikarst: vadose/fracture flow and seepage/diffusive flow.15 Fracture flow, as the 

name would suggest, is characterised by fast movement of water through large 

conduits such as fractures in the bedrock. This occurs only when a saturation 

threshold of the vadose zone is met. Conversely, seepage flow is characterised by 

the slow movement of water through sections of bedrock that are of low 

permeability, and it is this type of flow that is responsible for water storage in the 

vadose zone. The extent to which OM (and thus complexed metal ions) reaches a 

growing speleothem at any given time is largely dependent on which flow mode is 

operating in the vadose zone. For instance, larger fractions of OM are more likely 

to reach the speleothem surface if fracture flow is present, as they require more 

energy to be carried through the karst system.13 
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1.2.3 Speleothem Formation 

 

Speleothems form via the precipitation of calcium carbonate (usually in the form of 

calcite or less frequently, aragonite) from cave drip waters (Figure 1.3).1 As 

mentioned above, high pCO2 levels occur in the soil above a cave systems, as a 

result of microbial respiration and root exhalation. Dissolution of CO2 results in an 

acidic solution that dissolves carbonate minerals present in the host rock as it 

percolates through the soil and epikarst, enriching the water in Ca2+ and HCO3- ions 

(Equation 1.3).1 When the water eventually reaches an area of lower pCO2 (such 

as a cave), evolution of CO2 from the solution results in the deposition of CaCO3 

(Equation 1.3, reverse direction). For instance, during the formation of a stalagmite 

(the type of speleothem most commonly utilised for paleoclimate reconstructions), 

infiltrating dripwater forms a thin solution film ~0.1 mm thick on the stalagmite 

surface.18-21 The dissolved CO2 degasses within seconds, causing an increase in pH 

to around 8, and subsequently HCO3- becomes the dominant (~95 %) form of 

dissolved inorganic carbon (DIC).22-24 The solution reaches supersaturation with 

respect to calcite, and thus calcite precipitates as the solution flows down the 

stalagmite surface. 

 

CaCO3 (s) + CO2 (g) + H2O (l) ⇌ Ca2+(aq) + 2HCO3- (aq)  (1.3) 

 

Due to the nature of this process, the growth of speleothems is accretionary, and 

thus they are able to capture environmental signals continuously over large periods 

of time.1 As the speed of CaCO3 deposition on speleothems is dependent on water 

availability and other factors, the carbonate is frequently deposited in 

distinguishable growth layers, or laminae (Figure 1.4). These layers can have 

resolution from sub-annual scale to millennial scale and each of the layers may 

contain information indicative of the environmental conditions affecting water 

movement and water content when the layer formed.1-2, 11 
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Figure 1.3. Representation of a karst cave system showing the movement of water and CO2 

through the system. Precipitation is followed by the formation of carbonic acid due to uptake 

of CO2, causing dissolution of the CaCO3 host rock. Finally, degassing and thus the formation 

of speleothems inside the cave occurs as a result of the pCO2 in the cave being less than that of 

the soil. Figure adapted from reference [20]. 

 

Figure 1.4. Example of visible growth laminae from stalagmite ‘2pac’ found in Akçakale Cave, 

Gümüşhane province, northeast Turkey. Figure adapted from reference [1]. 

Precipitation 
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1.2.4 Calcite Precipitation Rate from a Thin Film 

 

The rate of precipitation of calcite from a thin solution film (such as those found  

on a speleothem surface) has been well described in the literature.25-26 The method 

developed by Buhmann and Dreybrodt (1985) to calculate precipitation rate will be 

utilised in this study to determine calcite growth rate in each of the experiments, 

and thus the principles of their method will be discussed here in brief.26 

 

It is shown in Equation 1.3 that as precipitation of one molecule of CaCO3 occurs, 

one CO2 molecule is lost. The diffusion and loss of this CO2 to the atmosphere is 

almost instantaneous.18, 22, 26 However in order for the loss of CO2 to occur, the 

H2CO3 species must convert into H2O and CO2 (Equations 1.1 and 1.2) and this 

happens comparatively slowly. Thus the precipitation rate of CaCO3 is limited by 

the rate of this conversion. Buhmann and Dreybrodt, (1985) combined these 

processes and derived equations to calculate the precipitation rate, F, of CaCO3 

from a thin film:  

 

𝐹 = 𝜅([𝐶𝑎!"] − [𝐶𝑎!"]#$)    (1.4) 

 

  𝜅 = (0.052 + 0.04𝑇 + 0.004𝑇!) × 10%&    (1.5) 

 

where k is a rate constant in cm s-1, [Ca2+] is the concentration of Ca2+ at time t, 

[Ca2+]eq is the concentration of Ca2+ at equilibrium (which is dependent on 

atmospheric pCO2) and T is the temperature in °C.26 When this equation is applied 

to water films as thin as those seen in caves (and indeed in this study), the rate 

constant k becomes independent of the film thickness.23, 27 Thus, as calcite 

precipitates, calcite supersaturation decreases exponentially according to a 

characteristic decay time, tpr, and the change in concentration of Ca2+ and HCO3- 

with time can be described by the following equation: 

 

[𝐶𝑎!"](𝑡) = ([𝐶𝑎!"]' − [𝐶𝑎!"]#$)𝑒
(%) *!"+ , + [𝐶𝑎!"]#$  (1.6) 
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where [Ca2+]0 is the initial concentration of Ca2+ at t = 0 and t is the residence time.22 

If the derivative of Equation 1.6 is taken, the change in concentration of Ca2+ over 

the course of precipitation, and thus growth rate, can be calculated: 

 

-./0#$1
-)

= 2
*!"
([𝐶𝑎!"]' − [𝐶𝑎!"]#$)𝑒

(%) *!"+ ,   (1.7) 

 

1.2.5 Prior Calcite Precipitation 

 

Prior calcite precipitation (PCP) is a process that can occur before speleothem 

formation that affects the proxies used for paleoclimate reconstructions. PCP occurs 

when CaCO3 precipitates from infiltrating water up-flow of the speleothem drip 

site, when the solution loses CO2 in aerated (lower pCO2) channels, caverns, or 

pores.28 Rates of PCP are affected by aridity and cave ventilation. Higher rates of 

PCP are observed during arid periods because there is less water available to fill the 

pores and caverns where PCP is most likely to occur, enhancing the penetration of 

air into the aquifer.28 This results in low pCO2 and thus precipitation of CaCO3. 

Similarly, PCP can be affected by cave ventilation as ventilation will change the 

pCO2 values within the cave also.1, 28 As PCP influences various paleoclimate 

signals in speleothems (including trace metal concentrations) both seasonal cycles 

and long term trends in aridity and cave ventilation can been observed in 

speleothem calcite.  

 

 

1.3 Current Climate Proxies in Speleothems 

 

1.3.1 Introduction 

 

Many useful paleoclimate proxies have been identified and analysed in speleothem 

samples over the past several decades. Thus only a few of the most notable proxies 

will be discussed in this section, and only in brief, in order to highlight the 

impressive potential of speleothems to record paleoclimatic events. The shortfalls 

of each proxy will also be discussed, in order to highlight the requirement for the 
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development of further proxies. It should be noted that current trace metal proxies 

(including their isotopic ratios) will be covered in Section 1.4 so that they can be 

discussed in more depth. 

 

1.3.2 Stable Isotope Fractionation  

 

As many paleoclimate proxies in speleothems are based on stable isotopic 

fractionation, this phenomenon will be briefly reviewed here. Isotopic fractionation 

occurs as a result of physicochemical processes that affect the relative isotopic 

abundance of an element due to the slight differences in mass between isotopes.1, 29 

The heavy and light isotopes of an element have different binding energies and 

therefore different mobilities. The heavier isotopes usually have lower mobilities 

and higher binding energies, resulting in a slower response than the lighter isotopes 

during a chemical reaction.20 This difference in responsiveness leads to isotope 

fractionation, the magnitude of which is usually expressed by a fractionation factor, 

a. Equation 1.8 shows how the fractionation factor is calculated:20, 29 

 

𝛼3/5 =
6%
6&

    (1.8) 

 

Where RA is the isotope ratio in phase A and RB is the isotope ratio in phase B. As 

isotopic fractionation is often small, a is usually close to unity and it is therefore 

convenient to express isotope effects by the fractionation, e, which can be calculated 

according to Equation 1.9:20, 29 

 

𝜀3/5 = (𝛼3/5 − 1) × 1000     (1.9)  

 

Three types of isotope fractionation are presented in the literature. These are 

equilibrium, kinetic, and disequilibrium fractionation.20 Equilibrium fractionation 

occurs when isotopes move between two reservoirs, and the flux in both directions 

is equal. When there is movement in one direction, and the process is irreversible, 

kinetic isotope fractionation will dominate.20, 30 In most natural systems, the overall 

isotopic fractionation is a result of the combination of these two processes, and is 

referred to as disequilibrium fractionation.20  
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As would be expected, both kinetic and equilibrium fractionation processes are 

important in cave environments.1-2 In his seminal 1971 paper, Chris Hendy 

describes these processes in terms of d13C and d18O. If loss of CO2 from the solution 

is slow, then isotopic equilibrium will exist between HCO3- (aq) and CO2 (aq) and the 

precipitated calcite will also be in equilibrium with the solution. In this instance 

d18O values will depend strongly on climate, while d13C values will not. In contrast, 

if CO2 loss from the solution is fast, kinetic fractionation may occur between HCO3- 

(aq) and CO2 (aq), and thus the precipitated CaCO3 will have higher d18O and d13C 

values. If such kinetic fractionation is observed, paleoenvironmental 

reconstructions from d18O and d13C values are confounded.2 

 

1.3.3 d 13C and d 18O Stable Isotopes 

 

The stable isotopes of oxygen and carbon are widely applied as paleoclimate 

proxies in speleothems because the isotopic ratios of C and O are known to respond 

to rainfall and temperature via isotopic fractionation.1, 10, 20-21, 31 Various studies of 

speleothem d13C and d18O have indicated past periods of aridity and high rainfall, 

supplementing information from other paleoclimate archives such as ice-cores, and 

illustrating the usefulness of speleothems for aiding understanding of climate-

system mechanisms.32 For instance, the 8.2 ky event (an abrupt and cold period 

experienced in the North Atlantic region 8,200 years ago) has been well 

documented in Greenland ice-cores, and recently d18O data from a sub-annually 

resolved stalagmite record from central China has shown that this event was also 

experienced in the East-Asian monsoon region. d18O data from Heshang cave 

stalagmite HS4 demonstrate a significant period of aridity was experienced in this 

region, coinciding with the onset of the 8.2 ky event. This in turn demonstrated the 

existence of teleconnections in the climate system between the North Atlantic and 

other regions.32 This is only one example of many where speleothem δ18O and δ13C 

data has been used to qualitatively reconstruct past climatic events, which illustrates 

the power of speleothems to provide vital information for paleoclimate 

reconstructions. 

 

Clumped isotopes have recently become a focus of speleothem scientists for use as 

paleoclimate proxies also.1, 20 The term ‘clumped isotopes’ refers to chemical 
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species that are enriched in heavier isotopes of more than one element. Clumped 

isotopes form because there is a temperature dependent preference for heavy 

isotopes to bond together in the same molecule. The analysis of clumped isotopes 

(via the measurement of the various isotopologues of a molecule, in this case CO2 

derived from calcite via acid digestion) has been hindered by analytical capabilities. 

Measuring the mass 47 isotopologue (13C18O16O) is required for clumped isotope 

analysis in speleothems, and this is difficult due to its very low abundance. Recent 

advances in analytical techniques mean that clumped isotope analysis is now a 

viable option for paleoclimate reconstructions, although many analytical 

difficulties are still faced when using this technique. It should be noted that despite 

the major influence of temperature on the formation of clumped isotopes in cave 

systems (due to the strength of the 13C18O bond), kinetic processes are still present 

which do not allow fully quantitative reconstructions of temperature to be made.1 

 

Despite the ability of d13C, d18O and clumped isotopes proxies in speleothems to 

reveal past trends in air temperature and rainfall variations, the interpretation of the 

data is hampered by a multitude of other factors that affect the isotopic fractionation 

of C and O, including kinetic fractionation.1, 7, 19, 33 Complex processes that occur 

in the soil, epikarst and cave make the unambiguous interpretation of stable isotope 

data highly difficult: d13C and d18O proxies are not as robust and reliable as needed. 

Thus, past rainfall and temperature variability can only be inferred. Quantitative 

reconstructions using these proxies are not currently possible, and therefore further 

research into proxies such as those investigated in this study is needed so that they 

can be used alongside the already powerful proxies discussed above. Hopefully 

with the development of further proxies, a multi-proxy approach to 

paleoreconstructions can be used to allow unambiguous interpretations of 

speleothem archives. 

 

1.3.4 Natural Organic Matter (NOM) Proxies 

 

The amount and type of organic matter that reaches a growing speleothem is 

dictated to a large degree by climatic and ecological processes. Thus there has been 

particular interest in the past two decades in developing new speleothem-based 

NOM proxies that can be used alongside inorganic proxies to provide 
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comprehensive reconstructions of paleoclimate and also provide insight into 

changes in vegetation above cave systems.12-13, 34-37  A recent review provided by 

Blyth et al. (2016) outlines this promising area of speleothem science, and provides 

a discussion on the association between trace metals and organic matter in karst 

systems.13 This review outlines some more recently developed approaches to using 

OM for paleo-reconstructions, including analysis of specific plant-derived 

biomarkers such as n-alkanes and analysis of compound-specific d13C values in OM 

isolated from speleothem samples.13, 35 These newer approaches, however, are of 

little relevance to this study so will not be discussed further.  

 

Of more relevance to this study is the ‘traditional’ fluorescence analysis of 

speleothem-derived organic matter.13 This approach utilises the absorption of high 

energy UV–visible light by OM as electrons are excited above their ground state, 

and the subsequent emission of fluorescence as the electrons return to the ground 

state.38 The wavelength of the emitted fluorescence can provide qualitative 

information on the OM present in the sample, while the intensity of the fluorescence 

is indicative of OM quantity. For instance, OM with delocalised (and thus readily 

excitable) electrons (i.e. aromatic groups) typically emit fluorescence in the 360-

450 nm wavelength range. If fewer aromatic groups are present, fluorescence 

emissions are usually within the 300-350 nm range.38 Cumberland and Baker 

(2007) have shown that the emission wavelength of the OM can be used to make 

inferences about the decomposition of OM in the karst system, with higher energy 

(shorter wavelength) emissions indicating a higher level of biological 

decomposition occurring in the soil zone, and lower energy (longer wavelength) 

emissions indicating less decomposed OM.34 This fluorescence technique can also 

be used to provide information on the quality and quantity of OM present in cave 

dripwaters, and this quantitative approach will be used on the solution samples 

collected during the experiments in this study to determine the extent to which 

organic material has been incorporated into the CaCO3 precipitates.12  
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1.4 Trace Metals as Proxies in Speleothems 

 

1.4.1 Introduction 

 

The development of techniques such as Inductively-Coupled Plasma Optical 

Emission Spectrometry (ICP-OES) and Inductively-Coupled Plasma Mass 

Spectrometry (ICP-MS) have allowed relatively easy quantitation of trace elements 

in both speleothems and cave dripwaters. This, coupled with the fact that they are 

known to respond to environmental variables, mean trace elements have become a 

major focus of speleothem scientists for their use as climate proxies. 4-6, 20, 39-40 Such 

studies have previously focused primarily on the alkali earth metals Mg, Sr and Ba, 

and comparatively little attention has been given to other divalent metals such as 

the first-row transition metals. A brief review of the controls on elemental 

partitioning into speleothems will be given below, followed by a review of the 

established applications for trace alkali earth metals in speleothems. Finally, the 

few data pertaining to first-row transition metals in speleothems and cave 

dripwaters will be presented and a discussion of the potential for these metals to be 

used as powerful paleoclimate proxies will be undertaken. 

 

1.4.2 Elemental Partitioning into Speleothems 

 

In order to interpret trace element signals in speleothem carbonates, the partitioning 

behaviour of trace elements into calcium carbonate minerals must be understood. 

Trace element incorporation at the speleothem surface is known to respond to a 

number of factors, including temperature, the growth rate of calcite and 

characteristics of the drip solution, and thus although trace element data has the 

potential to yield valuable information about past climate, the contribution of each 

of these factors must be well understood in order for accurate and unambiguous 

interpretations to be made.1, 5 

 

Three main processes of trace element incorporation into minerals have been 

discussed in the literature since being defined by McIntire in 1963.41 These are 

surface adsorption, occlusion, and solid solution formation. Surface adsorption 

occurs when the foreign ions have weak bonding interactions with the surface ions 
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of the mineral whose bonding is not yet completely satisfied. This process is of 

most importance in colloidal or aggregate minerals, as the energy of surface 

adsorption increases with surface area. Due to the nature of the CaCO3 grown in 

this study, this mode of incorporation will not be vastly important and thus will not 

be extensively discussed. The partitioning of trace elements via occlusion occurs 

when trace elements are adsorbed at the surface and then are subsequently ‘trapped’ 

when the next mineral layer grows over them. Occlusion can explain fluid 

inclusions in speleothems, as fluid present during precipitation can be ‘trapped’ in 

a similar manner, often in the presence of trace elements also. This process is of 

most importance during high rates of precipitation.1 Finally, trace elements may be 

incorporated into a mineral lattice via substitution within the crystal lattice. In the 

case of calcite, divalent trace metals can substitute for a Ca2+ ion. As you would 

expect, the ionic radius and valency of the elemental impurity is particularly 

important for this process, and divalent ions of similar ionic radii to the divalent 

calcium ion are most likely to incorporate in this manner.1, 41 42  As the metal ions 

used in this study are all divalent and comparatively similar in ionic radii to Ca2+, 

this mode of partitioning will be assumed to be the dominant mode. However 

further experiments investigating the local coordination geometries of the trace 

impurities would be recommended to confirm this. 

 

Partitioning of trace metals into calcite was historically described by a parameter 

known as the distribution constant, or KD, based on the equilibrium partitioning of 

an element X between two phases.43 This parameter provided a way of describing 

the extent to which a trace element was partitioned between an aqueous phase and 

a mineral phase (e.g. calcite). This partitioning is represented in Equation 1.10: 

 

               𝑋7809#	5 ⇌ 𝑋7809#	3               (1.10) 

 

The equilibrium constant of  Equation 1.10 is given by Equation 1.11: 

 

 

              𝐾 =
0'!()*+	%
0'!()*+	&

      (1.11) 
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where a is activity. In order for the equilibrium constant K to be equal to the 

concentration ratios of the element X between phases B and A, the activity 

coefficients of X in each phase must be the same.43 Under these conditions, the 

equilibrium constant (and thus also the concentration ratio) is equal to the 

distribution constant by KD. However, these conditions are very rarely obtained, 

and thus distribution constants have become almost redundant in favour of a similar 

but distinct parameter, the partition coefficient.43 

 

The partition coefficient (sometimes also referred to as the distribution coefficient) 

was first introduced in 1927 by Henderson and Kraček and, unlike the distribution 

constant, is non-thermodynamic. 43, 44 Either DX or Kd  is usually used to represent 

the partition coefficient, where X is the trace element of interest. The partition 

coefficient, like the distribution constant, is used to relate the trace element content 

of a mineral phase to that of the solution phase from which it precipitated but is 

normalised to the concentration of the ‘carrier’ element. In the case of calcite, the 

carrier element is calcium (Equation 1.12). The non-thermodynamic nature of the 

partition coefficient renders it preferable, as thermodynamic equilibrium is rarely, 

if ever, obtained in either laboratory experiments or natural systems under near 

Earth surface conditions.43  Experimentally determined partition coefficients for the 

most part do not reflect equilibrium, but are simply phenomenological 

measurements for a given set of conditions.43 As such, they are influenced by a host 

of parameters beyond the thermodynamic variables of temperature, pressure and 

composition, and thus although partition coefficients measured in the laboratory 

can give valuable insight into the processes governing the composition of solids, 

they can rarely be quantitatively applied to understanding the composition of 

precipitates in nature.43 

 

𝐾- =
[< /0⁄ ]-)-./
[< /0⁄ ])01+21*

    (1.12) 

  

Equation 1.12 dictates that a Kd > 1 indicates preferential incorporation of the trace 

element X into calcite, while a Kd < 1 indicates Ca is preferably incorporated into 

the CaCO3 lattice. 4-6, 45-46 
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Many partition coefficients for a range of trace elements have been both calculated 

and determined experimentally for calcite, and in particular for speleothem 

samples.6, 46-48 In order to fully interpret and understand the resultant Kd values, all 

the factors affecting trace element partitioning and the modes of incorporation of 

trace elements, must be considered. It has already been stated that the partitioning 

of trace elements can be affected by a wide variety of factors including the steric 

and electronic properties of the element, temperature, calcite growth rate, organic 

ligand binding and trace element concentration, however the degree to which each 

of these factors affects partitioning of trace elements (especially first-row transition 

metals) into speleothems, is not well understood.1 Trace element incorporation into 

calcite remains ambiguous and cannot be regarded as a solely thermodynamic 

process, and thus, if first-row transition metals are to be used as robust paleoclimate 

proxies, further work is required to deconvolute the controls on their partitioning1, 

4-7, 31, 40 43 

 

One of the factors that would not be accounted for in a thermodynamic approach to 

trace element partitioning into speleothem calcite, but one that hugely influences 

the partitioning behaviour of trace elements into carbonates, is the effect of 

complexation by NOM.1 The effects of NOM on trace element partitioning into 

speleothems have frequently been overlooked and underestimated, despite the 

demonstration of the widespread occurrence of trace metal transport via NOM in 

cave dripwaters.12 It is now known that many trace metals complex to both 

dissolved and colloidal NOM in cave systems, and it follows that the effective 

concentration of these elements in solution (and thus the concentration available for 

incorporation into calcite) will depend on the lability of these complexes.12, 36 

Section 1.5 will outline the interactions between trace metals and organic material 

in more detail.  

 

A thermodynamic approach to trace element partitioning into calcite would also not 

take into account the kinetic contribution that occurs due to certain areas of the 

crystal surface having features that promote the incorporation of trace elements.42 

Certain areas may become more enriched in trace elements than others due to 

morphological and energetic differences between sites.1, 42 Different areas of the 

crystal surface may have different features, such as kinks and screws, which can 

affect the adsorption of trace metals onto the surface.42, 49-50 Therefore a simple 
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thermodynamic approach is insufficient to determine trace element partitioning, 

and the surface features of calcite crystals should be taken into account when 

investigations into trace element partitioning in speleothems are undertaken.4  

 

Figure 1.5 illustrates the ‘sector zoning’ concept proposed by Paquette and Reeder 

in 1995, which accounts for the different coordination environments of a trace 

element X in calcite.42 Here, two distinct growth steps which differ in the direction 

they translate can be seen. Scheme A illustrates a <441=
" "⁄

kink site in calcite, while 

scheme B illustrates a <441=
% %⁄

kink site. At the <441=
" "⁄

kink site the trace 

element X is coordinated to three oxygen atoms all within the same growth layer 

(the upper dark grey layer). Conversely, scheme B shows that at the <441=
% %⁄

kink 

site, X is coordinated to two oxygen atoms in the top growth layer (dark grey) and 

one oxygen atom in the bottom layer (light grey). Differences in direction of the 

coordinated bonds to the calcite faces between the two different schemes were also 

noted by Paquette and Reeder (1995). These differences in the coordination 

environment of X lead <441=
" "⁄

kink sites to be the more open of the two systems, 

thus favouring ions with larger radii (e.g. Sr2+ and Ba2+) while the <441=
% %⁄

kink 

site favours ions with smaller radii (e.g. Co2+, Cd2+ or Mg2+). This phenomenon is 

thought to be most important in systems with slow mineral growth rates. 42 

 

The growth rate of carbonate minerals is also an important controlling parameter 

on trace element partitioning that heavily influences apparent Kd values.43 An 

increasing growth rate may either increase or decrease the partition coefficient, 

depending on whether it is a compatible element (e.g. Cd2+) or an incompatible 

element (e.g. Sr2+). Partition coefficients of an incompatible element will usually 

increase with precipitation rate, while the converse is true for compatible 

elements.42-43 It should also be mentioned that temperature has been shown to 

significantly effect partitioning of several trace elements, however as the 

temperature will be held constant for all experiments in this study, this phenomenon 

will not be discussed further. 4, 46, 51 
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Figure 1.5. Illustration of the different coordination environments of a trace element (X) at 

two different kink sites in calcite. The light grey shaded areas represents the lower mineral 

layers, while the dark grey shaded areas represent the upper growth layer. White circles 

indicate atoms in the upper growth layer, grey circles represent the elements in the lower 

layers and red circles indicate oxygen atoms directly coordinated to the trace metal impurity. 

Scheme A indicates a !𝟒𝟒𝟏$
3 3⁄

kink site in calcite where the trace element X is coordinated to 

three oxygen atoms all within the same growth layer. Scheme B illustrates a !𝟒𝟒𝟏$
5 5⁄

kink site 

where X is coordinated to two oxygen atoms in the top growth layer and one oxygen atom in 

the bottom layer. The !𝟒𝟒𝟏$
3 3⁄

kink site is more open, thus favouring ions with larger radii 

while the !𝟒𝟒𝟏$
5 5⁄

kink site favours ions with smaller radii. Figure taken from reference [42]. 

 

1.4.3 Isotopic Fractionation During Elemental Partitioning into Calcite 

 

Another factor that should be taken into account when developing speleothem-

based trace element proxies is the potential isotopic fractionation that occurs as a 

result of partitioning from the aqueous phase into CaCO3 minerals. 52 For instance, 

the light isotopes of the alkali earth metals are enriched in calcite due to steric 

effects. Schott et al. (2014) demonstrated this in a series of experimental studies 

investigating the effects of crystal growth rates, fluid pH and speciation on the 

isotopic composition of divalent metals incorporated into a calcite lattice. 1, 52 They 

also demonstrated that the isotopic fractionation of Mg decreases with increasing 

calcite growth rate, while Ca, Ba and Sr show an increase in isotopic fractionation 

during periods of increased growth rates. They attributed this to the higher lability 

of H2O ligands in the hydration spheres of the four heavier alkali earth metals. They 

also found that divalent first-row transition metals showed the opposite trend- a 

slight enrichment of heavy isotopes of Zn, Cu, Cd and Ni were observed in the 
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precipitated calcite, as would be expected due to the higher affinity of these metals 

for the mineral phase (Kd > 1). The fractionation of these elements was shown to 

decrease with increasing growth rates. In the same study, Schott et al. investigated 

the effects of RO- ligands on the resulting isotopic fractionation between the 

aqueous solution and calcite. They demonstrated that for transition metals such as 

Cu which bind ligands strongly (see Section 1.5.3), the equilibrium isotope 

distribution between aqueous solutions and calcite depends on solution pH, 

ΣCO2(aq) and the presence of aqueous ligands. This will be covered in more detail 

in Section 1.5.5, below. 52 

 

1.4.4 Established Applications of Trace Metal Proxies in Speleothems 

 

Despite the aforementioned concern by some that trace element partitioning is 

ambiguous and cannot be easily used for quantitative paleoclimate reconstructions, 

many successful studies have used trace element proxies in speleothems to provide 

information on past aridity.1 The most commonly used elements for these 

reconstructions are the alkali earth metals Sr, Mg and to a lesser extent, Ba, as they 

exhibit simple partitioning (Kd << 1) and the role of these elements in the karst 

system is comparatively well-constrained.  Gaining information on past aridity via 

these proxies is possible because X/Ca proxies (where X is Sr, Mg or Ba) are known 

to reflect levels of PCP in the karst system (although this is of course not the only 

factor affecting X/Ca values in speleothem samples and cave dripwaters). 1,7 One of 

the most well documented effects of PCP is the shift to higher Sr/Ca and Mg/Ca 

values as PCP increases (Figure 1.6). Dripwater solutions, and thus also 

speleothems, are enriched in these alkaline earth elements when PCP occurs up-

flow of the speleothem, as both Kd-Mg and Kd-Sr << 1 (i.e. calcium ions are 

preferentially incorporated into calcite over trace element ions). Subsequently, 

higher levels of these trace elements are present in the dripwater at the growing 

speleothem surface, resulting in higher X/Ca values in the growing speleothem 

calcite. 
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Proportional Increase in Mg or Sr 
 

 

Figure 1.6. Graph showing the expected increase in Sr and Mg as PCP increases. Taken from 

Fairchild & McMillan (2006).54 

 

Many studies utilising alkali earth metals as paleoproxies in speleothems have been 

undertaken. Liu et al. (2013) for instance used Mg/Ca data from the HS4 stalagmite 

to support the d18O evidence for aridity in the East-Asian monsoon region during 

the 8.2 ky event.32 Similarly, Zhou et al. (2011) used Mg/Ca, Sr/Ca and Ba/Ca ratios 

from stalagmite SZ2 (from Suozi Cave in Sichuan province, Central China) to 

demonstrate changes in past climate and environment during Marine Isotope Stages 

(MIS) 5c and 5d.53 They suggested temperature to be the dominant control on the 

Mg/Ca ratios observed, and PCP to be one of the main influences on the Sr/Ca and 

Ba/Ca ratios observed. 

 

It should be noted that PCP is not only affected by water availability, but also by 

changes in CO2 concentrations caused by moisture-independent factors such as 

cave ventilation dynamics and changes in respiration rates of microbes and 

vegetation. Both variations in soil CO2 and cave ventilation are often seasonal and 

may either increase or decrease the amount of PCP observed. As the extent to which 

moisture independent and moisture dependent processes affect PCP is not well 

known, caution should be taken when using proxies affected by PCP (such as trace 

elements) to reconstruct hydroclimate. 

 

Two other major factors controlling the X/Ca ratios in dripwater and speleothems 

are the mixing of different sources of dissolved metals, and water-rock interactions. 

Although both processes are important in interpreting X/Ca proxies, they are of 

little relevance to the study presented here so will only be covered in brief. With 

regards to mixing from different sources, a speleothem may be fed with a solution 
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containing cations from both a Ca enriched limestone source and an ‘exotic’ source 

enriched in a trace element. In this situation, the X/Ca ratio of the dripwater will be 

greatly dependent on the proportion of solution infiltrating from each source at a 

given time. The effects of PCP and source mixing on X/Ca can sometimes be 

distinguished by the use of trace element isotope ratios (e.g. Mg).28 

 

Water-rock interactions can influence X/Ca values through two processes: 

incongruent dissolution and bedrock crystallisation. When incongruent dissolution 

occurs, infiltrating water dissolves bedrock and in doing so preferentially dissolves 

the alkali earth metals over calcium, increasing the trace element content of the 

speleothem-forming dripwater. When bedrock recrystallisation occurs, the bedrock 

recrystalises after infiltrating water has dissolved it, preferentially incorporating 

calcium over the alkali earth metals, again increasing X/Ca values in the water. As 

PCP and water-rock interactions have similar effects on the trace element content 

of the infiltrating water, but reflect opposite trends in hydroavailability, care must 

be taken when interpreting these trace element proxies. However Sinclair (2011) 

has developed a mathematical approach to calculate the extent to which PCP, water-

rock interactions, and other karst processes have affected X/Ca values of the 

infiltrating water based on the partition coefficients of Mg and Sr.55 

 

1.4.5 Transition Metals in Speleothems as Promising Paleoclimate Proxies 

 

Few studies have investigated the incorporation of transition metals into speleothem 

calcite, primarily because of the high partition coefficients (Kd > 1) predicted for 

these metals when compared to the alkali earth metals. However, there is now 

evidence that they may be useful additions to the speleothem-based proxies already 

used. As this study is investigating Co, Ni and Cu, most of this section will be 

focused on these three transition metals. 

 

There are several reasons why Co, Ni and Cu may be good candidates for novel 

paleoclimate proxies. They are abundant members of the first-row transition metals, 

are present in both cave waters and speleothems, and, being transition metals, they 

exhibit a range of behaviours that are not shown by the alkali earth metals. Notably, 

they complex strongly to organic ligands, and the strong complexation of these 
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elements by NOM should significantly alter both their availability for incorporation 

into calcite and their isotopic fractionation. Indeed, previous studies have shown a 

strong correlation between transition metal concentrations and fluorescent laminae 

in speleothem samples, indicating that trace metals and organic material may be 

associated within speleothems.56 In a speleothem sample from Grotto di Ernesto in 

Italy for example, Borsato et al. (2007) found that trace elements (including some 

first-row transition metals) were enriched in layers alongside NOM. They found 

that concentration of the elements in these layers were ordered as follows: Y > Zn, 

Cu, Pb > P and Br, a hierarchy reflecting the selectivity of transport by organic 

colloids flushed from the soil zone during seasonal infiltration events. Further 

studies in this area are in agreement with the conclusions drawn by Borsato et al. 

(2007) (e.g. Hartland et al. 2012), and these will be covered in detail in Section 

1.5.4. 

 

1.5 Trace Metal Complexation With Organic Matter in a Karst 

System 

 

1.5.1 Introduction 

 

It has now been established that if the proposed trace transition metals are to be 

used as paleoclimate proxies in speleothems, their complexation to organic matter 

must first be well characterised and understood. Thus, the principles of metal ion 

complexation will be discussed here, with a specific focus on the complexation of 

first-row transition metals with NOM. 

 

1.5.2 Characteristics of Organic Complexing Agents in Natural Waters 

 

The vast majority of organic complexing agents in natural waters are humic 

substances, derived from the decomposition of plant residues. Humic substances 

are composed of a wide range of organic molecules with varying molecule weights 

and functional groups and can thus be difficult to fully characterise. However, they 

are frequently categorised into three distinct fractions: humin, humic acid (HA) and 

fulvic acid (FA).57-60 Humin is defined as the fraction of humic substances that is 
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insoluble after alkali extraction, and is of little relevance to this study so will not be 

discussed further. The HA fraction is defined as the fraction that is soluble in 

aqueous solutions only when the pH of the solution is above 2. HA is usually 

composed of high molecular weight compounds with few oxygen containing 

functional groups. Conversely, FA is soluble at any pH, composed of lower 

molecular weight organic compounds, and constitutes the majority of NOM present 

in freshwater systems. 57-60 

 

The main mode of metal ion complexation from NOM is through oxygen-

containing (i.e. electron donating) functional groups in HA and FA such as carboxyl 

and phenolic groups.57 As the proportion of such groups varies significantly 

between HA and FA, the relative concentrations of HA and FA in fresh water 

systems is important in determining the amount of metal ions bound to NOM and 

the strength of the complexes formed. It has been shown that the relative 

concentrations of HA and FA in caves can vary significantly, and this will have 

significant implications for the metal species present in cave dripwaters and thus 

speleothems.12 

 

1.5.3 Principles of Metal-Ligand Complexation 

 

Recent studies investigating first-row transition metals in cave dripwaters have 

shown that the rate of dissociation of metal-ligand complexes (denoted ML) is a 

dominant factor in determining the availability of these metals for incorporation 

into speleothem calcite. 40, 61 Therefore concepts relevant to the dissociation rate of 

such complexes will be discussed here. 

 

The rate of dissociation of a ML complex is dependent on the two factors: the rate 

of formation of the complex and the stability of the complex.62 For the reaction: 

 

  	    L + M  ⇌		ML		 	 	 	 (1.13)	
 

the dissociation constant of the complex (kdiss) can be calculated from the formation 

constant of the complex (kform) and the stability constant, K, according to the 

following equation: 

kform 

kdiss 
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    𝑘-?99 =
@62"7
A

     (1.14) 

 

 

Factors that determine the magnitude of the formation and stability constants of 

aqueous complexes will be discussed here. 

 

The formation of metal-ligand complexes in aqueous solutions can be described by 

an associative substitution pathway known as the eigen mechanism, in which a 

ligand first associates with a fully hydrated metal cation in the outer coordination 

sphere. Loss of a water molecule from the inner coordination sphere allows the 

coordination of the ligand in the inner sphere. This two-step process is outlined in 

Figure 1.7 for a divalent metal cation, M2+, that forms octahedral complexes (e.g. 

Cu2+, Ni2+, Co2+). The ligand, L, is assumed to be monodentate in this 

representation, however it should be noted that naturally occurring organic 

complexants are frequently polydentate. The second step in the reaction pathway 

outlined below (i.e. loss of the water molecule) occurs on much longer timescales 

than the association of the ligand, meaning this is the rate determining step that 

dictates the timescale on which organo-metal complexes are formed (and thus also 

the magnitude of kform). Eigen and Wilkins (1965) illustrated that the rate constant 

for the loss of any ligand is specific for each metal cation, based on its electron 

configuration and oxidation state. For instance, the rate of exchange of a 

coordinated water molecule is known to be 3 x 104 s-1 for Ni2+, 2 x 106 s-1 for Co2+ 

and 3 x 109 s-1 for Cu2+, indicating organo-metal complexes will form most quickly 

in aqueous solutions for Cu2+, then Co2+ and then Ni2+.63-64 

 

 

Figure 1.7. The eigen mechanism. A fully hydrated metal cation (M2+) forms an intermediate 

complex with ligand L. In the second (rate determining) step a water molecule is substituted 

out for the ligand. 
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Stability constants of metal-ligand complexes are useful measures of the strength 

of interaction between a cation and ligand. The magnitude of a stability constant is 

governed by various factors, including the denticity and aromaticity of the ligands 

involved, electrostatic effects and Ligand Field Stabilisation Energy (LFSE). For 

the reaction 1.13, above, the stability constant, K, is given by: 

	

K = [BC]
[C][B]

        (1.15) 

 

The chelate effect describes the effect of denticity on stability constants. Briefly, 

the substitution of a polydentate ligand for monodentate ligands (such as water) in 

a complex increases the disorder of the system and thus the entropy, thereby 

increasing the stability of the chelated complex. As the NOM in karst systems 

typically binds through carboxylic and phenolic functional groups, and both of 

these groups have been shown to provide bidentate and tridentate binding to metals 

centres,65 this effect is likely important in the formation of highly stable metal 

complexes in karst dripwaters. Ligands that can act as π acceptors as well as σ 

donors (e.g. aromatic ligands) also form more stable complexes due to the increased 

donation of electron density to the metal centre. Again, the presence of aromatic 

groups in NOM is well documented and could contribute to the formation of highly 

stable metal complexes in dripwaters. 

 

Not only is the nature of the ligand important in determining complex stability, but 

also the characteristics of the metal centre. All transition metals with d-orbital 

electrons have a high affinity for ligands with electron donating groups (a result of 

the LFSE that occurs when complexes are formed). The Irvin-Williams series 

outlines the relative stabilities of complexes formed by divalent first-row transition 

metal ions, reflecting a combination of both electrostatic effects and LFSE.66 The 

stability of complexes formed by these ions generally increase across the row to a 

maximum stability at copper: Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II). 

This is consistent with a decrease in ionic radius with increasing atomic number 

(and thus an increase in charge density). The increase in LFSE from zero for Mn(II) 

to a maximum at Ni(II) also makes the complexes increasingly stable across the 

row (note the LFSE for Zn(II) is zero). Cu, however, forms the most stable 

complexes due to a phenomenon known as the Jahn-Teller distortion which 

increases the LFSE of Cu complexes even further.64, 67-68 In brief, the Jahn-Teller 
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distortion in octahedral Cu complexes occurs because of the d9 electron 

configuration of Cu2+ and the degeneracy of the two eg orbitals (dz2 and dx2 – dy2). 

The distortion is effectively an elongation or compression of the axial bonds that 

removes this degeneracy, thus lowering the electrostatic repulsion between the 

electron-pair on the ligand and the electrons in orbitals with a z component (i.e. dz2 

and dx2 – dy2). This lowers the overall energy of the complex, increasing its stability 

further.69 

 

Table 1.1, below, shows the stability of divalent Cu2+, Ni2+ and Co2+ complexes 

with two strong chelating ligands ethylenediaminetetraacetic acid (EDTA) and 

nitrilotriacetic acid (NTA) at metal to ligand ratios of 1:1. Data for the 

corresponding Mg2+ complexes are also included for comparison, to show the 

significant difference in complex stability between the alkali earth metals and the 

first-row transition metals.  

 

Table 1.1 Stability Constants (LogK) reported in the literature for the complexation of Cu2+, 

Ni2+, Co2+ and Mg2+ with two chelating ligands, ethylenediaminetetraacetic acid (EDTA) and 

nitrilotriacetic acid (NTA). 68, 70-71 

Ligand EDTA NTA 

Metal Ion LogK 

Cu2+ 18.86 12.96 

Ni2+ 18.62 11.54 

Co2+ 16.31 10.30 

Mg2+ 8.69 5.46 

 

 

The applicability of the Irvin-William series to the competition for binding sites in 

NOM has been investigated. Mandal et al. (1999) for instance used Competitive 

Ligand Exchange Method (CLEM) to assess the competitive binding of Cu2+, Ni2+ 

and Co2+ for NOM.64 They found that Cu(II) out-competed Co(II) and Ni(II) for the 

strong binding sites of the humic substances, which is consistent with the Irvin-

Williams series. As all three of these metals are present in the solutions used in this 

study, it is likely a similar trend will be seen for the ligands utilised. 
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It should be noted that determination of absolute stability constants such as those 

listed in Table 1.1 becomes difficult when the ligands are humic substance, due to 

their heterogeneous composition and the subsequent inability to characterise their 

binding sites and determine the 3D structures of the resulting complexes.59 For 

small ligands such as EDTA and NTA, the denticity of the ligand and the molecular 

structure (including stereochemistry) of the complex can be comparatively easily 

deduced. The concentration of the free ligand [L] in a thermodynamic equilibrium 

expression such as Equation 1.15 can therefore be calculated, especially when the 

concentration of the ligand is in excess. In contrast, this is only possible for humic 

substances in a restricted sense, as [L] is a model-dependent value.72-73 Therefore 

the use of conditional stability constants is required, i.e. stability constants which 

have been measured under site specific conditions.59 Therefore literature stability 

constants for complexes of divalent transition metals and humic substances may not 

be relevant for conditions such as those found in a karst system or indeed in this 

study. 

 

1.5.4 Transition Metal Complexation by NOM 

 

In order to fully comprehend the effects of NOM on trace element proxies in 

speleothems, factors affecting the stability and lability of these complexes must first 

be understood. A range of modelling, laboratory and field-based studies have 

assessed these factors, and these will be discussed here. 

 

Firstly, the mode of binding of divalent transition metals by NOM should be 

discussed due to the effect of denticity on complex stability (see Section 1.5.3). Shi 

et al. (2016) used various literature data sets to model the binding modes of NOM 

and divalent metals, and found polydentate complexes of the first-row transition 

metals dominate.65 They suggest bidentate complexes to be the most common, with 

monodentate complexes considered negligible above pH 5 and tridentate complexes 

present in the pH range 7-8. Warnken et al. (2007) suggested that due to the 

importance of binding mode on complex stability, a single dissociation constant for 

a metal-NOM complex is an oversimplification, and a range of dissociation 

constants for each metal should be expected depending on the NOM quantity and 

composition and solution composition.57, 74-75 
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Possibly two of the most well documented factors affecting NOM binding of trace 

metals are solution pH and ionic strength.57, 65, 76-77 Modelling studies such as those 

carried out by Shi et al. (2016) have predicted a strong pH dependence on metal 

binding by NOM. Experimental laboratory-based studies have also demonstrated 

this for divalent metal complexes with humic and fulvic acids, with results showing 

slower dissociation of Cu-HA and Ni-FA complexes at elevated pH.78-79 

Experimental studies on cave dripwater samples have also shown this phenomenon, 

for instance Hartland et al. (2011) found enhanced NOM binding of transition 

metals in hyperalkaline cave dripwaters (pH ≈ 11) from Poole’s cavern (Derbyshire 

,UK) when compared to cave dripwaters of more typical pH (pH ≈ 8).36 This is 

thought to be a result of the differences in availability of binding sites with changing 

pH. Electrolyte concentration has also been shown to affect divalent metal 

complexation by NOM, with studies showing increased dissociation rates in higher 

ionic strength solutions.77, 80 This has been demonstrated experimentally for both 

Cu-HA and Ni-FA complexes.77-78 Due to the significant effect of these solution 

characteristics on the stability and dissociation rate of transition metal-NOM 

complexes, pH and ionic strength have been carefully considered during this 

experimental study. 

 

Another significant factor affecting complex stability and dissociation rates in 

natural systems  is the metal to ligand ratio. Again the importance of this is due to 

changes in the availability of different NOM binding sites (i.e. weak vs strong 

binding sites).77, 81 This effect has been observed for Cu-HA and Ni-FA complexes 

in several laboratory-based studies, with decreases in metal:ligand ratios causing 

slower dissociation rates and increased complex stability as more polydentate (and 

therefore more stable) complexes form. 65 77, 80 This is of course accompanied by a 

decrease in the fraction of free metal ions and labile metal-NOM complexes in the 

system. 

 

Studies have been undertaken in order to provide quantitative estimates of 

dissociation rate constants for various metal-NOM complexes. For instance Amery 

et al. (2010) used the CLEM and Diffusive Gradient in Thin films (DGT) 

techniques to measure the dissociation kinetics of different Cu-DOM complexes in 

natural water samples.62 They found that the dissociation of both Cu-NTA and Cu-

citrate complexes was fast and followed first order dissociation kinetics, while the 
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dissociation of Cu-DOM complexes demonstrated slower, more complex 

dissociation kinetics with an average kdiss value of approximately 10-3 s-1. Amery et 

al. also observed that dissociation of Cu-HA complexes in synthetic solutions was 

slower than for Cu-DOM complexes, highlighting the fact that the increased 

heterogeneity of NOM over isolated HA causes differences in the thermodynamic 

and kinetic properties of the resultant complexes. Thus although isolated acids can 

provide useful approximations of trace metal-NOM complex stability, the presence 

of molecules such as small organic acids, amino acids, and carbohydrates in natural 

NOM sources will likely cause faster dissociation kinetics than is seen for Cu-HA 

complexes.62, 82 

A similar study carried out by Zhang et al. (2012) used DGTs to assess the 

dissociation kinetics of Ni-NTA, Ni-HA and Ni-FA complexes. They used a 

dynamic numerical model of the complexes in a DGT system in order to estimate 

the kdiss values that were in agreement with their experimental data. The kdiss values 

obtained were 2 ± 0.5 × 10−4 s−1 for Ni-NTA, 2.5 × 10−3 s−1 for Ni-FA and 3.42 × 

10−4 s−1 for Ni-HA, supporting the observation of Amery et al. (2010) that divalent 

metal complexes with NTA dissociate more rapidly than those with DOM. These 

values will provide useful estimates of the dissociation rates of some of the 

complexes used in this study, although they unlikely to be exactly the same due to 

small differences in solution composition (e.g. ionic strength and pH). 

There have also been several studies undertaken in the last decade investigating the 

complexation of first-row transition metals with NOM in cave systems that have 

been invaluable in the quest to establish these metals as paleoproxies.12, 14, 36, 40, 61 

Hartland et al. (2011) investigated the speciation, size distribution and metal 

complexation properties of NOM in the dripwaters of a hyperalkaline cave, Poole’s 

Cavern (Derbyshire, UK).36 They demonstrated the presence of soil-derived 

colloids in the dripwaters and they found that colloidal NOM was a dominant 

complexant of Co, Ni, Cu and V in this karst system, with particularly stable 

complexes formed by Co. This study marked a shift in the thinking surrounding 

partitioning of trace metals into speleothem carbonates, as previous studies had 

frequently interpreted their partitioning under the assumption that they were present 

as free ions. This study demonstrated that the complexation of these metals with 

NOM is likely to have significant effects on their partitioning and therefore must 

be taken into account.36 
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A further study of metal binding and transport by natural organic matter (NOM) in 

karst dripwaters was undertaken in order to confirm this phenomenon in contrasting 

cave sites and to characterise the metal-ligand interactions.12 Hartland et al. (2012) 

measured the concentrations of both organic carbon and trace metals in filtered soil 

leachates and dripwaters from three contrasting cave systems: Lower Balls Green 

Mine (Gloucestershire, UK), Grotta di Ernesto (Trentino, Italy) and the previously 

studied cave, Poole's Cavern (Derbyshire, UK).12 They demonstrated that the 

transport of first-row transition metals through the karst system was significantly 

mediated by NOM, particularly colloidal OM.12 They also observed distinct linear 

trends between Cu:Ni ratios and the acid-soluble NOM and poorly-soluble NOM 

end members in the soil leachates and cave dripwaters. The observed variations in 

Cu:Ni ratios in the dripwaters were attributed to differences in the functional groups 

of each end member and the affinity of the different metals for these binding sites. 

They also observed increased concentrations of mobilised particulate and colloidal 

OM during periods of increased dripwater supply (when fracture flow dominated) 

that corresponded with increased concentrations of Cu, Ni, Fe, Sn and Mn. During 

periods of decreased dripwater supply, a decrease in transition metal and NOM 

concentrations were seen, and the NOM observed was substantially finer and 

primarily dissolved. The differences in Cu:Ni ratios between periods of high and 

low water supply were thus attributed to the increased presence of stronger binding 

sites in coarser OM compared to smaller humic-like colloids, and the competitive 

binding of Cu over Ni for these sites (in accordance with the Irvin-Williams 

series).12, 57 Based on this study, it has been suggested by Blyth et al. (2016) that 

the ratio of different first-row transition metals in speleothem samples could likely 

prove useful for providing insights into the composition of dripwaters with respect 

to NOM. 12-13 

 

Further work was carried out in this area by Hartland et al. (2014) on samples from 

Poole’s cavern with the aim of quantifying the trace metals and NOM captured in 

speleothem carbonate.40 They observed variations in trace element content in the 

carbonate and based on their results attributed much of this variation to colloidal 

transport of the elements. They found the lability of metal-NOM complexes to be a 

significant factor in determining the trace element content observed in the 

speleothems samples, as the empirical partition coefficients (Kd app) they found were 

dependent on the ‘free’ aqueous fraction of metal, fm, (i.e. the fraction of metal not 
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bound to NOM).40 For instance, where the fraction of free metal was close to zero, 

Kd app was also close to zero despite the actual inorganic Kd values (Kd act) for that 

metal being significantly higher. They proposed Kd app and Kd act values of the 

transition metals can be largely explained by the concentration of ‘free’ metal in the 

dripwaters, according to Equation 1.16, and thus, that differences in the 

preservation of each trace metal in calcite could be explained quantitatively by their 

complexation behaviour with NOM.*  

 

        𝑓D(0$) =	
8(*)
-)(*)

/0(0$)

A;
𝑀(0$)   (1.16) 

 

 Another important area that this study by Hartland et al. (2014) investigated was 

ternary complexation.40 Briefly, ternary complexation occurs in speleothems when 

the metal-NOM complex adsorbs to the growing calcite surface and is incorporated 

into the speleothem as a whole. Thus, dissociation of the complex does not have to 

occur before the metal ion partitions into the calcite, and Equation 1.16 does not 

hold (as Kd app is no longer dependent on the ‘free’ metal concentration).40 This 

study found that almost all of the Co present in the speleothem calcite was a result 

of ternary complexation of Co-NOM complexes (the most stable complexes in their 

cave system), but found that for complexes of Ni, Cu and V, the fraction of ternary 

complexation occurring was very small or absent. The authors thus concluded that 

although ternary complexation can occur for particularly stable complexes, it is the 

exception rather than the rule, and for most metals dissociation of the complex must 

occur before the metal can partition into calcite.40 Thus, it was suggested that if 

further data on inorganic Kd act values and complexation reactions between NOM 

and metals are obtained from karst-analogue laboratory studies, it will likely 

become possible to interpret the trace metal composition of speleothems in terms 

of their organic contents and thus provide a record of NOM character and 

concentration through time.40 

 

 
* It should be noted that this relationship was derived in a hyperalkaline cave system, and thus the 
authors suggested that further testing should carried out in caves of a more ‘typical’ pH (pH 7-8) 
and also under controlled karst-analogue conditions in a laboratory.  
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A further study published in 2018 by Hartland and Zitoun investigated the 

speciation of Cu in cave dripwaters from five different sites in Aotearoa (New 

Zealand), and confirmed that Cu complexation by NOM is almost certainly a 

universal property of cave waters.61 Using adsorptive cathodic stripping 

voltammetry on the water samples they were also able to determine that the 

presence of NOM reduced the concentration of ‘available’ Cu (defined as Cu that 

is either held in simple, readily dissociating inorganic complexes or hydrated ‘free’ 

Cu2+ ions, [Cu’]) in solution by five orders of magnitude when compared to the total 

Cu concentration ([CuT]). They showed that even when [CuT] increased, [Cu’] 

stayed consistently low, indicating that complexation with NOM was inhibiting the 

partitioning of Cu into the Ca2+ lattice position of calcite.61  Based on their finding 

they developed a conceptual model (Figure 1.8), demonstrating the factors 

affecting the amount of Cu incorporated into the speleothem calcite, namely:61 

 

• The residence time of speleothem thin water films 

• The dissociation rates of labile metal-organic complexes 

• The stability of ternary metal-NOM complexes 

 

1.5.5 Effects of Organic Ligand Complexation on the Isotopic Fractionation 

of Metals  

 

As mentioned in Section 1.4.5, the complexation of metals by organic ligands can 

cause their isotopic fractionation. It would be expected, therefore, that first-row 

transition metals such as Ni and Cu that have more than one stable isotope and that 

form comparatively stable complexes with NOM would likely be significantly 

fractionated in karst systems due to the widespread prevalence of metal-NOM 

complexes. The Jahn-Teller distortion experienced by Cu2+ complexes is likely to 

cause increased isotope fractionation of Cu in particular.52 These isotopic signature 

in speleothems, therefore, could prove to be useful proxies that provide insight into 

the quality and quantity of NOM in karst systems.13, 61, 64, 67-68, 83  This section will 

therefore briefly review a few of the relevant studies that have investigated the 

isotopic fractionation of trace metals caused by complexation to organic ligands. 
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Figure 1.8. The conceptual model developed by Hartland and Zitoun (2018) outlining the 

processes occurring at the calcite-water interface for Cu-NOM complexes (represented here 

by CuL). Rapid complexation of the metal creates an ‘aqueous sink’ for Cu, while the 

adsorption of newly dissociated Cu2+ to the calcite surface creates a ‘solid sink’ and causes 

further dissociation of Cu-NOM complexes.61 

 

In a karst-analogue laboratory experiment, Mavromatis et al. (2016) investigated 

the effects of organic ligands on the isotopic fractionation of magnesium during 

low-temperature precipitation of calcite.84 Of the six ligands investigated, they 

found that only citric acid caused a significant change in the magnesium isotopic 

fractionation factor. They therefore concluded that the presence of organic ligands 

in cave dripwaters should not significantly affect magnesium isotope fractionation, 

which is not particularly surprising given that Mg does not complex strongly to 

organic ligands (see Table 1.1 for a comparison of stability constants for Mg and 

transition metal complexes).  

 

Of more relevance to this project are the several studies which have investigated 

whether organo-complexation of Cu can cause fractionation of stable Cu isotopes. 
64, 67-68, 83 Bigalke et. al (2010) used Non-ideal Competitive Adsorption (NICA)-

Donnan chemical speciation modelling to describe the binding of Cu to insoluble 
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humic acid.67 They used this model to assess the isotopic fractionation of Cu when 

bound to a range of functional groups and found that the fractionation at equilibrium 

between ‘free’ Cu and the Cu bound to insoluble humic acid was 0.26 ± 0.11 ‰. 

They also found the modelled isotopic fractionation of Cu was the same for high 

affinity and low affinity sites within the humic acid, and that the degree of 

fractionation was independent of pH.67 Ryan et. al (2014) also investigated the 

degree of isotopic fractionation of Cu during complexation with various soluble 

ligands, using a Donnan dialysis technique.68 The ligands used were EDTA, NTA, 

iminodiacetic acid (IDA), desferrioxamine B (DFOB) and Suwannee River fulvic 

acid (SRFA). They found an enrichment of 65Cu in the complexes compared to the 

‘free’ Cu species, with Δ65Cucomplex-free values ranging from +0.14 to + 0.84 ‰. They 

also observed a strong linear correlation between the logarithms of the stability 

constants of the Cu complexes and the magnitude of isotopic fractionation.68 Fujii 

et. al (2013) observed that the presence of only a few ppm of an oxalate ligand 

changed the isotopic fractionation of Cu between calcite and the aqueous solution 

by 1‰ i.e. the calcite was enriched in light Cu.85 The results of these studies indicate 

that, as expected, the stable isotope fractionation of Cu in particular is likely a good 

candidate for use as a speleothem-based paleo-proxy. 

 

1.6 Laboratory ‘Cave-Analogue’ Experiments 

 

It has already been demonstrated in the sections above that laboratory-based 

experiments can be useful tools to help provide important information on trace 

element partitioning and organo-complexation. Laboratory-based cave-analogue 

experiments can be particularly useful as they allow experiments to closely model 

the unique cave environment and the modes of natural speleothem precipitation, 

thus providing more meaningful and relevant results. This section will briefly 

review some of these cave-analogue experiments to highlight the types of 

experiments that can be done and the value of the results they can produce.  

 

There have been several laboratory-based studies dealing with trace element 

incorporation into calcite that have aimed to establish partition coefficients for 

various trace elements. Huang and Fairchild (2001) for instance carried out a series 

of experiments using a cave-analogue experimental design.86 They precipitated 
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CaCO3 in an environment with controlled temperature and near 100% relative 

humidity. In their experiments, they mixed NaHCO3 and CaCl2 solutions at a pCO2 

of 631 ppmV and transported the solution through a tube to a drip site where it 

dripped onto a glass plate. They determined partition coefficients for Mg and Sr at 

different CaCO3 growth rates, and from their results suggested that Mg partition 

coefficients may allow the determination of Mg/Ca(aq) in some caves. They 

suggested that the partition coefficient values for Sr, in contrast, should be 

interpreted with caution due to the growth-rate dependence of Kd-Sr that they 

observed.86 

 

Day and Henderson (2013) studied the partitioning behaviour of Li, Na, Mg, Co, 

Sr, Cd, Ba and U into calcite at various temperatures (7, 15, 25 and 35 °C) and drip 

rates (2, 6 and 10 drips per minute), using an experimental design that mimicked 

natural processes even more closely.51 They precipitated calcite via CO2-degassing 

from a thin solution film of low ionic strength and maintained tight control on 

temperature, pCO2, drip rate and calcite saturation index (SI) throughout their 

experiments. Figure 1.9 shows the experimental design they utilised. From their 

data they were able to develop temperature dependent expressions for the partition 

coefficients of these trace elements.51 They also determined that high X/Ca(calcite) 

values, when X was a compatible element like Cd, were particularly indicative of 

low amounts of PCP and they suggested Cd/Ca(stalagmite) would be a useful addition 

to trace-element studies of natural stalagmites. These studies demonstrate the value 

of laboratory experiments in investigating controls on trace element partitioning 

into calcite, and to speleothem science and paleoclimate reconstructions overall.51 
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Figure 1.9. The experimental setup used by Day and Henderson (2013). A) A plan view of the 

glass plate on which the solution dripped. The glass plate was seeded with calcite prior to the 

experiment.  The filled circle shows the location of the drip site. B) A profile view of the glass 

plate. Taken from reference [51]. 

 

The use of a completely sealed cave-analogue system with controlled temperature, 

pCO2, humidity and solution composition has been reported in the literature by 

Hansen et al. (2017) and represents a major improvement in calcite-growth 

laboratory experiments.19 By conducting experiments within a sealed environment, 

they were able to study in detail the carbon isotope exchange between gaseous CO2 

and dissolved inorganic carbon (DIC) in a thin solution film composed of water and 

dissolved calcium carbonate. A schematic of their experimental design is provided 

in Figure 1.10. By utilising a sealed ‘cave-like’ environment, they were able to 

flush the system with N2(g) and then establish a defined pCO2 level within the box 

(500-1000 pCO2), using CO2 of known isotopic composition. These experiments 

allowed the development of a novel, complete reaction diffusion model describing 

the carbon isotope exchange between gaseous CO2 and DIC. This allowed a more 

in-depth understanding of the processes affecting the d13C proxy in speleothems, 

and again illustrates the value of laboratory-based experiments for speleothem 

science.19 
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Figure 1.10. A schematic representation of the experimental design used by Hansen et al. 

(2017). They dripped the solution via a peristaltic pump on to a sandblasted glass plate, 

ensuring a thin solution film over the whole plate. Degassing of CO2 and chemical equilibration 

occurred in the first section of the plate, followed by precipitation of calcite along the rest of 

the plate. Taken from reference [19]. 

 

As yet, no extensive laboratory-based study on the incorporation of divalent first-

row transition metals into speleothem-like calcite has been undertaken. Thus, this 

project will aim to build on the knowledge obtained by previous cave-analogue 

studies by carrying out calcite-growth laboratory experiments with solutions 

containing Co2+, Ni2+, Cu2+ and organic ligands. A completely sealed cave-

analogue system similar to that used by Hansen et al. (2017) will be used in order 

to ensure precise control on environmental variables and to ensure the conditions 

during calcite growth are as similar to karst cave conditions as possible. 

 

1.7 Aim and Objectives 

 

Although a significant amount of research into the use of speleothems as 

paleoclimate records has been undertaken, there are a vast number of processes 

affecting each type of paleoclimate signal that have made the unambiguous 

interpretation of speleothem records problematic thus far.7 Quantitative 
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reconstruction of past rainfall is currently not possible as there are many 

convoluting factors affecting stable isotope and trace element signals. Therefore, 

more research into the effects of these factors, and investigation into other potential 

proxies is required. Few studies have investigated the incorporation of transition 

metals into speleothem calcite compared to the widely used alkali earth metals, 

however, there is evidence that they may be useful additions to the speleothem 

proxies already used. The aim of this project is to investigate the suitability of Co, 

Ni and Cu as paleoclimate proxies in speleothems by studying their partitioning 

behaviour into calcite and their interaction with organic ligands during calcite 

precipitation. In order to do this, four broad objectives have been identified within 

the project.  

 

• Firstly, a suitable method that allows calcite growth under cave-analogue 

conditions in a laboratory, and that allows the effects of PCP on trace 

element incorporation into calcite to be assessed, will need to be established.  

 

• Secondly, inorganic partitioning values for the three metals will be 

calculated.  

 

• Thirdly, the effects of two organic ligands on Co, Ni and Cu incorporation 

into calcite will be assessed, and their new apparent Kd values calculated. 
This will help to provide a greater understanding of the impact NOM in cave 

dripwaters may have on these potential proxies. 

 

• Finally, samples will be taken so that the isotopic fractionation of Cu that 

occurs as is it incorporated into calcite in the presence of these ligands can 

be measured. Unfortunately, due to instrumental and time constraints, these 

isotope measurements will not occur during the timeframe of this thesis but 

will be carried out subsequently. 

 

These objectives will help to establish whether Cu, Ni and Co are viable 

paleoclimate proxies in speleothems that may be used in a multi-proxy approach 

for paleoclimate reconstructions. This in turn may help speleothem scientists 

worldwide to interpret their records with a higher degree of certainty and provide 
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information on past climatic events that could help us to better understand our 

current and changing climate. 

  



 

42 

 

2 Methods and Materials 

 

2.1 Materials 

 

2.1.1 General Chemicals 

CuCl2•2H2O, CoCl2•6H2O, NiCl2•6H2O, nitrilotriacetic acid (NTA) and 

lycopodium were supplied by British Drug House (BDH) Limited. CaCO3 and 

CaCl2 were supplied by Sigma Aldrich.  Suwannee River Fulvic Acid (SRFA) was 

supplied by the International Humic Substances Society. 

 

2.1.2 Gases 

Industrial grade CO2 (code 169) and N2 (code 152) were used for all experiments 

(supplied by the British Oxygen Company). 

 

2.1.3 Trace Element Standards 

Both the multi-element ICPMS standard and the single element calcium standard 

were supplied by inorganic ventures. 

 

2.2 Design of Crystal Growth Experiments 

 

In order to enable calcite growth experiments that were analogous to calcite growth 

in a natural cave system, the first part of this project was dedicated to experimental 

design. A system that allowed careful control of environmental variables was 

established, and a method that caused crystal growth via CO2 degassing was 

developed to ensure the experiments closely resembled natural speleothem 

precipitation, thus providing more meaningful and relevant results than they 

otherwise would have. 
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2.2.1 GeoMIC: Control of Environmental Variables 

 

A climate-controlled environment in which the experiments could take place 

(Figure 2.1) was purpose-built over the course of this project, based closely on the 

system used by Hansen et. al (2017).19 This system, christened GeoMIC 

(Geochemistry, Minerals, Isotopes and Climate) is a state-of-the-art climate-control 

box designed to provide researchers with a chamber of well-defined atmosphere 

and precisely controlled temperature, humidity and CO2 concentrations. GeoMIC 

was equipped with a four-channel high-precision Hei-FLOW Heidolf peristaltic 

pump to provide precise control of drip rate, a Vaisala HMP7 relative humidity and 

temperature probe and a Vaisala GMP252 CARBOCAP carbon dioxide probe. 

Three NTC thermistors were also installed in GeoMIC to monitor temperature; one 

at each end of the box and one that was deployed into the solution reservoir (see 

Section 2.2.2). 

 

The temperature inside GeoMIC was controlled via a Polyscience recirculating 

chiller coupled to a radiator fan inside the enclosure. Removable insulating panels 

were installed on the outside of the box during the majority of the experiments to 

help maintain temperature. Atmospheric pCO2 was controlled via the addition of 

N2 and CO2 gases through computer-controlled magnetic valves as required. A 

purpose-built Labview software program installed on GeoMIC’s computer allowed 

automatic control of the Polyscience recirculating chiller and the magnetic valves 

to control temperature and pCO2 within the chamber via feedback from the Visala 

probes. Humidity was kept as high as possible throughout the experiments, with the 

incoming CO2 and N2 gas passing through hydration flasks before entering the 

chamber. An aquarium membrane pump was used to cycle the air inside GeoMIC 

through a beaker of water for the duration of the experiments to increase humidity 

further. The labview software logged all atmospheric data for the duration of the 

experiment at one minute intervals. 

 

Manual manipulation of an experiment after the chamber had been sealed to the 

outside environment was achieved through four nitrile isolator-box gloves installed 

on the face of the box. A sample port at the end of the chamber allowed samples to 
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be removed during the experiment with minimal gas, temperature and humidity 

exchange occurring with the outside environment.  

 

Figure 2.1. The cave-analogue system GeoMIC. A) The recirculator controlling temperature 

inside the chamber. B) Networked computer controlling the pump, gas valves, humidifiers and 

recirculator. C) High precision peristaltic pump. D) Humidifying pump to circulate chamber 

air through a beaker of water. E) The sampling port. When opened, solution samples can be 

taken from inside the chamber. F) Isolator-box gloves allow manual manipulation of the 

experiment. 

 

The environmental conditions under which all experiments were performed are 

given below in Table 2.1. These conditions were chosen as they are similar to those 

found in a ‘typical’ cave environment with actively growing speleothems.1  
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E 

F 



 

45 

 

Table 2.1. Environmental conditions for each crystal growth experiment. Errors represent one 

standard deviation. Values were measured at one minute intervals for the duration of each 

experiment. 

Experiment pCO2 (ppm) Temperature (°C) Humidity (%) 

1 (Inorganic 1) 1000 ± 6 20 ± 0.1 93 ± 3 

2 (Inorganic 2) 1000 ± 11 20 ± 0.1 95 ± 1 

3 (NTA Ligand) 1000 ± 7 20 ± 0.3 94 ± 2 

4 (SRFA Ligand) 999 ± 6 20 ± 0.1 95 ± 1 

 

 

2.2.2 Experimental Design 

 

To replicate a reservoir of cave dripwater, CaCO3 (5 g) was dissolved in 10 L of 

deionised water to make a solution of 5 mM CaCO3 and trace elements and organic 

ligands were added as required for each experiment (see Section 2.2.4). While 

stirring, CO2 gas was sparged through this solution until the reservoir became clear. 

The pH of the solution at this point was approximately 5 for all experiments, and 

the solution was undersaturated with respect to calcite (calculated in PHREEQC).87 

In typical cave systems, where the dripwater remains in the aquifer for sufficiently 

long periods to reach chemical equilibrium with the host rock, the SI of the 

dripwater in the aquifer is approximately 0.88 Thus, the undersaturated experimental 

solution was sparged with N2 gas until the solution became only slightly 

undersaturated with respect to calcite (SI ≈ -0.09, pH ≈	6.4). The SI of the solution 

was determined by measuring its pH, as the relationship between pH and calcite SI 

of the solution had been modelled for each experiment using PHREEQC. The 

PHREEQC code used to do this is given in Appendix I. A SI index of exactly 0 

was not used in order to avoid prior precipitation of calcite in the reservoir or tubing. 

Once prepared, the solution was immediately sealed to the environment, and was 

equilibrated to 20 °C in GeoMIC for 48 hours. 

 

After the reservoir had reached temperature and the pCO2, humidity and 

temperature in the GeoMIC chamber had stabilised, the solution was pumped via 

the Hei-FLOW peristaltic pump onto a 190 cm long glass plate with two 4 cm-wide 

‘channels’ defined at the edges by adhesive tape (Figure 2.2). The glass plate was 
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sandblasted in order to supply sites for calcite nucleation and held at a 3° angle. A 

thin film of the solution was established in both channels, the characteristics of 

which will be described in detail in Section 2.2.3. During the first few cm (~4 cm 

for all experiments), degassing of the dissolved CO2 occurred and the pH of the 

solution rose to ca. 8 and thus the solution became supersaturated with respect to 

calcite, as was seen by Hansen et al. (2013).18 As the thin solution film flowed down 

the plate, CaCO3 was progressively precipitated out on to the glass. At the end of 

the plate the solution dripped into the sampling port, where it drained to waste. This 

process of precipitation was allowed to occur uninterrupted for 72 hours. During 

this time, samples were taken from the reservoir for pH, conductance and ICP-MS 

measurements using the isolator-box gloves so that the solution composition could 

be monitored.  

 

The use of two channels for these experiments were necessary in order for Kd values 

to be calculated for each trace element at different distances (i.e. after different 

amounts of prior calcite precipitation, PCP, had occurred). After 72 hours, flow to 

one of the channels (referred to as the reference channel) was ceased, so that the 

precipitated calcite in this channel could be sampled at different distances in order 

to determine trace element (and in some cases organic ligand) content. The other 

channel (referred to as the sampling channel) continued flowing and was used to 

collect water samples at different distances of flow so that the trace element and 

organic matter content of the ‘dripwater’ could be measured. The distance of flow 

was adjusted by shifting the drip site down the plate, and at each new distance the 

thin film was left to equilibrate for 30 min. Three samples were taken at each 

distance for the majority of the experiments; one for pH and conductance 

measurements, one for Cu isotope measurements, and one for ICP-MS 

measurements. An extra sample was taken at each distance for the organic 

experiments so that the organic ligand concentration could be measured. 
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Figure 2.2. Schematic of the experimental design inside GeoMIC used for the crystal growth 

experiments. A 10 L solution supersaturated with respect to calcite (with trace elements and 

organic ligands added) was pumped via a peristaltic pump and dripped onto an inclined glass 

plate at discrete intervals and at a defined rate, the flow being routed along into two channels. 

The distance of flow in the sampling channel was adjustable to allow for Kd values to be 

calculated for each trace element at different distances (i.e. after different amounts of PCP 

had occurred) 

 

2.2.3 Solution Thin Film Characteristics 

	

It was discussed in Section 1.2.4 that when Equation 1.4 (the equation derived by  

Buhmann and Dreybrodt in 1985 to calculate the precipitation rate, F, of CaCO3 

from a thin film) is applied to water films as thin as those seen in caves (~ 0.1 mm), 

the rate constant k becomes independent of the film thickness.23, 27 Thus as calcite 

precipitates from such a film, calcite supersaturation decreases exponentially 

according to a characteristic decay time, tpr, and the change in concentration of Ca2+ 

and HCO3- with time can be described by Equation 1.6. The growth rate can then 

be calculated according to derivatised version of this equation (Equation 1.7). 

Therefore the film thickness of the solution in each channel of each experiment was 

calculated in order to ensure this equation could be used to calculate the CaCO3 

growth rate.18 The thickness of the water film, 𝛿, was measured using the method 

outlined by Hansen et al. (2013). This method requires that the average flow 
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velocity of the film and the flow rate of the film are measured prior to the 

experiment (Equation 2.1):18 

 

𝛿 = G
3.I)<+

       (2.1) 

 

where Q is the flow rate of the thin film (in cm2 s-1), B is the width of the thin film 

(in cm) and Vave is the average flow velocity of the film (in cm s-1). Vave was 

calculated for each experiment according to the method outlined by Hansen et al. 

(2013), whereby the maximum flow velocity (Vmax) of the film is first measured, 

and the Vave is calculated according to Equation 2.2:18 

 

𝑉0J# =	
!
K
𝑉D0L     (2.2) 

 

The maximum flow velocity of the thin film was determined for each experiment, 

again using the method described by Hansen et al. (2013).18 Briefly, the time taken 

for a small volume of superhydrophobic lycopodium powder to travel 50 cm down 

the centre of the channel was measured and taken to be Vmax.18 The characteristics 

of the thin film for each experiment are outlined below in Table 2.2. All thin films 

were within the range 0.8-0.14 mm, and thus it was determined that the use of 

Equation 1.7 to calculate growth rate was appropriate. Measurement of the flow 

velocity also allowed the residence time of the thin film on the plate to be 

calculated.18  
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Table 2.2. Characteristics of the thin solution films in both channels for the four experiments. Errors correspond to one 

standard deviation in Vmax and Q measurements, and systematic errors associated with lab equipment are also accounted for. 

Experiment Channel 
Vmax 

(cm s-1) 

Vave 

(cm s-1) 

Q 

(cm3 s-1) 

𝜹 

(mm) 

Total Residence 

Time (s) 

1 (Inorganic) 
Sampling 0.44 ± 0.08 0.29 ± 0.05 0.0121* 0.10 ± 0.02 287 ± 49 

Reference 0.51 ± 0.05 0.34 ± 0.03 0.0112* 0.08 ± 0.01 250 ± 24 

2 (Inorganic) 
Sampling 0.49 ± 0.02 0.33 ± 0.02 0.0152 ± 0.0004 0.12 ± 0.01 258 ± 12 

Reference 0.53 ± 0.02 0.35 ± 0.01 0.0164 ± 0.0005 0.12 ± 0.01 241 ± 9 

3 (NTA Ligand)† 
Sampling 0.38 ± 0.02 0.25 ± 0.01 0.0144 ± 0.0006 0.14 ± 0.02 350 ± 20 

Reference 0.33 ± 0.01 0.22 ± 0.01 0.0129 ± 0.0008 0.14 ± 0.02 402 ± 13 

4 (SRFA Ligand) 
Sampling 0.53 ± 0.02 0.35 ± 0.01 0.0149 ± 0.0002 0.11 ± 0.01 241 ± 10 

Reference 0.56 ± 0.08 0.37 ± 0.06 0.0155 ± 0.0002 0.10 ± 0.02 228 ± 34 
* Only one volume measurement was taken for each channel during experiment 1 so no measurement error could be calculated. 
† The total distance travelled by the thin film was increased by 4 cm (89 cm in total) in this experiment, which accounts in part for the increased 

total  residence time.

 

2.2.4 Solution Composition and Aqueous Speciation Modelling 

 

In order for the results of these experiments to provide data relevant to the 

speleothem science community, the composition of the reservoir solution for each 

experiment was designed to be as similar as possible to both ‘typical’ cave 

dripwaters and previously published experimental solutions. Analytical capabilities 

(e.g. quantification limits of the ICP-MS methods used) were also taken into 

account. 

 

The concentration of CaCO3 used (5 mM) was higher than what is usually seen in 

a ‘typical’ cave environment; ‡  this concentration was used in order to ensure 

precipitation of sufficient calcite during the experimental time frame, and was based 

on the concentration used by Hansen et al. (2017).19 Due to the increase in [Ca2+] 

compared to a ‘natural’ system, the concentration of trace elements were also 

increased so that the X/Ca ratios in the reservoir solution was similar to those 

observed in ‘natural’ samples. Table 2.3 indicates X/Ca ratios used for each 

experiment alongside the same ratios seen in dripwater and stream samples taken 

 
‡ For example, the average Ca concentration in 23 dripwater samples taken from an actively 
growing speleothem in Waipuna cave, Waitomo, Aotearoa (New Zealand) between 18/10/2016 
and 3/1/2019 was 1.06 mM. 
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from Waipuna cave in Waitomo, Aotearoa (New Zealand). It can be seen from 

Table 2.3 that the Co/Ca and Cu/Ca ratios were significantly higher in the 

experimental solutions than the same ratios seen in the dripwater and stream 

samples of Waipuna cave. These elevated solution ratios were required because the 

desire for ‘natural’ X/Ca ratios had to be balanced with the analytical capabilities 

of the ICP-MS method used. Specifically, the high Ca2+ concentration in the 

solution samples required them to be diluted before analysis. Therefore, to ensure 

trace element concentrations above the quantification limit of the instrument after 

dilution, trace element concentrations had to be increased. The high concentration 

of Cu2+ was also required in order to ensure that sufficient Cu was available in the 

precipitate for isotopic analysis via Multi-Collector ICP-MS (MC-ICP-MS). 

 

Table 2.3. Trace element to Ca ratios (X/Ca) observed in dripwater and stream samples from 

Waipuna Cave, Waitomo, Aotearoa (New Zealand) and in the reservoir solutions prepared 

during this study. 
 

Waipuna 

Dripwater* 

Waipuna 

Stream† 

Reservoir Solutions 

(Experiments 1-3) 

Reservoir Solution 

(Experiment 4) 

Co/Ca (mM/M) 9.0 x 10-4 9.9 x 10-4 1.7 - 

Ni/Ca (mM/M) 0.15 0.10 1.7 - 

Cu/Ca (mM/M) 5.3 x 10-3 7.1 x 10-3 1.6 1.6 
*Average of 23 samples taken from the dripwater of an actively growing speleothem between 18/10/2016 and 3/1/2019. 
† Average of 18 samples taken from the stream inside Waipuna cave between 16/11/2016 and 3/1/2019. 

 

 

The organic ligand concentrations that were used in experiments 3 and 4 were 

chosen to maximise complexation of Cu2+, Ni2+ and Co2+. The species distribution 

of the reservoir solutions for both the inorganic and organic experimental solutions 

was modelled using Visual MINTEQ, and will be discussed in Chapter 4.87, 89  The 

concentration of NTA used in experiment 3 was also based on the molar ratio of 

NTA to Ni used by Zhang et al. (2013) during their kinetic studies of Ni organic 

complexes via diffusive gradients in thin films (DGT).80 The initial composition of 

the reservoir solutions used in each experiment is given below in Table 2.4.
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Table 2.4. Initial composition of the experimental reservoir solutions. 

Experiment [CaCO3] 

(mM) 

[Co] 

(ppb) 

[Ni] 

(ppb) 

[Cu] 

(ppb) 

[NTA] 

(ppm) 

[SRFA] 

(ppm) 

Initial 

pH 

Initial Conductance 

(µS cm-1) 

1 (Inorganic) 5 50 50 50 0 0 6.50 848 

2 (Inorganic) 5 50 50 50 0 0 6.45 848 

2 (NTA Ligand) 5 50 50 50 2 0 6.56 852 

3 (SRFA Ligand) 5 0 0 50 0 20 6.66 850 

 

2.3 Analytical Methods 

 

2.3.1 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

 

Solution samples were acidified with double Teflon distilled HNO3 (Savillex DST-

1000 Acid Purification System; Eden Prairie, MN, USA) to 2% (v/v) prior to 

analysis. For precipitate samples, ~ 2 mg of solid were removed from the plate at 

each distance of flow and dissolved in HNO3 (5%, 8 mL). Acid blanks of 2% doubly 

distilled HNO3 (v/v) were included in each run.  

 

Elemental analysis was performed using an Agilent 8900 Inductively Coupled 

Plasma Mass Spectrometer (ICP-MS) controlled by MassHunter Workstation 

Version 4.5. An SPS4 autosampler was used for sample introduction. A 0.05-

0.1 mL min-1 micromist  U-Series nebuliser was attached to a quartz cyclonic spray 

chamber followed by a quartz torch with a 2.0 mm injector. A nickel sampler and 

skimmer cone followed the plasma torch, and an omega lens was used to focus the 

ion beam. The ICP-MS instrument was optimized to maximum sensitivity before 

each run, to ensure oxides and doubly-charged ions were fewer than 2%. 

 

Five-point calibration curves for Co, Ni and Cu were constructed using a multi-

element standard with concentrations ranging between 0.1 and 500 ppb, while the 

five point calibration curve for Ca consisted of concentrations between 100 and 

10,000 ppb. A single-element standard was used for the Ca calibration curves. Re-

calibration was undertaken after every 100 samples, check-standards were analysed 



 

52 

 

after each 20-sample batch, and blank samples were also analysed after every 10-

sample batch to reduce sample carry-over. Samples were analysed in triplicate to 

assess analytical error. Isotopes used for quantification were 43Ca, 59Co, 60Ni and 
65Cu for all experiments except Experiment 4 (SRFA), where 44Ca was used due to 

matrix interferences with 43Ca. 

 

2.3.2 Raman Spectroscopy 

 

A Perkin Elmer Ramanstation 400-R spectrometer equipped with an air cooled 

Charge Coupled Device (CCD) detector and 785 nm near infrared laser was used 

to collect Raman spectra of CaCO3 samples. Data points were collected every 1 

cm−1 and the laser was focussed on a ~190 μm diameter spot on the samples. The 

day-to-day variation of the instrument was checked via comparison of the Raman 

spectrum of a high density polyethylene pellet (Sigma Aldrich) to previously 

obtained spectra, in order to ensure the instrument was functioning correctly. A 

Perking Elmer polystyrene standard disk supplied by Sigma Aldrich was used for 

calibration. 

 

2.3.3 Fourier Transform Infra-Red (FTIR) Spectroscopy 

 

The precipitate from between 20 and 25 cm on the sampling channel of each 

experiment were taken for structural characterisation. Sub-samples were mixed and 

homogenised with oven-dried (100°C) KBr at an approximate ratio of 1:50 in a 

mortar and pestle, before being compressed into discs under 10,000 kg of pressure. 

Spectra were collected on a Perkin-Elmer Spectrum 100 spectrometer at a 

resolution of 1 cm−1 with eight scans ranging between 600–1200 cm−1, following 

the method developed by Ni and Ratner (2008). Background measurements of a 

blank KBr disc were taken and subtracted from the sample spectra using the 

software package Spectrum (version 6.3) default method.  
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2.3.4 Powder X-ray diffraction (pXRD) of crystals 

 

CaCO3 crystals precipitated during each experiment were characterised on a 

Panalytical Empyrean XRD. The XRD patterns were collected at a scanning rate of 

0.02 ◦ s-1 in 2θ with diffraction angles from 20 θ to 60 θ, and Cu Kα radiation energy 

of 40 kV and 20 mA was used, following the procedure outlined by Ni and Ratner 

(2008).90 

 

2.3.5 Scanning Electron Microscopy (SEM) 

 

Scanning electron microscopy was undertaken to characterise the microstructures 

of the crystals precipitated from each experiment, using an Hitachi S-4700 cold 

field emission microscope. Samples were sputter coated in an ultra-thin layer of 

platinum and palladium for sample conductivity. After coating, the CaCO3 crystals 

were taped to aluminium stubs and observed in scanning mode using a voltage of 5 

kV. 

 

2.3.6 Fluorescence Analysis of Growth Solutions and Calcite Samples 

 

In order to determine the extent of SRFA ligand incorporation into the CaCO3 

during the second organic ligand experiment, both solution and precipitate samples 

were measured for 3D excitation emission matrix (3D EEM) fluorescence using a 

Horiba Jobin Yvon Aqualog spectrometer with a CCD detector. A measurement 

range of 240-600 nm excitation and 245-800 nm emission was used, along with a 

0.5 sec integration time and a 3 nm step-size.91 Each matrix was corrected for inner-

filter effects, scatter lines were Rayleigh masked (both first and second order), and 

spectra were normalised to the average Raman intensity of deionised water using 

Aqualog’s data processing software.92 

 

Prior to 3D EEM analysis, solution samples were acidified to 0.025 M HCl in order 

to ensure complete dissolution of organic matter and CaCO3. Precipitate samples (2 

mg) were dissolved in dilute HCl (0.025 M, 4 mL) following the method outlined 

by Pearson et al.91 A five-point calibration curve for SRFA was constructed with 
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concentrations ranging between 1 and 20 ppb. Standards were acidified to 0.025 M 

HCl and matrixed matched to the solution samples via addition of CaCl2 to the same 

ionic strength as that of the reservoir solution (I=0.02). Blank samples were 

analysed after every 10-sample batch. 

 

The 3D EEM data were processed with MATLAB using parallel factor analysis 

(PARAFAC) as implemented in the N-way toolbox,93 and the drEEM toolbox.94 

PARAFAC provides multi-way data analysis in which the underlying phenomena 

of fluorescence can be distinguished and separated into statistically valid 

components.95-96 A one component PARAFAC model was used for all samples, as 

only one meaningful fluorescence component (humic-like) was produced, as 

expected. The fluorescence spectra of the SRFA solutions were dominated by the 

humic-like fluorescence peak ‘A’ (ex 250-260; em 380-480) (Figure 2.3).97 This 

peak has been well documented in humic material from terrestrial environments 

including cave systems.97-99 The calibration curve obtained demonstrating the 

correlation between PARAFAC C1 scores and SRFA concentration used to 

calculate [SRFA] in experiment 4 is presented in Figure 2.4. 

 

 

Figure 2.3. 3D-EEM of PARAFAC component 1 showing dominance of humic-like peak ‘A’. 
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Figure 2.4. Correlation between PARAFAC C1 score and [SRFA]. The equation was applied 

to sample C1 scores to calculate [SRFA] in samples taken during experiment 4 
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3 Method Development and Preliminary 

Results 

 

3.1 Introduction 

 

In order to carry out calcite growth experiments allowing investigation into the 

partitioning behaviour of the first-row transition metals, and to provide results 

useful to the speleothem science community, a robust and relevant method needed 

to be developed. Therefore the first part of this project was designing and carrying 

out preliminary experiments to ensure the data obtained from the following 

experiments were valid. This chapter discusses the preliminary experiments carried 

out using the methods described in Sections 2.2.1 - 2.2.3, and the applicability of 

the results obtained from crystal growth experiments carried out via this method to 

‘real-world’ speleothem and cave dripwater samples. 

  

3.2 Methods 

 

3.2.1 Experimental Design  

 

The preliminary crystal growth experiment was primarily carried out according to 

the method described in Section 2.2.2 above, with some minor differences. Briefly, 

a 10 L reservoir of ‘dripwater’ solution (5 mM CaCO3) was sparged with CO2 to 

dissolve the CaCO3 (3 hr). The solution was then sparged with N2 until the SI of 

calcite in solution reached -0.04. This corresponded with a solution pH of 6.48 

(calculated using PHREEQC).87 The solution was sealed and equilibrated to 20 °C 

inside the GeoMIC chamber (48 hr). Once equilibrated, the solution was pumped 

via a high precision peristaltic pump into two channels on an inclined, sandblasted 

glass plate (channel dimensions: 4 cm wide, 87 cm long, 2° incline). A thin film of 

solution was established in both channels and the solution was left to flow along 
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the channels for 3 days. On the fourth day, flow to the reference channel was 

terminated and the position of the dripsite on the sampling channel was decreased 

periodically. Two samples of dripwater were collected at the end of the plate for 

each distance of flow. An equilibration time of 30 min was allowed at each new 

distance before sample collection commenced. Control of environmental variables 

in the GeoMIC chamber was carried out automatically by the Labview software, 

with pCO2 set to 1000 ppm, humidity to 100% and temperature to 20° C. 

Unfortunately due to issues with the GeoMIC software, logging of the 

environmental variables could not be undertaken during this preliminary 

experiment. 

 

3.2.2 Thin Film Characteristics 

 

The average flow velocity of the film and the flow rate of the film were measured 

prior to the experiment via the method described by Hansen et al. (2013), outlined 

in Section 2.2.3.18 This allowed the thickness of the thin film to be calculated using 

Equations 2.1 and 2.2. The calculated values are given in Table 3.1.  

 

Table 3.1. Characteristics of the thin solution films established in both channels during the 

preliminary crystal growth experiment. 

 Sampling Channel Reference Channel 

Q (cm3 s-1) 0.0071 ± 0.0004 0.0077 ± 0.0006 

Vmax (cm s-1) 0.30 ± 0.01 0.34 ± 0.03 

Vave (cm s-1) 0.20 ± 0.01 0.23 ± 0.02 

δ (mm) 0.09 ± 0.01 0.09 ± 0.02 

Total Residence Time (s) 431 ± 18 386 ± 34 

 

 

During the experiment, small ‘holes’ without flowing solution were observed in the 

thin film. This was deemed to be a result of evaporation caused by a very thin film 

(0.09 mm) and thus the film thickness was increased slightly for all following 

experiments. Trials with various plate angles and flow rates were carried out to 

determine the optimum parameters for a film of thickness 0.1-0.12 mm, and both 

were increased accordingly for all further crystal growth experiments to ensure 

uniform precipitation across both channels.  
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3.2.3 Solution Composition and Aqueous Speciation Modelling 

 

The composition of the reservoir solution used in the preliminary experiment is 

given below in Table 3.2. It should be noted that the trace element concentrations 

used here are lower than those used in the following four experiments. This was 

done in order to determine whether the trace element content in the precipitated 

carbonate would be sufficient for isotope analysis and ICP-MS measurements when 

X/Ca ratios were closer to those observed in typical cave dripwaters. 

 

Table 3.2. Initial solution composition of the reservoir used in the preliminary experiment. 

Selected Parameters of Solution 
 

[CaCO3] (mM) 5 

[Co] (ppb) 10 

[Ni] (ppb) 10 

[Cu] (ppb) 10 

Initial pH 6.49 

Initial Conductance (µS cm-1) 858 

 

 

The species distribution in the initial reservoir solution was modelled using visual 

MINTEQ 3.0 speciation codes. The modelling results are given in Table 3.3.  

 

 

3.2.4 Analytical Methods 

 

Details of the ICP-MS, Raman spectroscopy, FT-IR spectroscopy, SEM and pXRD 

methodologies used for sample analysis are outlined in Section 2.3 above. 
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Table 3.3. The distribution of species modelled for the reservoir solution using the visual 

MINTEQ 3.0 speciation codes. 

Component Species Proportion of Total Concentration (%) 

Cu2+ 

Cu2+ 19 

CuOH+ 0.97 

CuCO3 (aq) 74 

CuHCO3+ 6.4 

Cu(CO3)2
2- 0.35 

Ni2+ 

Ni2+ 59 

NiOH+ 0.011 

NiCO3 (aq) 1.5 

NiHCO3
+ 39 

Co2+ 

Co2+ 70 

CoOH+ 0.029 

CoCO3 (aq) 0.89 

CoHCO3
+ 29 

Ca2+ 

Ca2+ 93 

CaHCO3
+ 6.6 

CaCO3 (aq) 0.095 

CO3
2- 

CO3
2- 0.010 

CaHCO3
+ 1.9 

CaCO3 (aq) 0.028 

HCO3
- 57 

H2CO3* (aq) 41 

 

 

3.3 Results and Discussion 

 

3.3.1 Evolution of Solution Carbonate Chemistry  

 

The first solution samples to be taken at each distance of flow from the sampling 

channel were used to determine pH and conductivity. This allowed for the temporal 

evolution of the carbonate chemistry of the thin film to be monitored, and for the 

precipitation rate of the CaCO3 to be calculated (see Section 3.3.3). 

 

The pH of the solution increased from 6.49 (in the reservoir) to 7.08 at a flow 

distance of 0 cm, indicating degassing of dissolved CO2 occurred almost 

instantaneously from the solution, as expected. The pH increased steadily with 
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increasing distance of flow to a pH of 8.07 after 87 cm. This indicated further 

evolution of CO2 from solution occurred, likely a result of precipitating CaCO3 (see 

Equation 1.3). 

 

Further evidence for the precipitation of CaCO3 as a result of degassing was the 

decrease in conductance seen as residence time increased. Figure 3.1 shows the 

change in conductance with distance of flow. The exponential decrease in 

conductance was consistent with that observed by Hansen et al. (2013) and  Hansen 

et al. (2017).18-19 

 

 

Figure 3.1. An exponential decrease in conductance was seen with increasing residence times 

during the preliminary experiment, consistent with the literature. 

 

At the conclusion of the experiment, a thin layer of white crystalline material was 

observed in both channels on the glass plate. The precipitate was fairly uniform 

across the channels, however small patches of morphologically distinct precipitate 

were also observed, particularly in the last 10 cm of the plate. Structural 

characterisation of both precipitates was thus carried out in order to ensure that 
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calcite was the primary precipitate, and thus that the results of subsequent 

experiments were relevant to speleothem calcite. 

 

3.3.2 Structural Characterisation of CaCO3 

 

The experimental method developed here required that the dominant CaCO3 

polymorph precipitated was calcite, as calcite is the most stable polymorph of 

CaCO3 and thus also the most dominant in speleothem carbonates.1 Samples of 

precipitate from the reference channel were therefore analysed using FT-IR 

spectroscopy, Raman spectroscopy, pXRD and SEM to characterise the 

morphology of the CaCO3 crystals. 

 

pXRD was initially carried out on the dominant precipitate, however there was 

insufficient sample to analyse the minor (morphologically distinct) precipitate using 

this method. Figure 3.2 shows the pXRD pattern obtained for the precipitate, which 

was consistent with patterns observed for calcite standards in the literature (e.g. Ni 

and Ratner, 2008).90 Peaks indicative of other CaCO3 polymorphs, aragonite and 

vaterite, were absent from the pattern.90 

 

FT-IR spectroscopy was also carried out on the dominant precipitate. In order to 

ensure the polymorph remained consistent along the flow path, samples from three 

different distances along the plate were taken for analysis. Figure 3.3 shows the IR 

spectra obtained for precipitate samples from 14, 40 and 70 cm. All three spectra 

displayed the characteristic v4 band of calcite at 713 cm−1 and v2 band of calcite at 

874 cm−1, and were consistent with the calcite spectra reported by Ni and Ratner 

(2008). Bands characteristic of aragonite and vaterite were notably absent.90 

 

Neither pXRD nor FT-IR spectroscopy could be carried out on the minor 

polymorph due to the sample size requirement of both methods. Thus, Raman 

spectroscopy and SEM were also carried out on precipitate samples. Figures 3.4 
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Figure 3.2. pXRD pattern observed for the dominant precipitate produced during the 

preliminary experiment. 

 

 

Figure 3.3. FT-IR spectrum of the dominant precipitate produced during the preliminary 

crystal growth experiment at three different distances of flow.  
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and 3.5 show the Raman spectra of the dominant and minor CaCO3 polymorph, 

respectively. The spectrum of the dominant polymorph displayed the characteristic 

v4 band of calcite at 711 cm−1 and v1 band of calcite at 1085 cm−1, and were 

consistent with calcite spectra reported in the literature.100-101 The spectrum of the 

minor polymorph however displayed the characteristic v4 band of the polymorph 

vaterite at 740-750 cm−1 and v1 band of vaterite at 1074-1090 cm−1, and was 

consistent with Raman spectra of vaterite reported in the literature.101-102 

 

 

Figure 3.4. Raman spectrum of the dominant precipitate produced during the preliminary 

experiment, consistent with spectra reported in the literature for the calcite polymorph. 

 

 

Figure 3.5. Raman spectrum of the minor precipitate produced during the preliminary 

experiment, consistent with spectra reported in the literature for the vaterite polymorph. 
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SEM images taken of the dominant and minor precipitates (Figure 3.6) were 

consistent with the findings of the Raman spectra. The dominant polymorph 

displayed crystals of clear rhombohedral morphology with defined edges and 

corners and well-developed flat faces, consistent with calcite.91 Some aggregation 

of crystals was observed.91 Conversely, the minor polymorph displayed aggregates 

of flat sheets with diameters of » 20 µm and with morphology typical of vaterite 

grains.103  

 

Figure 3.6. Representative SEM micrographs of the dominant (A-C) and minor (D-F) 

polymorphs of CaCO3 precipitated during the preliminary experiment. 

 

Structural characterisation of the precipitate confirmed that the main fraction was 

calcite, and thus the CaCO3 crystals grown during the preliminary experiment were 

considered to be representative of speleothem calcite. As vaterite is uncommonly 

reported in speleothem samples, these patches were avoided when sampling for 

ICP-MS as the partitioning behaviour of metals would likely differ between 

polymorphs due to differences in coordination environments of the trace ions. 

 

3.3.3 CaCO3 Growth Rate 

 

Growth rate of the CaCO3 precipitate along the plate was determined according to 

the method reported by Hansen et al. (2013; 2017), details of which are given in 

A 

D E 

B C 

F 



 

65 

 

Section 1.2.4.18, 20  Briefly, as electrical conductivity of the solution is dependent 

on [Ca2+], the conductivity data presented above were fitted to Equation 1.6 using 

the statistical computing package R (Figure 3.7).104 This allowed calculation of the 

time constant for precipitation of calcite, tpr, which was found to be 189 ± 18 s (see 

Appendix I for the R script). The relationship between conductance and [Ca2+] was 

then modelled using PHREEQC (Figure 3.8) so that the temporal evolution of 

electrical conductivity could be translated into the temporal evolution of [Ca2+] (see 

Appendix I for the PHREEQC script). Equation 1.7 was then used alongside the 

linear relationship determined using PHREEQC to calculate the change in [Ca2+]. 

Growth rates of CaCO3 could then be calculated for each distance of flow, and the 

results are provided in Table 3.4. The calculated growth rates were similar to those 

observed in previous laboratory-based calcite growth experiments. Day and 

Henderson (2013) for instance observed growth rates ranging from 1.2 x 10-8 mmol 

cm-2 s-1 to 3.0 x 10-8 mmol cm-2 s-1. 

 

 

Figure 3.7. Evolution of the electrical conductivity of solution as a function of residence time 

on the glass plate. The solid line is the exponential fit of the experimental data according to 

Equation 1.7.104-105  
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Figure 3.8. Linear relationship between the concentration of calcium and the conductance of 

the solution, modelled using PHREEQC. 

 

Table 3.4. The conductance, residence time and growth rate of CaCO3, R, calculated for each 

distance of flow during the preliminary experiment. 

Distance of Flow (cm) Conductance (µs cm-1) Residence Time (s) R (mmol cm-2 s-1) 

0 834 0 1.33 x 10-7 

7 735 35 1.11 x 10-7 

12 694 59 9.70 x 10-8 

17 662 84 8.51 x 10-8 

22 640 109 7.46 x 10-8 

27 620 134 6.55 x 10-8 

37 547 183 5.04 x 10-8 

47 509 233 3.87 x 10-8 

57 475 282 2.98 x 10-8 

67 461 332 2.29 x 10-8 

77 448 381 1.76 x 10-8 

87 428 431 1.36 x 10-8 
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3.3.4 Trace Element Partitioning 

 

Although the primary purpose of the preliminary experiment was to establish a 

suitable method of precipitating CaCO3 from a thin film in a manner analogous to 

precipitation on a speleothem surface, the partitioning of trace metals into calcite 

was also assessed and will be discussed here in brief. Figure 3.9 below shows the 

trace element to calcium ratios (X/Ca) for Ni and Co in solution as precipitation 

progressed along the plate. No Cu/Ca data is presented as [Cu] was below the ICP-

MS quantification limit in all but one of the solution samples, indicating Cu2+ was 

quickly lost from solution and readily incorporated into the CaCO3 precipitate. This 

suggested that of the three transition metals investigated, Cu likely had the greatest 

affinity for the calcite lattice (assuming lattice substitution as the primary mode of 

trace element incorporation). The Cu/Ca ratio at 0 cm distance of flow was 0.018 ± 

0.002.  

 

Figure 3.9 shows an initial decrease in Co/Ca was observed in solution, followed 

by a slow increase as the distance of flow (i.e. residence time of the solution) 

increased. [Co]/[Ca] ratios ranged from 0.016 ± 0.002 to 0.027  ±  0.001 mM/M. 

An increasing trend in [Ni]/[Ca] as distance of flow increased was also observed, 

from 0.027 ± 0.002 to 0.048 ± 0.003 mM/M. These results indicated that Co2+ 

partitioned more readily into calcite under these conditions than Ni2+. It was 

therefore expected that calculated partition coefficients (Kd values) would decrease 

in the order Cu > Co > Ni. 

 

It can be seen from Figure 3.9 (C and D) that the calculated values for prior calcite 

precipitation (PCP) did not show a steady decrease with residence time, and thus 

were not in accordance with the observed conductance values. This likely resulted 

from the increased analytical error associated with measuring high concentrations 

of Ca, and made the effects of PCP on the partitioning of these metals during the 

preliminary experiment difficult to assess. For all following experiments the 

concentration range of the Ca standard curves was increased in order to reduce this 

error. 
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Figure 3.9. A) [Co]/[Ca] ratios measured in the solution samples taken at each distance of flow. B) [Ni]/[Ca] ratios measured 

in the solution samples taken at each distance of flow. C) The [Co]/[Ca] ratios plotted as a function of PCP. D) The [Ni]/[Ca] 

ratios plotted as a function of PCP. All errors are calculated from the standard deviation of triplicate ICP-MS measurements, 

and represent the analytical error only. 

 

Corresponding X/Ca ratios measured in the precipitated calcite are presented in 

Figure 3.10. Cu/Ca ratios decreased as distance of flow increased, with [Cu] 

decreasing below the limit of quantification for ICP-MS measurements after 22 cm. 

This again was indicative of Cu2+ showing the highest degree of affinity for the 

calcite lattice. Both Co/Ca and Ni/Ca show fairly consistent values along the plate, 

with [Co]/[Ca] values in the range 0.025 ± 0.001 to 0.089 ± 0.02 mM/M and 

[Ni]/[Ca] values in the range 0.0043 ± 0.003 to 0.046 ± 0.004 mM/M. Sharp, 

unexpected increases in Ni/Ca and Co/Ca that could not be explained by analytical 

error were observed at 77 and 87 cm. The cause of these increases are not known 

with certainty, however significant amounts of vaterite were present in the last 10 

cm of the glass plate. Thus, despite efforts to avoid vaterite during sampling, it is 
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probable some vaterite was sampled at 77 and 87 cm and analysed by ICP-MS. If  

partitioning of trace metals into the vaterite lattice occurs more readily than into 

calcite, this could account for the higher Co/Ca and Ni/Ca ratios observed. Further 

investigations into the partitioning behaviour of first-row transition metals into 

vaterite are required in order for this hypothesis to be tested. 

 

 

 

 

Figure 3.10. A) [Co]/[Ca] ratios measured in the calcite samples taken at each distance of flow. B) [Ni]/[Ca] ratios measured 

in the calcite samples taken at each distance of flow. C) [Cu]/[Ca] ratios measured in the calcite samples taken at each 

distance of flow. D) The [Co]/[Ca] ratios plotted as a function of PCP. E) The [Ni]/[Ca] ratios plotted as a function of PCP.  

F) The [Cu]/[Ca] ratios plotted as a function of PCP. All errors are calculated from the standard deviation of triplicate ICP-

MS measurements, and represent the analytical error only.
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The X/Ca ratios in the solution and precipitate were used to calculate Kd values for 

each metal along the plate (Table 3.5). Although large variations in Kd values were 

observed at different residence times, no overall trend in Kd with PCP, calcite 

growth rate or pH was observed for the metals. Despite the large error associated 

with most Kd values, these preliminary results shows distinctly different average Kd 

values for each metal, increasing in the order Ni (0.31 ± 0.27) < Co (6.9 ± 3.7) < 

Cu (10.6 ± 2.8). 

 

Table 3.5. Kd values for Co, Ni and Cu measured at each distance of flow for the preliminary 

experiment. Errors in Kd values and PCP were calculated from the standard deviation of 

triplicate ICP-MS measurements. 

Distance 

of Flow 

(cm) 

Residence 

Time- Sampling 

Channel (s) 

Residence    

Time- Reference 

Channel (s) 

Extent of 

PCP (%) 

Kd 

Co Ni Cu 

0 0 0 0 1.4 ± 0.32 0.30 ± 0.14 10.6 ± 2.8 

7 35 ± 1 31 ± 3 34 ± 2 8.1 ± 3.1 0.15 ± 0.062 - 

12 59 ± 2 53 ± 5 52 ± 8 2.6 ± 0.89 0.16 ± 0.075 - 

17 84 ± 4 75 ± 7 45 ± 3 14.6 ± 6.1 0.25 ± 0.065 - 

22 109 ± 5 98 ± 9 50 ± 15 8.9 ± 5.1 0.19 ±0.065 - 

27 134 ± 6 120 ± 10 47 ± 9 5.1 ± 2.0 0.13 ± 0.052 - 

37 183 ± 8 164 ± 14 49 ± 5 8.7 ± 3.1 0.30 ± 0.14 - 

47 233 ± 10 209 ± 18 55 ± 9 5.3 ± 2.4 0.12 ± 0.066 - 

57 282 ± 12 253 ± 22 56 ± 2 4.3 ± 1.1 0.15 ± 0.045 - 

67 332 ± 14 297 ± 26 59 ± 4 4.8 ± 1.5 0.16 ± 0.063 - 

77 381 ± 16 342 ± 30 60 ± 3 12.2 ± 5.7 0.83 ± 0.29 - 

87 431 ± 18 386 ± 34 58 ± 2 7.1 ± 1.3 0.95 ± 0.14 - 

   Average: 6.9 ± 3.7 0.31 ± 0.27 10.6 ± 2.8 

 

 

It should be noted that the amount of Cu in the precipitated calcite was insufficient 

for isotopic measurements using Multi-Collector ICP-MS (MC-ICP-MS) at almost 

all distances of flow. This, coupled with the loss of measurable quantities of Cu2+ 

from solution within the first few centimetres, informed the decision to increase the 

Cu2+ concentration five-fold for the following experiments. Concentrations of Co2+ 

and Ni2+ were also increased to 50 ppb for ease of comparison.  
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3.4 Conclusion 

 

The primary purpose of the preliminary crystal growth experiment carried out here 

was to develop a suitable method for calcite precipitation from a thin film in a 

manner analogous to growth on a speleothem surface. The results discussed above 

indicate that the method developed was suitable for the desired purpose, with film 

thickness, pH, electrical conductance and calcite growth rates comparable to those 

observed in similar experimental studies. Structural characterisation of the 

precipitate demonstrated that the major CaCO3 polymorph was calcite and thus that 

the precipitate could thus be considered representative of speleothem calcite. Some 

minor changes to the experimental design were made based on these results, namely 

the aforementioned increases in film thickness and trace metal concentrations. 

 

The preliminary trace element partitioning results indicated that Cu demonstrates 

the strongest partitioning behaviour into speleothem calcite, followed by Co and 

then Ni. These results are of relevance to speleothem science, as they indicate that 

at times of high PCP, it would be expected that very little Cu and possibly also Co 

would be present in the speleothem-forming dripwater if no complexation with OM 

were occurring. The following four experiments (discussed in Chapter 4) will 

investigate this in further detail, and the effects of organic ligand complexation on 

partitioning behaviour will be assessed. 
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4 Partitioning of Co, Ni and Cu Into Calcite 

Grown Under Cave Analogue Conditions 

 

4.1 Introduction 

 

It has become apparent in the past half century that speleothems are fundamental 

tools for terrestrial paleoclimate reconstructions.1, 3, 5, 10, 13, 54, 88 Their wide 

geographical coverage and the ability to date their growth layers using U-Th and 

U-Pb radiometric dating has prompted extensive research into a range of 

paleoproxies.1 To date, a significant number of proxies have been established and 

are used routinely, including stable oxygen and carbon isotopes (known to respond 

to variations in rainfall and temperature), fluorescence (indicative of the quality and 

quantity of organic matter present in cave dripwaters) and speleothem minerology 

(e.g. fabric defects and nano-crystal aggregation).1 Trace metal proxies in 

speleothem archives have also garnered attention, as concentrations of trace metals 

and their stable isotopic ratios have been shown to respond to a variety of processes 

that occur in the karst system due to variations in environmental variables.1, 4-5, 54 

 

Trace element incorporation into speleothem calcite is frequently described by the 

partition coefficient, Kd,. The partition coefficient may be used to relate the trace 

element content of a mineral phase to that of the solution phase from which it 

precipitated and is frequently normalised to the concentration of the ‘carrier’ 

element (Ca in the case of speleothems) (Equation 4.1): 

 

 

𝐾- =
(L /0⁄ )*
(L /0⁄ ))0

     (4.1) 

 

 

where x is the trace element of interest. Thus, a Kd > 1 indicates preferential 

incorporation of the trace element over calcium, while a Kd < 1 indicates calcium is 

preferably incorporated into precipitated CaCO3. 4-6, 45-46 The range of trace metals 
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used routinely as speleothem-based proxies is currently limited almost exclusively 

to metals which exhibit simple partitioning and for which Kd << 1, namely the alkali 

earth metals Sr and Mg, as the role of these elements in the karst system is 

comparatively well-constrained. These trace element proxies have proven 

particularly useful as indicators of past aridity, as a shift to higher Sr/Ca and Mg/Ca 

values as PCP increases is observed. Dripwater solutions (and subsequently 

speleothems) are enriched in these alkaline earth elements at times of increased PCP 

(i.e. aridity).1,7 Although the use of such trace metals has proven invaluable for 

terrestrial paleoclimate reconstructions from speleothems, it has become apparent 

in the past decade that first-row transition metals such as Co, Ni and Cu may prove 

to be useful additions to the suite of elements used for paleohydrological 

reconstructions from speleothem archives. 

 

It is known that the partitioning behaviour of  metals that act as intermediate or soft 

Lewis acids (e.g. Cd, Zn, Co, Ni and Cu) is considerably different to the behaviour 

exhibited by the hard Lewis acids Sr and Mg, with theoretical predictions indicating 

distribution coefficients > 1 for these metals.1 However, there are still many 

remaining uncertainties regarding the controls on their incorporation into 

speleothem calcite, as although theoretical partition coefficients are useful in 

understanding partitioning behaviour under certain conditions, the non-

thermodynamic nature of partition coefficients during calcite precipitation in most 

natural contexts requires partitioning behaviour under speleothem-specific 

conditions to be established.43 For instance, despite theoretical partition coefficients 

being greater than 1 for transition metals, apparent partition coefficients (Kd app) 

observed for actual speleothem samples are frequently less than 1 due to the 

dependence of Kd app  on a number of factors including calcite precipitation rate, 

crystal morphology, and, perhaps most importantly, complexation reactions 

between organic matter (OM) and trace ions. Data from Obir cave (Austria) for 

instance indicate Kd << 1 for Cu and Y, while Kd  values obtained for Zn and Pb 

were >> 1, despite theoretical predictions indicating Kd >> 1 for all four elements.106 

It is now understood that this was likely a result of the variable dissociation kinetics 

of different metal-natural organic matter (NOM) complexes, with Cu and Y 

demonstrating a greater binding affinity for NOM.  

 



 

74 

 

Thus, it has become increasingly apparent that if transition metals are to be used as 

robust and reliable paleo-proxies, the role of NOM complexation in their transport 

through karst systems and on their partitioning behaviour into speleothem calcite 

must be accounted for. It has previously been mentioned (Chapter 1) that a strong 

correlation between trace metals and organic material has been observed in 

speleothem samples. 12, 14, 36, 40, 56, 61 For instance, Borsato et al. (2007) found that 

first-row transition metals were enriched in layers alongside NOM in the hierarchy 

Y > Zn, Cu, Pb > P and Br, reflecting the selectivity of transport by organic colloids 

flushed from the soil zone during seasonal infiltration events.56 Further research in 

this area, undertaken by Hartland et al. (2011), demonstrated that colloidal NOM 

was a dominant complexant of Co, Ni, Cu and V in Poole’s Cavern (Derbyshire, 

UK), highlighting the pitfalls associated with interpreting partitioning of these trace 

metals into speleothem carbonates as if they were present as free ions. 

Complexation of transition metals with NOM is likely to have significant effects on 

their partitioning into speleothem calcite and must be taken into account.36 

As mentioned in Chapter 1, it has been suggested that the ratio of different first-

row transition metals in speleothem samples could likely prove useful for providing 

insights into the composition of dripwaters with respect to NOM. 12-13 Hartland et 

al. (2012) observed distinct linear trends between Cu:Ni ratios and the acid-soluble 

NOM and poorly-soluble NOM end members in the soil leachates and cave 

dripwaters. Increases in mobilised particulate and colloidal OM during periods of 

increased infiltration (that also corresponded with increased concentrations of Cu, 

Ni, Fe, Sn and Mn) were also observed, and NOM present during periods of 

decreased infiltration was found to be substantially finer and primarily dissolved. 

The differences in Cu:Ni ratios between periods of high and low water supply were 

thus attributed to the presence of stronger binding sites in coarser OM compared to 

smaller humic like colloids, and the competitive binding of Cu over Ni for these 

sites.12, 57 This study further illustrated the potential of first-row transition metals, 

which have historically been largely overlooked as speleothem-based proxies, to 

provide important paleoclimatic information.12-13 

 

Co, Ni and Cu may be particularly good candidates for novel paleoclimate proxies 

as they are abundant members of the first-row transition metals, are present in both 
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cave waters and speleothems, and, being transition metals, they exhibit a range of 

behaviours that are not shown by the alkali earth metals. Notably they complex 

strongly to organic ligands (as dictated by the Irvin-Williams series), and the strong 

complexation of these elements by NOM is likely to significantly alter both their 

availability for incorporation into calcite and their isotopic fractionation.66 Cu in 

particular forms highly stable complexes with organic ligands, due to stabilisation 

caused by the Jahn-Teller distortion, and thus is of particular interest in this study. 

Proof of the importance of this stability on Cu speciation in cave waters was 

provided by Hartland and Zitoun (2018).61 They confirmed that Cu complexation 

by NOM is almost certainly a universal property of cave waters and were also able 

to determine that the presence of NOM reduced the concentration of ‘available’ Cu 

(i.e. Cu present in simple inorganic complexes or as aquo-Cu2+ species) in solution 

by five orders of magnitude when compared to the total Cu concentration.61 They 

demonstrated that even when the concentration of total Cu increased, the 

concentration of available Cu stayed consistently low, indicating that complexation 

with NOM was inhibiting the available Cu for partitioning into the Ca2+ lattice 

position of calcite.61  

 

As mentioned in Chapter 1, Hartland et al. (2014) also found the strength of metal-

NOM complexes to be a significant factor in determining the trace element content 

of speleothems. They found that the empirical Kd app values observed were 

dependent on the ‘free’ aqueous fraction of metal, fm, (i.e. the fraction of metal not 

bound to NOM) and proposed that divergences between the Kd app and Kd act values 

of these transition metals were largely explained by the concentration of ‘free’ metal 

in the dripwaters, according to Equation 1.16 (equation repeated below for the ease 

of the reader).40 It was proposed, therefore, that differences in the preservation of 

each trace metal in calcite could be explained quantitatively by their complexation 

behaviour with NOM if further data on inorganic Kd act values and complexation 

reactions between NOM and metals were available.40 

 

 

𝑓D(0$) =	
8(*)
-)(*)

/0(0$)

A;
𝑀(0$)   (1.16) 
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The purpose of this chapter is therefore twofold: Firstly, the study aims to address 

the need for the partitioning behaviour of the promising new proxies Co, Ni and Cu	

to be established for speleothem-specific conditions so that reliable Kd act values 

may be obtained. Although empirical partition coefficients for these first-row 

transition metals are available, they are only available from marine-type studies or 

from calcite precipitation in caves where complexation by NOM results in empirical 

partition coefficients dependent on the concentration of ‘free’ (i.e. non-complexed) 

metal in the dripwaters. Secondly, this study aims to assess the degree to which 

complexation of Co, Ni and Cu by organic ligands affects their partitioning into 

speleothem-like calcite, to help aid the interpretation of Co, Ni and Cu signals in 

speleothem samples. These objectives will help to establish whether Cu, Ni and Co 

are viable and robust paleoclimate proxies in speleothems that may be used in a 

multi-proxy approach for paleoclimate reconstructions. This in turn may assist 

speleothem scientists worldwide to interpret their records with a higher degree of 

certainty and provide information on past climatic events that could help us to better 

understand our current and changing climate. 

 

4.2 Methods 

 

Four experiments were carried out in order to meet the aims of this study. Two 

solely inorganic crystal growth experiments (experiments 1 and 2) were undertaken 

initially to provide speleothem-specific Kd act values for Co, Ni and Cu. Two 

experiments with organic ligands of varying binding strengths were subsequently 

carried out to determine the degree to which NOM complexation affects the 

partitioning of these metals. The chelating ligand NTA (experiment 3) was chosen 

on the basis of the high stability constants observed for Co-NTA, Ni-NTA and Cu-

NTA complexes (see Table 1.1), and the conditional stability constants found by 

Hartland and Zitoun (2018) for Cu-NOM complexes in dripwaters from four caves 

in Aotearoa (New Zealand) (logKCu-NOM ≈ 13.5-15.5).61 SRFA (experiment 4) was 

chosen as it’s heterogeneity is more representative of NOM observed in karst 

systems, and it has been well-characterised in the literature. Ligand concentrations 

used were chosen in order to provide high levels of trace metal complexation, as is 
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observed for Co, Ni and Cu in typical cave dripwaters.40, 61 Due to limitations on 

the amount of SRFA available, only Cu was present in experiment 4 so as to ensure 

a high percentage of metal complexation. 

 

Details of the experimental design, solution composition and thin film 

characteristics for all four experiments are outlined in Section 2.2. Analytical 

methodologies for ICP-MS, FT-IR spectroscopy, SEM, pXRD and 3DEEM 

fluorescence are also outlined in Chapter 2. 

 

4.3 Results and Discussion 

 

4.3.1 Control of Environmental Parameters 

 

To ensure calcite was grown under cave-analogue conditions, and that subsequently 

speleothem-specific partition coefficients  could be obtained, precise control over 

environmental variables inside the GeoMIC chamber were required. Conditions of 

1000 ppmV CO2, 80 – 100% humidity and 20° C were chosen based on typical cave 

conditions and previous work undertaken by Hansen et al. (2017).20 Environmental 

conditions were logged at 1 min intervals, and were well-controlled throughout 

each experiment (Figure 4.1). 



 

78 

 

 

Figure 4.1. Environmental parameters logged at 1 min intervals for experiments 1 (A), 2 (B), 

3 (C) and 4 (D). Large decreases in humidity at regular 25 h intervals are assumed to be the 

result of an instrumental artefact and to not reflect true decreases in humidity. Black and blue 

lines represent temperature at the sample port end and the drip-site end of the GeoMIC 

chamber, respectively. The purple line represents the temperature inside the solution reservoir.  

 

4.3.2 Aqueous Speciation Modelling 

 

The species distribution in the initial reservoir solutions was modelled using visual 

MINTEQ 3.0 speciation codes (Table 4.1). Complexation with SRFA was 

modelled using the NICA-Donnan model in visual MINTEQ which utilises a 

bimodal, continuous distribution for protons and metal ions.107 The results indicated 

that Cu, Ni and Co in the inorganic system (experiments 1 and 2) were present 

primarily as aquo-M2+ species or in simple inorganic complexes expected to be 

( 
( 

( A B 

D C 
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characterised by fast dissociation rates. In contrast, for experiment 3, model results 

showed M-NTA- species constituted 90, 99 and 99.8% of species for Co, Ni and 

Cu, respectively. Cu-SRFA complexes accounted for 96 % of Cu species in 

experiment 4. The proportions of  complexed metal and free metal were similar to 

that found for Cu by Hartland and Zitoun (2018) in dripwater samples from four 

NZ cave sites. They found that available Cu was consistently low despite widely 

varying concentrations of total Cu, and essentially that all available Cu was strongly 

complexed to organic ligands.61 

 
 
Table 4.1. Species distributions for initial reservoir solutions modelled using visual MINTEQ 

3.0 speciation codes. 

  
Experiment 1 

(Inorganic) 

Experiment 2 

(Inorganic) 

Experiment 3 

(NTA) 

Experiment 4 

(SRFA) 

Component Species Proportion of Total Concentration (%) 

Co2+ 

Co2+ 70 70 7.2 - 

CoHCO3
+ 29 29 3 - 

CoCO3 (aq) 0.79 0.79 0.082 - 

Co-NTA- - - 90 - 

Ni2+ 

Ni2+ 59 59 0.56 - 

NiHCO3+ 39 39 0.38 - 

NiCO3 (aq) 1.3 1.3 0.012 - 

Ni-NTA- - - 99 - 

Cu2+ 

Cu2+ 20 20 0.019 0.79 

CuCO3 (aq) 71 71 0.065 2.8 

CuNTA- - - 99.8 - 

SRFA-Cu - - - 96 

Ca2+ 

Ca2+ 93 93 93 93 

CaHCO3
+ 6.6 6.6 6.6 6.5 

CaCO3 (aq) 0.085 0.085 0.085 0.084 

Ca-NTA- - - - - 

SRFA-Ca - - - 0.26 

CO3
2- 

CaHCO3+ 1.8 1.8 1.8 1.8 

CaCO3 (aq) 0.024 0.024 0.024 0.024 

HCO3
- 54 54 54 54 

H2CO3 (aq) 44 44 44 44 
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4.3.3 Structural Characterisation of CaCO3 

 

In order to determine the dominant polymorphs of CaCO3 that precipitated during 

each experiment, Raman Spectroscopy, pXRD and SEM analyses were carried out 

on representative CaCO3 precipitates from each experiment. The results of these 

three analytical techniques will be discussed below. 

 

FT-IR spectra (Figure 4.2) of the precipitated CaCO3 in each experiment show the 

characteristic v4 and v2 bands of calcite at 713 cm−1 and 874 cm−1, respectively, for 

all four experiments and were consistent with spectra reported by Ni and Ratner 

(2008) for pure calcite crystals.90-91 Spectra for experiments 1-3 however also show 

the characteristic v4 band of vaterite at 744 cm−1 and a band at ~1090 cm−1 (mode 

unknown) also reported for vaterite by Ni and Ratner (2008).90 These bands were 

not observed for CaCO3 precipitated during experiment 4. Characteristic bands for 

aragonite (v2 at 858 cm−1 and v4 at 700 cm−1) were absent from all spectra.90 In order 

to ensure the polymorph remained consistent along the flow path during each 

experiment, samples from three different distances along the plate were taken for 

analysis, however only one spectrum for each experiment is included in Figure 4.2 

for purposes of clarity. Results indicated that the polymorphs of CaCO3 along the 

plate remained consistent in each experiment. 

 

pXRD was also carried out on precipitates from experiments 1-3, however an 

insufficient amount of CaCO3 for this analysis precipitated during experiment 4. 

The pXRD pattern obtained for the precipitates were consistent with the FT-IR 

results, indicating a mixture of calcite and vaterite.90 All major peaks reported in 

the literature for calcite were observed, while some minor peaks indicative of 

vaterite were also seen at 2q diffraction angles 55, 50, 33 and 25 (Figure 4.3).90 
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Figure 4.2. IR spectra of the CaCO3 precipitated at a distance of flow of 65-70 cm during 

experiments 1-4. A spectrum of a calcite standard is included for comparison purposes. 

 

 

 

 

 

Figure 4.3. pXRD patterns of the CaCO3 precipitated at a distance of flow of 65-70 cm during 

experiments 1-3. A pXRD pattern of a calcite standard is included for comparison purposes. 
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The presence of small quantities of vaterite in precipitate samples from experiments 

1-3, the absence of vaterite observed for experiment 4 and the absence of vaterite 

in the dominant precipitate grown during the preliminary experiment (reported in 

Chapter 3) were indicative of changes in polymorph caused by varying total trace 

metals concentration. It has previously been observed that high concentrations of 

trace metals cause changes in CaCO3 crystal morphology and polymorph 

(formation of aragonite at high trace metals concentrations has been well 

documented) and therefore it is likely the higher concentrations of trace metals in 

experiments 1-3 ([M]total = 150 ppb) caused the precipitation of vaterite.108-109 Only 

rhombohedral calcite was precipitated during experiment 4, presumably due to 

lower total concentrations of trace metals ([M]total = 50 ppb). Although calcite is the 

primary CaCO3 polymorph present in speleothems, Frisia et al. (2018) identified 

that vaterite crystals are likely one of the many possible initial states of speleothem 

crystallization.110 Because vaterite was only a minor contributor to the CaCO3 

precipitated during these experiments, our results are considered to be 

representative of speleothem CaCO3 deposits.  

 
 
SEM micrographs were also taken of precipitates from experiments 1-3 to provide 

details on crystal morphology (Figure 4.4). Due to limited access to 

instrumentation, precipitates from experiment 4 could not be analysed via SEM. If 

further work were to be undertaken in this area it is suggested that this analysis 

should be carried out on precipitates from experiment 4 in order to assess the impact 

of high SRFA concentrations on crystal morphology (and thus potentially trace 

metal partitioning). SEM micrographs supported the FT-IR spectroscopy and 

pXRD analyses, with the majority of crystals precipitated in all three experiments 

displaying rhombohedral morphology consistent with calcite.91 Overgrowth, 

aggregation of crystals and growth defects were observed to varying degrees for all 

experiments, with the highest proportion of defects observed for experiment 3. As 

expected, a minority of crystals displaying morphology typical of vaterite were also 

observed in all three experiments.91 
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Figure 4.4. Representative SEM micrographs of the CaCO3 precipitated during experiments 

1 (A-C), 2 (D-F) and 3 (G-I). 

 
The presence of organic material in solution was found to cause morphological 

changes in calcite crystals. Crystals formed under inorganic conditions displayed 

clear rhombohedral morphology with defined edges and corners and well-

developed flat faces. Calcite crystals grown in the presence of 2 ppm NTA in 

contrast displayed rounded corners and a high density of steps and of sub-micron 

scale kinks on the crystal faces. These features have previously been identified in 

calcite grown in the presence of OM.91, 110 Although no SEM data could be obtained 

for precipitates formed in the presence of SRFA, it is likely that these effects would 

be more pronounced in the calcite crystals grown during experiment 4 due to the 

high concentrations of SRFA (20 ppm). 
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4.3.4  CaCO3 Growth Rates 

 

Growth rate (R) of the CaCO3 precipitate along the plate (Table 4.2) was 

determined according to the method reported by Hansen et al. (2013; 2017), details 

of which are given in Sections 1.2.4 and 3.3.3.18, 20 Conductivity data fitted to 

Equation 1.6 (used to calculate the time constant for precipitation of calcite, tpr) 

for all four experiments can be found in Appendix II. Growth rates were similar to 

those observed in previous laboratory-based calcite growth experiments, for 

example Day and Henderson (2013) observed growth rates ranging from 1.2 x 10-8 

mmol cm-2 s-1 to 3.0 x 10-8 mmol cm-2 s-1. 

 

Growth rates determined for experiment 4 were significantly lower than those 

calculated for other experiments. This was consistent with the observation that very 

little precipitate was deposited on the glass plate during experiment four. This 

resulted in an insufficient amount of precipitate sample for ICP-MS at most 

distances of flow. The inhibitory effect of high concentrations of OM on calcite 

growth have previously been documented in the literature (e.g. Pearson et al. 2020), 

however the concentration of SRFA utilised in this experiment was necessary in 

order to ensure complexation of the majority of the Cu present in solution, so as to 

replicate conditions found in real karst systems.61 If less Cu had been present in 

solution, a lower concentration of SRFA could have been used to ensure these 

conditions, however there would then have been insufficient Cu available for 

isotopic fractionation to be assessed. 
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Table 4.2. Growth rates, R, and corresponding residence times calculated for each distance of flow during experiments 1-4. 

 
 

4.3.5 Trace Metal Partitioning Under Inorganic Conditions 

 

The partitioning of Co and Ni into CaCO3 was assessed at a range of distances along 

the plate for experiments 1-2. In order to do this, trace metal and Ca concentrations 

in solution and precipitate samples at each distance were assessed via ICP-MS. 

These concentrations are presented in Appendix II. Equation 4.1 was used in order 

to calculate Kd values for each element at different distances of flow, and to 

calculate a Kd value averaged over the entire plate for each element (Table 4.3).  It 

should be noted that no Cu data is available for experiment 2. This is a result of 

[Cu] falling below the quantification limit (QL) of ICP-MS for solution samples 

taken from all distances of flow. This is likely the result of a small amount of CaCO3 

precipitation occurring in the solution reservoir and tubing before sampling was 

Distance 

of Flow 

(cm) 

Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Residence 

Time (s) 

R 

(mmol cm-2 s-1) 

Residence 

Time (s) 

R 

(mmol cm-2 s-1) 

Residence 

Time (s) 

R 

(mmol cm-2 s-1) 

Residence 

Time (s) 

R 

(mmol cm-2 s-1) 

0 0 2.0 x 10-7 0 3.8  x 10-7 0 1.9  x 10-7 0 1.3  x 10-7 

2 6 ± 0.56 1.9  x 10-7 - - - - - - 

3 - - - - - - 8 ± 1.2 1.2  x 10-7 

5 - - 14 ± 0.53 3.2  x 10-7 23 ± 0.8 1.7  x 10-7 - - 

7 21 ± 2.0 1.8  x 10-7 - - - - - - 

9 - - 26 ± 1.0 2.8  x 10-7 41 ± 1.4 1.6  x 10-7 24 ± 3.6 9.8  x 10-8 

12 35 ± 3.4 1.6  x 10-7 34 ± 1.3 2.6  x 10-7 54 ± 1.8 1.5  x 10-7 32 ± 4.8 9.0  x 10-8 

17 50 ± 4.8 1.5  x 10-7 48 ± 1.8 2.2  x 10-7 77 ± 2.6 1.4  x 10-7 46 ± 6.8 7.9  x 10-8 

27 79 ± 7.6 1.2  x 10-7 77 ± 2.9 1.6  x 10-7 122 ± 4.1 1.2  x 10-7 72 ± 11 6.0  x 10-8 

37 109 ± 10 1.0  x 10-7 105 ± 3.9 1.1  x 10-7 167 ± 5.6 9.7  x 10-8 99 ± 15 4.6  x 10-8 

47 138 ± 13 8.7  x 10-8 134 ± 5.0 8.0  x 10-8 212 ± 7.1 8.1  x 10-8 126 ± 19 3.5  x 10-8 

57 168 ± 16 7.3  x 10-8 162 ± 6.1 5.7  x 10-8 257 ± 8.6 6.8  x 10-8 153 ± 23 2.6  x 10-8 

65 - - - - - - 175 ± 26 2.1  x 10-8 

67 197 ± 19 6.1  x 10-8 191 ± 7.1 4.1  x 10-8 302 ± 10 5.6  x 10-8 - - 

85 250 ± 24 4.5  x 10-8 242 ± 9.0 2.3  x 10-8 - - 228 ± 34 1.2  x 10-8 

89 - - - - 401 ± 14 3.8  x 10-8 - - 
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undertaken, and the high partition coefficient of Cu ensuring its incorporation into 

this precipitate. Although Cu was measurable in three of the solution samples taken 

during experiment 1, its high partition coefficient again resulted in [Cu] falling 

below the QL after 12 % PCP had occurred as it was readily incorporated into the 

precipitated calcite. This is consistent with the high Kd values reported for Cu in the 

literature.48 

 

Table 4.3. Partition coefficients calculated for Co, Ni and Cu during inorganic experiments 1 and 2. 

Experiment 1 Experiment 2 

Distance 
of Flow 

(cm) 
PCP (%) 

Kd 
Distance 
of Flow 

(cm) 
PCP (%) 

Kd 

Co Ni Cu Co Ni Cu 

2 ± 0.5 0 2.6 ± 0.2 0.75 ± 0.05 34 ± 3 5 ± 0.5 0 1.80 ± 0.3 0.35 ± 0.07 < QL 

7 ± 0.5 7.9 ± 0.2 2.5 ± 0.1 0.46 ± 0.03 60 ± 2 9 ± 0.5 10.5 ± 0.5 1.97 ± 0.1 0.27 ± 0.02 < QL 

12 ± 0.5 11.5 ± 0.4 3.0 ± 0.2 0.55 ± 0.03 120 ± 7 12 ± 0.5 13.0 ± 0.5 2.49 ± 0.5 0.32 ± 0.07 < QL 

17 ± 0.5 15.0 ± 0.6 6.0 ± 0.3 1.1 ± 0.07 < QL 17 ± 0.5 16.7 ± 0.7 2.80 ± 0.2 0.31 ± 0.03 < QL 

27 ± 0.5 21.6 ± 0.4 8.8 ± 0.3 1.5 ± 0.04 < QL 37 ±  0.5 25.6 ± 1.4 5.92 ± 0.6 0.76 ± 0.08 < QL 

37 ± 0.5 27.0 ± 1.1 9.7 ± 1.1 1.6 ± 0.15 < QL 47 ± 0.5 28.0 ± 1.7 7.87 ± 0.7 0.98 ± 0.08 < QL 

47 ± 0.5 32.2 ± 1.2 8.7 ± 0.5 1.4 ± 0.06 < QL 67 ± 0.5 34.2 ± 1.6 7.09 ± 0.6 1.08 ± 0.10 < QL 

57 ± 0.5 35.1 ± 0.9 7.8 ± 0.6 1.4 ± 0.07 < QL 85 ± 0.5 36.2 ± 1.8 12.46 ± 1.0 1.30 ± 0.11 < QL 

67 ± 0.5 39.1 ± 1.6 8.5 ± 1.1 1.6 ± 0.20 < QL - - - - - 

85 ± 0.5 47.0 ± 1.9 3.7 ± 0.2 0.96 ± 0.05 < QL - - - - - 
Average Kd for 
Entire Plate: 4.4  ± 0.3 1.1  ± 0.1 44  ± 3 Average Kd for 

Entire Plate: 3.6  ±   0.5 0.7  ±  0.01 < QL 

 

 

The order of partition coefficients calculated for Co, Ni and Cu from both inorganic 

experiments were consistent with previously determined literature values. Wang 

and Xu (2001) for instance, developed a linear free energy correlation model to 

predict unknown partition coefficients based on only the chemical bonding energies 

of cations within a host mineral and the excess energy resulting from size 

differences between the host cations and the substituting trace ion.48 They predicted 

partition coefficients for Co, Ni and Cu partitioning into calcite of 9.33, 3.47 and 

37.15, respectively indicating that Cu would incorporated most readily into the 

calcite, followed by Co and then Ni. The results found here are evidently consistent 

with this prediction. 
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Apparent partition coefficients (Kd app values) reported for these trace metals in cave 

systems are significantly lower than those determined here. For example Hartland 

et al. (2014), studying partitioning in a hyperalkaline cave system, found Kd app 

values of 0.05, 0.36 and 0.62 for Co, Ni and Cu, respectively.40 The discrepancy 

between these values is consistent with the interpretation that their partitioning must 

have been mediated to a large degree by OM complexation. The high inorganic Kd 

values calculated here also indicate that if little or no complexation of metals such 

as Cu and Co were occurring in karst systems, it is likely they would not be present 

in an appreciable amount at all in cave dripwaters or speleothem formations, as their 

high affinity for adsorption, substitution into the calcite lattice, or formation of other 

insoluble phases (e.g. Cu(OH)2) would likely result in their loss from solution 

altogether up-flow from the speleothem, especially during periods of high PCP. The 

calculated Kd values therefore highlight that the transport and partitioning of first-

row transition metals in cave systems must be heavily mediated by OM 

complexation. 

 

The average Kd value determined in experiment 1 for Ni is consistent within error 

with that determined by Stipp and Lakshtanov (2007), who found that for dilute 

solid solutions, Ni partition coefficients were approximately 1.111 A Kd value of 1 

is of significance because, as was found by Stipp and Lakshtanov (2007), calcite 

precipitation rate should not significantly alter the partitioning behaviour of Ni.111 

Indeed, the results found here indicate that Ni may be a good speleothem-based 

proxy as its partitioning behaviour, like that of the alkali earth metals, is relatively 

simple under inorganic conditions, but unlike these elements is not substantially 

impacted by PCP. 

 

The results provided in Table 4.3. indicate that as PCP progressed, Kd values for 

each element changed. This is unsurprising because as solution composition 

changes along the plate, the system cannot be considered to be in equilibrium. Thus 

although average Kd values for the entire plate are presented, it may be insufficient 

to describe the partitioning of these metals by a singular, static, Kd value. If 

inorganic partition coefficients from this study were to be applied to a real cave 

system, it may, therefore, be more appropriate to use the Kd values determined for 

the first few distances of flow, particularly if the speleothem archive in question is 
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a stalagmite. The residence time of dripwater on a stalagmite is usually short as 

drips are replaced quickly and flow down the side of the stalagmite. Thus, the 

partitioning of uncomplexed Co, Ni and Cu would be better described by the Kd 

values determined for the shortest residence times, as these are likely to be the 

closest to the true equilibrium partition coefficients. 

  

Modelling of expected M/Ca ratios as PCP progressed was undertaken using 

Equation 4.1 in order to determine whether the M/Ca ratios could be predicted 

based on known partition coefficients. Both the averaged experimental Kd values 

determined in this study (presented in Table 4.3) and literature partition coefficients 

discussed above were employed. Figures 4.5 and 4.6 show modelling results 

alongside experimental M/Ca ratios determined for experiments 1 and 2, 

respectively. 

 

Co/Ca ratios in solution samples taken during both inorganic experiments were well 

described by the predicted model based on Equation 4.1 and the experimentally 

determined (static) partition coefficients. In comparison, the model employing the 

theoretical partition coefficient determined by Wang and Xu (2001) predicted a 

significant decrease in Co/Ca at each distance of flow, indicating that for 

speleothem-specific conditions, the theoretically predicted Kd value was 

insufficient to describe partitioning of Co into calcite. Deviations from the model-

predicted Co/Ca values in the precipitate samples were observed, however these 

deviations were comparatively small. The discrepancies between model-predicted 

and experimental Co/Ca values are likely a result of at least two factors. Firstly, as 

precipitation occurs along the plate, the system moves away from equilibrium 

causing a change in Kd values as PCP progresses. Secondly, it is possible that 

competition for Ca2+ lattice sites between metals caused unexpected deviations 

from the model. This is supported by the observation that the increase in Co/Ca 

ratios in the precipitate samples occurred after Cu was lost from solution. 

 

Ni/Ca ratios in solution samples taken during both inorganic experiments were also 

relatively well described by the predicted model based on Equation 4.1 and the 

experimentally determined (static) partition coefficients. Again, the model 

employing the theoretical partition coefficient determined by Wang and Xu (2001) 
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predicted a significant decrease in Ni/Ca at each distance of flow, while the 

experimental data demonstrated fairly consistent Ni/Ca ratios along the length of 

the plate. As expected, the model based on a partition coefficient of 1, reported by 

Stipp and Lakshtanov (2007), also predicted the evolution of Ni/Ca relatively 

accurately. Deviations from model-predicted Ni/Ca ratios were again attributed to 

both Kd values changing with solution composition and competition for lattice sites 

with Co and Cu. The data for precipitate samples showed similar trends in Ni/Ca 

ratios to those observed for Co/Ca, with increases in Ni/Ca values observed as 

competing trace metals were lost from solution. 

 

The evolution of Cu/Ca ratios during experiment 1 were notably different to the 

evolution of Co/Ca and Ni/Ca ratios. The high affinity of Cu2+ for the calcite lattice 

caused Cu/Ca ratios to drop steeply as PCP progressed, with concentrations of Cu 

in solution samples quickly dropping below the ICPMS quantification limit. 

Although the models presented in Figure 4.5 capture this decrease, they deviate 

from the experimental data for both precipitate and solution samples, predicting an 

even faster loss of Cu from solution than was actually observed. Deviations from 

the model were assumed to be a result of the factors described above for Co/Ca and 

Ni/Ca. It can be seen from these results that using a single static partition coefficient 

to describe metal partitioning provides the best results for Co and Ni, likely 

indicating that this approach is most suitable for metals with low partition 

coefficients
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Figure 4.5. M/Ca ratios determined for solution and precipitate samples taken during experiment 1, with modelled M/Ca 

ratios based on both literature and average experimental Kd values. Black lines represent modelling undertaken with 

theoretical Kd values predicted by Wang and Xu (2001) using a linear free energy correlation approach,48 while blue solid 

lines represent modelling based on the average experimental Kd values determined for each element over the entire plate. 

Blue dashed lines indicate error associated with the experimental Kd values. Yellow lines indicate modelling results based on 

the Ni partition coefficient determined for dilute solid solutions by Stipp and Lakshtanov (2007).111 Data below dashed grey 

lines indicate the [M] was below the ICP-MS quantification limit. 

0

0.05

0.1

0.15

0.2

0.25

0 0.1 0.2 0.3 0.4 0.5

C
o/

C
a (
aq
)

(m
M

/M
)

Fractional PCP

Theoretical Kd
Experimental Kd
Experimental Data

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5

C
o/

C
a (
s)

(m
M

/M
)

Fractional PCP

Experimental Data
Theroretical Kd
Experimental Kd

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.1 0.2 0.3 0.4 0.5

N
i/C

a (
s)

(m
M

/M
)

Fractional PCP

Experimental Data
Theroretical Kd
Experimental Kd
Literature Experimental Kd

0

0.05

0.1

0.15

0.2

0.25

0 0.1 0.2 0.3 0.4 0.5

N
i/C

a (
aq
)(

m
M

/M
)

Fractional PCP

Experimental Data
Theroretical Kd
Experimental Kd
Experimental Literature Kd

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 0.1 0.2 0.3 0.4 0.5

C
u/

C
a (
s)

(m
M

/M
)

Fractional PCP

Experimental Data
Theroretical Kd
Experimental Kd

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.1 0.2 0.3 0.4 0.5

C
u/

C
a (
aq
)
(m

M
/M

)

Fractional PCP

Experimental Data
Theroretical Kd
Experimental Kd
<QL



 

91 

 

 
Figure 4.6. M/Ca ratios determined for solution and precipitate samples taken during experiment 2, with modelled M/Ca 

ratios based on both literature and average experimental Kd values. Black lines represent modelling undertaken with 

theoretical Kd values predicted by Wang and Xu (2001) using a linear free energy correlation approach, while blue solid 

lines represent modelling based on the average experimental Kd values determined for each element over the entire plate. 

Blue dashed lines indicate error associated with the experimental Kd values. Yellow lines indicate modelling results based on 

the Ni partition coefficient determined for dilute solid solutions by Stipp and Lakshtanov (2007). 
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and the resulting equations were used to calculate new Kd values for each step in 

the model. This modelling however (presented in Appendix II), did not provide a 

more accurate prediction of X/Ca ratios in solution and precipitate samples, 

indicating a simple linear relationship between Kd values and PCP was insufficient 

to describe the effect of changing solution composition on partitioning behaviour. 

 

4.3.6 Organic Complexation and Trace Metal Partitioning  

 

In order to assess the impact of complexation on partitioning of Co, Ni and Cu into 

calcite, M/Ca ratios in solution and precipitated calcite were determined for 

experiments 3 and 4 using the same method as described in Section 4.3.5. The ICP-

MS results are presented in Appendix II. Kd values for each element at different 

distances of flow and the Kd value averaged over the entire plate for each element 

are presented in Table 4.4. 

 

Table 4.4. Partition coefficients calculated during organic experiments 3 and 4. 

Experiment 3 (NTA) Experiment 4 (SRFA) 

Distance 
of Flow 

(cm) 
PCP (%) 

Kd 
Distance of 
Flow (cm) PCP (%) 

Kd 

Co Ni Cu Cu SRFA 

5 ± 0.5 0 0.38 ± 0.03 0.06 ± 0.009 0.78 ± 0.07 - - - - 

9 ±  0.5 4.5 ± 0.3 0.36 ± 0.03 0.02 ± 0.005 0.78 ± 0.06 - - - - 

12 ± 0.5 7.4 ± 0.4 0.43 ± 0.04 0.08 ± 0.012 0.94 ± 0.1 - - - - 

17 ± 0.5 9.5 ± 0.8 0.46 ± 0.03 0.02 ± 0.005 1.01 ± 0.07 - - - - 

27 ± 0.5 13.5 ± 1.0 0.45 ± 0.04 0.02 ± 0.006 1.04 ± 0.11 - - - - 

37 ± 0.5 16.2 ± 1.2 0.47 ± 0.04 0.02 ± 0.006 1.09 ± 0.07 37 ± 0.5 10.5 ± 0.2 3.4 ± 0.1 - 

47 ± 0.5 23.7 ± 1.9 0.39 ± 0.03 0.02 ± 0.004 0.93 ± 0.07 47 ± 0.5 12.3 ± 0.2 4.5 ± 0.1 0.44 

57 ± 0.5 25.7 ± 2.1 0.35 ± 0.03 0.02 ± 0.006 0.88 ± 0.09 57 ± 0.5 11.4 ± 0.3 3.3 ± 0.4 0.35 

67 ± 0.5 29.9 ± 1.6 0.34 ± 0.02 0.02 ± 0.007 0.85 ± 0.05 65 ± 0.5 11.9 ± 0.3 3.1 ± 0.4 0.34 

89 ± 0.5 34.1 ± 3.3 0.35 ± 0.03 0.02 ± 0.006 0.83 ± 0.07 85 ± 0.5 16.5 ± 0.4 2.7 ± 0.1 - 
Average Kd for 

entire plate: 0.41 ± 0.03 0.029 ±  0.007 0.92 ± 0.08 Average Kd for 
entire plate: 3.3 ± 0.3 0.37 

 

 

It is evident that the presence of organic ligands in solution mediated the 

partitioning of all three metals into calcite. Kd values for each metal were 

significantly lower for experiments 3 and 4 than for the inorganic experiments, 
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indicating complexation by OM reduced the availability of ‘free’ metal ions for 

incorporation into the calcite lattice. These partition coefficients were therefore 

significantly closer to those observed by Hartland et al. (2014) in real cave systems. 

It should be noted that although a significant decrease in partition coefficients were 

observed, the order of partition coefficients determined for the inorganic 

experiments (Cu > Co > Ni) was preserved here. 

 

Figures 4.7 and 4.8 show M/Ca ratios measured in solution and in precipitated 

CaCO3 as PCP progressed for experiments 3 and 4 , respectively. No Cu/Ca data is 

presented for calcite precipitated in experiment 4 as low growth rates led to an 

insufficient amount of CaCO3 for sampling at most distances of flow. Cu/Ca data 

in solution samples are, however, presented. 

 

Modelling of expected M/Ca ratios as PCP progressed was also undertaken for 

experiments 3 and 4 (results presented in Figures 4.7 and 4.8). In order to do this 

the concentration of complexed metal was calculated for a range of residence times 

according to the first order rate law (Equation 4.2):62 

 

[𝑀𝐿] = [𝑀𝐿]?𝑒%@)      (4.2) 

 

where [ML] is the concentration of complexed ligand at time t, [ML]i is the initial 

concentration of complexed metal and -k is the dissociation rate constant. This 

allowed the amount of ‘free’ (i.e. uncomplexed) metal, fm, to be calculated, and thus 

the partitioning of fm as PCP occurred to be modelled according to Equation 4.1. 

Residence times were correlated to PCP via a linear regression for each experiment. 

Partitioning of metals was modelled using the averaged experimental inorganic Kd 

values determined in experiment 1 of this study (presented in Table 4.3). The first 

order dissociation rate constant used for modelling Ni dissociation from NTA (2 x 

10-4 s-1) was taken from Zhang et al. (2013), however no dissociation constants for 

CoNTA or CuNTA complexes could be found.80 Therefore dissociation constants 

that provided a model with the best fit to the data (9.5 x 10-4 s-1 and 1.4 x 10-3 s-1 

for Co and Cu respectively) were selected for these metals. Although these rate 

constants need to be verified, they provide a reasonable estimation of dissociation 

rate constants for the desired purpose. The rate constant used for modelling the 
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dissociation of CuSRFA complexes was 3.1 x 10-3 s-1, based on the constant found 

by Chakraborty et al. (2013) for dissociation of Cu complexes with Suwannee River 

Natural Organic Matter (SRNOM).112 

 

Solution data presented for the NTA experiment (experiment 4) show that the 

models and experimental results were in agreement (within error). A slow increase 

in Co/Ca and Ni/Ca in solution with progressing PCP was observed, in stark 

contrast to the inorganic results presented above. This indicates that for Co and Ni, 

complexation by NTA acts as a stronger ‘sink’ than the calcite lattice. Cu/Ca(aq) 

ratios demonstrated an initial decrease followed by an increase, as predicted by the 

model, but stayed fairly consistent along the plate with some slight variation around 

a mean of 0.135 mM/M. Again this is in stark contrast to the steep decrease 

observed for Cu in the inorganic system, and indicates that the calcite and organic 

ligand ‘sinks’ for Cu effectively balance each other in this scenario. So although Cu 

has a particularly high inorganic partition coefficient, the high stability of CuNTA 

complexes ensures that Cu is lost from solution at an almost constant rate. 

 

Experiment 3 data presented for the precipitate samples were less well described by 

the model predictions. The models predict a slow increase in Co/Ca and Ni/Ca as 

PCP progresses, however experimental data shows Co/Ca and Ni/Ca stay fairly 

consistent along the plate, with some variation around mean values of 0.07 and 0.06 

mM/M, respectively. A decrease in Cu/Ca was predicted by the model, which was 

consistent with the experimental data determined for the last half of the plate. 

However an initial increase in experimental Cu/Ca that was not captured by the 

model was observed at the start of the plate.  
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Figure 4.7. M/Ca ratios determined for solution and precipitate samples taken during experiment 3. Modelled M/Ca ratios 

are based on metal-NTA dissociation rates and  average experimental inorganic Kd values determined for experiment 1. 
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Figure 4.8. Cu/Ca ratios measured in solution samples during experiment 4. Modelled Cu/Ca 

ratios are based on Cu-SRNOM dissociation rates and the average experimental inorganic Kd 

value determined during experiment 1. 
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complexation. Previous studies have demonstrated that dissolved OM may indeed 

be incorporated into calcite to this degree, for instance Hartland et al (2014) 

reported a 3 % removal efficiency of organic carbon in the stalagmite PC-08-1 

(Poole’s Cavern, UK). It is therefore highly possible that ternary complexation may 

explain deviations in the M/Ca(s) for each trace metal. 

 

Modelled results for the SRFA experiment predicted a slow decrease in Cu/Ca(aq) 

as PCP progressed, and this was observed in the experimental data. Again a stark 

contrast between the results observed for the inorganic experiment were seen, with 

complexation by SRFA causing a significant decrease in Cu partitioning. The Kd app 

value determined for the SRFA experiment was 3.3 ± 0.3 compared to 0.92 ± 0.08 

for the NTA experiment, indicative of faster dissociation rates for the CuSRFA 

complexes, as would be expected due to the high stability of complexes formed 

with the chelating ligand NTA. Discrepancies observed between the model and 

experimental results were likely due to the dissociation constant used, as faster 

dissociation rates gave similar results to those observed experimentally. The 

partitioning of SRFA into the calcite was assessed (see below) and it was found that 

ternary complexation could not account for the majority of the difference between 

modelled and observed results. 

 

These experiments undertaken in the presence of organic ligands have reinforced 

the results observed in some speleothem-based studies; they have shown that 

complexation of the first-row transition metals Co, Ni and Cu by OM significantly 

alters their partitioning into calcite. Although the partitioning of Co, Ni and Cu can 

be predicted by Kd values alone in an inorganic system, this does not hold true for 

systems with organic ligand complexation, as dissociation of complexes to provide 

‘free’ metal ions must first occur. Although the use of these metals as speleothem-

based proxies has previously been overlooked in favour of metals with low 

inorganic Kd values, in reality the wide-spread presence of OM in karst systems will 

reduce the effects of PCP on these metals, and they should in fact be considered as 

useful additions to the current range paleo-proxies used. The results have 

highlighted that the signal of these metals in speleothems will be a controlled by 

the dissociation rates of the complexes, the residence time of the dripwaters and the 
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inorganic partition coefficients of the metal (i.e. the compatibility of the M2+ ions 

for lattice valence sites). 

 

4.3.7 Partitioning of SRFA into Calcite 

 

In order to assess the potential impact of ternary complexation on Cu partitioning 

into calcite, the concentration of SRFA in both solution and precipitate samples was 

assessed via 3D EEM fluorescence spectroscopy, and subsequent Kd values were 

calculated according to Equation 4.3 (Table 4.5). Results indicated SRFA was 

being incorporated into precipitated calcite at a putative OM removal efficiency of 

37 %. This was consistent with the observation that calcite precipitated during 

experiment 4 was significantly darker in colour compared to calcite precipitated 

during previous experiments, and indeed the brown colour observed in some 

speleothem calcite is known to be associated with high concentrations of OM.13, 37, 

91 113-114 

 

𝐾-	M6N5	 =
(M6N5 /0⁄ )*
(M6N5 /0⁄ ))0

    (4.3) 

 
 
The Kd SRFA values determined here (average of 0.37) were consistent with the range 

of Kd NOM values reported in the literature. Pearson et al. (2020) for instance 

observed values in the range of 2.8 to 4.3 during their crystal growth study where 

water from a peatland was used as the source of DOM. Hartland et al. (2014) 

observed average Kd NOM values of 0.03 for samples taken from Pooles’ Cavern, 

UK.40 The incorporation of SRFA into calcite indicated that ternary complexation 

may be responsible to some degree for Cu partitioning into calcite, therefore the 

partitioning of SRFA-Cu complexes was assessed using Equation 4.4:40  

 

 

𝐾-	M6N5%/O	 =
(/O M6N5⁄ )*
(/O M6N5⁄ ))0

    (4.4) 

 
 
 



 

99 

 

Table 4.5 SRFA concentrations in solution and precipitate samples taken from varying 

distances of flow during experiment 4, and associated partition coefficients. 

Distance (cm) PCP (%) [SRFA] in 
Solution (ppm) 

[SRFA] in 
Precipitate (mg/g) Kd SRFA Kd SRFA-Cu 

0 ± 0.5 0.0  23.3 - - - 

3 ± 0.5 2.7  ± 0.04 23.7 - - - 

9 ± 0.5 5.0  ± 0.1 24.0 - - - 

12 ± 0.5 3.9  ± 0.1 23.3 - - - 

17 ± 0.5 1.9  ± 0.08 22.7 - - - 

27 ± 0.5 8.9  ± 0.2 23.0 - - - 

37 ± 0.5 10.5  ± 0.2 22.7 - - - 

47 ± 0.5 12.3  ± 0.2 22.5 14 0.44 10.3 

57 ± 0.5 11.4  ± 0.3 22.3 13 0.35 9.4 

65 ± 0.5 11.9  ± 0.3 22.1 13 0.34 9.2 

72 ± 0.5 - - 12 - - 

78 ± 0.5 - - 11 - - 

85 ± 0.5 16.5  ± 0.4 21.0 - - - 

Average Kd SRFA and Kd SRFA-Cu for Entire Plate: 0.37 9.7 

 

If ternary complexation was the dominant mechanism for Cu partitioning, Kd SRFA-

Cu values would be ≈1, as the metal to ligand ratio would remain constant in the 

solution and precipitate. This is a rare scenario for any complexed metal in karst 

systems, as ternary complexation is limited by the slower diffusion of NOM–M 

complexes relative to inorganic species, and by other complicated reaction 

mechanisms (e.g.  steric and electrostatic effects and hydrophobic interactions 

between ligands).115 However it has been observed for Co-NOM complexes in a 

hyperalkaline cave environment, due to the increased stability of Co complexes at 

high pH ensuring a significant decrease in dissociation rate. The average Kd SRFA-Cu 

calculated during this study (Table 4.5) was 9.7, indicating the ratio of Cu to SRFA 

in the solid was higher than in the solution, and that the dissociation kinetics of Cu-

SRFA complexes rather than ternary complexation was the main factor in 

determining Cu availability for incorporation into calcite. 
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4.3.8 Experimental Limitations and Future Work 

 

This study suffered from several limitations that do not reflect natural cave 

environments. Notably, concentrations of trace elements significantly higher than 

those observed in a natural system were employed. Although this was necessary in 

order to ensure sufficient concentrations for isotope analysis, it is possible that 

effects that would otherwise not be observed in a natural system (e.g. competition 

between trace metals for lattice binding sites) affected the results of these 

experiments. 

 

Although vaterite crystals have been identified as one of the many possible initial 

states of speleothem crystallization,110 it is possible that the formation of vaterite 

during experiments 1-3 altered the partitioning behaviour of Co, Ni and Cu to some 

degree. Little data is available in the literature on the partitioning behaviour  of trace 

elements into vaterite, and therefore further work in this area is required to assess 

whether partitioning behaviour into vaterite and calcite differs markedly. 

 

Another significant limitation of this work is the lack of NTA concentration data 

for solution and precipitate samples from experiment 3. If this data were available, 

the extent of ternary complexation on the partitioning of Co, Ni and Cu into calcite 

could be properly assessed. Several analytical techniques including UV-visible 

spectroscopy, 3D EEM fluorescence spectroscopy and Liquid Chromatography 

Mass Spectrometry (LC-MS) were trialled in an attempt to provide this data, 

however the low concentrations of NTA coupled with matrix interferences 

observed for LC-MS due to high [Ca2+] meant that NTA concentrations could not 

be reliably assessed. If further work on these samples were to be carried out, 

development of the Gas Chromatography Mass Spectrometry (GC-MS) method 

proposed by Reichert and Linckens (1980) to measure NTA to 1ppb concentrations 

in river water samples would be carried out. 

 

In order for more accurate modelling of the partitioning of Co and Cu into calcite 

in the presence of NTA to be undertaken, dissociation rate constants for CoNTA 

and CuNTA complexes are required. Although the modelling undertaken here 

effectively used the data to solve for the dissociation rate constant, confirmation 
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that these values are in the expected range would be a valuable verification of the 

results. 

 

Finally, assessment of the isotopic fractionation of Cu in each of the experiments 

would be a valuable addition to the literature. Schott et al. (2014) found that for 

metals where Kd > 1, precipitated calcite is enriched in heavier isotopes of the trace 

metal due to the affinity of these metals for the solid.52 Thus, it would be expected 

for the inorganic experiments that the precipitate would be enriched in 65Cu 

compared to the solution. However it is unlikely this would be observed for the 

organic experiments because, as mentioned in Chapter 1, it has been demonstrated 

that the organo-complexation of Cu can significantly alter the isotopic ratio of ‘free’ 

aqueous Cu species. For example Bigalke et. al (2010) reported that the 

fractionation at equilibrium between the ‘free’ Cu and the Cu bound to insoluble 

humic acid was 0.26 ± 0.11 ‰.67 Ryan et. al (2014) also investigated the degree of 

isotopic fractionation of Cu during complexation with various soluble ligands and 

found an enrichment of 65Cu in the complexes compared to the ‘free’ Cu species, 

with Δ65Cucomplex-free values ranging from +0.14 to + 0.84 ‰.68 It follows therefore 

that Cu precipitated in the organic experiments may demonstrate the opposite trend 

to that observed for the inorganic experiments. This effect is likely to be pronounced 

for Cu due to the high stability of Cu complexes (according to the Irvin-Williams 

series).66 Indeed, Schott et al. (2014) calculated that complexation of Cu by very 

low concentrations of oxalate ligands would be sufficient to ensure calcite was 

enriched in light Cu instead of heavy Cu. It would be interesting therefore to 

investigate the degree of fractionation observed in the presence of stronger binding 

organic ligands more representative of karst-derived NOM (such as SRFA), so as 

to help with the interpretation of Cu isotope signals present in speleothem samples. 

 

4.4 Conclusions 

 

The partitioning behaviour of Co, Ni and Cu into calcite grown under speleothem-

like conditions was assessed, and speleothem-specific Kd values of ~ 4, 1 and 44, 

respectively, were determined. Their partitioning as precipitation progressed was 

found to be predictable for the most part using the experimentally determined Kd 
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values, when no organic ligands were present in solution. These relatively high 

inorganic Kd values illustrate the reason why these divalent metals have frequently 

been overlooked as paleoclimate proxies in speleothems: metals with high partition 

coefficients are thought to exhibit complex partitioning behaviour and are 

significantly affected by PCP. However, further experiments illustrated that the 

complexation of Co, Ni and Cu significantly altered their partitioning behaviour, 

with apparent partition coefficients (Kd app) reduced below 1 for all three metals. It 

was shown that partitioning of Co, Ni and Cu into calcite was controlled by 

dissociation of the metal-ligand complexes, and thus that the amount of ‘free’ metal 

available for incorporation into calcite was dependent on residence time and the 

dissociation constants of the complexes. 

 

This study highlights the fact that the incorporation of the divalent first-row metals 

into speleothem calcite cannot not be considered in terms of simple inorganic 

partitioning, as the widespread presence of NOM in karst systems will alter their 

partitioning behaviour significantly. Thus, although the use of these metals as 

speleothem-based proxies has previously been overlooked in favour of elements 

such as the alkali earth metals which exhibit simple partitioning (i.e. Kd << 1), in 

reality the NOM present in karst systems will reduce the effects of PCP on these 

divalent first-row metals, and they should in fact be considered as useful additions 

to the current range of paleo-proxies used. 

 

It has been shown that the signal of the divalent first-row transition metals Co, Ni 

and Cu in speleothems will be a controlled by i) the dissociation rates of the 

complexes ii) the residence time of the dripwaters and iii) the inorganic partition 

coefficients of the metal, and therefore that their partitioning into speleothem calcite 

may be predictable. 
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5 Conclusions 

 
 
To date, trace element proxies in speleothem archives have primarily been limited 

to elements that exhibit simple partitioning into calcite, namely the alkali earth 

metals. The high inorganic partition coefficients reported for transition metals have 

ensured little attention has been given to these elements, as it has been assumed that 

prior calcite precipitation (PCP) would significantly affect the signals of these 

elements in speleothems. However recent studies have suggested that first-row 

transition metals may indeed be useful additions to the current suite of trace element 

proxies already utilised, due to the complexation of these metals by natural organic 

matter (NOM) in karst systems. It has been suggested that complexation of first-

row transition metals by NOM may alter their partitioning behaviour into 

speleothem calcite and reduce the effects of PCP on these metals. This study 

therefore aimed to assess the degree to which complexation of Co, Ni and Cu by 

organic ligands affected their partition behaviour into calcite grown under karst 

analogue conditions, and thus to help establish whether these metals may be viable 

speleothem-based proxies for paleoclimate reconstructions. 

 

A method for growing speleothem-like calcite that allowed investigation of the 

partitioning behaviour of trace elements was first developed. A purpose-built 

chamber allowing precise control of temperature, humidity and pCO2 ensured 

consistent environmental conditions throughout the crystal growth experiments. 

Calcite was grown in a manner analogous to that observed for natural speleothems, 

with calcite precipitation occurring as a result of CO2 degassing from a thin solution 

film. Calculated growth rates for the method were consistent with growth rates 

reported in the literature for similar cave-analogue studies and structural 

characterisation of the CaCO3 crystals confirmed the precipitate was predominantly 

calcite (and thus representative of speleothem CaCO3 deposits). The method 

developed was therefore considered to be suitable for the desired purpose, and the 

partitioning data obtained subsequently was considered to be applicable to ‘real-

world’ speleothem samples. 
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The partitioning of Co, Ni and Cu into calcite in the absence of organic ligands was 

assessed and speleothem-specific Kd values of ~ 4, 1 and 44, respectively, were 

determined. The high inorganic Kd values determined for Co and Cu illustrate the 

reason why these divalent metals have frequently been overlooked as paleoclimate 

proxies in speleothems: metals with high partition coefficients are thought to exhibit 

complex partitioning behaviour and are significantly affected by PCP. However, 

further experiments were undertaken to assess the partitioning behaviour of these 

metals when organic ligands were present in solution, and it was found that 

complexation of Co, Ni and Cu by nitrilotriacetic acid (NTA) and complexation of 

Cu by Suwanee River fulvic acid (SRFA) significantly altered the partitioning 

behaviour of the metals, with apparent partition coefficients reduced below 1 in all 

cases. 

 

The results of this study therefore reinforce the notion that partitioning of first-row 

transition metals into speleothems is controlled to a significant degree by 

complexation with NOM in karst systems, and cannot be considered in terms of 

simple inorganic partitioning. The results also demonstrated that partitioning of Co, 

Ni and Cu into speleothems may be predictable, as the extent of their incorporation 

into calcite is dependent primarily on three factors: the residence time of the 

dripwaters, the dissociations rates of metal-NOM complexes and the speleothem-

specific inorganic partition coefficients. 

 

Overall, this study indicated that Co, Ni and Cu may indeed be viable paleoclimate 

proxies in speleothems. Their use in a multi-proxy approach for paleoclimate 

reconstructions may help speleothem scientists worldwide to interpret their records 

with a higher degree of certainty and provide information on past climatic events 

that could help us to better understand our current and changing climate. 
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Appendix I 

 

Script 1: PHREEQC script for determining species distribution, pH and 

calcite saturation indices (SI) in reservoir solutions. 

 
SELECTED_OUTPUT 
-file c:\ 
-user_punch true 
-high_precision false 
-totals Ca Cu Co Ni C C(4) 
-molalities Cu+2 Cu+ Co+2 Co+3 Ni+2 Ca+2 CH4 CO3-2 HCO3- CO2 (CO2)2 CaOH+  CaCO3 
CaHCO3+ CuCO3 Cu(CO3)2-2 CuHCO3+ CuOH+ Cu(OH)2 Cu(OH)3- Cu(OH)4-2 Cu2(OH)2+2 
NiOH+ Ni(OH)2 Ni(OH)3- CoOH+ Co(OH)2 Co(OH)3- Co(OH)4-2 Co2OH+3 Co4(OH)4+4 
CoOOH- CoOH+2 NiCO3 NiHCO3+ CoCO3 CoHCO3+ H2CO3 
-pH 
-saturation_indices CO2(g) Calcite Aragonite 
 
SOLUTION 1 Pure Water 
ph 7.0 
temp 20 
units mol/l 
Cu 7.868E-07 
Ni 8.5189E-07 
Co 8.484E-07 
 
EQUILIBRIUM_Phases 
CO2(g) -3.402 
save solution 1 
End 
 
USE solution 1 
REACTION 1 
Calcite 0.0049853 
save solution 1 
END 
 
USE solution 1 
Equilibrium_Phases 1 
CO2(g)  0  #Sequentially adjust this value until the desired SI of calcite is reached 
SAVE solution 2 
END 
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Script 2: PHRREQC script for determination of the relationship between [Ca] 

and conductance. 
 

SOLUTION 1 Pure water 
pH 8.0 
temp 20 
 
EQUILIBRIUM_PHASES 1 
CO2(g) -3.4202 
SAVE solution 1 
END 
 
USE solution 1 
REACTION 1 
CaCO3 0.001 
 
EQUILIBRIUM_PHASES 1 
CO2(g) -3 
SAVE solution 1 
END 
 
USE solution 1 
REACTION 1 
CaCO3 0.001 
 
EQUILIBRIUM_PHASES 1 
CO2(g) -3 
SAVE solution 1 
END 
 
USE solution 1 
REACTION 1 
CaCO3 0.001 
 
EQUILIBRIUM_PHASES 1 
CO2(g) -3 
SAVE solution 1 
END 
 
USE solution 1 
REACTION 1 
CaCO3 0.001 
 
EQUILIBRIUM_PHASES 1 
CO2(g) -3 
SAVE solution 1 
END 
 
USE solution 1 
REACTION 1 
CaCO3 0.001 
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EQUILIBRIUM_PHASES 1 
CO2(g) -3 
SAVE solution 1 
END 
 
USE solution 1 
REACTION 1 
CaCO3 0.001 
 
EQUILIBRIUM_PHASES 1 
CO2(g) -3 
SAVE solution 1 
END 
 
USE solution 1 
REACTION 1 
CaCO3 0.001 
 
EQUILIBRIUM_PHASES 1 
CO2(g) -3 
SAVE solution 1 
END 
 
USE solution 1 
REACTION 1 
CaCO3 0.001 
 
EQUILIBRIUM_PHASES 1 
CO2(g) -3 
SAVE solution 1 
END 
 
USE solution 1 
REACTION 1 
CaCO3 0.001 
 
EQUILIBRIUM_PHASES 1 
CO2(g) -3 
SAVE solution 1 
END 
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Script 3: R script used to fit conductivity data to Equation 1.7 and calculate 

tpr. 
 

library(ggplot2) 
 
data <- read.table(file = "filename.txt", header = TRUE, sep = "\t") #file with residence time and 
conductivity data 
t <- data$t #Header of column containing residence times (t is used in this example) 
c <- data$c #Header of column containing conductivity data (c is used in this example) 
 
gplot <- ggplot(data=data) + geom_point(aes(t,c)) #Plots conductivity data against time 
 
fit.c <- nls(formula = c ~ (C0 - Ceq) * exp(-t / tau) + Ceq, start = list(C0 = data$c[10], Ceq = 250, 
tau = 250)) #Exponential fit of conductivity values 
fit.c 
 
coef(fit.c) 
 
gplot + geom_smooth(aes(t,fitted(fit.c)),colour="black") + labs(x = "Time (s)", y = "Conductance 
(uS)") 
 
ggsave("exp5_fig.png", device="png") #Exports graph as a .png file 
 
confint(fit.c) 
 
summary(fit.c) 
 
# List of the values determined by the exponential fit 
 
Ceq <- coef(summary(fit.c))[2,"Estimate"]  #Equilibrium conductivity value 
Ceq.err <- coef(summary(fit.c))[2, "Std. Error"] #Error in equilibrium conductivity value 
C0 <- coef(summary(fit.c))[1,"Estimate"]  #Initial conductivity value 
C0.err <- coef(summary(fit.c))[1, "Std. Error"] #Error in Initial conductivity value 
tau.err <- coef(summary(fit.c))[3,"Std. Error"] #Time constant of precipitation 
tau <- coef(summary(fit.c))[3,"Estimate"]  #Error in time constant of precipitation 
 
# Export the fitted data in a results sheet 
 
export.data <- data.frame(name=c("Ceq", "Ceq error", "C0", "C0 error", "tau", "tau.err"), value = 
c(Ceq, Ceq.err, C0, C0.err, tau, tau.err)) 
write.table(x = export.data, file = "exp5_export.txt", sep = ";", row.names = FALSE)  
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Appendix II 

 

 

Figure A.1. Conductivity data for experiments 1-4 fitted to Equation 1.7, allowing calculation 

of precipitation time constants and subsequently, growth rate. 
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Table A.1. Metal concentrations in solution samples taken during experiment 1. Errors represent one standard deviation of 

triplicate ICP-MS measurements. 

Distance of Flow 

(cm) 
[Ca] (M) ± [Co] (mM) ± [Ni] (mM) ± [Cu] (mM) ± 

0 0.0047 1.3  x 10-4 0.00089 1.7 x 10-5 0.00091 6.5 x 10-6 0.00067 8.1 x 10-6 

2 0.0047 6.6 x 10-5 0.00099 1.8 x 10-5 0.00098 1.6 x 10-5 0.00044 1.3 x 10-5 

7 0.0044 3.1 x 10-5 0.00076 7.6 x 10-7 0.00089 1.4 x 10-5 0.00020 4.3 x 10-7 

12 0.0042 8.8 x 10-5 0.00063 6.3 x 10-6 0.00085 1.0 x 10-5 0.00005 7.6 x 10-7 

17 0.0040 1.2 x 10-4 0.00049 5.9 x 10-6 0.00081 1.2 x 10-5 <QL - 

27 0.0037 1.9 x 10-5 0.00031 2.2 x 10-6 0.00072 4.4 x 10-6 <QL - 

37 0.0035 9.7 x 10-5 0.00022 2.2 x 10-6 0.00066 2.7 x 10-6 <QL - 

47 0.0032 7.1 x 10-5 0.00016 2.2 x 10-6 0.00061 2.5 x 10-6 <QL - 

57 0.0031 3.4 x 10-5 0.00012 2.7 x 10-6 0.00058 9.9 x 10-6 <QL - 

67 0.0029 8.1 x 10-5 0.00010 2.6 x 10-6 0.00056 1.2 x 10-5 <QL - 

85 0.0025 6.5 x 10-5 0.00010 2.1 x 10-6 0.00057 9.2 x 10-6 <QL - 

 

 

 

Table A.2. Metal concentrations in CaCO3 samples precipitated during experiment 1. Errors represent one standard 

deviation of triplicate ICP-MS measurements. 

Distance of Flow (cm) [Ca]  (ug/g) ± [Co]  (ug/g) ± [Ni]  (ug/g) ± [Cu]  (ug/g) ± 

2 374515 7887 297 9.2 85 1.8 1888 32.1 

7 398977 5224 254 3.0 55 0.6 1704 25.6 

12 417173 5862 274 5.8 68 0.4 960 6.7 

17 359672 1461 385 2.7 112 1.7 411 4.9 

27 367984 4070 399 2.4 154 0.5 77 0.2 

37 381582 11851 344 14.1 164 5.1 32 1.2 

47 340612 2747 212 3.6 131 1.3 12 0.2 

57 346501 6605 151 3.5 132 0.9 6 0.1 

67 331315 17914 149 3.1 149 3.6 8 0.3 

85 377826 3422 79 0.4 120 0.6 15 0.1 
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Table A.3. Metal concentrations in solution samples taken during experiment 2. Errors represent one standard deviation of 

triplicate ICP-MS measurements. 

Distance of Flow 

(cm) 
[Ca] (M) ± [Co] (mM) ± [Ni] (mM) ± [Cu] (mM) ± 

0 0.0047 4.2 x 10-4 0.00080 6.9 x 10-5 0.00075 6.6 x 10-5 0.00044 3.9 x 10-5 

5 0.0050 1.2 x 10-4 0.00087 1.8 x 10-5 0.00088 1.7 x 10-5 <QL - 

9 0.0045 1.1 x 10-4 0.00058 9.3 x 10-6 0.00074 1.2 x 10-5 <QL - 

12 0.0043 7.0 x 10-5 0.00047 2.4 x 10-6 0.00071 8.3 x 10-6 <QL - 

17 0.0041 6.7 x 10-5 0.00039 5.1 x 10-6 0.00067 1.1 x 10-5 <QL - 

27 0.0043 7.9 x 10-4 0.00032 4.0 x 10-5 0.00068 8.9 x 10-5 <QL - 

37 0.0037 1.2 x 10-4 0.00024 5.1 x 10-6 0.00061 1.0 x 10-5 <QL - 

47 0.0036 1.3 x 10-4 0.00020 3.8 x 10-6 0.00057 1.3 x 10-5 <QL - 

57 0.0033 3.9 x 10-5 0.00016 2.4 x 10-6 0.00055 4.2 x 10-6 <QL - 

67 0.0033 7.2 x 10-5 0.00015 1.7 x 10-6 0.00053 5.2 x 10-6 <QL - 

85 0.0032 8.0 x 10-5 0.00011 3.4 x 10-6 0.00050 1.5 x 10-6 <QL - 

 

 

 

Table A.4. Metal concentrations in CaCO3 samples precipitated during experiment 2. Errors represent one standard 

deviation of triplicate ICP-MS measurements. 

Distance of Flow 

(cm) 
[Ca]  (ug/g) ± [Co]  (ug/g) ± [Ni]  (ug/g) ± [Cu]  (ug/g) ± 

2 374515 7887 297 9.2 85 1.8 1888 32.1 

7 398977 5224 254 3.0 55 0.6 1704 25.6 

12 417173 5862 274 5.8 68 0.4 960 6.7 

17 359672 1461 385 2.7 112 1.7 411 4.9 

27 367984 4070 399 2.4 154 0.5 77 0.2 

37 381582 11851 344 14.1 164 5.1 32 1.2 

47 340612 2747 212 3.6 131 1.3 12 0.2 

57 346501 6605 151 3.5 132 0.9 6 0.1 

67 331315 17914 149 3.1 149 3.6 8 0.3 

85 377826 3422 79 0.4 120 0.6 15 0.1 
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Table A.5. Metal concentrations in solution samples taken during experiment 3. Errors represent one standard deviation of 

triplicate ICP-MS measurements. 

Distance of 

Flow (cm) 
[Ca] (M) ± [Co] (mM) ± [Ni] (mM) ± [Cu] (mM) ± 

0 0.0047 1.0 x 10-4 0.00079 1.5 x 10-5 0.00076 1.4 x 10-5 0.00063 1.3 x 10-5 

5 0.0048 9.3 x 10-5 0.00080 1.4 x 10-5 0.00076 1.4 x 10-5 0.00065 1.0 x 10-5 

9 0.0046 7.6 x 10-5 0.00077 7.1 x 10-6 0.00074 8.9 x 10-6 0.00062 7.2 x 10-6 

12 0.0044 2.9 x 10-5 0.00076 6.2 x 10-6 0.00074 7.4 x 10-6 0.00059 6.9 x 10-6 

17 0.0043 1.3 x 10-4 0.00075 9.2 x 10-6 0.00074 8.9 x 10-6 0.00057 1.0 x 10-5 

27 0.0041 9.8 x 10-5 0.00074 1.2 x 10-5 0.00075 8.2 x 10-6 0.00055 5.9 x 10-6 

37 0.0040 8.3 x 10-5 0.00074 1.3 x 10-5 0.00075 1.7 x 10-5 0.00053 7.9 x 10-6 

47 0.0036 1.3 x 10-4 0.00071 4.4 x 10-6 0.00074 5.1 x 10-6 0.00050 7.0 x 10-6 

57 0.0036 1.1 x 10-4 0.00071 1.0 x 10-5 0.00075 1.1 x 10-5 0.00048 6.7 x 10-6 

67 0.0033 2.6 x 10-5 0.00068 7.0 x 10-6 0.00073 1.3 x 10-5 0.00045 5.0 x 10-6 

89 0.0031 1.2 x 10-4 0.00067 1.6 x 10-5 0.00073 1.8 x 10-5 0.00044 1.0 x 10-5 

 

 

 

Table A.6. Metal concentrations in CaCO3 samples precipitated during experiment 3. Errors represent one standard 

deviation of triplicate ICP-MS measurements. 

Distance of 

Flow (cm) 
[Ca]  (ug/g) ± [Co]  (ug/g) ± [Ni]  (ug/g) ± [Cu]  (ug/g) ± 

5 285614 7646 27 0.6 3.8 0.4 49 0.9 

9 276751 4924 24 0.6 1.0 0.3 46 1.1 

12 290387 14169 32 0.7 5.9 0.4 57 1.5 

17 317554 8160 37 1.0 1.9 0.3 68 1.7 

27 329306 11090 39 0.5 2.0 0.4 72 1.7 

37 297586 5276 38 0.9 1.8 0.4 68 1.0 

47 326472 3804 36 1.1 1.7 0.3 67 1.7 

57 320104 8222 33 0.6 2.2 0.4 61 1.7 

67 310322 1450 31 0.1 2.0 0.6 57 0.3 

89 308046 12547 34 1.2 1.8 0.5 56 1.7 
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Figure A.2. Linear regression of PCP and partition coefficients calculated for Co during 

experiment 1. Equations were used to calculate changing Kd values as PCP increased during 

modelling of Co partitioning under inorganic conditions.  

 

 
Figure A.3. Linear regression of PCP and partition coefficients calculated for Ni during 

experiment 1. Equations were used to calculate changing Kd values as PCP increased during 

modelling of Ni partitioning under inorganic conditions.  

 

y = 10.218x + 3.7095
R² = 0.2763

y = 11.434x + 3.8822
R² = 0.2882

y = 9.0015x + 3.5369
R² = 0.2583

0

2

4

6

8

10

12

14

0 0.1 0.2 0.3 0.4 0.5

K d

Fractional PCP

Co Kd
Co Kd + Error
Co Kd - Error

y = 1.7761x + 0.6932
R² = 0.4019

y = 1.9491x + 0.7278
R² = 0.4053

y = 1.6031x + 0.6586
R² = 0.3895

0

0.5

1

1.5

2

2.5

3

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

K
d

Fractional PCP

Ni Kd
Ni Kd + Error
Ni Kd - Error



 

125 

 

 
Figure A.4. Linear regression of PCP and partition coefficients calculated for Cu during 

experiment 1. Equations were used to calculate changing Kd values as PCP increased during 

modelling of Cu partitioning under inorganic conditions.  

 

 

 
Figure A.5. Linear regression of PCP and partition coefficients calculated for Co during 

experiment 2. Equations were used to calculate changing Kd values as PCP increased during 

modelling of Co partitioning under inorganic conditions.  
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Figure A.6. Linear regression of PCP and partition coefficients calculated for Ni during 

experiment 2. Equations were used to calculate changing Kd values as PCP increased during 

modelling of Ni partitioning under inorganic conditions.  

 

 

Figure A.7. Co/Ca ratios determined for solution samples taken during experiment 1, with 

modelled Co/Ca ratios based on both theoretical literature Kd values and experimental Kd 

values predicted by regressing Kd at changing distances of flow against PCP. The black line 

represents modelling undertaken with the theoretical Kd value predicted by Wang and Xu 

(2001) using a linear free energy correlation approach, while the green solid line represents 

modelling based on the changing experimental Kd values. Green dashed lines indicate error 

associated with the experimental Kd values. 
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Figure A.8. Co/Ca ratios determined for precipitate samples taken during experiment 1, with 

modelled Co/Ca ratios based on both theoretical literature Kd values and experimental Kd 

values predicted by regressing Kd at changing distances of flow against PCP. The black line 

represents modelling undertaken with the theoretical Kd value predicted by Wang and Xu 

(2001) using a linear free energy correlation approach, while the green solid line represents 

modelling based on the changing experimental Kd values. Green dashed lines indicate error 

associated with the experimental Kd values. 

 

Figure A.9. Ni/Ca ratios determined for solution samples taken during experiment 1, with 

modelled Ni/Ca ratios based on both theoretical literature Kd values and experimental Kd 

values predicted by regressing Kd at changing distances of flow against PCP. The black line 

represents modelling undertaken with the theoretical Kd value predicted by Wang and Xu 

(2001) using a linear free energy correlation approach, while the green solid line represents 

modelling based on the changing experimental Kd values. Green dashed lines indicate error 

associated with the experimental Kd values. The yellow line indicates modelling results based 

on the Ni partition coefficient determined for dilute solid solutions by Stipp and Lakshtanov 

(2007). 
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Figure A.10. Ni/Ca ratios determined for precipitate samples taken during experiment 1, with 

modelled Ni/Ca ratios based on both theoretical literature Kd values and experimental Kd 

values predicted by regressing Kd at changing distances of flow against PCP. The black line 

represents modelling undertaken with the theoretical Kd value predicted by Wang and Xu 

(2001) using a linear free energy correlation approach, while the green solid line represents 

modelling based on the changing experimental Kd values. Green dashed lines indicate error 

associated with the experimental Kd values. The yellow line indicates modelling results based 

on the Ni partition coefficient determined for dilute solid solutions by Stipp and Lakshtanov 

(2007). 

 

Figure A.11. Cu/Ca ratios determined for solution samples taken during experiment 1, with 

modelled Cu/Ca ratios based on both theoretical literature Kd values and experimental Kd 

values predicted by regressing Kd at changing distances of flow against PCP. The black line 

represents modelling undertaken with the theoretical Kd value predicted by Wang and Xu 

(2001) using a free energy correlation approach, while the green solid line represents modelling 

based on the changing experimental Kd values. Green dashed lines indicate error associated 

with the experimental Kd values. Experimental data below the grey dashed line were below the 

ICP-MS limit of quantification (QL). 
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Figure A.12. Cu/Ca ratios determined for precipitate samples taken during experiment 1, with 

modelled Cu/Ca ratios based on both theoretical literature Kd values and experimental Kd 

values predicted by regressing Kd at changing distances of flow against PCP. The black line 

represents modelling undertaken with the theoretical Kd value predicted by Wang and Xu 

(2001) using a linear free energy correlation approach, while the green solid line represents 

modelling based on the changing experimental Kd values. Green dashed lines indicate error 

associated with the experimental Kd values.  

 

Figure A.13. Co/Ca ratios determined for solution samples taken during experiment 2, with 

modelled Co/Ca ratios based on both theoretical literature Kd values and experimental Kd 

values predicted by regressing Kd at changing distances of flow against PCP. The black line 

represents modelling undertaken with the theoretical Kd value predicted by Wang and Xu 

(2001) using a linear free energy correlation approach, while the green solid line represents 

modelling based on the changing experimental Kd values. Green dashed lines indicate error 

associated with the experimental Kd values. 
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Figure A.14. Co/Ca ratios determined for precipitate samples taken during experiment 2, with 

modelled Co/Ca ratios based on both theoretical literature Kd values and experimental Kd 

values predicted by regressing Kd at changing distances of flow against PCP. The black line 

represents modelling undertaken with the theoretical Kd value predicted by Wang and Xu 

(2001) using a linear free energy correlation approach, while the green solid line represents 

modelling based on the changing experimental Kd values. Green dashed lines indicate error 

associated with the experimental Kd values. 

 

Figure A.15. Ni/Ca ratios determined for psolution samples taken during experiment 2, with 

modelled Ni/Ca ratios based on both theoretical literature Kd values and experimental Kd 

values predicted by regressing Kd at changing distances of flow against PCP. The black line 

represents modelling undertaken with the theoretical Kd value predicted by Wang and Xu 

(2001) using a linear free energy correlation approach, while the green solid line represents 

modelling based on the changing experimental Kd values. Green dashed lines indicate error 

associated with the experimental Kd values. The yellow line indicates modelling results based 

on the Ni partition coefficient determined for dilute solid solutions by Stipp and Lakshtanov 

(2007). 
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Figure A.16. Ni/Ca ratios determined for precipitate samples taken during experiment 2, with 

modelled Ni/Ca ratios based on both theoretical literature Kd values and experimental Kd 

values predicted by regressing Kd at changing distances of flow against PCP. The black line 

represents modelling undertaken with the theoretical Kd value predicted by Wang and Xu 

(2001) using a linear free energy correlation approach, while the green solid line represents 

modelling based on the changing experimental Kd values. Green dashed lines indicate error 

associated with the experimental Kd values. The yellow line indicates modelling results based 

on the Ni partition coefficient determined for dilute solid solutions by Stipp and Lakshtanov 

(2007). 
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