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Abstract 

 

Online measurements of δ18O and δ2H can be used to reveal more information about past 

climates than current offline methods.  In this thesis I present work carried out developing the 

online Differential Thermal Isotope Analysis (DTIA) method, including demonstrations of 

the method on gypsum samples and clay samples, and the application of DTIA to the ongoing 

research into climate conditions during the Paleocene-Eocene Thermal Maximum (PETM).   

 

Measurements of gypsum and clay samples demonstrate the ability of DTIA to separate out 

different dehydration steps for individual measurement, both for minerals with multiple water 

environments, and for minerals with multiple-step dehydrations.  The gypsum results are also 

used to examine the dehydration of gypsum to anhydrite, via the intermediate bassanite.  I 

show that this dehydration reaction is highly sensitive to sample grain size and the partial 

pressure of water, and crucially, that the two-step dehydration of gypsum does not result from 

the presence of multiple water environments that are preferentially dehydrated at different 

temperatures, but rather from kinetic factors upon dehydration. 

 

DTIA is also applied to a series of clays buried in the North Sea Basin across the PETM.  The 

results from the hydroxyl isotopic composition of the clays show a trend of slowly decreasing 

δ2H prior to the PETM, followed by abrupt decreases in δ2H at the onset of the PETM, 

indicating increased precipitation intensity and weathering, and implying an enhanced 

hydrologic cycle response to global warming, particularly at the early stages of the PETM.  

These results are consistent with other research indicating higher precipitation rates during 

the PETM.  Our results are presented alongside consistent evidence from the measurements 

of clay composition and plankton species concentration undertaken by previous researchers at 

this section, demonstrating how DTIA can be used alongside other methods. 

 

This thesis shows the potential DTIA has to aid palaeoclimate reconstruction in a number of 

geological settings.  DTIA can be applied both to isolated hydrated minerals and to 

assemblages of hydrated minerals to better understand the formation environments of these 

minerals, and thus gain insight into the palaeoclimate conditions under which geological 

deposits form. 
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1 Introduction 

 

1.1 Stable Water Isotopes 

 

Isotopes (forms of an element with different numbers of neutrons, and hence different mass 

numbers) are broadly speaking chemically identical, possessing the same number of protons 

and electrons (and the same outer electron configuration), and thus undergoing the same 

chemical reactions.  However, the difference in mass does lead to observable changes to both 

bonding and reactivity.  Heavier atoms will have smaller atomic orbitals, which can affect 

bond strength (and hence equilibrium processes).  Moreover, because of the increased atomic 

mass (and hence higher reduced mass), bonds to a heavier isotope will have a lower energy 

vibrational ground state, and will therefore require more energy to excite to the bond to 

higher vibrational levels (a primary kinetic isotope effect).  This can also be seen in bonds 

adjacent to heavier isotopes (a secondary kinetic isotope effect). 

 

These equilibrium and kinetic effects can lead to the fractionation of isotopes during a 

reaction.  We can more easily quantify this fractionation through the use of delta notation (δ): 

 

𝛿 = ( 
𝑅𝑆𝑎𝑚𝑝𝑙𝑒

𝑅𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) × 1000 

 

which expresses the sample isotope ratio (RSample) as a value relative to a standard isotope 

ratio (RStandard), in parts per thousand (‰) (Craig, 1961; Dansgaard, 1964).  For water stable 

isotopes (H, D and T for hydrogen and 16O, 17O and 18O for oxygen), Vienna Standard Mean 

Ocean Water (VSMOW) is the agreed international standard (Coplen, 1995).  Fractionation 

between two substances, A and B, is then defined as: 

 

𝛼 =
1000 + 𝛿𝐴

1000 +  𝛿𝐵
  (=  

𝑅𝐴

𝑅𝐵
)  

 

though frequently 1000 ln 𝛼 is used, as otherwise values tend to be very close to one. 
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Fractionation can occur either as an equilibrium process, or as a kinetically driven process.  

Equilibrium fractionation is seen when a reaction occurs at equilibrium, such as when water 

is left to evaporate within a sealed container.  Kinetic fractionation occurs for unidirectional 

processes – water evaporating under a flow of dry nitrogen would be an example of this, as 

once some water evaporates, the resulting water vapour is removed from the reaction, and is 

thus unable to reach equilibrium with the liquid water. 
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1.2 Historical Background and Previous Work 

 

1.2.1 Foundational Work 

 

The first research into stable isotope distribution in nature began in the 1930’s (e.g. Dole, 

1935), after the discovery of deuterium (Urey et al., 1932) and of oxygen-18 and oxygen-17 

(Giauque and Johnston, 1929 a, b respectively).  Studies of stable isotopes in minerals also 

began at around this time, including early measurements of silicate oxygen isotopic ratios 

using mass spectrometry (Manian et al., 1934).  However, the first systemic studies into the 

isotopic composition of clay minerals did not begin until the 1960’s, with the publication of 

Savin’s thesis (Savin, 1967) and subsequent papers (Savin and Epstein, 1970 a, b).  This 

research established the exchangeability of water in clay interlayers and adsorbed water, and 

measurements of hydrogen isotopic composition were made of water released at temperatures 

over 250 °C (Savin and Epstein, 1970 a), using modified mass spectrometers which could 

compensate for the large difference in mass between hydrogen and deuterium (Nier, 1947; 

Friedman, 1953).  It is notable that reproducibility was lower for minerals with interlayer 

water, thereby establishing the need for the complete removal of interlayer water before 

analysis.  Removal of clay hydroxyl was not possible, however, with this method (Savin, 

1967).  Although the oxygen isotopic composition of the released water was not measured, 

measurements of the bulk oxygen isotopic composition of clays and other minerals after 

drying were made.  These measurements required fluorination techniques (e.g. Taylor and 

Epstein, 1962; Clayton and Mayeda, 1963) that produce total conversion of oxygen within 

the clay structure to oxygen gas followed by conversion to CO2.  The 18O/16O of the resulting 

CO2 was measured using mass spectrometry. 

 

1.2.2 Clay Oxygen and Hydrogen Isotopes 

 

Following Savin and Epstein’s work, a large number of studies of clay mineral stable 

isotopes were undertaken.  Clay isotopic composition has found use in establishing clay 

provenance, such as distinguishing between clay formed by weathering versus hydrothermal 

alteration for British kaolinites (Sheppard, 1977).  Isotopes were also used to distinguish 

detrital from authigenic clay found in marine sediments (e.g. Savin and Epstein, 1970 b; 

Eslinger and Yeh, 1981).  Furthermore, isotopic analysis has been used to estimate the degree 
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of authigenesis in river sediments (Yeh and Eslinger, 1986), and D/H has been used to 

distinguish between clay formation in floodplains versus weathering at higher altitudes 

(Lupker et al., 2012). 

 

In order to accurately use clay oxygen and hydrogen isotopes for determining clay origin and 

formation conditions, two key questions must be considered.  The first is how the measured 

isotopic composition of the clay relates to the formation environment of the clay.  As such, 

much work has been undertaken to establish the isotopic fractionation factors for a number of 

clay minerals.  These studies can be broadly divided into empirical and theoretical 

approaches.  Empirical approaches include isotopic exchange (O’Neil and Kharaka, 1976; 

Liu and Epstein, 1984) and synthesis experiments (Vitali et al., 2011; Callabero and Jiménez 

de Cisneros, 2018).  Because of the very slow isotopic exchange rates at low temperatures, 

leading to incomplete exchange, and difficulty in synthesizing pure samples representative of 

natural clays (e.g. O’Neil and Taylor, 1969; Torii and Iwasaki, 1987; Klopregge et al., 1994; 

Caballero and Jiménez de Cisneros, 2018), empirical methods have proven difficult for 

determining accurate fractionation factors for clay minerals.  A number of theoretical 

approaches have been tried, with very different results for clay fractionation factors – older 

work includes calculations based on thermodynamic properties (e.g. Kieffer, 1982) and the 

modified increment method (a method using statistical mechanical theory, but taking into 

account bond strength, cation mass, low temperature corrections and mineral/water 

interactions (Zheng, 1993)), while more recent calculations have been made using density 

functional theory (DFT) (Méheut and Schauble, 2014; Tao Liu, unpublished, based on Liu et 

al., 2018).  As such, some uncertainty still remains about the absolute relationships between 

clay oxygen and hydrogen isotopes and environmental conditions, but the implications of 

changing clay oxygen and hydrogen isotopes for changes in environmental conditions are 

well understood. 

 

The second question to consider for the use of clay oxygen and hydrogen isotopes in 

establishing past conditions is to what extent the clay stable isotopic composition is preserved 

over time.  Many experiments have been carried out to establish the reliability of clay bulk 

oxygen and clay hydroxyl hydrogen isotopic compositions as a palaeoproxy.  These have 

primarily focused on investigating the exchangeability of clay stable isotopes over long 

periods of time and under different pressure and temperature conditions (e.g. O’Neil and 

Kharaka, 1976; Nolan and Bindeman, 2013).  However, due to the very slow isotope 
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exchange rate for clays, experimental studies carried out under standard conditions have not 

measured changes in clay oxygen isotope composition, and only rarely measure changes in 

clay hydroxyl hydrogen composition.  As such, many of the studies investigating clay 

isotopic exchange have focused on comparing natural clay samples.  A number of studies 

have argued that measurements of clay bulk oxygen and clay hydroxyl hydrogen isotopic 

compositions do not show appreciable signs of exchange.  This conclusion has been drawn 

from measurements of soil profiles across the US (Lawrence and Taylor, 1972) as well as 

measurements of clay minerals from deep sea sediments of different depths (Yeh and Epstein, 

1978).  Further evidence for lack of exchange comes from measurements of Cretaceous and 

Cenozoic kaolinite samples from Georgia, US, which suggest that the kaolinites had 

preserved formation isotopic composition (Hassanipak and Eslinger, 1985).  It has also been 

reported that terrestrial clays not only do not exchange during sedimentation, but also 

undergo very little alteration during burial, even over periods of 25 Ma.  Furthermore, these 

terrigenous sediments contain very little in the way of authigenic marine clay formation (Yeh 

& Eslinger, 1986). 

 

Others have argued that the clay hydroxyl hydrogen is exchangeable independent of oxygen 

isotope exchange.  On the basis of measurements of exposed kaolinites from the western 

Canada sedimentary basin, Longstaffe and Ayalon (1990) suggested that the hydrogen 

isotopes were in equilibrium with present day formation waters, while oxygen isotopes of 

silicate were not (Longstaffe and Ayalon, 1990).  Lawrence and Meau (1993) studied ancient 

kaolinite samples distributed across North America, and found that while some kaolinite 

samples appeared to preserve formation hydrogen isotopic composition, other kaolinites 

appeared to have exchanged during the early Cenozoic and preserved this new composition.  

Some kaolinites also appeared to have undergone partial exchange with more recent meteoric 

waters – identified by the kaolinite isotopic composition not plotting on the Global Meteoric 

Water Line.  Further evidence for hydroxyl hydrogen exchange has been found by 

comparison of clay δ18O to clay δ2H in illite samples from the Athabasca Basin (Wilson et 

al., 1987), although it is unclear whether this study actually measured illite hydroxyl 

hydrogen.  In summary, it appears likely that, in some circumstances, clay hydrogen can 

exchange, but it is not entirely clear under what circumstances this occurs – it is possible that 

mineral alteration can explain some cases of exchange (Savin and Hsieh, 1998). 
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1.2.3 Other Hydrated Mineral Water Isotopes 

 

Stable isotopes of water have been used in minerals outside of the clay group minerals.  

Gypsum (CaSO4·2H2O), the hydrated endmember of calcium sulphate, is one such hydrated 

mineral whose hydration water has been used for palaeoclimatology.  As with the clay 

minerals, much work has focused on establishing the fractionation factors of oxygen and 

hydrogen isotopes in gypsum hydration water (GHW) (Gonfiantini and Fontes, 1963; Fontes 

and Gonfiantini, 1967; Hodell et al., 2012; Gázquez et al., 2017; Liu et al., 2018) and the 

potential for hydration water isotopic exchange (Sofer, 1978; Evans et al., 2015).  As gypsum 

is a precipitate mineral which can very easily be synthesised in laboratory conditions, the 

isotopic fractionation between GHW and its mother water is far better constrained, and 

current evidence suggests that isotopic exchange is minimal without reprecipitation (Khademi 

et al., 1997; Hodell et al., 2012; Grauel et al., 2016).  The isotopic composition of GHW has 

been used to reconstruct environmental conditions in a number of palaeoclimate studies, 

including the climate of Southwestern Europe during the Messinian Salinity Crisis (Evans et 

al., 2015), the temperatures across Central America during the last 42 ka (Hodell et al., 2012; 

Grauel et al., 2016) and the amount of rainfall both during the decline of the Maya 

civilisation (Evans et al., 2018) and in the western Qaidam Basin in China over the last 2.2 

Ma (Li et al., 2017). 

 

All of these experiments have focused on measuring the total hydration water, and the clay 

experiments focused on measuring clay bulk oxygen, and the total non-interlayer water of 

clays.  Very few previous studies have attempted the separation and measurement of each 

type of water in a hydrated mineral.  One noteworthy exception is the study by Knauth and 

Epstein (1982), who measured the weight loss and δ2H of opal (SiO2
.nH2O) that was released 

by step-heating.  This study is of particular relevance experimentally to clay isotope 

measurements because opal, like the clay minerals, contains both H2O and hydroxyl groups 

bound to silicate.  The opal was heated in discreet temperature increments, and released water 

from each increment cryogenically trapped.  The separated water samples were then 

converted to H2 by uranium reduction, and measured using traditional Isotope Ratio Mass 

Spectrometry (IRMS).  The study demonstrated that water released at different temperatures 

had vastly different δ2H values (from above –40 ‰ to below –110 ‰), meaning that the 

differences between waters in different mineral environments are significant – information 
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that is lost when only the total water is measured.  However, because the experimental 

process was highly labour-intensive, there have been very few further studies into this area. 

 

1.2.4 Advances in Experimental Technique 

 

Naturally, the methods used for mineral water stable isotope measurement have improved 

over time.  Early δ18O measurements required the conversion of bulk clay oxygen, via 

oxidation with fluorine, to CO2 (carbon dioxide), which could then be measured using mass 

spectrometry (e.g. Taylor and Epstein, 1962).  Early δ2H measurements required the trapping 

of liberated water using dry ice, before conversion of trapped water to hydrogen using hot 

uranium and measurement by mass spectrometry (e.g. Craig 1961).  This precluded the 

possibility of concurrently measuring the δ18O of the liberated water, which had to be done 

separately by isotopic exchange with CO2.  Advances in mass spectrometry mean that these 

reactions are no longer required for IRMS (Sharp et al., 2001), and precisions have also 

improved.  While mass spectrometry is still common (e.g. Sharp et al., 2001; Eiler and 

Kitchen, 2001; Playà el al., 2005; Yeh et al., 2014; Bauer et al., 2016), recent advances have 

seen the use of Cavity Ring-Down Spectrometry (CRDS) as a method to measure δ18O and 

δ2H simultaneously (Hodell et al., 2012; Affolter et al., 2014; Gázquez et al., 2015; Uemura 

et al., 2016).  This allows the simultaneous measurement of both oxygen and hydrogen 

isotope ratios in real-time, with accuracies comparable to mass spectrometry – with the 

caveat that generally more sample is required. 

 

When considering the current state of research, there is potential for a continuation of the 

water-separation methodology devised by Knauth and Epstein (1982), using modern 

measurement methods which are significantly less labour intensive, and can more accurately 

measure changes in clay hydration water by combining step heating and CRDS (Bauska et 

al., 2017). 
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1.3 Statement of the Problem 

 

Previous research into the use of mineral hydration water isotopic composition has focused 

almost exclusively on measuring the total hydration water of the mineral.  This can 

potentially cause information stored in the different hydration water types to be lost, as well 

as make it more difficult to correctly exclude exchangeable water from isotope 

measurements.  Differential Thermal Isotope Analysis (DTIA) therefore has a role in the 

accurate determination of mineral hydration water isotopes, being capable of both accurately 

separating different water types from different mineral environments and also capable of 

measuring the isotopic composition of each water type, without the need for laborious 

trapping during a step-heating process – especially as DTIA also allows for the simultaneous 

measurement of both oxygen (18O, 16O) and hydrogen (D, H) isotopes. 

 

As such, DTIA is a powerful method capable of gathering more information from the isotopic 

composition of hydrated minerals than existing methods.  The isotopic composition of 

mineral hydration water is of interest as oxygen and hydrogen isotopes are highly indicative 

of formation environments.  Potential uses for oxygen and hydrogen isotopes include 

determining the provenance of a mineral, determining the environmental conditions at time of 

mineral formation, and determining how hydrated minerals have interacted with fluids after 

formation, among others.  Many of these uses rely on the hydration water signal being 

preserved over time – here, the ability of DTIA to separate out sample hydration water into 

different water types offers another advantage, as non-exchangeable water (e.g. hydroxyl 

water) can easily and accurately be separated from other exchangeable water in a sample. 

 

Mineral hydration water isotope study is a field of great interest; hydrated minerals are 

common to many different environments and geological periods.  In particular, layers of 

hydrated clays have been deposited globally during significant geological events (e.g. 

iridium-enriched clay at the Cretaceous–Palaeogene (K-Pg) boundary, and kaolinite in the 

Paleocene-Eocene Thermal Maximum (PETM)), and clays and other hydrated minerals such 

as gypsum have also been found on Mars.  As such, clay hydration water can provide insight 

into the nature of palaeoclimate change during geological transitions, and also into the 

evolution of the Martian climate. 
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1.4 Thesis outline 

 

This thesis focuses on the development of DTIA and its use to analyse the isotopic 

composition of water in minerals containing multiple water environments.  It is structured as 

follows: 

 

Chapter 2 presents an overview of the DTIA method.  This consists of a description of the 

experimental setup, the methodological and analytical procedure, as well as a comparison of 

results of hydration water isotopic composition as measured by DTIA and more traditional 

offline water extraction techniques.  While comparison of gypsum measurements is the main 

focus for demonstrating the validity of the DTIA method, kaolinite dehydroxylation is also 

compared.  In addition, the separation of water types in the dehydration of minerals with 

multiple types of water is showcased. 

  

Chapter 3 focuses on the applications of DTIA to the measurement of the gypsum → 

bassanite and bassanite → anhydrite dehydrations.  A number of experiments pertaining to 

the nature of the two step dehydration are discussed, and it is demonstrated that the two step 

dehydration does not contain further palaeoclimatic information than the measurement of the 

total gypsum hydration water.  A series of experiments to determine the potential use of 

bassanite as a palaeoclimatic proxy are also presented, alongside further suggested 

experiments for finding the oxygen and hydrogen fractionation factors for hydration water in 

bassanite – of interest because of bassanite deposits found on Mars. 

 

Chapter 4 investigates the application of DTIA to clay minerals, detailing the DTIA method 

for measuring common clay minerals including kaolinite, beidellite, and both calcium-rich 

and sodium-rich montmorillonite samples.  Further experiments consider the measurement of 

mixed clays, potential impediments to accurate isotope measurement, and the applicability of 

clay hydroxyl isotope measurement to palaeoclimatology. 

 

Chapter 5 studies climatic changes around the North Sea Basin during the PETM.  Using a 

well-characterised set of mixed clay samples, trends in clay oxygen and hydrogen isotopes 

across the PETM as measured by DTIA are compared to clay oxygen isotope measurements 

by mass spectrometry, as well as other climate proxies such as clay composition, the isotopic 
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composition of total organic carbon and the count of dinoflagellate cysts.  The results, and 

their implications for DTIA’s uses in palaeoclimatology, are discussed in the context of other 

PETM studies at both local and global scopes. 

 

 



 

2 An Experimental Overview of the Online 

Differential Thermal Isotope Analysis Method 

 

Note on Authorship 

 

This chapter is adapted from the publication ‘Online Differential Thermal Isotope Analysis of 

Hydration Water in Minerals by Cavity Ring-down Laser Spectroscopy’ in Analytical 

Chemistry.  I am the second author of this paper; all work reported in this chapter is my own. 

 

Bauska, T. K., Walters, G., Gázquez, F., & Hodell, D. A. (2017). Online Differential Thermal 

Isotope Analysis of Hydration Water in Minerals by Cavity Ringdown Laser Spectroscopy. 

Analytical Chemistry, 90(1), 752–759. doi:10.1021/acs.analchem.7b03136 

 

 

2.1 Abstract 

 

A new method for measuring the isotopic composition (δ18O and δD) of different types of 

bonded water (e.g. molecular water, hydroxyl) contained in hydrated minerals has been 

developed by coupling a thermal gravimeter (TG) and a cavity ringdown laser spectrometer 

(CRDS).  The method involves precisely step-heating a mineral sample, allowing the 

separation of the different types of waters that are released at different temperatures.  The 

water vapour evolved from the mineral sample is analysed for oxygen and hydrogen isotopes 

simultaneously by CRDS.  Isotopic values for the separate peaks are calculated by integrating 

the product of the water amounts and its isotopic values, and correcting for background.  In 

this chapter examples are provided of the application of the online differential thermal 

isotope analysis (DTIA) method to a variety of hydrous minerals including gypsum and clays.  

The isotopic compositions of the total water evolved from a set of natural gypsum samples as 

measured by DTIA are compared with the results of a conventional offline water extraction 

method followed by CRDS analysis.  The results from both methods are in excellent 

agreement and precisions (1σ) for δ18O (± 0.12 ‰) and δD (± 0.8 ‰) of the total gypsum 

hydration water from the online DTIA method are comparable to that obtained by the offline 

water extraction method.  The DTIA method has wide ranging application for addressing 

fundamental problems across many disciplines in Earth and Planetary Sciences, including 
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palaeoclimatology, sedimentology, volcanology, water exchange between the solid earth and 

hydrosphere, and water on Mars and other planetary bodies. 
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2.2 Introduction 

 

Oxygen (16O, 17O, 18O) and hydrogen (H, D) isotopes of hydration water in minerals provide 

powerful constraints on the conditions under which these minerals formed on Earth and other 

planetary bodies (e.g. Mars).  High-precision measurements of hydrated minerals present 

three major challenges: (i) hydrated minerals often hold multiple forms of water of variable 

exchangeability and isotopic composition that require separation prior to analysis; (ii) most 

natural samples are of mixed mineralogy that are not readily separable by mechanical or 

chemical means; and (iii) oxygen and hydrogen need to be converted to, or equilibrated with, 

gaseous species for analysis on gas-source isotope ratio mass spectrometers (typically CO2 

for δ18O, O2 for 17O-excess, H2 for δD).  In this chapter, I provide an overview of the online 

DTIA method for measurement of mineral oxygen and hydrogen isotopic composition.  This 

method couples a thermal gravimeter to a cavity ringdown laser spectrometer, which allows 

for precise thermal separation combined with simultaneous online oxygen and hydrogen 

isotope analysis, bypassing the need for chemical conversion.  The general methodology is 

described with a focus on gypsum, a relatively well studied hydrated mineral, in order to 

provide information on protocol, data processing requirements, accuracy and precision.  Two 

clay minerals, kaolinite and montmorillonite, are used to further demonstrate the accuracy 

and precision of DTIA, as well as its advantages in water type separation during 

measurement. 

 

Research on the isotopic composition of hydrous minerals progressed rapidly in the 1960s 

and 1970s following the advent of gas source isotope ratio mass spectrometry (IRMS).  

Pioneering work was carried out on volcanic glass (Friedman and Smith, 1958), gypsum 

(Gonfiantini and Fontes, 1963), opal (Knauth and Epstein, 1976), clays (e.g. (Savin and 

Epstein, 1970 a, b; O’Neil and Kharaka, 1976; Suzuoki and Epstein, 1976; Yeh and Epstein, 

1978; Sheppard and Gilg, 1996), hydrous carbonates (Matsuo and Friedman, 1972) and 

manganese hydroxides (Hariya and Tsutsumi, 1981).  Typically, water was extracted by 

heating in vacuum followed by cryogenic trapping and finally conversion to, or exchange 

with, H2 or CO2 gas (though most early studies focused solely on hydrogen isotopes).  In 

order to separate different types of water within a given mineral, Knauth and Epstein (1982), 

developed a method whereby a mineral (opal in particular) was progressively heated in 

vacuum and water was trapped over discrete temperature intervals for later analysis by IRMS 
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(Knauth and Epstein, 1982).  A quartz spring balance within the vacuum system allowed the 

authors to monitor the mass loss over the course of the experiment.  The method was termed 

“Differential Thermal Isotope Analysis” and has subsequently been adopted for a variety of 

hydrous mineral studies.  The downsides to the method include the laborious nature of the 

trapping procedure (a typical experiment lasted over 8 hours) and the need for chemical 

conversion of the water to H2 or CO2 gas. 

 

In the 1990s and early 2000s, methods became available for online extraction of water and 

rapid conversion to gaseous species suitable for continuous-flow mass spectrometry (Brand et 

al., 1994; Sharp et al., 2001).   Using a high-temperature (1450 °C) glassy carbon furnace to 

simultaneously dehydrate/dehydroxylate minerals and convert H2O vapour to H2 and CO gas, 

Sharp et al., 2001, demonstrated high-precision measurements of δD of ± 2 ‰ (1σ) on a 

variety of hydrous minerals on samples containing about 0.1 μL of H2O (Sharp et al., 2001). 

The method also showed promise for the simultaneous analysis of δ18O (by peak-jumping the 

IRMS to CO m/z) with precisions of 0.2 ‰ (1σ), but this aspect of the method has been less 

widely reported in the literature.  Any differential thermal isotope analysis with this method 

requires pre-heating the samples to remove unwanted water followed by methods to prevent 

any absorption of atmospheric water vapour prior to analysis (see Bauer and Vennemann, 

2014).  More specialized systems have also been developed to study the hydrogen isotopes of 

nominally non-hydrous geological samples (e.g. meteorites) with precisions ranging from ± 

1-2 ‰ (1σ) on samples yielding as little as 1 × 10–5 μL of H2O (Eiler and Kitchen, 2001). 

 

More recently, the development of commercially available laser absorption spectrometers has 

offered another opportunity for technical advancement.  Offline extraction of gypsum 

hydration water followed by CRDS analysis (Picarro i2140) has yielded high precision 

measurements of δ18O, δ17O and δD with 1σ standard deviations of 0.13, 0.07 and 0.5 ‰ 

respectively for water samples of about 20 μL (200 mg of gypsum) (Gázquez et al., 2015).  

CRDS instruments have also been used in the measurements of much smaller amounts of 

water released from fluid inclusions in minerals (~0.1-1.0 μL) with precision better than ~0.5 

and 2 ‰ (1σ) for δ18O and δD, respectively (Arienzo et al., 2013; Affolter et al., 2014; 

Uemura et al., 2016).  An online method using off-axis integrated cavity output spectroscopy 

(Los Gatos Research model 908-004), which focused on organic materials but reported some 

gypsum measurements, demonstrated precisions of ± 3-4 ‰ (1σ) for δD (Koehler and 



Chapter 2:  An Experimental Overview of the Online DTIA Method      27 

 

 

 

Wassenaar, 2012).  This recent advance in laser spectroscopy is used to revisit the 

“Differential Thermal Isotope Analysis” method described by Knauth and Epstein with state-

of-the-art instrumentation allowing for online measurement (Knauth and Epstein, 1982). 
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2.3 Methods 

 

2.3.1 System Design 

 

An overview schematic of the online-DTIA system is provided in Figure 2.1.  Samples are 

heated in a thermal analysis system (Netzsch STA 449 F3 Jupiter) capable of both thermal 

gravimetric analysis (TGA) and differential scanning calorimetry (DSC).  The furnace can 

range between ambient temperature and 1600 °C with maximum ramp rates of 40 °C / min 

and the possibility of precisely controlled plateaus.  TGA provides continuous data on 

changes in the mass of the sample with time and temperature.  DSC records small differences 

in the temperature of the sample and a reference material, thus providing constraints on the 

enthalpy of a phase transition or chemical reaction (i.e. endothermic or exothermic).  TGA 

and DSC are standard analytical techniques in earth sciences; the thermal reactions are 

characteristic and used for rapid and inexpensive mineral identification (Földvári, 2011). 

 

A sample is held in a crucible that sits perched on a “carrier” that connects to the balance, 

which is comprised of an alumina stalk housing the thermocouple and alumina baffle system.  

For samples smaller than ~20 mg the TGA/DSC carrier can be used, which has a platinum 

platform that can hold a variety of crucibles (Al for temperatures less than 600 °C, Pt or 

Al2O3 for higher temperatures) and allows for simultaneous measurement of TGA and DSC.  

Larger samples (up to 5 ml in volume) are analysed solely in TGA mode and are held in an 

Al2O3 crucible that fits directly onto the carrier stalk. 

 

The flow of gas can in theory be precisely manipulated by controllers in the TG system to 

match the flow required by the Picarro CRDS (~30 ml / min); however, in practice, pressure 

variations mean that the Picarro CRDS (which uses a diaphragm pump to draw sample into 

the measurement cavity at a constant pressure) draws a variable flow rate, and over the course 

of hours or days this leads to slight over- and under-pressures within the balance system.  

Under-pressures are not problematic as the TG system is designed to operate at pressures as 

low as 10–4 mBar (with an attached turbomolecular pumping system not used in this study), 

but large overpressures can potentially damage the balance, and pressure inconsistencies will 

distort TGA results.  To work around this, an open-split is used upstream of the TGA in the 

gas flow to prevent overpressures.  Dry N2 is used as the carrier gas in these experiments as it 
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is non-hydrous and does not contain oxygen (the presence of oxygen may contribute to 

oxygen isotopic exchange at high temperatures).  Other carrier gasses can be used; in 

particular, experiments trying to remove volatile organics in the course of DTIA 

measurement using solid catalysts and oxygen have used dry air as a source of O2 (Bauska et 

al., 2017).  However, the presence of a solid catalyst between the thermal analysis system and 

CRDS can have a negative effect on measurement accuracy, so is not used in this study. 

 

 
 

Figure 2.1.  An overview of the online-DTIA system.  Upper panel:  an image of the 

coupled Netzsch thermal gravimetric analysis (TGA) unit and Picarro L2130i cavity 

ringdown spectrometer (CRDS).  Lower panel: a schematic of the system with an 

emphasis on the interface box.  Solid black lines represent 1/8 stainless steel tubing 

and green circles represent valves.  The module interface dashed circle represents an 

area where further modules, such as cryogenic trapping, can be added.  The 

autosampler interface dashed circle indicates where a solid catalyst can be inserted to 

promote the oxidation of volatile organics. 
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Finally, stock o-rings on many of the seals in the TG system, likely made of silicone and 

relatively permeable to water, were replaced with Viton, reducing background water amounts 

and isotopic composition variability. 

 

Downstream of the TGA, water vapour is carried via a heated (120 °C) 1/8 inch stainless 

steel tube to a heated (120 °C) interface system.  The interface box serves multiple purposes.  

The primary purpose is to enable switching between the autosampler and Netzsch without 

disrupting the gas flow to the CRDS (the Netzsch and CRDS both require constant gas flow), 

allowing for the calibration of DTIA measurements using injected water standards, while 

keeping all tubing heated above 100 °C (preventing water condensation).  This could be 

achieved more simply, but having a heated box enables the easier addition of further function, 

such as cryogenic trapping, or the insertion of catalysts for the oxidation of volatile organics 

(Bauska et al., 2017).  The gas plumbing is comprised primarily of 1/8 inch stainless steel 

tubing and Swagelok 3-way ball valves (40G Series). 

 

A Picarro L-2130i provides continuous measurement of the H2O, δ18O and δD of the water 

vapour stream. 

 

2.3.2 Analytical Protocol  

 

A sample is loaded into the TGA system manually and the furnace tube is flushed with dry 

N2 (~30 ml / min) for at least 15 minutes, or until water background returns to less than 100 

ppm.  A temperature program is then started and the TGA/DSC and Picarro water isotopes 

traces are synchronized.  Figure 2.2 shows an example of a gypsum dehydration profile with 

the coupled TGA/DSC and Picarro data traces.  In this case, gypsum was placed in loosely 

sealed aluminium crucible to produce the two-step dehydration from gypsum (CaSO4
.2H2O) 

to bassanite (CaSO4
.0.5H2O) to anhydrite (CaSO4), which illustrates the ability of the system 

to separate different bonded waters and simultaneously characterise them for their mass loss, 

enthalpy, H2O, δ18O and δD.  As the sample is heated (5 °C / min for gypsum two peak 

dehydration; 40 °C / min for the heating rate of most clay measurements), the mineral 

dehydrates as evidenced by the mass loss and endothermic reaction.  The released water 

vapour is carried to the CRDS (transit time ~ < 1 minute) where it is measured for H2O 

concentration, δ18O, and δD.  After analysis, the furnace is cooled to near ambient 
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temperature and another sample may be loaded immediately.  Samples like gypsum, which 

require relatively low final temperatures (~200 °C), can be measured about every 40 minutes.  

Samples requiring higher final temperatures (~1000 °C) require at least a 90 minute turn-

around period. 

 

2.3.3 Data Processing 

 

Raw data output from the TGA/DSC and Picarro instruments are processed with in-house 

Mathematica code.  Peak shoulders are defined based on the first derivative of the H2O trace.  

Theoretical background water amounts and background isotopic values during measurement 

are calculated by plotting a linear fit between the data before and after the measurement; 200 

data points either side of the measurement data is used for this.  The linear fit is assumed to 

represent the background H2O, δ18O and δD across the sample peak.  Typically, background 

in the instrument is low (~100 ppm) relative to ideal sample peak heights between 17000 and 

23000 ppm (Affolter et al., 2014).  The background in the instrument is sourced from lab air 

with some memory effects from prior samples with δ18O and δD values of around –20 ‰ and 

–140 ‰, respectively.  The magnitude of the correction can therefore vary depending on both 

the sample amount and isotopic composition; however, background water amount is so low 

relative to the measured sample water amount (<1 % of sample water amount) that 

background correction typically has a negligible effect on final results.  Once total 

background-corrected H2O, δ18O and δD values have been calculated, the δ18O and δD values 

are then calibrated using at least three working water standards (calibrated against SLAP, 

GISP and V-SMOW) that are injected multiple times into a vaporizer following the approach 

outlined in Gázquez et al. (2015).  Calculation of the background-corrected H2O, δ18O and 

δD values is done following the process outlined in Affolter et al. (2014); in short, the 

measured online sample and calculated background δ18O and δD signals must be weighted by 

water amount and integrated over time, so the online measured isotopic compositions must be 

multiplied by water amount (done for each data point), then integrated against time, and then 

the total is corrected for total water amount. 
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Figure 2.2.  An example of a gypsum-bassanite-anhydrite transition with the well-

known double release of structural water.  The weight % and differential scanning 

calorimetry (DSC) traces from the Netzsch TGA/DSC are shown in the upper two 

panels.  The lower panels show the H2O, δ18O and δD traces from the Picarro CRDS. 
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2.4 Results and Discussion 

 

2.4.1 Gypsum Results: Precision, Accuracy and Linearity 

 

Gypsum is used as means to characterise the precision, accuracy, and sensitivity of the 

online-DTIA method.  First, measurements were taken of a suite of natural and synthetic 

gypsum samples with a wide range of isotopic values with an offline, in vacuum total 

hydration water extraction system (the “WASP”) (Hodell et al., 2012; Gázquez et al., 2015).  

The WASP system requires sample amounts of around 200 mg of gypsum, yielding 40 μl of 

water or enough to allow 10 syringe injections of 2 μl each into the CRDS.  The same 

samples were then measured with the online-DTIA method.  In comparison, the online-DTIA 

method consumes only ~7 mg of sample per measurement, thus yielding ~1.4 μl of water per 

measurement.  In this instance, each gypsum sample was measured four times using the 

online DTIA method to establish the possible precision of DTIA, for a total of ~28 mg of 

sample used – though the required sample amount could likely be further reduced for the 

DTIA method if not trying to produce a two peak gypsum dehydration following the gypsum-

bassanite-anhydrite transition, as if the gypsum hydration water is released in a single peak 

(and hence over a shorter period of time), the water amount peak height will be higher for the 

same sample amount. 

 

The results of the comparison are shown in Figure 2.3, where the total gypsum hydration 

water δ18O and δD from the “WASP” method are plotted against the results from the online 

DTIA method.  In the δ18O comparison, a linear regression yielded a slope, intercept and 

root-mean-square error of 1.03, 0.06, and 0.35 ‰, respectively; the δD comparison (similarly 

using a linear regression) produces a slope, intercept and root-mean-square error values of 

0.96, –2.41, and 1.3 ‰, respectively.  The comparison demonstrates that with a reduction in 

sample size of approximately an order of magnitude, the online-DTIA method can accurately 

determine the isotopic composition of GHW across a wide range of values to within about 0.4 

and 1.3 ‰ for δ18O and δD, respectively.  Measurement precision of the DTIA method is 

high across the sample set when measuring total gypsum water through the two peak 

dehydration, averaging 0.20 ‰ for δ18O and 0.4 ‰ for δD. 
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Figure 2.3.  The precision and accuracy of gypsum measurements, as shown by plots 

of total gypsum hydration water δ18O and δD in natural and synthetic gypsum samples 

(eight total) from a high-precision, offline vacuum extraction technique (Gázquez et 

al., 2015) and the online-DTIA technique.  The black solid lines represent the 1:1 line 

of coincidence between the two methods. 
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2.4.2 Kaolinite and Montmorillonite: High-temperature Dehydroxylation 

Examples 

 

In addition to providing precise and routine isotopic measurements on relatively small 

samples, a significant innovation of the system is the capability of separating different types 

of bonded water.  This chapter presents preliminary measurements of the isotopic 

composition of samples of kaolinite (source: Blackpool Pit, St. Austell pluton, Cornwall, UK 

(Sheppard, 1977)) and montmorillonite (source: Clay Minerals Society Stx-1b).  Kaolinite, 

Al2Si2O5(OH)4, is a simple clay with only bonded hydroxyl; kaolinite can therefore be used 

to compare the online-DTIA method to an offline clay hydroxyl isotopic composition 

measurement technique.  Montmorillonite is a clay with both interlayer water and bonded 

hydroxyl, whose members follow the formula (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O, and 

which is a more representative example of water found in phyllosilicates.  Examples of the 

weight %, H2O, δ18O and δD traces are shown in Figure 2.4. 

 

Kaolinite undergoes dehydroxylation from ~450 to 650 °C, producing a relatively symmetric 

peak in H2O (note the mass increase at 300 °C is an uncorrected artefact from an increase in 

the temperature ramp rate).  Based on four replicate measurements with the online-DTIA 

system using ~7.2 mg of kaolinite, the δ18O and δD of the hydroxyl water is 6.63 ± 0.7 ‰ 

and –62.2 ± 0.7 ‰ respectively.  These results agree within error of offline in vacuum 

extractions (n = 5) of significantly larger samples in our laboratory (δ18O = 5.8 ± 0.5 ‰ and 

δD = –62.6 ± 3.7 ‰), and δD as determined by early offline extraction and gas-source mass 

spectrometry techniques (δD = –62 ‰ (Sheppard, 1977)).  This demonstrates that water 

extraction at high-temperature with the online-DTIA method is free of any significant errors 

with respect to previously established methodologies. 

 

The montmorillonite shows a highly convolved double peak from ~100-200 °C from 

interlayer and absorbed water with both δ18O and δD trending towards enriched values.  From 

200-500 °C, the sample continues to slowly lose mass (~0.003 wt% / °C).  This leads to 

elevated water vapour levels between 2000 and 3000 ppm.  Dehydroxylation appears to begin 

at about 500 °C with a significant acceleration of water loss between 600 and 700 °C.  In 

cases like this, an isothermal interval can be employed to increase separation between peaks.  

Using this technique (see Chapter 4 for a full description of the montmorillonite measurement 
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program), replicate measurements (n = 4) constrain the δ18O and δD of the hydroxyl peak to 

13.42 ± 0.13 ‰ and –41.6 ± 0.6 ‰, respectively.  This demonstrates the possibility for high-

precision measurements of clay mineral hydroxyl oxygen and hydrogen isotopic composition.  

Attempts to separate and measure the hydroxyl water with offline extraction proved 

unsuccessful, highlighting the utility of the online-DTIA method but limiting our ability to 

assess the accuracy of the online-DTIA method. 

 

 

 
 

Figure 2.4.  A comparison of the kaolinite (orange) dehydroxylation centred around 550 °C 

and the montmorillonite interlayer and absorbed water dehydration around 150 °C and 

dehydroxylation which peaks at around 650 °C.  

100

96

92

88W
e
ig

h
t 

%

1000800600400200

Sample Temperature (ºC)

12000

8000

4000

0

H
2
O

 (
p

p
m

)

25

5

-15

 d
1

8
O

  

 (
V

S
M

O
W

)

-120

-80

-40

0

d
D

(V
S

M
O

W
)

 Kaolinite
 Montmorillonite

 

Absorbed +
Interlayer H2O

Hydroxl



Chapter 2:  An Experimental Overview of the Online DTIA Method      37 

 

 

 

2.5 Conclusions 

 

A new method capable of measuring the isotopic composition of multiple forms of bonded 

water in hydrous minerals has been developed.  The online DTIA method simultaneously 

provides δ18O and δD data at precisions of 0.12 and 0.8 ‰ respectively.  These precisions are 

comparable to previous methodologies for natural samples, if not a slight improvement (see 

Table 2.1 for comparison).  However, the new method requires about ~1.4 μl of water and is 

thus a slight compromise on sample size, particularly when compared to online-IRMS 

methods capable of measurements of only 0.1 μl of water.  Compared to offline differential 

thermal separation the online-DTIA is significantly less labour intensive, and has 

significantly lower risk of water re-adsorption compared to methods where samples are 

partially dehydrated before being transported to measurement instruments (Bauer and 

Vennemann, 2014).  The instrumental setup also requires much lower capital and 

consumables costs compared to methods utilizing gas-source mass spectrometers. 

 

Method 

Sample Size Precision (1-sigma s.d.) 

Reference 
H2O (μl) δ18O (‰) δD (‰) 

Online DTIA ~1.4 0.20 0.4 This study 

Vacuum Extraction - 

CRDS 
40 0.13 0.5 Gázquez et al., 2015 

TCEA-IRMS 0.1 0.2 2 Sharp et al., 2001 

Online combustion 

OA-ICOS 
0.4 - 3 to 4 

Koehler and 

Wassenaar, 2012 

Online reduction-

IRMS 
1.00  × 10–5 - 1 to 2 

Eiler and Kitchen, 

2001 

Fluid Inclusion 

CRDS 

0.3 to 1.0 0.5 2 Arienzo et al., 2013 

> 0.5 0.4 1.5 Affolter et al., 2014 

0.05 to 0.25 0.05 to 0.6 0.0 to 3.0 Uemura et al., 2016 

 

Table 2.1.  Summary of the precisions of and sample sizes required for a number of 

methods for isotopic composition analysis.  DTIA has a comparable precision to 

existing methods, and in most cases is more precise. 
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The primary advantage of the DTIA method is the ability to rapidly characterise the wt % and 

isotopic composition of multiple forms of bonded H2O or bonded OH− in a sample.  By 

separating these different forms of water, factors that control the isotopic composition of the 

water species, such as isotopic fractionation during formation and post-depositional 

exchangeability, can now be studied.  The same principle could also provide a way to 

separate water from different minerals in natural samples of mixed mineralogy. 

 

 



 

3 An Examination of the Palaeoclimatic and 

Structural Implications of the Two-Step Gypsum 

Dehydration Mechanism using DTIA 

 

3.1 Abstract 

 

This chapter reports the results of experiments to determine the origin of gypsum’s two-step 

dehydration.  In particular, I show that the dehydration mechanism is strongly affected by 

changes in sample grain size and in the partial pressure of water present in the environment 

under which gypsum dehydration occurs.  Attempts to use the two-step dehydration to 

recover further palaeoclimatic information were unsuccessful, as it appears that isotopic 

fractionation between the gypsum → bassanite and bassanite → anhydrite dehydration steps 

are not driven by differences in water bonding environment, but rather by kinetic factors 

upon dehydration, which are difficult to isolate due to the rapid rehydration of γ-anhydrite 

under atmospheric conditions.  Attempts to synthesise bassanite, in order to determine 

bassanite-water fractionation factors, were also broadly unsuccessful, giving low yields of 

bassanite and inaccurate fractionation factors.  Further attempts to calculate bassanite-water 

fractionation by rehydrating anhydrite also proved inaccurate; improvements for more 

accurate measurements using anhydrite rehydration are suggested.  Accurate determination of 

the bassanite-water fractionation factors would allow for bassanite to be used like gypsum as 

a palaeoclimatic proxy – this holds particular relevance for determination of the Martian 

palaeoclimate, where gypsum and bassanite are found. 
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3.2 Introduction 

 

Gypsum (CaSO4
.2H2O) is the hydrated endmember of the calcium sulphate minerals 

(gypsum-bassanite-anhydrite) and is a mineral common to terrestrial environments, often 

forming as a result of evaporation of CaSO4 bearing waters.  Gypsum hydration water, in 

particular, has found use as a proxy for the hydrological conditions of its formation, through 

analysis of the isotopic composition (both oxygen isotopes and hydrogen isotopes) of the 

hydration water (e.g. Pierre and Fontes, 1978; Sofer, 1978; Hodell et al., 2012; Gázquez et 

al., 2013, 2017; Evans et al., 2015), and also in conjunction with other proxies such as fluid 

inclusion salinity (Evans et al., 2015).  Furthermore, the recent discovery of bassanite 

(CaSO4
.0.5H2O) veins on Mars (Wray et al., 2010; Rapin et al., 2015), as well as widespread 

gypsum deposits (Langevin et al., 2005; Gendrin et al., 2005), has prompted a renewed 

interest in the hydration water of the gypsum-bassanite-anhydrite system and its potential 

applications as a palaeo-proxy. 

 

The dehydration of gypsum to anhydrite (CaSO4) is thought to proceed via the intermediate 

bassanite (Bezou et al., 1995; Christensen et al., 2008; Jacques et al., 2009).  The structure of 

bassanite is close to that of γ-anhydrite (anhydrite III, soluble anhydrite) – one of three phases 

that anhydrite can form, the others being β-anhydrite (anhydrite II, insoluble anhydrite), 

which forms at temperatures >300 °C, and α-anhydrite (anhydrite I), which forms at 

temperatures >1180 °C (Prieto-Taboada et al., 2014).  Both have a channel structure (Bezou 

et al., 1995), which in bassanite contains the structural water.  However, the dehydration of 

gypsum is strongly affected by reaction conditions (Paulik et al., 1992), and under some 

conditions (low partial pressure of water being the most prominent) the two-phase 

dehydration is not seen.  Because of this, and the fact that a number of the phases in the 

gypsum dehydration are metastable, the exact mechanisms for gypsum dehydration are still 

not known, despite a great deal of research on the subject.  As such, here I use DTIA to 

measure the dehydration profile of gypsum, and interpret these in light of other published 

findings on the mechanism of gypsum dehydration. 

 

The two-step dehydration is also of interest for palaeoclimatology.  Mandal and Mandal 

(2012) proposed from IR data that the two-step dehydration is driven by gypsum containing 

water in two different bonding environments; one water fraction consisting of more loosely 
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bonded water bound to calcium, which is removed during the gypsum → bassanite 

dehydration, and the other smaller water fraction consisting of water bonded to sulphate with 

stronger hydrogen bonds.  This more strongly bonded water was hypothesized as being the 

water removed in the bassanite → anhydrite dehydration.  If this is indeed the case, the 

stronger anion-bonded water (“anion water”) is less likely to undergo isotope exchange and 

more likely to preserve the isotopic composition of the formation water.  This has potential 

significance to palaeoclimatology, where it could allow for partially exchanged gypsum 

hydration waters to still be used as a palaeoclimatic proxy, by isolation of the bassanite water.   

It could also help explain the mechanism of gypsum dehydration and why the second 

dehydration peak is always isotopically enriched relative to the first (Table 3.1).  To test this 

“anion water” hypothesis, I present the results of a series of experiments designed to test for 

the presence of “anion water”, and if present, whether it was suitable for use as a 

palaeoclimatic proxy.  Critically, if the “anion water” hypothesis is correct, then the second 

step of the two-step gypsum dehydration will not be isotopically affected by changes to the 

water of the first dehydration step. 

 

Furthermore, in order to use bassanite water as a palaeoclimatic proxy, the isotopic 

fractionation between bassanite and its mother water must be known.  There are no reported 

experimental values for the hydrogen and oxygen bassanite-water fraction factors in the 

literature.  As such, I present the results of a series of experiments which attempt to 

synthesize bassanite and measure the fractionation.  These results are compared to a 

theoretical prediction of the bassanite fractionation factors, calculated using density 

functional theory (DFT) (Liu et al., 2018). 

 

The hydration water of bassanite is also of interest independent of the “anion water” 

hypothesis.  While bassanite is a rare mineral on Earth due to its instability at 100% relative 

humidity (Robertson and Bish, 2012), the fact that bassanite has been discovered on Mars has 

made finding the bassanite-water fractionation factors a worthy goal. 
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Samples 
Total 

δ18O / ‰ 

1st Peak 

δ18O  / ‰ 

2nd Peak 

δ18O  / ‰ 

2nd  - 1st 

Peak  

δ18O  / ‰ 

Total 

δD / ‰ 

1st Peak 

δD / ‰ 

2nd Peak 

δD / ‰ 

2nd  - 1st 

Peak  

δD / ‰ 

V22L 

Entrada 
–11.41  ±  0.21 –12.99  ±  0.41 –7.04  ±  0.37 5.95 –133.21  ±  0.51 –136.54  ±  0.01 –124.06  ±  1.90 12.48 

BG-10 –1.87  ±  0.27 –3.41  ±  0.21 3.20  ±  1.39 6.60 –54.45  ±  0.53 –56.68  ±  0.32 –47.20  ±  1.27 9.49 

CRI-01 –0.29  ±  0.16 –1.45  ±  0.15 6.16  ±  0.40 7.61 –41.97  ±  0.16 –44.78  ±  0.18 –32.50  ±  0.52 12.28 

CM –0.86  ±  0.34 –2.41  ±  0.24 4.19  ±  0.89 6.60 –55.35  ±  0.27 –57.75  ±  0.16 –47.55  ±  0.70 10.19 

SBL-2.3 3.16  ±  0.20 1.68  ±  0.23 7.78  ±  0.74 6.10 –29.73  ±  0.30 –32.30  ±  0.32 –21.65  ±  1.20 10.65 

Bosque-18 6.93  ±  0.22 5.28  ±  0.24 12.12  ±  0.66 6.84 –6.20  ±  0.86 –9.63  ±  0.75 4.56  ±  1.75 14.19 

PI MIX 9.78  ±  0.10 8.07  ±  0.10 15.43  ±  1.12 7.37 5.27  ±  0.01 1.84  ±  0.55 16.60  ±  2.50 14.77 

Salina 5 11.58  ±  0.08 9.12  ±  0.13 17.75  ±  0.65 8.63 13.30  ±  0.67 8.79  ±  0.53 26.71  ±  1.97 17.92 

 

Table 3.1.  A summary of DTIA measurements of the eight gypsum samples presented in Chapter 2 (Figure 2.3), showing total isotopic 

compositions, first peak and second peak isotopic compositions, the associated errors, and the difference in isotopic composition between the 

first and second peaks.  The second dehydration water is always more enriched than the first in both oxygen and deuterium.  The differences 

between the first and second peaks are similar for δ18O across the samples. 
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3.3 Materials and Methods 

 

All DTIA measurements of gypsum were carried out using the gypsum dehydration method 

described in Chapter 2, to ensure a consistent dehydration profile for measurement.  A dry N2 

gas stream was used with no catalyst for the removal of organics.  Furthermore, only 18O/16O 

and D/H are measured with DTIA, so all references to oxygen fractionation in the text refer 

to α18O, and all references to hydrogen fractionation refer to αD. 

 

3.3.1 Materials 

 

The internal lab standard New Gyp (a synthesised gypsum) was used for all experiments in 

this chapter.  The aluminium crucibles refer to a 99.5 % purity 25 μl aluminium crucible and 

lid sourced from Netzsch for use with Netzsch DSC and TG systems. 

 

3.3.2 Investigating the Two-Step Dehydration 

 

3.3.2.1 Partial Dehydration Experiments 

 

In order to more closely examine the exact nature of the gypsum → bassanite → anhydrite 

transition, and whether the water in bassanite represented a separate pool of water to the 

water lost in the gypsum → bassanite dehydration, I partially dehydrated a set of gypsum 

samples, in order to determine whether only the gypsum → bassanite water isotopic 

composition was affected, or if the isotopic compositions of both the gypsum → bassanite 

and the bassanite → anhydrite dehydration waters were changed.  Owing to difficulties in 

reproducibly measuring a two peak dehydration for partially dehydrated gypsum, I then 

carried out a number of partial dehydration → rehydration experiments, in order to determine 

whether water re-entering the gypsum structure could influence the bassanite dehydration 

isotopic composition or not. 

 

3.3.2.1.1  Partial Dehydration – in Furnace 

 

The first attempts to partially dehydrate a gypsum sample were carried out using a furnace set 

to 60 °C under an initial vacuum pressure of 6 × 10–3 mbar (which increased as water was 
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liberated from the gypsum, as the gypsum was left isolated from the vacuum during heating).  

To optimise the amount of time it would take to achieve significant but not total dehydration 

of gypsum, a first experiment was carried out where 5 gypsum samples were loaded into the 

furnace, and one removed every 30 minutes to measure the weight loss of the sample.  I 

found that after 120 minutes in the furnace, approximately 53 % of the water was lost.  As the 

bassanite → anhydrite transition should account for the final 25 % of water in the sample, I 

decided that 120 minutes resulted in enough water removal to make a significant change to 

the first dehydration peak, without being so long as to be likely to dehydrate significant 

amounts of bassanite to anhydrite.  An analysis of the IR water peaks of the 120 minute-

dehydrated sample found that both gypsum and bassanite water peaks were present; however, 

as the anhydrite structure would simply result in a lack of water peaks, it was unknown 

whether the sample also contained anhydrite. 

 

A second 120 minute furnace run was carried out, yielding a mass loss of 9.1 % and hence a 

water loss of 42 %, and a number of dehydration measurements made as per the standard 

procedure, using between 7.3 and 8.9 mg of sample.  When the masses of the samples were 

measured, it was found that they were slowly increasing on the balance, suggesting 

atmospheric water absorption. 

 

3.3.2.1.2  Partial Dehydration – Rehydration in Air 

 

To try to work around the problems with the very dehydrated gypsum samples from the 

furnace experiments, which appeared to absorb atmospheric water, and were difficult to use 

to measure a reliable two peak dehydration, I carried out a new set of experiments, which 

used the Netzsch for finer control over the partial dehydration, and then let some of the 

sample rehydrate under a hydrated nitrogen gas flow.  For these experiments, a partially 

dehydrated gypsum was prepared by heating a large sample (325 mg) of the synthetic 

standard New Gyp in a large aluminium oxide crucible to 125 °C, at a rate of 5 K / minute.  

The sample was heated under air, to improve the peak separation.  Using thermal gravimetric 

analysis (TGA), the weight loss was found to be 2.96 %, and hence the water loss was found 

to be 14.1 %; when a portion of the partially dehydrated gypsum was set aside and 

dehydrated fully (the air initial gypsum), a further 87 ± 3 % of water was driven off, 
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suggesting that the partially dehydrated gypsum had taken on very little, if any, additional 

water before being placed in a controlled atmosphere. 

 

Following the partial dehydration, the sample was split into two portions: one was 

subsequently dehydrated fully, using the standard method described previously (each sealed 

aluminium crucible containing between 7 – 8 mg of partially dehydrated gypsum), while the 

second portion was placed into a controlled water atmosphere, achieved using the setup 

shown in Figure 3.1 with an enriched spiked water.  The isotopic composition of the water 

vapour was found by directing the wet N2 flow to the CRDS spectrometer, through the heated 

box.  This second portion of gypsum was sampled at 99 and 172 hours, and two DTIA 

measurements using the standard sealed aluminium crucible method were made for each 

time. 

 

 

 
 

Figure 3.1.  Diagrammatic representation of the experimental setup required to 

rehydrate a partially dehydrated gypsum sample under a known controlled water 

vapour.  Nitrogen gas is bubbled through a submerged opening into a sealed water 

box containing water of a known isotopic composition.  Excess nitrogen pressure is 

vented to atmosphere through a Teflon tube, where flow is restricted by a screw valve.  

A diaphragm pump attached to the CRDS draws nitrogen at the required pressure 

from the water box, over the sample held in a second sealed box, to the CRDS. 
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3.3.2.1.3  Partial Dehydration – Rehydration in Water 

 

To further increase reliability by giving a fully rehydrated gypsum sample, I ran a final set of 

experiments, where partially dehydrated gypsum was similarly prepared by heating in the 

Netzsch, before rehydration in solution.  A larger sample of 625.7 mg of the synthetic 

standard New Gyp was heated under air in a large aluminium oxide crucible to 128 °C, at a 

rate of 5 K / minute, in order to slightly increase the amount of water initially driven off.  The 

weight loss (from TGA) was found to be 4.55 %, implying a water loss of 21.7 %; when a 

portion of the partially dehydrated gypsum was set aside and dehydrated fully (the water 

initial gypsum), a further 78 ± 5 % of water was driven off, suggesting that the partially 

dehydrated gypsum had not taken on any additional water before being placed into solution. 

 

After the partially dehydrated sample had cooled, the sample was split into four portions –

three portions were placed into three different solutions.  The fourth portion of partially 

dehydrated gypsum was measured four times using the standard DTIA procedure, using 7 – 8 

mg of sample sealed in aluminium crucibles.  These were used to find the initial hydration 

and isotope ratios of the partially dehydrated gypsum.  The aluminium crucibles were sealed 

just before the gypsum portions were placed into solution, so that all portions of partially 

dehydrated gypsum spent the same amount of time exposed to air. 

 

The three solutions used were all saturated with respect to CaSO4, to prevent loss of sample 

to dissolution.  The first solution consisted of only water and CaSO4.  The second solution, 

after saturation with CaSO4, had NaSO4 dissolved into it, up to a concentration of 0.0838 

moldm–3.  The third solution, after saturation with CaSO4, had a small amount of polyacrylic 

acid dissolved into it (12.2 mg of polyacrylic acid into 125 ml of saturated water).  

Polyacrylic acid is thought to inhibit precipitation of gypsum from solution (Amjad, 1988), 

while NaSO4 is commonly used as an activator when rehydrating anhydrite through 

reprecipitation (Conley and Bundy, 1958).  The partially dehydrated gypsums were left in the 

saturated solutions for 24 hours, to ensure complete rehydration.  After this, the gypsum 

samples were filtered and dried in an oven at 40 °C for at least 48 hours, before standard 

DTIA measurements using sealed aluminium crucibles and 7-8 mg sample were made. 
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3.3.2.2 Grain Size Experiments 

 

In order to further test how the dehydration profile of gypsum is affected by kinetic factors, I 

carried out DTIA measurements on a set of three grain sizes: finely ground New Gyp (8.6 

mg, grain size <64 μm), normal New Gyp (8.4 mg, grain size ≈ 100 μm), and a New Gyp 

single crystal (8.3 mg, grain size > 100 μm).  I measured each using unsealed aluminium 

crucibles under dry nitrogen gas, following the standard DTIA procedure. 

 

3.3.2.3 FTIR Experiments 

 

Having assessed that the gypsum → anhydrite transition is primarily driven by kinetics, I 

looked to recreate the results reported in Mandal and Mandal, 2001, whereby the IR spectrum 

recorded from a dehydrated gypsum sample resembled the bassanite IR spectrum until the 

gypsum sample was heated as high as 350 °C.  Using a Bruker TENSOR 27 FTIR 

spectrometer and the standard New Gyp, I took measurements of unheated gypsum, bassanite 

and two anhydrites.  The bassanite was obtained by heating a sealed aluminium capsule to 

150 °C, before ending the heating run between the first and second peaks of dehydration.  

The two anhydrites were obtained by heating to 250 °C and 350 °C respectively. 

 

3.3.3 Measuring Bassanite-Water Isotopic Fractionation 

 

3.3.3.1 Anhydrite-Bassanite Rehydration Experiments 

 

Following the results of the IR measurements, a gypsum sample was heated to 250 °C, 

removing all water, then, after cooling, removed from the Netzsch and allowed to sit under 

air for a few minutes.  The dehydrated gypsum was then reheated to 250 °C, and it was found 

that more water was removed – confirming that anhydrite had rehydrated to bassanite under 

air.  It therefore seemed likely that the as yet unmeasured bassanite-water fractionation factor 

could be determined from rehydration under air, so I conducted a series of experiments to 

find the bassanite-water vapour fractionation factor. 

 

Our initial experiments to determine the bassanite-water vapour fractionation factor consisted 

of a four-phase process.  Firstly, a gypsum sample would be heated in the Netzsch under 
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nitrogen gas to 250 °C, to remove all water.  Secondly, while still recording the mass of the 

sample using the TGA, atmospheric air would be drawn into the Netzsch by the Picarro 

vacuum pump (limiting the air flow to less than 30 ml per minute).  Thirdly, after the sample 

had fully rehydrated to bassanite, the sample was removed from the Netzsch and the furnace 

was heated to 250 °C again, to clean the furnace of any excess water before measurement.  

Finally, the bassanite was loaded back into the furnace and a DTIA measurement made.  The 

isotopic composition of atmospheric water vapour was measured directly by drawing lab air 

directly into the Picarro CRDS during the cleaning phase, and taking an average of the 

recorded isotopic composition.  

 

The error in measurement at this stage was quite large, so the experiment was repeated a 

number times until an optimum weight of 16.6 mg was chosen, and time required for the 

rehydration to bassanite found (48 minutes).  Finally, it was decided that the same gypsum 

sample could be used repeatedly – such that the bassanite dehydrated for the first 

measurement could be rehydrated back to bassanite for the second measurement.  This was to 

eliminate any variation arising from changes in the sample mass or grain size.  The bassanite-

water vapour fractionation factor was converted to a bassanite-water fractionation factor by 

dividing the measured bassanite-water vapour fractionation factor by the water-water vapour 

fractionation factor. 

 

3.3.3.2 Bassanite Precipitation Experiments 

 

As the bassanite-water fractionation factor determined from the air rehydration experiments 

did not correspond to predicted theoretical fractionation factors for bassanite, I attempted to 

measure the bassanite-water fractionation factor directly by precipitating bassanite out of 

solution. 

 

Our first approach for this was based on the work of Tritschler et al. (2015), who had 

precipitated bassanite in solution by using an alcohol to inhibit hydration and reduce the 

effective concentration of water.  While alcohols are unsuitable for use when determining 

water fractionation factors (as there will be isotopic exchange between the alcohol hydroxyl 

and the water used), it is possible that other polar organic solvents can facilitate bassanite 

precipitation without isotopic exchange.  I therefore tried the use of the solvent acetonitrile 
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(CH3CN), a highly polar anoxic solvent.  For these experiments, 9 ml of 50 mM solutions of 

both CaCl2 and Na2SO4 were mixed, briefly shaken, then poured into 107 ml of acetonitrile.  

The resulting solid was collected, centrifuged, and dried in a 45 °C oven overnight.  I also 

tried precipitation from ethanol, again using 9 ml of CaCl2 and Na2SO4 solution (50 mM) and 

120 ml ethanol, for comparison of bassanite purity between the two methods.  The percentage 

bassanite in each case was determined by comparing the water per mg of sample to the 

measured water per mg gypsum (using New Gyp) and measured water per mg bassanite 

(from the air rehydration experiments).  Removal of solvent before DTIA measurement was 

confirmed with IR spectroscopy. 

 

One final attempt was made to precipitate bassanite using an older method described by 

Conley and Bundy (1958), where bassanite was precipitated at high temperatures.  To do this, 

0.5 M solutions of CaCl2 and Na2SO4 were made up and heated in a heated block at 95 °C.  

The solutions were rapidly mixed after heating for 75 minutes in sealed tubes, and the 

precipitate was then filtered out (a fast process due to the high temperature of the water).  The 

material was dried overnight in a 45 °C oven, then, after a DTIA measurement was carried 

out to determine the optimum amount of sample required, four measurements were made 

using 11.1 mg of precipitate. 
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3.4 Results 

 

3.4.1 Investigating the Two-Step Dehydration 

 

3.4.1.1 Partial Dehydration Experiments 

 

I compare the results of DTIA measurements of all partial dehydration samples, both total 

isotopic composition and individual water peak isotopic composition, to the measured values 

for New Gyp, shown in Table 3.2.  The dehydration profiles for these samples are shown 

together in Figure 3.2.  The New Gyp standard and samples rehydrated in solution are found 

to have the highest amount of total water per mg mass of sample measured (between  

7.4 × 105 and 7.6 × 105 ppm mg–1), suggesting that these samples are fully hydrated gypsum 

samples, while the others are not.  It is worth noting that, as expected, the total water isotopic 

composition has changed from New Gyp for all samples for both oxygen and hydrogen, and 

that, as a whole, the partial dehydration experiments show the majority of water being 

removed from the first peak of the dehydration – the gypsum → bassanite transition. 

 

3.4.1.1.1  Partial Dehydration – in Furnace 

 

The oxygen and hydrogen isotopic composition of the hydration water for these furnace 

dehydrated gypsum samples is lower than that of New Gyp for both peaks (Table 3.2).  These 

partially dehydrated gypsum samples also show the lowest amount of water per mg sample, 

as expected from the larger initial weight loss of the sample.  As a result of this lower amount 

of water, reliably reproducing the two peak dehydration was difficult, as the dehydration 

profile changes depending on the partial pressure of water in the system.  Most samples show 

a sudden release of water at the start of dehydration, and dehydration of the second peak 

begins before the first peak has finished dehydrating.  The typical profile for these samples is 

compared to the one measurement where peak separation was preserved in Figure 3.3. 
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Figure 3.2 (a).  The dehydration profiles for the partially dehydrated gypsum samples, 

showing that the water-rehydrated samples are consistent with the New Gyp sample.  

The partially dehydrated samples are also consistent, but the ratios of water amounts 

between the first and second peaks are smaller.  The air-rehydrated samples show a 

slightly different dehydration profile, with an initial small third peak.  
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Figure 3.2 (b).  Continuation of Figure 3.2 (a).  
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Sample Total 

Water 

No. 

Repeats 

Avg Mass 

/ mg 

H2O per 

mg 
H2O H2O Error δD / ‰ 

δD 

Error 
δ18O / ‰ 

δ18O 

Error 

New Gyp 2 6.82 7.43 × 105 5.07 × 106 2.90 × 105 –55.07 0.22 0.19 0.26 

Furnace 120 

Gypsum 
1 7.25 5.17 × 105 3.75 × 106 - –64.75 - –4.72 - 

Air Gypsum 

Initial 
1 7.53 6.43 × 105 4.84 × 106 - –53.53 - 0.56 - 

Air Gypsum 99 

Hour 
2 7.51 7.05 × 105 5.29 × 106 2.10 × 105 –46.30 0.08 2.33 0.12 

Air Gypsum 172 

Hour 
2 7.55 7.16 × 105 5.41 × 106 9.22 × 103 –44.17 0.19 2.55 0.16 

Water Gypsum 

Initial 
3 7.48 6.04 × 105 4.52 × 106 3.04 × 105 –56.58 0.21 0.99 0.30 

Water Polymer 4 7.46 7.50 × 105 5.59 × 106 2.35 × 104 –58.66 0.97 –1.09 0.23 

Water Na2SO4 4 7.47 7.47 × 105 5.58 × 106 1.85 × 104 –60.82 0.46 –1.33 0.11 

Water Na2SO4 + 

Polymer 
4 7.43 7.54 × 105 5.60 × 106 2.43 × 104 –60.37 1.04 –s1.42 0.14 

 

Table 3.2 (a).  Summary of total water results for gypsum partial dehydration experiments compared to measurements of the New Gyp sample 

without any partial dehydration.  Considering the water per mg (ppm mg–1) for each sample, only the initial New Gyp and the water-rehydrated 

samples can be fully hydrated gypsum. 
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Sample First 

Peak Water 

No. 

Repeats 

Avg Mass 

/ mg 

H2O per 

mg 
H2O H2O Error δD / ‰ 

δD 

Error 
δ18O / ‰ 

δ18O 

Error 

New Gyp 2 6.82 5.64 × 105 3.85 × 106 2.40 × 105 –57.35 0.28 –1.50 0.31 

Furnace 120 

Gypsum 
1 7.25 3.17 × 105 2.30 × 106 - –72.76 - –9.37 - 

Air Gypsum 

Initial 
1 7.53 4.52 × 105 3.41 × 106 - –56.67 - –1.64 - 

Air Gypsum 99 

Hour 
2 7.51 5.17 × 105 3.88 × 106 1.62 × 105 –47.46 0.06 1.02 0.05 

Air Gypsum 172 

Hour 
2 7.55 5.21 × 105 3.94 × 106 4.03 × 103 –44.69 0.02 1.40 0.11 

Water Gypsum 

Initial 
3 7.48 4.10 × 105 3.06 × 106 3.22 × 105 –61.08 0.37 –1.60 0.39 

Water Polymer 4 7.46 5.65 × 105 4.21 × 106 2.23 × 104 –61.64 1.19 –2.74 0.32 

Water Na2SO4 4 7.47 5.60 × 105 4.19 × 106 1.27 × 104 –63.58 0.56 –2.96 0.13 

Water Na2SO4 + 

Polymer 
4 7.43 5.68 × 105 4.22 × 106 1.89 × 104 –63.13 1.19 –3.08 0.20 

 

Table 3.2 (b).  Summary of first peak water results for gypsum partial dehydration experiments compared to measurements of the New Gyp 

sample without any partial dehydration.  This peak shows the largest difference in amount of water per mg (ppm mg–1) of sample, and shows 

significant changes in the δD and δ18O of the samples. 
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Sample Second 

Peak Water 

No. 

Repeats 

Avg Mass 

/ mg 

H2O per 

mg 
H2O H2O Error δD / ‰ 

δD 

Error 
δ18O / ‰ 

δ18O 

Error 

New Gyp 2 6.82 1.79 × 105 1.22 × 106 5.22 × 104 –47.82 0.14 5.54 0.03 

Furnace 120 

Gypsum 
1 7.25 2.00 × 105 1.45 × 106 - –52.04 - 2.66 - 

Air Gypsum 

Initial 
1 7.53 1.91 × 105 1.44 × 106 - –46.10 - 5.76 - 

Air Gypsum 99 

Hour 
2 7.51 1.88 × 105 1.41 × 106 4.76 × 104 –43.12 0.10 5.94 0.26 

Air Gypsum 172 

Hour 
2 7.55 1.95 × 105 1.47 × 106 1.33 × 104 –42.80 0.63 5.60 0.28 

Water Gypsum 

Initial 
3 7.48 1.95 × 105 1.46 × 106 1.86 × 104 –47.65 0.62 6.12 0.32 

Water Polymer 4 7.46 1.84 × 105 1.38 × 106 4.74 × 103 –49.55 0.37 3.95 0.08 

Water Na2SO4 4 7.47 1.87 × 105 1.40 × 106 6.30 × 103 –52.55 0.22 3.55 0.09 

Water Na2SO4 + 

Polymer 
4 7.43 1.86 × 105 1.39 × 106 6.11 × 103 –51.95 0.61 3.62 0.07 

 

Table 3.2 (c).  Summary of second peak water results for gypsum partial dehydration experiments compared to measurements of the New Gyp 

sample without any partial dehydration.  The amount of water per mg (ppm mg–1) for each sample is very similar when comparing only the 

second peaks.  Despite this, there are significant changes in the second peak isotopic composition upon rehydration. 
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Figure 3.3.  Comparison of the two dehydration profile types seen when measuring 

the furnace dehydrated gypsum.  While both show a sudden jump in the water partial 

pressure, the size of the jump is very different, and in the typical runs seems to cause 

the dehydration peaks to coalesce. 

 

 

3.4.1.1.2  Partial Dehydration – Rehydration in Air 

 

The water amounts per mg sample (Table 3.2) show that these samples did not fully rehydrate 

to gypsum, but comparison between the initial gypsum (measured directly after the initial 

hydration) to the gypsum left under a hydrous nitrogen flow show that some water has been 

absorbed by the sample.  This rehydration appears to have occurred mostly within the first 99 

hours – after this point, sample water content does not significantly increase (at 99 hours, 

sample has 94.8 % of the water amount that New Gyp has, and at 172 hours, sample has 96.4 

% of the water amount that New Gyp has), and there is only a small further change in the 

measured δD and δ18O values.  Moreover, the water regained by the sample is removed 

before the bassanite → anhydrite dehydration – the second peak contains the same amount of 

water per mg sample for both the initial and rehydrated gypsums.  Rather, the water absorbed 

by the sample appears to dehydrate first, almost entirely contained within a third small 
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dehydration peak which is removed at a lower temperature (Table 3.3).  Interestingly, the 

isotopic composition of the hydration water of the gypsum still appears to have been changed 

even when this secondary peak is excluded, and though the magnitude of the isotopic change 

is smaller for oxygen when the secondary peak is excluded, the isotopic change is almost the 

same size for deuterium regardless of whether the secondary peak is included (Table 3.3). 

 

Compared to New Gyp, the gypsum samples rehydrated in air show isotopic enrichment, due 

to the use of enriched water in the hydrous nitrogen flow.  Significant isotopic enrichment is 

seen in both peaks.  The implied sample-vapour fractionation factors for this rehydration are 

shown in Table 3.4 (found by using the difference in water content and isotopic composition 

between the initial gypsum and the 99 and 172 hour gypsums, assuming that none of the 

water present in the initial gypsum has exchanged), as are the calculated sample-liquid water 

fractionation factors (calculated following Méheut et al., 2007, using experimental 

fractionation factors for oxygen (e.g. Majoube, 1971, Barkan and Luz, 2005) and hydrogen 

(Mook, 2001) for water evaporation; the isotopic composition of the water vapour was found 

to be –19.75 ‰ and 13.41 ‰ for δD and δ18O respectively). 

 

3.4.1.1.3  Partial Dehydration – Rehydration in Water 

 

Here the samples contain as much water as New Gyp which has not been at all dehydrated 

(Table 3.2), suggesting that these samples have fully rehydrated to gypsum.  Rehydration 

appears to primarily have affected the first peak, which shows a large increase in water 

between the partially dehydrated state and the rehydrated state.  All three rehydrated samples 

show a change in the isotopic composition of both dehydration peaks, though the solutions 

containing Na2SO4 show a larger depletion.  The initial partially dehydrated gypsum also 

shows a slight enrichment relative to the initial New Gyp isotopic composition; this is 

consistent with lighter isotopes being removed earlier during dehydration.  The implied 

fractionation factors for these rehydrations are shown in Table 3.4 (found by using the 

difference in water content and isotopic composition between the initial gypsum and fully 

hydrated gypsum, assuming that none of the water present in the initial gypsum has 

exchanged; the isotopic composition of the water was found to be –48.86 ‰ and –7.76 ‰ for 

δD and δ18O respectively). 
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 Water 

Portion 
Sample H2O Amount 

H2O per 

mg 
δD / ‰ 

δD 

Error 
δ18O / ‰ 

δ18O 

Error 

  New Gypsum 5.07 × 106 7.43 × 105 –55.07 0.22 0.19 0.26 

  Air Gypsum Initial 4.84 × 106 6.43 × 105 –53.53 - 0.56 - 

Total Air Gypsum 99 Hour 5.29 × 106 7.05 × 105 –46.30 0.08 2.33 0.12 

Water Air Gypsum 99 Hour Excl. 2° Peak 4.84 × 106 6.45 × 105 –47.12 0.12 1.61 0.13 

  Air Gypsum 172 Hour 5.41 × 106 7.16 × 105 –44.17 0.19 2.55 0.16 

  Air Gypsum 172 Hour Excl. 2° Peak 5.09 × 106 6.74 × 105 –44.42 0.64 2.12 0.20 

  New Gypsum 3.85 × 106 5.64 × 105 –57.35 0.28 –1.50 0.31 

First Air Gypsum Initial 3.41 × 106 4.52 × 105 –56.67 - –1.64 - 

Peak Air Gypsum 99 Hour 3.88 × 106 5.17 × 105 –47.46 0.06 1.02 0.05 

  Air Gypsum 99 Hour Excl. 2° Peak 3.43 × 106 4.57 × 105 –48.76 0.12 –0.16 0.07 

  Air Gypsum 172 Hour 3.94 × 106 5.21 × 105 –44.69 0.02 1.40 0.11 

  Air Gypsum 172 Hour Excl. 2° Peak 3.62 × 106 4.79 × 105 –45.10 1.19 0.69 0.46 

  New Gypsum 1.22 × 106 1.79 × 105 –47.82 0.14 5.54 0.03 

Second Air Gypsum Initial 1.44 × 106 1.91 × 105 –46.10 - 5.76 - 

Peak Air Gypsum 99 Hour 1.41 × 106 1.88 × 105 –43.12 0.10 5.94 0.26 

  Air Gypsum 172 Hour 1.47 × 106 1.95 × 105 –42.80 0.63 5.60 0.28 

 

Table 3.3.  Summary of the air rehydration results, offering a closer examination of the implications of the small third peak seen in these 

samples.  Results for the measured total water and first peak water are compared to the isotopic composition and water amount values found 

when excluding the secondary dehydration peak seen at lower temperatures in the dehydration.  Although the secondary peak seems to contain 

most of the water regained by the sample, its effect on the isotopic composition is less pronounced.  The second dehydration peak is unaffected 

by the presence of the secondary small dehydration peak, so no comparison is shown.  
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Sample Fractionation Factor αD α18O 

Water Vapour – Liquid Water 1.0936 1.0117 

Air 99 Hours (Measured) 1.0410 1.0150 

Air 172 Hours (Measured) 1.0590 1.0130 

Air 99 Hours (Calculated) 0.9515 1.0029 

Air 172 Hours (Calculated) 0.9687 1.0008 

Polymer 0.9812 0.9986 

Na2SO4 0.9706 0.9975 

Na2SO4 + Polymer 0.9763 0.9971 

Gypsum - Water (Theoretical) 0.9809 1.0035 

Bassanite - Water (Theoretical) 0.9667 1.0035 
 

Table 3.4.  Fractionation factors for the rehydration of partially dehydrated gypsum.  

The calculated air fractionation factors are found by combining the measured 

fractionation factors for the rehydration from water vapour with the water vapour – 

liquid water fractionation factors from the literature (Majoube, 1971; Barkan and Luz, 

2005; Mook, 2001). 

 

 

The change in hydration state is considered in more detail in Table 3.5.  In particular, the 

amount of water each gypsum sample contains is found by comparing the water per mg of the 

total dehydration water to that of New Gyp.  This is used to calculate the mass of CaSO4 

present in each sample according to the following equation: 

𝑚𝑎𝑠𝑠𝐶𝑎𝑆𝑂4
= 𝑚𝑎𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒 ×

𝑀𝑟𝐶𝑎𝑆𝑂4

𝑀𝑟𝐶𝑎𝑆𝑂4.𝑥𝐻2𝑂
 

Where Mr represents the molecular mass and 𝑥 is the water fraction determined from the 

comparison of water per mg between the sample and New Gyp.  The expected second peak 

water per mg for the rehydrated samples can then be determined by scaling the initial 

gypsum’s second peak water by the ratio of initial and rehydrated sample masses: 

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟𝑟𝑒ℎ𝑦𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑖𝑡𝑎𝑙 𝑔𝑦𝑠𝑢𝑚 ×
𝑚𝑎𝑠𝑠𝑖𝑛𝑖𝑡𝑎𝑙 𝑔𝑦𝑠𝑢𝑚

𝑚𝑎𝑠𝑠𝑟𝑒ℎ𝑦𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 
 

The expected water amounts agree with the measured water amounts. 
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 New 

Gypsum 

Water 

Gypsum 

Initial 

Water 

Polymer 

Water 

Na2SO4 

Water Na2SO4 

+ Polymer 

Avg Mass / mg 6.82 7.48 7.46 7.47 7.43 

Total H2O per mg x105 7.43 6.04 7.50 7.47 7.54 

Percentage Hydration 

w.r.t. New Gyp 
100 81 101 101 101 

Molecular Mass of H2O 

in Sample 
36.03 29.29 36.33 36.22 36.54 

Molecular Mass of 

Hydrated CaSO4 
172.17 165.43 172.47 172.36 172.68 

Mass of CaSO4 in 

sample / mg 
5.39 6.15 5.89 5.90 5.86 

Expected Second Peak 

H2O per mg x105 
- - 1.86 1.87 1.85 

Measured Second Peak 

H2O per mg x105 
1.79 1.95 1.84 1.87 1.86 

 

Table 3.5.  Data for calculating the expected water amounts in the second dehydration 

peak of the water rehydrated gypsums, assuming that the initial gypsum is comprised 

entirely of partially dehydrated gypsum which dehydrates via the bassanite phase in 

its second dehydration peak.  The measured and expected water amounts agree. 

 

 

3.4.1.2 Grain Size Experiments 

 

I compare the DTIA profiles from the three grain sizes in Figure 3.4.  For the lower grain 

sizes (<64 μm and ≈100 μm), there are two peaks in the isotope signals, despite the 

dehydration water seeming to emit in a single peaked dehydration.  At larger grain sizes 

(>500 μm) gypsum shows little change in the hydrogen or oxygen isotopes across the 

dehydration and the δ18O and δD values remain reasonably constant at. –3.34 ‰ and –64.9 

‰, respectively, with a slight shoulder after the water peak maximum.  Smaller grain sizes 

were found to begin dehydration at lower temperatures, consistent with previous results 

(Khalil, 1982). 
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Figure 3.4.  Comparison of the dehydration profiles of gypsum at different grain sizes.  

The gypsum-bassanite peak separation does not occur because these samples were 

measured in unsealed crucibles under a nitrogen atmosphere.  As the grain size 

decreases, however, the dehydration becomes more like that of the two-step gypsum 

→ bassanite → anhydrite dehydration. 

 

 

3.4.1.3 FTIR Experiments 

 

The IR spectra for gypsum, gypsum dehydrated to bassanite (by stopping heating after the 

first peak of the two peak dehydration) and gypsum heated to 250 °C and 350 °C are shown 

in Figure 3.5.  The IR spectrum of gypsum heated to 250 °C, which is past the end 

temperature of the two peak dehydration, is the same as that of bassanite, with water peaks 

present at 3606, 2555 and 1616 cm–1, as reported in Mandal and Mandal (2001).  Once the 

gypsum is heated to 350 °C, these water peaks no longer occur in the IR, indicating anhydrite 

II (β-anhydrite) formation. 
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Figure 3.5.  Comparison of the FTIR of gypsum, bassanite, and “anhydrite” formed 

by heating gypsum to two different temperatures.  The peaks of interest are found in 

the 3300-3600 and 1550-1650 cm–1 regions of the spectra – corresponding to O-H 

stretches and H2O bends respectively.  These are, as expected, seen both in gypsum 

and bassanite, and are larger in gypsum, which has a higher water content.  They are 

not seen in the anhydrite heated to 350 °C, as expected.  However, they are seen in the 

“anhydrite” formed by heating gypsum to 250 °C. 
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3.4.2 Measuring Bassanite-Water Isotopic Fractionation 

 

3.4.2.1 Anhydrite-Bassanite Rehydration Experiments 

 

The TG data for a set of anhydrite-bassanite rehydration experiments is shown in Figure 3.6.  

After gypsum is dehydrated to anhydrite III (γ-anhydrite), the newly formed anhydrite readily 

rehydrates to bassanite under even modest partial pressures of water (water concentration of 

≈ 12000 ppm).  The TG data for the dehydration runs have some error due to increased 

buoyancy at higher temperatures – expressed as an initial increase in mass loss before 

dehydration.  The measured bassanite-water vapour fractionation factors (18O and D) and 

calculated bassanite-water fractionation factors are shown in Table 3.6 (calculated following 

Méheut et al., 2007), alongside the experimental oxygen (e.g. Majoube, 1971, Barkan and 

Luz, 2005) and hydrogen fractionation factors (Mook, 2001) for water evaporation.  Both 

oxygen and hydrogen fractionation factors for bassanite-water are much lower than expected 

compared to theoretical predictions, and much lower than those for gypsum. 

 

 

 
 

Figure 3.6.  Series of TG measurements showing the reabsorption of water by 

anhydrite III after dehydration.  The percentage changes labelled on the TG profiles 

have been scaled to the weight of the original gypsum sample, though some 

inaccuracy remains in the final mass changes due to increased gas pressure in the TG 

furnace upon heating. 
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Fractionation Factor αD αD Error α18O 
α18O 

Error 

Water Vapour - Water 1.0936 - 1.0117 - 

Bassanite - Water Vapour 

(Measured) 
1.0518 0.0011 1.0042 0.0003 

Bassanite - Water 

(Calculated) 
0.9618 0.0010 0.9926 0.0003 

Bassanite - Water 

(Theoretical) 
0.9667 - 1.0035 - 

 

Table 3.6.  Summary of the fractionation factors measured for the anhydrite → 

bassanite hydration, when rehydration occurred through water vapour, compared to 

the theoretical bassanite-water fractionation factors found by DFT (Liu et al., 2018). 

 

 

3.4.2.2 Bassanite Precipitation Experiments 

 

The fractionation factors for oxygen and hydrogen of the bassanite-water system are reported 

in Table 3.7, alongside the predicted percentage bassanite (assuming the sample is made up 

of CaSO4
.2H2O and CaSO4

.0.5H2O, though bassanite can take a range of hydration values).  

Considering the bassanite samples precipitated at room temperature, the measured oxygen 

fractionation appears similar for both precipitation in ethanol and precipitation in acetonitrile, 

despite the fact that the percentage bassanite is very different when comparing ethanol 

precipitation (>70 % bassanite) to acetonitrile precipitation (<20 % bassanite).  Because of 

potential isotope exchange between ethanol and water, the measured bassanite-water 

fractionation factors may not be accurate for ethanol-precipitated bassanite.  Agreement with 

the theoretical value is poor for both low temperature and high temperature precipitation 

experiments, and for the previous anhydrite rehydration experiments. 
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Fractionation Factor 
% Bassanite  

(By Water) 
αD 

αD 

Error 
α18O 

α18O 

Error 

Water Vapour - 1.0936 - 1.0117 - 

Ethanol Precipitation 74.7 0.9710 0.0010 1.0160 0.0001 

Acetonitrile 

Precipitation 
16.1 1.0085 0.0003 1.0136 0.00003 

High Temperature 

Precipitation 
65.2 1.0029 0.0009  1.0076 0.0001 

Gypsum - Water 

(Theoretical - 30 °C) 
- 0.9809 - 1.0035 - 

Bassanite - Water 

(Theoretical - 30 °C) 
- 0.9667 - 1.0035 - 

 

Table 3.7.  Summary of the fractionation factors measured for the anhydrite → 

bassanite hydration, when attempting to directly precipitate bassanite, compared to the 

theoretical bassanite-water fractionation factors found by DFT (Liu et al., 2018). 

 

  



Chapter 3:  Implications of the Two-Step Gypsum Dehydration Mechanism      66 

 

 

 

3.5 Discussion 

 

3.5.1 Investigating the Two-Step Dehydration 

 

While the mechanisms and structural changes of gypsum during dehydration have been 

studied by many authors (e.g. Ball and Norwood, 1969; Paulik et al., 1992; Lou et al., 2011), 

the relationship between the two-step dehydration and the isotopic composition of the 

hydration water has not been examined previously. The implications of the two-step 

dehydration are discussed with respect to individual experiments below. 

 

3.5.1.1 Partial Dehydration Experiments 

 

Considering the results from the partial dehydration experiments as a whole, the isotopic 

composition of the water removed in the bassanite dehydration peak is altered by even small 

amounts (as little as 7.3 %) of rehydration of the sample.  This holds true even when the 

amount of water in the bassanite dehydration peak is unchanged by rehydration.  As such, we 

can infer that it is not possible to draw further information about gypsum formation 

environments from the second dehydration peak.  This finding also weakly contradicts the 

“anion water” theory proposed in Mandal and Mandal (2012); if a set of more strongly 

bonded water was responsible for the two-step dehydration, we would expect to be able to 

distinguish this water isotopically from the more weakly bonded water.  Rather, my results 

are more consistent with previous x-ray diffraction (XRD) and neutron diffraction 

measurements of the gypsum structure (e.g. Atoji and Rundle, 1958; Cole and Lancucki, 

1974; Pedersen and Semmingsen, 1982), which generally report that the gypsum water sits in 

identical positions within the structure. 

 

It is still interesting that, isotopically, the two dehydration steps are distinct, with the second 

step always being isotopically enriched relative to the first.  This could be due to simple 

kinetics, whereby the isotopically heavier water takes more energy to be removed from the 

gypsum structure, or due to minor differences in bond strength between heavier water and the 

CaSO4 structure. 

 

The individual partial dehydration experiments are discussed in more detail below. 
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3.5.1.1.1  Partial Dehydration – in Furnace 

 

For the heavily dehydrated gypsum (53 % water removed), the isotopic composition of the 

remaining water appears lighter than for undehydrated New Gyp.  This is unexpected, as 

during DTIA measurements of gypsum, not only is the first water peak always isotopically 

lighter than the second, but also lighter isotopes are removed first from each peak.  The 

answer likely lies in the amount of water recorded for the sample; while a 53 % water loss 

was measured from the decrease in mass, the sample still had 70 % of the water per mg as 

New Gyp.  This indicates significant amounts of rehydration under atmosphere between the 

measurement of mass loss and the DTIA measurement.  It is unclear which phase of calcium 

sulphate (gypsum, bassanite, or γ-anhydrite) is responsible for the atmospheric water 

absorption.  Detecting this using IR would be difficult, not only because γ-anhydrite 

absorptions would be coincident with those of bassanite and gypsum in a mixture, but also 

because γ-anhydrite is likely to rehydrate before such a measurement can be made.  This 

means that it is very difficult to tell from these experiments whether partial dehydration of 

gypsum affects the isotopic composition of the bassanite → anhydrite peak. 

 

It is likely that the difficulty in recording a separated two peak dehydration is due to this 

water absorption.  The DTIA profiles all show a sudden release of water from the sample – 

combined with DSC and TG data, water appears to have been driven out of the structure in a 

secondary peak before the first dehydration peak, but in too small an amount to break the seal 

of the aluminium crucible.  Because the pressure inside the crucible was now higher, when 

the larger first peak dehydration started, the crucible seal broke suddenly, releasing enough 

water to change the dehydration pathway.  Comparing the temperature at which the small 

secondary dehydration peak is seen to later results dehydrating bassanite, where bassanite 

began dehydration at a lower temperature than gypsum, it seems likely that the secondary 

peak is due to the γ-anhydrite → bassanite reaction under air. 

 

3.5.1.1.2  Partial Dehydration – Rehydration in Air 

 

As in the previous partial dehydration experiment, determining what phases of calcium 

sulphate formed during the initial dehydration, and which phases were subsequently 

rehydrated, is critical to understanding the results of the rehydration in air experiments.  If 
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bassanite and gypsum are the major reaction products of partial dehydration, then the change 

in isotopic composition of the second peak hydration water on rehydration must mean that 

there is no separate bassanite pool of water.  If, on the other hand, γ-anhydrite and gypsum 

are the major products of partial sample dehydration, then the changing isotopic composition 

of the bassanite dehydration peak would be explained by loss of water from this peak during 

the initial dehydration, which is replaced with water of different isotopic composition on 

rehydration. 

 

We should be able to identify these two cases from the amount of water measured in the 

second peak.  If significant amounts of γ-anhydrite are being formed during the initial 

dehydration, and later rehydrated to bassanite, the amount of water in the second peak should 

increase during rehydration.  We do not see an increase in second peak water amount in our 

results – therefore, rehydration of γ-anhydrite to bassanite cannot be responsible for the 

isotopic change of the second peak.  We can also discount rehydration of bassanite to gypsum 

– other studies (e.g. Vaniman et al., 2009; Harrison, 2012) have found that bassanite is 

relatively inert to rehydration, occurring on a timescale of thousands of hours.  Therefore, the 

most likely scenario is that we are dehydrating gypsum partially, resulting in variably 

hydrated gypsum (e.g. CaSO4
.1.5H2O, or other fractions of water) which slowly rehydrates 

towards CaSO4
.2H2O. 

 

It is also possible that we are seeing some rehydration of γ-anhydrite to bassanite, but that 

this bassanite is then dehydrated at a lower temperature, explaining the small secondary peak 

seen at the start of dehydration.  This would be consistent with the later bassanite dehydration 

measurements, where pure bassanite samples are found to begin dehydrate at lower 

temperatures than gypsum samples.  This would still lead to the conclusion that there is no 

separate bassanite water pool which is more strongly bonded; and the measured fractionation 

factors for deuterium are more consistent with the predicted bassanite fractionation factors.  

However, this rehydration occurs very rapidly, completing within an hour even at partial 

pressures of water lower than atmospheric water partial pressure, so in this case, it is not clear 

why the secondary peak would continue to increase in size between the 99 hour and 172 hour 

measurements.  We also cannot assume that the isotopic fractionation for hydration of 

partially dehydrated gypsum is the same as for hydration of anhydrite.  The secondary peak 

could also therefore be the result of water absorbed on the surface of the gypsum, or the result 
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of a slight structural change of the gypsum on heating (e.g. sintering of grains (Paulik et al., 

1992)). 

 

3.5.1.1.3  Partial Dehydration – Rehydration in Water 

 

In the previous set of partial dehydration experiments, it was not possible to fully establish 

which phases of calcium sulphate formed during partial dehydration.  Some confusion 

remained as to whether the experiments observed rehydration of γ-anhydrite, partially 

dehydrated gypsum, or of bassanite – though bassanite rehydration was established as 

unlikely.  Carrying out similar experiments, but rehydrating the partially dehydrated sample 

under water, allows us to examine the effects of partial dehydration more closely. 

 

Unlike in the rehydration under air experiments, we can be certain that by rehydrating the 

sample under water, the final samples will be fully hydrated gypsum.  As such, if any gypsum 

was converted to bassanite or γ-anhydrite during the initial partial dehydration, we would 

observe an increase in the amount of water per mg in the second peak after rehydration.  We 

do not see an increase in the amount of second peak water, even when correcting the water 

per mg of sample by the fact that the rehydrated samples will have a smaller amount of 

CaSO4 per unit mass, because they contain more water overall.  Our values for the predicted 

amount of water in the second peak, assuming that the initial sample is fully hydrated with 

respect to the bassanite dehydration peak, fall within 1 % of the measured amounts of water.  

This suggests that very little gypsum has changed phase to bassanite or γ-anhydrite during 

partial rehydration; and therefore that there is no pool of more strongly bound water in 

bassanite. 

 

There are two further points of interest from the data.  The first is that the presence of 

polyacrylic acid, a polymer used to inhibit gypsum reprecipitation (Amjad, 1988), does not 

affect the isotopic composition of the rehydration water, suggesting that reprecipitation is not 

a factor here.  The second is that Na2SO4 does affect the isotopic composition of the 

rehydration water.  Na2SO4 is thought to act as an activator for γ-anhydrite rehydration 

(Conley and Bundy, 1958).  It is therefore possible that Na2SO4 also acts as an activator for 

rehydration of partially dehydrated gypsum, or that Na2SO4 acts as an activator for gypsum 
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reprecipitation, but this would require further experimentation to verify and falls outside of 

the scope of this study. 

 

3.5.1.2 Grain Size Experiments 

 

The three DTIA profiles for different grain sizes of gypsum clearly demonstrate that the 

dehydration is grain size-dependent.  The isotopic profiles suggest that for both the <64 μm 

and ≈100 μm samples, the gypsum dehydrates via bassanite, even though no second 

dehydration peak is seen for the ≈100 μm sample, and even the <64 μm shows very little 

peak separation for the dehydration.  By contrast, the isotope dehydration profile of the larger 

single crystal (>500 μm) does not go through distinct gypsum → bassanite → γ-anhydrite 

phases.  The fact that the isotope profile is flat suggests that the various component calcium 

sulphate structures are all dehydrating at a constant rate (i.e. the amount of CaSO4
.2H2O, 

CaSO4
.0.5H2O, and calcium sulphate with every amount of water in between dehydrating at 

any one time is constant once dehydration starts until the end of dehydration).  This implies 

that there is an interface between calcium sulphate phases, that moves through the crystal as 

more of the crystal is dehydrated. 

 

To verify this, measurements were taken by Nick Evans and Gernot Nehrke (unpublished) 

using in situ Raman spectroscopy on similar grain sizes of gypsum heated under the same 

conditions (unsealed crucible, 5 K / min heating ramp).  The presence of gypsum, bassanite 

and γ-anhydrite can be found from shifts in the position of the sulphate ν2 stretch, which 

appears at around 1008 cm–1 for gypsum, 1015 cm–1 for bassanite and 1025 cm–1 for γ-

anhydrite.  These experiments found that the presence of bassanite could be measured for the 

<64 μm and ≈100 μm samples (similar to the results from Fusseis et al., 2012, where X-ray 

micro-tomography was used to identify a moving dehydration front for a gypsum of grain 

size 120 µm), but not for the >500 μm sample, which seemed to transition from gypsum 

directly to anhydrite. The bassanite phase may be too transient to measure by Raman 

spectroscopy, as Raman spectroscopy has limited sample penetrativity. 
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3.5.1.3 FTIR Experiments 

 

The results here clearly indicate that the γ-anhydrite structure changes back to bassanite very 

quickly under air (within 5 minutes), though does not necessarily achieve full bassanite 

hydration during this time.  Equally, combined with the TG / water data from these runs, it is 

clear that anion water (Mandal and Mandal, 2001) is not the cause of water peaks being 

present in the IR measurements of gypsum heated to 250 °C, as no water is released by the 

gypsum between 220 °C and 350 °C. 

 

Other studies have found that γ-anhydrite displays this rehydration behaviour (e.g. Vaniman 

et al., 2009; Harrison, 2012), so these results are not ground breaking, but rather were very 

important to forming other ideas for experiments and explaining previous data in this thesis. 

 

3.5.2 Measuring Bassanite-Water Isotopic Fractionation 

 

While the previous partial dehydration experiments suggest that the second peak dehydration 

water is not an important palaeoproxy, as the bassanite water does not exist in a distinct less 

exchangeable form than the gypsum hydration water, bassanite is still important as a proxy.  

Bassanite’s natural occurrence on Earth is rare, typically limited to arid environments, due to 

the fact that bassanite is metastable under non-arid conditions.  However, bassanite has been 

detected on Mars (e.g. Wray et al., 2010; Rapin et al., 2016), so knowing how water 

fractionates when entering the bassanite structure is important. 

 

Unfortunately, it proved very difficult to precipitate bassanite samples of high enough purity 

for accurate fractionation factor measurement.  The most reliable method in the literature for 

precipitating bassanite involves the use of large amounts of ethanol (Tritschler et al., 2015); 

however, I was unable to reproduce the high (> 90 %) purity of this study.  Moreover, ethanol 

precipitation isn’t suitable for fractionation factor measurements, as the hydrogen of the 

alcohol will exchange with the hydrogen of the water required for anhydrite rehydration.  The 

research of Tritschler et al. (2015) also suggested that bassanite precipitation purity was 

correlated with the polarity of the non-water solvent used (where more polar alcohols, such as 

ethanol, gave higher bassanite yields than less polar alcohols, such as iso-propanol).  As such, 

I repeated the bassanite precipitation experiments using acetonitrile, a highly polar organic 
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solvent which does not contain exchangeable hydrogen.  The dielectric constant (a measure 

of solvent polarity) of acetonitrile is 37.5 – which, using the predicted trend of bassanite 

purity against solvent dielectric constant presented in Tritschler et al. (2015), would predict a 

bassanite purity of 100 %.  The measured bassanite purity using acetonitrile was only 16 %. 

 

The high temperature precipitation experiments similarly did not produce as high a purity of 

bassanite as required for accurate bassanite-water fractionation factor experiments.  These 

experiments were, however, reasonably reproducible, despite the limitations of the 

experimental setup (where bassanite was made in multiple test tubes, due to the size limits of 

the heated block, and the final temperature of the water at time of mixing is unknown).  One 

difficulty of using high temperature experiments for fractionation factor determination is that 

the high temperatures will lead to evaporation of water, changing the water isotopic 

composition.  A more specialised experimental setup could heat much larger amounts of 

water, monitoring the temperature of the water directly, such that the effect of bassanite 

precipitation on the water isotopic composition could be considered negligible, and then the 

isotopic composition of the water could be measured after heating and precipitation (keeping 

the water sealed to atmosphere to avoid further evaporation).  However, this method for 

obtaining bassanite reflects natural formation conditions of bassanite least well, and further 

modelling work would be required to link bassanite fractionation at high temperatures to the 

expected fractionation at lower temperatures representative of arid terrestrial climates (and 

potentially Martian climates). 

 

A further confounding factor for experimental measurement is that the bassanite structure of 

calcium sulphate can contain variable amounts of water (e.g. Bezou et al., 1995; Vaniman et 

al., 2009; Harrison, 2012); this makes it unclear whether measuring the amount of water 

present in a bassanite sample is an appropriate method for calculating the purity of bassanite 

in a sample, as it may underestimate bassanite purity if bassanite is more hydrated than 

expected, or whether a method that measures the structure, such as XRD or IR spectroscopy, 

where water amounts may not match those of natural bassanites, would be more appropriate.  

Bassanites of different hydration states may even fractionate oxygen and hydrogen isotopes 

differently upon hydration, further decreasing the clarity of experimental measurement. 
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In contrast to the bassanite precipitation experiments, rehydration of γ-anhydrite to bassanite 

under hydrous atmospheres reliably produced high purity bassanite.  This is consistent with 

the fact that these conditions more closely represent the conditions under which terrestrial 

bassanite might form.  However, the measured bassanite-water vapour fractionation factors 

do not agree with the predicted bassanite-water fraction factors found in Liu et al. (2018), 

especially for oxygen – where the measured bassanite-water vapour fraction factor actually 

matches closely to the predicted bassanite-water fractionation factor.  Given that the oxygen 

fractionation factor measurement is more likely to be accurate in this case, due to issues with 

bassanite sample size, it is possible that the equilibrium fractionation factors for water 

condensation are not appropriate for use in bassanite rehydration from atmospheric water.  It 

is unclear if a more controlled experiment could remove the observed kinetic effects, or drive 

the condensation to be entirely kinetically driven, such that the condensation fractionation 

factors could be considered as equal to one.  However, this bassanite formation method 

appears the most likely to yield accurate bassanite fractionation factors which can be 

compared to the theoretical fractionation factors found in Liu et al. (2018).  As such, further 

experiments using more bassanite, and a more tightly controlled water atmosphere, are 

warranted to verify the accuracy of the theoretical calculations of bassanite-water isotopic 

fraction. 

 

The individual bassanite fractionation factor experiments are discussed in more detail below. 

 

3.5.2.1 Anhydrite-Bassanite Rehydration Experiments 

 

Comparison of the theoretical bassanite-water fractionation factors (Liu et al., 2018) to the 

calculated bassanite-water fractionation factors (i.e. calculated from the bassanite-water 

vapour) finds the calculated bassanite-water fractionation factors to be very low for both 

isotopes.  Some of this deviation may be due to the use of a sample which released 

insufficient water upon heating; for these measurements, only ≈0.8 μl of water was measured.  

Comparing this to results for low water concentrations from Bauska et al. (Bauska et al., 

2017), we would therefore expect deuterium results to be somewhat depleted.  However, 

oxygen δ18O measurements are only weakly affected by low water amounts, deviating by up 

to 1 ‰ from accurate measurements, which does not change the measured fractionation 

factor significantly. 
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Why then are the measured fractionation factors so low – and in particular, why is the 

measured bassanite-water vapour fractionation factor so similar to the theoretical value for 

the bassanite-water fractionation factor?  The most likely explanation is that we are seeing 

significant kinetic effects in the measured fractionation.  Given that kinetic effects drive the 

fractionation factors towards 1 (i.e. less fractionation occurs), and that the theoretical gypsum 

and bassanite fractionation factors are much closer to 1 than those calculated from bassanite-

water vapour fractionation, these kinetic effects must be occurring upon condensation.  The 

thermodynamic water-water vapour fractionation factors (α18O = 1.0117, αD = 1.0936, taken 

from Majoube (1971) and Mook (2001) respectively) are very high, making the calculated 

bassanite-water fractionation factors very low.  If condensation were primarily a kinetic 

process, then the water condensing around the bassanite would be predicted to be isotopically 

lighter, and hence the bassanite fractionation factors would become higher.  This equally 

applies to the results from the vapour rehydration of the partially dehydrated gypsum – the 

fractionation factors are much lower than would be expected for gypsum or bassanite, 

particularly for the hydrogen fractionation. 

 

The question becomes whether these kinetic effects can be controlled, or taken into account.  

If we can reduce the significance of the kinetic effects, or drive the condensation to be 

entirely kinetically driven by using a more/less hydrous atmosphere for the rehydration, then 

further γ-anhydrite rehydration experiments could be used to determine the bassanite-water 

oxygen and hydrogen fractionation factors experimentally. 

 

3.5.2.2 Bassanite Precipitation Experiments 

 

Comparing the bassanite-water oxygen fractionation factors from the ethanol and acetonitrile 

precipitation experiments, we can see that the results are broadly similar for both samples.  

However, both results are significantly larger than the predicted bassanite fractionation 

factor.  It’s unclear what the cause of this is; it seems unlikely that hydration to gypsum could 

cause this discrepancy in oxygen fractionation, because the predicted gypsum and bassanite 

oxygen fractionation factors are the same.  The acetonitrile hydrogen fractionation factor is 

also significantly larger than the predicted hydrogen fractionation factors for bassanite or 

gypsum. 
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As previously mentioned, some of the error here may be caused by the production of a 

bassanite-structured calcium sulphate which contains more than 0.5 molecules of water per 

unit of calcium sulphate.  Certainly, the theoretical predictions of bassanite-water isotopic 

fractionation assume a bassanite structure of CaSO4
.0.5H2O (Liu et al., 2018), which may or 

may not fractionate hydration water in the same way as bassanite with larger quantities of 

water.  However, comparison of the theoretical bassanite fractionation factors (α18O = 1.0035 

and αD = 9667 at 30 °C (Liu et al., 2018)) to measured (α18O = 1.0035 and α = 0.9812 at 20 

°C (Gázquez et al., 2017) and theoretical (α18O = 1.0035 and αD = 0.9809 at 30 °C (Liu et 

al., 2018)) gypsum fractionation factors implies that there is little change in oxygen 

fractionation based on the structural variations of gypsum and bassanite.  Therefore at this 

stage, the only explanation I can offer for the disagreement between measured and theoretical 

results is that the presence of organic solvents affects how water enters the gypsum structure, 

which in turn affects the fractionation factor.  Kinetic effects cannot explain the results, as 

these make fractionation occur less strongly, tending towards one. 

 

The high temperature results also recorded high fractionation factors for both oxygen and 

deuterium.  It seems likely that this is due to water evaporation – although the solutions were 

sealed during heating, some water vapour would have evaporated into the air in the tubes and 

condensed around the neck of the tube, which was not uniformly heated.  This could be 

avoided more if larger quantities of water were heated, and were heated in sealed tubes with 

very little air - which would require more specialised equipment than was available. 
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3.6 Conclusion 

 

Unfortunately, my results show that it is not possible to retrieve more palaeoclimatic 

information from a gypsum sample by dehydrating it using DTIA and measuring the isotopic 

composition of the two dehydration peaks separately.  Although the two dehydration peaks 

have different isotopic composition, this appears to be driven by kinetic factors, rather than 

the presence of a more strongly bound water pool in the gypsum structure.  As such, the 

impact that DTIA can have on the study of gypsum is limited; however, DTIA can still be of 

some use in determining dehydration mechanisms, as demonstrated by the grain size 

experiments. 

 

I was also unable to measure bassanite oxygen and hydrogen fractionation factors which were 

consistent with each other, or with published theoretical results (Liu et al., 2018).  

Precipitation experiments involving the use of polar organic solvents turned out to be 

inappropriate for fractionation factor measurement, with issues of low bassanite yield and, in 

some cases, isotopic exchange between the required water and the organic solvent.  High 

temperature precipitation techniques hold more promise for fractionation factor measurement, 

but existing predictions of gypsum and bassanite fractionation factors would have to be 

extended to higher temperatures to be able to compare theoretical and experimental results.  

Further experiments investigating the rehydration of anhydrite (primarily γ-anhydrite, but 

potentially long-term studies to investigate whether β-anhydrite will rehydrate over long time 

periods in a similar way) also hold promise for the determination of bassanite-water 

fractionation. 

 

 



 

4 The Application of DTIA to and Practical 

Considerations for Clay Mineral Water Stable 

Isotopes 

 

4.1 Abstract 

 

For hydrated minerals, Differential Thermal Isotope Analysis (DTIA) is capable of providing 

accurate measurements of the 18O/16O and D/H isotopic composition of the hydration water.  

One of the greatest advantages of the DTIA method for water isotope measurement is that 

waters are released at different temperatures and can be separated and measured individually, 

rather than measuring the isotopic composition of the total water released.  I therefore apply 

the DTIA method to clay minerals, which frequently contain multiple types of water (e.g. 

absorbed, interlayer, structural, hydroxyl), some of which are believed to undergo rapid 

kinetic isotopic exchange while the hydroxyl groups do not.  I present the results of a series 

of experiments which show that clay hydroxyl isotopic composition can be accurately 

measured through DTIA, and present experiments highlighting some of the experimental 

concerns for the measurement and accurate interpretation of clay hydroxyl isotopes.  

Experimental errors are low for the final method, averaging at ± 0.48 ‰ and ± 0.19 ‰ for δD 

and δ18O respectively, for natural mixed clay samples. 
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4.2 Introduction 

 

Clay minerals are a geologically significant mineral group consisting of hydrous aluminium 

phyllosilicates of various structures.  They are common in terrestrial environments, and 

evidence for the presence of clay minerals has also been found on Mars both in the 

Endeavour Crater (Wray et al., 2009) and in the surrounding plains (Dobrea et al., 2012), as 

well as on the dwarf planet Ceres (Rivkin et al., 2006).  These discoveries are of particular 

interest as the formation of clay minerals requires the presence of water. 

 

Clay minerals have also found extensive use in studies of the Earth’s climate history.  For 

example, the Cretaceous-Palaeogene (K-Pg) boundary (formerly the Cretaceous-Tertiary K-T 

boundary) is marked by a clay layer enriched in iridium at many sites, such as Wyoming, US 

(Bohor et al., 1987), Umbria, Italy and Stevns Klint, Denmark (Alvarez et al., 1980).  The 

Paleocene-Eocene Thermal Maximum (PETM) is also marked by changes in clay minerology 

in a number of sites: the North Sea Basin (Knox, 1996), New Jersey, US (Gibson et al., 

1993), Antarctica (Robert and Kennett, 1994) and across the Tethys region (Bolle et al., 

2000), among others.  In all of these locations, the PETM is marked by the appearance of 

kaolinite, though it is unclear if the kaolinite proceeds or precedes the warming event at each 

site (and indeed, the relative timing of the kaolinite may well be different depending on 

location). 

 

In addition, a number of studies have made use of clay stable isotopes to identify changes in 

local climate or environmental conditions.  Measurements of the bulk oxygen isotopic 

composition have been used to identify clay source (John et al., 2012), and hydrogen and 

oxygen isotope measurements have been combined to identify historic changes in meteoric 

water isotopic composition and palaeotemperatures (Mix and Chamberlain, 2014), as a proxy 

for chemical weathering intensity (Yang et al., 2016) and as an indicator of mountain uplift 

(Chamberlain et al., 1999). 

 

The clay minerals can be divided into four main groups, which share common structural 

units.  All clay minerals are comprised of layers of two-dimensional tetrahedral silicate sheets 

and octahedral hydroxyl sheets.  The tetrahedral sheets are made up of SiO4 units, where the 

Si4+ cation is surrounded by four O2- anions spread regularly around the central Si4+ cation, 
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forming a tetrahedron.  Tetrahedra are held together in a hexagonal network, as each 

tetrahedron shares three of the four apex oxygen anions with three neighbouring tetrahedra.  

The final oxygen anion projects out of the hexagonal sheet.  The octahedral sheets, on the 

other hand, vary in chemical composition, but share the same structural framework regardless 

of composition – a central cation, typically Al3+, Mg2+ or Fe2+/Fe3+, surrounded by six oxygen 

atoms (either as O2- or as OH−), forming an octahedron.  The exact structure changes 

depending on the charge of the cation – octahedral layers with +2 charge cations have a 

brucite-like structure, where every octahedron contains a cation, whereas layers with +3 

charge cations have a gibbsite-like structure, where every third octahedron is vacant.  

Different clay mineral groups are defined by the arrangements of the tetrahedral and 

octahedral structural units: the kaolin group consists of 1:1 layers of tetrahedral silica and 

octahedral alumina sheets, the smectite group (swelling clays) and illite (clay-mica) group 

consist of 2:1 tetrahedral and octahedral layers (where each octahedral layer is sandwiched 

between two tetrahedral layers) and the chlorite group takes a 2:1:1 structure, where 2:1 

tetrahedral-octahedral layers are split by a layer by a layer of M(OH)6 (M is either Fe3+ or 

Mg2+), rather than a layer of water.  The distinction between the smectite and illite groups 

arises from the ions in the interlayer region between adjacent tetrahedral layers – illite group 

clays tend to have Mg2+, Ca2+ or K1+ interlayer cations, which prevent much water entering 

the interlayer space, whereas the smectite groups have smaller Na1+ interlayer cations and as 

a result can accommodate multiple water layers in the interlayer space. 

 

The presence of interlayer water, alongside hydroxyl groups and in some cases bound 

(structural) water (H2O molecules bonded to a metal centre) makes clays of great interest for 

investigation using the DTIA method.  This is because the DTIA method allows for 

separation and measurement of each type of water in isolation, and measurement of oxygen 

and hydrogen isotopes simultaneously.  Many studies of stable isotopes in clays (for example, 

Savin and Epstein, 1970a; Sheppard, 1977; Compton et al., 1999; Vitali et al., 2002; Mix and 

Chamberlain, 2014) rely on removal of interlayer and structural water through prolonged 

heating under vacuum (and often measured the bulk oxygen, rather than hydroxyl oxygen).  

However, clays are often hygroscopic (in particular smectite clays) and rehydrate in a matter 

of minutes under exposure to air, meaning that transfer of the samples from vacuum to 

measurement system is problematic.  More recent measurements of clay isotopes (e.g. Bauer 

and Vennemann, 2014) have developed protocols for avoiding this problem, but they are 

labour intensive relative to the DTIA method, and rely on long dehydration steps for the 
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removal of interlayer water.  Moreover, if useful palaeoclimatic information is contained in 

the interlayer and structural water isotopic composition, these can be measured using DTIA, 

unlike with other stable isotope methods. 

 

In this chapter, I present a series of DTIA experiments, carried out with the aim to determine 

the optimum conditions for clay water isotope measurement, including sample treatment, 

measurement techniques and analytical procedures. 
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4.3 Materials and Methods 

 

All clay DTIA measurements were carried out using a dry N2 stream, without a catalyst for 

removal of organics.  Only 18O/16O and D/H were measured.  Larger samples were measured 

using a large 3.4 ml alumina (Al2O3) TG holder (order number GB445213), while smaller 

samples were measured using smaller TG/DSC crucibles, either a 85 μl 80/20 platinum-

rhodium TG/DSC crucible (order number GB399205) or a 85 μl alumina crucible (order 

number GB399972). 

 

4.3.1 Materials 

 

The high-purity kaolinite used in this research was provided by IMERYS and is sourced from 

Blackpool Pit, St. Austell pluton, Cornwall, UK.  The extraction process is described in 

Bidwell et al., 1970.  The montmorillonite Ethiudna refers to a montmorillonite sample 

sourced from the Ethiudna Mines, Mt Victor Plumbago Station, Olary Province, South 

Australia, Australia.  The Syn Talc refers to a synthetic talc sample purchased from Fisher 

Scientific (MDL Number MFCD00084820).  The chlorite sample is metamorphic but of 

unknown origin.  The other eight clay samples were all purchased from the Clay Minerals 

Society.  The sources of the clays are shown in Table 4.1. 

 

Finally, the synthetic carbonate refers to a synthetic carbonate standard of 99.8 % purity, 

while the dolomite refers to a high purity dolomite sample. 

 

4.3.2 Clay Dehydration Experiments 

 

As a proof of concept for DTIA measurements of clay hydroxyl water isotopic composition, I 

carried out measurements of a number of clay minerals, optimising the DTIA process for 

each clay to achieve separation of water types within the clay.  A summary of the methods 

used for the clay measurements are shown in Table 4.2.  For these experiments, all “Isotherm 

1” steps are 15 minutes long (Isotherm 1 steps are to remove air and allow the water 

background to return to low levels after opening the furnace – needed for the measurement of 

waters released at lower temperatures), while all other isotherm steps are 20 minutes long, 
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unless otherwise noted.  All “Ramp 1” steps heat at a rate of 20 °C per minute, while all other 

ramp steps heat at a rate of 40 °C per minute. 

 

For each clay, the optimal heating programs for water separation was determined by carrying 

out a DTIA measurement using a heating ramp of 5 °C per minute to precisely determine the 

temperature at which dehydroxylation started and finished, and to determine the start and end 

temperatures of the dehydrations of any other water released during heating.  Isotherms were 

inserted between water dehydration and dehydroxylation peaks to increase peak separation 

between the various dehydrated waters.  The measurement dehydration profiles for the clays 

are shown in Figure 4.1. 

 

4.3.2.1 Kaolinite (Al2Si2O5(OH)4) 

 

Kaolinite contains no structural water other than the hydroxyl groups, and only adsorbs a 

little water onto its surface.  As such, it is an ideal clay for measuring the isotopic 

composition of using offline measurement processes (such as trapping).  To measure it using 

DTIA as a comparison between online and offline measurements, I first used a 5 °C per 

minute heating ramp experiment to determine dehydroxylation temperature.  I then used a 

DTIA measurement program consisting of a 10 minute isotherm at 25 °C, a 20 °C per minute 

heating ramp to 420 °C, a 20 minute isotherm at 420 °C and a heating ramp of 20 °C per 

minute up to 760 °C to determine the kaolinite hydroxyl isotopic composition.  An average 

sample size of 7.2 mg kaolinite was used. 
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Clay Further Details Source 

 

Beidellite SBCa-1  

   

California, USA  
Hectorite SHCa-1    Red Mountain Andesite formation (pliocene), County of San Bernardino, State of 

California, USA  
Kaolinite  Provided by IMERYS  Blackpool Pit, St. Austell pluton, Cornwall, UK25  
Montmorillonite Ethiudna     Ethiudna Mines, Mt Victor Plumbago Station, Olary Province, South Australia, 

Australia  
Montmorillonite STx-1b  Ca-rich Montmorillonite  Manning formation, Jackson group (eocene), Gonzales County, Texas, USA  
Montmorillonite SWy-3  Na-rich Montmorillonite  Newcastle formation, (cretaceous), Crook County, Wyoming, USA  
Nontronite NAu-1  Al-enriched Nontronite  Uley Mine, South Australia  
Palygorskite PFl-1    Hawthorne formation (miocene), Luten Mine, County of Gadsden, State of Florida, USA 

Rectorite RAr-1    Garland County, Arkansas, USA 

Sepiolite SepSp-1    Valdemore, Spain  

Syn Talc    Fisher Scientific, MDL Number MFCD00084820 
 

Table 4.1.  A summary of the clays measured by DTIA including sources of clay and any further relevant information. 
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Clay 
Mass 

Used / mg 

Temperatures of Steps / °C 

Isotherm 1 Ramp 1 Isotherm 2 Ramp 2 Isotherm 3 Ramp 3 

 

Beidellite SBCa-1  

 

20.6 

 

25 

 

25 → 320 

 

320 

 

320 → 640 

 

- 

 

- 

Hectorite SHCa-1  59.8 25 25 → 540 540 540 → 900 - - 

Kaolinite  7.2 25 (10 minutes) 25 → 420 420 420 → 760 (20 °C per min) 
  

Montmorillonite Ethiudna  X - 25 → 220 220 (60 minutes) 220 → 660 (20 °C per min) - - 

Montmorillonite STx-1b  32.5 - 25 → 460 460 460 → 760 - - 

Montmorillonite SWy-3  23.1 25 25 → 460 460 460 → 760 - - 

Nontronite NAu-1  23.4 25 25 → 160 160 160 → 290 290 290 → 660 

Palygorskite PFl-1  20.2 - 25 → 130 130 130 → 260 260 260 → 540 

Rectorite RAr-1  43.2 25 25 → 220 220 220 → 340 340 340 → 760 

Sepiolite SepSp-1  22.9 - 25 → 360 360 360 → 640 640 640 → 880 

Syn Talc  25.6 25 - - 25 → 740 740 740 → 1080 

 

Table 4.2.  A summary of the heating programs used for the DTIA measurements.  Unless otherwise noted in the table, all isotherm 1 steps are of 

15 minutes duration, while all other isotherm steps are of 20 minutes duration, and all ramp 1 steps are at a heating rate of 20 °C, while all other 

ramp steps are at a rate of 40 °C.  Note that for Palygorskite, there are further steps not shown above: a fourth isotherm at 540 °C, and a fourth 

heating step from 540 °C to 940 °C, at a rate of 40 °C. 
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Figure 4.1 (a).  The dehydration profiles for all measured clays as found using the 

measurement programs described in Table 4.2, demonstrating the water peak separation.  The 

dehydration profile for Montmorillonite Ethiudna shows a raised background water level, 

because at this time a controlled water vapour background was in use, but this was removed 

for later measurements as it was found to be too unstable for accurate measurements.  
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Figure 4.1 (b).  Continuation of Figure 4.1 (a). 
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4.3.2.2 Montmorillonite ((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O) 

 

Montmorillonite is a typical smectite clay, containing variable amounts of interlayer water 

between layers in its structure as well as more strongly bonded hydroxyl groups.  Following 

the standard procedure for determining a suitable DTIA heating program (using 5 °C per 

minute ramps to heat from room temperature until the end of dehydroxylation), 

measurements of the two clay mineral society high purity montmorillonites (STx-1b and 

SWy-3) were carried out using 20 °C per minute heating ramps to from 25 °C to 460 °C, 20 

minute isotherms at 460 °C and then 40 °C per minute heating ramps up to 760 °C.  For the 

montmorillonite SWy-3, a 15 minute isotherm at 25 °C was also used at the start of the run.  

However, in both cases, dehydration of the interlayer water began as soon as the sample was 

placed into the dry N2 atmosphere, making the initial isotherm less important for 

montmorillonite.  Sample sizes were on average 32.5 mg for montmorillonite STx-1b and 

23.1 mg for montmorillonite SWy-3. 

 

Unlike the two clay mineral society montmorillonite samples, the montmorillonite sample 

from the Ethiudna mine has a broad dehydroxylation (i.e. the dehydroxylation occurs over a 

larger temperature range, and at a lower temperature, than expected), in keeping with a 

degraded smectite (Cuadros and Altaner, 1998; Emmerich and Kahr, 2001).  Being an earlier 

measurement before the DTIA process for clays was optimised, the DTIA program consists 

of a 20 °C per minute heating ramp to 220 °C, a 60 minute isotherm at 220 °C, then a heating 

ramp of 20 °C to 660 °C, and a water background was in use.  The sample size was not 

recorded for these experiments. 

 

4.3.2.3 Beidellite ((Ca0.5,Na)0.3Al2(Si, Al)4O10(OH)2·nH2O) 

 

The optimum heating program for beidellite was determined to be a 15 minute isotherm at 25 

°C followed by a 20 °C per minute heating ramp to 320 °C.  Following a 20 minute isotherm 

at this temperature, a further 40 °C per minute heating ramp to 640 °C was used to measure 

the dehydroxylation.  The sample size used was on average 20.6 mg. 
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4.3.2.4 Hectorite (Na0.3(Mg,Li)3Si4O10(OH)2) 

 

To measure the isotopic composition of hectorite, I used a heating program consisting of a 15 

minute isotherm at 25 °C, a heating step using a 20 °C per minute ramp rate, a 20 minute 

isotherm at 540 °C and then a 40 °C per minute heating step to 900 °C.  Interestingly, this 

hectorite sample seems to have a water pool not recorded in the general chemical formula for 

hectorite, as a large amount of water was released at temperatures <200 °C – at such low 

temperatures, it is likely a mixture of adsorbed and interlayer water.  I was limited by crucible 

size during the measurement of hectorite, so I used 59.8 mg of sample to measure the isotopic 

composition, though using more sample would yield a more accurate result (approximately 

50 % more sample would be required). 

 

4.3.2.5 Nontronite (CaO0.5,Na)0.3Fe3+
2(Si,Al)4O10(OH)2·nH2O 

 

The DTIA measurement of nontronite was carried out using three isotherms (a 15 minute 

isotherm at 25 °C, a 20 minute isotherm at 160 °C and a 20 minute isotherm at 290 °C) in 

order to separate the two low temperature dehydration peaks – the first peak corresponds to 

interlayer water, while the second peak may correspond to either the removal of the last layer 

of interlayer water, or to some kind of bound water not represented in general nontronites.  

The heating ramps used were a 20 °C per minute ramp between 25 °C and 160 °C, and two 

40 °C per minute heating rate ramps for the 160-290 °C heating step and the final 540-940 °C 

heating step.  The typical sample size used was 23.2 mg. 

 

4.3.2.6 Palygorskite ((CaO0.5,Na)0.3Fe3+
2(Si,Al)4O10(OH)2·nH2O) 

 

Palygorskite, as a pseudo-layer silicate, contains up to four different water types within its 

structure: in general, adsorbed water and zeolitic (or free) water are dehydrated at lower 

temperatures (<200 °C), water bound to the terminal ions of the octahedral-sheet like 

structure is removed next with increasing temperature, often dehydrating as two separate 

peaks at <300 °C and <600 °C, and finally the hydroxyl groups are removed at temperatures 

of approximately 800 °C.  In my measurements, I observed peaks between 25-130 °C, 130-

260 °C, 260-540 °C and 540-940 °C – for the first peak, a 20 °C per minute ramp was used, 

while a 40 °C per minute ramp was used for the measurement of other peaks.  Isotherms were 

used at 25 °C (15 minutes), 130 °C (20 minutes, 260 °C (20 minutes) and 540 °C (20 
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minutes).  Insufficient sample was used for accurate determination of the hydroxyl isotopic 

composition, but accurate measurements were made of the two bound water peaks by using 

20.2 mg of sample.  Approximately 15 times this amount of sample would be required for the 

accurate measurement of hydroxyl isotopic composition. 

 

4.3.2.7 Rectorite ((Na,Ca)Al4((Si,Al)8O20)(OH)4·2H2O) 

 

Rectorite is a particular arrangement of the common interstratified illite-smectite clay 

mixture, containing a 1:1 ratio of dioctahedral smectite layers to dioctahedral mica layers.  As 

such, when rectorite is heated, interlayer and adsorbed water are dehydrated from the 

structure first, followed by bound water (or this second peak could correspond to the final 

layer of interlayer water) and then by the hydroxyl water, giving a three step dehydration.  

For the measurement of the rectorite water isotopic composition, I used a heating program 

consisting of three isotherms (15 minutes at 25 °C, 20 minutes at 220 °C and 20 minutes at 

340 °C), and three heating steps (a 20 °C per minute ramp between 25 °C and 220 °C, a 40 

°C per minute ramp between 220 and 340 °C, and a 40 °C per minute ramp between 340 and 

760 °C).  An average sample size of 43.2 mg was sufficient for accurate hydroxyl group 

measurement. 

 

4.3.2.8 Sepiolite (Mg4Si6O15(OH)2·6H2O) 

 

Sepiolite, like palygorskite, is a pseudo-layer silicate and, as such, has multiple forms of 

water.  Free water (found within channels in the sepiolite structure, as in palygorskite, and 

adsorbed on the surface) is removed first upon heating.  The bound water, again as in 

palygorskite, is removed in two steps.  In the case of sepiolite, this is thought to be due to 

changes in the structure upon heating, whereby the crystals fold, reducing the flow rate of 

water out of the channels (Kiyohiro and Otsuka, 1989).  At higher temperatures (>660 °C, the 

hydroxyl water is released. 

 

While it is possible to isolate the free water and first bound water for measurement, I only 

isolated the second bound water and hydroxyl water peaks for the DTIA measurements here.  

The heating program consisted of two 20 minute isothermal steps at 360 °C and 640 °C, a 20 

°C per minute heating ramp between 25-360 °C and two 40 °C per minute heating ramps 

between 360-640 °C and 640-880 °C.  For our initial DTIA measurements I used 22.9 mg of 
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sample - however, approximately twice as much sample would be required to yield sufficient 

water amounts for accurate hydroxyl group measurement. 

 

4.3.2.9 Talc (Mg3Si4O10(OH)2) 

 

The structure of talc contains only hydroxyl group water, and thus the main consideration for 

DTIA measurements is the removal of adsorbed water.  As such, the synthetic talc samples 

were measured by running an isothermal step at 25 °C for 15 minutes to normalise the 

background, heating the talc sample at a high ramp rate (40 °C per minute) to 740 °C, where 

another 20 minute isothermal step was used to normalise the background and remove any 

water released within the furnace or by the sample during heating, and finally using a heating 

step to heat to 1080 °C with a 40 °C per minute ramp rate to liberate the hydroxyl water.  

Sample sizes for initial experiments were typically 25.6 mg.   

 

However, the first of these experiments gave a very different result to the proceeding two 

measurements (giving the measurement set a large error), so further measurements were 

carried out using two different crucible types – the platinum-rhodium crucibles and the 

alumina crucibles, to compare the effects of crucible type on the measurement and potential 

memory effect.  A final accurate measurement of talc was taken using a platinum crucible 

and a similar heating program, but with the second isotherm reduced to 10 minutes in 

duration (and is the result quoted in the results summary in Table 4.4. 

 

4.3.2.10 Chlorite ((Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6) 

 

Chlorite is a member of the 2:1:1 clay group, so called because its structure consists of 2:1 

talc-like layers of tetrahedral-octahedral-tetrahedral shape, and single brucite-like (e.g. 

M(OH)6 where M can be Fe3+ or Mg2+) layers between the talc-like layers.  It is generally 

considered to undergo a two-step dehydration when heated.  Although there is no bound 

water present, the hydroxyl groups are found in two different environments: the first to 

dehydroxylate are typically the interlayer hydroxyl groups (the hydroxyl groups attached to 

the brucite-like (Mg,Fe)3(OH)6 layer), while the hydroxyl groups associated with the mica 

sheet are typically released at higher temperatures.  For chlorite, no measurements of the 

hydroxyl groups were carried out, as my primary interest was in determining at what 

temperatures we might expect chlorite to dehydroxylate at, in order to identify chlorite water 
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peaks in DTIA profiles of clay assemblages containing chlorite (see the PETM assemblage in 

Chapter 5). 

 

4.3.3 Isotherm Length Experiments 

 

DTIA requires optimisation of the heating programs to separate different types of structural 

water in the clay mineral.  In order to examine whether the choice of heating program had 

significant effect on the measured hydroxyl isotopic composition, I carried out experiments 

measuring the effect of increasing isotherm length on the STx-1b montmorillonite sample.  

The heating program involved a 10 minute isotherm at 25 °C, a 40 °C pet minute ramp to 420 

°C, an isotherm at 420 °C, and then a 40 °C per minute ramp to 760 °C.  The isotherm at 420 

°C before hydroxyl measurement was varied from 10 minutes to 60 hours. 

 

4.3.4 Mixed Clay Experiments 

 

Having demonstrated the separation of the different types of water found within a number of 

clay samples (and critically, the clay samples found within the PETM clays discussed in 

Chapter 5), I carried out experiments to see if the hydroxyl groups from different clays could 

be separated and measured individually, either by complete peak separation or by only 

analysing the parts of the dehydroxylation peaks that were not superimposed, and to 

determine if the presence of multiple clays had an effect on the measured total hydroxyl 

isotopic composition.  Starting with a simpler test, mixtures of the Blackpool kaolinite and 

montmorillonite STx-1b were made yielding three different compositions: 21 % kaolinite, 31 

% kaolinite and 40 % kaolinite.  These mixtures were then measured using DTIA.  The 

heating program used was similar to that used to measure pure montmorillonite but the pre-

dehydroxylation isotherm temperature was lowered to ensure no partial dehydroxylation of 

kaolinite.  It consisted of a 10 minute isotherm at 30 °C, a 40 °C / min heating ramp to 420 

°C, a 10 minute isotherm at 420 °C, and finally a 40 °C heating ramp to 760 °C. 

 

To find the expected values for the mixture’s total hydroxyl isotopic composition, the 

hydroxyl water per mg of clay was found for the kaolinite and montmorillonite samples, and 

this was multiplied by the amount of each clay present to find the ratio of hydroxyl water 

from each clay.  The expected mixture hydroxyl isotopic composition was then calculated by 
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summing the weighted hydroxyl isotopic compositions for each component, weighting by the 

percentage contribution to the total mixture hydroxyl water. 

 

4.3.5 Carbonate Removal 

 

The presence of carbonate can lead to oxygen exchange during DTIA measurement, and 

further DTIA experiments have found that the presence of dolomite, when added to pure 

synthetic talc samples, has a large effect on the measured δ18O of the talc’s hydroxyl water, 

as shown in Table 4.3 (both measured using platinum crucibles, and the heating program 

described in Table 4.2).  The decarbonation of calcite/dolomite to CO2 can isotopically 

exchange with water, thereby altering its oxygen isotopic composition (Gemery et al., 1996).  

However, given that δD was also somewhat affected by CO2 presence, it could also be that 

the presence of CO2 in the carrier gas has a direct effect on the Picarro Water Isotope 

Analyzer’s ability to accurately measure water vapour in the cavity (as carrier gas is known 

to have an effect on isotope measurement; Bauska et al., 2017). 

 

Because of this, I resolved to test methods for carbonate removal before measurement of 

natural mixed clay samples, which often contain some amount of carbonate.  Previous studies 

have suggested that the best method for carbonate removal without sample degradation is to 

use a buffer solution of sodium acetate with acetic acid (Tessier et al., 1979; Mseddi et al., 

2010. 

 

In order to test whether the acid treatment affected measurements of δ18O or δD, I acid 

treated a mixture of high-purity Blackpool kaolinite and a synthetic carbonate standard (99.8 

% purity).  I mixed 0.2323 g kaolinite with 0.2775 g carbonate, and placed the mixture into a 

2 M buffer solution of sodium acetate and acetic acid.  The buffer solution was made by 

mixing 20 ml of 2 M acetic acid with 80 ml of 2 M sodium acetate solution, chosen to give a 

theoretical pH of 5.2. 

 

After leaving the mixture, with occasional stirring, for 90 minutes, the solids (0.1809 g) were 

recovered by filtration, washed several times with water, and then left in a 40 °C oven 

overnight to remove any excess water.  Finally, the recovered mixture was measured using 

the DTIA system, using 8.95 ± 0.01 mg of sample, and a heating program of a 10 minute 

isotherm at 30 °C, followed by heating step using a 40 °C / min ramp rate to 760 °C. 
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  Syn Talc Syn Talc + Dolomite 

No. Repeats 3 3 

Mass Talc / mg 25.62 31.58 

Mass Dolomite / mg - 8.69 

H2O 3.92 × 106 4.78 × 106 

H2O Error 9.12 × 103 1.78 × 104 

δD / ‰ –67.11 –64.47 

δD Error 0.39 0.32 

δ18O / ‰ –6.15 –3.08 

δ18O Error 0.04 0.08 
 

Table 4.3.  Comparison of the results of DTIA measurement of the talc hydroxyl 

water for two talc samples, where one sample has had dolomite (roughly 21.6 % of 

total) added before measurement.  Note the shifted values for both δ18O and δD. 

 

 

4.3.6 Clay Exchange Experiment 

 

One of the largest advantages of the DTIA method in measuring clay hydration water isotopic 

composition is that different water types in the clay can be measured separately.  However, 

this is only useful if clay hydroxyl groups are indeed resilient to isotopic exchange than other 

water in the clay.  To test this, a preliminary experiment was carried out, where a large 

sample of montmorillonite STx-1b was placed in water in a sealed conical flask, and left at 

17 °C for approximately 23 months.  After this time, the sample was filtered from solution, 

heated at 40 °C overnight to remove excess water, and then measured using the 

montmorillonite measuring program, but modified so that all ramps were at 40 °C per minute 

and the isotherm at 460 °C was altered to a 10 minute isotherm at 440 °C (a lower 

temperature here makes no difference to water separation, but may somewhat reduce the very 

small amount of exchange that can occur between the hydroxyl water and background water).  

Montmorillonite was chosen as it is a very common smectite, and is often the smectite that 

makes up illite-smectite clays (beidellite is also a smectite common in illite-smectite). 
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4.3.7 PETM Clay Measurement 

 

In the following chapter (Chapter 5) the measurement of a set of PETM clays from a drill 

core in the North Sea Basin is discussed, along with the implications for the PETM of the 

isotopic trends recorded in the sample set.  The development of the method for the 

measurement of the samples is discussed here.  Initially, I measured a small portion of one of 

the samples (MPL 261) using a heating ramp of 5 °C per minute to 1030 °C (shown in Figure 

4.2).  Comparison with the 5 °C per minute dehydration profiles for rectorite, chlorite and 

kaolinite shows that in the PETM clay assemblage, the potential bound water / final interlayer 

water is removed at a higher temperature than in the pure rectorite, while the dehydroxylation 

begins at a slightly lower temperature.  This could be because the rectorite is not an exact 

match to the illite-smectite of the PETM clay assemblage, which has a variable ratio of illite 

to smectite and is not necessarily regularly ordered.  There is no evidence for the higher 

temperature chlorite dehydroxylation within the assemblage – however, only 6 % of this 

sample is chlorite, and sedimentary chlorites have been found to dehydroxylate at lower 

temperatures (see Földvári, 2011), so it is likely that the chlorite dehydroxylation is 

concurrent with the clay mineral dehydroxylation in this case. 
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Figure 4.2.  A comparison of the dehydration profiles of the PETM clay assemblage 

and pure standard samples of clay assemblage’s constituent clays.  These dehydration 

profiles were obtained by using a heating rate of 5 °C per minute between 30 °C and 

1030 °C (e.g. so each 1800 second time period represents an increase of 150 °C). 
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To find the optimal heating program, a DSC curve (Figure 4.3) was measured at a constant 

heating rate (40 °C per minute), and isotherms were inserted where the DSC curve reached 

minima.  This corresponds to temperatures at which dehydration and dehydroxylation are 

minimised for the clay assemblage (use of TG for this process where available would be a 

simpler method for determining the isotherm temperatures, but the TG was not functioning at 

time of measurement). 

 

 

 
 

Figure 4.3.  The DSC measurement of the PETM clay dehydration at a 40 °C per 

minute heating rate.  The DSC curve minima at around 250 °C and 390 °C were 

chosen as the temperatures to insert isothermal steps between peaks, as these minima 

should represent times when the sample is using all absorbed heat to increase in 

temperature. 

 

 

The optimal DTIA heating program was found to be: a 10 minute isotherm at 30 °C, a 

heating ramp to 250 °C, then a 12 minute isotherm, followed by a heating ramp to 390 °C, a 

further 12 minute isotherm at 390 °C, and a final heating ramp to 950 °C.  A high final 
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temperature was chosen to ensure that any chlorite dehydroxylation peaks were not missed in 

samples containing a higher proportion of chlorite.  Appropriate sample sizes were found by 

running an initial small portion (3-4 mg) of each sample through this process, and scaling the 

sample size as required to increase the hydroxyl peak height to 11,000-14,000 ppm water in 

the optical cavity of the Picarro 2130 analyzer. 

 

The core samples were found to contain trace amounts of carbonate by XRD and so were 

treated with the 2 M sodium acetate/acetic acid buffer solution described above.  I used 2 ml 

of buffer solution for these samples following the proportions suggested in Mseddi et al., 

2010, and assuming a carbonate concentration <5 %.  A large excess of acid is undesirable, as 

it is may lead to an accelerated isotopic exchange. 
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4.4 Results 

 

4.4.1 Clay Dehydration Experiments 

 

The results of hydroxyl water measurement for all ten of the clays measured are shown in 

Table 4.4.  The errors for these measurements vary significantly (from ± 0.04 ‰ to ± 3.82 ‰ 

for δ18O, and from ± 0.29 ‰ to ± 1.52 ‰ for δD, though most of the large errors are due to 

small sample size (excluding these samples, errors in measurement range from ± 0.04 ‰ to ± 

0.92 ‰ for δ18O, average ± 0.39 ‰, and from ± 0.29 ‰ to ± 1.04 ‰ for δD, average ± 0.61 

‰).  Two of the samples, nontronite and talc, have a large error simply because their first 

measurement vary significantly from subsequent measurements – this is likely a memory 

effect, and is discussed further under the individual clay results (see Table 4.6 for the results 

of individual nontronite and talc measurements showing the apparent memory effect – note 

that the talc measurement quoted in Table 4.4 is from a different measurement set).  

Excluding all of the samples with elevated errors, including the kaolinite measurement, errors 

are limited to ranges of ± 0.04 ‰ to ± 0.52 ‰ for δ18O, average ± 0.31 ‰, and ± 0.29 ‰ to ± 

0.72 ‰ for δD, average ± 0.53 ‰).  Table 4.5 shows the measurement of other water types in 

the clays where such measurements were made.  The following sections will discuss the 

results from each clay individually in brief. 

 

4.4.1.1 Kaolinite (Al2Si2O5(OH)4) 

 

The hydroxyl isotopic composition of the Blackpool kaolinite was found to be δ18O = 6.63 ± 

0.92 ‰ and δD = –62.15 ± 0.67 ‰.  The amount of water given off during these 

measurements is approximately 0.95 μl when calibrating the integral of the Picarro water 

concentration measurements against gypsum samples (which have known water content by 

mass), so future measurements would ideally use slightly more sample.  The dehydration 

profile seems to show a small increase in the background water level during heating before 

the hydroxyl measurement – it is unclear what the source of water is here, but it could be due 

to water being adsorbed onto the surface of the furnace when the system is exposed to air, 

which is then removed as the furnace temperature increases.  The effect of this will be 

negligible, given how small the total increase in background water is compared to the peak 

sizes required for DTIA measurements.  
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Clay Hydroxyl No. Repeats H2O H2O Error δD / ‰ δD Error δ18O / ‰ δ18O Error 

 

Beidellite SBCa-1  

 

4 

 

3.69 × 106 

 

4.11 × 104 

 

–127.62 

 

0.62 

 

–9.61 

 

0.52 

Hectorite SHCa-1  4 1.92 × 106 1.12 × 104 –107.16 1.52 21.80 0.06 

Kaolinite  4 3.28 × 106 3.81 × 104 –62.15 0.67 6.63 0.92 

Montmorillonite 

Ethiudna  

2 8.76 × 106 1.05 × 106 –93.56 0.29 18.43 0.48 

Montmorillonite STx-1b  4 3.07 × 106 9.82 × 103 –41.60 0.57 13.42 0.13 

Montmorillonite SWy-3  5 2.72 × 106 1.54 × 104 –116.91 0.72 3.20 0.36 

Nontronite NAu-1  4 4.14 × 106 4.85 × 103 –90.29 1.04 0.99 0.32 

Palygorskite PFl-1  4 2.48 × 105 4.01 × 103 –39.95 1.02 21.31 3.82 

Rectorite RAr-1  4 3.83 × 106 1.85 × 105 –65.24 0.57 –3.77 0.32 

Sepiolite SepSp-1  2 1.61 × 106 1.19 × 103 –60.80 1.22 17.75 0.55 

Syn Talc  3 3.92 × 106 9.12 × 103 –67.11 0.39 –6.15 0.04 
 

Table 4.4.  A summary of the results of DTIA measurement of the hydroxyl water for the 11 measured clay minerals, showing the relative 

amount of water (found by integrating the CRDS water ppm signal), the δD and δ18O values, and the errors for these measurements.  Note that 

the very large error for palygorskite δ18O is likely caused by the very low water amount. 
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Clay Water Type 
No. 

Repeats 
H2O H2O Error δD / ‰ δD Error δ18O / ‰ δ18O Error 

Montmorillonite 

Ethiudna 

Interlayer 
2 

1.34 × 107 1.78 × 106 –23.90 0.54 10.89 0.03 

Hydroxyl 8.76 × 106 1.05 × 106 –93.56 0.29 18.43 0.48 

Montmorillonite 

STx-1b 

Interlayer 
4 

9.57 × 106 2.36 × 105 –37.84 0.92 –2.98 0.43 

Hydroxyl 3.07 × 106 9.82 × 103 –41.60 0.57 13.42 0.13 

Nontronite NAu-1 
Potential Bound Water 

4 
9.28 × 105 3.09 × 104 –71.89 1.36 1.51 0.58 

Hydroxyl 4.14 × 106 4.85 × 103 –90.29 1.04 0.99 0.32 

Palygorskite PFl-1 

Bound Water I 

4 

1.77 × 106 1.56 × 104 –15.15 1.44 12.07 0.49 

Bound Water II 3.09 × 106 3.35 × 104 –23.08 0.90 14.07 0.45 

Hydroxyl 2.48 × 105 4.01 × 103 –39.95 1.02 21.31 3.82 

Rectorite RAr-1 

Interlayer 

4 

2.16 × 106 2.33 × 105 –44.38 2.83 5.29 0.41 

Potential Bound Water 1.98 × 106 4.42 × 104 –113.22 1.37 –4.87 0.19 

Hydroxyl 3.83 × 106 1.85 × 105 –65.24 0.57 –3.77 0.32 

Sepiolite SepSp-1 
Bound Water II 

2 
1.97 × 106 4.91 × 103 –63.18 1.42 15.69 0.36 

Hydroxyl 1.61 × 106 1.19 × 103 –60.80 1.22 17.75 0.55 

 

Table 4.5.  A comparison of isotopic composition of non-hydroxyl water to hydroxyl water for clays which have multiple water environments 

within their structure. 
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4.4.1.2 Montmorillonite ((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O) 

 

The hydroxyl group water was isolated in each case for the montmorillonite samples.  Isotope 

measurements are generally accurate for the two montmorillonite standards (STx-1b and 

SWy-3), though the water amount measured is slightly lower than would be desired (3.46 x 

106 is the peak size required for approximately 1 μl water).  I found values of δ18O = 13.42 ± 

0.13 ‰ and δD = –41.60 ± 0.57 ‰ for the STx-1b hydroxyl and values of δ18O = 3.20 ± 0.36 

‰ and δD = –116.91 ± 0.72 ‰ for the SWy-3 hydroxyl. 

 

The montmorillonite Ethiudna sample, despite being measured with the background 

(something that was dropped as it generally increased the size of measurement errors and 

because peak height was not found to have a large effect on the results of measurement) had 

very small errors in the two measurements made.  Although the dehydroxylation occurred 

over a larger, lower temperature range, there was still no trouble isolating the hydroxyl peak 

from the interlayer water dehydration peaks.  The results of DTIA were δ18O = 18.43 ± 0.48 

‰ and δD = –93.56 ± 0.29 ‰ for the hydroxyl group and δ18O = 10.89 ± 0.03 ‰ and  

δD = –23.90 ± 0.54 ‰ for the interlayer water (shown together in Table 4.5). 

 

4.4.1.3 Beidellite ((Ca0.5,Na)0.3Al2(Si, Al)4O10(OH)2·nH2O) 

 

As with montmorillonite, separation of the interlayer water from the hydroxyl water was 

achieved without difficulty.  Measurement gave δ18O = –9.61 ± 0.52 ‰ and δD = –127.62 ± 

0.62 ‰ for the hydroxyl group. 

 

4.4.1.4 Hectorite (Na0.3(Mg,Li)3Si4O10(OH)2) 

 

Given the limitations on sample size, it is unsurprising that the results for δD (–107.16 ± 1.52 

‰) have a much larger error than the results for δ18O (21.80 ± 0.06 ‰), as water amount has 

a stronger effect on δD measurements.  While we were not expecting to have to separate any 

water peaks for the hectorite sample, separation was straightforward for this unmixed clay. 
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4.4.1.5 Nontronite (CaO0.5,Na)0.3Fe3+
2(Si,Al)4O10(OH)2·nH2O 

 

As shown in Table 4.6, there seems to be a more significant memory effect on the δD results 

for nontronite, but the use of a sacrificial sample would be sufficient to overcome the 

memory effect seen here.  The result for hydroxyl δ18O is 0.99 ± 0.32 ‰ and for hydroxyl δD 

is –90.29 ± 1.04 ‰, and the results for the bound water peak were found to be δ18O = 1.51 ± 

0.58 ‰ and δD = –71.89 ± 1.36 ‰, though again the bound water peak error is greatly 

affected by the faulty first measurement (when excluded, results become δ18O = 1.23 ± 0.13 

‰ and δD = –72.51 ± 0.71 ‰, which are reasonable errors for a peak of only 0.28 μl of 

water).  Results for both peaks are shown together in Table 4.6. 

 

 

    Nontronite Syn Talc 

    δ18O / ‰ δD / ‰ δ18O / ‰ δD / ‰ 

Measurement 

Number 

1 1.40 –88.73 –3.54 –67.11 

2 0.84 –90.83 –6.10 –66.78 

3 1.04 –90.69 –6.14 –66.57 

4 0.66 –90.90 - - 

Total Including 

First Result 

Total 0.99 –90.29 –5.26 –66.82 

Error 0.32 1.04 1.49 0.27 

Total Excluding 

First Result 

Total 0.94 –90.76 –6.12 –66.68 

Error 0.15 0.10 0.03 0.15 
 

Table 4.6.  The individual results of DTIA measurement of nontronite and synthetic 

talc dehydroxylation.  Note that a large part of the error for these samples is due to the 

first measurement, suggesting some memory of the previous sample. 

 

 

4.4.1.6 Palygorskite ((CaO0.5,Na)0.3Fe3+
2(Si,Al)4O10(OH)2·nH2O) 

 

Given that the palygorskite hydroxyl peak only contains 0.07 μl of water, it is meaningless to 

further analyse the hydroxyl peak – the large errors of the hydroxyl measurement are to be 

expected when the water amount is so much less than 1 μl.  The dehydration profiles do 

however demonstrate that palygorskite samples can be analysed by DTIA, with each water 

type separated out into individual dehydration peaks.  Measurements were made of the two 

bound water environments in the palygorskite sample (Table 4.5), finding the first bound 
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water peak to have an isotopic composition of δ18O = 12.07 ± 0.49 ‰ and δD = –15.15 ± 

1.44 ‰ (peak size 0.51 μl) and the second bound water peak to have an isotopic composition 

of δ18O = 14.07 ± 0.45 ‰ and δD = –23.08 ± 0.90 ‰ (peak size 0.89 μl). 

 

4.4.1.7 Rectorite ((Na,Ca)Al4((Si,Al)8O20)(OH)4·2H2O) 

 

The three water peaks were isolated and analysed for the rectorite sample (Table 4.5).  

Interestingly, for the rectorite sample, the second peak (potentially bound water or final 

interlayer water) is the most isotopically depleted water, which would not be expected if the 

relationship between the first and second peaks was purely kinetic.  Results of DTIA for the 

hydroxyl peak were δ18O = –3.77 ± 0.32 ‰ and δD = –65.24 ± 0.57 ‰, while results for the 

other water types have much larger δD errors due to low water amounts (0.57 μl and 0.62 μl 

for the potential bound water and interlayer water respectively).  Results for the bound water 

are δ18O = –4.87 ± 0.19 ‰ and δD = –113.22 ± 1.37 ‰, and results for the interlayer water 

are δ18O = 5.29 ± 0.41 ‰ and δD = –44.38 ± 2.83 ‰. 

 

4.4.1.8 Sepiolite (Mg4Si6O15(OH)2·6H2O) 

 

The slower 5 °C per minute heating ramp for sepiolite shows that all water types can be 

separated for sepiolite, as for palygorskite.  Errors are greater than would normally be 

expected because of insufficient sample size.  The hydroxyl peak isotopic composition was 

found to be δ18O = 17.75 ± 0.55 ‰ and δD = –60.80 ± 1.22 ‰, while the second bound water 

peak isotopic composition was found to be δ18O = 15.69 ± 0.36 ‰ and δD = –63.18 ± 1.42 

‰. 

 

4.4.1.9 Talc (Mg3Si4O10(OH)2) 

 

Results from the initial measurement of talc are shown in Table 4.6, where it can be seen that 

the δ18O result seems to show a memory effect for the first measurement.  Following this, the 

results of DTIA experiments on synthetic talc using different crucible types are shown in 

Table 4.7.  The Al2O3 crucible appears to show a very strong memory effect compared to the 

platinum-rhodium crucible.  The experiment sets were carried out 18 days apart, so it is not 

the case that the first set of synthetic talc measurements (using an Al2O3 crucible) would have 

affected the second set of synthetic talc measurements (using a platinum-rhodium crucible). 
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The measurements of the synthetic talc using the most optimized method are δ18O = –6.15 ± 

0.04 ‰ and δD = –67.11 ± 1.39 ‰ (shown in Table 4.4). 

 

 

    Al2O3 Crucible 
Platinum-Rhodium 

Crucible 

  δ18O / ‰ δD / ‰ δ18O / ‰ δD / ‰ 

Measurement 

Number 

1 2.67 –69.01 –3.94 –64.37 

2 –2.54 –65.51 –4.97 –63.93 

3 –4.10 –65.28 –5.33 –64.56 

4 –4.84 –65.14 –5.75 –64.33 

5 –5.33 –64.74 –5.58 –64.67 

Total / ‰ –2.83 –65.94 –5.11 –64.37 

Error 3.25 1.74 0.72 0.28 
 

Table 4.7.  The measurement-by-measurement results of DTIA on synthetic talc using 

two different crucible types to hold the sample during heating.  The measurements 

using the aluminium oxide (Al2O3) crucible show a larger and more persistent 

memory effect than the measurements made with the platinum-rhodium crucible. 

 

 

4.4.1.10 Chlorite ((Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6) 

 

The dehydration profile of our metamorphic chlorite against the rectorite, kaolinite and 

PETM clay dehydration profiles is shown in Figure 4.2.  Comparing the chlorite to the 

individual pure clays, the metamorphic chlorite has a significantly higher dehydroxylation 

temperature than the other clays (where chlorite’s main dehydroxylation peak starts at about 

780 °C, with a smaller water loss starting at about 570 °C), suggesting that metamorphic 

chlorite, if present, should be separable from other smectite-type clays.  Comparison to the 

PETM clay assemblage shows that no water peaks are found in the PETM clay dehydration 

profile at temperatures of metamorphic chlorite dehydroxylation. 
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4.4.2 Isotherm Length Experiments 

 

While very little change in the hydroxyl isotopic composition was seen over short isotherm 

lengths, significant isotopic exchange occurred at two hours and more at greater isotherm 

lengths (Figure 4.4), with measured hydroxyl isotopic composition tending towards 

atmospheric values (–11 to –14 ‰ for δ18O, and –110 to –130 ‰ for δD).  Over 60 hours, the 

measured hydroxyl isotopic composition changed by –9.85 ‰ for δ18O and by –83.22 ‰ for 

δD. 

 

 

 
 

Figure 4.4.  Impact of extended isothermal steps before hydroxyl isotopic 

measurement.  The first two graphs, a and b, are an expansion of the  0 to 2 hour 

range, where a significant change is seen between 25 minutes and two hours.  The 

final two graphs, c and d, show all of the results from 0 to 60 hours. 
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4.4.3 Mixed Clay Experiments 

 

The total measured hydroxyl waters for the mixed clay samples have similar isotopic 

compositions to the expected values (shown together in Table 4.8).  This suggests that there 

is no isotopic exchange between the emitted water and the clay structural oxygen during the 

dehydroxylation. 

 

I was unable to separate the kaolinite and montmorillonite hydroxyl peaks using different 

heating programs because of the overlapping temperatures of the dehydroxylation for each 

clay.  The dehydration profiles of a 10 °C per minute run and a standard measurement run are 

shown in Figure 4.5. 

 

 

 
 

Figure 4.5.  The heating profiles of the mixed kaolinite and montmorillonite samples 

at two different ramp rates.  The left panel uses a heating rate of 10 °C per minute, 

resulting in a much broader dehydroxylation peak, but not separating the kaolinite and 

montmorillonite dehydroxylations.  The right panel uses a heating rate of 40 °C per 

minute. 
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Table 4.8.  Comparison of DTIA measurements of pure kaolinite and montmorillonite to samples containing a mixture of both kaolinite and 

montmorillonite in different ratios.  The predicted values for the isotopic compositions of the hydroxyl peak of the mixtures is close to the values 

measured in each case, being within one standard deviation of the prediction error for mixes 2 and 3. 

 

 

Sample 
Kaolinite 

/ % 

Water from 

Kaolinite / % 

Measured Expected 

δD / ‰ 
δD 

Error 

δ18O 

/ ‰ 

δ18O 

Error 
δD / ‰ 

δD 

Error 

δ18O 

/ ‰ 

δ18O 

Error 

Kaolinite  100 100 –62.15 0.67 6.63 0.92 - - - - 

Montmorillonite 

STx-1b  
0 0 –41.60 0.57 13.42 0.13 - - - - 

Montmorillonite 

Kaolinite Mix 1  
21.2 54 –53.61 0.12 10.48 0.40 –52.74 0.45 9.74 0.50 

Montmorillonite 

Kaolinite Mix 2  
31.2 67 –55.05 0.16 9.27 0.10 –55.29 0.49 8.90 0.62 

Montmorillonite 

Kaolinite Mix 3 
39.5 74 –56.35 0.24 8.83 0.29 –56.85 0.52 8.38 0.69 



Chapter 4:  Application of DTIA to Clay Mineral Water Stable Isotopes      108 

 

Attempts to separate out the hydroxyl peaks in analysis were unsuccessful.  Initially, I 

integrated smaller parts of the kaolinite dehydroxylation peak, integrating only the area from 

the peak start to either the peak maximum, or the point halfway between the peak start and 

peak maximum.  However, comparison of the values obtained in this way for the kaolinite 

mixed with montmorillonite against unmixed kaolinite (see Table 4.9) shows that even the 

initial part of the dehydroxylation peak is affected by the presence of other clays.  The effect 

is much stronger for hydrogen isotope measurements, which is consistent with the hydrogen 

of the hydroxyl group being more exchangeable.  In particular, the δD values recorded from 

the first half and first quarter of the peaks are almost the same for the mixed clay, whereas for 

the single pure clay there is a large difference between the δD for the first half of the peak 

and the δD for the first quarter of the peak.  Similar results were observed even when the 

heating rate was lowered to 20 °C per minute.  I also tried modelling the dehydroxylation, but 

while the water concentration profile measured by the Picarro can be modelled very 

accurately as a combination of two Gaussian peaks (Figure 4.6), it was unclear how the δ18O 

and δD signals could be modelled for peak deconvolution. 

 

 

Clay Water Type 
No. 

Repeats 
H2O δD / ‰ δ18O / ‰ 

Kaolinite Unmixed 
First 1/2 of Peak 

3 
1.67 × 106 –62.20 6.07 

First 1/4 of Peak 2.26 × 105 –73.11 2.53 

Kaolinite Mixed 

(20 % Kaolinite) 

First 1/2 of Peak 
3 

1.60 × 106 –46.94 7.79 

First 1/4 of Peak 2.06 × 105 –46.57 3.92 

Kaolinite Mixed 

(40 % Kaolinite) 

First 1/2 of Peak 
3 

1.83 × 106 –50.35 7.62 

First 1/4 of Peak 1.91 × 105 –50.45 3.97 
 

Table 4.9.  Comparison of the results from DTIA measurements of pure kaolinite and 

mixed clay samples containing kaolinite and montmorillonite, where only first 

fraction of the hydroxyl peak is included in the calculation of the hydroxyl isotopic 

composition.  While the total amount of water captured by selecting fractions of the 

peak from the peak maxima is similar, the isotopic compositions of those fractions are 

not of similar values.  At the same time, the mixed clays give similar results for the 

first half and quarter fractions, while the pure kaolinite does not. 
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Figure 4.6.  A series of graphs showing the accuracy with which the mixed clay 

dehydroxylation peak can be modelled as a combination of two Gaussian peaks and a 

linear background.  The first graph, a, shows the total dehydration profile.  The 

second graph, b, focuses on the dehydroxylation peak, and shows the component parts 

of the model – the two individual Gaussian peaks and linear background (thin blue 

lines), as is the modelled dehydration profile (the sum of the component parts), 

beneath the dehydration profile (thick blue line) – no deviation between the modelled 

dehydration profile and the actual profile is seen.  The final graph, c, shows the water 

concentration values of the model against the measured water concentration values 

(thick blue line), and a 1:1 line (thin blue line). 
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4.4.4 Carbonate Removal 

 

Measurements of the isotopic composition of the acid-treated kaolinite sample, alongside 

results for untreated kaolinite, are found in Table 4.10.  I found no significant change in the 

δ18O or δD signal after acid treatment.  FTIR showed that the carbonate had been successfully 

removed (see Figure 4.7).  This demonstrates that the chosen acid treatment is appropriate for 

carbonate removal when measuring clay hydroxyl water. 

 

 

  
Untreated 

Kaolinite 

Offline-Measured 

Kaolinite 

Kaolinite after 

acid treatment 

No. Repeats 4 5 3 

H2O 3.28 × 106 - 3.55 × 106 

H2O Error 3.81 × 104 - 1.97 × 104 

δD / ‰ –62.15 –62.57 –62.48 

δD Error 0.67 3.70 0.23 

δ18O / ‰ 6.63 5.80 5.97 

δ18O Error 0.92 0.55 0.07 

 

Table 4.10.  Comparison of DTIA measurement of kaolinite after carbonate removal 

treatment (acid treatment) compared to DTIA measurement and offline measurement 

of untreated kaolinite.  The results are all within one standard deviation of each other, 

suggesting that acid treatment did not affect the isotopic composition of the hydroxyl 

water. 
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Figure 4.7.  FTIR measurements of a kaolinite sample (green), the same kaolinite with 

added carbonate (red), and the same sample after acid treatment to remove carbonate 

(blue).  The carbonate peak at 1400 cm–1 has been removed completely. 

 

 

4.4.5 Clay Exchange Experiment 

 

Results from the 23 month experiment where montmorillonite STx-1b was submerged in 

water with δ18O and δD of –6.21 ‰ and –43.87 ‰ respectively are compared to untreated 

montmorillonite STx-1b results in Table 5.4.viii.  We can see that the δD values of the water-

immersed montmorillonite are significantly different to the δD of the untreated 

montmorillonite – the submerged montmorillonite is isotopically depleted in hydrogen in 

both the interlayer and hydroxyl water. 
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Water 

Type 

Isotope 

Type 

Montmorillonite 

STx-1b untreated 

Montmorillonite STx-

1b submerged 

Value Error Value Error 

Interlayer 

Water 

δ18O / ‰ –2.98 0.43 –3.67 2.17 

δD / ‰ –37.84 0.92 –47.17 3.89 

Hydroxyl 

Water 

δ18O / ‰ 13.42 0.13 13.03 0.55 

δD / ‰ –41.60 0.57 –50.50 1.45 

 

Table 4.11.  Comparison of DTIA measurements of untreated montmorillonite STx-

1b and montmorillonite STx-1b after submersion in water for 23 months.  The 

interlayer and hydroxyl water δD values of the exchange-experiment montmorillonite 

shows increased  errors, and both are shifted away from the δD value of the untreated 

montmorillonite.  However, the δ18O remains unchanged. 

 

 

The oxygen isotopes do not show the same behaviour.  There appears to be no change in the 

hydroxyl δ18O in the submerged montmorillonite.  It is difficult to tell if there is a change in 

the interlayer water, due to the large error in measurement. 

 

It is worth noting that the errors for the isotopic measurements of the submerged sample are 

higher than seen for other clays when using DTIA, in particular for the interlayer water and 

hydroxyl hydrogen.  This seems to be caused by some inconsistency or memory effect across 

sample measurement – successive measurements of the submerged samples show 

unidirectional changes in the isotopic composition measured (Table 4.12). 

 

Additionally, the clay seems to have begun reacting over the 23 month time period.  Figure 

4.8 compares the dehydration profiles of the untreated and submerged montmorillonites – a 

small portion of the 23-month treated sample begins dehydroxylation early, showing a small 

dehydroxylation peak shoulder in the dehydration profile.  This could in part explain the 
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memory effect seen in the results, if the sample, after spending 23 months submerged, reacted 

further under air. 

 

 

 

Montmorillonite 

Sample 
Water Type 

Isotope 

Type 

Measurement Number 

1 2 3 4 

Untreated 

Interlayer 

Water 

δD / ‰ –36.60 –38.21 –37.76 –38.78 

δ18O / ‰ –2.38 –3.14 –3.00 –3.38 

Hydroxyl 

Water 

δD / ‰ –42.44 –41.18 –41.43 –41.35 

δ18O / ‰ 13.56 13.34 13.50 13.29 

Submerged 

Interlayer 

Water 

δD / ‰ –51.3 –49.45 –45.08 –42.83 

δ18O / ‰ –5.85 –5.12 –2.38 –1.31 

Hydroxyl 

Water 

δD / ‰ –52.08 –52.31 –50.36 –49.26 

δ18O / ‰ 12.25 13.43 13.02 13.40 

 

Table 4.12.  Measurement-by-measurement results of the exchange montmorillonite 

sample, compared to untreated montmorillonite.  The submerged sample shows a 

strong `memory effect` like trend in the interlayer water isotopic compositions.  This 

is significantly less strong in the hydroxyl water, but the hydroxyl hydrogen results do 

show a slight directional trend across measurements. 
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Figure 4.8.  A comparison of the dehydration profiles of untreated montmorillonite 

(left) and montmorillonite that had been submerged in water for 23 months (right).  

The untreated montmorillonite has a narrower dehydroxylation peak, while the water-

treated montmorillonite dehydroxylation peak starts at a lower temperature with a 

broad shoulder. 

 

 

4.4.6 PETM Clay Measurement 

 

As shown in Figure 4.9 for two PETM clay samples of differing clay composition, the three 

dehydration peaks can be separated into individual sharp peaks, enabling the isotopic 

composition of each to be measured accurately.  No differentiation between the component 

clay hydroxyl waters can be seen within the final dehydroxylation peak, so no attempt was 

made to deconvolve the OH peak.  The results of the PETM clay measurements are discussed 

in Chapter 5. 
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Figure 4.9.  A comparison of the final measured dehydration profiles of two PETM 

samples from depths: a) 2613.48 m, and b) 2616.34 m.  The first and second peaks 

likely reflect exchangeable interlayer water.  The second peak varies in size across the 

samples, being between 12-51 % of the size of the third peak, and thus is too small for 

accurate isotopic measurements.  Including the second peak as part of the hydroxyl 

peak in isotope analysis leads to only small changes in reported values, and does not 

change the overall hydroxyl isotope trends; given this, and the fact that the second 

peak is removed at lower temperatures than one would expect dehydroxylation to 

occur at for any of the clays present, it is safe to ignore the second peak when 

calculating the hydroxyl isotopic compositions of the samples (even though the origin 

of the peak is not known). 
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4.5 Discussion 

 

4.5.1 Clay Dehydration Experiments 

 

The results demonstrate that the isotopic composition of clay hydroxyl groups can in isolation 

be measured accurately using DTIA.  While not all measurements were carried out to a high 

precision, as noted with the talc later, the larger errors arising from having initial 

measurements not match subsequent measurements can be lessened through use of a 

platinum-rhodium crucible, and can also be overcome by running an extra sample and 

ignoring the first result for the most accurate measurements.  At the same time, errors are still 

comparable to recent isotopic studies of clay minerals (e.g. Yang et al., 2017, where 

uncertainties were estimated at ± 3 ‰ for δD and ± 0.3 ‰ for δ18O).  It is possible that a 

more rigorous cleaning method is required for the crucibles between measurements – perhaps 

sonication followed by heating to a high temperature to drive off excess water would reduce 

errors slightly. 

 

4.5.1.1 Kaolinite (Al2Si2O5(OH)4) 

 

Kaolinite DTIA measurements are simple to carry out, as the structure of kaolinite does not 

contain any interlayer water or structural water, only hydroxyl groups, with the possibility of 

some water absorbed on the surface of the clay.  As such, isothermal steps may seem of lesser 

importance, as it is likely that background water levels will return to low amounts before the 

temperatures for dehydroxylation are reached.  However, they are still worth including in 

case of isotopic exchange between atmospheric water and the kaolinite hydroxyl in a hot 

furnace, or possible exchange reactions between oxygen in the air, and the kaolinite structure 

and released water.   

 

As these were the first measurements carried out for dehydroxylation experiments, errors are 

somewhat high for kaolinite.  Repeat measurements using current methods (slightly more 

sample, faster ramp rates and shorter isotherms at higher temperatures) would improve the 

accuracy and approach the errors for other clays (as in fact seen in the acid treatment 

experiments).  As discussed in Chapter 2, DTIA measurements agree with other offline 
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measurements of the kaolinite hydroxyl isotopic composition, and with previous 

measurements of the kaolinite hydroxyl δD (Sheppard, 1977). 

 

4.5.1.2 Montmorillonite ((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O) 

 

The montmorillonite measurements serve to show that both clay standards and more heavily 

eroded clays, such as the Ethiudna montmorillonite, whose broad dehydroxylation was 

characteristic of a degraded smectite, can be measured by DTIA.  It is not known whether the 

erosion of the Ethiudna montmorillonite had an effect on the isotopic composition of the 

hydroxyl group, as it was not possible to measure samples of the same origin which were less 

heavily eroded.  It has previously been suggested that clay hydroxyl hydrogen isotopically 

exchanges as part of the transport process during the weathering of clays (Lawrence and 

Taylor, 1972), but the study is inconclusive, and I am unaware of further work on this topic. 

 

4.5.1.3 Nontronite (CaO0.5,Na)0.3Fe3+
2(Si,Al)4O10(OH)2·nH2O 

 

It is unclear why the nontronite sample showed a memory effect, while most other samples 

did not.  Unlike the synthetic talc, it does not dehydroxylate at an especially high 

temperature.  It is possible that it is related to the prior sepiolite measurement (where δD is ≈ 

30 ‰ lower than for nontronite). 

 

4.5.1.4 Palygorskite ((CaO0.5,Na)0.3Fe3+
2(Si,Al)4O10(OH)2·nH2O) 

 

No particularly interesting results pertaining to palygorskite were found by our preliminary 

measurements.  However, given that the dehydration of bound water in palygorskite is likely 

due to structural changes (as known for sepiolite), it is possible that a detailed study on a 

number of palygorskite and sepiolite studies using the difference in isotopic composition 

between the bound water peaks could tell us about the sites from which water is removed last, 

and the kinetics of the dehydration from these sites.  If the separation of bound water into the 

two peaks upon dehydration was purely kinetic, we would expect the second bound water 

peak removed at higher temperatures to have heavier isotopes for both hydrogen and oxygen, 

which is not seen in our results for palygorskite (with the caveat that the first bound water 

peak has a low water content). 
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4.5.1.5 Rectorite ((Na,Ca)Al4((Si,Al)8O20)(OH)4·2H2O) 

 

The origin of the second dehydration peak between 220-340 °C does not appear to be 

discussed in the literature of clay thermal analysis.  The temperature range appears too low to 

be due to a dehydroxylation process (clay mineral dehydroxylation typically starts at 

temperatures higher than 400 °C (Smykatz-Kloss, 2003), though dehydroxylations beginning 

at temperatures as low as 340 °C and 350 °C have been reported for gibbsite (Smykatz-Kloss, 

2003) and iron-rich illites (Murad and Wagner, 1995), respectively – note that the iron-rich 

illite dehydroxylation was centred around the much higher temperature of 565 °C).  

Determining the origin of this peak is of interest, given that it appears at slightly higher 

temperatures in the PETM clays (which contain a significant portion of illite-smectite, though 

not necessarily in a 1:1 dioctahedral smectite to dioctahedral mica ratio), and given that 

different types of illite-smectite are very common in clay mixtures which have formed from 

or undergone some hydrous alteration. 

 

4.5.1.6 Talc (Mg3Si4O10(OH)2) 

 

The cause of talc having a much stronger memory effect than the other samples is likely due 

to the high temperature of its dehydroxylation.  Higher temperatures would be expected to 

increase the rate of exchange, so if exchange is occurring with oxygen-containing crucibles, it 

should occur fastest for the synthetic talc samples.  This is observed in experiments carried 

out by Koehler and Wassenaar (2012), though it is unclear whether they are seeing exchange 

with molecular oxygen from the dry air carrier gas only, or both exchange between molecular 

oxygen and released water and between materials used in the furnace (quartz in this case) and 

released water.  Certainly the study demonstrates the importance of using dry nitrogen as a 

carrier gas, and combined with our results from using the aluminium oxide crucibles, it seems 

likely that both types of exchange occur, and hence that using a crucible type that does not 

contain oxygen is important for high temperature DTIA measurements. 

 

4.5.2 Isotherm Length Experiments 

 

The results of these experiments demonstrate the need to keep isothermal steps as short as 

possible, while still maintaining peak separation, rather than removing interlayer and bound 

water over extended dehydration periods, as has been done in previous studies attempting to 



Chapter 4:  Application of DTIA to Clay Mineral Water Stable Isotopes      119 

 

measure clay hydroxyl isotopic composition (for examples see: Bell and Ihinger, 2000; Gong 

and Chen, 2007; Bauer and Vennemann, 2014).  However, it is important to note that 

previous studies isolated the clay hydroxyl group by dehydrating interlayer water at lower 

temperatures and often under vacuum, so it is unlikely that any exchange effects will have 

been nearly as prominent in these studies as they were in the results of my experiments – 

although we cannot discount the possibility of exchange between hydroxyl oxygen and the 

clay bulk oxygen, which my results do not give conclusive evidence for or against.  The 

results most importantly show that small isotherms do not change the results of measurement, 

meaning that even if it is possible that the theoretically optimum measurement would 

dehydrate unwanted water using vacuum over a short time period, it is in practice 

unnecessary for DTIA measurements. 

 

4.5.3 Mixed Clay Experiments 

 

The results of the mixed clay experiments are very important for the theoretical utility of 

DTIA when examining geological samples containing mixed clays.  If the expected values 

had not matched the measured values, meaning that the presence of other clays affected the 

hydroxyl measurement of the total hydroxyl water, it would have suggested that even single 

clays experience exchange between the structural bulk oxygen and the hydroxyl oxygen when 

heated.  As this is not the case, it seems that clay hydroxyl measurement can indeed be used 

to measure distinct signals.  The results also suggest that the dehydration of interlayer water 

does not facilitate exchange between interlayer water and hydroxyl water, as the total 

hydroxyl composition does not move towards the isotopic composition of the 

montmorillonite STx-1b interlayer water.  Finally, the results clearly demonstrate that the 

hydroxyl groups of mixtures of clays can be accurately measured by DTIA, even if individual 

hydroxyl peaks cannot be isolated. 

 

The results of the partial peak analysis also have interesting implications for DTIA.  Either 

the added material is causing the dehydroxylation to proceed through a different mechanism, 

so have a different isotopic profile, which seems unlikely, or at high temperatures we are 

seeing some amount of exchange between the hydroxyl group hydrogen of the two clays.  

The change in δ18O when comparing the mixed clay to pure kaolinite likely arises from the 

failure to isolate water from only kaolinite, even when considering the first quarter peak of 

the dehydroxylation.  This is consistent with the mixed first half peak and first quarter peak 
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values for δ18O being closer to the values for kaolinite than to the values for montmorillonite 

STx-1b.  The same is not true for the δD values, suggesting that more is occurring than 

simply the failure to isolate only kaolinite hydroxyl-derived water. 

 

4.5.4 Carbonate Removal 

 

The importance is carbonate removal is clear from our experiments, and treatment with weak 

acid appears to be an effective solution for carbonate removal, removing all carbonate 

without affecting the hydroxyl isotopic composition.  However, there are some downsides to 

using a water-based decarbonation method.  In particular, any interlayer water in the clay 

sample is likely to partially exchange over the course of the acid treatment, so even if local 

water had been preserved in the clay sample, it would not be possible to accurately measure 

the isotopic composition of that water after acid treatment.  Moreover, dolomite is not able to 

be removed through use of a weak acid, but treatment by strong acids (such as HCl) is 

damaging to clay samples, and HCl in particular was found to cause partial dissolution of the 

synthetic talc sample.  At this stage, it seems that removal of dolomite is reliant on physical 

separation methods, such as use of a flotation cell. 

 

4.5.5 Clay Exchange Experiment 

 

The clay exchange experiment highlights limitations of exchange studies when it comes to 

examining clay isotopic composition, rather than directly informing us of the likelihood of 

isotopic exchange in clays.  The possibility of a smectite clay (montmorillonite) reacting over 

the course of two years was not one I anticipated when choosing the test sample.  Further 

exchange experiments are clearly indicated.  However, it would be of great interest to know if 

these clay-alteration reactions lead to a change in the hydroxyl isotopic composition, as this 

would have implications for the information recovered from altered clays, specifically 

whether altered clays preserve information about the alteration conditions, or about the 

original conditions the clay formed in before alteration.  As a montmorillonite was chosen for 

the exchange experiment, it is unclear if the change to the dehydroxylation profile was due to 

the start of a transition to an illite-smectite clay, or whether it is due to the montmorillonite 

degrading from cis-vacant to trans-vacant, hence lowering the dehydroxylation temperature 

(Cuadros and Altaner, 1998; Emmerich and Kahr, 2001). 
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The isotope results themselves fit with other published research.  In particular, long-term 

water exchange experiments carried out on the hydroxyl groups of volcanic ash found that 

only the hydrogen isotopic composition changed over a period of 20 months, even when 

carried out at elevated temperatures of 70 °C (Nolan and Bindeman, 2013).  As such, we 

would expect clay hydroxyl groups to similarly only exchange hydrogen isotopes, which is 

what our preliminary experiments seem to indicate.  The depletion seen in the submerged 

sample would be consistent with equilibrium isotopic exchange between the sample and 

submersion water; although there is no published value for αDOH for montmorillonite, if we 

assume that it is of a similar magnitude to other smectites (kaolinite and illite-smectite, where 

at 30 °C αDOH is equal to –31.64 and –54.73 respectively), then we would expect 

montmorillonite δD to reach equilibrium with the submersion water between –99 and –74 ‰.  

This is significantly more depleted than the measured δD, suggesting that if exchange is the 

cause of the shift, then the montmorillonite sample is not close to equilibrium with the 

submersion water. 

 

Prior research has been carried out specifically on the exchangeability of clay hydroxyl 

isotopes, but it is important to note that the prior mentioned limitations of my experiments 

seem to apply to other studies of clay hydroxyl isotopic exchange.  Clays have found use as 

suitable burial material for nuclear waste, and as such experiments have been carried out to 

investigate the capacity of clays to absorb tritium isotopes (e.g. Lytovchenko et al., 2005; 

López-Galindo et al., 2008), where, in contrast to older research (e.g. Moun and Rosenqvist, 

1958), they found that water liberated from clays at higher temperatures (in the 

dehydroxylation region) is affected by hydrogen-tritium exchange.  However, it is difficult to 

compare changes in the number of tritium atoms to large scale changes to δD, as tritium 

concentrations are unknown (but typically very small), and the exact methods used for the 

dehydration, and subsequent trapping, of clay interlayer and hydroxyl water are not clear.  

Moreover, while the finding that tritium exchanges after short periods of time is not affected 

by the possibility of clay reaction, experimental results for the longer experiments do not take 

the possibility into account.  Earlier research into isotopic exchange by O’Neil and Kharaka 

(1976) suggested that at temperatures over 100 °C (and up to 350 °C) both hydrogen and 

oxygen could exchange with solutions over periods of two years, with hydrogen exchange 

occurring at a much faster rate, and with exchange occurring much faster when facilitated by 

interlayer water.  However, results from high temperatures are not applicable to all natural 

clay samples, and again the water separation achieved in these experiments is not perfect.  
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The authors do however note that over 350 °C significant clay reactions occur, which do not 

appear to affect the δ18O values significantly – this is certainly of further interest. 

 

Outside of laboratory-based exchange experiments, some evidence for hydroxyl hydrogen 

isotope exchange in kaolinite has been found in ancient North American kaolinites (Lawrence 

and Meaux, 1993), though for some kaolinites this appears to have occurred only during 

burial and uplift in the early Cenozoic.  For other kaolinites, the causes of δD values not 

reflecting the meteoric mother water δD values are unclear. 

 

4.5.6 PETM Clay Measurement 

 

When examining the PETM clay measurements, it is slightly unsatisfactory that the second 

peak is only assigned by comparison to component clays, without a good understanding of 

what that second peak represents in the component clay.  However, the amount of water in 

the second peak is generally very small in the samples, such that even if the analysis includes 

the second peak, only small changes to the magnitudes of results ensue, rather than any 

changes in the overall trend.  For discussion of the results, see Chapter 5. 
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4.6 Conclusion 

 

Measurements of pure clays demonstrate that accurate measurements of the hydroxyl groups 

of clay minerals are achievable for a number of different clays using DTIA, using a 

significantly less labour intensive process than previous methods for isotope measurement.  

The errors in measurement are reasonable, and broadly consistent with those published in 

recent isotopic studies, though in general δD measurements are more accurate for DTIA, 

while δ18O measurements are of similar accuracy.  It would be of potential further interest to 

test the types of heating steps used in the broader literature on clay water isotope analysis, to 

determine if holding clays at temperatures between 150-300 °C under vacuum leads to 

isotopic exchange, as seen in our long isotherm experiments.  Further examination of mixed 

clays, and how peaks might be separated analytically by modelling of the measured δD and 

δ18O curves in addition to modelling the water concentration curve, would also be of use in 

natural sample cases where peak separation cannot be fully achieved through the use of 

DTIA.  Additionally, while only carbonate was dealt with as a major contaminant in this 

chapter, geological samples often contain major proportions of non-clay minerals prior to 

physical separation.  As physical separation of clay minerals is labour intensive, quantifying 

the effect of non-clay mineral contamination on DTIA accuracy would also be highly useful 

for assessing what degree of sample separation is required. 

 

However, the most important area of clay isotope measurement that requires further work is 

the potential of clay mineral hydroxyl groups to isotopically exchange while in contact with 

water, and how reactions with the water might affect the measured isotopic composition of 

the final altered clay.  This is crucial for knowing what information diagenetic clays retain for 

palaeoclimatic analysis – that is to say, whether information from the original formation 

environment of the precursor clay is retained, or if information from the environment under 

which diagenesis occurs is retained. 

 

 



 

5 Enhanced Paleocene-Eocene Thermal Maximum 

Hydrology Inferred from Clay Hydroxyl 

Isotopes 

 

Note on Authorship 

 

The results and much of the rest of this chapter have been published as the paper ‘Clay 

hydroxyl isotopes show an enhanced hydrological cycle during the Paleocene-Eocene 

Thermal Maximum’ in Nature Communications.  I am the primary author of this paper.  The 

chapter includes some results from experiments carried out by co-authors: 

• preparation of the 4 μm clay fraction 

• measurements of clay bulk oxygen isotopes 

 

Walters, G. L., Kemp, S. J., Hemingway, J. D., Johnston, D. T., & Hodell, D.A. (2022).  Clay 

hydroxyl isotopes show an enhanced hydrologic cycle during the Paleocene-Eocene Thermal 

Maximum. Nature Communications, 13, 7885. doi:10.1038/s41467-022-35545-2 

 

 

5.1 Abstract 

 

The Paleocene-Eocene Thermal Maximum (PETM) was an abrupt global warming event 

associated with a large injection of carbon into the ocean-atmosphere system, as evidenced by 

a diagnostic carbon isotope excursion (CIE).  Evidence also suggests substantial hydrologic 

perturbations, but details have been hampered by a lack of appropriate proxies.  To address 

this shortcoming, the isotope composition of hydroxyl groups (OH−) in clay minerals from a 

highly expanded PETM section in the North Sea Basin were isolated and measured, together 

with their bulk oxygen isotope composition.  At this location, hydroxyl O- and H-isotopes are 

shown to be less influenced than bulk values by clay compositional changes due to mixing 

and/or inherited signals and thus better track hydrologic variability.  Clay OH− hydrogen-

isotope values (δ2HOH) are found to decrease slowly prior to the PETM and then abruptly by 

~8 ‰ at the CIE onset.  Coincident with an increase in relative kaolinite content, this 

indicates increased rainfall and weathering and implies an enhanced hydrologic cycle 
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response to global warming, particularly during the early stages of the PETM.  Subsequently, 

δ2HOH returns to pre-PETM values well before the end of the CIE, suggesting hydrologic 

changes in the North Sea were short-lived relative to carbon-cycle perturbations. 
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5.2 Introduction 

 

The Paleocene-Eocene Thermal Maximum (PETM) represents an intense global warming 

event that occurred approximately 55.5 Ma (Kennett and Stott, 1991; Thomas et al., 2002; 

Zachos et al., 2003; Sluijs et al., 2006; Westerhold et al., 2017; for summary, see McInerney 

and Wing, 2011).  While the exact cause of the PETM remains uncertain, several diagnostic 

markers exist in the geological record, including a prominent carbon isotope excursion (CIE) 

of approximately 3-4 ‰ at the PETM onset and widespread dissolution of marine carbonates 

(Kennett and Stott, 1991; Thomas et al., 2002; McInerney and Wing, 2011).  This carbon 

injection led to average global temperature increases of 4-5 °C (Kennett and Stott, 1991; 

Thomas et al., 2002; Sluijs et al., 2006), oceanographic changes including deoxygenation and 

acidification leading to mass benthic extinctions (Schmidt et al., 2018), and perturbations in 

the hydrologic cycle (Carmichael et al., 2017). 

 

The global hydrologic cycle is thought to have changed during the PETM relative to today, 

but large regional variability likely existed (for summary, see Carmichael et al., 2017).  

Palynological and biomarker isotope studies suggest sustained increases in terrestrial runoff, 

both in the tropics (e.g. Venezuela; Jaramillo et al., 2010) and in high-latitude regions (e.g. 

Arctic Spitsbergen (Harding et al., 2011), New Zealand (Crouch et al., 2003), North Sea 

(Kender et al., 2012), and Arctic Ocean (Pagani et al., 2006)).  In contrast, sedimentological, 

palynological, and palaeosol data imply either increasing aridity (e.g. southern Rocky 

Mountains (Bowen and Bowen, 2008) and Tanzania (Handley et al., 2008)) or strong 

seasonality and extreme rainfall events in the subtropics to lower mid-latitudes (e.g. Spanish 

Pyrenees (Schmitz and Pujalte, 2007) and Normandy (Garel et al., 2013)).  Despite these 

general trends, large uncertainty persists in our quantitative understanding of PETM 

hydrologic cycle and the timing of these changes relative to the CIE. 

 

Improving constraints on the PETM hydrologic cycle is of particular relevance for ongoing 

and future climate change.  Anthropogenic warming is predicted to exceed 2 °C by the end of 

this century even under the stabilisation (RCP6.0) greenhouse gas scenario (Stocker et al., 

2013).  Such warming will likely increase hydrologic-cycle intensity, thus exacerbating 

environmental stress (Trenberth et al., 2003; Dai, 2006).  Current models suggest an 

enhanced hydrologic cycle with elevated precipitation driven by higher evaporation rates 
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(Houghton et al., 2001; Held and Soden, 2006; Seager et al., 2010), a pattern which already 

may be beginning to emerge.  However, while spatial changes in total precipitation amount 

can be modelled accurately, climate models are not yet precise enough to predict spatial 

variations in the frequency, seasonality, intensity or type of precipitation (Dai, 2006; Sun et 

al., 2006).  Testing whether current climate models can simulate the observed hydrologic 

responses to temperature during the PETM will aid in assessing future hydrological 

projections in response to global warming. 

 

Large variations in clay mineralogy are recorded in sediments deposited over the PETM in 

response to changing climate conditions.  A major unresolved observation of the PETM is 

that many mid- to high-latitude sections record a conspicuous increase in the deposition of 

kaolinite (e.g. Gibson et al., 1993, 2000; Robert and Kennett, 1994; Bolle et al., 2000; Kelly 

et al., 2005; Dypvik et al., 2011; Soliman et al., 2011; John et al., 2012; Khozyem et al., 

2013; Bornemann et al., 2014; Chen et al., 2016).  Kaolinite is a clay mineral that is generally 

assumed to form predominantly by intense weathering in humid tropical climates (White and 

Brantley, 1995; Thiry, 2000; Egger et al., 2002).  The origin and significance of PETM 

kaolinite deposition is controversial, because it could result from either: (i) increased 

chemical weathering and kaolinite formation under warmer climate and elevated year-round 

precipitation (Robert and Kennett, 1994; Gawenda et al., 1999; Bolle and Adatte, 2001; 

Clechenko, 2007), or (ii) enhanced mobilization, physical transport, and exhumation of 

previously weathered material (e.g. laterite soils) during strong seasonal rainfall events 

(Thiry, 2000; John et al., 2012; Kemp et al., 2016; Carmichael et al., 2018).  While the 

former interpretation of increased chemical weathering is consistent with a direct negative 

silicate-weathering feedback to elevated temperatures (Walker et al., 1981), the latter of 

increased physical weathering provides a less direct feedback and may indicate a decoupling 

between climate and weathering intensity.  The two processes are not mutually exclusive and 

evidence exists that both may have occurred at the time of the PETM in different settings. 

 

To provide such constraints, online DTIA was used to measure the isotopic composition of 

clay hydroxyl groups from an expanded PETM section in the Sele Formation, North Sea 

(well 22/10a-4 (57°44′8.47″N; 1°50′26.59″E; up to ~500 m water depth); Figure 5.1; Kender 

et al., 2012; Kemp et al., 2016).  During the early Palaeogene, the North Sea was a restricted 

marine basin, bounded by Scotland to the north, Greenland to the west and the Fenno-

Scandian Shield to the east.  The basin contains a highly expanded Paleocene-Eocene 
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transition sequence, uninterrupted but for minor erosion at the base of thin turbidite 

sandstones (Kender et al., 2012).  Terrigenous input was high during the Palaeogene and 

thought to be derived primarily from the Scotland Faeroe-Shetland landmass (Knox, 1998), 

making this an ideal location to study mid-latitude PETM hydrologic variability.  

Furthermore, by isolating and measuring the hydrogen and oxygen isotope composition of 

clay hydroxyl groups (δ2HOH and δ18OOH) in addition to bulk clay δ18O (δ18Obulk), the 

approach used aims to avoid potential biases by clay end-member mixing and/or inherited 

isotopic compositions (John et al., 2012).  The record is thus expected to robustly track 

PETM hydrologic variability. 
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Figure 5.1.  Map of the North Sea Basin, showing the location of well 22/10a-4 and 

the surrounding geological features and Palaeogene deposits.  Figure 5.1 is 

reproduced from Kemp, S., Ellis, M., Mounteney, I., & Kender, S. (2016). 

Palaeoclimatic implications of high-resolution clay mineral assemblages preceding 

and across the onset of the Paleocene–Eocene Thermal Maximum, North Sea Basin. 

Clay Minerals, 51(5), 793-813. © The Mineralogical Society of Great Britain and 

Ireland 2016, published by Cambridge University Press, reproduced with permission. 
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5.3 Materials and Methods 

 

5.3.1 Materials 

 

Measurements of 22 samples consisting of separated <4 μm size fractions of sediment 

samples across the PETM from the Sele Formation were made in this research, taken from 

well 22/10a-4 (57°44′8.47″N; 1°50′26.59″E; up to ~500 m water depth; Figure 5.1) located in 

the central North Sea.  Samples of the same <4 μm size fractions were used previously for a 

clay mineralogical study (Kemp et al., 2016). 

 

5.3.2 Methods 

 

5.3.2.1 Sample Preparation and Measurement – Hydroxyl Isotopes 

 

Details of the initial preparation and isolation of the <4 µm samples are given by Kemp et al., 

2016.  Details of further preparation for DTIA measurement and the specifics of the DTIA 

measurements are given in Chapter 4. 

 

Three to four DTIA measurements were taken at each depth (at 2610.82 m, only two 

measurements could be taken, due to having limited sample).  Errors (1 σ) were calculated 

from the standard deviation of the measurements at each depth. 

 

5.3.2.2 Sample Analysis – Hydroxyl Isotopes 

 

To calculate the fractionation factor corrected δ2H values from the hydroxyl δ2H, which 

should represent the approximate mother water hydrogen isotopic composition, a number of 

assumptions are required.  Not all clays have hydroxyl fractionation factors reported in the 

literature, so it must be assumed that the hydroxyl water was derived from a mixture of illite-

smectite and kaolinite only.  The proportion of hydroxyl water that each clay mineral would 

contribute to the total hydroxyl water is then calculated, by comparing the proportions of 

each clay in the assemblage to the relative weight percentage of hydroxyl in the clay 

chemical formulae, assuming a typical clay elemental composition.  For illite-smectite, it is 

assumed that changes to the percentage composition of illite, K0.65Al2.65Si3.35O10(OH)2, and 
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montmorillonite, Na0.1Ca0.23Al2Si4O10(OH)2(H2O)11.66 (assuming the montmorillonite is 36.1 

% water by weight), do not affect the fractionation factor, but do change the proportion of 

hydroxyl isotope contributed.  The mother water values were then estimated by applying the 

fractionation factors weighted by the water amounts contributed by each clay: 

 
 

δ2Hmw = δDOH − [1000 ln α2Hkaolinite  ×  𝑓𝐻𝐻2𝑂𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒        

                                +1000 ln α2Hillite−smectite  ×  (1 − 𝑓𝐻)𝐻2𝑂illite−smectite] 

where: 
 

𝑓𝐻 =
%𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒 × %𝑂𝐻 𝑖𝑛 𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒

(%𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒 × %𝑂𝐻 𝑖𝑛 𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒 + %𝑖𝑙𝑙𝑖𝑖𝑡𝑒−𝑠𝑚𝑒𝑐𝑡𝑖𝑡𝑒 × %𝑂𝐻 𝑖𝑛 𝑖𝑙𝑙𝑖𝑡𝑒−𝑠𝑚𝑒𝑐𝑡𝑖𝑡𝑒)
 

 

α2Hmineral is the water-mineral hydrogen fractionation factor, and δ2Hmw is the estimated 

mother water value for δ2H.  Hydrogen fractionation factors at 30 °C are taken from Gilg and 

Sheppard, 1996, and Hyeong and Capuano, 2004, for kaolinite and illite-smectite 

respectively.   The δ2Hmw is also estimated assuming compositions of 100 % kaolinite and 

100 % illite-smectite, to account for the spread of possible values for δ2Hmw in lieu of error 

calculations (where the largest error is caused by not having fractionation factors for an 

average of ~25 % of the hydroxyl isotope contribution). 

 

No accompanying measured values for hydroxyl oxygen fractionation in clays exist in the 

literature.  As such, it was not possible to carry out this analysis for hydroxyl oxygen.  

Fractionation factors for bulk oxygen do exist; however, the samples contain considerable 

amounts of quartz of unknown provenance (up to 31 %).  For such an analysis to be useful, 

the quartz would have to be separated from the clay fraction, or the oxygen contribution of 

the quartz otherwise constrained. 

 

It is worth noting that, with accurate fractionation factors and quartz constraints, the hydroxyl 

oxygen data (or bulk oxygen data, assuming that the hydroxyl and bulk signals originate from 

the same mother water) and hydroxyl hydrogen data could be combined to find the formation 

temperature of a hydroxylated mineral.  For example, the fractionation factors detailed in 

Sheppard and Gilg (1996) for bulk oxygen have a dependence on T–2, and the hydrogen 

fractionation factor in Hyeong and Capuano (2004) has a dependence on T–1.  As such, the 

fractionation factors in the mother water calculations can be substituted for expressions 
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dependent on temperature, leaving the mother water isotopic composition and the 

temperatures as unknowns.  The mother water δD and δ18O are linked, however, by the global 

meteoric water line (GMWL) – as such, we can treat the deuterium and oxygen equations as 

simultaneous equations, and can eliminate the mother water isotopic composition to find an 

expression dependent only on measured values and temperature.  In practice, without these 

fractionation factors and quartz constraints, the values found from this method using the bulk 

oxygen data do not appear to mirror reasonable temperatures (ranging from –73 to 35 °C). 

 

 

Mineral Reference 
1000 ln α (Hydroxyl Hydrogen) 

at 30 °C 

Kaolinite 
Gilg and 

Sheppard (1996) 
–31.64 

Illite-smectite 
Hyeong and 

Capuano (2004) 
–54.73 

 

 

Table 5.1.  The hydroxyl hydrogen fractionation factors used in this research. 

 

 

5.3.2.3 Sample Preparation and Measurement – Bulk Oxygen Isotopes 

 

Samples were first treated with 1 M hydrochloric acid (HCl) at a greater than 40:1 liquid to 

solid ratio for four hours to remove carbonates.  This is unsuitable for hydroxyl D 

measurements as it leads to hydrogen isotope exchange, but it does not cause problems for 

bulk oxygen measurements.  Samples were then treated with 30 % hydrogen peroxide (H2O2) 

for 48 hours at room temperature to remove organic matter, again at a greater than 40:1 liquid 

to solid ratio, and were subsequently centrifuged, decanted, and rinsed three times with 

18.1-M Milli-Q water to remove residual H2O2.  HCl and H2O2 treatments are shown to 

negligibly impact bulk 18O values for a kaolinite standard material, supporting the use of 

these methods (raw 18O = 21.6 ± 0.6 ‰, n = 2; HCl treated 18O = 22.5 ± 0.5 ‰, n = 2; 

H2O2 treated 18O = 20.5 ± 0.7 ‰, n = 9).  
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Following this, samples were dried overnight at 65 °C in a vacuum oven, loaded into a 21-

well laser fluorination tray and dried for a further 72 hours at 65 °C in a vacuum oven.  This 

tray was then inserted into a laser fluorination chamber, heated to ~65 °C under vacuum for 

~6 hours, and allowed to cool to room temperature before being reacted with 40 T fluorine 

gas (F2) for 15 hours to remove any remaining hydration water (“pre-fluorination”).  Pre-

fluorination product O2 was then removed under vacuum.  To analyze each sample, the 

chamber was again charged with 40 T F2 gas and same material was reacted by use of a 50 W 

CO2 laser (Teledyne) following Sharp, 1992; laser power was initially low to prevent 

sputtering and was gradually increased to ~10 % until no visible sample residue remained.  

Fluorinated compounds were then removed by liquid nitrogen, residual F2 gas was passivated 

by KBr salt held at 200 °C, and O2 gas was purified by passage through a 3m long gas 

chromatography column packed with 5 Å molecular sieve as described in Cowie and 

Johnston, 2016. 

 

Analyte O2 gas was measured on a ThermoFischer Scientific MAT 253 isotope ratio mass 

spectrometer (IRMS) operated in dual inlet mode; for each sample, gas was analyzed in 4-

acquisition blocks of 10 cycles each and averaged.  Resulting 18O and ∆’17O values were 

corrected to the 2-point calibration SMOW/SLAP scale following Schoenemann et al., 2013, 

by directly fluorinating and analyzing VSMOW-2 and SLAP-2 standard material using a 

CoF3 reactor as described in Barkan and Luz, 2005.  Uncertainty was taken as the difference 

between replicate sample aliquots. 
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5.4 Results 

 

To track PETM onset and recovery, all clay isotope results are described relative to the bulk 

organic matter δ13C record from the same section (Kender et al., 2012).  In the late Paleocene 

prior to the PETM, the δ13C signal remains relatively constant at –25 ± 1 ‰ VPDB (Methods; 

Figure 5.2 a).  The CIE onset in this section is located between 2614.3 and 2613.5 m (Kender 

et al., 2012; Kemp et al., 2016), with a rapid δ13C decrease to –30 ± 1 ‰ VPDB at 2612.0 m.  

Carbon isotope values remain low (–30.7 ± 0.3 ‰) until at least 2605.0 m; post-PETM δ13C 

recovery has not been captured with the available data but must occur higher in this section. 

 

Throughout the section, the clay mineral assemblage comprises a mixture of kaolinite, illite, 

illite-smectite (I-S) and chlorite (Kemp et al., 2016).  Illite (13-23 %) and I-S (44-54 %) 

dominate in the base of the section (2634.0 to 2620.0 m), with chlorite content also at its 

highest in this interval (7-10 %; Figure 5.3).  In contrast, kaolinite concentrations are low 

during this period (1-4 %), but begin to increase at 2620.0 m and rise irregularly to a 

maximum of 44 % just after the CIE onset at 2613.5 m; this is mirrored by a decrease in I-S 

concentration to 19 % (Figure 5.3 a,b).  Following this peak, between 2612.0 and 2608.0 m 

kaolinite, illite and chlorite concentrations decline to 6-32 %, 9-20 % and 1-3 %, respectively, 

whereas I-S recovers to 27-52 % (mirroring the pattern in kaolinite concentrations).  In the 

upper-most section between 2608.0 and 2596.0 m, I-S again dominates (53-68 %), but illite 

(10-16 %) and chlorite (1-3 %) are less abundant than in the base of the section (Figure 5.3 

c,d), whereas kaolinite content remains higher (12-24 %) than before PETM onset. 

 

Measured δ2HOH values decrease gradually by 13.7 ± 0.6 ‰ over the 15 m leading up to the 

CIE onset, reaching –67.8 ± 0.3 ‰ VSMOW at 2613.5 m (Methods; Figure 5.2 b).  The CIE 

onset at 2613.5 m is followed by an abrupt δ2HOH decrease of 8.1 ± 0.4 ‰; δ2HOH decreases 

further throughout the early CIE, culminating in a minimum value of –87.0 ± 0.2 ‰ 

VSMOW at 2611.6 m.  This δ2HOH excursion occurs only between 2613.5 and 2608.7 m, 

with δ2HOH values returning to the pre-PETM baseline at 2606.4 m, well before the end of the 

CIE (Figure 5.2 b; Kender et al., 2012).  In total, δ2HOH spans a range of 34.1 ± 0.3 ‰ (27.6 ± 

0.3 ‰ if the one-point minimum is excluded).  Furthermore, the observed δ2HOH excursion is 

coincident with both an increased abundance of low-salinity dinoflagellate cysts excluding 

Apectodinium, and of Apectodinium itself (a genus abundant during the PETM and possibly 
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associated with enhanced terrestrial runoff (Crouch et al., 2003); see Frieling and Sluijs, 

2018, for further discussion of the origin of recorded PETM Apectodinium abundances) 

(Figure 5.2 b,c,d; Kender et al., 2012).  The strong correlation between dinoflagellate 

assemblages and δ2HOH is particularly apparent between 2612.8 and 2608.7 m, which marks 

the lowest observed δ2HOH values and greatest abundance of low-salinity dinoflagellate cysts 

excluding Apectodinium (and of Apectodinium). 

 

In contrast to δ2HOH, resulting δ18OOH changes appear to more closely track events in clay 

composition and δ13C variability (Figure 5.2 e), but overall correlation with clay oxygen 

contents is weak (e.g. for kaolinite, the strongest correlation, r2 = 0.46; p-value < 0.01; n = 

22).  At the base of the section, δ18OOH averages 3.2 ± 0.3-‰ VSMOW but quickly increases 

to 8.7 ± 0.2 to 10.7 ± 0.2 ‰ VSMOW (omitting a one-point minimum of 1.38 ± 0.13 ‰ 

VSMOW at 2617.4 m, which corresponds to a kaolinite content maximum and I-S content 

minimum; Figure 5.3 a,b).  At the CIE onset, δ18OOH values again decrease by 10.2 ± 0.2 ‰ 

to 0.42 ± 0.04 ‰ VSMOW and remain stable between -0.7 ± 0.2 ‰ and 3.7 ± 0.2 ‰ 

VSMOW for the remainder of the record. 

 

Similar to δ18OOH, bulk clay δ18O values are positively correlated with I-S oxygen content (r2 

= 0.30; p-value = 0.01; n = 22).  Both δ18OOH and δ18Obulk are also negatively correlated with 

kaolinite oxygen contribution, with δ18Obulk shows a much stronger correlation (r2 = 0.83; p-

value < 0.01; n = 22; Figure 5.2 f, 5.3 b,c).  In addition, the magnitude of δ18OOH variability 

(11.3 ± 0.3 ‰) is much greater than that for δ18Obulk (3.7 ± 0.8 ‰; Figure 5.2 e,f).  

Agreement between the δ18Obulk and δ18OOH trends is weak (r2 = 0.45; p-value < 0.01; n = 22).  

Prior to the PETM, δ18Obulk averages 18.6 ± 0.5 ‰ VSMOW at 2634 m and increases to 19.7 

± 0.6 ‰ VSMOW at 2623.3 m; however, these high values are not maintained until the CIE 

onset.  Rather, δ18Obulk decreases to 17.4 ± 0.7 ‰ VSMOW between 2621.2 m and 2617.4 m, 

then recovers to 18.7 ± 0.3 ‰ VSMOW at 2616.3 m before rapidly decreasing to 16.0 ± 0.6 

‰ VSMOW at the CIE onset at 2612.8 m.  Unlike δ18OOH, δ18Obulk begins to recover after the 

CIE onset – increasing to 19.6 ± 1.2 ‰ VSMOW at 2608.7 m – before decreasing to 17.5 ± 

0.4-‰ VSMOW at the top of the section. 

 

Finally, we estimate the hydrogen-isotope composition of clay mineral (neo)formation 

mother water (δ2HOH-MW) using mineral-specific 2H fractionation factors (Gilg and Sheppard, 

1996, and Hyeong and Capuano, 2004, for kaolinite and illite-smectite respectively) 
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combined with measured δ2HOH and clay mineral content trends (Figure 5.3 e).  Resulting 

δ2HOH-MW closely tracks the measured δ2HOH signal (r2 = 0.90; p-value < 0.01; n = 22).  

Absolute values are significantly less negative (ranging from –2.5 ‰ to –50.9 ‰ VSMOW) 

and exhibit larger variability (48.5 ‰) relative to δ2HOH (34.1 ± 0.3 ‰), as the most enriched 

δ2HOH values correspond to depths with higher I-S concentrations, while the most depleted 

δ2HOH values correspond to depths with higher kaolinite concentrations, despite kaolinite 

having a larger fractionation factor. 
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Figure 5.2.  Comparison of the major trends across the onset of the PETM versus depth in the core from well 22/10a-4.  The onset of the CIE is 

shown by the light grey bar.  (a) δ13C of total organic carbon (TOC) (Kender et al., 2012); (b) clay hydroxyl δ2HOH; (c) percentage of the 

dinoflagellate Apectodinium spp. (Kender et al., 2012); (d) percentage of low salinity dinoflagellate cysts excluding Apectodinium (Kender et al., 

2012); (e) clay hydroxyl δ18OOH; and (f) the bulk clay δ18Obulk.  Error bars for (b), (e) and (f) are ±1 σ analytical uncertainty. 
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Figure 5.3.  Comparison of the relative percentage of the component clays (note that panels use different scales) and reconstructed clay mineral 

formation source water versus depth in the core from well 22/10a-4.  The onset of the Carbon Isotope Excursion (CIE) is shown by the light grey 

bar.  (a) kaolinite; (b) illite-smectite; (c) illite; and (d) chlorite in the <4 μm size fraction from well 22/10a-4 (Kemp et al., 2016) and (e) the 

reconstructed clay mineral (neo)formation mother water δ2H (δ2HOH-MW).  Also shown in (e) are end-members assuming 100 % kaolinite (dotted 

grey line) or 100 % illite-smectite (dashed grey line).  Reconstructions are calculated using empirical fractionation factors from Gilg and 

Sheppard, 1996, and Hyeong and Capuano, 2018, respectively.  These end-member values are expected to encompass the range of possible 

δ2HOH-MW values for a given time point. 
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Mineral 
R2 correlation of isotope contribution 

δ18Obulk δ18OOH δ2HOH 

Chlorite 0.281 0.446 0.157 

Illite 0.194 0.110 0.005 

Illite-smectite 0.305 0.323 0.482 

Illite (total) 0.042 0.340 0.511 

Kaolinite 0.833 0.456 0.380 

Quartz 0.483 - - 

Smectite 0.460 0.248 0.187 

 

Table 5.2.  Correlation coefficients between the amount of oxygen or hydrogen 

contributed by the component mineral (i.e. mineral relative abundances scaled by 

structural or hydroxyl weight %) and the recorded δ18Obulk, δ
18OOH or δ2HOH (ordinary 

least squares).  Calculations for illite (total) include the illite component of I-S.  

Calculations for smectite refer to the smectite component of I-S.  Correlations which 

are significant at a 95 % confidence interval are in bold (p-value < 0.05). 
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5.5 Discussion 

 

The origin of the pervasive increase in PETM kaolinite deposition is debated.  Early studies 

interpreted this trend as reflecting contemporaneous PETM kaolinite formation, indicating 

increased pedogenesis and weathering under a warm, humid climate with an intensified 

hydrologic cycle (Robert and Kennett, 1994; Gawenda et al., 1999; Bolle and Adatte, 2001; 

Clechenko et al., 2007).  More recent studies considered the time required for regolith 

kaolinization – with estimates on the order of one Ma (Thiry, 2000) – and suggested this 

signal instead represents increased erosion and exhumation of previously deposited kaolinite 

that formed well before the PETM (John et al., 2012; Kemp et al., 2016; Carmichael et al., 

2018).  However, such long timescales refer to the formation of kaolinite from unweathered 

bedrock but do not necessarily apply to the kaolinization of pre-existing clays in soil profiles.  

The transformation in soils of 2:1 type phyllosilicates (e.g. smectite and illite) into 1:1 types 

(e.g. kaolinite) has been found to occur on the order of 100 days under laboratory conditions 

at 150 °C (Ryan and Huertas, 2013), and significant kaolinization of smectites can occur over 

a 5-10 ka period under tropical weathering conditions (Ryan and Huertas, 2009). 

 

5.5.1 Implications of Bulk and Hydroxyl Isotopes on Clay Origin 

 

Clay oxygen isotopes provide information about possible mineral sources and their genesis.  

As such, bulk oxygen measurements of PETM-age clays have been analysed previously; for 

example, from the Bass River section on the New Jersey margin, which similarly contains a 

mineral assemblage of smectite, illite, kaolinite and quartz (John et al., 2012).  In that study, a 

strong correlation was observed between smectite and δ18Obulk (r2 = 0.96) and between 

kaolinite and δ18Obulk (r2 = 0.88).  This suggested that δ18Obulk variability resulted from 

compositional changes in the proportion of kaolinite and smectite – each with constant 

δ18Obulk values – rather than changes to the δ18Obulk of the individual clay minerals across the 

PETM.  Applying a similar analysis to the δ18Obulk measurements of this research, only 

kaolinite is found to show a similarly strong correlation (r2 = 0.83) with δ18Obulk (Table 5.2).  

This implies that kaolinite across the section has a fairly constant δ18Obulk value, suggesting 

that kaolinite δ18Obulk does not necessarily capture isotopic changes across the PETM; this 

could be the result of kaolinite erosion from a pre-existing source, or from kaolinization of 
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existing soil profiles (where δ18Obulk will only be partially affected by the addition of 

hydroxyl groups). 

 

By contrast, the relative amounts of oxygen contributed by smectite, illite, quartz and chlorite 

components do not strongly correlate with δ18Obulk, δ
18OOH, or δ2HOH, with r2 values never 

exceeding 0.52 (Table 5.2).  Kaolinite content – which contributes up to 75 % of the oxygen 

and hydrogen for the hydroxyl measurements – also shows poor correlation to δ18OOH and 

δ2HOH, suggesting that the variation in the hydroxyl isotopes over the section is not driven by 

changes in the clay-sized mineral proportions. 

 

Therefore strong clay compositional effects are not observed in the section studied here.  In 

fact, the δ2HOH-SW variability increases when measured isotopic values are corrected for clay 

composition (i.e. by mineral-specific fractionation factors), suggesting a greater change in 

source water isotopic composition than is actually measured.  Furthermore, the measured 

δ2HOH-SW decrease (48.5 ‰) is consistent with n-alkane δ2H data from the same region (the 

Normandy Vasterival section), where a decrease of 60 ‰ was measured across the early 

PETM (Garel et al., 2013).  The observed changes in δ2HOH are thus best explained by the 

formation and alteration of clays during the PETM, rather than by the erosion of pre-existing 

deposits. 

 

In order for kaolinite formation to capture changing source water isotopic composition across 

the PETM, it must have formed via a faster mechanism than regolith kaolinization (as 

regolith kaolinization is estimated to take longer than the duration of the PETM (Thiry, 

2000)).  It is therefore suggested that kaolinite was formed by the transformation of 2:1-type 

phyllosilicate clays (e.g. smectite and illite) into 1:1-type clays (e.g. kaolinite) within soil 

profiles.  This kaolinization process of smectitic precursors leads to the addition of new 

hydroxyl groups – which will isotopically reflect meteoric water – and has been shown to 

occur under warm, humid conditions at rates sufficiently fast to capture changes in rainfall 

isotope composition across the PETM (Dudek et al., 2006; Cuadros et al., 2009). 

 

If, as argued above, clay formation and alteration during the PETM is the major contributor 

to δ2HOH in this section, then the effect of temperature on δ2HOH must also be considered, as 

temperatures in the North Sea region increased over the PETM.  Current models for clay 

hydroxyl group H-isotope fractionation factors (2HαOH) predict values less than one (Gilg and 



Chapter 5:  Enhanced PETM Hydrology Inferred from Clay Hydroxyl Isotopes      142 

 

Sheppard, 1996; Hyeong and Capuano, 2004), meaning that clay hydroxyl group H-isotopes 

are depleted relative to the hydroxyl group source water.  Less isotopic fractionation occurs at 

higher temperatures, so temperature increases would therefore be expected to result in higher 

δ2HOH values over the CIE in contrast to the observed lower values. 

 

The δ2HOH signal may be somewhat biased towards marine values by post-depositional 

isotopic exchange; however, in contrast to exposed terrestrial clays, there is little evidence for 

hydrogen isotopic exchange in deep-sea buried clays over ~3 Ma outside of the <0.1 μm 

fraction (Yeh and Epstein, 1978), so significant hydroxyl exchange is unlikely. 

 

5.5.2 Palaeohydrologic Implications of δ2HOH 

 

Taking into account the weak or insignificant correlations between measured isotope values 

and clay mineral proportions, and the inverse relationship between temperature and 2HαOH, 

the hydroxyl isotope record is interpreted as capturing changes in the isotopic composition of 

the source water.  Although the decrease in δ2HOH at the PETM onset is the largest observed 

change, both the measured δ2HOH and the calculated δ2HOH-SW show a clear trend towards 

more negative values in the period leading up to the PETM onset.  This trend towards more 

negative δ2HOH values precedes the CIE, suggesting that hydrologic changes during the 

PETM were not solely a result of changes in the carbon cycle.  The pre-PETM decrease in 

δ2HOH may instead reflect increased terrestrial input to the North Sea, as sea level in the basin 

was lowered by ~100 m during this time (Knox, 1996).  However, there is additional 

palynological evidence from a close-by North Sea well, where significant changes to 

vegetation were documented prior to the CIE, implying the pre-PETM decrease in δ2HOH 

does reflect hydrologic changes which predate the CIE (Eldrett et al., 2014). 

 

The 8 ‰ VSMOW decrease in δ2HOH at the onset of the PETM is interpreted to reflect a 

decrease in the δ2HOH of rainfall.  The mechanism proposed to cause this δ2HOH decrease is 

the amount effect (Dansgaard, 1964) – an observed negative correlation between monthly 

mean rainwater isotope composition and the total amount of precipitation, typically seen in 

the tropics at low elevation due to increased precipitation intensity in those regions. Increased 

PETM precipitation amount is further evidenced in this section by the concurrency of the 

δ2HOH excursion and the increased abundances of the low-salinity-tolerant dinoflagellate 
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cysts (and Apectodinium), implying that δ2HOH accurately reflects the δ2H of rainfall during 

the PETM. 

 

The measured δ2HOH decrease during the PETM may reflect high intensity precipitation 

events where rainfall is depleted in 18O and 2H; for example, those resulting from tropical 

cyclone activity (Müller et al., 2020).  TEX86-derived sea-surface temperatures for the North 

Sea suggest a temperature increase of at least ∼10 °C across the CIE onset with temperatures 

exceeding 30 °C (Stokke et al., 2020).  Such high temperatures exceed the tropical 

convective threshold (Folkins and Braun, 2003), and may have contributed to the high 

rainfall intensity.  The δ2HOH results are consistent with previous interpretations that global 

warming during the PETM caused an intensified hydrologic cycle and northward migration 

of storm tracks (Pagani et al., 2006; Kender et al., 2012; Carmichael et al., 2018). 

 

The δ2HOH values return to their pre-PETM baseline before the CIE termination, suggesting 

that increased rainfall intensity around the North Sea was short-lived; this too is consistent 

with prior δ2H measurements from the region, where short-lived increases in seasonality have 

been inferred from n-alkane δ2H in the Normandy Vasterival section (Garel et al., 2013). 

 

Similar hydrological behaviour during the CIE is suggested by mineralogical data from the 

Fur section in Denmark, where the total clay fraction, clay mineral proportions, and the clay 

chemical index of alteration return to pre-PETM values before the end of the CIE (Stokke et 

al., 2021).  Lithium isotopic composition measurements from the Fur section similarly show 

an excursion at the PETM onset before beginning to return to pre-PETM isotopic values 

during the CIE (Pogge von Strandmann et al., 2021).  However, relative changes in proxies 

around the CIE onset differ in the Fur section compared to those reported in this research – in 

particular, only the total clay fraction seems to increase before the CIE onset, and kaolinite in 

this section is mostly present after the CIE onset.  The Fur section is less expanded over the 

start of the PETM (i.e. the Stolleklint clay layer), suggesting that early hydrological changes 

may not have been fully captured. 

 

Also of note is that the 8 ‰ VSMOW decrease in δ2HOH at the PETM onset appears to 

precede the CIE in the North Sea Basin section.  This may offer further evidence that 

hydrologic changes during the PETM were not a result of carbon excursion.  However, the 

CIE onset recorded in this section is complex and potentially influenced by multiple 
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confounding factors, including variable mixing of different carbon sources at time of 

deposition (where carbon sources could be either marine or terrestrial, and may or may not 

reflect newly sequestered carbon; Lyons et al., 2019), and possible variability caused by a 

pre-onset carbon isotope excursion, which has been recorded in other sections (Babila et al., 

2022), though is not present in this section’s measured record. 

 

This research uses the newly developed differential thermal isotope analysis (DTIA) method 

to report clay δ2HOH across the PETM.  Clay hydroxyl isotopic composition is not a well-

developed area of research; future work will benefit from better constraints on hydrogen 

isotopic fractionation factors for clay hydroxyl groups (2HαOH).  There currently exist a 

limited number of 2HαOH values in the literature (Gilg and Sheppard, 1996; Hyeong and 

Capuano, 2004), and reported values assume that fractionation is not influenced by variations 

in chemical composition (i.e. the interlayer metal ions present) or mineralogical composition 

(i.e. the ratio of illite to smectite within I-S).  New 2HαOH estimates for a suite of clay minerals 

under environmentally relevant conditions are needed to more accurately correct for changing 

clay composition and estimates of palaeo-precipitation δ2H variability.  Similar clay isotope 

measurements should be made in other PETM sections to determine whether the δ2HOH 

values reported here indicate pervasive hydroclimate changes at the PETM onset or was 

driven by local effects in the North Sea Basin.  Future studies must be careful to evaluate the 

effects of changing clay composition on the δ18Obulk, δ18OOH and δ2HOH before an 

environmental interpretation is proffered. 
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5.6 Conclusions 

 

A recently-developed method for measuring δ2H and δ18O of the hydroxyl group in clay 

minerals has been applied to reconstruct past hydrological changes during the PETM.  A 

large decrease in δ2HOH coinciding with the CIE is observed, which is interpreted to reflect 

increased precipitation – possibly resulting from increased tropical cyclone activity – in 

response to global warming during the PETM.  This interpretation is supported by 

concomitant increases in the abundances of low-salinity dinoflagellates (Kender et al., 2012), 

indicating increased runoff to the North Sea Basin.  Hydrologic changes are short-lived 

relative to the CIE, as evidenced by δ2HOH values and low-salinity-tolerant dinoflagellate 

abundances returning to pre-PETM values before recovery of the carbon cycle.  Taken 

together, these results imply increased kaolinization, silicate weathering intensity, and hence 

humidity, in response to warming events in a greenhouse world.  Comparing these and future 

PETM clay δ2HOH measurements to predictions from isotopically enabled models offers the 

promise of quantitative reconstructions of palaeo-hydrologic conditions that can enhance our 

understanding of hydrology and pedology in a warming world. 

 

Clay hydroxyl group isotopes are a largely untapped proxy, which can greatly improve our 

understanding of clay provenances and palaeoclimates across any geological event that 

included prominent clay deposition.  Further measurements of PETM sections are warranted, 

to understand whether the changes seen in the North Sea Basin are local to the North Sea 

Basin or reflect changing conditions across wider areas of Europe – which is of particular 

interest, given recent extreme precipitation events in Europe.  At the same time, further 

research into the fractionation factors of clay hydroxyl groups is warranted; the current clay 

hydroxyl isotope interpretation is limited to clay hydroxyl hydrogen, because there are no 

reliable fractionation factors for clay hydroxyl oxygen isotopes.  Given the GMWL 

relationship between precipitation δ2H and δ18O, understanding the source of hydroxyl 

oxygen, and being able to quantify the δ18O of that source using accurate fractionation 

factors, would add further confidence to interpretations of δ2H and δ18Obulk data. 

 

 



 

6 Conclusions 

 

6.1 Summary 

 

In this thesis, I have described the development of the online DTIA method, an experimental 

procedure which can isolate different types of mineral hydration water (e.g. adsorbed water, 

interlayer water, structural water, hydroxyl groups) by temperature and measure the oxygen 

and hydrogen isotopic composition of each water type.  I have further described the results of 

investigations made using the DTIA method.  I have showed that the extra information 

provided by the online measurement of mineral hydration water oxygen and hydrogen 

isotopic composition is meaningful, revealing more about dehydration mechanics and mineral 

formation environments than current offline measurement techniques. 

 

In Chapter 2, I presented an overview of the DTIA method, including descriptions of the 

experimental setup, the methodological and analytical procedures, and the validity of results 

acquired using DTIA.  The high precision and accuracy of the DTIA method was 

demonstrated through the comparison of gypsum water isotopic composition measurements 

by DTIA and by a conventional offline water extraction method followed by CRDS analysis.  

In addition, the ability of DTIA to accurately measure water oxygen and hydrogen isotopic 

composition at high temperatures was showcased, alongside the ability to separate different 

water types when making DTIA measurements of clay minerals. 

 

In Chapter 3, I demonstrated through the use of DTIA that the gypsum two peak dehydration 

(across the gypsum → bassanite → anhydrite transitions) is primarily driven by kinetic 

factors during dehydration, rather than by differences in gypsum water bonding environment; 

in particular, sample grain size and the partial pressure of water present in the gypsum 

dehydration environment were both shown to have a large effect on the dehydration reaction 

pathway, and hence on whether a bassanite-dominated phase forms during the dehydration.  

It was thus shown that the gypsum two peak dehydration is not of interest for palaeoclimatic 

studies.  The results of experiments for finding the oxygen and hydrogen fractionation factors 

for hydration water in bassanite were also presented; however, these attempts to determine 

accurate experimental fractionation factors were unsuccessful. 
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In Chapter 4, I demonstrated that the DTIA method can be applied to a wide range of clay 

minerals, including kaolinite and both calcium-rich and sodium-rich montmorillonite 

samples, separating out the multiple types of water frequently present in clay minerals 

(adsorbed water, interlayer water, zeolitic water, hydroxyl groups) and measuring them 

individually.  This was supported by DTIA experiments carried out on mixtures of known 

individual clays, which found that the measured hydroxyl oxygen and hydrogen isotopic 

compositions of the mixture were equivalent to the expected isotopic compositions calculated 

by summing the individual clay fractions.  The importance of the non-destructive removal of 

carbonate from clay samples before DTIA measurement was also demonstrated.  Finally, 

some limitations in clay water isotope exchange experiments were highlighted through an 

attempted isotope exchange experiment. 

 

In Chapter 5, I applied the online DTIA method to a well-characterised set of mixed clay 

samples buried in the North Sea Basin during the Paleocene-Eocene Thermal Maximum 

(PETM), in order to investigate whether further information about palaeoclimatic changes 

during the PETM could be learnt from the clay hydroxyl group isotope record.  Results 

indicated that rainfall intensity and weathering increased during the early stages of the 

PETM, implying an enhanced hydrologic cycle response to global warming.  The measured 

clay hydroxyl group oxygen and hydrogen isotopic compositions were compared to bulk clay 

oxygen isotopic composition as measured by mass spectrometry, as well as other climate 

proxies such as clay composition, the isotopic composition of total organic carbon and the 

count of dinoflagellate cysts.  In particular, clay hydroxyl group hydrogen results were found 

to be consistent with other proxies measured at the site of study, while clay hydroxyl oxygen 

could not be used to calculate source water isotopic compositions, due to a lack of reliable 

values for clay hydroxyl group oxygen fractionation factors in the literature.  This is the first 

application of online DTIA to a palaeoclimate study, and its success indicates that DTIA 

should be applied more widely to studies of the palaeoclimate conditions under which 

geological deposits form. 

 

Overall, this research has significantly developed a new method for the analysis of mineral 

hydration water oxygen and hydrogen isotopic composition.  While some further work is still 

required to characterise which geological settings the DTIA method is valid in (e.g. 

understanding in which settings hydration water isotopic composition is likely to reflect 

source water isotopic composition at the time of mineral formation, and in which settings 
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mineral hydration water is likely to have undergone isotopic exchange or to have changed 

isotopic composition due to mineral alteration), it has been demonstrated that DTIA is a 

useful tool for palaeoclimate reconstruction, which can greatly improve our understanding of 

clay provenances and can help enhance our understanding of past climate conditions – and 

hence improve our ability to predict future climate conditions. 

 

6.2 Future Research 

 

The culmination of this thesis’ work in developing the DTIA method is the demonstration of 

the DTIA method on a set of clay samples dating to the PETM.  This is the first study of its 

kind; as such, there are many directions for future research.  In particular, clay hydroxyl 

group isotopes are a largely untapped proxy; DTIA could be used to determine palaeo-

hydrologic conditions during a number of significant geological events where layers of 

hydrated clay have been deposited, such as the Cretaceous–Palaeogene (K-Pg) boundary, or 

the PETM. 

 

Following on the research from this thesis, it would be of great interest to record changes in 

clay hydroxyl group isotopic composition across the PETM both from other sections around 

the North Sea, and more widely; this would allow the determination of whether the 

hydrologic changes seen in my study of the North Sea Basin are local to the North Sea Basin, 

or reflect changing conditions across wider areas of Europe.  It would also help to answer 

questions around the origin of the PETM kaolinite; where it is not clear how much of the 

kaolinite deposited during the PETM originated from the erosion of existing kaolinite 

deposits, and how much kaolinite was produced during the PETM by the kaolinization of soil 

profiles. 

 

However, to use DTIA at its full potential, studies have to be able to make use of both 

hydroxyl hydrogen isotopic composition and hydroxyl oxygen isotopic composition.  Clay 

hydroxyl isotopic composition is not a well-developed area of research, and in particular, 

knowledge of clay hydroxyl oxygen isotopic fractionation is very limited, with no reliable 

published fractionation factors for clay hydroxyl oxygen.  This means it is extremely difficult 

to interpret the results of hydroxyl oxygen isotopic composition measurement.  It is also 

unclear whether isotopic fractionation between clay hydroxyl groups and source water is 
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dependent on clay mineral chemical composition (i.e. the interlayer metal ions present) or 

mineralogical composition (i.e. the ratio of illite to smectite within I-S).  Having accurate 

fractionation factors for both hydroxyl oxygen and hydroxyl hydrogen would allow for much 

more accurate estimation of clay mineral source water.  Moreover, as both clay hydroxyl 

oxygen fractionation and clay hydroxyl hydrogen fractionation will depend on temperature, 

and source water will in most cases follow the Global Meteoric Water Line (GMWL), it is 

possible that clay hydroxyl group isotopes could be used as a palaeo-thermometer; much 

more research is required to determine this. 

 

More work is also required to understand the behaviour of hydration water hydroxyl isotopic 

composition over time in different geological settings, with a particular emphasis not only on 

isotopic exchange, but also on the mechanics of clay alteration, and how hydroxyl groups are 

added or removed from clay minerals during alteration, and the effect that this alteration has 

on both the hydroxyl group isotopic composition and the bulk oxygen isotopic composition.  

This would greatly increase the confidence in studies using hydration water isotopic 

composition to establish mineral provenance, and would help establish in which types of 

environments DTIA should be used. 

 

Finally, although some work was done in this thesis to characterise the effect of sample 

contamination with carbonates, natural samples frequently contain non-carbonate organic 

compounds.  The effect of this contamination on measurement accuracy is thought to be 

small, but this effect has not been investigated in depth.  Developing methods for more 

general organic compound removal which do not affect clay hydroxyl group isotopic 

composition would increase the reliability of the DTIA method.  Failing this, further 

characterisation of the amount of organic carbon required in a sample to see significant 

inaccuracies in clay hydroxyl group isotopic composition measurements, and at which 

temperatures organics are likely to affect CRDS measurement of oxygen and hydrogen 

isotopic composition, would similarly increase the accuracy of conclusions drawn from the 

results of DTIA studies. 
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