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13 

 

Figure 3.8: Globular sparry calcite crust (microfacies 4). (A and B) Thick isopachous calcite 
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showing multiple levels of branching (arrows).  (C and D) BSE-SEM images showing that each 
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stacked en echelon (arrows). (E and -F) XRD pattern and EDX spot analysis, respectively, 
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BB1, BB13, BB10 fresh, BB10 old deposit, BB16 and Consett (C) freshwater samples in 

Howden Burn (C6) and Dene Burn (DB) (C4, C5, DB6, DB12, DB18). (B) Depositional model 

summarising the lateral changes of the dominant microfacies: Coated vegetative remains and 

carbonate raft (R), Micro-peloidal and clotted micritic (CM), Carbonate-coated microbial 

filament (C), Globular sparry calcite crust (G), Neomorphic sparry crust (N), Crystal shrub 
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THESIS ABSTRACT  

Highly alkaline (pH 9-12) waters can arise from a range of natural and anthropogenic processes. 

The latter include drainage waters from a range of globally significant anthropogenic by-products such 

as lime, cement and steel wastes, bauxite processing residue and combustion ashes. Such waste storage 

sites are often characterised by extreme geochemical conditions that can be hazardous to aquatic life, 

but are equally an increasing focus for resource recovery and carbon capture initiatives.  The very high 

rates of mineral precipitation at these sites can give rise to the formation of transient minerals that are 

not currently well understood.  As such our estimates of carbon budgets and understanding of trace 

metal dynamics at highly alkaline sites is currently limited.  This thesis aimed to improve the basis for 

characterising hyperalkaline carbonate systems by (1) understanding the dominant carbonate fabrics 

found in secondary deposits and their formation processes, (2) identifying transient minerals forming 

at hyperalkaline sites, and (3) improving methods for characterising dissolved inorganic carbon and 

secondary mineral phases at high pH sites.Petrographic analysis showed distinctive shrubby carbonates 

forming in hyperalkaline (pH 9–12) and moderate conductivity (conductivity 425–3200µS) solutions 

at ambient temperature (12.5–13°C) at two disposal sites in the UK.  Microfabrics in anthropogenic 

sites are comparable to travertines but lack the sub-surface facies and at extreme pH exhibit sparry 

crusts without clear equivalents in travertines.  Despite the highly alkaline conditions, significant 

diatomaceous and cyanobacterial biofilms were reported growing in the presence of these carbonates, 

suggesting a bio-influence on their formation. This sedimentology of anthropogenic carbonates shows 

that calcite mineral formation is complex and not homogeneous or purely driven by thermodynamic 

processes. 

Whilst most of the secondary deposits at the study sites appear to be dominated by calcite, this 

study provides the first account internationally of ikaite (CaCO3.6H2O) crystallization within steel-slag 

leachate through novel field (Fourier Transform Infra-Red) and laboratory (X-Ray Diffraction) 

validation. This study suggests that ikaite is a secondary mineral with a primary phase being amorphous 

calcium carbonate (ACC). The ikaite forming in steel-slag leachate affected waters is incorporating 

large inventories of potentially harmful metals (e.g. lead and cadmium) which could be of 

environmental concern given ikaite is not thermally stable and could release a pulse of contamination 

in short duration warming events. The final component of the study develops a new protocol for 

assessing dissolved inorganic carbon (DIC) in alkaline waters via strontium carbonate precipitation. 

This method is compared to established methods for DIC using field and laboratory titration.  The 

strontium method appears to perform much better than the existing methods and is likely to provide 

more robust estimates of alkalinity and saturation index of carbonate minerals.   

The combined findings provide an improved understanding of carbonate precipitation processes 

at highly alkaline sites which in turn should assist future research endeavours around mineral 

carbonation, trace metal dynamics and environmental remediation at these sites.  
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CHAPTER 1 – THESIS INTRODUCTION 

1.1 | HYPERALAKALINE GEOCHEMICAL SYSTEMS 

Hyperalkaline geochemical systems are typically defined as those with a water pH in excess 

of 10 (Leleu et al., 2016).  Such high pH waters are understudied in comparison to extremely 

acidic systems that arise from mining processes (Gomes et al., 2016). Highly alkaline waters 

can arise from a range of natural and anthropogenic processes: the natural systems include 

ophiolite (mafic / ultramafic) spring waters (Chavagnac et al., 2013) whilst the man-made 

systems include drainage waters from a range of globally significant anthropogenic by-

products such as lime, cement and steel wastes, bauxite processing residue and combustion 

ashes (Gomes et al., 2016).  Hyperalkaline sites are therefore of great significance for 

understanding potential sources of contaminants, sites for resource recovery, and potential 

mineral carbonation.  

1.1.1 | Carbonate geochemistry 

Non-clastic carbonates form an important class of sediment, having precipitated from 

solution either through inorganic precipitation or through a biologically mediated process 

(Alonso-Zarza & Tanner, 2009). Throughout the sedimentary record of the earth, they comprise 

an important component of continental sediments, providing insights into paleoenvironmental, 

paleoecological, and paleoclimatic conditions. Analyses of elemental and isotopic 

geochemistry are now fundamental to any study of carbonate deposits, subject to the many 

complexities introduced by the sensitivity of carbonate minerals to early, middle, and late 

diagenetic alteration. The precipitation of carbonate minerals from continental water is 

fundamentally controlled by the thermodynamics of the carbonate mineral systems. Even given 

the dramatic importance of biota in mediating mineral precipitation reactions, such organisms 

must somehow achieve mineral supersaturation in order for biomineralization to occur, either 
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within or near cellular tissue (e.g., the proton pump of Lian et al., 2006). Understanding the 

geochemistry of carbonate minerals, therefore, is fundamentally a question of understanding 

ionic activities in solution at the time of precipitation.  

Despite the simplicity of the thermodynamics, however, carbonate mineral 

precipitation in near-surface continental environments is tremendously complicated by the 

geochemical impacts of large and small organisms, and reaction kinetics in an environment 

with non-ideal ion interactions, variable substrates, fluctuating pH, organic molecules, and gas 

phase interactions (Alonso-Zarza & Tanner, 2009). With these complications in mind, it is 

nevertheless helpful to consider that, when we observe sedimentary carbonates, the 

fundamental reason that solid calcite, for example, exists is because Ca(aq) 2+ and CO3(aq) 2- 

were present in sufficient concentrations and activities for calcite to be supersaturated. Hence, 

a lack of calcareous microfossils in a lacustrine deposit may be directly due to limnological 

processes inhibiting the bioavailability of Ca(aq) 2+ , rather than to other ecological factors such 

as pH or salinity. Understanding the genesis of carbonate minerals, therefore, is a question of 

understanding what processes promote supersaturation and precipitation, be they biotic or 

abiotic, and what kinetic effects inhibit precipitation (perhaps favoring certain phases). 

Moreover, understanding how these processes control the incorporation and partitioning of 

major and trace elements, and stable isotopes (especially of C, O, and Sr) provides a powerful 

tool for paleoenvironmental reconstruction. 

  Carbonate minerals represent the largest global store of carbon, making research into 

carbon dynamics in the carbonate critical zone particularly important. Through numerous 

reactions and interactions, the inorganic carbon store is linked to organic carbon production, 

remineralization, and production of various natural acids. Carbonate mineral dissolution by 

carbonic acid consumes carbon dioxide, contributing to short-term drawing down of 

atmospheric carbon dioxide levels. However, carbonate mineral dissolution by other acids has 
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the opposite effect of producing carbon dioxide, coupling the carbonate critical zone and 

climate (Martin, 2017). Although equilibrium is often assumed between soil carbon dioxide 

and groundwater, disequilibrium may result from heterogeneous distributions of recharge, flow 

paths, and respiration often seen in the carbonate critical zone (Alonso-Zarza & Tanner, 2009). 

Understanding the controls of this disequilibrium, which drives carbon dioxide dissolution or 

evasion and alters pH, weathering reactions, and carbonate mineral dissolution or precipitation, 

is critical in linking the carbonate critical zone to the global climate system (Martin, 2017). 

Organic carbon cycling is coupled to ecosystem metabolism (the ways that plants, animals, 

and microorganisms process carbon) through fixation of inorganic carbon to organic matter 

and remineralization of organic matter to carbon dioxide and nutrients like nitrogen and 

phosphorous (Lian et al., 2006). This nutrient generation supports ecosystems above and below 

the land surface, although excess anthropogenic nutrients can alter aquatic ecosystems common 

in clear-water streams of carbonate terrains. Links between dissolved and gaseous carbon 

dioxide distributions, organic carbon fixation, and mineral weathering make finding answers 

to questions about carbon dynamics key to understanding many carbonate critical zone 

processes (Martin, 2017). 

1.1.2 | Natural hyperalkaline systems 

Hyperalkaline springs in serpentinizing environments (ophiolite spring systems) 

constitute an important example of natural hyperalkaline systems. Sites of discharge of such 

very high pH waters are summarized in Table 1.1. The discharge of these waters is reported at 

springs where they lead to the formation of carbonate concretions, in the form of tuffs in Oman 

(Chavagnac et al., 2013a) or submarine pinnacles at Lost City (Kelley et al., 2005) and in the 

Prony Bay in New Caledonia (Launay and Fontes, 1985; Monnin et al., 2014; Pelletier et al., 

2006).
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Table 1.1: Table summarizing the occurrences of hyperalkaline springs with their key chemical characteristics and environments. 

 

Site Key chemical characteristics and environments Reference 

Oman Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. 

Chavagnac et al., 2013b; Miller 

et al., 2016; Paukert et al., 

2012; Stanger, 1985 

Northern Italy Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. 

Boschetti and Toscani, 2008; 

Chavagnac et al., 2013b; 

Cipolli et al., 2004 

Cyprus Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. Neal and Shand, 2002 

Philippines Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. Cardace et al., 2015 

California Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. 
Boschetti et al., 2017; Morrill 

et al., 2013 

Ontario Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. Sader et al., 2007 

Newfoundland Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. Szponar et al., 2012 

Portugal Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. Marques et al., 2008 

Greece Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. D'Alessandro et al., 2018a 

Turkey Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. 
Meyer-Dombard et al., 2015; 

Yuce et al., 2014 

New Caledonia Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. Monnin et al., 2014 

Spain Very high pH waters on land. Geochemical process: serpentinization of ultramafic rocks. Giampouras et al., 2019 

Lost City Hydrothermal 

Field on the Atlantis massif 

off the Mid-Atlantic ridge 

Hyperalkaline waters at the seafloor where plate tectonics has exposed ultramafic rocks to 

alteration. Geochemical process: serpentinization of ultramafic rocks. 

Kelley et al., 2001; Kelley et al., 

2005 

Marianna forearc 
Hyperalkaline waters in mud volcanoes at the decollement zone of a subducting plate. 

Geochemical process: serpentinization of ultramafic rocks. 

Fryer et al., 1989; Fryer et al., 

2018; Mottl et al., 2004 

Maqarin site in Jordan 

Natural combustion of bituminous marls and alteration of the rocks created by a phenomenon 

that has been called pyrometamorphism lead to the formation of extremely alkaline water, 

with pH value up to 12.5 

Alexander et al., 1992; Khoury 

et al., 1992 

Cabeço de Vide in Portugal 
Hyperalkaline waters in an ultramafic complex created by continental collision. Geochemical 

process: serpentinization of ultramafic rocks. 

Marques et al., 2008; Marques 

et al., 2018 
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Serpentinization is a natural process that transforms ferromagnesian minerals such as 

olivine into serpentine (Monnin et al., 2021). This process is accompanied by the formation of 

high-pH water, hydrogen and methane (Monnin et al., 2021). This forms a unique ecological 

niche for microorganisms adapted to extreme pH and/or involved in the hydrogen and/or 

methane cycles (Monnin et al., 2021).  In ophiolite spring systems (from Oman and Liguria), 

the alteration of mafic/ultramafic rocks by meteoric waters and seawater provides saline, 

hyperalkaline (pH 10) waters which in-gas carbon dioxide from the atmosphere (Leleu et al., 

2016).  Circulating groundwaters interact with deep crustal rock and are typically depleted in 

dissolved inorganic carbon (DIC, e.g., Oman: Neal and Stanger 1983, Chavagnac et al. 2013a; 

New Caledonia: Launay and Fontes 1985, Monnin et al. 2014; Philippines: Abrajano et al. 

1988). In this case, the serpentinization process has led to the conversion of initial Mg-HCO3 

type waters into Ca-OH type hyperalkaline waters depleted both in dissolved inorganic carbon 

(DIC) and Mg but enriched in Ca (Barnes et al. 1967; Barnes and O’Neil 1969; Barnes et al. 

1978; Neal and Stanger 1984; Bruni et al. 2002; Cipolli et al. 2004; Sader et al. 2007; Kelemen 

and Matter 2008; Chavagnac et al. 2013b; Monnin et al. 2014). Precipitation of calcium 

carbonate from hyperalkaline spring waters is possible only if carbonate ions are available 

which is typically accomplished in two ways: 1) mixing between DIC depleted hyperalkaline 

waters and DIC-rich surface runoff waters, and/or 2) via diffusion and dissolution of 

atmospheric CO2(g) into spring waters. As a result, the conditions leading to calcium carbonate 

formation in hyperalkaline springs is fundamentally different from carbonates that precipitate 

from bicarbonate-rich waters. 

1.1.3 | Bicarbonate-rich carbonate systems 

Bicarbonate-rich ambient temperature systems are subtly different to more conventional 

travertine systems, which are usually located at subaerial hot springs such as Mammoth Hot 

Springs in Wyoming (Ford and Pedley, 1996; Fouke et al., 2000). In geothermal systems, CO2 
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is available from the deep subsurface in surplus to the metals (Minissale et al., 1997), making 

carbonate production calcium-limited. In contrast, within non-geothermal systems driven by 

mineral hydrolysis, all CO2 is provided from atmosphere and the carbonate system tends to be 

limited by the relatively slow kinetics of CO2(g) dissolution and hydrolysis to CO3
2-

(aq) rather 

than the abundance of calcium (Andrews et al., 1997; Rogerson et al., 2017). Hyperalkaline 

lake systems which precipitate carbonate, such as the Mono Lake, California (Della Porta, 

2015), are essentially the same as these spring systems. In the purely geochemically driven 

models, this voluminous past tufa formation postulated that calcium carbonate precipitation 

was caused by mixing of carbonate-rich, high pH lake water with Ca-rich spring water (Cloud 

& Lajoie, 1980; Dunn, 1953; Rieger, 1992). Similar models have recently been invoked to help 

explain sublacustrine chimneys of the Afar Rift (Dekov et al., 2014). A popular geochemical 

model for Mono Lake contends that the dominant primary-formed carbonate mineralogy is 

ikaite (Bischoff et al., 1993), and that in most cases, this later recrystallises to gaylussite 

(Bischoff et al., 1993) or calcite (Council & Bennett, 1993). Mound and chimney morphologies 

in these geochemical models are explained by mineral precipitation from upward rising, low-

density sublacustrine plumes of spring waters.  

1.1.4 | Anthropogenic hyperalkaline systems 

Leachates from anthropogenic residues represent an important geochemical hyperalkaline 

system equally. Alkaline residues are produced by many industrial processes, such as coal 

combustion, lime production, chromium ore processing, cement production, alumina 

extraction, iron and steel manufacture, and waste incineration produce alkaline residues, 

representing a large and increasing global flux (Table 1.2).
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Table 1.2: Summary Table of alkaline residues and annual production after Gomes et al. (2016). 

 

 

 

 

Type Dominant mineral matrix Production (t a-1) 

Bauxite residues or red 

mud 

(Bayer process in 

aluminium production) 

Iron oxides, Na(Ca)-aluminosilicates, Ti(Fe) oxides, natrite (Na2CO3), calcite 

(CaCO3) and NaOH (Gräfe et al., 2011; Xue et al., 2015) 

120 million (Power et al., 2011) 

Steelworks slags Free lime (CaO) and periclase (MgO), Ca-silicates, Ca-Fe(Al)-oxides and 

refractory Mg-Fe(Mn)-oxide phases (Piatak et al., 2015) 

170-250 million (USGS, 2015a)  

Fly ashes (coal combustion) Quartz (SiO2), magnesioferrite (MgFeO4), anorthite (CaAl2Si2O8), anhydrite 

(CaSO4), haematite (Fe2O3), mullite (Al6Si2O13) and lime (CaO) (Yılmaz, 2015) 

 415 (Heidrich et al., 2013) -600 million 

(Bobicki et al., 2012) 

Concrete crusher fines Quartz (SiO2), calcite (CaCO3), Na(Ca)-aluminosilicates, albite (NaAlSi3O8) and 

portlandite Ca(OH)2 (Somasundaram et al., 2014) 

497-2095 million (Renforth et al., 2011) 

Flue gas desulphurisation 

waste 

Hannebachite (CaSO3.0.5H2O), calcite (CaCO3), lime (CaO), mullite (Al6Si2O13) 

quartz (SiO2), haematite (Fe2O3), magnetite (Fe3O4), and ettringite 

[Ca6Al2(SO4)3(OH)12.26H2O] (NERC,1980) 

11 million (Córdoba, 2015) 

Air pollution control (APC) 

residues 

Calcite (CaCO3), gypsum (CaSO4), CaClOH, portlandite [Ca(OH)2], lime (CaO), 

ettringite [Ca6Al2(SO4)3(OH)12.26H2O], Quartz (SiO2) (Bogush et al., 2015) 

1.2 million (Brunner and Rechberger, 

2015) 

Solvay process waste Calcite (CaCO3), lime (CaO), gypsum (CaSO4.2H2O), brucite [Mg(OH)2] 

(Steinhauser, 2008) 

15.5 thousand (USGS, 2015b) 

Chromite ore processing 

residue (COPR) 

Free lime (CaO), portlandite [Ca(OH)2], brucite [Mg(OH)2], calcite (CaCO3), 

hydrocalumite [Ca4Al2(OH)12CrO4.6H2O], periclase (MgO) (Geelhoed et al., 

2003) 

6 million (Wu et al., 2015) 
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Whilst there are significant differences in bulk mineralogical composition among these 

residues, they are all typically the products of high-temperature processes and all are 

characterised by the presence of Na, Ca or Mg silicates and oxides that rapidly hydrate to 

produce soluble hydroxides (Gomes et al., 2016). A large range of Ca and Na, aluminate and 

aluminosilicate phases are also present, hydrating and dissolving to generate alkalinity. Finally, 

any Ca and Mg carbonates present provide a stable (low solubility) alkaline phase (Gomes et 

al., 2016). Initially, dissolution of soluble Na or Ca hydroxides tends to dominate (pH > 12) 

(Gräfe et al., 2011; Mayes et al., 2008; Roadcap et al., 2005). Over time, the more slowly 

reacting phases (e.g. Ca silicates, Na aluminosilicates, Mg(OH)2) control leachate quality (9 < 

pH < 12). On long timescales, carbonate dissolution prevails (pH < 9). Therefore, despite the 

differences in mineral composition of different alkaline residues, there are clear similarities in 

terms of the environmental processes apparent at anthropogenic hyperalkaline sites.  As such, 

they have garnered a lot of interest from the research community in recent years on a range of 

issues that include environmental hazard assessment and remediation (e.g. Hull et al., 2014; 

Gomes et al., 2019), metal recovery (e.g. Gomes et al., 2017), atmospheric carbon capture 

(Pullin et al., 2019) and understanding of microbial processes in extreme chemical conditions 

(e.g. Wormald et al., 2021). However, despite similarities between these anthropogenic sites 

and both hyperalkaline and bicarbonate natural systems, no systematic effort at comparison has 

been attempted to date. Consequently, there remains significant knowledge to exchange 

between communities working on the two types of system.  

1.2 | WHAT DO WE KNOW ABOUT THE CARBONATE SEDIMENTOLOGY AT 

ANTHROPGENIC HYPERALKALINE SITES? 

Studies concerning the precipitates at anthropogenic hyperalkaline sites are scarce as most 

studies have focussed on bulk composition and trace element content, with a focus on 

environmental risks (Hull et al., 2014; Gomes et al., 2016, 2017, 2020; Renforth, 2019).  
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However, study of carbonate fabrics at these sites can reveal significant information about 

biogeochemical processes driving carbonate precipitation in these systems. Although the 

sedimentology of anthropogenic carbonates has been poorly investigated, significant insight 

can be gained by comparison with better-known tufa (ambient temperature spring, river, lake 

and swamp carbonate) and travertine (geothermally influenced) systems (Capezzuoli et al., 

2014; Della Porta, 2015; Ford & Pedley, 1996; Pentecost, 2005). At whole-system scales for 

both tufa and travertine, carbonate sediment forms due to high supersaturation levels with 

physicochemical precipitation (i.e. that regulated by classic thermodynamic considerations) 

occurring in a manner analogous to that assumed by hyperalkaline sites.  The comparison of 

anthropogenic carbonates with better-known naturally occurring systems will provide an 

insight on the potential drivers, precipitation mechanisms, morphological similarities, 

predictability in 3D facies distributions and depositional models of these systems. 

1.2.1 | The water chemistry 

Anthropogenic carbonates are pyrotechnological products composed of calcium carbonate, 

and include wood ash, lime plaster/mortar and hydraulic mortar, in addition to secondary 

carbonates that arise as a product of weathering a range of globally important industrial 

residues (Toffolo, 2020). These residues include steel slags (Roadcap et al., 2005), coal 

combustion residues (Dellantonio et al., 2010), chromite ore processing waste (Stewart et al., 

2007), Solvay Process residues from the manufacture of soda ash (Effler et al., 2003), lime 

spoil (Burke et al., 2012a, b) and bauxite processing residue (Mayes et al., 2011). 

The formation of carbonate minerals in alkaline environments occurs when CO2 gas is 

dissolved in the solution and reacts rapidly with OH- ions (from portlandite dissolution) to form 

aqueous carbonate through Eq. (1). 

𝐶𝑎(𝑎𝑞)
2+ + 2𝑂𝐻(𝑎𝑞)

− + 𝐶𝑂2(𝑔) ↔ 𝐶𝑎(𝑎𝑞)
2+ +  𝐶𝑂3(𝑎𝑞)

2− + 𝐻2𝑂(𝑙) ↔ 𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑙)(1) 

The rate of this reaction is governed by equation 2 (Dietzel et al., 1992): 
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𝑟 = 𝐶𝑂 . (𝐷. 𝑘. [𝑂𝐻−])0.5  (2) 

In this equation k is the rate constant (cm3.mol-1. s -1) for hydroxylation, D is the diffusion 

coefficient of CO2 through the liquid (cm2 s-1) and Co the CO2 concentration in solution (mol 

cm-3).  

The dissolution products of alkaline waste materials can raise pH values up to 12.4, 

well outside the pH range that will be satisfactory for any receiving waters from a regulatory 

perspective (Mayes et al., 2008).  

Andrews et al. (1997) have demonstrated that in Welsh quarry water and carbonate 

crusts the high pH is caused by dissolution of lime spoil, resulting in high OH- concentrations. 

This high alkalinity causes uptake of atmospheric CO2 and strong fractionation of both carbon 

and oxygen stable isotopes, resulting in calcite precipitates with unusually negative isotopic 

compositions. None of their general interpretations, based on near equilibrium partitioning of 

isotopes (see discussions in Andrews et al., 1993, 1997) could explain these values, suggesting 

that disequilibrium effects were important at this site. 

Microbial communities have been found associated with an anthropogenic, highly 

alkaline environment of a saline soda lime, in Poland (Kalwasińska et al., 2017). Due to a high 

salt concentration and alkaline pH, the lime is considered as a potential habitat of 

haloalkaliphilic and haloalkalitolerant microbial communities. This artificial and unique 

environment is nutrient-poor and devoid of vegetation, due in part to semi-arid, saline and 

alkaline conditions. A surprisingly diverse bacterial community was discovered in this highly 

saline, alkaline and nutrient-poor environment, with the bacterial phyla Proteobacteria 

(representing 52.8% of the total bacterial community) and Firmicutes (16.6%) showing 

dominance.  Extremophile microbiology has therefore become a major area of research interest 

around highly alkaline sites, with some researchers reporting that the extreme geochemical 

conditions present could be useful analogous for primitive Earth-like environments (e.g. 



36 
 

Chavagnac et al., 2013). An improved understanding of carbonate fabrics at highly alkaline 

sites could help improve our understanding of the importance of microbial processes in these 

systems.  

1.2.2 | Time-variant mineralogy 

Hyperalkaline systems with extreme geochemical processes can give rise to a range of 

transient minerals given the rapid rates of mineral precipitation (e.g. Mayes et al., 2008).  These 

can be of critical importance to trace element dynamics given potential for scavenging by neo-

formed and transient precipitates.  Such rapid rates of mineral precipitation are analogous to 

extremely acidic systems where a range of amorphous minerals typically precipitate from 

solution but alter over time (Nordstrom & Alpers, 1999; Nordstrom et al., 2000).  These rapid 

mineral precipitation processes and transient / amorphous mineral forms create challenges for 

sampling, with traditional approaches to sampling (solid sample recovery and XRD at some 

point typically within 2 weeks of sampling) will not adequately characterise amorphous or 

transient phases. For instance, ikaite (a hexahydrate of calcite: CaCO3:6H2O) is more 

susceptible to re-dissolution and mechanical abrasion compared to calcite, so a combination of 

chemical and mechanical processes could cause transient phases like ikaite to vanish rapidly, 

i.e. probably within a few days in Springtime (Boch et al., 2015).  The importance of transient 

mineral phases in hyperalkaline systems is not currently well-understood.  Some studies have 

noted the presence of polymorphs of calcite (e.g. aragonite and vaterite) at field sites (e.g. 

Mayes et al., 2008; Milodowski et al., 2013) but their role in mineral carbonation and pollutant 

uptake have not been studied.  The latter is of particular significance given partition coefficients 

of trace metals vary across carbonate minerals.  As such, transient phases which are preferential 

accumulators of trace metals could become short term pollution sources, for example after 

warming for carbonates like ikaite that have a narrow thermal window of stability (Boch et al., 
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2015).   Given these unknowns, improved field assessment of transient mineral phases could 

help reveal these time-variant mineralogy of hyperalkaline sites. 

1.3 | THESIS AIMS 

This study aims to improve the basis for characterising hyperalkaline carbonate systems 

and provide novel insights into the nature of anthropogenic carbonates.  To do this, the thesis 

will answer the following research questions (RQ): 

RQ1) What are the dominant carbonate fabrics found in secondary deposits at anthropogenic 

hyperalkaline sites?    

RQ2) What do differences in carbonate fabrics at hyperalkaline sites tell us about controls on 

carbonate precipitation? 

RQ3) Through novel coupled field and laboratory analyses, what evidence is there for transient 

mineral formation at anthropogenic hyperalkaline sites? 

RQ4) What are the implications of transient mineral formation on trace metal dynamics? 

RQ5) How can dissolved inorganic carbon be better characterised from anthropogenic 

hyperalkaline sites? 

1.4 | THESIS STRUCTURE 

The thesis comprises an Introduction (Chapter 1) highlighting the scope and structure of 

the thesis.  The subsequent chapters are presented in paper format with each containing chapter-

specific context, methods, results and discussion.  There are four primary data chapters which 

are: 

 Chapter Two: “What Causes Carbonates to Form “Shrubby” Morphologies? An 

Anthropocene Limestone Case Study.”  This chapter explores the nature of secondary 
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carbonate fabrics at a site receiving drainage from an iron and steel wastes associated with 

a former steel mill at Consett, County Durham, northern England (Research Question: 

RQ1).  The chapter identifies dominant carbonate fabrics and compares these to analogous 

natural carbonates found in the South Atlantic Pre-Salt carbonates (Chapter Two).  

 

 Chapter Three: “What are the different styles of calcite precipitation within a hyperalkaline 

leachate? A sedimentological Anthropocene case study.” This chapter compares 

anthropogenic carbonates with natural carbonate-precipitating settings (hot-spring and tufa 

environments) to gain insights on the ultimate processes driving mineral precipitation 

(RQ2).  Chapter three extends the work at Consett to provide a multi-site comparison of 

carbonate fabrics at systems receiving anthropogenic hyperalkaline drainage (RQ1) and 

considers similarities in drivers of precipitation processes (RQ2).  

 

 

 Chapter Four: “Ikaite formation in streams affected by steel waste leachate: first report and 

potential impact on contaminant dynamics.”  This chapter investigates transient minerals 

produced at hyperalkaline sites with a novel approach for field characterisation and rapid 

laboratory confirmation of samples of interest (RQ3).  The transient minerals identified 

include the exceptional discovery of the carbonate polymorph ikaite.  Through integration 

of field observations, laboratory characterisation and experimental work, this chapter 

considers the potential importance of transient mineral phases for trace metal dynamics at 

hyperalkaline sites (RQ4). 

 

 Chapter Five: “Improving field alkalinity characterization of waters on anthropogenic 

alkaline sites.” The final data chapter of the thesis critically assesses a range of methods for 

dissolved inorganic carbon (DIC) characterisation at anthropogenic alkaline sites.  DIC is 
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a crucial measure to assist in understanding carbonate formation processes, trace metal 

dynamics and carbonation opportunities at these sites, but traditional approaches may not 

be robust for waters with extreme geochemistry.  As such Chapter Five compares a range 

of methods for assessing dissolved inorganic carbon in alkaline samples and includes the 

development of a new method for such based-on strontium carbonate precipitation.  

Traditional methods (manual and automated titrations) are compared against a new 

strontium carbonate method for accuracy and reliability.  The implications of the differing 

performances in these methods for DIC characterisation are considered for interpreting 

geochemical processes (notably carbonate saturation) at hyperalkaline sites (RQ5).  

 

The Thesis concludes with Chapter Six, which draws the conclusions of the different data 

chapters together and revisits the thesis aim and research questions.  Chapter Six also discusses 

future research directions based on the findings and insights presented in the thesis.  
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CHAPTER 2 – What causes carbonates to form “shrubby” morphologies? 

An Anthropocene limestone case study.   

Laura Bastianini, Mike Rogerson, Ramon Mercedes-Martín, Timothy J. Prior, Edgley A. 

Cesar and Will Mayes 

 This chapter explores the nature of secondary carbonate fabrics at a site receiving 

drainage from an iron and steel wastes associated with a former steel mill at Consett, County 

Durham, northern England (RQ1: What are the dominant carbonate fabrics found in secondary 

deposits at anthropogenic hyperalkaline sites?).  The chapter identifies dominant carbonate 

fabrics and compares these to analogous natural carbonates found in the South Atlantic Pre-

Salt carbonates and has been published in Frontiers in Earth Sciences on 11th September 2019. 

2.1 | INTRODUCTION 

The genesis and evolution of Lower Cretaceous, non-marine carbonate hydrocarbon 

reservoirs in the South Atlantic, with their voluminous shrubby and spherulitic carbonate 

deposits in a volcanic and alkaline lacustrine setting, remains an enigma (Mercedes-Martin et 

al. 2016, 2017; Wright and Tosca, 2016). Two main mechanisms for spherulite formation have 

been presented, with formation within a transient Mg-Si gel (Tosca et al., 2018; Wright and 

Barnett, 2015; Wright and Tosca, 2016) or as a result of organic acid binding to growing crystal 

surfaces (Chafetz, and Butler, 1980; Tucker and Wright, 2009; Mercedes-Martin et al. 2016, 

2017; Spadafora et al., 2010). Both mechanisms suggest a saline, alkaline environment, and 

high metal fluxes are required to emplace these large Ca- and Mg-dominated precipitate bodies. 

The “shrubby” spherulitic boundstones which generally form the best reservoir facies (Ceraldi 

and Green, 2016; Saller et al., 2016) are less well understood, and are generally assumed to be 

some local modification of the more common spherular growth-form. Recent examples of 

shrubby carbonate formation are hard to find, reflecting that the microenvironment in which 
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these growth-forms develop are not well represented in the modern Earth system. One 

explanation for the origin of the high flux of metalliferous, alkaline water to the Pre-Salt lakes 

is hydrolysis of fresh alkaline extrusive igneous materials (Rogerson et al. 2017), and partial 

analogs of Pre-Salt mineralogies and fabrics do occur in ophiolite spring systems (from Oman 

and Liguria) (Leleu et al., 2016). Here, the alteration of mafic / ultramafic rocks by meteoric 

waters and seawater provides saline, hyperalkaline (pH ~ 10) waters which in-gas carbon 

dioxide from the atmosphere. These ambient temperature systems are subtly different to more 

conventional travertine systems, which are usually located at subaerial hot springs such as 

Mammoth Hot Springs in Wyoming (Ford and Pedley, 1996; Fouke et al., 2000). In geothermal 

systems, CO2 is available from the deep subsurface in surplus to the metals (Minissale et al., 

1997), making carbonate production calcium-limited. In contrast, within non geothermal 

systems driven by mineral hydrolysis, all CO2 is provided from atmosphere and the carbonate 

system tends to be limited by the relatively slow kinetics of CO2(g) dissolution and hydrolysis 

to 𝐶𝑂3 (𝑎𝑞)
2−  rather than the abundance of calcium (Andrews et al., 1997; Rogerson et al., 2017).  

Here, we provide the first report of shrubby carbonates forming today within another 

carbonate forming system driven by mineral hydrolysis; terrestrial surface waters affected by 

leachate from steel slag stored in landfill, which are forming significant deposits of 

Anthropocene Limestone. Our case study, Consett in the UK, exhibits pH even higher than in 

the ophiolite springs (9-13), and supports exceptional rates of calcite precipitation (up to 100 g 

m -2 day -1) (Mayes et al., 2008). The diversity and extremely good preservation of the crystals 

from these carbonates, exceptionally well constrained local hydrochemical environment 

(Mayes et al., 2008, 2018; Riley and Mayes, 2015) and the possibility to directly observe the 

co-occurrence of specific growth-forms and microbial components at sites of deposition 

provides a unique opportunity to test hypotheses concerning the mechanics of exotic calcium 

carbonate crystal growth patterns in nature. This study is the first report of carbonate 
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petrography from this “accidental laboratory” and raises the following question: What 

carbonate fabrics can emerge from extreme alkaline conditions? Although it is rather unlikely 

Aptian Pre-Salt lakes were forming downstream of dinosaurian steel works, the probability is 

high that the lakes were the sinks of calcium and alkalinity sourced by low-temperature mineral 

hydrolysis, making the geochemistry and sedimentology of these systems cognate. We explore 

what additional constraints we can now place on Pre-Salt lakes on the basis of discovering the 

same fabrics within Anthropocene carbonate sediments.  

2.2 | MATERIAL AND METHODS 

2.2.1 | Field-work methods 

Samples were taken during May 2013 along pre-established calcite saturation index 

transects (Mayes et al., 2008, 2018; Riley and Mayes, 2015) within Dene Burn and Howden 

Burn (Figure 2.1) for further analyses in the laboratory. In these streams, calcite saturation is 

enhanced by four alkaline discharges within the former Consett Iron and Steelworks. The site 

was operational from the middle of the nineteen century until decommissioning in the early 

1980s (Figure 2.1). Waste up to 45 m depth, including slag, flue dusts, ashes and construction 

and demolition rubble were accumulated after working closure in an area of 2.9 km2 (Harber 

and Forth 2001). These materials are now stored in landfill, and the leachates emerging from 

them are alkaline ([OH-]= 10-130 mg.L-1; [CO3
2-]= 10-110 mg.L-1; [HCO3

-]= 110 mg.L-1) 

because of the bulk chemical composition meteoric waters develop after inter-acting with these 

materials in the subsurface (Mayes et al., 2008, 2018; Riley and Mayes, 2015).  

These landfills can be a source of pollution to surface and ground waters (Mayes et al., 

2008) (Figure 2.1). The production of iron results in the emission of sulphur dioxide gas, ore 

and coke dust particles (Harber and Forth, 2001). Other potential contaminants such as arsenic, 

chromium, boron and copper are present in iron ore (Harber and Forth, 2001). Coke making 
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provides inorganic compounds, for example zinc, fluoride, sulphates, phosphates and organic 

compounds such as fuels and oils (Harber and Forth, 2001). Iron and steel flue dusts contain 

metals including lead, cadmium, halides, zinc, chromium, arsenic, copper, nickel and alkali 

metals (Harber and Forth, 2001). Fluoride and zinc are the main pollutants of steel-making 

wastewaters (Harber and Forth, 2001).  

Half of Dene Burn flow comes from a subterranean drainage network beneath the Grove 

Heaps which consist of blast furnace bottom and steel slag (Mayes et al., 2008), whereas the 

Howden burn drains an area previously occupied by the working blast furnaces, power station 

and steel plant (Mayes et al., 2008) (Figure 2.1). The hydrochemical facies of the leachates are 

Figure 2.1: Location map of the studied samples HU-MR-/3CON1 (C1), HU-MR-/3CON2 (C2), HU-

MR-/3CON4 (C4), HU-MR-/3CON5 (C5), HU-MR-/3CON6 (C6), HU-MR-/3CON7 (C7). 
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seen to vary notably between the landfills resulting in the streams Howden Burn and Dene 

Burn (Mayes et al., 2008) (Figure 2.1). Dene Burn leachate source is dominated by Ca, Mg and 

HCO3 characteristic of Coal Measures drainage in the region and Ca-OH type leachate from 

the dissolution of portlandite in the steel slag mounds (Mayes et al., 2008).  Dene Burn source 

leachate also shows elevated Na and Cl concentrations from de-icing salt runoff (Mayes et al., 

2008). Howden Burn leachate sources differ considerably from Dene Burn drainage system 

and are mixed waters rich in K, Na, Ca, and sulphate (Mayes et al., 2008) (Figure 2.1). Sulphate 

concentrations are exceptionally elevated [2,500 mg.L-1] typical of a drainage from the former 

power station and coke works area of the workings (Figure 2.1). Within these locations, coke 

works spoil, ashes, and iron slags, which have a high sulphur content, were co-deposited with 

steel and blast furnace slag (Harber and Forth, 2001). The extremely important K content of 

Howden Burn leachate sources probably derive from highly-soluble potassium oxides 

associated with flue dusts and ashes deposited with slag (Mayes et al., 2008). 

Four samples reported here (HU-MR-/3CON1, HU-MR-/3CON2, HU-MR-/3CON4, 

HU-MR-/3CON5) are from Dene Burn (Figure 2.1) and further two samples (HU-MR-

/3CON6, HU-MR-/3CON7) originate from Howden Burn (Figure 2.1).  

During our sampling, on-site measurements of major physico-chemical parameters 

(pH, electrical conductivity and water temperature) were performed using a Myron L 

Ultrameter® calibrated on each sample day with pH 4, 7 and 10 buffer solutions and a 1,413 

μS conductivity standard, to confirm the system had not changed since previous sampling. 

Sample alkalinity was also obtained in the field using a two-stage titration against 1.6 N H2SO4 

with phenolphthalein (to pH 8.3) and bromocresol green-methyl red indicators (to pH 4.6) to 

facilitate calculation of the constituents of sample alkalinity (i.e. hydroxyl, carbonate and 

bicarbonate alkalinity using the United States Geological Survey (USGS) Alkalinity calculator 
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(U.S.G.S. Alkalinity Calculator, 2014)). For each sample, three polypropylene bottles were 

filled, one of which was acidified with trace analysis grade concentrated nitric acid (for total 

cation and trace element analysis), one of which was filtered (with 0.45-μm cellulose nitrate 

filters) prior to acidification (for dissolved cation and trace element analyses) and the other left 

untreated (for anion analysis).  

2.2.2 | Hydrochemistry 

 

Calcite saturation index (CSI), ionic strength and activity of Ca2+ and CO3
2- ions were 

obtained by using the PHREEQC Interactive software. The calcite growth rate (R) was 

calculated following the formula established by Wolthers et al., 2012: 

𝑅 = 𝐼−0.004𝑝𝐻−10.71𝑟𝑎𝑞
−0.35

(𝑆 − 1)2 

Where I is the ionic strength, raq = {Ca2+} / {CO3
2-} activity ratio, S is the saturation ratio (Ω1/2) 

and R is expressed in m s -1. Growth rate differs from saturation index in that it predicts how 

quickly crystals will actually assemble, rather than how thermodynamically “favoured” that 

assembly is. Consequently, this value is intrinsically much more closely linked to crystal 

assembly controls than saturation is. This parameter was indeed used previously for 

understanding the precipitation of terrestrial carbonates (Kandianis et al., 2008). 

2.2.3 | Mineralogy 

X-ray powder diffraction (XRD) data were collected from ground sample (HU-MR-

/3CON6) mounted in stainless steel sample holders. Data collection range 5 ≤ 2θ /° ≤ 80 with 

a step size 0.0262606 ° and a counting time of 304.725 s per step. Raw data were examined 

using the program PANAlytical HighScore (Plus) which is an implementation of the PDF2 

database. This sample was also analysed by Fourier transform infrared (FTIR) spectroscopy 
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using an Agilent 4300 Handheld Portable FTIR and the peaks were analysed and identified by 

the MicroLab FTIR Agilent Software.  

2.2.4 | Petrography and terminology 

Thin-sections (6 x 3 cm) were made for each sample, impregnated with blue-epoxy and 

were studied with a GXM-MXP Series L3230 optical microscope at the School of 

Environmental Sciences (University of Hull, England, UK) to determine the mineralogy, 

texture and the fabric of the studied carbonates. To identify the micro-texture and the micro-

scale fabrics, a Scanning Electron Microscope (Zeiss EVO 60) attached to an EDS detector 

(Oxford Instruments INCA System350 with Silicon Drift Detector) was also used on the same 

samples for the characterization of their growth and diagenetic processes. The terminology 

used for petrographic descriptions follow the nomenclature from Flügel (2013), Jones et al., 

(2005) and Pedley (1992). The definitions of Jones (2017) for single crystal and polycrystal 

are also employed in this study. Single crystal corresponds to a solid object with only one grain 

or crystal and hence, no grain boundaries in which an orderly three-dimensional arrangement 

of the atoms, ions, or molecules is repeated throughout the entire volume.  A polycrystal is an 

aggregate of several crystals or grains where the boundary between the grain is the grain 

boundary across which the orientation of the crystal changes and the point at which three 

boundaries meet is called the triple junction. 

A key element of the petrographic part of this study is the definition of “shrubby”. We 

use the definition of Chafetz and Folk (1984): “three-dimensional, arborescent structures 

composed of CaCO3 that expand away from the substrate”. This differs from dendrites, for 

which we use the definition of Jones et al., (2005): “100–200 nm thick calcite fibres that form 

3D lattice-like domains and in each dendrite domain, fibres have three structurally equal 

orientations”.  
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2.3 | RESULTS 

2.3.1 | Hydrochemistry 

Hydrochemistry at each of the sampling sites on the day of sampling is summarised in 

Table 2.1, and is consistent with previous (Mayes et al., 2008) and more recent (Hobson et al., 

(2018), Hull et al., (2014), Mayes et al., (2018), and Riley and Mayes (2015)) monitoring of 

these systems. Some calcium is sourced from background seepage of karst groundwater into 

both streams, but the majority is derived from steel slag leachate in the form of Ca(OH)2. 

Although Ca2+(aq) is elevated throughout the system, it is dramatically enhanced in the 

relatively proximal Howden Burn (161-239 mg.L-1) even compared to the more proximal Dene 

Burn (11 to 14 mg.L-1). CO2 is supplied to the system from the air, and in-gasses vigorously 

due to the high pH of the stream waters, and carbonate alkalinity is high where pH is high (7-

18 mg.L-1 at Dene Burn and 103-109 mg.L-1 at Howden Burn). Total alkalinity shows the 

same enhancement at proximal sites (55-59 mg.L-1 in Dene Burn and 264-332 mg.L-1 in 

Howden Burn). Given this water composition, it is unsurprising that calcite saturation index is 

very high (+0.04 to +2.47), and mineral precipitation is high enough to be lethal to local 

microbenthos by smothering (Hull et al., 2014). 

There is a significant hydrochemical gradient between the Dene Burn and Howden 

Burn streams (Table 2.1). Parameters such as pH, conductivity, alkalinity, CSI and R 

([pH=11.5-11.6]; [conductivity=2160-3190µS]; [alkalinity=260-330mg.L-1]; [CSI=2.3-2.5]; 

[R=4.10-10-5.10-10m.s-1]) are dramatically more elevated in Howden Burn than in Dene Burn 
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([pH=9-10.7]; [conductivity=425-450µS]; [alkalinity=55-66mg.L-1]; [CSI=0.04-1]; [R=9.10-

13-3.10-11m.s-1]) (Table 2.1). 

Location C4 in Dene Burn describes the lowest CSI (0.04), then followed by location 

C5 (0.25), C2 (0.67) and C1 respectively (0.96) (Table 2.1). In Howden Burn, the values are 

almost doubled at the C6 (2.3) and C7 (2.5) sites (Table 2.1) which are correlated with higher 

concentrations of carbonate (100-140 mg.L-1) and calcium (160-240 mg.L-1) (Table 2.1). 

R is the lowest at location C5 (9.10-13m.s-1), then increases quite progressively at 

locations C2 (1.10-11m.s-1), C1 (3,1.10-11m.s-1), and C4 (3,4.10-11m.s-1) (Table 2.1). In 

Table 2.1: Hydrochemistry dataset of the samples including pH, temperature, major ion concentrations, 

total alkalinity, calcite saturation index, ionic strength, activity and calcite growth rate from the 

research works of Hobson et al., (2018), Hull et al., (2014), Mayes et al., (2008), Mayes et al., (2018), 

and Riley and Mayes (2015). 
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Howden burn, R faces a major augmentation (C6: R=4.10-10m.s-1; C7: R=5.10-10m.s-1) 

(Table 2.1). 

2.3.2 | Mineralogy 

XRD data show that HU-MR-/3CON6 is highly crystalline and corresponds to pure 

calcite (Figure 2.2). However, FTIR measurements indicate a material which is not calcite via 

3 significant peaks (λ=600 cm-1; λ=850 cm-1; λ=1100 cm-1;) (Figure 2.3). These absorptions 

are consistent with the presence of silica (SiO stretching in silica network defects, symmetric 

stretching of Si-O-Si bonds and silicon–oxygen covalent bonds vibrations respectively; Al-

Oweini and El-Rassy, 2009). The absence of crystalline silica scattering in the XRD patterns 

indicate that this material must be amorphous, and is present in most samples at >1% 

concentrations. Consistent with field observations, SEM investigation indicated the presence 

of a large number of diatom frustules on the sample surface and within the shallow subsurface. 

The presence of substantial concentrations of these within the limestones explains the persistent 

presence of amorphous silica in these samples, indicating that the presence of diatomaceous 

biofilms at these sites during precipitation is persistent.    

 

 

 

 

 

 

 

Figure 2.2: XRD pattern of the sample HU-MR-/3CON6. 
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2.3.3 | Site and macroscopic descriptions 

Precipitation of carbonate material occurs immediately when the water contacts air, and 

waters seeping from the landfill package precipitate calcite rafts in shallow pools and slow 

moving water on emergence (Figure 2.4). The meniscus layer mineralisation is a direct 

consequence of CO2 in-gassing, but extends for only a few meters downstream. Precipitation 

is greatest in the environment of waterfalls (Figure 2.4). Fine micrite sediments fill the upper 

pools within the Howden Burn waterfall-pool system (Figure 2.4). Dark patches on the 

waterfall surface indicates the presence of substantial diatomaceous biofilms, and a less 

common yellow discoloration reflects the occurrence of cyanobacteria. 

All samples are light brown limestone with clear sedimentary structures corresponding 

to brown-dark laminations except the HU-MR-/3CON6 sample which is light beige exhibiting 

a circular ring structure with beige brown laminations (Figure 2.5). In the latter, the beige layers 

have a fibrous texture (Figure 2.5). This specimen developed as a stalactite growing on the 

surface of an annual grass and hanging from the roof at the mouth of the drainage tunnel 

Figure 2.3: FTIR spectra of the sample HU-MR-/3CON6. 
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emerging near the top of Howden Burn. The ~8mm of growth of this specimen have therefore 

occurred within a few months before sampling, and the rate of accumulation at this site is likely 

>> 1cm yr-1.  

2.3.4 | Facies descriptions 

Eight types of microfacies have been identified on the basis of fabric, mineralogy and 

texture (Figure 2.6). We present a small number of replicates (6), which limits our ability to 

draw widely applicable conclusions about the distribution of specific features within the 

sediment. However, they present a wide range of microfabrics, some of which are rarely 

observed growing in natural environments today. We therefore limit our analysis to 

identification of these rare features, and to providing a framework for future investigations.  

 

Figure 2.5: Macroscopic images of the Consett freshwater samples HU-MR-/3CON1, HU-MR-

/3CON2, HU-MR-/3CON4, HU-MR-/3CON5, HU-MR-/3CON6, HU-MR-/3CON7. 
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Facies 1: Clotted micrite  

Clotted micrite is made up of a brown micritic matrix composed of fine homogeneous 

rounded micrite peloids (Figs. 2.7A-C). Individual micrite grains reach up to 7 µm in diameter 

and show (Figure 2.7-D) prismatic tetrahedron-like (70 µm in diameter), and double-

terminating calcite crystal morphologies with abundant twinned faces (100 µm in diameter) 

(Figure 2.7-D). Diatoms are common components within this facies (Figs. 2.7D-7L) (20 µm in 

diameter) showing elongated and oval external morphologies (Gromphomena parvulum 

(Figure 2.7-E), Gyrosigma acuminatum (Figure 2.7-G), Navicula lanceolata (Figure 2.7-H), 

Navicula gregaria (Figure 2.7-I), Navicula gregaria (Figure 2.7-J), Nitzschia amphibia (Figure 

2.7-K), Planothidium lanceolatum (Figure 2.7-K), Sellaphora nigri (Figure 2.7-L)). Micrite 

shows a clotted distribution (Figs. 2.7A, 2.7B, 2.7C) hosting intercrystalline porosity with 

cavities between 10-500 µm in diameter) (Figs. 2.7A, 2.7B, 2.7C).  

Pedley (1992) described a similar microfacies in freshwater “phytoherm” reef 

environments where clotted micrite was characterized by anhedral crystals approximately a 

few micrometres across on average.  
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Figure 2.6: Thin sections from the Consett freshwater samples HU-MR-/3CON1, HU-MR-/3CON2, 

HU-MR-/3CON4, HU-MR-/3CON5, HU-MR-/3CON6, HU-MR-/3CON7 with the locations of the 

optical microscope images where the locations are respectively designed by the number of the figure 

from this manuscript followed by the letter corresponding to the subsection in the figure. 
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Facies 2: Microbial Rim  

This facies corresponds to thin black layers (180-250 µm thick) of dense micrite 

characterized by the presence of a diversity of microbial remains such as biodegraded biofilm 

or leaf material (Figures 2.8A, 2.8B, 2.8C, 2.8D, 2.8E, 2.8F). 

Facies 3: Dendrite  

Dendrites are constituted by light grey calcite crystals growing radially forming flower-

like geometries (Figures 2.9A, 2.9B, 2.9C, 2.9D, 2.9E) and are made up of radially elongated, 

polycrystalline calcite giving rise to V-shaped fans that grow upon a surface front. Fans average 

580 microns in length and 120 microns in width. Some fans are tightly laterally packed which 

constraints the growth of the fans themselves. When more space is available for crystals to 

grow, fans develop preferably in one single direction producing feather-like crystal 

morphologies (Figs. 2.9B-2.9E).   

Similar fabrics were described by Jones et al. (2005) in calcite travertine environments. 

They defined them as three-dimensional bushes, up to 1 cm high and 1 cm in diameter, with 

branches that radiate outward and upward from the main branch. Given the relatively loose 

crystal network, dendrites have high internal porosity (see Jones et al., 2005). 

Facies 4: Calcite Shrub 

Calcite shrubs are made up of light grey-green botryoidal-like crystal fans 1 to 1.5 mm 

in height and stacked each other as inverted cones growing on top of discontinuous horizons 

(Figures 2.10A, 2.10B, 2.10C, 2.10D). Botryoids are internally composed of very coarse sub 

to euhedral, elongated rhombohedral crystals forming bladed aggregates (60 µm in length). 

(Figures 2.10A, 2.10B, 2.10C, 2.10D) with their c-axis radiating from a previous substrate 

(Figures 2.10A, 2.10B, 2.10C, 2.10D). In places, the shrubs are surrounded by diatoms (Figures 

2.10-E; 2.10-F; 2.10-G; 2.10-H; 2.10-I; 2.10-J; 2.10-K; 2.10-L; 2.10-M) and bacterial filaments 
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where bacterial filaments (25 to 60 µm in diameter) are quite rectilinear forming circular tubes 

(Figure 2.10-E). Bladed crystal aggregates tend to develop a high intercrystalline microporosity 

(Figure 2.10-E). The SEM confirms the bladed aggregation/ imbrication of rhombohedral 

polycrystals  (Figure 2.10-E).   

Saller et al. (2016) described Pre-Salt calcite shrubs as radiating bundles of fibrous-to-

prismatic crystals. Within a shrub branch, upward oriented bundles of radiating crystals have 

clear growth interference; however, the fibrous, upward-oriented bundles abruptly finish at the 

Figure 2.7: (A), (B), (C) depict the microfacies images by petrographic microscope of clotted micrite 

(CM) facies. (D) shows a SEM image of clotted micrite facies with diatoms (d). (E) shows a SEM image 

of the diatom Gromphomena parvulum. (F) shows a SEM image of the diatom Gyrosigma acuminatum. 

(G) shows a SEM image of the diatom Navicula lanceolate. (H) shows a SEM image of the diatom 

Navicula gregaria. (I) shows a SEM image of the diatom Navicula gregaria. (J) shows a SEM image of 

the diatom Nitzschia amphibian. (K) shows a SEM image of the diatom Planothidium lanceolatum. (L) 

shows a SEM image of the diatom Sellaphora nigri. 
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edge of a branch, leaving open vugs between shrubby growths (Saller et al., 2016). The shrubs 

seem to have grown upward and create positive relief (Saller et al., 2016).  

Facies 5: Cluster-shaped carbonate 

Cluster-shaped carbonates are here referred as translucent white calcite crystals ranging from 

20 to 500 µm in height (Figures 2.11A, 2.11B, 2.11C, 2.11D). They form a matrix made up of 

coarse euhedral tetrahedron-like and double terminating calcite crystals with many cluster 

faces, which are surrounded by a black organic substance of biograded biofilm. Cluster-shaped 

carbonates display an extremely high intercrystalline porosity. 

 

Figure 2.8: (A), (B), (C), (D), (E) and (F) depict the microfacies images by petrographic microscope 

of microbial rim (MR) facies. 
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Facies 6: Multi-shaped calcite 

Multi-shaped calcite corresponds to translucent white delicate calcite crystals (100-550 

µm in diameter) displaying rounded external morphologies and a grain-to-grain contact 

arrangement (Figures 2.12A, 2.12B, 2.12C). Calcite crystals also exhibit trigonal, arrow and 

heart-shaped external morphologies (Figures 2.12A, 2.12B, 2.12C) and these crystals seem to 

correspond to coarse-grained carbonate slightly reworked and stacked together (Figures 2.12A, 

2.12B, 2.12C). A black organic substance surrounds some crystals, which appear to be leaf 

material (Figs. 2.12A, 2.12B, 2.12C) and there is a curved surface below grains (Figures 2.12A, 

2.12B, 12C) as well as space between crystals displaying porosity (Figures 2.12A, 2.12B, 

2.12C).      

Figure 2.9: (A), (B), (C), (D), and (E) depict the microfacies images by petrographic microscope of 

dendrite facies (D). 
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Facies 7: Sparry carbonate crust 

Sparry carbonate crust comprises thick sparite crusts (500-2500 mm thick) made up of 

milky white to grey calcite (Figures 2.13A, 2.13B, 2.13C, 2.13D). The crystals show a very 

coarse, subhedral morphology as they partly developed crystal faces (Figs. 2.13A, 2.13B, 

2.13C, 2.13D). Some crystals are covered by black organic remains corresponding certainly to 

degraded biofilm (Figures 2.13B, 2.13C). Given the nature of these crystals, they develop very 

low intercrystalline porosity. Some crusts display several growth zones (Figure 2.13A) and 

exhibit botryoidal shapes (Figures 2.13A, 2.13B, 2.13C).  

 

Figure 2.10: (A), (B), (C) and (D) depict the microfacies images by petrographic microscope of shrub 

(S) facies. (E) shows a SEM image of shrub facies with diatoms (d) and bacterial filament (bf). (F) 

shows a SEM image of the diatom Gromphomena parvulum. (G) shows a SEM image of the diatom 

Gyrosigma acuminatum. (H) shows a SEM image of the diatom Navicula lanceolate. (I) shows a SEM 

image of the diatom Navicula gregaria. (J) shows a SEM image of the diatom Navicula gregaria. (K)  

shows a SEM image of the diatom Nitzschia amphibian. (L) shows a SEM image of the diatom 

Planothidium lanceolatum. (M) shows a SEM image of the diatom Sellaphora nigri. 
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Facies 8: Blocky calcite 

Blocky calcite corresponds to single, very large crystals of calcite (500-1500 µm in 

diameter), where the crystals are milky white to translucent grey (Figures 2.14A, 2.14B, 2.14C, 

2.14D). Coarse-grained euhedral crystals (Figures 2.14A- D) compose the calcite and the 

crystals show distinct crystal boundaries (Figures 2.14A, 2.14B, 2.14C, 2.14D).    

 

 

Figure 2.11: (A), (B), (C) and (D) show the microfacies images by petrographic microscope of cluster-

shaped carbonate (C-SC) facies. (E) shows a SEM image of cluster-shaped carbonate facies with 

bacterial filament (bf). (F) shows a SEM image of the transition between shrub, cluster-shaped 

carbonate and clotted micrite. 
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2.3.5 | Distribution of microfacies 

Shrubs occur exclusively at the most proximal location, C7, and is the only microfacies 

identified at that site (Figure 2.15A). Dendrite is the most common microfacies represented at 

location C6, but clotted micrite, sparry carbonate crust and cluster-shaped carbonate are present 

as well (Figure 2.15A). Microbial rim and sparry carbonate crust are the only microfacies 

described within location C1 (Figure 2.15A). Cluster-shaped carbonate is abundant at location 

C2 surrounded by some blocky calcite and sparry-carbonate crust (Figure 2.15A). Location C5 

displays the most diverse microfacies, with clotted micrite, microbial rim, blocky calcite and 

multi-shaped calcite all contributing equal proportions of the sediment (Figure 2.15A). Multi-

shaped calcite is a unique microfacies present only at location C4, and even these it is not 

abundant (Figure 2.15A). 

 

 

Figure 2.12: (A), (B) and (C) show the microfacies images by petrographic microscope of multi-shaped 

calcite (M-SC) facies. 
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2.4 | DISCUSSION 

2.4.1 | Hydrochemistry versus distribution of microfacies 

In proximal Howden Burn, locations C6 and C7 show deposition principally of shrubby 

calcite (C7), and dendrite (C6) (pH=11.5; CSI =2.5; R=5.10-10m.s-1) (Figure 2.15A). These 

sites are characterized by very high pH (11.5-11.6), calcium concentration (161-240 mg.L-1) 

and carbonate concentration (104-140 mg.L-1) (Table 2.1). Consequently, calcite saturation 

(CSI=2.3-2.5) and calcite growth rate (R=4.4.10-10-5.4.10-10m.s-1) are also very elevated 

(Figure 2.15A). As the solution moves away from the most proximal sites, calcium and 

alkalinity are consumed steadily reducing CSI. However, this near-linear change in saturation 

does not well reflect the disappearance of shrub and dendrite microfacies, which do not occur 

beyond C6. This better reflects R, which is 100-1000 times lower in more distal Dene Burn 

sites than in Howden Burn (10-12-3.10-13m.s-1) (Figure 2.15A). In locations C1 and C2, despite 

medium CSI (1-1.3) and high pH (10.3-10.7), R is low (1.10-11-3.10-11 m.s-1) (Figure 2.15A), 

and this relatively weak kinetic forcing corresponds to formation of microbial rim (C1), sparry-

carbonate crust (C1) and cluster shaped carbonate (C2). The most distal sites exhibiting 

significant carbonate deposits (C4 and C5) exhibit the lowest CSI (0.04-0.25), R (3.10-11-1.10-

12) and pH (9-10.3) and are dominated by multi-shaped calcite (C4-C5), clotted micrite (C5), 

and blocky calcite (C5).  

2.4.2 | Kinetic control on shrubby and dendritic carbonate 

The juxtaposition of the hydrochemistry and distribution of microfacies shows that 

shrubby and dendritic crystals develop with high kinetic forcing, blocky calcite at low kinetic 

forcing and classic “microbialite” rim and clotted micrite forming at moderate-low forcing. We 

therefore conclude that formation of these microfacies in this system exhibits a kinetic rather 

than thermodynamic control. This is highly comparable with findings from materials chemistry 
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summarised by Meldrum and Cölfen (2008). Kinetic control of crystallization arises from 

enhanced nucleation onto kinetically favoured crystal faces and step-edges Ostwald’s step rule. 

Skeletal biomineral morphologies will self-assemble in such a setting due to Berg effect, where 

supersaturation over a flat face is low at the center and high near the edges, causing first 

“hopper like” then true single-crystalline ordered dendrites, disordered polycrystalline side 

branches, and finally disordered polycrystalline dendrites and dense branching morphologies 

as the kinetic forcing becomes more extreme. Sunagawa (1999) shows that it is a general rule 

that growth rate anisotropy will determine the forms of polyhedral crystal, as seen in the 

development of snow crystals (Libbrecht, 2012), where solid hexagonal plates crystallize at 

low supersaturation, whereas increasing the supersaturation leads to dendritic growth and 

flower-like morphologies with six petals. Beck and Andreassen (2012) report similar kinetic 

control on vaterite formation, where low levels of supersaturation lead to the growth of 

hexagonal, plate-like crystals while increasing kinetic forcing force causes a shift of the particle 

growth mechanisms towards dendritic growth.  
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2.4.3 | Formation processes of microfacies 

Where kinetic forcing is reduced (lower R), diffusive controls on crystal formation re-

assert themselves and non-dendritic fabrics occur (blocky calcite which displays a polyhedral 

shape in a single crystal). This is as would be expected from fundamental crystal assembly 

controls at relatively low rates of supersaturations (Meldrum and Cölfen, 2008). Curiously, we 

find the minimum of biofilm and microbe presence within these fabrics, indicating a process 

of formation dominated by inorganic mineralization, as defined by Dupraz et al. (2009). Classic 

Figure 2.13: (A), (B), (C) and (D): Microfacies images by petrographic microscope of sparry carbonate 

crust (SCC) and bothryoidal carbonate crust facies (BCC). (E) shows a SEM image of the transition 

between clotted micrite and sparry carbonate crust facies. 
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“microbialite” fabrics (microbial rim and clotted micrite) occur within the middle and low 

saturation regime. Diatom and cyanobacterial biofilms are preserved directly as thin brown 

bands recognised on the thin-section material (Figure 2.6), and indirectly within the 

biologically-influenced microfacies where the carbonate precipitation is indirectly modified by 

a precursor organomineral (Dupraz et al., 2009). It is also important to note that the diatoms 

reported generally develop in environmental conditions of freshwaters and represent biotopes 

of low to (at most) moderate electrolyte content (Sterrenburg, 1995; Van de Vijver et al., 2013). 

They were found living epilithically in several smaller rivers and brooks with an almost slightly 

alkaline pH (7.5) and low specific conductance levels (75–100 µS.cm–1) (Sterrenburg, 1995; 

Van de Vijver et al., 2013). In our study, it is therefore surprising to find this abundance of 

diatoms in such very salty and alkaline conditions.  

Cluster-shaped carbonate was developed among bacterial filaments with an organic 

film forming sticky thin black layer around crystals (Figure 2.11A-D) which could correspond 

to Extracellular Polymeric Substances (EPS). These organic components associated with the 

micritic matrix of this facies along with its chemical characteristics (high alkalinity, medium 

pH and SI) suggest that they come from biologically-influenced mineralization as well. The 

distribution of bio-influenced facies is not ordered with respect to the single-crystal inorganic 

precipitates, but rather both types of precipitation occur apparently randomly.  
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Kinetic forcing of dendrite growth can be enhanced by “poisoning” of some step-edges 

by additive molecules, particularly polymerised, polar organic molecules (Meldrum and 

Cölfen, 2008). We noted that biofilms were common even in proximal sites within Howden 

and Dene Burns during sampling, and both diatom frustules and organic carbon is pervasive 

through the majority of samples. Consequently, it is possible that organic additives are 

promoting the formation of extreme skeletal crystals in these systems at relatively low R. 

Whether skeletal crystals would form spontaneously in the absence of biofilm EPS was not 

possible to test during this study. However, we were able to demonstrate that within shrubby 

fabrics, no indication of microbial biofilm presence (i.e. classic microbialite features) could be 

identified, even when diatoms were touching the carbonate: it seems that if kinetic forcing is 

permitted by local hydrochemistry, all the carbonate product generated at that site will 

comprise skeletal composite crystals. Consequently, the absence of microbial textures does not 

appear to be a criterion for assuming no microbial influence on precipitation.  

 

Figure 2.14: (A), (B), (C) and (D): Microfacies images by petrographic microscope of blocky calcite 

facies (BC). 
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2.4.4 | Co-existence of fabrics within a same site 

The co-existence of different fabrics at a same location (e.g. at C1, C2, C5 and C6 sites) 

indicates that the rather “static” analysis we present above is oversimplified, and that some 

spatial or temporal structure in the environment is present to cause physical association of the 

mineral products. This will be at least in part due to a variable chemistry caused by weather 

fluctuations (rainy, dry, low or high temperatures according to season) (Riley and Mayes, 2015) 

(Figure 2.15A). Mayes et al. (2008) showed that the hydrochemical system in Howden Burn 

and Dene Burn is relatively stable with a very elevated pH (pH=11-12) over the 36-year data 

series but when heavy rainfall occurs, the river does adapt very rapidly. Spate flow changes the 

hydraulics of the flow altering gas exchange, (Gomes et al., 2017), reduces carbonate and 

calcium concentration and pH, and therefore suppressed CSI and R (Riley and Mayes, 2015). 

As reduced R will suppress kinetically-forced fabrics and promote diffusion-forced crystal 

formation, this process alone will explain co-occurrence at any given site. For example, in the 

case of C6, short phases of reduced R and CSI may produce brief hiatuses in growth, forcing 

creation of concentric rings of dendritic fabrics (Figure 2.6). In addition to this abiotic forcing, 

it is likely that the distribution of biofilms is not spatially smooth, and patchy bio-influence 

will result in patchy occurrence of bio-influenced microfabrics. The apparently random co-

occurrence of diffusion-forced and bio-influenced fabrics in Dene Burn likely reflects this 

spatial complexity within the sites microbiology.  

2.4.5 | Depositional model 

Although we acknowledge the relatively small sample size in this case and the need for 

further investigation of such systems, given the hydrogeochemical and facies variation at the 

site a depositional model can be forwarded.  This model is based on the key interpretation that 

lateral distribution of microfacies at the site relates to geochemical forcing (Figures 2.15A and 
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2.15B).  Shrub and dendrite microfacies disappear with distance from the source, where CSI 

and R are excessively high (Figure 2.15B). In the most distal part of the river, microbial rim 

are quite continuous, occurring in most sites (Figure 2.15B). Cluster-shaped carbonate is the 

only facies represented upstream (C2) and sparry carbonate crust co-appear in C1 and C2 

locations (Figure 2.15B). Blocky calcite and multi-shaped calcite are present in the downstream 

part of Dene Burn (C4 and C5) (Figure 2.15B). Clotted micrite is exclusively represented in 

both proximal and distal zones of the river (C1, C5, C6) (Figure 2.15B).  

2.4.6 | Sedimentology in the Anthropocene 

Although this is the first systematic analysis of the sedimentology of an Anthropocene 

limestone, the Consett site is not unique, and similar hyperalkaline sites occur in most post-

industrial landscapes. These extremely alkaline environments have been found for instance in 

man-made river bed after repository building measures in Austria (Boch et al., 2015), slag-fill 

aquifers in the Lake Calumet region of Chicago (Roadcap et al., 2005, 2006), and Coatham 

Marsh steel slag leachate discharges in UK (Mayes et al., 2008). Examples such as non-ferrous 

metal industry waste disposal sites in Slovakia (Pristas et al., 2015), and technosol 

contaminated by former mining activity in Slovak Republic (Šimonovičová et al., 2017) can 

be cited as well. Understanding their operation in terms of mass deposition is a key part of fully 

constraining their behaviour, and thus being able to manage them successfully. In particular, 

our finding that precipitation in proximal parts of the system are not diffusion-controlled is 

likely to result in deviation of element distribution coefficients from empirical values, and 

higher incorporation of trace metals and metalloids is anticipated in these sites. We recommend 

that further sedimentological investigation of these “accidental laboratories” is likely to yield 

further insights, of use both to geoscientists and environmental scientists working with very 

different scientific motivations.  
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2.4.7 | Comparing natural, alkaline saline lakes with anthropogenic hyperalkaline 

occurrences 

A striking feature of recent saline alkaline lakes in rift tectonic settings (such as the East 

African Rift System, EARS) is the strong dissimilarity between alkaline metal concentration 

(calcium and magnesium) and the alkalinity of the waters (measured as carbonate and 

bicarbonate contents). During the evolution of these saline lakes, they tend to become Ca and 

Mg-poor systems due to the combined effects of the evaporative concentration and the relative 

Figure 2.15: (A) depicts the sample locations versus Calcite Saturation Index, pH, calcite growth rate 

(R) and distribution of microfacies. (B) shows the depositional model summarizing the lateral changes 

of the microfacies. 
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mineral solubility which triggers the sequential precipitation of minerals from carbonates to 

silicates to complex salts (Eugster and Hardie, 1978; Deocampo and Renaut, 2016).  

Many recent EARS lakes (e.g., Lake Magadi or Lake Bogoria; Jones et al., 1977; 

Renaut et al., 2002) have been considered tectonically and hydrologically similar to the ancient 

Pre-Salt lakes. However, they do not show clear evidence of substantial accumulation of 

spherulitic carbonate sediments, questioning whether EARS usual Ca and Mg-poor chemistries 

are encouraging spherulitic carbonate precipitation (Rogerson et al., 2017). 

Furthermore, the record of anthropogenically-mediated carbonate deposits such as 

those described here or in an asbestos open pit pond in Yukon, Canada (Power et al., 2011) is 

increasingly demonstrating that spherulitic carbonate growth can easily arise from waters 

anomalously enriched in calcium and magnesium, apart from elevated alkalinities and pH. In 

these sites, the alkalinity engine is thought to be related to the progressive atmospheric CO2 

ingassing (Rogerson et al., 2017) or the dissolution of the carbonate bedrock (Power et al., 

2011) rather than increasing evaporation as occurs in alkaline lakes (Eusgter and Hardie, 1978). 

In addition, both natural alkaline, saline lakes and industrial hyperalkaline ponds are 

known to precipitate primary aragonite and/or low-Mg calcite minerals. This is mainly driven 

by the Mg/Ca ratios and the supersaturation state of the precipitating waters (De Choudens-

Sánchez and González, 2009; Wang et al., 2012). An interesting observation from the Pre-Salt 

Aptian carbonate record is the repeated occurrence of Mg-rich and Sr-rich calcites (Saller et 

al., 2016) which are thought to be primary fabrics due to the lack of an original aragonite 

precursor. Also, shrubs described in the Kwanza upper case B were interpreted as originally 

precipitated as Mg-rich calcites and lately transformed to low-Mg calcites (Saller et al., 2016). 

These features strongly suggest that the Pre-Salt lake waters were likely much richer in Mg and 

sustained higher supersaturation states than those recorded in both the recent EARS and man-
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made alkaline counterparts. Thus, a major future challenge is to constrain the hydrological 

conditions enabling natural alkaline, saline waterbodies to chemically behave, at least in part, 

as anthropogenic spherulite-producing sites (Mercedes-Martín et al., 2019). 

2.5 | CONCLUSION 

A sedimentological, mineralogical and geochemical study was conducted in human-

induced carbonate deposits (Consett) including analysis of microfacies (petrographic 

microscope and SEM), XRD, FTIR analysis and hydrogeochemistry to shed light on the 

physico-chemical processes forming the analogous Pre-Salt Aptian non-skeletal carbonates. 

Although the carbonates at Consett arise from low temperature and highly alkaline steel lag 

leachates, they exhibit strikingly similar primary crystal morphologies to those recognised in 

the Pre-Salt shrub carbonates. The Consett carbonates developed in a spring waterfall 

environment in the vicinity of former steelworks and under the influence of constant supplies 

of calcium and carbonate ions. The shrubby carbonate facies at the site appear to be the result 

of extreme environmental conditions (elevated pH and alkalinity, high CSI and R) but shrubby 

and dendritic crystals attest of a kinetic rather than thermodynamic control with high kinetic 

forcing. Non-dendritic facies (blocky calcite, sparry-carbonate crust and cluster-shaped 

carbonate) result from a low kinetic forcing and classic “microbialite” rim and clotted micrite 

form at a moderate-low forcing. Similar hyperalkaline sites, such as the study case of Consett, 

occur in most post-industrial landscapes. Understanding their operation in terms of mass 

deposition is a key part of fully constraining their behaviour, and thus being able to manage 

them successfully. 
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Chapter 3 – What are the different styles of calcite precipitation within 

a hyperalkaline leachate? A sedimentological Anthropocene case 

study. 

Laura Bastianini, Mike Rogerson, Ramon Mercedes-Martín, Timothy J. Prior 

and William M. Mayes. 

 

 This chapter compares anthropogenic carbonates with natural carbonate-precipitating 

settings (hot-spring and tufa environments) to gain insights on the ultimate processes driving 

mineral precipitation (RQ2: What do differences in carbonate fabrics at hyperalkaline sites tell 

us about controls on carbonate precipitation?). This chapter extends the work at Consett to 

provide a multi-site comparison of carbonate fabrics at systems receiving anthropogenic 

hyperalkaline drainage (RQ1: What are the dominant carbonate fabrics found in secondary 

deposits at anthropogenic hyperalkaline sites?) and considers similarities in drivers of 

precipitation processes (RQ2). This chapter has been published in the Depositional Record on 

2nd November 2021. 

3.1 | INTRODUCTION 

Anthropogenic carbonates are pyrotechnological products composed of calcium carbonate, 

and include wood ash, lime plaster/mortar and hydraulic mortar, in addition to secondary 

carbonates that arise as a product of weathering a range of globally important industrial 

residues (Toffolo, 2020). These residues include steel slags (Roadcap et al., 2005), coal 

combustion residues (Dellantonio et al., 2010), chromite ore processing waste (Stewart et al., 

2007), Solvay Process residues from the manufacture of soda ash (Effler et al., 2001), lime 

spoil (Burke et al., 2012a, b) and bauxite processing residue (Mayes et al., 2011). Many of 

these wastes and by-products are being produced in increasing quantities globally (Dolley, 
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1994), so an understanding of their broader environmental impact and characteristics, either in 

disposal sites or during after-use (e.g. as aggregates for road fill: (Chaurand et al., 2007)), is 

required to facilitate their effective management. 

The leachates generated by alkaline residues are enriched in a range of metal and metalloid 

oxyanions which can pose serious risks to the environment, namely As, Cr, Mo, Ni, Ga and V 

(Burke et al., 2013; Czop et al., 2011; Mayes et al., 2011; Chaurand et al., 2007; Hobson et al., 

2017). The treatment of these alkaline leachates by conventional methods (acid dosing and 

active aeration) is expensive, especially if it is to be continued for many decades after site 

closure (Evans, 2015).  

The dissolution products of alkaline waste materials can raise pH values up to 12.4, well 

outside the pH range that will be satisfactory for any receiving waters (Mayes et al., 2008). The 

high pH and calcium loadings of the leachate can also cause high rates of calcium carbonate 

precipitation when there is contact with atmospheric CO2, which can smother benthic 

communities (Hull et al., 2014; Koryak et al., 2002) and restrict light penetration to primary 

producers (Koryak et al., 2002; Roadcap et al., 2005).  

3.1.1 | Calcite precipitation within anthropogenic hyperalkaline sites 

Precipitation of carbonates in anthropogenic sites is highly recommended as a carbon 

sequestration technology (Renforth et al., 2009). The formation of carbonate minerals in 

alkaline environments occurs when CO2 gas is dissolved in the solution and reacts rapidly with 

OH- ions (from portlandite dissolution) to form aqueous carbonate through Eq. (1). 

𝐶𝑎(𝑎𝑞)
2+ + 2𝑂𝐻(𝑎𝑞)

− + 𝐶𝑂2(𝑔) ↔ 𝐶𝑎(𝑎𝑞)
2+ +  𝐶𝑂3(𝑎𝑞)

2− + 𝐻2𝑂(𝑙) ↔ 𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑙)(1) 

The rate of this reaction is governed by equation 2 (Dietzel et al., 1992): 

𝑟 = 𝐶𝑂 . (𝐷. 𝑘. [𝑂𝐻−])0.5  (2) 
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In this equation k is the rate constant (cm3.mol-1. s -1) for hydroxylation, D is the diffusion 

coefficient of CO2 through the liquid (cm2 s-1) and Co the CO2 concentration in solution (mol 

cm-3).  

Post-industrial sites are widespread in the UK as a consequence of the country’s industrial 

heritage and cover approximately 42,000 ha of land. Extrapolating an empirically-determined 

estimate that 30 kg of carbon per m-2 is being sequestered at these sites, Renforth et al. (2009) 

suggested that the United Kingdom alone stores approximately 12.7 Mt C as carbonate in 

brownfield soil, while Riley et al. (2020) estimate a potential carbon store of 138 Mt C in legacy 

slag deposits in the United Kingdom.  

Riley and Mayes (2015) provide an overview of the distribution and mechanisms of calcite 

production in these sites. Statistical analysis of the physicochemical parameters and elemental 

composition of samples reveal multiple significant correlations within the streams affected by 

steel slag leachate. Partial Mann-Kendall (PMK) tests are also used to investigate long-term 

trends, in particular physical and chemical parameters that had the most complete time series 

at these sites (pH, alkalinity, Ca). Transient hydrological events control the use of flow as a 

covariate account for the fluctuations in leachate chemistry. Saturation indices (SI) of 

polymorphs of calcium carbonate provide a useful measure of the propensity of the 

hyperalkaline drainage waters to precipitate carbonate on the benthic habitats affected by the 

slag (Riley & Mayes, 2015).  

However, all these approaches assume that the precipitation of calcite through the system 

is exclusively thermodynamically controlled and is homogeneous in process. More recent 

research reveals evidence that the mineralization process does not conform to these 

assumptions. Rather, precipitation mechanisms vary within a site and can be locally controlled 

by kinetic processes rather than thermodynamic (Bastianini et al., 2019). Microcrystalline, 

sparry calcite crust forming within the water mass of a pool is unlikely to have an identical rate 
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of formation and trace metal incorporation as “snowflake-like” dendritic carbonate crusts 

forming at the bottom of supercritical flows. Moreover, this study also reports microbial 

precipitates (clotted micrite and microbial rim carbonates) (Bastianini et al., 2019), which 

cannot be presumed to be controlled by the thermodynamic properties of the ambient water 

mass (Dupraz et al., 2009). These different crystallization processes may affect where and how 

quickly calcite forms, and even affect how effectively it sequesters trace elements (Saunders et 

al., 2014), including harmful pollutants (Burke et al., 2013; Czop et al., 2011; Mayes et al., 

2011; Chaurand et al., 2007; Gomes et al., 2016, 2018; Hobson et al., 2017).Consequently, 

there is considerable value in investigating the sedimentology of these sites as a means to 

unlock a more highly resolved and process-based understanding how fast carbonate forms, 

where it accumulates, how long it will be preserved and how efficiently it coprecipitates 

contaminants. The origin of carbonate sediments can also impact their post-depositional 

physical properties (fine powder or lithified crusts) conditioning their use as permanent or 

transient earth surface carbon and environmental pollution sinks (Renforth et al., 2009). 

3.1.2 | Terrestrial carbonate sedimentology 

Although the sedimentology of anthropogenic carbonates is in its infancy, significant 

insight can be gained by comparison with better-known tufa (ambient temperature spring, river, 

lake and swamp carbonate) and travertine (geothermally influenced) systems (Ford & Pedley, 

1996; Capezzuoli et al., 2014; Della Porta, 2015; Pentecost, 2005). At whole-system scales for 

both tufa and travertine, carbonate sediment forms due to high supersaturation levels with 

physico-chemical precipitation (i.e. that regulated by classic thermodynamic considerations) 

occurring in a manner analogous to that assumed by hyperalkaline sites. The primary difference 

is that carbonate is generated by CO2 degassing from excess dissolved bicarbonate (eqn. 3; 

Emeis et al., 1987)) as opposed to CO2 in-gassing driven by excess dissolved hydroxide (eqn. 

1; Clark & Fontes, 1990; Andrews et al., 1997)) 
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𝐶𝑎(𝑎𝑞)
2+ + 2𝐻𝐶𝑂3(𝑎𝑞)

− ↔ 𝐶𝑎(𝑎𝑞)
2+ + 𝐶𝑂3(𝑎𝑞)

2− + 𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂(𝑙)  

↔ 𝐶𝑎𝐶𝑂3(𝑠) + 𝐶𝑂2(𝑔)  + 𝐻2𝑂(𝑙)(3) 

Calcite does not precipitate directly from bicarbonate, making the pH-related conversion of 

HCO− 3(aq) to CO3
2-

(aq) a potential limit on precipitation rate (Dreybrodt et al., 1997) rather than 

hydroxylation of CO2 as shown in equation 3. This is demonstrated by the observation that 

precipitation can be slow immediately adjacent to the spring, but rapid a few tens or hundreds 

of metres downstream (Dandurand et al., 1982). Precipitation rates of CaCO3 from 

supersaturated solutions in the H2O - CO2 - CaCO3 system are controlled by three rate-

determining processes: the kinetics of precipitation at the mineral surface, mass transport of 

the reaction species involved to and from the mineral surface, and the slow kinetics of the 

overall reaction (Benning & Waychunas, 2008; Dreybrodt et al., 1997; Luttge, & Arvidson, 

2010; Teng et al., 2000; White, 2020): 

𝐻𝐶𝑂3(𝑎𝑞)
− +  𝐻(𝑎𝑞)

+ +↔ 𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂(𝑙)(4) 

Turbulent flow and active agitation increase the area of the air–water interface and therefore 

promotes gas exchange (Rogerson et al., 2014). Consequently, precipitation may be enhanced 

at waterfalls and rapids by the same mechanism as occurs at springs (Chen et al., 2004), 

although physical calculations suggest this change is actually rather small (Hammer et al., 

2010). The clear geomorphological evidence for enhanced carbonate precipitation at fast-

flowing sites (Arenas et al., 2014) may therefore arise from processes other than gas exchange. 

At stagnant sites, all supply of ions to or from a growing crystal on the sediment surface is 

controlled by diffusion. As diffusion may be slower than precipitation, the water reacting with 

the crystal surface can become depleted in alkalinity, suspending the reaction. At sites with 

flowing water, vertical movement of ions is mostly by advection, a process that is orders of 

magnitude more rapid than diffusion. Flow separation occurs at the water–sediment interface 

forming a "diffusive boundary layer” across which ions are exchanged slowly, but these are 

thin if the shear velocity in the water is high (Benning & Waychunas, 2008;  Liu & Dreybrodt, 



77 
 

1997; Luttge, & Arvidson, 2010; Teng et al., 2000; White, 2020; Zaihua et al., 1995). 

Consequently, alkalinity supply to the surface of a crystal growing under a rapid flow is 

sustained by accelerated resupply of alkalinity (Rogerson et al., 2014).  

The influence of microbial biofilms further complicates mineral formation in travertine and 

tufa sites, both via metabolic effects and via the influence of microbially produced extracelluar 

polymeric substances (EPS). The EPS monomers and polymers serve as a physical substrate 

for carbonate precipitation and, by extension, are passively or actively incorporated within the 

carbonate mineral product (Bosak & Newman, 2005; Braissant et al., 2007; Dupraz et al., 

2009). This results in an array of complex processes, some of which are an active part of 

microbial ecological mechanisms and others are passive processes resulting from the presence 

of cells and EPS within sites where carbonate sediment production is already 

thermodynamically favoured. Following the definitions of Dupraz et al. (2009), biologically-

induced mineralization involves an active if indirect action of the biota on the surrounding 

chemical microenvironment that results in carbonate precipitation. Biologically-influenced 

mineralization (the passive mineralization of an organic substrate) is a purely chemical process, 

but not truly abiotic as the organic matter is biologically produced. The source of alkalinity 

(which could be physicochemical, or metabolic) is also needed to characterise the biogenicity 

of a carbonate deposit (Gomes et al., 2016, 2018).  

Differentiating the influences exerted by abiotic processes and biologically influenced 

mechanisms in the formation and early diagenesis of non-skeletal carbonates still remains 

problematic (Fouke, 2011; Wright, 2012; Capezzuoli et al., 2014; Brasier et al., 2015), and 

non-skeletal carbonates show a wide range of petrographic fabrics due to interactions between 

physico-chemical and biologically-influenced mechanisms (Arp et al., 2010; Mercedes-Martín 

et al., 2021a, 2021b). However, these studies provide great insight into what deviation from 
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thermodynamic equilibrium processes might be expected to experience within hyperalkaline 

leachate sites and provide a foundation for their investigation. 

Here, different styles of calcite precipitation are investigated in anthropogenic 

carbonates with the aim of comparing them with better-known naturally occurring systems to 

evidence the potential drivers, precipitation mechanisms, morphological similarities, 

predictability in 3D facies distributions and depositional models of these systems. This study 

will focus on two sites (Figure 3.1): Consett, a steel-slag leachate system in County Durham 

(United Kingdom), and Brook Bottom from Derbyshire (United Kingdom), a cement lime kiln 

waste environment. 

3.2 | WHAT DO WE ALREADY KNOW ABOUT ANTHROPOGENIC CARBONATE 

MICROFACIES?  

An initial investigation of anthropogenic carbonate precipitate facies is reported by 

Bastianini et al. (2019) for the Consett site further investigated here.  The findings of this study 

were summarised (Supplementary Figure 3.S1) before building on them with further analyses 

of that site and additional material from Brook Bottom.   

Clotted micrite 

Clotted micrite is made up of a brown micritic matrix composed of fine homogeneous 

rounded micrite peloids (Supplementary Figure 3.S1). Individual micrite grains reach up to 7 

µm in diameter and under SEM inspection two types of calcite crystals were identified, 

prismatic tetrahedra ca 70 µm in diameter and double-terminated crystals with abundant 

twinned faces 100 µm in diameter. Intermingling of these heterogeneous fabrics enhance the 

clotted aspect recognised in thin sections. Diatoms are common components within this 
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microfacies. These have a microbial origin, although the balance of bio-influenced and bio-

induced is not known (Pedley, 1992).  

Microbial Rim 

This microfacies corresponds to thin black layers (180–250 µm thick) of dense micrite 

characterised by the presence of diverse microbial remains such as biodegraded biofilm or leaf 

material (Supplementary Figure 3.S1). These have a microbial origin, probably from the 

breakdown of biofilms, so they are considered as being largely bio-influenced. 

Carbonate dendrite 

Dendrites are constituted by light-grey calcite crystals growing radially forming flower-

like geometries and are made up of elongated, polycrystalline calcite giving rise to V-shaped 

fans that grow upon surface fronts (Supplementary Figure 3.S1). Fans average 580 µm in length 

and 120 µm in width. These are only found in proximal sites which have very high mineral SI. 

They are associated with high rates of kinetic mineralization promoting polycrystal formation.   

Calcite Shrub 

Figure 3.S1: Previous fabrics after Bastianini et al. (2019). (A) Clotted micrite (B) Microbial rim (C) 

Carbonate Dendrite (D) Calcite shrub (E) Cluster-shaped calcite (F) Multi-shaped carbonate (G) 

Sparry carbonate crust (H) Blocky calcite. 
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Calcite shrubs are a particular subset of dendritic fabrics made up of light grey-green 

botryoidal crystal fans, 1–1.5 mm in height and stacked on each other as inverted cones 

growing on top of discontinuous horizons (Supplementary Figure 3.S1). Botryoids are 

internally composed of very coarse subhedral to euhedral, elongated rhombohedral crystals 

forming bladed aggregates (60 µm in length) with their c-axis radiating from a previous 

substrate. In places, the shrubs are surrounded by diatoms and bacterial filaments. Aggregates 

of bladed crystals tend to develop a high intercrystalline microporosity.  

Cluster-shaped calcite 

Cluster-shaped calcite appears as translucent white crystals ranging from 20 to 500 µm 

in length. They form a matrix made up of coarse euhedral tetrahedrons and double terminating 

crystals with many cluster faces, which are surrounded by a black biodegraded biofilm. The 

carbonates of this microfacies display extremely high intercrystalline porosity. Cluster-shaped 

calcite developed among bacterial filaments with an organic film forming a sticky, thin black 

layer around crystals which could correspond to EPS. The organic components associated with 

the micritic matrix of this facies along with its chemical characteristics (high alkalinity, 

medium pH and SI) suggest that they come from biologically influenced mineralization. 

Multi-shaped calcite 

The term multi-shaped calcite refers to translucent, white, delicate crystals (100–550 

µm in diameter) displaying rounded external morphologies and grain-to-grain contact. These 

calcite crystals also exhibit trigonal, arrow and heart-shaped morphologies which seem to 

correspond to coarse-grained carbonate slightly reworked and stacked together. A black 

organic substance surrounds some crystals, which appears to be leaf material. This reworked 

microfacies is made up of a mixture of mineralized and organic debris.  

Sparry carbonate crust 
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Sparry carbonate crust comprises thick sparite crusts (500–2,500 µm thick) made up of milky 

white to grey calcite. The partially developed crystal faces produce a very coarse, subhedral 

morphology. Some crystals are covered by black organic remains corresponding to degraded 

biofilm. Given the nature of these crystals, they develop very low intercrystalline porosity. 

These are diffusively grown single-crystals, associated with relatively low rates of kinetic 

crystallization.  

Blocky calcite 

Blocky calcite corresponds to single, very large crystals 500–1,500 µm in diameter, 

where the crystals are milky white to translucent grey. The coarse-grained euhedral crystals 

show distinct crystal boundaries. These appear to be a secondary phase, infilling and replacing 

primary fabrics and dispersed within primary materials.  

3.3 | MATERIAL AND METHODS  

3.3.1 | Field work and data collection 

Samples were collected during May 2013 along pre-established calcite saturation index 

(CSI) transects (Mayes et al., 2008, 2018; Riley & Mayes, 2015) within Dene Burn, Howden 

Burn and Brook Bottom (Figure 3.1). In these streams, calcite saturation is enhanced by 

alkaline discharges within the former Consett Iron Steelworks and Old Lime kiln in Brook 

Bottom.  
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The site in Consett was operational from the middle of the nineteenth century until 

decommissioning in the early 1980s (Figure 3.1). Waste up to 45 m deep, including slag, flue 

dusts, ashes and construction and demolition rubble were accumulated after closure in an area 

of 2.9 km2 (Harber & Forth, 2001). These materials are now stored in landfill, and the leachates 

emerging from them are alkaline ([OH−] = 10–130 mg L−1; [CO3
2−] = 10–110 mg L−1; [HCO3

−] 

= 110 mg L−1) due to meteoric waters inter-acting with the mixed industrial residue materials 

in the subsurface (Mayes et al., 2008, 2018; Riley & Mayes, 2015). Five carbonate samples 

Figure 3.1: (A) Location map of the Brook Bottom (BB) samples (BB1, BB13, BB10 fresh, BB10 old 

deposit, BB16) where the yellow part represents the carbonate deposit. (B) Topographic map with the 

Brook Bottom samples (BB1, BB13, BB10 fresh, BB10 old deposit, BB16) after Ordnance Survey map. 

(C) Location map of the Consett (C) freshwater samples in Howden Burn (C6) and Dene Burn (DB) 

(C4, C5, DB6, DB12, DB18) after Historic OS maps. (D) Topographic map with the Consett freshwater 

samples in Howden Burn (C6) and Dene Burn (C4, C5, DB6, DB12, DB18) after Ordnance Survey 

map. 
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were studied (C4, C5, DB6, DB12 and DB18) from Dene Burn (Figure 3.1) with a further one 

(C6) from Howden Burn (Figure 3.1). Partial results from two of these samples (C4 and C5) 

were reported in an earlier study (Bastianini et al., 2019).  

Brook Bottom near Buxton, Derbyshire (53°14′07″N, 001°55′03″W) is a spring-fed 

flush, the source of which drains (and likely rises in) extensive lime kiln spoil deposits (Gunn, 

1998).  The Brook Bottom Springs emerge from the base of lime spoil associated with the 

former Harpur Hill Limeworks which operated between 1835 and 1952 (Milodowski et al., 

2013).  Highly alkaline leachate emerges at the Brook Bottom Springs with water pH typically 

in excess of pH 11.3 and dominated by Ca-OH facies (Charles et al., 2019). Four samples of 

secondary carbonates (BB1, BB10, BB16 and BB16) were collected at Brook Bottom from the 

extensive deposits in the valley floor between the source zone to the south of the site and the 

drainage stream to the north (Figure 3.1). 

During sampling, on-site measurements of major physicochemical parameters (pH, 

electrical conductivity and water temperature) were performed using a Myron L Ultrameter® 

calibrated on each sample day with pH 4, 7 and 10 buffer solutions and a 1,413 µS conductivity 

standard, to confirm the system had not changed since previous sampling. Sample alkalinity 

was also obtained in the field using a two-stage titration against 1.6 N H2SO4 with 

phenolphthalein (to pH 8.3) and bromocresol green-methyl red indicators (to pH 4.6) to 

facilitate calculation of the constituents of sample alkalinity [i.e., hydroxyl, carbonate and 

bicarbonate alkalinity using the United States Geological Survey alkalinity calculator (U.S. 

Geological Survey, 2014)]. For each sample, three polypropylene bottles were filled, one of 

which was acidified with trace analysis grade concentrated HNO3 (for total cation and trace 

element analysis), one of which was filtered (with 0.45 µm cellulose nitrate filters) prior to 

acidification (for dissolved cation and trace element analyses) and the other left untreated (for 

anion analysis). 
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The CSI, ionic strength and Ca2+ and CO3
2- ion activity were obtained with PHREEQC 

Interactive software. The kinetic calcite growth rate (R) was calculated following the formula 

established by Wolthers et al. (2012): 

𝑅 = 𝐼−0.004 𝑝𝐻−10.71𝑟𝑎𝑞
−0.35(𝑆 − 1)2  

where I is the ionic strength, raq = {Ca2+} / {CO3 
2−} activity ratio, S is the saturation ratio 

(Ω1/2) and R is expressed in m s −1. 

3.3.2 | Mineralogy 

X-ray powder diffraction (XRD) data were collected from ground samples (BB1, BB10, 

BB16, C4, C5, C6, DB6) mounted in stainless steel sample holders on a PANAlytical 

Empyrean diffractometer operating with Cu Kα1 radiation. Data were collected between 5 ≤ 

2θ/ ◦ ≤ 80 with a step size of 0.0262606◦ and a counting time of 304.725 s per step. Raw data 

were examined using the program PANAlytical HighScore (Plus) in conjunction with the PDF2 

database (Gates-Rector & Blanton, 2019). 

3.3.3 | Petrographic analyses 

Optical petrography was performed with a GXM-MXP Series L3230 optical 

microscope at the University of Hull. Twelve thin sections were imaged with a flat-bed scanner 

to allow textural mapping of microfacies. Seven cuttings were carbon coated and four thin 

sections were imaged by Scanning Electron Microscopy (SEM) with a Zeiss EVO60 at beam 

currents of ca 40 µA and ca 20 kV EHT accelerating voltage (University of Hull). False colour 

Back-Scattered Electron images (BSE) were taken on four thin-sections to obtain high 

resolution compositional maps to better characterise the distribution of mineral-organic phases. 

An Oxford Instruments Peliter-cooled type X-Max 80 Energy Dispersive X-ray Spectroscopy 

(EDX) system was used to determine the abundance of specific elements in thin-sections and 

cuttings.   
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3.3.4 | Terminology 

The terminology used for petrographic descriptions follows the nomenclature of Pedley (1992), 

Jones et al. (2005) and Flügel (2013). The definitions of Mercedes-Martín et al. (2021) for 

single crystals and polycrystals are also employed in this study. A single crystal corresponds 

to a solid object with only one grain or crystal and hence, no grain boundaries in which an 

orderly three-dimensional arrangement of the atoms, ions or molecules is repeated throughout 

the entire volume (Jones et al., 2005). A polycrystal is an aggregate of several crystals or grains 

where the boundary between the grain is the grain boundary across which the orientation of the 

crystal changes and the point at which three boundaries meet is called the triple junction. The 

term “crystal shrub” was taken from Cook and Chafetz (2017) (see their figure 3C,D): “Shrubs 

occur in laterally continuous layers commonly 1 to 1.5 cm thick and vertically stacked shrub 

laminae form accumulations 10′s of centimetres in thickness. Individual laminae are composed 

of either a layer one shrub high or multiple shrubs stacked on top of each other. Crystal shrubs 

display a general overall branching outward pattern, and do not display any crystallographic 

influenced morphology”. These arrangements differ from those recognised in carbonate 

dendrites, which uses the definition of Jones et al. (2005): “100–200 nm thick calcite fibres 

that form 3D lattice-like domains and where fibres in each dendrite have three structurally 

equal orientations.” The terminology of Brasier et al. (2015) is used here for “sparry calcite 

crusts”. 

3.4 | RESULTS 

3.4.1 | Hydrochemistry 

Hydrochemistry at each of the sampling sites on the day of sampling is summarised in 

Tables 3.1 and 3.2, and is consistent with previous (Mayes et al., 2008) and more recent (Hull 

et al., 2014; Riley & Mayes, 2015; Hobson et al., 2018; Mayes et al., 2018) monitoring of these 
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systems. Some calcium is sourced from background seepage of karst groundwater into both 

streams, but the majority is derived from steel slag leachate in the form of Ca(OH)2. Although 

Ca2+ (aq) is elevated throughout all three streams, it is dramatically enhanced in the relatively 

proximal parts of Howden Burn (161–239 mg L−1) and Brook Bottom (226-745 mg L−1) even 

compared to the more proximal Dene Burn (11 to 14 mg L−1). Carbon dioxide is supplied to 

the system from the air, and in-gasses vigorously due to the high pH of the stream waters (Eq. 

1). Total alkalinity is thus high where pH is high (55–66 mg L−1 at Dene Burn, 264 mg L−1 

at Howden Burn and 14 to 219 mg L−1 at Brook Bottom). Given this water composition, it is 

unsurprising that the CSI is also very high (+0.04 to +2.71), and mineral precipitation is high 

enough to be lethal to local microbenthos by smothering (Hull et al., 2014). 
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Table 3.1: Hydrochemistry dataset of the Brook Bottom samples including pH, temperature, major ion 

concentrations, total alkalinity, calcite saturation index, ionic strength, activity and calcite growth rate. 
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Table 3.2: Hydrochemistry dataset of the Consett samples including pH, temperature, major ion 

concentrations, total alkalinity, calcite saturation index, ionic strength, activity and calcite growth rates 

from the research works of Mayes et al. (2008, 2018), Hull et al. (2014), Riley and Mayes (2015), 

Hobson et al. (2018) 
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There is a significant hydrochemical gradient between the Dene Burn and Howden 

Burn streams and between the most proximal sites at Brook Bottom (BB1 and “tunnel” – see 

Figure 3.1A) and the most distal sites (BB10-BB16; Table 3.1 and 3.2, Figures 3.1 and 3.2). 

Conductivity, pH, alkalinity, CSI and R are dramatically more elevated in Howden Burn ([pH 

= 11.5]; [conductivity = 2165 µS]; [alkalinity = 264 mg.L−1]; [CSI = 2.3]; [R = 4.4.10–10 m.s−1]) 

than in Dene Burn ([pH = 9 – 10.7]; [conductivity = 425–450 µS]; [alkalinity = 55–66 mg L-1 

]; [CSI = 0.04–0.96]; [R = 9.10–13 – 3.10–11m.s−1]) (Table 3.2). Similarly, the same parameters 

are considerably elevated in BB1 and “tunnel” ([pH = 12.57-12.59]; [conductivity = 8273-8290 

µS]; [alkalinity = 190-219mg.L-1]; [CSI = 2.65-2.71]; [R = 1.55.10–7-1.87.10–7 m s−1])  

compared to BB10, BB13 and BB16 ([pH = 12.06-12.34]; [conductivity = 2374-4648 µS]; 

[alkalinity = 14-77mg.L-1]; [CSI = 0.43-2.21]; [R = 2.4.10   –14 -1.2.10–7m.s−1]). 

Location C4 in Dene Burn has the lowest CSI (0.04), then followed in increasing order 

by locations C5 (0.25), BB16 (0.43), C2 (0.67) and C1 (0.96) (Tables 3.1 and 3.2). In Howden 

Burn and Brook Bottom, the values are almost doubled at the C6 (2.3), BB13 (1.96), BB10 

(2.21), “tunnel” (2.65) and BB1 (2.71) sites (Tables 3.1 and 3. 2) due to higher concentrations 

of carbonate (100–208 mg.L-1) and calcium (160–745 mg.L-1 ) (Tables 3.1 and 3.2, Figures 3.1 

and 3.2). 
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The R is lowest at location DB18 (5.03.10–13m.s−1), then increases quite progressively 

at locations C5 (9.8.10–13m.s−1), DB12 (1.30.10–11. s−1), DB6 (3.1.10–11m s−1), C4 (3.4.10–

11m.s−1) (Table 3.2). In Howden Burn, R is much higher (C6: R = 4.4.10–10m.s-1) (Table 3.1). 

In Brook Bottom, R is high in the more proximal sites BB13 (1.5.10–7m.s−1), BB10 (1.2.10–

7m.s−1), “tunnel” (1.5.10–7m.s−1) and BB1 (1.9.10–7m.s−1) and is the lowest at the most distal 

location BB16 (2.4.10–14m.s−1). This places proximal Brook Bottom at even higher rates of 

crystal formation than those reported at Consett, meaning that although the two sites largely 

overlap in terms of their hydrochemistry the highest rates of mineral formation should occur 

only at proximal Brook Bottom and the slowest only at distal Dene Burn. 

3.4.2 | Depositional environments and carbonate microfacies  

Three distinct depositional environments are observed within Consett and Brook 

Bottom settings, here termed the proximal, middle and distal zones.  These sites all extend over 

Figure 3.2: Environmental pictures of the downstream transects of Howden Burn, Dene Burn and Brook 

Bottom with the localisation of the riffle, waterfall, and woodland. 
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2.5 km in length, and after rising the water is affected by the local temperate climate 

characterised by relatively dry and high temperatures (average temperature16°C) during 

summer and rainy and cold winters (average temperature 4°C) (Riley & Mayes, 2015) 

developing typical farmland vegetation with grasses, riparian trees and groundcover. A single 

depositional model can be applied to all three streams, with the tripartite division based on both 

macro-scale geomorphology and the type and nature of carbonate sediment found within the 

deposits.  

Proximal zone 

The proximal zone is characterised by swamp environments with soft barrages (ca 30 

cm tall) and pools developed (locations BB1, BB10, C6, C5 and C4 on Figure 3.2). The water 

is milky, and the water is almost stagnant (flow velocity less than 1 cm.s-1). Carbonate 

precipitation is so high that channels are quickly filled with fine carbonate sediment, and the 

water spreads and flows like a film no thicker than 10 cm. Accommodation space is quickly 

Figure 3.3: (A) Original thin sections from the Brook Bottom (BB) (BB1, BB13, BB10 fresh, BB10 old 

deposit, BB16) and Consett (C) freshwater samples in Howden Burn (C6) and Dene Burn (DB) (C4, 

C5, DB6, DB12, DB18) with the locations of the optical microscope images. The locations are 

respectively designated by the number of the figure from this manuscript followed by the letter 

corresponding to the subsection in the figure. (B) Interpreted thin-sections with the colours 

representing the different microfacies. The locations of the optical microscope images are respectively 

designated by the number of the figure from this manuscript followed by the letter corresponding to the 

subsection in the figure. 
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filled by deposits dominated by rafts of globular sparry calcite crust, clotted micrite and shrub 

carbonates (Figures 3.2 and 3.3; facies discussed below).  

Middle zone 

High precipitation rates (3.10-11–1.5.10-7 m.s-1) allows for continued rapid 

crystallization of carbonate, but the style of precipitation changes to favour formation of taller 

barrages (ca 80 cm in height) at BB13 and DB6 (Figure 3.2). These accumulate a range of 

components including rafts, clotted micrite and cluster-shaped carbonates (see Figure 3.3 and 

below). The water is still milky, but the water velocity is high (10cm.s-1 – 1m.s-1) when flowing 

vertically down the barrages. 

Distal zone 

This zone records the lowest sedimentation rates (2.10-14 – 1.10-11 m.s-1) which occur 

in low relief waterfall settings. The water is clearer, and the water velocity becomes slow again 

overall (ca 1 cm.s-1), although water moves nearly vertically on waterfall faces. The carbonate 

precipitation is just consuming the available accommodation space in BB16, DB12 and DB18, 

but pools between aggradational barrages may be several tens of centimetres deep. Close to 

these barrages (ca 50 cm in height), the energy in the system is still high depositing carbonate-

coated microbial filament, clotted micrite and neomorphic sparry calcite crust microfacies (see 

Figure 3.3 and below). 

3.4.3 | Macroscopic description 

All samples are light brown limestone with dark brown laminations except for the C6 

sample which is light beige with beige brown laminations in a circular ring structure (Figure 

3.4). The samples from Brook Bottom (BB1, BB10 fresh deposit, BB10 old deposit, BB13, 

BB16) are very friable compared to those of Consett. 
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3.4.4 | Microfacies descriptions 

In addition to those fabrics summarised from previous studies in Section 2, seven 

additional types of microfacies have been identified on the basis of fabric, mineralogy and 

texture (Figure 3.3). 

3.4.4.1 | Microfacies 1: Coated vegetative remains and carbonate rafts (proximal zone) 

This microfacies is made up of a poorly-sorted assemblage of flat vegetative remains coated 

by calcite (Figure 3.5A), and also carbonate rafts forming intraclastic accumulations with high 

interparticle porosity (Figures 3.3 and 3.5C,D). Flat organic remains correspond to fragmented 

and whole specimens of leaves 50 µm to 2 mm in length, and 50 µm to 200 µm in width. The 

Figure 3.4: Macroscopic images of the Brook Bottom (BB) (BB1, BB13, BB10 fresh, BB10 old deposit, 

BB16) and Consett (C) freshwater samples in Howden Burn (C6) and Dene Burn (DB) (C4, C5, DB6, 

DB12, DB18). 
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external surface of these plant fragments shows multiple arcuate vault structures which are 

internally filled and externally coated by a cloudy, brown-coloured sparry calcite (Figure 

3.5C,D) or even coated by globular sparry calcite crust microfacies 3 (Figure 3.5B). In some 

cases, polycrystalline calcite globular aggregates 50 to 100 µm thick can grow to form 

elongated structures resembling pure carbonate rafts (sensu Taylor & Chafetz, 2004) (Figure 

3.5C).  

3.4.4.2 | Microfacies 2: Micro-peloidal and clotted micritic fabric (distal zone) 

Unlike the previous study of Bastianini et al. (2019), this microfacies is composed of  a highly 

porous and patchy micro-peloidal micritic texture of yellowish and pale brown colour (Figure 

3.6A,B) ) that can alternate with more laminated textures. Dense clotted fabrics form lumpy 

masses and, on some occasions protruded filamentous structures are recognised growing 

perpendicular to the laminae (Figure 3.6A,B).  This microfacies host abundant inter-crystalline 

porosity with cavities between 10 µm and 1 mm in diameter (Figure 3.6A,B).  

3.4.4.3 | Microfacies 3: Carbonate-coated microbial filament (middle zone) This 

microfacies is here referred to as delicate filamentous structures (ranging from 100 to 2,500 

µm in length) coated by translucent white euhedral to anhedral calcite crystals (Figure 3.7A). 

In some adjacent areas, carbonate grains are clearly detached from microbial filaments forming 

intraclastic accumulations (Figure 3.7B) already described in Consett (see Figure 7B and 

cluster-shaped carbonates in figure 11 from Bastianini et al., 2019). 
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Calcite crystals range between 5 to 30 µm in height and agglutinate around organic-

rich filaments forming lumps. Coarse, euhedral tetrahedrons and double terminating crystal 

morphologies are recognised (Figure 3.7A). This microfacies displays an extremely high 

intercrystalline porosity with cavities fluctuating between 10 µm and 2 mm in diameter. 

 

Figure 3.5: Coated vegetative remains and carbonate raft (microfacies 1). (A) Assemblage of brown 

coloured, flat and elongated vegetative remains (arrow) coated by calcite thin films. (B) Some flat 

remains (arrow) are covered in globular sparry calcite crusts (Gs); interparticle porosity (p) is very 

abundant. (C) SEM photomicrograph of carbonate rafts (R) covered by multiple arcuate vault 

structures (Vs) consisting of cloudy, brown-coloured sparry calcite. (D) BSE-SEM image of poorly 

sorted carbonate rafts covered by vault structures (VS). Some polycrystalline calcite globular 

aggregates (pcg) can grow laterally to form elongated structures. (E and F) XRD pattern and EDX spot 

analysis, respectively, indicating a calcite mineralogy. 
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3.4.4.4 | Microfacies 4: Globular sparry calcite crust (proximal zone) 

Similar to the sparry fabrics reported by Bastianini et al. (2019), the sparry carbonate 

microfacies consists of globular arrangements of isopachous fans within 500 µm to 2 mm thick 

crusts made up of milky white to pale brown calcite (Figure 3.8A,B). The colour differences 

in the laminae might be explained by oxidation/reduction conditions changing during spar 

growth resulting in more or less Mn or Fe trapped in the calcite lattice.   However, here sparry 

crusts nucleated upon clotted organic templates (Figure 3.8A, B), extending upwards and 

laterally. In some examples, carbonate rafts became coated with sparry carbonate crusts 

indicating a close relationship between microfacies (Figure 3.5B). Globular sparry calcite fans 

grew outward and laterally forming homogeneously thick bands punctuated by laminae that 

Figure 3.6: Micro-peloidal and clotted micritic (microfacies 2). (A and B) Patchy micropeloidal 

micritic textures (pel) alternate with laminated textures (arrows). Filamentous clotted structures can 

be seen perpendicular to laminae (fil-pel). In some cases, lumpy micropeloidal masses (lum-pel) 

develop in association with laminated textures. Abundant inter-crystalline porosity (p) is observed in 

this microfacies.(C and D) SEM images of the microfacies clotted micrite. XRD pattern and EDX spot 

analysis, respectively, indicating that calcite and quartz are present. 
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can be traceable between fans. Darker laminae tend to be thinner (30 µm to 90 µm in thickness) 

than lighter laminae (100 µm to 150 µm in thickness). Fans interfered with each other 

demonstrating that competitive growth took place. Most of the fans terminated in smooth 

curved surfaces. This microfacies displays a high intercrystalline porosity with cavities 

between 100 and 2,000 µm in diameter (Figure 3.8A,B). 

3.4.4.5 | Microfacies 5: Neomorphic sparry calcite crust (distal zone) 

Neomorphic sparry crust consists of 500 µm –2.5 mm thick layers of milky white to 

grey sparry calcite crystals (Figure 3.9A through D). Microbial to micropeloidal and organic-

rich substrates are present at the base of the sparry crust, indicating nucleation on top of them 

(Figure 3.9A). Sparry crusts are made up of isopachous fans where globular arrangements are 

less well defined. Indeed, EBS-SEM observations (Figure 3.9C, D) indicate that these crystals 

Figure 3.7: Carbonate-coated microbial filament (microfacies 3). (A) Double terminating calcite 

crystal morphologies agglutinated around organic-rich filamentous structures (arrows) forming crystal 

lumps. High intercrystalline porosity (p) is recognised between filaments.  (B) Double terminating 

calcite crystals can be detached from microbial filaments forming intraclastic accumulations embedded 

in organic-rich matrices (o). (C and D) XRD pattern and EDX spot analysis, respectively, indicating 

that calcite is the predominant mineralogy. 
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underwent dissolution and recrystallization leaving the interstices filled with organic-rich 

materials. The cracks seen in the crusts are more common at the surface and extend to different 

depths. The arrangement of the fissures and the overall integrity and continuity of the crusts 

along the samples advocates towards an authigenic origin rather than a pure intraclastic 

accumulation of calcite debris.  For these reasons, fissures are considered to have formed by 

dissolution processes. 

Figure 3.8: Globular sparry calcite crust (microfacies 4). (A and B) Thick isopachous calcite fans with 

globular arrangements (Gs) growing on top of clotted peloidal templates (arrows). Fans consist of thin 

darker laminae and thick lighter laminae extending laterally. Competitive growth defines sharp 

boundaries between fans (cg). This microfacies displays a high intercrystalline porosity (p). (C) SEM 

image showing the external smooth curved surfaces of the fans (Gs). (D) BSE-SEM image displaying 

sparry crusts growing on top of organic substrates (arrows). Note thin concentric, darker laminae 

within fans. (E and F) XRD pattern and EDX spot analysis, respectively, indicating that calcite is the 

predominant mineralogy. 
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3.4.4.6 | Microfacies 6: Crystal shrub fan (proximal zone) 

The crystal shrub fan microfacies consist of light grey-white botryoidal crystal fans 1–

3 mm in height and stacked on each other as inverted cones growing on top of discontinuous 

horizons (Figure 3.10A through D) (compare with shrub facies in Bastianini et al., 2019, their 

figure 10). Botryoids are internally composed of very coarse subhedral to euhedral, elongated 

rhombohedral crystals forming bladed aggregates (60 µm in length) (Figure 3.10A through D) 

with their c-axis radiating from a previous substrate (Figure 3.10A through D). Bladed crystal 

aggregates tend to develop incipient intercrystalline microporosity (Figure 3.10A through D).  

In this study, analysis of a larger number of samples allows at least three generations 

of shrubby bands to be recognised throughout the crusts (Figure 3.10A, B). Every shrub 

generation is interrupted by a thin organic rim which is seen covering previous botryoidal 

terminations. Shrub bifurcations tend to be more developed in terminal stages where individual 

shrub branches show more defined limits and sometimes the presence of trapped or infiltrated 

organic matter (Figure 3.10A, B). A black degraded biofilm and some diatoms are found 

surrounding the crystals (Bastianini et al., 2019). 

3.4.4.7 | Microfacies 7: Dendrite carbonates (proximal zone) 

Dendrite carbonates are light grey, tree-shaped calcite polycrystals showing multiple 

levels of branching (Figure 3.11A through D, see also Bastianini et al., 2019, their figure 9). 

These crystals, up to 3 cm long and 0.2 cm wide, are compact because they have only short 

secondary and tertiary branches (Figure 3.11B). Each branch consists of numerous thin (up to 

0.2 mm thick), plate-like calcite crystals that are stacked “en echelon” (Figure 3.11A through 

C) (see Jones et al., 1996). The orientation of these crystals in the primary and secondary 

branches of the same crystal is analogous. These crystals are surrounded by a dark organic 

substance (Figure 3.11A, B).  
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3.4.5 | Mineralogy 

The XRD data show that all the samples are highly crystalline and correspond to pure 

calcite (Figures 3.5E, 3.7C, 3.8E and 3.9E) except C4, C5, C6 (corresponding to  shrub, clotted 

micrite and dendrite mirofacies respectively) (Figures 3.6C, 3.10E and 3.11E) which contain a 

small quantity of quartz (3-5%). The EDS measurements exhibit the limited presence of Al 

Figure 3.9: Neomorphic sparry crust (microfacies 5). (A and B) Neomorphic sparry crusts growing on 

top of organic-rich substrates (arrows).  Corroded areas (cor) through irregular surfaces on the 

external part of the crusts are common. (C and D) BSE-SEM images showing cracking of the crusts 

where fissures (cr) reach different depths showing no apparent reworking. (E and F) XRD pattern and 

EDX spot analysis, respectively, indicating that calcite is the predominant mineralogy.   
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(1.7%) and Si (1.7%) within the raft facies.  Clotted micrite show the highest levels of Al (6%), 

Si (10,3%) and Mg (1.35%). Shrub and dendrite contain a high quantity of Si (5%), in addition 

to Al (0.82%) and S (1.10%).  

3.4.6 | Distribution of macrofacies and microfacies 

The proximal zone in both Brook Bottom and Consett is characterised by low-gradient, 

swamp environments that favour the development of soft barrages and pools (Figure 3.12). 

Globular sparry calcite crust, raft, shrub and dendrite calcites constitute the microfacies 

diagnostic of this zone.  

The middle zone corresponds to high barrages allowing the deposition of carbonate-

coated microbial filaments and, less importantly, calcite rafts.  

The distal zone is recognisable by its lower relief waterfall setting developing pools 

between aggradational barrages (Figure 3.12). Neomorphic sparry crust, carbonate-coated 

microbial filament and clotted micritic fabrics are the main deposits of this area. Both Brook 

Bottom and Consett face a major change in microscopic features at the limit of their proximal-

distal zones but the actual microfacies are different depending on the location. In Consett, the 

microfacies evolve from principally shrub and dendrite and minor raft to reworked carbonates 

(carbonate-coated microbial filament and neomorphic sparry crust), whereas the microfacies at 

Brook Bottom evolve from raft and globular sparry calcite crust to neomorphic sparry crust. 

3.5 | DISCUSSION 

3.5.1 | Depositional model according to macrofacies and microfacies distributions 

Macrofacies distribution reveals a common depositional model between Brook Bottom 

and Consett, a conclusion supported by the observed macroscopic features (Figure 3.12).  In 
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both cases, the proximal zone is defined by pools and soft barrages, the middle zone by the 

largest barrages and the distal zone by smaller barrages. It is more challenging to apply a similar 

depositional model for both sites in microscopic terms. The proximal zone at Brook Bottom 

consists of rafts, a globular sparry calcite crust and, less importantly, neomorphic sparry crust 

whereas the Consett microfacies correspond to shrub, dendrite and carbonate-coated microbial 

Figure 3.10: Crystal shrub (microfacies 6). (A and B) Light grey-white botryoidal crystal fans 1–3 mm 

in height and stacked on each other as inverted cones growing on top of discontinuous horizons 

(arrows).  (C and D) BSE-SEM images showing bladed crystal aggregates developing incipient 

intercrystalline microporosity (arrows). (E and F) XRD pattern and EDX spot analysis, respectively, 

indicating that calcite and quartz are present.   
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filament. Nevertheless, both sites display intraclastic carbonate-coated microbial filaments or 

reworked carbonates (neomorphic sparry crusts) in the proximal zone while Consett shows 

minor deposition of rafts in the most proximal zone, identifiable at the macro-scale (Figure 

3.2). The middle zone shows continued deposition of calcite rafts at Brook Bottom and altered 

carbonates (neomorphic sparry crust and carbonate-coated microbial filament) at Consett. 

Neomorphic sparry crusts at Brook Bottom and carbonate-coated microbial filaments at 

Consett are also characteristic of the distal zone in addition to clotted micrite.  

While biofilm growth is more developed at Consett, biofilms at Brook Bottom occur 

only as discoloured pale and homogenous sediment crusts. The higher degree of bio-influence 

at Consett is confirmed by the SEM images which show more abundant diatoms at Consett, as 

indicated by the higher Si elemental composition (using EDX), and also the presence of quartz 

minerals (Goswami et al., 2012) (Figures 3.6, 3.10 and 3.11).  This significant difference is 

probably due to the lethally high pH at Brook Bottom (12-12.6). Indeed, biomolecules have a 

range of pKa between 6.5 and 9 (Solmaz et al., 2018), significantly below 12, so at this pH 

biomolecules are completely dissolved and cannot construct EPS (Jones et al., 2015). 

Therefore, the lack of bio-influence at Brook Bottom is likely to be responsible for the dendritic 

and shrub fabrics only developing in Consett at a more viable pH (9).  

3.5.2 | Origin of macrofacies and microfacies 

As the solution moves from the most proximal site, calcium and alkalinity are 

consumed, steadily reducing CSI (Figure 3.13). The boundary between the proximal and the 

distal zone (swamp environments to waterfalls) in both Consett and Brook Bottom does not 

correspond to an unusual change in CSI despite the considerable changes in macromorphology 

and microfacies (Figure 3.13). However, the proximal-distal transition is well reflected by 

changes in the predicted kinetic calcite growth rate (R), which shows a sudden decrease of 107 

between samples BB1, BB10, BB13 and BB16 at Brook Bottom, and 103 m.s-1 between 
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samples C6, C4, C5 and DB6, DB12, DB18 at Consett as calcium and carbonate concentrations 

drop (Figure 3.13). In proximal Brook Bottom the very high R values promote deposition of 

rafts and globular sparry calcite crust (Figure 3.14). Howden Burn shows R values which 

remain high compared to other sites but are lower than proximal Brook Bottom by 103 m.s-

1(Table 3.1). Similarly, pH is much lower at Howden Burn permitting greater development of 

Figure 3.11: Dendrite carbonates (microfacies 7). (A and B) Light grey calcite polycrystals showing 

multiple levels of branching (arrows).  (C and D) BSE-SEM images showing that each branch consists 

of numerous thin (up to 0.2 mm thick), plate-like calcite crystals that are stacked en echelon (arrows). 

(E and -F) XRD pattern and EDX spot analysis, respectively, indicating that calcite and quartz are 

present. 
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biofilm. This difference likely explains the lack of rafts but promotion of kinetically-controlled 

polycrystal formation at Consett. The most alkaline sites display mineralization in the surface 

tension layer as well as at the base. However, this requires R values at least higher than the 10-

10 m.s-1 found in proximal Howden Burn (Table 3.1). When the reaction is no longer able to 

sustain mineralization in the surface tension layer it switches to precipitation only at the bottom 

as crusts, with the turbulence of the flow also likely promoting this switch. In the absence of 

biofilm (as at Brook Bottom) the main fabrics are mostly globular sparry crusts constructed 

from mono-crystals. This is unexpected due to the very high CSI and R values at these sites. 

However, this fabric is likely to form as a diffusion-limited equilibrium phase.  In the presence 

of biofilm (as at Consett), polycrystal dendrites and shrubs are formed, with the carbonate 

precipitation indirectly modified by a precursor organo-mineral (Dupraz et al., 2009).  

Depending on the context, there are key implications arising from the observation that 

minerals are forming by three discrete processes in the proximal part of these systems.  

Figure 3.12: Comparative depositional model between anthropogenic carbonate and travertine systems 

after Capezuolli et al. (2014) and Mancini et al. (2019). 



106 
 

Formation of rafts is a direct reflection of equations 1 and 2 and arises from the nucleation of 

solid crystals within the surface tension layer of the water itself, likely instantaneous with 

hydration of the ingassing CO2. Where water is more turbulent and precipitation less rapid 

downstream, nucleation occurs at the bottom of the water, below a diffuse boundary layer. In 

this case, the first and second step of equation 1 is no longer instantaneous and may be 

dependent on the advective mixing timescale of the stream rather than the reaction kinetics of 

equation 2. The process of carbon sequestration may also be altered by the change in control 

on reaction speed, with likely reduced rates of mineralization where precipitation is not 

occurring in the form of carbonate rafts. Where mineralization is decoupled from ingassing and 

occurs below a diffusive boundary layer at the base, this may also affect pollutant co-

precipitation as availability of ions will be controlled by both advective mixing above the 

boundary layer and diffusion across it, rather than strictly by thermodynamic distribution of 

ions. Where a precipitate is bio-influenced, the rate, location and even trace element co-

precipitation will also be influenced and may depart from strict thermodynamic expectations. 

Consequently, it is recommended that simple representations of these systems are not used 

outside of the small area characterised by carbonate raft precipitation at Brook Bottom. Within 

the middle zone, the carbonate-coated microbial filament deposited at Consett suggests a very 

low saturation regime and kinetic forcing (Figure 3.13). This microfacies correspond to bio-

precipitates creating the close spatial arrangement of the calcite crystals around filamentous 

structures (Shiraishi et al., 2008). Furthermore, the deposition of this microfacies is 

characteristic of events possessing high hydraulic energy which break down the microbial 

filaments leaving detached crystals which are reworked to form intraclastic associations. In 

Brook Bottom, the middle zone corresponds to the deposition of reworked carbonates as 

neomorphic-sparry crust microfacies. This would imply that both carbon and pollutants 

sequestered in these carbonates are being transferred down the system and likely deposited in 
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distal parts. Similarly to the proximal- distal transition, the middle- distal transition is marked 

by no change in CSI variance within the zones, but R values show a sudden decrease of 107 

m.s-1 between samples BB13 and BB16 at Brook Bottom, and of 102 m.s-1 between samples 

DB6 and DB18 at Consett (Figure 3.13). Classic “microbialite” fabrics (micro-peloidal and 

clotted micritic fabric) arise under low to middle saturation regimes and occur in most locations 

within the distal zone of Brook Bottom and Consett (BB10, BB13, BB16, C5, C6, DB12), 

despite the lack of biofilm influence in proximal Brook Bottom (Figures 3.13 and 3.14). 

Consequently, a high proportion of distal zone precipitation suggests bio-influence and bio-

induction. There is further evidence of reworking via abundant polyshaped carbonate facies. In 

addition, neomorphic sparry crusts occur in all sites within this zone, and EBS-SEM analysis 

indicate that these crystals underwent dissolution and recrystallization leaving the interstices 

filled by organic-rich materials (Figures 3.9.C and 3.9.D). Consequently, it is hypothesised that 

the organic filaments are not primary precipitates. Continued reworking, combined with 

neomorphism and the assumed thermodynamic linkage between the water and the precipitate 

at these sites requires careful interpretation. The increasing dominance of microbially altered 

precipitation will further cause the system to deviate from thermodynamic expectations.  

Moreover, mass transfer downstream and / or back into solution implies that mass deposited 

upstream may be transferred out of the system entirely, potentially reducing the effectiveness 

of the carbonate deposit as a whole to form a stable carbon or pollutant sink. This lends support 

for future studies to determine whether this loss of mass is a risk to carbon sequestration or 

passive remediation schemes.  
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3.5.3 | Comparison to natural systems 

3.5.3.1 | Resemblance of anthropogenic systems with natural travertine and tufa 

carbonates 

The depositional systems described here present a stronger resemblance to travertine 

than tufa systems, although travertines are normally deposited from geothermally heated waters 

(Pentecost, 2005; Gandin & Capezzuoli, 2008). The dissolved inorganic carbon records are 

more elevated for travertines (>10 mmol.L-1) than for tufa carbonates (<8 mmol.L-1) 

(Pentecost, 2005; Gandin & Capezzuoli, 2008), which is consistent with the high 

concentrations of carbonate and bicarbonate reported in this study. Similarly, the depositional 

rates for anthropogenic systems (3.16 m.year-1) are similar to travertine environments 

(centimetres to metres annually) but dissimilar to tufa (millimetres to centimetres annually) 

(Pentecost, 2005; Gandin & Capezzuoli, 2008). This study of anthropogenic systems has 

revealed the deposition of shrub, dendrite and globular style sparry-calcite crust and rafts, and 

less importantly clotted micrite micro-crystals. The first array of carbonate styles is similar to 

the range of crystal types present in travertine systems (where dendritic, bladed, or spherulitic 

precipitates are common) whereas micritic to micro-sparitic crystals are more common in tufa 

environments (Pentecost, 2005; Gandin & Capezzuoli, 2008).   

Here, anthropogenic carbonate sedimentary systems are compared to the travertine 

models of Capezzuoli et al. (2014) to further investigate the similarity between these well-

studied systems and the relatively limited information available for anthropogenic settings 

(Figure 3.12). Like anthropogenic systems, travertines are also divided into three different 

environments: vent environment (proximal), slope environment (middle) and distal 

environment, facilitating comparisons among them.  
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3.5.3.2 | Macroscopic features 

In proximal environments, travertines accumulate around discrete springs associated 

with convective hydrothermal systems (Capezzuoli et al., 2014; Fouke, 2001) (Figure 3.12). 

Depending on the chemical and physical characteristics of these thermal waters, irregular 

masses of filamentous bacteria may locally colonise pool and channel margins in the vicinity 

of the vent (Capezzuoli et al., 2014) (Figure 3.12). The resulting macro-morphologies are 

represented by circular mounds and linear-to-arcuate fissure ridges (Capezzuoli et al., 2014) 

(Figure 3.12). Travertine fissure ridges mainly develop on brittle-fracturing bedrock exposed 

at the surface, while isolated thermal springs, such as towers, pinnacles and mounds, generally 

form on unconsolidated sediments (Hancock et al., 1999; Brogi & Capezzuoli, 2009). At the 

water surface, travertine might form rapidly and quickly develops into steep-sided 

constructional morphologies as a result of the nucleation of solid crystals within the surface 

tension layer. Anthropogenic carbonates also occur within pools and barrages comparable to 

the steep-sided constructional morphologies and mounds (Figure 3.12), but the swampy raft 

and polycrystal-rich proximal zone of anthropogenic carbonates are quite unlike the hard 

proximal deposits of travertines, with their characteristic positive relief. Comparison is 

straightforward in the middle zone, where terraces (gently inclined slope deposits) and terrace 

fronts (steep slopes around graben fault margins) (Altunel & Hancock, 1993b) closely resemble 

the elevated barrages present in the middle zone of anthropogenic carbonates (Figure 3.12). 

The distal zone of travertines is typically of low relief with the development of marshes (Guo 

& Riding, 1998), shallow lakes (Sant’Anna et al., 2004) or alluvial plains (Brogi et al., 2012). 

They are specifically transitional environments where travertine fabrics grade imperceptibly 

into tufa fabrics and biotic controls on depositional processes progressively increase (Rainey 

& Jones, 2009). The same gradational transition is found in the distal zone of anthropogenic 

carbonates, which exhibit low relief within waterfall settings and where the developing 
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impounded pools and the biomass biofilm significantly influence carbonate precipitation 

(Figure 3.12). 

3.5.3.3 | Microscopic features 

Travertines also exhibit carbonate raft microfacies formation at proximal sites 

reflecting similar coupling of mineral precipitation at the air-water interface as gas exchange, 

although the gas is exsolving, as in equation 3, rather than dissolving, as in equation 1, and the 

rate is governed by the dissociation of bicarbonate (Dreybrodt et al., 1997) not equation 2 

(Figure 3.12). Large domes forming around vent resurgence points are characterised by a vast 

array of crystal forms, from coarse dendritic to platy and spherulitic calcite (Jones & Renaut, 
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1996, 1998, 2010) (Figure 3.12).  Shallow pools in the vicinity of the vent are often associated 

with micritic to microsparitic laminae which may build up into small (millimetre to centimetre 

scale) shrubby growths (Capezzuoli et al., 2014) (Figure 3.12). Shrubs are also deposited in the 

proximal zone of anthropogenic carbonates within shallow pools (Figure 3.12). Chafetz et al. 

(2018) also report a biogenic influence on the formation of shrubby carbonates. The shallow 

Figure 3.13: Charts showing the pH, temperature and Calcite Saturation Index (CSI), and the major 

ions and total carbonate alkalinity for the Brook Bottom and Consett samples. 
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plumbing of geothermal systems, representing conduits for the upwelling of thermal water, is 

lined by variably shaped calcite/aragonite crystals (sparitic, acicular, dendritic and platy) 

developed into non-porous, sub-vertical crystalline laminated crusts (banded travertine: 

Altunel & Hancock, 1993a,b, 1996; Della Porta, 2015; Gandin & Capezzuoli, 2014; Uysal et 

al., 2007, 2009, 2011), but these are not comparable in origin to the crusts forming below open 

water in the anthropogenic systems (Figure 3.12). The lack of these crusts in travertines may 

reflect the ubiquitous biofilms, making them more comparable to Consett. In the middle zone, 

travertines display a diverse range of lithofacies (crystalline crust, shrubs, coated bubbles and 

paper-thin rafts) (Figure 3.12). Similarly, rafts are also deposited in the middle zone 

environment in this study. In the distal zone, travertine deposits are often dominated by 

lithoclastic material hillwash breccia), but coated grains, in situ coated macrophyte stems and 

subordinate, massive bedded layers of clotted peloidal micrite may develop (Capezzuoli et al., 

2014) (Figure 3.12). This compares well with anthropogenic systems, in which distal sites are 

characterised by the formation of clotted micrite and reworked/altered material such as 

carbonate-coated microbial filament and neomorphic sparry crust (Figure 3.12). 

3.5.3.4 | Differences between travertine and anthropogenic systems 

At the macro-scale, travertines present a more diverse range of environments 

represented by thermal springs, pools, channels, towers, pinnacles and mounds (Capezzuoli et 

al., 2014), whereas anthropogenic systems only present pools and low-angle terraced slopes. 

However, comparatively more research has been performed in natural settings and greater 

diversity of microfacies can be found in anthropogenic systems. Regardless, the proximal zone 

within anthropogenic systems is distinctly different from travertine environments. The middle 

zones are more comparable, but terraces and range-front sheets (Capezzuoli et al., 2014) are 

not geomorphologically identical to the elevated barrages of anthropogenic systems, which 

share morphological and possibly microfacies similarities with tufa phytoherm constructions 
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(Pedley, 1992). The travertine middle zone provides evidence of a wide range of microfacies 

(crystalline crust, shrub, coated bubbles and raft) (Capezzuoli et al., 2014), while anthropogenic 

microfacies are considerably more limited (raft and reworked carbonates).  As with the overall 

diversity of systems, this may simply reflect less work carried out in anthropogenic systems. 

The distal zones are highly similar, despite the continued presence of barrage-like waterfall 

settings in anthropogenic systems unlikely the alluvial plain and shallow lakes for travertines 

(Capezzuoli et al., 2014). 

Figure 3.14: (A) Diagram showing the Calcite Saturation Index (CSI), pH, calcite growth rate (R) 

versus distribution of microfacies according to the sample locations at Brook Bottom (BB) BB1, BB13, 

BB10 fresh, BB10 old deposit, BB16 and Consett (C) freshwater samples in Howden Burn (C6) and 

Dene Burn (DB) (C4, C5, DB6, DB12, DB18). (B) Depositional model summarising the lateral changes 

of the dominant microfacies: Coated vegetative remains and carbonate raft (R), Micro-peloidal and 

clotted micritic (CM), Carbonate-coated microbial filament (C), Globular sparry calcite crust (G), 

Neomorphic sparry crust (N), Crystal shrub (CS) and Dendrite (D). 
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3.6 | CONCLUSION 

Anthropogenic systems show specific sedimentologies which can be partially 

comparable to those from travertine natural systems although requiring their own depositional 

models. Like travertines, anthropogenic sites develop in a tripartite division including 

proximal, middle and distal zones forming partially analogous geomorphologies. The major 

geomorphological differences are the dominance of swamp environments in the proximal zone, 

and the prevalence of tufa-like barrage-and-pool sequences in the middle and distal zones. 

Microfabrics in anthropogenic sites are similar to those from travertine environments but lack 

the sub-surface facies and, at extreme pH, exhibit a globular sparry crust without a clear 

equivalent in travertines. An initial depositional model is proposed here for anthropogenic sites 

as a means of stimulating further international research into these important geosystems.  

This sedimentological model of anthropogenic carbonates shows that the formation of 

calcite minerals is complex and not homogeneous or purely driven by thermodynamic 

processes. Precipitation within the surface tension layer is reported here, which is likely to be 

directly controlled by the rate of CO2 dissolution, but precipitation also occurs below the 

diffusive boundary layer and this may be influenced by advective transport in the water column. 

In addition, both diffusively limited and kinetically limited crystal forms are found, indicating 

differences in crystal assembly style which may alter trace element incorporation and co-

precipitation rates. Interestingly, bio-influenced and bio-induced fabrics were identified 

suggesting that the site, rate, style and trace element incorporation into precipitates can be 

altered by the presence of microbial biofilms. Anthropogenic systems are as complex as 

naturally occurring tufa and travertine, and equally approachable to standard sedimentological 

analysis.  

Proper understanding of the sedimentology of these systems will improve our ability to 

predict and manage the carbon sequestration and pollutant removal which are unique features 
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of this type of continental carbonate system. Without this knowledge, researchers will be 

challenged to predict the rates and locations of precipitation and to compare bulk sediment 

composition to water composition assuming they are driven by thermodynamic equilibrium. 

Finally, a better understanding of the extent of the reworking processes and the nature of 

neomorphism and recrystallization is needed to accurately predict the stability of the carbon 

and pollutant sinks during the temporal and spatial evolution of these systems after deposition.  
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Chapter 4 – Ikaite formation in streams affected by steel waste leachate: 

first report and potential impact on contaminant dynamics 

Laura Bastianini, Mike Rogerson, Alex Brasier, Timothy J. Prior, Kit Hardman, 

Eddie Dempsey, Anna Bird & William M. Mayes.   

 This chapter investigates transient minerals produced at hyperalkaline sites with a novel 

approach for field characterisation and rapid laboratory confirmation of samples of interest 

(RQ3: Through novel coupled field and laboratory analyses, what evidence is there for transient 

mineral formation at anthropogenic hyperalkaline sites?). The transient minerals identified 

include the exceptional discovery of the carbonate polymorph ikaite. Through integration of 

field observations, laboratory characterisation and experimental work, this chapter considers 

the potential importance of transient mineral phases for trace metal dynamics at hyperalkaline 

sites (RQ4: What are the implications of transient mineral formation on trace metal dynamics?).  

4.1| INTRODUCTION 

Ikaite – calcium carbonate hexahydrate (CaCO3·6H2O) – is a rarely-reported hydrous 

calcium carbonate mineral forming by precipitation from strongly supersaturated, at least 

marine salinity solutions (Brooks et al., 1950; Pauly, 1963). As a consequence of its limited 

conditions of formation and its thermal instability, this mineral is poorly documented 

worldwide. Since ikaite has been reported by Pauly (1963) forming at the bottom of Ikka Fjord 

in Greenland where cold (3℃) carbonate-rich submarine springs mixed with seawater, recent 

ikaite has been reported in the SCOPUS database from less than 20 locations worldwide, 

including inference of its presence from pseudomorphs and cavities. Glendonites, which are 

considered to be pseudomorphs after calcite, are used in paleoclimate and sedimentology 

studies to reveal past cold-water environments, although their distribution is highly irregular in 
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space and time. Rogov et al. (2021) provide an inventory of 700 occurrences of their associated 

carbonate pseudomorphs (glendonites) through the Phanerozoic. A significant body of 

evidence suggests that glendonite occurrences are restricted to cold-water settings (Rogov et 

al., 2021), however they do not occur during every glaciation or cooling event of the 

Phanerozoic (Rogov et al., 2021). While Quaternary glendonites and ikaites have been 

described from all major ocean basins, older occurrences have a patchy distribution, which 

reflects poor preservation potential of both carbonate concretions and older sediments 

(Tollefsen, 2020).  

4.1.1 | Observations of recent ikaite 

Glaring et al. (2015) returned to the submarine ikaite columns located in the Ikka Fjord 

in Southern Greenland to study the permanently cold (less than 6°C) and alkaline (above pH 

10) habitat of a microbial community adapted to these extreme conditions where ikaite was 

first reported. In this study, the function of abundant groups of bacteria in the ikaite columns 

is unknown, but alkaliphiles, corresponding to obligate methylotrophs common in soda lake 

environments, may potentially participate in carbon cycling in the ikaite columns by degrading 

the products of the heterotrophic anaerobes. In addition, sulphate-reducing bacteria (SRB) 

appear to play an important role in the sulphur cycle in soda lakes and several orders of obligate 

anaerobic SRB were identified in the ikaite column interior. Rysgaard et al. (2013) significantly 

extended the Arctic range of ikaite, by discovering crystals of it in sea ice forming from waters 

with similar properties to those found in the original cold springs. Ikaite crystals have since 

been observed to precipitate within an hour in frost flowers forming from young Arctic sea ice 

(Barber et al., 2014). Ikaite also occurs in the anoxic marine sediments of Bransfield Strait on 

the Antarctic shelf (Suess et al., 1982), in sediment cores recovered from the Nankai Trough 

south of Japan (Stein, 1986) and the central part of the Zaire deep-sea fan (Jansen et al., 1987). 

It has been recognised as the parent mineral for thinolite pseudomorphs at the Lahontan and 
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Mono Lake basins in California (Shearman et al., 1989; Bischoff et al., 1993a). Larsen (1994) 

identified calcite pseudomorphs formed from ikaite in lacustrine strata and travertine in the 

Creede caldera of south-central Colorado, and a late Holocene hydrological study of Ohlendorf 

et al. (2014) show that carbonate crystals occurred in lacustrine sediments of Laguna Cha´ltel 

(south-eastern Argentina) indicating a syn- or post-depositional formation of ikaite.  

Despite being often short-lived and difficult to analyse, the broad distribution of ikaite 

in ice and sediment at near-freezing temperatures means it can alter the behaviour of carbon 

and compatible ions within its environments of growth and alteration. It has been suggested 

that ikaite precipitation in sea ice may be critical in modifying the quantity of CO2 dissolved 

in the surface ocean (pCO2) (Rysgaard et al., 2013), providing a transient inventory of carbon 

which could either be retained if ikaite mostly dehydrates to calcite, or else released when the 

ice melts. As this carbon is released as CO3
2-

(aq) rather than as CO2(g), an increase in total 

alkalinity has been observed during the summer where dissolution of ikaite crystals is actively 

occurring (Rysgaard et al., 2013). The pH increase induced by these processes allows surface 

water to absorb further CO2, providing a little-known but potentially important sink for carbon 

at the high latitudes (Ibid). Ikaite may be important for understanding water and carbon cycles 

on cold rocky planets such as Mars due to the suitability of formation conditions, and present 

strategies for recognizing hydrous carbonates including ikaite in Compact Reconnaissance 

Imaging Spectrometer results (Harner & Gilmore, 2015). Ikaite has been reported to have 

formed during winter months in cold springs waters at Shiowakka, Hokkaido, Japan (Ito, 1996, 

1998). Dempster & Jess (2015) reported the occurrence of metamorphic ikaite porphyroblasts 

during an ultralow- temperature metamorphism with an exceptionally low geothermal gradient 

in Dalradian calcareous slates and metadolostones of western Scotland. 

In a ground-breaking exploration of anthropogenic environments, Boch et al. (2015) 

describe a similar cold-water process of ikaite formation in an Alpine stream affected by 
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concrete leachates, which extends the observation of this form of calcium carbonate into 

environments altered by human activity. Within this occurrence, electric conductivity (EC) 

values ranged from 65 to 3050 mS.cm-1 and sampling sites of the upstream and central sections 

revealed the overall highest pH (12.9) and EC values (3050 mS.cm-1) in the beginning of the 

monitoring period during winter (January 2014). They note that metal mass sequestered into 

ikaite during the winter would be released back into the stream during the spring thaw, which 

fundamentally changes the hydrochemistry of the system. As the concrete-influence site they 

report lacks toxic trace metals, the primary influence is on carbonate chemistry. However, they 

note that were toxic ions present, spring-time ikaite dissolution might result in release as a 

pulse to the severe detriment of local water quality. These authors note that there is a severe 

knowledge gap of what this impact would be, or where it would likely be found. Similarly, 

Milodowski et al. (2013) observed ikaite within a lime-leachate affected site in Derbyshire UK, 

and Field et al. (2016) observed cavities formed after ikaite within fast growing, hyperalkaline 

speleothems (forming in tunnels below lime spoil) nearby at Peak Dale, Derbyshire, UK. The 

issue highlighted by Boch et al. (2015) may therefore be geographically extensive.  

4.1.2 | Formation conditions of ikaite 

Precipitation of ikaite occurs in aqueous solutions near freezing conditions (temperature 

range of ca. -4 to 8℃; Boch et al., 2015), extending to negative temperature values where ionic 

strength is high enough to prevent freezing (down to -8°C; Hu et al., 2014; Papadimitriou et 

al., 2014). Crystallization of ikaite is also enhanced by elevated pressure conditions (›3 kbar at 

25°C) (Marland, 1975; Shahar et al., 2005). However, even under favourable physical 

conditions, ikaite is characterized by a solubility higher than the anhydrous calcium carbonate 

polymorphs calcite, aragonite and vaterite (Brečević and Nielsen, 1993; Marion, 2001). These 

polymorphs are known to be inhibited by dissolved compounds such as magnesium, phosphate, 

sulfate and organic molecules, whereas the latter promote the nucleation of ikaite (Brooks et 
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al., 1950; Bischoff et al., 1993; Niedermayr et al., 2013). Bischoff et al. (1993) has shown that 

ikaite is undersaturated at all temperatures in seawater and in alkaline lakes, but rapidly reaches 

saturation near 0°C. Its precipitation in near-freezing marine sediments necessitates large 

additions of HCO3(aq) to pore fluids from the diagenetic decomposition of organic matter 

(Bischoff et al., 1993). However, its crystallisation in tufas or alkalines lakes requires only 

small additions of Ca from springs (Bischoff et al., 1993). Kinetic experiments have 

demonstrated that ikaite is stabilized in natural environments by orthophosphate, which 

prevents the crystallisation of the more stable anhydrous form CaCO3 but does not interact with 

the ikaite (Bischoff et al., 1993). Microbial activity associated with anoxic conditions can also 

induce ikaite formation via recycling or organic compounds in marine sediments (Stougaard et 

al., 2002; Olcott et al., 2005), and microbial diversity is well developed in ikaite tufa columns 

in Greenland (Stougaard et al., 2002). This very alkaline (pH 10.4) and cold (4°C) environment 

favour the development of a wide range of algae and metazoans (Buchardt et al., 1997; 

Kristiansen & Kristiansen, 1999) but also a diverse bacterial community, both in the column 

interior and at the surface, and very few archaea (Glaring et al., 2015). Biofilms on the surface 

of the columns, especially on newly formed ikaite material, is dominated by Cyanobacteria and 

phototrophic Proteobacteria, whereas Proteobacteria and putative anaerobic representatives of 

the Firmicutes and Bacteroidetes are concentred in the column interior (Glaring et al., 2015). 

It seems likely therefore that growth of ikaite is significantly favoured by the presence of 

biofilms, to the extent that growth of this mineral is rare without it. The mechanism is not yet 

determined but may relate to the role of organic molecules impeding the formation of 

anhydrous forms in a manner analogous to that already observed in phosphate.   

Natural and anthropogenic environmental conditions where there is abundant OH-
(aq) 

may also favour the formation and rapid deposition of ikaite, using calcium directly from the 

dissolved Ca-OH reservoir (Boch et al., 2015): 
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Ca2+
(aq)

 + 2OH−
(aq)+ 5𝐻2O(l)+𝐶𝑂2(𝑔)⇌𝐶𝑎𝐶𝑂3.6𝐻2O(s)   (1f) 

Ikaite precipitated by the forward reaction when temperature is low enough for this to 

be favoured may dissolve again by the reverse reaction (although high pH likely results in the 

carbon being retained as HCO3
-
(aq) or may alter to calcite by dehydration. 

𝐶𝑎𝐶O(3)(𝑠).6𝐻2O(s) ⇌ 𝐶𝑎𝐶𝑂3(𝑠)+ 6𝐻2O(l)    (1g) 

This straightforward equilibrium underlies why ikaite grows so freely where stream 

waters interact with concrete, or other systems where soluble cement phases such as portlandite 

(Ca(OH)2(s)) are present. The discovery of pseudomorphs after ikaite in a railway tunnel 

affected both by concrete leaching and by impacts from surface tips of lime spoil in the UK 

(Field et al., 2016) shows that Alpine winter conditions are not necessary, but this process can 

also be significant in low altitude settings. In such carbon-limited conditions such as streams 

affected by concrete leachates, whenever water temperature is low enough to favour ikaite 

formation, absorption of gaseous CO2 into the alkaline solution and its hydroxylation with OH-  

are likely the rate-determining parameters (Boch et al., 2015).  

4.1.3 | Crystallisation of ikaite 

 Generally, anhydrous calcium carbonate (calcite, vaterite, or aragonite) occur as the 

dominant polymorphs throughout the natural environment, compared to hydrated 

(monohydrocalcite and ikaite), or amorphous forms (amorphous calcium carbonate: ACC) 

(Chaka, 2018; Chaka, 2019; Hu et al., 2020), which need specific conditions to be favoured as 

the majority precipitate. Very rapid precipitation favours non-classical mechanisms, where 

kinetic rather than thermodynamic conditions regulate how the precipitate is assembled (Oaki 

and Imai, 2003). In this situation, aqueous ions are hypothesized to condense into prenucleation 

clusters which retain the coordination of dissolved ions and aggregate to form ACC rather than 

thermodynamically favoured forms with more ordering (Chaka, 2018, Mergelsberg et al., 
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2020). For the same reasons, highly hydrated structures such as ikaite, lansfordite, and 

nesquehonite would be expected to have a higher probability of kinetic formation, even if not 

thermodynamically favoured, due to the similar cation coordination in the solid and the solution 

(Hu et al., 2020). The hexahydrate ikaite structure is extensively hydrated with each Ca 

coordinated to six water molecules and one η2 carbonate group (Chaka, 2018; Zhou et al., 

2020). Demichelis et al. (2011) show this structure is stabilized by an extensive hydrogen 

bonding network. Formation of ikaite from amorphous prenucleation clusters may be promoted 

because the Ca−Oikaite ion distances are very similar to the distances in water. Modelled values 

for the ion distances in ikaite are 2.443 Å (Demichelis et al., 2011), which is in close agreement 

with measurements from synchrotron X-ray diffraction (Lennie et al., 2004) of 2.469 Å at 243 

K and of 2.46 Å for 8-fold Ca coordination in an aqueous environment with large-scale X-ray 

scattering (Jalilehvand et al. 2001), compared to 2.490 Å for Ca−Owater (Demichelis et al., 

2011). Ikaite can therefore form directly from amorphous precursors, increasing its likelihood 

of formation where precipitation is rapid (Jalilehvand et al., 2001). In addition to similar ion 

distances between aqueous and ikaite Ca-O bonds, calcium coordination is also the same for 

ikaite and calcium carbonate in solution, and each carbonate ion is oriented in opposing 

directions to ensure a nonpolar structure (Gebauer et al., 2008; Montes-Hernandez & Renard, 

2016). The dipoles are separated by 4.118 Å in both systems due to the coordinated waters in 

between, and provide an electrostatic driving force for alignment of the complexes in solution 

(Gebauer et al., 2008; Montes-Hernandez & Renard, 2016).  

Thermodynamically, when in equilibrium with water, the free energy of ikaite is far 

more exothermic than calcite at −131 kJ/mol (Chaka, 2018; Mergelsberg et al., 2020) compared 

to −48.1 kJ mol−1 (Inskeep and Bloom, 1985). The combination of electrostatic driving force 

and very exothermic heat of formation for ikaite in water-saturated conditions with high 

carbonate concentration is sufficient for the ion pairs in solution to self-organize into the ikaite 
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arrangement and form clusters, which explains the repeated observation that temperature is 

important in stablising the structure (Gebauer et al., 2008; Montes-Hernandez & Renard, 2016). 

At higher temperatures precursor clusters with ikaite-like coordination will dehydrate and lead 

to formation of ACC, monohydrocalcite, and ultimately anhydrous Ca carbonate (Gebauer et 

al., 2008; Montes-Hernandez & Renard, 2016). However, at lower temperatures these clusters 

can grow and precipitate out as ikaite (Gebauer et al., 2008; Montes-Hernandez & Renard, 

2016). In combination, the preference for a hydrated form of precursor clusters and the 

thermodynamic control on what coordination is favoured as order develops explains the 

occurrence of ikaite in cold conditions with rapid precipitation kinetics.  

4.1.4 | Transformation of ikaite to other calcium carbonate polymorphs post-deposition 

Monohydrocalcite and ikaite can crystallize from an initial product of ACC as well as 

precipitating directly. Similarly, ikaite has also been shown to transform to ACC, and 

subsequently to vaterite, if local conditions favour that sequence (Chaka, 2018). ACC is 

generally considered a hydrated form of Ca carbonate and has water content typically ranging 

from 0.5 to 1.4 mol of water per mole of CaCO3, although biogenic ACC may have up to 

15.25% and an effective stoichiometry of CaCO3·H2O (15.25 wt %) (Chaka, 2018). The 

reaction in either direction occurs without a change in the coordination of the cation, and are 

kinetically efficient. Ikaite can thus be considered one possible point in an Ostwald Step Rule 

sequence, which may occur where kinetic controls regulate precipitation, or where additives 

within the solution inhibit thermodynamically favoured forms. The order of the steps depends 

on the same combination of kinetically controlled precipitation determining the initial 

precipitate phase, and thermodynamic consideration determining stability. In an aqueous 

solution and under atmospheric pressure and high saturation (400 ppm pCO2), the sequence of 

thermodynamic stability is dominated by water temperature (Chaka, 2018). Below 287.7 K, 

the sequence of thermodynamic stability for ordered forms (i.e. excluding ACC) from lowest 
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to highest (most stable) is CaO → portlandite → monohydrocalcite → calcite → ikaite. Thus, 

at low temperatures ikaite will likely form and likely persist. Above 287.7 K, ikaite and calcite 

change places, and from 292.1 K to 344.7 K, ikaite becomes less stable than monohydrocalcite. 

This stability switch at ~14.55oC is at slightly higher temperature than the observed upper limit 

for ikaite stability in the Alps (~8oC) but nevertheless is likely to be the cause of the springtime 

loss of ikaite observed by Boch et al. (2015). 

4.1.5 | This study 

Here, we provide the first report of ikaite in a steel waste leachate environment, at 135m 

altitude and at temperate latitude (54.85oN). This is significant, because there are a range of 

toxic metals and metalloids available in this system which may be accumulated in the ikaite 

inventory as it forms, concentrated and then released as the mineral transforms; there is 

therefore urgent need to close the knowledge gap identified by those authors (Boch et al., 2015; 

Chaka, 2018; Gebauer et al., 2008; Montes-Hernandez & Renard, 2016). We use novel in-situ 

and laboratory experimental approaches to address the questions of which ions may be 

accumulated in transient ikaite inventories, and how this complicates understanding of 

pollutant dynamics in steel waste-affected sites worldwide.   

4.2| MATERIALS AND METHODS 

4.2.1 | Field work 

4.2.1.1 | Description of the site 

In Howden Burn, calcite saturation is enhanced by four alkaline discharges within the 

former Consett Iron and Steelworks. The site was operational from the middle of the Nineteenth 

Century until decommissioning in the early 1980s (Figure 4.1). Waste up to 45 m depth, 

including slag, flue dusts, ashes and construction and demolition rubble were accumulated after 



125 
 

closure across an area of 2.9 km2 (Harber and Forth, 2001). These materials are now stored in 

landfill, and the leachates emerging from them are alkaline ([OH-] = 10–130mg.L-1; [CO3
2-] = 

10–110mg.L-1; [HCO3
-] = 110mg.L-1) because of the bulk chemical composition meteoric 

waters develop after interacting with these materials in the subsurface (Mayes et al., 2008, 

2018; Riley and Mayes, 2015). These landfills can be a source of pollution to surface and 

ground waters (Mayes et al., 2008) (Figure 4.1). Iron and steel flue dusts contain metals 

including boron, lead, cadmium, halides, fluoride, zinc, chromium, arsenic, copper, nickel, and 

alkali metals and coke making provides inorganic compounds, for example zinc, fluoride, 

sulfates, phosphates and organic compounds such as fuels and oils (Harber and Forth, 2001).  

Figure 4.1: Location map of the studied sample HU-MR-/3CON1 (C1). 
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Howden Burn leachate sources are mixed waters rich in K, Na, Ca, and sulfate (Mayes 

et al., 2008) (Figure 4.1). Sulfate concentrations are exceptionally elevated [2,500 mg.L-1] 

typical of a drainage from the former power station and coke works area of the workings 

(Figure 4.1). Within these locations, coke works spoil, ashes, and iron slags, which have a high 

sulfur content, were co-deposited with steel and blast furnace slag (Harber and Forth, 2001). 

The very high potassium content of Howden Burn leachate sources probably derive from highly 

soluble potassium oxides associated with flue dusts and ashes deposited with slag (Mayes et 

al., 2008). The contaminants of most environmental concern are those potentially soluble at 

high pH, because they form oxyanions (e.g. As, Cr and V), which can be very mobile as they 

sorb weakly to soils and sediments (Cornelis et al., 2008; Mayes et al., 2011).  Alkalinity and 

high Ca content of emerging waters cause rapid carbonation in streams affected by the leachate, 

resulting in sediment deposits described elsewhere in this thesis (Chapters I and II). The deposit 

at Consett comprises a tufa barrage system, with barrages measuring 20 cm in height and 

predominantly composed of buff-coloured calcitic tufa carbonate (Bastianini et al., 2019, 

2021).  

4.2.1.2 | Strategy for finding ikaite 

WM had previously noticed white growths on the surface of the carbonate deposit when 

there was snow on the ground one week before collection of the sample (29th January 2019). 

Consequently, he led a sampling team which visited the site later during the same cold period 

(average air temperature of 0.9°C on 30th January 2019, -4.35°C on 3rd February 2019 and 

1.1°C on 5th February 2019 after CEDA Archive from the nearest station of Durham) (Figure 

4.2).  
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The sampling team looked for crystalline growths not present in warm weather, 

focussing on the previously reported scattering of cm-sized euhedral to subhedral white grainy 

crystals (Figure 4.3), which were suspected ikaite. Rising above (and apparently cemented to) 

the buff-coloured tufa carbonate during this visit were such a scattering of cm-sized euhedral 

to subhedral white crystals, dominantly located along the barrage crests (Figure 4.3). The 

sampled carbonate precipitate described here is a white crystalline material which exhibits a 

grainy consistency (Figure 4.3) taken from one of these growths. All these precipitates formed 

within a few days only, and such precipitates are not found at the site outside of similar very 

brief spells of unusually cold weather. 

 

 

 

Figure 4.2: Graph depicting the average air temperatures in Durham versus the dates after CEDA 

Archive. 
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4.2.1.3 | Collection of the sample 

The sample (HU-MR-/3CON1 — C1) was taken on 5th February 2019 along a pre-

established calcite saturation index transect (Mayes et al., 2008, 2018; Riley and Mayes, 2015) 

within Howden Burn (Figure 4.1). This sample was recovered with a sieve to prevent heating 

by contact with skin and handled by plastic tweezer (Figure 4.4). Initial identification was by 

ATR-Fourier Transform Infrared (FTIR) spectroscopy using a portable Agilent 4300 Portable 

FTIR immediately after sampling, on the stream bank. This innovative approach minimised the 

risk of alteration of ikaite crystals after sampling, and we are not aware of this approach being 

previously used. The peaks were analysed and characterized by the MicroLab FTIR Agilent 

Software. Before identification by ATR-FTIR, the sample was air dried on site and the 

measurement surface was cleaned with ethanol. Initial scans checks for interferences by water 

molecules (peak absorption at 3182 cm-1) were undertaken which helps verify that the sample  

Figure 4.3: Macroscopic images of the Consett freshwater sample HU-MR-/3CON1 depicting a 

scattering of cm-sized euhedral to subhedral white crystals of ikaite (Ik) rising above and cemented to 

the buff-coloured orange-red oxidated tufa carbonate (Tu). 
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was dried.The measurement was performed once.  The sample of ikaite was subsequently 

transported in a cooler bag under ice to the laboratory. 

During our sampling, on-site measurements of major physico-chemical parameters 

(pH, electrical conductivity and water temperature) were performed using a Myron L 

Ultrameter® calibrated with pH 4, 7 and 10 buffer solutions and a 1,413 μS conductivity 

standard, to confirm the system had not changed since previous sampling.  

4.2.2 | XRD 

On return to the laboratory, the sample of ikaite was immediately analysed (within 6 

hours of sample collection) using a very long collection of single crystal XRD. During 

Figure 4.4: Recovered sample of ikaite (Ik) within the sieve. 



130 
 

laboratory investigation, the sample was stored over dry ice. A small portion of the sample was 

removed from the sample bag and placed under a microscope. A portion of this, representative 

of the bulk, was rapidly mounted at the end of a glass fibre on a goniometer and the sample 

transferred into a nitrogen gas cryostream at 250 K. The sample was examined by X-ray 

diffraction; a precession image was recorded while the sample was rotated about . 

Diffraction data were collected using a Stoe IPDS2 image plate diffractometer 

operating with Mo radiation at the department of Chemistry and Biochemistry, University of 

Hull. A full hemisphere of diffraction data were collected in a series of omega scans (180 × 1°) 

with a 120 s exposure time. The data were scaled, merged, and corrected for absorption using 

the program Sortav. Non-hydrogen atoms were refined using the published positions as the 

starting model and hydrogen atoms of water were identified from difference Fourier maps and 

placed subject to chemically-sensible restraints on bond lengths and angles. The program 

SHELXL-2018 was utilised for least squares refinement of the crystal structure. (Reference is 

Crystal structure refinement with SHELXL, G. M. Sheldrick, Acta Cryst., 2015 C71, 3-8.) 

4.2.3 | Microscopy 

To identify the micro-texture and the micro-scale fabrics, a Cryo-Scanning Electron 

Microscope (Zeiss EVO 60) attached to an EDS detector (Oxford Instruments INCA 

System350 with Silicon Drift Detector) was used at the department of Chemistry and 

Biochemistry, University of Hull.  

4.2.4 | Trace Element content 

Table 4.1 illustrates the different data which are characteristic for the method used (LA-

ICP-MS U-(Th-)Pb data). This table is divided into four sections – laboratory and sample 

preparation, information about the laser ablation system, information about the ICP-MS 

instrument, and details of the data processing approach. 
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Trace element partition coefficients, KdX, were calculated from the data using: 

 

𝐾𝑑𝑋 ==
𝑋𝑆𝑜𝑙𝑖𝑑/𝐶𝑎𝑆𝑜𝑙𝑖𝑑

𝑋𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛/𝐶𝑎𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 

where 𝑋𝑆𝑜𝑙𝑖𝑑 represents the concentration of a certain trace element in the studied sample of 

ikaite, 𝑋𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 represents the concentration of a certain trace element in the solution (as we 

do not know precisely when the crystal grew, we use long-term average data from the site; Hull 

et al., 2014; Riley & Mayes, 2015; Gomes et al., 2018; Bastianini et al., 2019), 𝐶𝑎𝑆𝑜𝑙𝑖𝑑 is the 

concentration of calcium in the studied sample of ikaite determined by LA-ICP-MS.  
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4.2.5 | Laboratory experiments  

Many attempts (30 in total) were made to create ikaite according to the method of 

Lennie et al. (2004) and Tollefsen et al. (2020). This experiment was designed to assess the 

Table 4.1: Reporting template (metadata) for LA-ICP-MS U-(Th-)Pb data.  
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partition coefficient and ion substitution of ikaite in order to elucidate the trace elements that 

can be substituted to ikaite. These trace elements are found in the springs which precipitate 

ikaite and may cause the waters to become polluted and toxic to aquatic life. Ultimately, this 

experiment would potentially help in decontamination of these rivers. 

According to the recipe of Lennie et al. (2004), LB prepared solution (1) by adding 3.2g 

of CaCl2.2H2O dissolved in 100mL of deionized H2O and solution (2) by adding 4.6g of 

Na2CO3 and 0.5g of (NaPO3)6 dissolved in 150mL of deionized H2O. These two solutions were 

kept at 3°C for 2 days to allow crystallisation of ikaite. The two solutions were subsequently 

mixed within an insulated box containing ice to maintain the temperature at 3°C. Sodium 

polyphosphate was added to inhibit nucleation of calcite.  Single crystals formed were 

recovered by filtration, rinsed in methanol, and dried. Initial identification of precipitated 

mineral was by ATR-Fourier Transform Infrared (FTIR) spectroscopy using a portable Agilent 

4300 Portable FTIR at the Department of Geography, Geology and Environment (University 

of Hull, UK) followed by an identification by X-ray powder diffraction (XRD) by TJP for 

confirmation at the Department of Chemistry and Biochemistry (University of Hull, UK). 

Based on the method of Tollefsen et al. (2020), LB made a 50–50 mixture of two solutions: 

Solution 1) was artificial seawater. Solution 2) was prepared by mixing 10.6g of Na2CO3 and 

8.4g of NaHCO3 in 1L of deionized water at ambient temperature (15°C). When ~300 ml of 

mixture was obtained, the experiment was stopped. The resulting mixture was put in the fridge 

(5 °C) overnight. The next day, the mixture was filtered and immediately after the precipitated 

mineral was collected. It was firstly identified by ATR-Fourier Transform Infrared (FTIR) 

spectroscopy using a portable Agilent 4300 Portable FTIR at the Department of Geography, 

Geology and Environment (University of Hull, UK) succeeded by an identification by X-ray 

powder diffraction (XRD) by TJP for confirmation at the Department of Chemistry and 
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Biochemistry (University of Hull, UK). Thereafter, the precipitate was stored in a freezer (−18 

°C).  

4.3 | RESULTS 

4.3.1 | Mineralogy  

The FTIR spectra of the sample immediately after collection showed absorptions at 

718, 1485, and 3182 cm-1 (Figure 4.5), which we compare to reported absorptions in calcium 

carbonate polymorphs (Table 4.2). The latter peak is typical of O-H stretching, and as the 

sample was carefully air-dried before analysis indicates the presence of abundant formation 

water. Absorption at 1485 cm-1 reflects asymmetric CO3 stretching (Gunasekaran et al., 2006), 

albeit with a small instrument-specific translation from the typical calcite absorption at 

~1450cm-1 (Ibid).  Absorption at 718 cm-1 is symmetric CO3 deformation, which is correct for 

ikaite but is not reported from ACC and is present at lower wavenumber in monohydrocalcite.  

A white crystalline block (field sample) of size 0.38 × 0.30 × 0.28 mm3 was transferred 

to the single crystal diffractometer and held at 250 K in a nitrogen gas cryostream. The sample 

Figure 4.5: FTIR spectra of the sample of ikaite C1. 
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was examined by X-ray diffraction; a precession image was recorded while the sample was 

rotated about phi. This pattern did not show the presence of rings characteristic of a powder, 

but a highly symmetric arrangement of spots consistent with a single crystal. The complete 

hemisphere of data was therefore collected from this crystal sample. 

The sample examined was dominated by crystalline domain of ikaite, but there were 

other much smaller crystals present. Spots from several other domains (at least 4 domains) 

were present in diffraction images, but it was possible to integrate the data for the dominant 

phase without problems. The Rint value of 0.0263 confirms the excellent consistency of data 

from this domain. It was not possible to identify other phases using the raw diffraction images, 

but a simulated powder diffraction pattern (Intensity v. 2θ) produced from all of the data frames 

shows the presence of minor calcite in the block examined (Figure 4.6). 

Diffraction data from the single dominant domain were integrated using standard 

procedures. The structure of ikaite (CaCO3.6H2O) was refined against these data and this 

unequivocally confirms that ikaite is the dominant component. The structure obtained is in 

good agreement with earlier structure determinations. The coordination about the calcium ion 

is shown in Figure 4.7. The diffraction data and structure have been deposited at the CCDC 

Table 4.2: FTIR review with the different peak diagnostic of the CaCO3 polymorphs. 



136 
 

and are available free of charge from ccdc.cam.ac.uk/structures with the REFcode VIXQEB 

(1902435).  

 

 

 

Figure 4.6: One-dimensional diffraction pattern collected from HU-MR-/3CON1 (solid black line). The 

grey line is the simulated pattern for ikaite (with peak positions highlighted as vertical lines). The two 

starred peaks correspond to calcite. 
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4.3.2 | SEM 

SEM images (Figures 4.8A-F) illustrate the shape of crystals from the carbonate crusts. 

Crystal sizes range from 200 to 1000 mm (Figures 4.8 A-E). Figures 4.8A-B depict smooth 

surfaces, which have ridges running in straight lines that are quite parallel to the faces on the 

larger crystal. A striking feature observed is the sigmoidal bending of crystal faces (“s-like”; 

Figure 4.8F).  The SEM images (Figures 4.8A-F) show that the morphologies of these white 

crystals are consistent with those of monoclinic ikaite (cf. Demichelis et al., 2014), and 

Figure 4.7: Coordination about the Ca2+ ion with atoms shown as 50% probability ellipsoids. Atoms 

labelled name i are generated by the symmetry operator i = 1−x, y, ½−z. 
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observed dimensions and habits are equivalent to those reported by other studies (Bischoff et 

al., 1993b; Ito, 1996; Omelon et al., 2001; Dieckmann et al., 2008; Rysgaard et al., 2012). 

However, there are some interesting differences between the crystals observed under the 

electron microscope in this study and those figured elsewhere. First, most earlier studies have 

illustrated pitted crystals that have apparently partially transformed into calcite (e.g. Figs 6A 

and 6D of Ito, 1996; Fig 2 of Tollefsen et al., 2020). This pitting is not evident in crystals we 

have examined, perhaps because the crystals were kept cold and imaged as soon as possible in 

a cryoSEM. Rather, Fig. 8 shows ikaite crystals in which some smooth faces are well 

developed, but there are clearly some stepped and kinked faces that are less favoured and less 

well developed. This stepping of some faces could either be the result of incomplete growth, 

or of partial dissolution (Snyder and Doherty, 2007).  

The ridges running parallel to the best developed crystal faces (blue lines on Figure 4.8) 

could plausibly be interpreted as aligned crystal terminations (c-axis) of numerous small 

nucleating ikaite crystals. This would be analogous to ‘feather crystals’ of hot-spring 

Figure 4.8: SEM images of the Consett freshwater sample C1. 
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travertines, which align with their tips normal to the substrate to form ‘micro-terracette’ ridges 

on sloping surfaces, oriented perpendicular to the direction of flow of a thin film of (aragonite 

or calcite-precipitating) water (Gandin and Capezzuoli, 2014). That the ridges of Fig. 8A-8B 

are aligned parallel to the favoured faces of larger crystals suggests the stepped and kinked 

faces of the associated larger crystals (Fig. 8D-E) are likely also reflecting incomplete growth 

here, rather than dissolution following completed crystal development.   

4.3.3 | Laser 

Vanadium, chromium, nickel, zinc, cadmium and barium elements are present in trace 

amounts (median average concentration 0.001-0.17 mMol.Mol-1), whereas manganese, copper 

and lead are two orders of magnitude more abundant (3.1-7.5 mMol.Mol-1), and Sr is three 

orders of magnitude more abundant [81.4 mMol.Mol-1]. In terms of dispersion, V, Cr, Mn, Ni, 

Zn, Cd and Ba attest of a low relative standard deviation lower than 1 [0.0009-0.16] but Cu, Sr 

and Pb are represented by a high relative standard deviation [26.7-71.19], which indicates 

values spread out over a wider range.   
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The trace element partition coefficients for the sample of ikaite are listed in the Table 

4.3. All the partition coefficients are much higher than the range of partition coefficients for 

calcite and aragonite, except for Zn (6.11) which is within the range of calcite partition 

coefficients (0.9-27), and for Cd (3.13) which is below the range of calcite partition coefficients 

(4.5-66.1). The partition coefficients for ikaite of Cu, Cr, Mn, and Ni are 10 times higher than 

those of calcite, whereas Ba and Pb present a partition coefficient 100 times higher, and Sr 

100,000 times higher in order of magnitude. 

4.3.4 | Laboratory experiments 

 Figure 4.9 and 4.10 show the FTIR spectra of the trials of making ikaite from the 

methods of Lennie et al. (2004) and Tollefsen et al. (2020) respectively. These spectra are 

diagnostic of ACC by two characteristic features: a very smooth and symmetrical peak at the 

wavenumber 1645cm-1 (Table 4.2), corresponding to O-H stretching, instead of a sharp and 

asymmetrical peak for ikaite at the same wavenumber (Figure 4.5), and the presence of an 

asymmetrical peak at 1050cm-1 (Figures 4.9 and 4.10), which is absent in the ikaite spectra 

Table 4.3: Depicting the different partition coefficients for the elements sequestered in the sample of ikaite versus the 

partition coefficients of calcite and aragonite from the literature. 
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(Figure 4.5). The non-crystalline nature of these samples was confirmed by XRD, which 

showed no x-ray scattering and thus very poor crystallinity.  

 

 

Figure 4.9: Trial of making ikaite following the method of Lennie et al. (2004) corresponding to ACC. 

Figure 4.10: Trial of making ikaite following the method of Tollefsen et al. (2020) corresponding to 

ACC. 
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4.4 | DISCUSSION 

4.4.1 | Discovery of ikaite in steel waste leachate. 

We present the first report of ikaite formed in steel slag leachate sites where these transient 

growths may alter the dynamics of environmentally harmful elements. The sample we describe 

was recovered during a period with average air temperature of 1.1°C and water temperature of 

9.9°C, and the previous two nights had minimum average temperature of -4.1°C (CEDA 

Archive from the nearest station, Durham). 

This is within the stability range for ikaite (<-4–8°C) defined by Boch et al. (2015). Similar 

transient development of ikaite in steel-waste affected surface water may be very widespread, 

especially in the northern hemisphere. This potential is illustrated in Figure 4.11, which shows 

a range of sites at high and mid latitudes which are candidates for this process spanning Canada 

Figure 4.11: Climatology of annual mean land temperature for 1951-1980 from the Berkeley Earth 

data after NCAR, ClimateDataGuide with the overlapped localization of the countries with annual 

mean land temperature lower than 8°C and steel plant sites after World steel plant maps - 2020 

Geography (https://www.steelonthenet.com/maps.html). 

https://www.steelonthenet.com/maps.html
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(Nova Scotia), Great Lakes of the US, Sweden, Finland, UK, France, Germany, Romania, 

Russia (Siberia), Ukraine, Kazakhstan, China and Japan. Of particular concern are sites in 

Russia, Canada, and USA, where the winters are cold enough for ikaite precipitates to 

accumulate for many months. Indeed, winters are likely to be cold enough to facilitate ikaite 

precipitation for 5 months at sites in Russia, 3 months in Canada, 3 months in the USA.  

The ikaite crystals seen in the field (Figure 4.3) are not embedded within the permanently 

sedimented calcite. Indeed, the cm-sized euhedral to subhedral white crystals are dominantly 

located along the barrage crests (Figure 4.3), are thus forming at the water-air interface where 

low air temperatures will most strongly affect the solution. The sampled carbonate precipitate 

of white crystalline material exhibits a grainy consistency (Figure 4.3), and although we do 

find minor calcite within the XRD data we have not found ikaite-shaped cavities, or 

replacement textures like thinolite or glendonite within these deposits. Therefore, the ikaite 

must disintegrate, returning its content to solution. Ikaite is more susceptible to re-dissolution 

and mechanical abrasion compared to calcite due to a combination of chemical and mechanical 

processes. Consequently, ikaite is subject to vanish rapidly from the barrage crests, i.e. 

probably within a few days when the cold weather ceases (Boch et al., 2015).  

This transient mineral formation is a new type of potential transient contaminant sink for 

these sites, confirming the hypothesis of Boch et al. (2015). Given that cold periods favourable 

to ikaite accumulation may occur for 3-5 months of the year in the world’s most northerly steel 

manufacturing sites, the impact of this process could be very severe. Accumulation during cold 

winter periods followed by rapid increase in spring time temperature will likely result in a “saw 

tooth” pattern in pollutant dynamics, unlike the behaviour of more permanent inventories. 

It remains possible that conversion of ikaite to microcrystalline calcite allows some stable 

carbonate precipitates to remain in the riverbed, reducing the severity of the rapid mass release 
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during warming. This is known to occur from other places of original ikaite formation (Omelon 

et al., 2001; Oehlerich et al., 2013), and after thermal decomposition the solid crusts are easily 

stripped-off and mobilized in the turbulent water flow (Boch et al., 2015). This will further 

complicate dynamics at these sites and will require further field and experimental investigation.  

4.4.2 | What contaminant phases are likely to be accumulated into a transient ikaite 

inventory? 

Where the ikaite inventory preferentially accumulates an environmental contaminant (i.e. 

the contaminant has a partition coefficient higher than 1), this will amplify the saw-tooth 

dynamics by enriching the transient reservoir. In the sample reported here, the partition 

coefficients are higher than 1 for all investigated contaminants with the exception of vanadium 

(Table 4.3). Rapid release during warming of an inventory so strongly enriched in a range of 

contaminants compared to the ambient water would pose a very severe challenge to aquatic 

and riparian ecosystems, and may extend far downstream of the area exhibiting ikaite growth. 

These release events would likely evade standard monitoring approaches, which generally 

focus on sampling at regular, widely spaced intervals. The process of formation-dissolution of 

ikaite is faster than the spacing between those samplings in our UK site, and at colder sites the 

release event may be over within a few days during the spring thaw and also be irresolvable. 

Indeed, the average sampling spacing in recent years (February 2018 until October 2019) is 

quite infrequent (0.38 per month: 4-5 times in one year) at the nearest site from our UK site, 

downstream of Consett Sewage Treatment works at Ebchester (Sampling point ID: NE-

43400174), within Northumberland Durham and Tees after public sector information licensed 

under the Open Government Licence v3.0. Since the location of this site (downstream of 

Consett Sewage Treatment works), it does constitute the closest semi-active station to our UK 

site, enabling to record a flushing event.   



145 
 

Monitoring of bulk solution properties such as pH may also not respond to the mineral 

dissolution, as the carbonate release to solution will be masked by already high CO3 and OH 

alkalinity. Conductivity monitoring is the most likely bulk parameter to resolve these changes, 

but as the ratio of contaminant: Ca would be higher during the release event, such 

measurements would still significantly under-estimate the impact. We find that if ikaite is 

found within similar systems to that described here, monitoring procedures will need to be 

redesigned.  

It is interesting to note that ikaite could potentially incorporate an element such as Tritium, 

a rare and radioactive isotope of hydrogen, which has an atomic radius of 53 pm, lower than 

the atomic radius of Strontium (0.215 nm) (Taylor, 1968), reported in the list of elements 

sequestered in our ikaite sample (Table 4.3). The study of Kitabata and Kitamura (1997) 

reported the key issues of heavy water recycling and tritium internal dose reduction for the 

heavy water handling technology in the Fugen Nuclear Power Station. Dry ikaite might be an 

alternative to store the pollutant of Tritium in solid state. 

4.4.3 | Why are these elements enriched compared to the solution? 

The partition coefficients reported here are significantly higher than those reported in 

the literature for other calcium carbonate polymorphs, and some (e.g. Sr, which is enriched in 

the mineral by over 150,000 times compared to solution) are very high indeed. It seems likely 

that were sufficient Sr available in solution, a hydrated strontium carbonate polymorph would 

have been formed. Although as far as we are aware these are the first partition coefficients of 

our ikaite field sample provided in the literature, these extreme behaviours demand further 

investigation.  
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4.4.3.1 | Laboratory synthesis experiments 

Using two different published methodologies for ikaite synthesis, we found the initial 

precipitate was actually ACC, as determined by FTIR measurements (Figures 4.9 and 4.10). 

Ikaite was formed as a secondary phase if the precipitate was stored under cool conditions (-

4.35 – +1.1oC for at least 7 days). We note 3 months storage is recommended as part of the 

synthesis for ikaite in the protocol published by Lennie et al. (2004). We also note that 

Tollefsen et al. (2020) report that ikaite precipitated in their experiments together with ACC at 

temperatures between 10 °C and 35 °C, and the amount of ACC increased with temperature. 

At 35 °C, the sample contained 94% ACC. Such formation of ikaite from precursor ACC has 

previously been reported (Chaka, 2018), and seems a generalisable feature of formation of this 

mineral in conditions analogous to nature. The electron microscope images of our field sample 

(Figure 4.8) show ikaite crystals growing, but no clear evidence for ACC. However, 

replacement may be very rapid and could have completed before our time of sampling, so it 

remains possible that there was indeed an amorphous pre-cursor at this site. 

Initial precipitation as an ACC phase may explain why partition coefficients we report 

from Consett are very high, as the disordered structure of amorphous mineral permits easy 

incorporation of trace elements. In an analogous series of experiments, conversion of ACC to 

calcite by dissolution-reprecipitation result in final mineral composition with enhanced 

partition coefficients for Li, Sr, Mg, U, B, Ba, and elements multiplied respectively by up to 3, 

4, 8, 16, 565 and 1500 times respectively, (See Table 2 of Ulrich et al., 2021). Since an ordered 

mineral is not actually being produced direct from solution in these systems, the 

thermodynamics of aqueous crystal assembly is not relevant to final crystal composition. 

Rather, composition is set by the sequential partitioning of the water to ACC reaction, and the 

ACC to ikaite reaction. One potential benefit of this behaviour is that there is potential for very 

high toxic trace element content to be transferred another Ostwald step forward if ikaite does 
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dehydrate to calcite during warming, permanently sequestering the pollutants. The Ostwald’s 

step rule states that on the law of successive reactions, it is not the stablest state with the least 

amount of free energy that is initially obtained, but the least stable one, lying nearest to the 

original state in free energy (Van Santen, 1984).   Further research is needed to determine the 

balance of heavy metals and barium sequestered to the ikaite inventory which is ultimately 

transferred to the calcite inventory, or returned to solution.  

 

 

 

 

 

 

 

 

4.4.4 | What is the environmental risk posed by this finding? 

Mayes et al. (2018) established a maximum rate of carbonate production per day in Howden 

Burn of 259g.m.-2day-1. Assuming that under cold conditions as experienced during the 

fieldwork reported, all of this mass is deposited as ikaite it is possible to use the partition 

behaviour described above to estimate how much of each contaminant would be stored in ikaite 

during the cold spell in early 2019. These are shown in Table 4.4. Cadmium, chromium and 

nickel are likely to be sequestered at a rate close to 0.5-8 mg m-2 day-1, zinc and barium in a 

Table 4.4:  Depicting the rate of contaminants stored in ikaite per day for each metal. 
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range of 20-60 mg m-2 day-1 and manganese and lead at exceptionally high rates of 1000 and 

1600 mg m-2 day-1 respectively (See Table 4.4). If accumulation continued throughout the 

approximately week-long cold spell, estimates for the amount of lead stored in the transient 

ikaite inventory may approach 10g m-2 so long as sufficient Pb was available in the solution. 

This entire inventory may be released back to solution in a matter of hours during warming.   

For specific regions such as Russia, North of America, Canada, Sweden, Finland, 

Central Europe, where winter can provide conditions at least as cold as Consett for several 

months, this issue may become acute.  Large masses of toxic trace elements accumulated in 

ikaite and the released in a short duration would cause acute pollution events during thaw 

periods. We recommend that this impact is investigated, as it may cause river health to be 

considerably lower than standard monitoring practices would explain. Complicating this 

further, Tollefsen et al. (2020) demonstrate ikaite forming under ambient temperatures of a 

much higher range than generally given, extending as high as 35°C. Consequently, it remains 

possible that minor ikaite formation in steel waste affected sites may be very widespread 

indeed.   

4.4.5 How harmful would release of these contaminants in a transient mineral inventory 

likely be? 

Specific concern arises from this investigation for springtime peaks in contamination 

with chromium, manganese, nickel, zinc, cadmium, barium, and lead (Table 4.3). There is less 

preoccupation regarding strontium and copper as for Sr, our system does not infer any 

radioactivity and for Cu, concentrations are low and usually either around limits of detection 

(LOD) or if not, there are below aquatic life standards. All aside from manganese and barium 

are heavy metals which have a marked effect on the aquatic flora and fauna. These toxic metals 

entering in aquatic environment are adsorbed onto particulate matter, although they can form 
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free metal ions and soluble complexes that are available for uptake by biological organisms 

(Lokhande et al., 2011), and through bio-magnification can enter the food chain, ultimately 

affecting human populations as well (Lokhande et al., 2011). The toxic effects of heavy metals 

such as chromium, cadmium, zinc, and lead can affect the individual growth rates, 

physiological functions, mortality and reproduction in fish (Ali et al., 2014). Heavy metals 

entre in fish bodies by three possible ways: by gills, by digestive track and body surface 

(Lokhande et al., 2011). The gills are considered as the significant site for direct uptake of 

metals from the water, though the body surface is normally estimated to take minor part in 

uptake of heavy metals in fish (Abdul-Wahab et al., 2012).  

As reviewed by Ali et al. (2014), heavy metal accumulation, such as Cr and Cd, in fish 

severely affects their health and are of primary ecological importance (Table 4.5). When passed 

into the human food supply, fish contaminated with Pb, Cr, Cd and Zn cause great concern for 

human health (Juberg et al., 1997; Rossi & Jamet, 2008; Healey, 2009). These contaminants 

constitute priority hazardous substances affecting human health and aquatic life (Table 4.5). 

The impact of Ba, Mn and Ni is rather different to the heavy metals described above but can 

be severe for plant and animal systems. These elements correspond to secondary hazardous 

substances and their toxicity is reported in Table 4.6.   
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PRIMARY ECOLOGICAL IMPORTANCE (Affecting health of fish) 

Element Potential impacts 

Cd Cadmium can reduce the reproduction rate of aquatic organisms, and continual exposure to cadmium can lead to a gradual extinction of affected taxa (Ali et al., 2014). Cadmium 

damages the kidney and produces signs of chronic toxicity, including impaired reproductive capacity and kidney function, tumors, hypertension and hepatic dysfunction. Sub-lethal 

concentrations of Cadmium cause deviations on the electrophoretic arrangements of protein segments in gills and muscle O.mossambicus (ibid) (Ali et al., 2014). 

Zn Zinc is a potential toxicant to fish (Vosylienė & Mikalajūnė, 2006) which causes disturbances of acid-base and ion regulation, disruption of gill tissue and hypoxia (Murugan et al., 

2008). The underlying cause of these impacts is zinc accumulating in the gills and reducing tissue respiration leading to tohypoxia, which results in death. Zinc pollution also promotes 

changes in ventilator and heart physiology (Olaifa et al., 1998). Sub-lethal levels of zinc have been known to unfavorably affect hatchability, existence and hematological strictures 

of fish  (Olaifa et al., 1998), deficiency of balance since most fins are stationary in the affected fish, restless swimming, air guzzling, periods of dormancy and death (Kori-Siakpere 

& Ubogu, 2008). 

PRIORITY HAZARDOUS SUBSTANCES (Affecting human health and aquatic life) 

Element Potential impacts 

Pb Lead is a recognised and potent environmental pollutant, which accumulates in muscles, bones, blood and fat (Ali et al., 2014). This results in severe damage to liver, kidneys, brain, 

nerves and other organs, especially in young individuals and infants. Exposure to lead may also lead to reproductive disorders osteoporosis (brittle bone disease), causes increases in 

heart disease, high blood pressure,  and affects the blood and heart causes anemia and affects the nerves and brain (Ali et al., 2014). Extensive exposure to lead causes memory 

problems appropriations, behavioral disorders, mental retardation while lesser levels of lead damage the nerves and brain in fetuses and young children, resulting in lowered IQ and 

learning deficits (ibid). 

Cr Chromium toxicity in humans can cause faded immune system, skin diseases, ulcers and digestive problems, alteration in genetic material, liver and kidney damage, death (Karadede 

et al., 2004). 

Cd Cadmium can damage the kidneys, causing the excretion of sugars and essential proteins from the body and cause diarrhoea, vomiting, stomach problems, fractures in bone, damage 

to DNA, failure in reproduction and fertility, cause damage to nervous system, damage to immune system and some cancers (Abdul-Wahab et al., 2012). Elevated levels of zinc can 

cause skin annoyances, stomach cramps, anemia, vomiting and nausea (Lokhande et al., 2011). 

Zn High levels of Zn damages the pancreas and disturb the protein metabolism, and cause arteriosclerosis (Abdul-Wahab et al., 2012). 

Table 4.5:  Depicting the potential impacts of the contaminants Cd, Zn, Pb, Cr and Zn classified by primary ecological importance, priority, and secondary hazardous substances. 
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SECONDARY HAZARDOUS SUBSTANCES (Affecting plant and animal systems) 

Element Potential impacts 

Ba It has been shown to reduce photosynthesis, chlorophyll fluorescence and stomatal resistance in plants (Abdul-Wahab et al., 2012). This results in reduced biomass production in 

beans (Chaudhry et al., 1977; Llugany et al., 2000) and soybeans (Suwa et al., 2008) due to reduced CO2 assimilation caused by limited photosynthetic activity (Melo et al., 2011). 

Barium has also been shown to affect a variety of cellular and developmental processes in both plant and animal systems (Spangenberg & Cherr, 1996). These include perturbation of 

vitellogenin uptake in insect follicles (Kindle et al., 1990), inhibition of ciliary function in trochophore larvae (Marsden et al., 1986), and structural and functional integrity of flagella 

in algae (Zmarzly et al., 1986). It has been suggested that these effects result from Ba interaction with cellular Ca homeostasis (Spangenberg & Cherr, 1996). 

Mn Plants have been shown to react to excess Mn with a drop-in photosynthetic rate (Macfie and Taylor, 1992; Macfie et al., 1994). This lowering of photosynthesis occurred as a result 

of decreases in chlorophyll and the photosynthesis per unit chlorophyll in a sensitive cultivar and only reducing the chlorophyll content in a tolerant cultivar of T. aestivum (Moroni 

et al., 1991; Macfie and Taylor, 1992). Manganese toxicity has also been associated with swollen chloroplasts in G. max (Wu, 1994).  

Ni  Excess Ni has been reported to cause leaf necrosis and chlorosis of plants (Chen et al., 2009). Chlorosis and along-vein necrosis appeared in newly developed leaves of water spinach 

after plants were treated with 0.085 to 0.255 mM (5 – 15 ppm) Ni for a week (Sun and Yu, 1998). Ni at a concentration of 0.5 mM produced dark brown necrotic spots along the leaf 

margins and decreased water potential and transpiration rate, resulting in wilting of outer leaves and necrosis of inner leaves of cabbage (Pandey and Sharma, 2002). Barley grown in 

0.1 mM Ni for 14 days showed chlorosis and necrosis of leaves (Rahman et al., 2005). 

Table 4.6:  Depicting the potential impacts of the contaminants Ba, Mn and Ni classified by primary ecological importance, priority, and secondary hazardous substances. 
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4.5 | CONCLUSION 

Ikaite formation presented in this study occurs in an anthropogenic system within steel-

slag leachate and is the first documentation worldwide for this setting of ikaite crystallization. 

This was achieved through a novel combination of in-situ FTIR analysis to inform sample 

selection for rapid XRD analysis, which could provide a model for identifying ikaite at similar 

sites in the temperate zone. We deduce from laboratory experiments and very high partition 

coefficients in the field sample that ikaite is a secondary mineral with a primary phase being 

ACC. The ikaite forming in steel-slag leachate affected waters is incorporating large 

inventories of very harmful pollutants such as the heavy metals cadmium and lead which are 

most toxic to all human beings, animals, fishes, and environment. Chromium, zinc, manganese, 

barium and nickel are other potent contaminants reported in this study causing various ill 

effects, which are accumulated in the transient ikaite inventory. Masses accumulated in the 

ikaite inventory may be very high, with g.m-2.day-1 estimated for lead.   

As ikaite is thermally unstable, the inventory is lost during warming periods. In our 

field study area (Consett, County Durham, UK) this is related to synoptic weather, but in colder 

regions the warming will likely relate to springtime thawing. It is unclear how much ikaite is 

converted to calcite by dehydration, but at Consett we find no direct evidence of this. 

Consequently, most of the temporarily stored contaminant mass will be lost back to solution in 

a short duration, creating a significant peak in toxicity. These short-lived periods of acute 

pollution may significantly compromise river ecology, and present potential challenges to 

human health. The regions most exposed to this risk as those with long durations of stable low 

temperature in the winter, so steel-making and former steel-making locations in Russia, 

northern North America, Canada, Sweden, Finland and Central Europe should be investigated 

for this process. Ikaite is considered to have an upper temperature limit of 8°C, providing a key 

isotherm to guide this investigation spatially and seasonally. However, ikaite has been reported 
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forming under ambient temperatures (5-35°C), so the 8oC isotherm may significantly 

underestimate the issue. 
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The idea for this manuscript arose from the discussion between all authors. Laura 

Bastianini collected the ikaite sample on the field and executed the laboratory experiments to 

synthetise ikaite. She also drafted the manuscript. Mike Rogerson identified the ikaite sample 

by FTIR on the field and made improvements through the whole manuscript. Timothy J. Prior 

collected and interpreted X-ray diffraction data. Kit Hardman, Eddie Dempsey and Anna Bird 

collected and interpreted the laser data. Mike Rogerson and Laura Bastianini calculated the 

partition coefficients for ikaite. Alex Brasier provided insight on the interpretation of the SEM 

images. William M. Mayes had previously noticed ikaite growths on the surface of the 

carbonate deposit when there was snow on the ground one week before collection of the 

sample. He subsequently led the sampling team which visited the site later during the same 

cold period and made improvements through the whole manuscript.  
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Chapter 5 – Improving field alkalinity characterization of waters 

on anthropogenic alkaline sites 

Laura Bastianini, Mike Rogerson, Timothy J. Prior & William M. Mayes. 

This chapter of the thesis critically assesses a range of methods for dissolved inorganic 

carbon (DIC) characterisation at anthropogenic alkaline sites.  DIC is a crucial measure to assist 

in understanding carbonate formation processes, trace metal dynamics and carbonation 

opportunities at these sites, but traditional approaches may not be robust for waters with 

extreme geochemistry.  As such, this chapter compares a range of methods for assessing 

dissolved inorganic carbon in alkaline samples and includes the development of a new method 

for such based-on strontium carbonate precipitation.  Traditional methods (manual and 

automated titrations) are compared against a new strontium carbonate method for accuracy and 

reliability.  The implications of the differing performances in these methods for DIC 

characterisation are considered for interpreting geochemical processes (notably carbonate 

saturation) at hyperalkaline sites (RQ5: How can dissolved inorganic carbon be better 

characterised from anthropogenic hyperalkaline sites?). 

5.1 | INTRODUCTION 

Acid Neutralising Capacity (ANC) is a key labile parameter in natural and 

anthropogenically-influenced waters arising from the combined effect of solutes plus 

particulates in an unfiltered water sample, reported in equivalents per liter (or milliequivalents 

or microequivalents) (Radtke et al., 1998). As particulates reflect a broad spectrum of 

environmental processes, including flow-induced turbidity, it is usually practical to reduce the 

full ANC to only that of dissolved species by removing the particulate phases. This parameter, 

alkalinity, therefore reflects the sum of titratable carbonate and noncarbonate chemical species 
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in a filtered water sample (filter membrane of 0.45-µm or less pore size) (Radtke et al., 1998).   

In many aqueous systems, alkalinity is controlled by carbonate chemistry, and most is 

commonly attributable to bicarbonate (HCO3
–) and less frequently to carbonate (CO3 

2–) 

(Radtke et al., 1998). Carbonate alkalinity represents the acid-neutralizing capacity of 

carbonate solutes only (mHCO3
– + 2mCO3 

2–, where m is moles), reported either in equivalents 

per liter (or milliequivalents or microequivalents) or in milligrams per liter as a carbonate 

species when titrated from a filtered water sample (Radtke et al., 1998).  

At sites impacted by highly alkaline drainage, alkalinity is a key field parameter used 

to characterise the geochemical processes and potential pollution issues (e.g. Bastianini et al., 

2019, 2021; Mayes et al., 2008; Womble et al., 1996).  The parameter is crucial to estimates of 

carbonate precipitation which has been demonstrated to impact macroinvertebrate 

communities (Koryak, 1998; Hull et al., 2014), and for modelling saturation indices of 

carbonates in alkaline waters which can feed into carbon capture budgets (e.g. Mayes et al., 

2018).  In the same manner, alkalinity measurements are key constraints both for geochemical 

evaluations of processes in natural system such as land surface carbon flux (e.g. Graly et al., 

2017), or in sedimentology studies where carbonate minerals are actively precipitating (e.g. 

Gallagher et al., 2012). Despite these well-established uses of alkalinity data, methods for 

alkalinity data collection are rarely scrutinised in terms of levels of operator repeatability and 

rarely collected in replicate in field settings (e.g. Gozzard et al., 2011).  This chapter provides 

a critical appraisal of methods for collecting alkalinity data, with focus on improving the basis 

for characterisation of geochemical processes at highly alkaline sites.  

5.1.1 | Definition of alkalinity for alkaline anthropogenic systems 

Alkalinity corresponds to the ability of a sample to neutralize strong acid (Gran, 1950; 

Rounds, 2012), and in environmental context essentially reflects the presence of dissolved 
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carbon species (bicarbonate (HCO3
-), carbonate (CO3

2-) and hydroxide (OH-)) (Rounds, 2012; 

Stumm & Morgan, 1981, 1996). The speciation of inorganic carbon in solution acts like a 

buffer, where the carbonate ion associates (dissociates) with protons as they are provided to 

the solution (removed from the solution) by addition of a strong acid (by addition of a strong 

base). The behaviour is determined by the Henderson-Hasselbach equation, which regulates 

the equilibrium of:  

𝐶𝑂2(𝑔) +  𝐻2𝑂(𝑙) ⇌  𝐻2𝐶𝑂3(𝑎𝑞) ⇌  𝐻𝐶𝑂3(𝑎𝑞)
−

 
+  𝐻(𝑎𝑞)

+ ⇌ 𝐶𝑂3(𝑎𝑞)
2−

 
+  2𝐻(𝑎𝑞)

+  

Working from left to right, the first equilibrium is determined by a hydrolysis reaction, 

and is generally the slowest (rate limiting) reaction in the series (Dreybrodt et al, 1996). The 

pKa (i.e. hydrogen dissociation coefficient) of the second and third equilibria are ~6.4 and 

~10.3 respectively (varying with solution composition, pressure and temperature). 

Consequently, circumneutral solutions will be dominated by bicarbonate, whereas acid and 

alkaline solutions will be dominated by carbonic acid and carbonate respectively. Figure 5.1 

shows the partitioning of alkalinity generation with pH from Langmuir (1997). 

5.1.2 | Naturally occurring alkalinity 

In natural water, Total Alkalinity (TA) is defined as the excess of proton acceptors 

(bases carbonic acid) over proton donors (acids with K > 10-4.5) (modified from Dickson, 1981): 

TA = [HCO3
−] + 2[CO3

2−] + [B(OH)4
−] + 2[HPO4

2−] + 3[PO4
3−] +

[SiO(OH)3
−] + [HS−] + [NH3] + [OrgAlk] + [OH−] − [H+]F − [HF] −

HSO4— 3[H3PO4] −[OrgA] …, 

where contributions of carbonate (HCO3
- and CO3

2-) and borate (B(OH)4
-) species 

usually dominate. Organic acid charge groups (negatively charged species) can contribute to 

TA as a base (OrgAlk) and/or an acid (OrgA) depending on their equilibrium constants (Muller 



157 

 

and Bleie, 2008; Ulfsbo et al., 2015). In both freshwater and seawater, OrgAlk also affects 

water pH, carbonate speciation, and buffer capacity (e.g., Cai et al., 1998; Muller and Bleie, 

2008; Wang et al., 2013; 2016). Since TA is commonly used as one input parameter in 

thermodynamic CO2 system calculations, any uncertainty in the definition or measurement of 

TA will lead to uncertainty in determining carbonate speciation. 

The principal source of carbon dioxide species from which alkalinity is generated in 

surface or ground water is the CO2 gas fraction of the atmosphere, or the atmospheric gases 

present in the soil or in the unsaturated zone lying between the surface of the land and the water 

table (Wang et al., 2016). The CO2 content of the atmosphere is near 0.03 percent by volume 

(Wang et al., 2013). Soil-zone and unsaturated-zone air can be considerably enriched in carbon 

Figure 5.1: Distribution diagram for carbonate species as a function of pH, assuming the total 

carbonate CT =10-3 M. Concentrations of H+ and OH-, which are independent of CT, are shown as 

dashed straight lines after Langmuir (1997). 
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dioxide, usually owing to respiration by plants and the oxidation of organic matter. In some 

natural systems there may be sources of carbon dioxide other than dissolution of atmospheric 

or soil-zone CO2 (Muller and Bleie, 2008). Possible major local sources include biologically 

mediated sulfate reduction and metamorphism of carbonate rocks as well as their weathering. 

In some areas, outgassing from rocks in the mantle 15 km or more below the surface has been 

suggested (Irwin and Barnes, 1980). From studies of δ13C values in dissolved HCO3
- in 15 oil 

and gas fields, Carothers and Kharaka (1980) concluded that the decarboxylation of acetate 

and other short-chain aliphatic acids was an important CO2 source in these waters. This process 

also produces methane and other hydrocarbon gases.  

Carbon dioxide species are important participants in reactions that control the pH of 

natural waters. Reactions among the alkalinity-related species, aqueous CO2, H2CO3(aq), 

HCO3
-, and CO3

2-, and directly pH related species, OH- and H+, are relatively fast and can be 

evaluated with chemical equilibrium models. Rates of equilibration between solute species and 

gaseous CO2 across a phase boundary are slower, and water bodies exposed to the atmosphere 

may not be in equilibrium with it at all times. The oceans are a major factor in maintaining 

atmospheric CO2 contents. It may be of interest to note that carbonic acid, H2CO3, is 

conventionally used to represent all the dissolved undissociated carbon dioxide. In actuality, 

only about 0.01 percent of the dissolved carbon dioxide is present in this form. 

 Mass balance calculations indicate that the weathering of Ca-bearing peridotite 

silicates, such as diopside, is a feasible source of Ca in Ronda Ca–OH hyperalkaline fluids; 

however, it requires steady-state dissolution rates substantially greater than those determined 

experimentally (Giampouras et al., 2019). The non-carbonate alkaline species contributions 

from species of boron, phosphorus, nitrogen and silicon are often dominated by contributions 

from organic species such as humic acids (Cai and Wang, 1998, Lozovik, 2005, Hunt et al., 

2011), which can vary in pKa and represent a large fraction of TA. Some studies (e.g., Cai et 
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al., 1998; Tishchenko et al., 2006; Kim and Lee, 2009) have shown that non-carbonate alkaline 

species are sometimes a significant fraction of TA in estuarine and coastal ocean waters and 

must be taken into account when analyzing the carbonate system in various environments. 

Alkalinity is also generated by many industrial processes, such as coal combustion (Heidrich 

et al., 2013; Moreno et al., 2005; Yao et al., 2015), lime production (Steinhauser, 2008), 

chromium ore processing (Darrie, 2001; Freese et al., 2015; Geelhoed et al., 2002), cement 

production (Adaska and Taubert, 2008), alumina extraction (Burke et al., 2012b; Power et al., 

2011), iron and steel manufacture (Mayes et al., 2006; Motz and Geiseler, 2001; Piatak et al., 

2015), and waste incineration (Astrup et al., 2006; Bogush et al., 2015; De Boom and Degrez, 

2012; Ferreira et al., 2003; Johnson et al., 1999; Quina et al., 2008). All these alkaline residues 

are characterised by the presence of Na, Ca or Mg oxides that rapidly hydrate to produce 

soluble hydroxide. A large range of Ca and Na silicate, aluminate and aluminosilicate phases 

are also represented, hydrating and dissolving to produce hydroxide alkalinity in a manner 

similar to the natural weathering of alkaline rocks. Any Ca and Mg carbonates present provide 

a more stable (low solubility) alkaline phase. Initially, dissolution of soluble Na or Ca 

hydroxides tends to dominate (pH > 12) (Gräfe et al., 2011; Mayes et al., 2008; Roadcap et al., 

2005). Over time, the more slowly reacting phases [e.g. Ca silicates, Na aluminosilicates, 

Mg(OH)2] control leachate quality (9 < pH < 12). On long timescales, carbonate dissolution 

prevails (pH < 9).  

5.1.3 | Measuring alkalinity in the field 

Alkalinity and concentrations of bicarbonate, carbonate, and hydroxide species are 

most commonly determined by analysing acidimetric-titration data with either the inflection 

point titration method, the Gran function plot method or the Fixed End Point method (Devlin, 

1990; Kirby et al., 2005; USGS, 2012). The Inflection Point Titration (IPT) method, also called 
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the incremental titration method, is adequate for most waters and study needs (Devlin, 1990; 

Kirby et al., 2005; USGS, 2012). Difficulty in identifying the inflection points using the IPT 

method increases as the ratio of organic acids to carbonate species increases and as the 

alkalinity decreases (Devlin, 1990; Kirby et al., 2005). The Gran function plot (Gran) method 

is recommended for water in which the alkalinity or ANC is expected to be less than about 0.4 

milliequivalents per liter (meq/L) (20 milligrams per liter (mg/L) as CaCO3), or in which 

conductivity is less than 100 microsiemens per centimeter (μS/cm), or if there are appreciable 

noncarbonate contributors or measurable concentrations of organic acids (Kirby et al., 2005). 

The Fixed-End Point (FEP) method, a widely used technique for alkalinity and acidity 

determinations, present some specific difficulties when applied to low-pH waters (USGS, 

2012). Alkalinity determinations by the fixed end point method are performed by lowering the 

pH of the sample with acid additions to the carbon-dioxide end point (or methyl-orange end 

point) of pH 4.5 (Devlin, 1990). This method is based on the principle that when hydroxide, 

carbonate and bicarbonate are the alkaline-contributing species, carbon dioxide concentration 

determines the pH at the equivalence point (USGS, 2012). Although the method is 

straightforward for samples with pH greater than 4.5, the titrations cannot be performed on 

samples with pH less than 4.5 (Kirby et al., 2005).  

With the IPT method, it is possible to obtain the carbonate and bicarbonate endpoints 

in the titration by determining the highest change in the measured pH per unit volume of acid 

added (Hem, 1985; Rounds, 2012; U.S. Geological Survey, 2012). The carbonate and 

bicarbonate equivalence points are respectively near pHs of 8.3 and 4.5, but it is more precise 

to determine their exact locations from the titration data (Hem, 1985; Rounds, 2012). This 

could be identified by a distinct inflection point in the measured titration curve (U.S. 

Geological Survey, 2012). Inflection points correspond to the points of maximum rate of 

change in pH per volume of titrant added. (Hem, 1985; Rounds, 2012). These endpoints allow 
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deducing the carbonate alkalinity in mg/L (Rounds, 2012; U.S. Geological Survey, 2012). The 

relative error of the determinations could be within ±4 percent if the equivalence point is 

recognizable within ±0.3 pH unit of the true equivalence point (U.S. Geological Survey, 2012). 

This method, also known as the incremental titration with second-derivative calculations, is 

not useful in alkalinity determination in low-pH waters with negative alkalinities since the 

calculations cannot yield a negative result.  

USGS (2012) does not recommend using the FEP method for determining alkalinity 

anymore (Rounds, 2012; Stumm & Morgan, 1981, 1996). This technique is indeed less accurate 

than the IPT method, particularly for low concentrations of total carbonate species and for 

water with significant organic and other non-carbonate contributors to alkalinity (Rounds, 

2012; Stumm & Morgan, 1981, 1996; USGS, 2012). This decrease in accuracy is evident 

particularly for low concentrations of total carbonate species and for water with significant 

organic and other noncarbonate contributors to alkalinity or ANC (Rounds, 2012; Stumm & 

Morgan, 1981, 1996). However, it is a more economical and more easily transportable method 

in a field campaign than the IPT method (Rounds, 2012; Stumm & Morgan, 1981, 1996). The 

IPT method can be used for most waters and study needs. It is a very precise method but more 

expensive than the Fixed End Point Titration method (Rounds, 2012; Stumm & Morgan, 1981, 

1996) and it may be difficult to identify the inflection points as the ratio of organic acids to 

carbonate species increases and (or) as the alkalinity decreases (Rounds, 2012; Stumm & 

Morgan, 1981, 1996). 

Standard references for Alkalinity and Acidity measurements (USEPA, 1983b,a; 

ASTM, 1998; APHA, 1998b; APHA, 1998a) essentially agree on the major steps in laboratory 

protocols (Titrate quickly with H2SO4 solution to pH 4.5 and use ‘‘low Alkalinity’’ method (a 

‘‘Gran’’ titration approach) as necessary) (Kirby and Cravotta, 2005). 
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5.1.4 | Margin errors resulting from alkalinity titrations 

The study of Fritz (1994) shows that there is a broad range of margin errors resulting 

from alkalinity titrations. The accuracy of the measurement with measuring cylinder and 

Erlenmeyer flask can be compromised. Temperature effects can have an impact on the 

alkalinity value as well (Fritz, 1994). Air and water temperature of the sample can change 

depending on the day. According to Pierce et al. (1948), random or indeterminate errors are 

caused by inherent limitations of equipment, limitations of observations and lack of care in 

making measurements. Random errors can never be eliminated (Fritz, 1994). Systematic errors 

are the most insidious because they are often difficult to detect (Fritz, 1994). They affect each 

individual result in exactly the same way (Fritz, 1994). 

5.1.5 | The need for further evaluation of methodologies 

Application of computational and modelling approaches is increasingly a standard part 

of analysis of natural waters, and re- and meta-analysis of published and “grey literature” data 

becomes more common. Furthermore, as the implications of this work increasingly determine 

which passive remediation and carbon management technologies are preferred, our need to 

consider the real-world analytical uncertainty associated with measurements of alkalinity 

becomes more acute (Kirby and Cravotta, 2005). In the same manner, the application of these 

approaches to understanding natural carbon budgets and sedimentological characteristics and 

processes drives deeper need to consider alkalinity measurement uncertainty for these research 

communities (Rounds, 2012). This increasing need for understanding of the measurements 

combines with increasing abilities to take ruggedised automated, semi-automated or 

completely novel means of measurement to field locations, emphasised by continued drive 

towards monitoring rather than spot sampling. The result is that it is now appropriate to 

reconsider whether our approaches taken to making measurements of alkalinity in the field, or 
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whether we should be seeking methodological innovation to change how this critically 

important measurement is done.  

There are four main objectives in this study:  

 Testing operator expertise with the manual approach typically adopted for field 

alkalinity measurements (FEP). 

 Providing an evaluation of the standard manual approach (FEP) to taking alkalinity at 

field sites and compare it to an automated laboratory device (IPT) which could 

reasonably be installed to a field station or transportable facility to make measurements 

close to the point / time of sampling.  

 Assessing whether an alternative approach (Strontium titration method) which would 

be easier to implement into an automated monitoring system provides compatible 

measurement uncertainty with these established methodologies, which require the 

presence of a trained operator. This approach carries the additional potential of 

integration with 13CDIC measurement, which will be evaluated elsewhere.  

 Evaluating how much impact the different uncertainties of the measurements would 

have on evaluations of mineral supersaturation, and potentially understanding of sites 

for passive remediation or sedimentology.   

5.2| MATERIAL AND METHODS 

In this study, spring water samples were collected in Welton (Yorkshire, England) on 

13th January 2018 (water 1), 14th May 2019 (water 2) (Figure 5.2).  This provides a useful real-

world sample with alkalinity concentrations typically in the range of those documented at 

alkaline waste-impacted sites covered in previous chapters (e.g. Mayes et al., 2008). We used 

the Welton spring (neutral pH) as opposed to a highly alkaline water as we needed large 

volumes of water in the laboratory for testing which was not feasible from a distant site such 
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as Consett or Brook Bottom. Also, if we sampled a highly alkaline water in a barrel, the pH 

could have dropped from 11.5 to 10 in a few days after collection due to the reaction of the 

water with the CO2 in the airspace. Choosing a water close to equilibrium means we had better 

chance to testing the user performance. Furthermore, we wanted a spring-system of a potential 

carbonate precipitating water in order to obtain a saturation index level close to saturation. 

Waters close to saturation with differences in alkalinity could have a major bearing on 

interpretation. To drive rapid precipitation, high levels of excess dissolved calcium carbonate 

are necessary in the ambient water (Rogerson and Pedley, 2014). 

 Carbonate alkalinity titrations were conducted on these samples following both FEP 

(U.S. Geological Survey, 2012), IPT and Strontium titration (ST) methods (U.S. Geological 

Survey, 2012) at the Department of Geography, Geology and Environment from the University 

of Hull (England, UK).  A sample size of 33 was completed for all techniques to allow 

statistical comparison of the different methods. Since we have an unbalanced sample size and 

non-normal data, it was more robust to apply non-parametric tests (Mann Whitney U or Kruskal 

Wallis tests). These non-parametric tests are based on the null hypothesis which states that 

median and distribution are the same across categories (e.g. different alkalinity measurement 

methods). The null hypothesis is verified if the asymptotic significance value (P) is higher than 

0.05. 

The alkalinity data have been normalised by obtaining z-scores to reduce the dispersion 

of the data allowing their comparison. They were calculated by converting a raw score x into a 

z-score (z) by the formula: 

𝑧 =
𝑥 − µ

𝜎
 

Where μ is the mean of the population and σ is the standard deviation of the population. 
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We will use the measurement of coefficient of variation to assess the reproducibility of 

the three methods of titration. The coefficient of variation, also known as relative standard 

deviation, is a standardized measure of dispersion of a distribution. It is often expressed as a 

percentage and is defined as the ratio of the standard deviation to the mean.  

5.2.1 | FEP method 

The alkalinity of a solution is related to some arbitrary proton reference level or pH, 

corresponding to the pH at the endpoint of a neutralization carried out by adding strong acid or 

strong base to the solution in question (Lower, 1999). The main indicators bromocresol blue-

Figure 5.2: Location map of the Welton spring-system where was collected the water samples. 
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methyl red (pKa = 4.5) and phenolphthalein (pKa = 8.3) are usually employed to detect the 

endpoints corresponding to solutions of pure H2CO3 and pure NaHCO3, respectively (Lower, 

1999). The pH values 4.5 and 8.3, corresponding to the methyl orange and phenolphthalein 

endpoints respectively, act as operational definitions of two of the three reference points of the 

acidity-alkalinity scale for the carbonate system (Lower, 1999). The third endpoint, being 

equivalent to a solution of Na2CO3 in pure water, occurs at too high a pH to be considered 

important in a naturally occurring solution (usually between 10-11). In that sense, carbonate 

alkalinity can also be described as the quantity of strong acid necessary to titrate the solution 

to the phenolphthalein endpoint (Lower, 1999). At this stage, all CO3
2-

(aq) has been transformed 

to HCO3
- (Lower, 1999). If the pH of the solution was at or below 8.3 to begin with, the 

carbonate alkalinity is zero or negative (Lower, 1999). In the same way, calculation of total 

alkalinity is a simple estimation of the amount of acid used to neutralize the sample to the 

methyl orange equivalence point (Rounds, 2012; Stumm & Morgan, 1981, 1996), equivalent 

to the pH point where all carbonate and all bicarbonate have been converted to carbonic acid: 

𝐴𝑙𝑘 (
𝑚𝑒𝑞

𝐿
) =

𝐵(𝑚𝐿)𝐶𝑎 (
𝑚𝑒𝑞

𝑚𝐿
) 𝐶𝐹

𝑉𝑆(𝑚𝐿) (
1𝐿

1000𝑚𝐿
)

= 1000(𝐵)(𝐶𝑎)(𝐶𝐹)/𝑉𝑆 

and 

𝐴𝑙𝑘 (
𝑚𝑔

𝐿
 𝑎𝑠 𝐶𝑎𝐶𝑂3) = 𝐴𝑙𝑘 (

𝑚𝑒𝑞

𝐿
) 𝑋

1𝑚𝑚𝑜𝑙𝐶𝑎𝐶𝑂3

2𝑚𝑒𝑞
𝑋 

100.087𝑚𝑔𝐶𝑎𝐶𝑂3

1𝑚𝑚𝑜𝑙𝐶𝑎𝐶𝑂3

= 50044(𝐵)(𝐶𝑎)(𝐶𝐹)/𝑉𝑆 

Where Alk is the alkalinity or ANC of the sample. 

B is the volume of acid titrant added from the initial pH to the bicarbonate equivalence 

point (near pH 4.5), in milliliters. Ca is the concentration of acid titrant, in milliequivalents 

(meq) per millilitre (same as equivalents per litre, or normality N). CF is a correction factor. 
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The correction factor CF is equal to 1.01 when using the Hach digital titrator cartridges. Vs is 

the volume of sample, in millilitres and mmol is millimoles, in this case for calcium carbonate. 

The concentrations of bicarbonate, carbonate, and hydroxide (OH-
(aq)) constituents in 

the sample can be determined directly from the sample’s pH and alkalinity with the following 

equations (Rounds, 2012): 

 

      

[HCO3
−] (

𝑚𝑒𝑞

𝐿
) = (

𝐴𝑙𝑘 − 𝐾′
𝑊 𝑋 10𝑝𝐻 +

10−𝑝𝐻 

γ 

1 + 2𝐾′2 𝑋 10𝑝𝐻  
)  𝑋 (

1000𝑚𝑒𝑞

1mol 
)  

[CO3
2−] (

𝑚𝑒𝑞

𝐿
) = (

𝐴𝑙𝑘 − 𝐾′
𝑊 𝑋 10𝑝𝐻 +

10−𝑝𝐻 

γ 

2 +
10−𝑝𝐻 

𝐾′2 
 

)  𝑋 (
2000𝑚𝑒𝑞

1mol 
) 

 

[OH−] (
𝑚𝑒𝑞

𝐿
) = (𝐾′

𝑊 𝑋 10𝑝𝐻 ) 𝑋 (
1000𝑚𝑒𝑞

1mol 
)  

 

Where Alk is the computed sample alkalinity in equivalents per litre. 

pH is the initial sample pH; 

Kw´ is the acid dissociation constant for water, corrected for the activity of hydroxide; 

K2´ is the second acid dissociation constant for H2CO3(aq), corrected for the activity of 

carbonate species;  

and γ is the activity coefficient for H+. 
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To convert concentrations in meq/L to mg/L, the bicarbonate result is multiplied by 

61.0171, the carbonate result by 30.0046, and the hydroxide result by 17.0073 to account for 

molecular weights (Rounds, 2012). 

5.2.2 | Separate expertise testing level for the FEP method 

To test the ability of different users of field titration kits, 20 beginners and 15 experts 

have completed this experiment using a Hach 16900 Manual-Digital Titrator on a sample of 

100mL. Each participant had to read a document including the protocol of the FEP method and 

the main risks associated with this technique. To avoid the risks, they were asked to wear 

protective gloves, lab coat, and eyes protection as well as washing their skin thoroughly after 

handling the titrator containing sulphuric acid. LB performed a demonstration of the technique 

once before the operator started the experiment. The participants were all students/staff 

members sourced within the Faculty of Science and Engineering (University of Hull, UK), 

meaning they had some notions of chemistry, especially titration. Each participant has repeated 

the experiment 10 times. Beginners were defined as though who had brief instruction and 

supervision in applying the method from an expert. An expert is defined as a participant who 

has undertaken multiple (>5) field monitoring campaigns using field titration.  Given the 

number of repeats, this experiment has been undertaken 350 times in total.  Alkalinity data 

have been obtained by using the Alkalinity Calculator documented at 

http://or.water.usgs.gov/alk/methods.html. 

5.2.3 | IPT method 

This method was carrying out 210 times on a sample of 40mL using a T50 Mettler 

Toledo Titrator, a DL50 Metler Toledo Rondolino and Hydrocholoric acid (0.1M). 

 

http://or.water.usgs.gov/alk/methods.html
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5.2.4 | ST method 

A minimum sample size of 33 replicates was selected for this method. The filter paper 

was first weighed and 100mL of water solution was collected with a measuring tube. The pH 

of the solution sample was subsequently measured using a Myron L Ultrameter ® calibrated 

on each sample day with pH 4, 7, and 10 buffer solutions, to confirm the system had not 

changed since previous sampling. In this approach, strontium hydroxide, Sr(OH)28H2O(s), 

reacts with the water sample and CO2(g) provided from atmosphere to form the strontium 

carbonate precipitate, SrCO3(s), following the equation: 

Sr(OH)28H2O(s) + 𝐻2O(l) + DIC(aq) ⇌ Sr𝐶𝑂3(s) + n𝐻2O(l) (1) 

Where DIC(aq) is dissolved inorganic carbon within the sample regardless of state. 

Despite the presence of calcium in this system, we expect the primary product to be strontianite 

due to the combined effect of high availability of Sr derived from the hydroxide additive and 

the lower solubility of strontianite (Ksp = 5.5 x 10-10) compared to calcite (Ksp = 3.3 x 10-9; both 

values from www.aqion.de) The high availability of Sr + Ca + Mg and the low solubility of 

SrCO3 combine with the hydroxide consumption of H+
(aq) in the system to ensure that all DIC(aq) 

will first be reacted to CO3
2-

(aq) and then almost completely precipitated into solid carbonate 

mineral with very little residue held in solution. The amount of Sr(OH)28H2O(s) to mix with the 

water sample therefore needed to be in excess, i.e. at least at double the expected concentration 

of dissolved carbon. This aqueous residue will result in a small and near-constant underestimate 

using this methodology which is likely compatible with error found in other approaches. We 

evaluate the uncertainty of the strontium precipitation approach compared to established 

methods herein.  

As no more than 200mg.L-1 carbon (0.035mol.L-1) is expected in the samples used,  

0.007 moles of Sr are required to provide excess in the sample volume used. Therefore, 0.85g 
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Sr(OH)2(s) was added to the water sample in an Erlenmeyer flask. The sample was left for five 

minutes allowing formation of precipitate, and afterwards filtered, dried and weight. The mass 

of the filter was subtracted from the total mass in order to obtain the mass of SrCO3(s). This 

mass was then reduced to the amount of dissolved inorganic carbon (DIC) in the initial sample 

using the relative molecular masses of SrCO3 and CO2. Finally, the speciation of the carbonate 

alkalinity was calculated from the DIC and initial pH using the PHREEQC Interactive 

software, and assuming the sample was in equilibrium before addition of the reagent. 

Although requiring a laboratory step post-fieldwork (filtration and drying), 

precipitation can be done within a field sampling container and complete, storage is 

straightforward and requires no special treatment. The approach also requires no specialised 

laboratory equipment, and Sr(OH)2 powder is a sufficiently safe material to permit the 

approach practically, does not pose a strong environmental risk in low masses and is a cheap 

and widely available reagent. A final advantage is that precipitated solids can be 

straightforwardly analysed by Isotopic Ratio Mass Spectrometry using the same analysis 

configuration as calcite powder samples (Singleton et al., 2012). This is not true of any of the 

other approaches investigated here.  

5.2.5 | Thermodynamical modelling of the alkalinity data 

It was possible to determine the saturation index (SI) of calcite using the aqueous 

geochemical modelling software PHREEQC on the Welton water with the range of alkalinities 

values from the different methods. Saunders (2012) had measured the calcium (132.4mg.L-1)  

and magnesium (4.6mg.L-1) concentrations of the Welton spring. In our study, we measured 

the pH (7.5) and temperature (18°C) of this water. These parameters were used for our 

modelling. This modelling allowed to evidence the different results we can obtain 

thermodynamically between all the methods and thus compare these data. 
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It was also interesting to apply the computed uncertainties (CVs) for the different 

methodologies (expert level of the FEP, ST and IPT) to field data for representative polluted 

sites. Parameters such as the pH, temperature, major ion concentrations, total alkalinity were 

computed for each site. This was aimed to show the impact of the errors related to each method 

on the alkalinities, and consequently on the predicted saturation levels.  

5.3 | RESULTS 

5.3.1 | Importance of operator experience for fixed end point alkalinity titrations 

Within the set of data from the Fixed End Point method, Beginners 1, 6, 7, 8, 14, 15, 

19, 20 (40% of the 20 Beginners) present an asymmetrical distribution of results with high CV 

[CV =15 to 132%].  Results from Beginners 3, 5, 10, 18 (20%) are equally asymmetrical but 

display a lower CV [CV=-98% to -5%] (Figure 5.3).  Beginners 2, 9, 12, 13 (20%) exhibit more 

symmetrical distribution with moderately high CV [CV =17% to 75%] (Figure 5.3), whereas 

Beginners 4, 11, 16, 17 (20%) also provide symmetrical results distribution but with low CV 

[CV =-98% to -6%] (Figure 5.3).  Experts 2, 4, 5, 6, 9, 12, 13, 14 (53% of the 15 Experts) 

provide asymmetrical results with extremely high CV value range [CV=19 to 490%].  Experts 

1, 3, 7, 8, 10, 11, 15 (46%) show more symmetrical distribution, with moderately high CV 

[CV=16 to 169%] (Figure 5.3).   
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Statistical testing outcome reveals that there is not a significant difference in average 

normalised alkalinity between the beginner and expert level for the FEP method as the P value 

is greater than 0.05 (Mann Whitney U: 0.061; degree of freedom: 1; P = 0.805; Figure 5.3), so 

the null hypothesis is accepted.  This shows there is no significant difference in average 

alkalinity values recorded on the test waters between beginners and experts. However, the 

statistical testing outcome shows that there is a significant difference in average normalised 

alkalinity between operators for the FEP method as the P value is lower than 0.05 (Kruskal 

Wallis: 282.663; degree of freedom: 34; P = 0; Figure 5.3), so the null hypothesis is rejected. 

This suggests there is a significant difference in average alkalinity values recorded on the test 

waters between operators, but this is not affected by user experience level. This likely arises 

from the subjectivity in determining the colour change end point, implying different end points. 

Another outcome from the statistical testing shows that there is not a significant 

difference in average normalised alkalinity between the water 1 and water 2 for the IPT method 

Figure 5.3: Graph depicting the data of the FEP method (Beginner and Expert Level). 
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as the P value is greater than 0.05 (Kruskal Wallis: 2.306; degree of freedom: 1; P = 0.129; 

Figure 5.4), so the null hypothesis is accepted.  This suggests there is no significant difference 

in average alkalinity values recorded on the test waters between water 1 and water 2. 

5.3.2 | Comparison between alkalinity methods 

The FEP method shows that among the beginners, 40% present an asymmetrical 

distribution of results with high CV [CV =15 to 132%], 20% are equally asymmetrical but 

display a lower CV [CV=-98% to -5%], 20% exhibit more symmetrical distribution with 

moderately high CV [CV =17% to 75%] (Figure 5.3) and 20% provide symmetrical results 

distribution but with low CV [CV =-98% to -6%] (Figure 5.3).  Regarding the experts, 53% 

provide asymmetrical results with extremely high CV value range [CV=19 to 490%] and (46%) 

show more symmetrical distribution, with moderately high CV [CV=16 to 169%] (Figure 5.3). 

Water 1 from the Inflection Point method reveals a very good symmetry in the results 

distribution [value range=-2.60 – 1.80; median=0.18] with a very small CV [CV=1.8%] and 

water 2 also displays a symmetrical distribution [value range=-1.21 – 3.22; median=-0.25] 

confirmed by a low CV [CV=8%] (Figure 5.4). The ST method attests of a very good symmetry 

in the boxplot (Figure 5.5) with a CV higher than for the IP method but lower than for FEP 

[CV=23%].  Comparison between FEP and ST methods, and between IP and ST methods show 

there is no significant difference in average normalised alkalinity, since the P values are greater 

than 0.05 (FEP versus ST method: Kruskal Wallis: 1.546; degrees of freedom: 2; P = 0.641; IP 

versus ST method: Kruskal Wallis: 0.045; degree of freedom: 2; P = 1.), so the null hypotheses 

are retained. The low-test statistic values for FEP versus ST (1.546) and IP (0.045) versus ST 

support this idea further. However, direct comparison of FEP versus IP methods demonstrate 

that there is a significant difference in average normalised alkalinity (FEP versus IP method: 

Kruskal Wallis: 47.968; degrees of freedom: 2; P = 0) rejecting the null hypothesis. 

Consequently, we conclude that the IP and FEP methodologies provide statistically different 
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results for DIC analysis, but neither are statistically distinguishable from the ST method. In 

addition, the shape of the distributions reveals that ST is highly similar to IPT, but with higher 

variance (Figure 5.5). FEP has even higher variance, a bias to higher CV and a non-normal 

distribution (Figure 5.5). Figure 5 confirms the noticeable bias and the non-normal behaviour 

of FEP. ST is performing slightly better, but there are more easy error distribution to handle 

(Figure 5.6). 

Figure 5.4: Graph depicting the data of the Inflection Point method (water 1 and water 2). 
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Figure 5.5: Graph depicting the comparison of the three methods of titrations 

Figure 5.6: Graph depicting the comparison of the median of the three methods of titrations. Figure 5.6: Graph depicting the comparison of the median of the three methods of titrations. 
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The overall comparison between the three methods suggests we can retain the null 

hypothesis with a P value of 0.059, greater than 0.05.  Therefore, there is not globally a 

difference in average normalised alkalinity. The degree of freedom reaches the value of 2 and 

the test statistic is of 5.672. 

5.3.3 | Saturation index modelling of the alkalinity data 

For beginners and experts of the FEP, SI values range from 0.10 to 0.41 and 0.04 to 0.18 

respectively (Table 5.1). For FEP, IPT and ST, we obtained the SI range values of 0.04 to 0.41, 

0.38 to 0.62 and 0.00 to 0.47 respectively (Table 5.1).  When we applied the computed 

uncertainties (CVs) for the different methodologies (expert level of the FEP, ST and IPT) to 

field data for representative polluted sites, we obtained much broader ranges of SI for Mayes 

et al. (2008) (SI=-2.59 to 3.39; see Table 5.2) and Bastianini et al. (2019) (SI=-2.51 to 2.96; 

see Table 5.3). 

Table 5.1: Table depicting the ranges of SI corresponding of the alkalinity values from the different 

methods. 

 

 

 

Alkalinities Saturation Index (SI) Calcite Range 

Beginner (FEP) 0.10-0.41 

Expert (FEP) 0.04-0.18 

FEP 0.04-0.41 

IPT 0.38-0.62 

ST 0.00-0.47 
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Applied CVs (1.8 to 8%) to 

alkalinities  
2 8 8 35 6 24 2 7 2 8 3 14 3 14 14 62 2 11 

SI Calcite -2.59 -1.94 N/A N/A N/A N/A N/A 0.46 N/A 0.50 -1.65 -1.00 N/A N/A N/A N/A N/A 0.25 

FEP 

Alkalinities (mg. L-1) 

Mayes et al. (2008) – Table 1 
95 432 303 85 96 177 174 776 133 

Applied Expert CVs (19 to 

490%) to alkalinities  
18 466 82 2117 58 1485 16 417 18 470 34 867 33 853 147 3802 25 651 

SI Calcite -1.57 -0.24 N/A 2.89 N/A 2.86 1.08 2.45 1.10 2.37 -0.63 0.70 N/A 2.12 N/A 3.39 1.14 2.35 

ST 

Applied CV (23%) to 

alkalinities  
22 99 70 20 22 41 40 178 31 

SI Calcite -1.49 N/A N/A 1.18 1.20 -0.54 - N/A N/A 1.26 

IPT 

Table 5.2: Table depicting the uncertainties (CV) from the FEP, ST and IPT methods applied to alkalinities after Mayes et al. (2008) – Table 1; N/A values correspond to extreme 

alkalinity values where PHREEQC was unable to compute an SI for calcite. 
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FEP 

Alkalinities (mg. L-1) 

Bastianini et al. (2019) – Table 1 
59 55 66 56 264 332 

Applied Expert CVs (19 to 

490%) to alkalinities  
11 289 10 270 13 323 11 274 50 1294 63 1627 

SI Calcite -0.5 1.61 0.24 1.49 -0.32 0.96 0.14 1.42 N/A 2.73 N/A 2.96 

ST 

Applied CV (23%) to 

alkalinities  
14 13 15 13 61 76 

SI Calcite 0.09 0.37 -0.24 0.25 N/A N/A 

IPT 

Applied CVs (1.8 to 8%) to 

alkalinities  
1 5 1 4 1 5 1 5 5 21 6 27 

SI Calcite N/A N/A N/A -2.51 -1.38 -0.66 N/A -0.34 N/A N/A N/A N/A 

Table 5.3: Table depicting the uncertainties (CV) from the FEP, ST and IPT methods applied to alkalinities after Bastianini et al. 

(2019) – Table 1; N/A values correspond to extreme alkalinity values where PHREEQC was unable to compute an SI for calcite. 
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5.4 | DISCUSSION 

5.4.1 | Comparing Beginner and Expert levels from FEP 

In this study, we are using the International Organization for Standardization (ISO) 

terms and definitions of precision, trueness, reproducibility, reproducibility standard deviation 

and bias to provide a framework, which importantly is attached to an external authority of this 

research work.  Precision applies to the closeness of agreement between independent test 

results obtained under stipulated conditions. Trueness constitutes the closeness of agreement 

between the average value obtained from a large series of test results and an accepted reference 

value. Reproducibility corresponds to the precision under conditions where test results are 

obtained with the same method on identical test items in different laboratories with different 

operators using different equipment. The reproducibility standard deviation is equivalent to the 

standard deviation of test results obtained under reproducibility conditions and is obtained by 

computing the standard deviation of the averages of all the users. Bias signifies the difference 

between the expectation of the test results and an accepted reference value. 

When data are aggregated by beginner and expert levels classifications, there was no 

significant difference in median value with both showing noisy, but similar distributions 

(Figure 5.7). Furthermore, the non-parametric test of Kruskal Wallis and Mann-Whitney U 

reveal that both levels have similar median and distributions (Figure 5.7). Indeed, the adjusted 

significance is higher than 0.05 (adjusted significance=0.805) allowing the null hypothesis to 

be retained; in other words, user experience does not alter the distribution of results. This is 

very helpful for use of grey literature or historical results, as it should be possible to determine 

a transferrable uncertainty estimate for measurements which can be used with such datasets. It 

is important to note that the data are overall broadly distributed, especially for the Expert Level 
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(̰⁓ -2.5 to 2.5 mg.L-1), showing a lower precision and trueness (ISO framework) in comparison 

to the Beginner Level.  

From these tests, we can conclude that the FEP is a useful field instrument as the user 

does not need much training to get values that are consistent with experts, although the range 

of results is quite extended. However, there clearly are significant differences between 

individual operators (Figure 5.3). This is a precision issue from a low reproducibility in the 

ISO framework arising from differences in reproducibility conditions. The reproducibility 

standard deviation is very elevated (35.6), which confirms the low reproducibility of this 

method. The latter might be due to the extended analytical process of FEP (Figure 5.8) and the 

margins for error that can be introduced throughout the procedure (Table 5.4).  Taras et al. 

(1971) stated that the lack of precision in a titration method can come from the equipment and 

the measurement. Many water quality laboratories use macroburets that cannot be read with as 

great precision and accuracy as possible with the microburet used in the current study (Boyd 

Figure 5.7: Graph depicting the comparison of beginner and expert levels within the FEP. 
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and Tucker, 1992). This is comparable to the FEP method where measuring the test volume 

relies on consistency in operator in determining the position of the meniscus. In this test 

operator-sensitive steps are: 

1.  Rinsing the test vessel with sample water prior to the test with scope for some 

residual water to remain in the measuring cylinder or Erlenmeyer flask leading to 

subtle changes in volume,  

2. Measuring the test volume which relies on consistency in operator in determining 

the position of the meniscus,  

3. Entrainment of particulates / biofilm in the sample which would potentially 

artificially elevate alkalinity if they contained carbonates,  

4. Transfer from one vessel to another (measuring cylinder to Erlenmeyer flask) and 

potential loss of residual sample volume,  

5. Air bubbles in the titrator that could lead to an artificially high alkalinity reading, 

6. Subjectivity in determining the colour change end point.  

Figure 5.8: Flow chart describing the process of the FEP method. 
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Whilst operators should be aware of these issues when being trained on the device, 

subtle differences between operators could aggregate to the relatively large ranges observed in 

Figure 5.3.  The stark differences that are apparent between different consecutive users on the 

same water sample in Figure 5.3 (e.g. between Beginner 1 / 2 and Beginner 3-5) suggests it 

may well relate to subjectivity of end-point determination in some cases given the repeated 

tight clustering of values by individual.  The study of Somridhivej & Boyd (2016) shows that 

the endpoint pH used for the total alkalinity determination can affect the accuracy of results. A 

titration stopped short of the optimum endpoint pH will underestimate total alkalinity, while 

one continued beyond the optimum endpoint pH will overestimate total alkalinity. The cause 

of the variation in endpoint pH is carbon dioxide released during neutralization of alkalinity. 

Additionally, Somridhivej & Boyd (2016) reveal that the detection of the endpoint 

colour is more challenging to recognize than is the measured pH for the endpoint. In the study 

of Somridhivej & Boyd (2016), the graduate students, comparable to our beginners, generally 

provided more accurate results than did the participating laboratories. The students had all 

taken a class on water quality analysis no more than 2 years before. As found here, they also 

suggest that the accuracy of alkalinity data is highly dependent on the operator.  However, in 

our study, the precision of the alkalinity values is not clearly reliant on the operator 

(beginner/expert levels) (Figure 5.7). Experts generally produce higher CV than beginners from 

the same sample, which may reflect inexperienced users ceasing the titration too early. This is 

consistent with the result of Somridhivej & Boyd (2016), who found that with the the Fixed 

End Point method, beginners and experts present a CV in the value range of CV =-98 to 132% 

and CV=19 to 490% respectively.  However, their students (equivalent to our beginner level) 

reported better precision than obtained by most of the laboratories (equivalent to our expert 

level). The coefficients of variation for the students ranged from 0.57 to 25.47% (average = 

4.64%) for the 20 mg l−1 standard, from 0.14 to 6.49% (average = 0.83%) for the 80 mg l−1 
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standard, and from 0.10 to 8.54% (average = 1.11%) for the 240 mg l−1 standard (see Table 5 

of Somridhivej & Boyd, 2016). This finding is not replicated in the study reported here.  

5.4.2 | Comparing FEP versus IP versus ST methods 

 The global CVs of the beginners from FEP for the two waters used (water 1=22%; 

water 2=5%) and the experts of FEP (8%) are comparable to the CV of ST (23%), but higher 

that the CVs of the IPT (water 1=1.8%; water 2=8%). These results demonstrate the excellent 

precision (ISO framework) of IPT in comparison of FEP and ST which are quite similar. In 

addition, the non-parametric tests evidence that ST shows the same in distribution and median 

than FEP and IPT, but IPT has a lower median than FEP (Figures 5.5 and 5.6). However, IPT 

and FEP have compatible distribution since the null hypothesis is accepted (adjusted 

significance=0.059 > 0.05) (Figures 5.5 and 5.6).  

It seems logical that IPT presents a higher precision, accuracy and reproducibility (ISO 

framework) than FEP and ST, and a different median than FEP considering the sources of error 

for these techniques (Table 5.4). IPT is a fully automated method, which involves much less 

errors (rinsing, measuring, transfer from one vessel to another) than FEP (rinsing, measuring, 

entrainment of particulates / biofilm, transfer from one vessel to another, air bubbles in titrator, 

and subjectivity of colour change pattern) as IPT is a mechanised technique and does need only 

minor intervention from the operator (Table 5.4).  

The data clearly show that FEP and ST are giving a positive bias in alkalinity compared 

to IPT (Figure 5.6). However, FEP provides a much bigger positive bias (ISO framework), 

therefore the measurement is less precise (Figure 5.6). In addition, FEP is the worst of all 

methods for quantitative work as its distribution is non-normal (Figure 5.6). It is important to 

note that ST is showing (in ISO terms) higher precision, accuracy and reproducibility than FEP 

since ST presents less errors than FEP (Table 5.4).  ST errors might come from measuring, 
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weighing (precision of balance up to 0.0001g), transfer from one vessel to another, loss of 

precipitate on the edges of the vessel and during filtration (Table 5.4). ST also corresponds to 

easier data to study than FEP due to the normally distributed data (Figure 5.6). Consequently, 

for a field campaign if we do not have the possibility to bring an expensive and voluminous 

automated device such as the IPT, the ST method appear to perform much better than the 

existing method of FEP.  
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Type of method Source of error Nature of error 

 

FEP 
 

Rinsing. Indeterminate. 

Measuring. Random. 

Entrainment of particulates/biofilm. Random. 

Transfer from one vessel to another. Indeterminate. 

Air bubbles. Systemic. 

Subjectivity in determining the colour change 

endpoint. 
Systemic. 

ST 

Measuring. 
Random. 

Weighing. Systemic. 

Transfer from one vessel to another. Indeterminate. 

Loss of precipitate. Indeterminate. 

IPT 

Rinsing Indeterminate. 

Measuring. Random. 

Transfer from one vessel to another. Indeterminate. 

Table 5.4:  Table depicting the different sources of error with their nature for each method. 
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5.4.3 | Errors resulting from the different methods 

Unlike the study of Fritz (1994), in our study, the water temperature was measured 

every day and remained quite constant ranging from 17.9 to 18.5°C. There is a good number 

of random and indeterminate errors raising from each method such as rinsing, measuring, 

entrainment of particulates/biofilm, transfer from one vessel to another, loss of precipitate 

(Table 5.4). Our FEP method induces systematic errors as well, including air bubbles in the 

titrator, subjectivity in determining the colour change endpoint and weighing due to the 

precision of the balance (Table 5.4). The elaboration of the different sources of errors and their 

nature in Table 5.4 suggest that FEP has the greatest change for aggregated errors given its 

protocol. Indeed, its protocol induces much more steps than the other methods, which must be 

undertaken by the operator as they are not automated. Furthermore, Figure 5.3 suggests there 

is a significant difference in average alkalinity values between operators, which might be 

explained by the subjectivity in determining the colour change end point, involving different 

end points. Figure 5.1 shows that if we modify the pH values 4.5 and 8.3, corresponding to the 

methyl orange and phenolphthalein endpoints respectively, we obtain different concentrations 

of carbonate, bicarbonate and hydroxide ions, hence the discrepancies in total carbonate 

alkalinity between operators. 

5.4.4 | Calcite saturation levels of the alkalinity data 

 Regarding the saturation levels calculated with the PHREEQC modelling for the 

Welton water, we have determined the saturation index (SI) of calcite by computing the range 

of extreme alkalinities values observed from the different methods. There is a large difference 

between the beginner and expert level. Beginners present much higher range of SI since they 

have the most elevated range of values with more extreme limits of alkalinities (Table 5.1). All 

techniques tend to produce undersaturated values, but IPT and ST show the highest levels of 
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saturation state (Table 5.1). Given the water composition and the neutral pH, it is unsurprising 

that calcite saturation index is quite low (0.00 to 0.62) (Table 5.1), although these values go 

across the range of SI where heterogeneous calcite precipitation is often documented (~+0.3 

according to Ford and Williams, 2013).  However, IPT presents the largest range of values with 

more extreme limits of alkalinities and the most elevated alkalinities (Figure 5.5), hence 

providing the highest range of SI.  

 To conclude, the experts seem to provide more accurate data than the beginner level as 

their values are comprised in a minor range of SI. It is more difficult to draw a conclusion for 

the comparison of the three methods, as they all present quite similar undersaturated values. 

From this study, we know that IPT is the most reproduceable technique followed by ST, 

however the large range of alkalinities of IPT inducing the most elevated SI ranges seem to 

compromise a clear conclusion about which is method is precise enough to address a common 

research question. 

The findings reported above also permit questions concerning whether the approaches 

used to determine environmental alkalinity are sufficient to answer the research questions they 

are applied to: 

1) Are the uncertainties for the different methods so large they may change interpretation of a 

site? 

2) Is this outcome the same for all methods? 

3) Are any of the methods accurate / precise enough to yield answer common research 

questions at highly alkaline sites? 

The data gathered on the range of alkalinity values observed can be informative for 

thinking about how such variance would translate into geochemical interpretation at other field 

sites.  Here, we are using two case studies at Consett (Mayes et al., 2008; Bastianini et al., 
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2019) to address these questions. When we apply high / low permutations of determined 

methodological errors (CVs) for each alkalinity method to these published data, the differences 

between alkalinities are extremely elevated. Table 5.2 shows alkalinities ranging from 18 to 

3802 mg/L as CaCO3 for the FEP uncertainties (19% and 490%), from 20 to 178 mg/L as 

CaCO3 for the ST error (23%) and from 2 to 62 mg/L as CaCO3 for the IPT uncertainties (1.8% 

and 8%). This results in very distinct SI ranges for the different methods (FEP: -1.57 to 3.39; 

ST: -1.49 to 1.26; IPT: -2.59 to 0.46). Table 5.3 reveals alkalinities ranging from 10 to 1627 

mg/L as CaCO3 for the FEP uncertainties (19% and 490%), from 13 to 76 for the ST error 

(23%) and from 1 to 27 mg/L as CaCO3 for the IPT uncertainties (1.8% and 8%), arising 

disparate SI ranges for the different techniques (FEP: -0.5 to 2.96; ST: -0.24 to 0.37; IPT: -2.51 

to -0.34). FEP clearly demonstrates the greatest potential range of SI conditions (from 

undersaturated to highly supersaturated) due to the extremely high range of uncertainties (19% 

and 490%). ST comes in second position with a relatively elevated error (23%) giving high 

range of alkalinities and SI. IPT contribute to extremely low alkalinity values, explaining why 

the software was unable to compute some SI data. This modelling shows that within a same 

technique and between two different methods, the assessments of precipitation rate and carbon 

uptake could be drastically unalike. The uncertainties 1.8%, 8%, 19% and 23% from IPT, FEP 

and ST respectively generate undersaturated systems whereas the error 490% from FEP cause 

very high supersaturated systems.   

In conclusion, we can state that the uncertainties for the FEP method are so elevated 

that it does modify our interpretation of the site, but it is less obvious for IPT and ST, which 

present smaller uncertainties. IPT is certainly accurate and precise enough to utilise their data, 

but the reliability of those published data could be questioned if they have used a technique 

inducing many errors, such as FEP and ST.  Whilst we may anticipate more consistency in real 

world sampling conditions where individuals or small sample teams are collecting field 
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alkalinity data routinely, for long term records with multiple observers (e.g. Riley and Mayes, 

2015), there may well be scope for a greater influence of human error in alkalinity and 

subsequent SI calculations from FEP monitoring. This study established the very important 

role played by field measurements in influencing our understanding of these systems. 

5.5 | CONCLUSION 

This study provides an insight into the uncertainties related to field carbonate alkalinity 

measurements. The comparison of the reproducibility between the beginner and expert level 

for FEP reveals that there was no significant difference, both are noisy, with similar 

distributions. Therefore, we conclude that FEP is a useful field instrument as the user does not 

need much training to get good values, although the range within the results is quite extended.  

IPT is the most reproduceable technique and presents a different median than FEP due to the 

sources of error of FEP and ST. IPT is a method which involves much less errors as it is an 

automated technique and only needs minor intervention from the operator.  Regarding FEP and 

ST, ST is showing higher precision, accuracy and reproducibility than FEP. In addition, ST 

corresponds to easier data to study than FEP due to the normally distributed data. Therefore, 

for a field work if we are unable to bring an expensive and voluminous automated device such 

as the IPT, the ST method appears to perform much better than the existing method of FEP.  

When we utilise high / low permutations of alkalinities from the CV data of the FEP, ST 

and IPT methods on published data, the differences between alkalinities and SI values are 

extremely elevated. This reveals that within a same technique and between three different 

methods, the assessments of precipitation rate and carbon uptake might be drastically 

dissimilar. Some uncertainties generate undersaturated systems whereas other cause very high 

supersaturated systems. We can consequently question the reliability of those published data if 

they have used a technique inducing many errors. Therefore, we recommend further 
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investigation to help potentially understanding hyperalkaline sites for passive remediation or 

sedimentology.    
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CHAPTER 6 – THESIS CONCLUSION 

6.1 | INTRODUCTION 

This thesis aimed to better understand the geochemistry of hyperalkaline carbonate 

systems, particularly those arising from globally important anthropogenic processes such as 

lime production, cement and steel manufacture, alumina refining and electricity generation.  

Hyperalkaline sites are of critical importance as potential sources of contaminants, sites for 

resource recovery, and potential mineral carbonation.  An improved understanding of 

geochemical processes at these sites can therefore be of importance across a breadth of 

potential applications.  This final chapter of the thesis revisits the research questions set in 

Chapter 1 and considers avenues for future research.  

6.2 | KEY FINDINGS AROUND RQ1: What are the dominant carbonate fabrics found 

in secondary deposits at anthropogenic hyperalkaline sites?    

The second chapter of this thesis aimed to identify the dominant carbonate fabrics at a 

site receiving drainage from iron and steel wastes associated with a former steel mill at Consett, 

County Durham, northern England and compares these to analogous natural carbonates found 

in the South Atlantic Pre-Salt carbonates (RQ1). The study of carbonate fabrics at 

anthropogenic sites is of significant importance to understand biogeochemical processes 

driving carbonate precipitation in these systems. The dominant carbonate fabrics are clotted 

micrite, microbial rim, carbonate dendrite, calcite shrub, cluster-shaped calcite, multi-shaped 

calcite, sparry carbonate crust and blocky calcite. Clotted micrite is made up of a brown micritic 

matrix composed of fine homogeneous rounded micrite peloids and has a microbial origin, 

although the balance of bio-influenced and bio-induced is not known (Pedley, 1992). Microbial 

rim corresponds to thin black layers (180–250 µm thick) of dense micrite characterised by the 

presence of diverse microbial remains so they are considered as being largely bio-influenced. 
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Dendrites are constituted by light-grey calcite crystals growing radially forming flower-like 

geometries associated with high rates of kinetic mineralization promoting polycrystal 

formation.  Calcite shrubs are a particular subset of dendritic fabrics made up of light grey-

green botryoidal crystal fans, surrounded by diatoms and bacterial filaments. Cluster-shaped 

calcite appears as translucent white crystals ranging from 20 to 500 µm in length, developed 

among bacterial filaments with an organic film forming a sticky, thin black layer around 

crystals which could correspond to EPS, suggest that this microfacies comes from biologically 

influenced mineralization. Multi-shaped calcite refers to translucent, white, delicate crystals 

(100–550 µm in diameter) displaying rounded external morphologies and grain-to-grain 

contact and this reworked microfacies is made up of a mixture of mineralized and organic 

debris. Sparry carbonate crust comprises thick sparitic crusts (500–2,500 µm thick) made up 

of milky white to grey calcite, developing very low intercrystalline porosity. Blocky calcite 

corresponds to single, very large crystals 500–1,500 µm in diameter, where the crystals are 

milky white to translucent grey.  

Although the carbonates at Consett arise from low temperature and highly alkaline steel 

lag leachates, they exhibit strikingly similar primary crystal morphologies to those recognized 

in the Pre-Salt shrub carbonates. The Consett carbonates developed in a spring waterfall 

environment in the vicinity of former steelworks and under the influence of constant supplies 

of calcium and carbonate ions. The shrubby carbonate facies at the site appear to be the result 

of extreme environmental conditions (elevated pH and alkalinity, high CSI and R) but shrubby 

and dendritic crystals attest to a kinetic rather than thermodynamic control with high kinetic 

forcing. Non-dendritic facies (blocky calcite, sparry-carbonate crust and cluster-shaped 

carbonate) result from a low kinetic forcing and classic “microbialite” rim and clotted micrite 

form at a moderate-low forcing. Carbonate morphology is therefore variable along these 

gradients and unusual shrubby morphologies are associated with specific chemical and 
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hydraulic features. These findings are essential for understanding provenance of anthropogenic 

deposits but also Pre-Salt shrub carbonates. 

6.3 | KEY FINDINGS AROUND RQ1: What are the dominant carbonate fabrics found 

in secondary deposits at anthropogenic hyperalkaline sites? & RQ2: What do differences 

in carbonate fabrics at hyperalkaline sites tell us about controls on carbonate 

precipitation? 

The third data chapter expands the work at Consett to provide a multi-site comparison 

of carbonate fabrics at systems receiving anthropogenic hyperalkaline drainage (RQ1) and 

considers similarities in drivers of precipitation processes (RQ2). This sedimentological study 

of anthropogenic carbonates shows that the formation of calcite minerals is complex and not 

homogeneous or purely driven by thermodynamic processes. Precipitation within the surface 

tension layer is reported here, which is probably directly controlled by the rate of CO2 

dissolution, but precipitation also occurs below the diffusive boundary layer and this may be 

influenced by advective transport in the water column. In addition, both diffusively limited and 

kinetically limited crystal forms are found, indicating differences in crystal assembly style 

which may alter trace element incorporation and co-precipitation rates. Interestingly, bio-

influenced and bio-induced fabrics were identified suggesting that the site, rate, style and trace 

element incorporation into precipitates can be altered by the presence of microbial biofilms. 

Anthropogenic systems are as complex as naturally occurring tufa and travertine, and equally 

approachable to standard sedimentological analysis. 
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6.4 | KEY FINDINGS AROUND RQ3: Through novel coupled field and laboratory 

analyses, what evidence is there for transient mineral formation at anthropogenic 

hyperalkaline sites? & RQ4: What are the implications of transient mineral formation on 

trace metal dynamics? 

The fourth chapter explores transient minerals produced at hyperalkaline sites with a 

novel approach for field characterisation and rapid laboratory confirmation of samples of 

interest (RQ3).  The transient minerals identified include the first discovery worldwide of the 

hydrated carbonate polymorph ikaite in steel slag leachate.  Through integration of field 

observations, laboratory characterisation and experimental work, this chapter considers the 

potential importance of transient mineral phases for trace metal dynamics at hyperalkaline sites 

(RQ4). Based on the laboratory experiments and very high partition coefficients in the field 

sample, ikaite appears to be secondary mineral with a primary phase being ACC. This may 

explain why partition coefficients we report from Consett are very high, as the disordered 

structure of amorphous mineral permits easy incorporation of trace elements. The ikaite 

forming in steel-slag leachate affected waters is sequestering large inventories of very harmful 

pollutants such as cadmium and lead which are toxic to flora and fauna as well as being priority 

hazardous substances fir human health. Chromium, zinc, manganese, barium and nickel are 

other potential contaminants reported in this study causing various ill effects, which are 

accumulated in the transient ikaite inventory.  

As ikaite is thermally unstable, the inventory is lost during warming periods. In our 

field study area (Consett, County Durham, UK) this is related to synoptic weather, but in colder 

regions the warming will likely relate to springtime thawing. Therefore, most of the temporarily 

stored contaminant mass will be lost back to solution in a short duration, potentially creating a 

significant peak in toxicity. These short-lived periods of acute pollution may significantly 

compromise river ecology, and present potential challenges to human health. The regions most 
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exposed to this risk as those with long durations of stable low temperature in the winter, so 

steel-making and former steel-making locations in Russia, northern North America, Canada, 

Sweden, Finland and Central Europe should be investigated for this process. Ikaite is 

considered to have an upper temperature limit of 8°C, providing a key isotherm to guide this 

investigation spatially and seasonally. However, ikaite has been reported forming under 

ambient temperatures (5-35°C), so the 8°C isotherm may significantly underestimate the issue. 

6.5 | KEY FINDINGS AROUND RQ5: How can dissolved inorganic carbon be better 

characterised from anthropogenic hyperalkaline sites? 

The chapter five evaluates a range of methods for dissolved inorganic carbon (DIC) 

characterisation at anthropogenic alkaline sites.  This chapter compares a range of methods for 

assessing DIC in alkaline samples and includes the development of a new method for such 

based-on strontium carbonate precipitation.  Traditional methods (manual and automated 

titrations) are compared against the new strontium carbonate method for accuracy and 

reliability.  The implications of the differing performances in these methods for DIC 

characterisation are considered for interpreting geochemical processes (notably carbonate 

saturation) at hyperalkaline sites (RQ5). The comparison of the reproducibility between the 

beginner and expert level for FEP reveals that there was no significant difference, both are 

noisy, with similar distributions. Therefore, we conclude that FEP is a useful field instrument 

as the user does not need much training to get good values, although the range of results is 

quite extended.  IPT is the most reproduceable technique and presents a different median than 

FEP due to the sources of error of FEP and ST. IPT is a method which involves much less error 

as it is an automated technique and only needs minor intervention from the operator.  Regarding 

FEP and ST, ST is showing higher precision, accuracy and reproducibility than FEP. Therefore, 

for a field work if we are unable to bring an expensive and voluminous automated device such 

as the IPT, the ST method appear to perform much better than the existing method of FEP.  
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When we apply determined methodological errors of the FEP, ST and IPT methods on 

published data, the differences between alkalinities and SI values are extremely elevated. This 

reveals that within a same technique and between three different methods, the assessments of 

precipitation rate and carbon uptake might be drastically dissimilar. Some uncertainties 

generate undersaturated systems whereas other cause very high supersaturated systems. We 

can consequently question the reliability of those published data in terms of quality data if they 

have used a technique inducing many errors. Therefore, we recommend further investigation 

to help potentially understanding hyperalkaline sites for passive remediation or sedimentology.    

6.6 | FUTURE RESEACH DIRECTIONS 

 This study raises several future research priorities which are summarised in Table 6.1. 

These research orientations will be essential to better understand the geochemistry of 

hyperalkaline carbonate systems, particularly those arising from globally important 

anthropogenic processes. Hyperalkaline sites constitute potential sources of contaminants, sites 

for resource recovery, and potential mineral carbonation and a better apprehension of their 

geochemical processes can be applied to a range of different domains. 
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Table 6.1: Summary of research priorities for a better understanding of the geochemistry of hyperalkaline carbonate systems. 

 

 

 

 

Key knowledge gaps identified Research Required Potential Impact 

Lack of evidence of Pre-Salt analogous 

shrubby carbonates in human-induced 

carbonate deposits.  

Finding more replicates of shrubby carbonates in 

extreme alkaline environments through extensive 

fieldworks. 

Understanding hyperalkaline sites occurring in most post-

industrial landscapes in terms of mass deposition is a key part of 

fully constraining their behavior, and thus being able to manage 

them successfully. 

Understanding temporal dynamics of 

trace elements incorporated into transient 

minerals such as ikaite. 

Undertaking seasonal surveys of water quality 

during melting events to assess dissolved metal 

concentrations. 

Better understanding of potential chronic short term pollution 

events to advise regulatory authorities on improved monitoring 

approaches / potential remedial action. 

Uncertainty on the first partition 

coefficients of ikaite elaborated in this 

study.  

Designing an experiment to assess the distribution 

coefficient and ion substitution of ikaite to elucidate 

the trace elements that can be substituted to ikaite. 

Confirmation of the partition coefficients of ikaite previously 

established. 

Lack of discovery of the transient 

mineral ikaite in human-induced steel-

making settings. 

Expanding field campaigns to other hyperalkaline 

post-industrial settings (e.g. Russia, northern North 

America, Canada, Sweden, Finland and Central 

Europe), and to natural hyperalkaline sites (e.g. 

Newfoundland). 

Verification that similar transient development of ikaite in steel-

waste affected surface water are very widespread, especially in 

the northern hemisphere. 

Evidencing biological influence on 

carbonate precipitation in high pH 

settings. 

More extensive surveys of carbonate fabrics from 

other hyperalkaline sites. 

Better indication of bio-influence of carbonates in high pH 

waters. 

Field validation of strontium alkalinity 

method. 

Evaluation of the strontium method during many 

field studies and comparison with the manual and 

automated methods in terms of accuracy, 

reproducibility and reliability. 

Confirmation that strontium method is performing much better 

than the existing methods and is likely to provide more robust 

estimates of alkalinity and saturation index of carbonate 

minerals.   
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6.7 | OVERALL FINDINGS AND IMPLICATIONS FOR 

POLICYMAKERS 

Highly alkaline (pH 9-12) sites can arise from a variety of industries, causing significant 

anthropogenic by-products such as lime, cement and steel wastes, bauxite processing residue 

and combustion ashes. These sites are of interest to researchers from a whole range of scientists 

and social scientists because they are important for resource recovery, carbon capture, and 

potential hydrocarbon deposits. But these sites are under-studied compared to acid sites.  This 

thesis aimed to improve the formation processes of hyperalkaline carbonate systems through 

petrographical analysis, sedimentological studies linked to hydrochemical data to better 

constraint the process driving the carbonate precipitation.  

In this study, we focussed on two sites, a steel-slag leachate system in Consett, and a 

cement lime kiln waste environment in Brook Bottom. They are similar in terms of chemistry 

with a pH between 10-12, and they are both calcium hydroxide dominated. They both take the 

CO2 out the atmosphere and precipitate carbonates rapidly.  

From the site in Consett, Chapter 2 reports petrographic microfacies and fabrics similar 

to Pre-Salt shrubby carbonate deposits (Lower Cretaceous, non-marine carbonate reservoirs in 

the South-Atlantic). This study shows that the analogue Pre-Salt shrubby and dendritic 

carbonate facies are rather being the result of kinetic than thermodynamic controls with high 

kinetic forcing. 

From Brook Bottom  and Consett, Chapter 3 provides an interesting linkage of 

anthropogenic carbonate precipitation to natural travertine deposits where calcite precipitation 

rates are similar despite differences in the chemical processes occurring. This study established 

three distinct zones within the reach scale assessment of precipitation processes.  



199 

 

Chapter 4 presents the first discovery internationally of ikaite (CaCO3.6H2O) 

crystallization within steel-slag leachate through novel field (Fourier Transform Infra-Red) and 

laboratory (X-Ray Diffraction) validation. This study suggests that ikaite is a secondary 

mineral with a primary phase being amorphous calcium carbonate (ACC). The ikaite forming 

in steel-slag leachate affected waters is incorporating large inventories of potentially harmful 

metals (e.g. lead and cadmium) which could be of environmental concern given ikaite is not 

thermally stable and could release a pulse of contamination in short duration warming events. 

Finally, Chapter 5 develops a new protocol for assessing dissolved inorganic carbon (DIC) in 

alkaline waters via strontium carbonate precipitation. This method is compared to established 

methods for DIC using field and laboratory titration.  The strontium method appears to perform 

much better than the existing methods and is likely to provide more robust estimates of 

alkalinity and saturation index of carbonate minerals.   

This work is of great importance for the scientific community including industrial, 

academic, and broader social beneficiaries. Industrial beneficiaries can learn how to remediate 

similar hyperalkaline waters and understand the processes of formation and risks associated 

with them. Industrial beneficiaries such as major steel and lime producers or land owners (often 

public agencies) containing legacy alkaline wastes can use the improved understanding of 

carbonate precipitation processes to help manage legacy pollution issues more effectively 

(Table 6.1).  The observations of transient minerals are also of importance, not just to site 

owners, but also regulatory authorities (e.g. Environment Agency) who could adjust sampling 

protocols to be aware of potential spring flushing events (Table 6.1).  Such issues will be 

particularly important in high latitude areas with snowmelt controlled hydrological regimes.  

Industrial beneficiaries could also include those investigating the use of alkaline wastes for 

mineral carbonation (e.g. lime, steel and cement companies) (Table 6.1).  Improved knowledge 

on precipitation processes could help in estimating atmospheric drawdown rates and potentially 
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in engineering systems where carbonation can be enhanced (e.g. thin film cascading systems) 

(Table 6.1). Academic beneficiaries might better understand the formation of hydrocarbon 

(Pre-Salt shrubby carbonates) and natural carbonate systems (travertines and tufa) through the 

study of anthropogenic carbonates (Table 6.1). Broader social beneficiaries would gain a better 

understanding of carbon uptake, bio-processes of carbonate mineralisation, and find better 

ways to assess the risks of transient mineral release, allowing a better management of pollution 

at legacy sites where these issues are very long standing (Table 6.1). 
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