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Abstract 

Carbonate cements in clastic rocks capture a geochemical record of burial processes. As 

such, much of our understanding of clastic diagenesis and subsurface microbial activity is 

influenced by studies of carbonate cemented horizons and concretions. Furthermore, their 

presence can have a significant impact on clastic reservoir quality. However, the formation  

of cement bodies is poorly understood.  A part of this problem is that studies investigating 

carbonate cements have historically been limited by the δ18Ocarbonate being dependent on 

both the carbonate precipitation temperature and δ18Oporewater. Often, these variables cannot 

be constrained and one or the other has to be assumed to derive an interpretation, with 

significant implications for understanding the fluid history and timing or diagenetic 

processes. This PhD study applies a new geochemical palaeothermometry 

technique,  "carbonate clumped isotopes", to constrain the temperature of the cement 

precipitation. With this, the δ18Oporewater can be back-calculated and the formation burial 

history of changes in δ13C and δ18Oporewater can be constrained.  This thesis contains three 

studies using the clumped isotope technique to investigate carbonate cementation. The 

first examines outcrop carbonate cements in the Mancos Shale, Colorado, where changes 

in δ13C and δ18Oporewater  are captured over a temperature range of 33 – 117 °C and placed 

into a burial history. The second study then examines a variety of cements and concretions 

from different formations around the world to determine the geochemical conditions 

necessary for cement precipitation, through trends in δ13C, δ18Oporewater   and temperature. 

This reveals that the temperatures of cementation appears to be strongly controlled by the 

optimal temperature of activity for subsurface microbes. The final study then applies the 

technique to subsurface carbonate cements in cores from the Bruce Field, UK North Sea. 

This places carbonate cementation and the δ18Oporewater  into the burial history of one of the 

reservoir formations. The results of this PhD demonstrate the usefulness of carbonate 

clumped isotopes for understanding clastic carbonate cementation burial histories, in 

outcrop and the subsurface. Furthermore, they provide an insight into the temperatures at 

which microbial processes occur during diagenesis and more generally, the chemical 

conditions common to  carbonate cementation.  



8 

Contents 

1! Introduction ...................................................................................... 11!

1.1! Project Aims .................................................................................................. 13!
1.2! Layout of Thesis ............................................................................................ 13!

2! Background to Carbonate Clumped Isotope Methods ....................... 15!

2.1! Introduction ................................................................................................... 15!
2.2! Clumped Isotopes ........................................................................................ 15!
2.2.1! Carbonate Palaeothermometer ............................................................................. 16!
2.3! Sample Processing ....................................................................................... 18!
2.3.1! Vacuum Extraction Lines ...................................................................................... 18!
2.3.2! Mass Spectrometers ............................................................................................. 20!
2.4! Data Processing & Corrections .................................................................... 21!
2.4.1! Calculation of raw Δ47 .......................................................................................... 21!
2.4.2! Delta 47 Corrections ............................................................................................. 23!
2.4.3! Non-Linearity Effects ............................................................................................. 23!
2.4.4! Alternatives to Heated Gases ............................................................................... 24!
2.4.5! Monitoring for Sample Contamination ................................................................... 25!
2.4.6! Correction to the Absolute Reference Frame ....................................................... 26!
2.5! Calibrations ................................................................................................... 30!
2.6! References ................................................................................................... 32!

3! Time-Capsule Concretions:  An Investigation of the Mancos Shale .... 36!

3.1! Abstract ........................................................................................................ 36!
3.2! Introduction ................................................................................................... 37!
3.3! Background .................................................................................................. 38!
3.3.1! Geological Setting ................................................................................................. 38!
3.3.2! Carbonate Clumped Isotope Thermometry .......................................................... 39!
3.4! Material and Methods ................................................................................... 40!
3.5! Results .......................................................................................................... 44!
3.6! Discussion .................................................................................................... 46!
3.6.1! Assessing the integrity of the clumped isotope results ........................................ 46!



9 

3.6.2! Growth of the Concretions .................................................................................... 47!

3.6.3! Relative timing of burial processes compared to δ13C ......................................... 49!

3.6.4! Parent fluid δ18O of the concretion matrices ......................................................... 52!
3.7! Conclusions .................................................................................................. 54!

4! Tracking the Temperatures of Biologically Mediated Carbonate Cement 
Formation using Carbonate Clumped Isotopes ....................................... 56!

4.1! Abstract ........................................................................................................ 56!
4.2! Introduction & Background ........................................................................... 57!
4.3! Methods ........................................................................................................ 59!
4.4! Results .......................................................................................................... 60!
4.5! Discussion .................................................................................................... 62!
4.5.1! Assessing the quality of the dataset ..................................................................... 62!
4.5.2! Temperature Control on Cement Precipitation ..................................................... 62!

4.5.3! Sulphate Reduction and Methanogenesis recorded in δ13Ccarbonate ...................... 64!

4.5.4! Back-calculated δ18Oporewater .................................................................................. 66!
4.6! Conclusions .................................................................................................. 68!
4.7! References .................................................................................................... 68!

5! Constraining Carbonate Cementation in Clastic Reservoirs Using 
Carbonate Clumped Isotopes: A case study from the Bruce Field, UK North 
Sea 71!

5.1! Abstract ........................................................................................................ 71!
5.2! Introduction ................................................................................................... 72!
5.3! Geological Setting ........................................................................................ 74!
5.4! Methods ........................................................................................................ 77!
5.5! Results .......................................................................................................... 80!
5.6! Discussion .................................................................................................... 83!
5.6.1! Timing of Carbonate Cementation ........................................................................ 83!

5.6.2! Variations in �13C between phases ....................................................................... 87!
5.6.3! Evaluation of Compartmentalisation Using 18Oporewater ........................................... 88!
5.7! Conclusion .................................................................................................... 90!
5.8! References .................................................................................................... 91!



10 

6! Conclusions ..................................................................................... 95!

6.1! Introduction ................................................................................................... 95!
6.2! Carbonate clumped isotopes in the subsurface .......................................... 96!
6.3! General Aspects of Carbonate Cement Growth ........................................... 97!
6.4! Application to Carbonate Cementation in Clastic Reservoirs ...................... 99!
6.4.1! Identifying Compartmentalisation through variations in δ18Oporewater ...................... 99!

7! Future Work ...................................................................................... 101!

7.1.1! Carbonate Clumped Isotopes in the Subsurface ................................................. 101!
7.1.2! Combined Organic Geochemistry ........................................................................ 101!
7.1.3! Mineralogies of Carbonate Cements .................................................................... 102!
7.1.4! Burial History of Basins ......................................................................................... 102!
7.2! References ................................................................................................... 102!

8! Publications from this Thesis ............................................................ 105!

8.1! Publications .................................................................................................. 105!
8.2! Abstracts ...................................................................................................... 105!

Appendix 1 ............................................................................................ 106!

8.3! Chapter 3 ...................................................................................................... 106!
8.4! Chapter 4 ...................................................................................................... 107!
8.4.1! X-Ray Diffraction ................................................................................................... 107!
8.5! Chapter 5 ...................................................................................................... 108!

10! Appendix 2 ..................................................................................... 112!

 

 

 

 



11 

Chapter 1 

1 Introduction 

Diagenesis in clastic sediments is controlled by a variety of biotic and abiotic chemical 

reactions, the reactants and products of which form a part of the global carbon, methane 

and sulphur cycles. This occurs over a range of timescales, from short timescales through 

sediment-water fluxes at the seafloor, to geological timescale reactions that control carbon 

burial. Chemical profiles of core pore waters collected through the Ocean Drilling Projects 

(IODP, ODP) and laboratory cultures of subsurface bacteria go part of the way to 

understanding active clastic sediment diagenesis. However, cores are sparse and 

potentially affected by contamination or preservation issues. Alternatively, the lithified 

clastic sediment itself acts as an archive, from which the burial history can be 

reconstructed. Carbonate cements in these sediments are common and widespread; often 

forming cemented bodies such as cm to m scale concretions or laterally extensive layers.  

The cements are valuable recorders of diagenetic processes, as they can precipitate from 

early (seafloor to <50 m) burial through to later stage burial (>6 km), capturing changes in 

pore water chemistry.  

From a hydrocarbon reservoir perspective, examining carbonate cemented bodies is 

useful for two main reasons. Firstly, they can act as ‘time capsules’ recording burial history 

processes in a reservoir, which is essential for understanding the petroleum play and 

reservoir quality. Secondly, they have extremely low porosities, reducing net pay and 

acting as barriers or baffles to fluid mixing. Furthermore, depending on the extent of the 

body these barriers can cause reservoir compartmentalization (Morad, 1998; Saigal and 

Bjorlykke, 1987). This is problematic when producing a reservoir as the complexity of the 

field increases, resulting in reduced productivity and requiring a greater number of wells at 

an increased cost of production (Smalley and Hale, 1996). Therefore, carbonate 

cementation should ideally be characterized during the field appraisal stage, with the 

spatial and temporal distribution of cementation placed in the context of the basin and 
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hydrocarbon system (Smalley and Hale, 1996). Often, carbonate cements are not visible 

on seismic data and the extent of cementation is poorly understood until after production 

has been established for some time. By examining the geochemistry of cements from core 

samples, the wider fluid history and potential extent of cementation across a formation can 

be inferred.  

The underlying challenges when interpreting the geochemistry of carbonate cements are 

constraining the causes for cement precipitation, and placing changes in the cement 

composition into a temporal order. In addition to petrographic analysis, palaeothermometry 

is key to constructing the timeline of diagenetic events. This is because the temperature of 

the formation through time adheres to a geothermal gradient that can be estimated given 

the geological setting and history. Two main palaeothermometers exist: fluid inclusions and 

oxygen isotope (δ18O) palaeothermometry, both of which are commonly used in carbonate 

cements. However, the δ18O composition of the carbonate is dependent on both the δ18O 

composition of the parent pore water and the temperature of carbonate precipitation. In 

diagenetic situations, both of these variables can change significantly and independent 

temperature constraints (e.g. fluid inclusions) are often subject to preservation issues. This 

leads to two unknowns, one of which must be assumed and results in ‘either or’ 

interpretations of high temperature and meteoric δ18Oporewater or high temperature and a 

heavier δ18Oporewater values. The result is that the relative timing of cementation in the burial 

history is uncertain, and therefore so are many interpretations based on the chemical 

signature of the cement bodies.  

With the development of the relatively new carbonate ‘clumped’ isotope 

palaeothermometer this problem can be overcome, as clumped isotopes can provide an 

independent temperature of carbonate precipitation. From this we can then back-calculate 

the δ18Oporewater and constrain the diagenetic history of the formation and relationship 

between temperature and diagenetic processes. The application of clumped isotopes to 

diagenetic settings, especially clastic reservoir examples, was limited at the beginning of 

this project.  
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1.1 Project Aims 

The aims of this project are: 

• To apply the carbonate clumped isotope palaeothermometer to an outcrop to test the 
usefulness of the technique for determining the burial history of a formation where the 
extent of cementation is known; 

• To better understand the formation of carbonate cements during clastic diagenesis, 
including timing and triggers for their precipitation; 

• To develop the technique for application to a subsurface hydrocarbon rich reservoir 
cement samples, in order to place cementation into the context of a petroleum system. 

1.2 Layout of Thesis 

Chapter 2 is a background to the carbonate clumped isotope technique. This is presented 

in an extended form to make it clear how the measurements are carried out at Imperial 

College and to explain the terminology used in this thesis.  

Chapter 3 concerns the carbonate cements of the Mancos Shale, an outcrop of a shale 

gas reservoir on the Colorado/Utah border, USA. This was a test of the technique on 

carbonate cements in clastics, to determine if the signature was preserved and what 

information could be extracted about the burial history of the formation. This chapter 

addresses aim 1 as laid out above. 

Chapter 4 presents a large dataset of carbonate concretions and their septarian fracture 

fill. This chapter addresses controls on cementation and the trends in δ13C,  δ18Ocarbonate and 

δ18Ofluid during clastic diagenesis that are captured in carbonate cements. This chapter 

uses the carbonate isotope palaeothermometer to constrain the impact of temperature on 

carbonate cementation, and addresses aim 2. 

Chapter 5 applies the carbonate clumped isotope palaeothermometer to carbonate 

cements from the Bruce Reservoir, UK North Sea. In this chapter the applicability of the 

technique to identifying carbonate cement barriers is tested, and the cementation is 

placed into the burial diagenetic history. This addresses the third aim of the thesis. 
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Chapter 6 is a summary of the above chapters above, and aiming to place it into the 

context of the thesis aims and literature. 

Chapter 7 contains ideas for future work arising from this thesis. 
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Chapter 2 

2 Background to Carbonate Clumped Isotope 
Methods 

2.1 Introduction 

This chapter is an in-depth description about the terminology; methodology and correction 

procedures used for the carbonate clumped isotope data included in this thesis. 

Methodology and correction procedures for bulk δ13C and δ18O data collected using the 

Kiel IV device, X-ray diffraction and cathodoluminescence are more established and 

described in the chapters where applicable. Limitations and developments in the field of 

carbonate clumped isotopes applied to the subsurface are discussed in context in 

chapters 3, 4, 5 and 6.   

2.2 Clumped Isotopes 

‘Clumped’ isotope chemistry concerns the bonding or ‘clumping’ between two or more 

heavier isotopes in a molecule (Eiler and Schauble, 2004; Schauble et al., 2006a; Eiler, 

2007).  In particular, it focuses on the preference for the heavy isotopes to bond together 

compared to a random (stochastic) distribution of the heavy isotopes (Schauble et al., 

2006a). These ‘clumped’ isotopologues of two or more rare isotopes are referred to as 

multiply-substituted isotopologues, i.e. molecules equivalent in chemical composition but 

containing multiple heavy isotopes (Eiler, 2007). Although the thermodynamics of multiply-

substituted isotopologues has been discussed since the early 1950s (Bigeleisen and 

Mayer, 1947; Urey, 1947) it is only in the last decade that mass spectrometers have 

become sensitive enough to measure the low abundances.  

The ‘clumping’ effect is due to a greater thermodynamic stability of the heavy-heavy 

isotope bond compared to heavy-light or light-light isotopes. The bond between two  
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isotopes of larger mass has a lower zero point energy than light-light or heavy-heavy 

bonds (Eiler, 2007) (Fig. 2.1). This means that the overall vibrational energy of the molecule 

is lower when two heavy isotopes ‘clump’ together. Consequently, under equilibrium 

conditions, the production of multiply-substituted isotopologues is favoured. 

 
Fig. 2.1. Energy of a hydrogen bond (y axis) against the bond distance (inter nuclear 
separation) where re=minimum energy-bond distance (x axis). Bold line is the Morse 
potential for H2. Red lines represent the quantum states of energy, where n=0 is the zero 
point energy (ZPE). Blow up is the ZPE for isotopologues of hydrogen bond, with the 
lowest ZPE being the double-heavy substituted bond. 

However, this is balanced by the increase in entropy of the system at higher temperatures, 

promoting a random (stochastic) distribution of isotopes (Ghosh et al., 2006a; Schauble et 

al., 2006b; Eiler, 2007). The effect of this is that at lower temperatures the prevalence of 

heavy isotope ‘clumping’ is greater, but it decreases in a predictable way with increasing 

temperature. In carbonates this translates to a temperature sensitivity of ~0.005 ‰ /°C 

between 0-50°C (Huntington et al., 2009). 

2.2.1 Carbonate Palaeothermometer 

Applied to carbonates, clumped isotopes can be used as a palaeothermometer to 

determine the temperature of precipitation, as at equilibrium the equilibrium constant (K) 

for the ‘clumping’ of the heavy isotopes 13C and 18O is temperature dependent  (eq. 1) 

(Ghosh et al., 2006a; Eiler, 2007). This temperature dependence also appears 

independent of mineralogy (Eiler, 2007; Fernandez et al., 2014; Wacker et al., 2014) 
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13C16O3
2- + 12C18O16O2

2- 
 13C18O16O2
2-+ 12C16O3

2- (eq. 1) 

where K = equilibrium constant 

There are 20 different isotopologues of the carbonate ion (CO3
2-) (Fig. 2.2). Of the 20 types 

16 are multiply-substituted and of interest (Ghosh et al., 2006a). The most abundant, and 

therefore most easily measured of these is 13C18O16O2
2-(67 ppm) (Fig. 2.2).  

For analysis, the carbonate is reacted with anhydrous phosphoric acid to produce CO2. 

The abundance of mass 47 is measured, of which ~97% is 13C18O16O (Huntington et al., 

2011). This works on the principle that 13C18O16O is proportional to the abundance of 
13C18O16O2

2- in the carbonate ion, simply offset by a known value corresponding to an acid 

fractionation factor (Ghosh et al., 2006a; Guo et al., 2009). 

 
Fig. 2.2. Different isotopologues of the carbonate ion (Ghosh et al., 2006a). 

Using a gas-source mass spectrometer, the abundance of mass 47 clumped isotope 

molecules can be measured. This is then compared to a calculated stochastic distribution 

of heavy isotopes for the sample to determine the excess 47, denoted �47 (Ghosh et al., 

2006c; Eiler, 2007). Consequently, carbonate clumped isotopes is solely dependent on the 

bonding of isotopes in the crystal lattice and no assumption about the original fluid isotopic 
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composition is required. This is an advantage over conventional δ18O when calculating 

temperatures. Furthermore, the δ18Ofluid can be calculated by substituting the precipitation 

temperature and δ18Ocarbonate into equilibrium water-carbonate fractionation equations 

(Epstein et al., 1961; Friedman and O'Neil, 1977; Land, 1985). 

2.3 Sample Processing 

Several extraction lines designs exist for clumped isotopes. The elements common to all of 

them are cryogenic water-CO2 separation traps and a Porapak QTM chromatography 

column.  The method used at Imperial College is based on the Harvard Method (Dennis 

and Schrag, 2010) and is described below. 

2.3.1 Vacuum Extraction Lines 

Between 5-10 mg of carbonate is reacted with 2 ml 104% anhydrous orthophosphoric 

acid. Each sample is reacted in an individual vessel, and pumped down for 30 minutes 

prior to reaction. The samples are reacted on-line, with the CO2 and water produced being 

frozen down during the reaction. From 2012- March 2013 reactions were carried out at 

70°C for 15 minutes (calcite) or 45 minutes (dolomite/ankerite). After this laboratory 

procedures changed to 90°C for 10 minutes (calcite), or 20 minutes (ankerite/dolomite). 

This change was enacted as the majority of clumped isotope laboratories began to react at 

90°C. The acid reaction can be written in the form of: 

H3PO4 + MeCO3 => CO2 + H2O + Me2+ + HPO4
2- 

Where Me = Metal cation (e.g. Ca2+)  

The CO2 produced during phosphoric acid digestion is then cleaned of contaminants and 

water by passing it through a manual vacuum line containing a series of traps (fig. 3). 

There are two manual vacuum extraction lines in the Imperial College laboratory, both built 

to the same design. Briefly, the gas is trapped in trap 1 (Fig. 3) for the duration of the 

reaction by freezing everything at -192 °C (using liquid N2). After the reaction is complete, 

the liquid N2 dewer is replaced with a ‘slush’ trap of ethanol and liquid nitrogen at -80 °C, 
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to release the CO2 but keep the water frozen. The gas then passes through silver wool to 

remove sulphur, before passively passing through a Poropak Q™ filled U-trap with a length 

of ~13 cm and 8 mm inner diameter held at -35 °C. Poropak Q™ is a divinyl benzene 

polymer produced by Sigma-Aldrich, designed for use in gas chromatography columns to 

remove halocarbon and hydrocarbon contaminants. Where samples were particularly 

prone to contaminants (e.g. reservoir samples) the Porapak Q™ was held at -60°C. The 

procedure with both -60 °C and -35 °C were tested with the Carrara Marble standard to 

optimise the transfer time and avoid fractionation. Following this, the gas is frozen in trap 2 

(Fig. 3) under liquid N2, subsequently released using an ethanol slush trap, and finally 

collected in a quartz tube vessel under liquid N2 to be analysed on the mass spectrometer.   

In between sample runs, the Poropak Q™ is baked at 140 °C for 40 minutes and pumped 

down to release trapped contaminants. Finally, the line is heated with a hot air gun to 

remove any residual water and pumped down until the pressure stabilizes at vacuum. 

 
Fig. 2.3. One of the manual vacuum lines at Imperial College. The first trap is placed 
under liquid nitrogen during reaction, followed by ethanol slush at -80°C to separate water 
and CO2. The gas is then passed through the second trap (no carrier gas) which is filled 
with silver wool to remove sulphur and Porapak QTM to remove organic matter. The CO2 
is then frozen down into trap 3, before slush is used to release it and freeze it into the cold 
finger for analysis on the mass spectrometer. 
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2.3.2 Mass Spectrometers 

The Qatar Stable Isotope laboratory at Imperial College has 3 dual-inlet Thermo Scientific 

MAT 253 Isotope Ratio Mass Spectrometers (IRMS), which are equipped for CO2 

measurements (fig. 4 diagram). The three instruments are referred to as ‘Santa Maria’, 

‘Pinta’, and ‘Niña’. At the beginning of this PhD, only 1 mass spectrometer was available 

(Niña). In 2012, 2 additional mass spectrometers were acquired; Pinta and Santa Maria. 

Niña and Pinta are used for clumped isotope analyses, whereas Santa Maria is dedicated 

to the Kiel device and conventional isotope measurements of small samples. The bulk of 

the work in this thesis was undertaken on Niña and Pinta, with a few bulk δ13C and δ18O 

results obtained on Santa Maria where stated. The clumped isotope machines have been 

configured to follow Huntington et al. (2009) and are described below: 

Niña has been in use since 2010 and producing clumped isotope data since March 2012. 

It has 8 faraday cups, 6 of which are used to measure isotopologues of CO2 at masses 44, 

45, 46, 47, 48 and 49. Cups 44 to 46 are registered through 3.1 x 108, 3.1x 1010, and 

1.1x1011 � resistors respectively. Cups 47 to 49 use 1012� resistors (see Huntington et al., 

2009). The capillaries are the original stainless steel capillaries and crimped to maintain a 

signal of 14 kv on mass 44 at a below pressure of 45 mbar. The reference gas used during 

the period of data collection is from the Oztech Trading Company and has δ18O (VSMOW) 

of 25.02 	 and δ13C of -3.63	 (VPDB). 

Pinta has been in use since 2012. The faraday collector configuration is the same as on 

Niña, but the capillaries used are 110 μm in diameter and 1 m in length fused silica instead 

of stainless steel. The capillaries were changed because it was discovered that the original 

steel capillaries on Pinta resulted in resetting of heated gases to room temperature, 

probably due to the presence of trace amounts of water in imperfections of the steel.. The 

reference gas is also from the Oztech Trading Company, with a δ18O of 25.09 	 (VSMOW) 

and δ13C of -3.62	 (VPDB). 

All clumped isotope measurements are carried out with 15v signal intensity on mass 44 

and in dual inlet mode. One sample run consists of 8 acquisitions of 7 cycles each.  
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Fig. 2.4. Diagram of a gas-source sector mass spectrometer. Modified from thermo MAT 
253 guide. 

2.4 Data Processing & Corrections 

2.4.1 Calculation of raw Δ47 

The first step in data correction is to obtain the delta (δ,Δ) values from the raw voltages. 

For this, an excel macro obtained from Hagit Affek at Yale university was initially used, and 

corrections are also outline in Affek and Eiler (2006). From March 2013 onwards, the 

laboratory switched to using Easotope, a software currently under development (John and 

Bowen, in prep). The maths used for Easotope are based on Eiler, 2007, Huntington, 2009, 

and available information from Mathieu Däron (pers. Com. to C. John). 

Extracted directly from abundance ratios of the sample gas versus the working reference 

gas (Oztech) δ45, δ46, δ47 and δ48 can be derived: 

δi = (Ri
sample/Ri

working ref gas-1) x 1000  
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Where i= mass and Ri = i/44 of analysed CO2 

These values depend on the bulk isotopic composition of the sample. 

The δ13C and δ18O are directly calculated as: 

δ13C = ((13C/12Csample)/( 13C/12Cstandard)-1) x 1000 

δ18O = ((18O/16Osample)/(18O/16Osample)-1) x 1000 

Clumped isotope analyses of carbonates use � i to quantify the excess of a multiply 

substituted isotopologue compared to a sample of the same bulk isotopic composition but 

a stochastic distribution (Huntington et al., 2009): 

�i = ((Ri
sample/Ri

stochastic) � 1) x 1000    

Where i= mass and Ri = i/44 of analysed CO2 

Therefore, �47 for mass 47 measured in carbonates can be described as: 

�47= [(R47/R47* -1) � (R46/R46*-1) � (R45/R45*-1)] x 1000  

The R47*, R46* and R45* are mass/44 ratios that the sample would have if it had a stochastic 

distribution. These can be calculated as: 

R45* = R13 + 2 R17 

R46* = 2 R18 + 2 R13 R17 + (R17)2 

R47* = 2 R13R18 + 2R17 R18 + R13(R17)2 

Where R13 and R18 are 13C/12C, and 18O/16O respectively, extracted from the measured δ13C 

and δ18O of the sample, and R17 is calculated using the terrestrial mass-dependent 

fractionation � between 18O and 17O, 0.5164 (Assonov & Brenninkmeijer 2003).  
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As well as �47, �48 can be defined in a similar manner:   

�48= [(R48/R48* -1) � 2(R46/R46* -1)] x 1000 

2.4.2 Delta 47 Corrections 

There are three main corrections used on carbonate clumped isotope data. 1) Non-linearity 

corrections 2) Scale compression and transfer to an inter-lab reference frame (termed 

‘absolute reference frame’) (Dennis et al., 2011), and 3) for acid-reacted samples, an acid 

correction factor must be added to scale everything into the 25 °C scale used by Ghosh et 

al. (2006a). These are described below. 

2.4.3 Non-Linearity Effects 

As ions with an m/z ratio of 47 are scarce in samples, the mass 47 measurement is 

affected by mass spectrometer dependent �non linearity effects� in which the bulk 

isotopic composition of the CO2 appears to influence the �47 values ((Huntington et al., 

2009).  

Therefore, the raw �47 needs correction and this was achieved using a ‘heated gas line� 

approach (Huntington et al., 2009).  

Heated gases are prepared by freezing down and sealing an aliquot of CO2 into a quartz 

tube. Two tank gases with different end-member δ13C and δ18O compositions are used. 

Additionally, some sample gases are re-captured post measurement by freezing down into 

a cold finger from the mass spectrometer bellows. These tubes are then heated in a muffle 

furnace for 2-3 hours at 1000 °C to create a gas with a stochastic �47 signature, before 

rapidly cooling to room temperature. They are then processed through the manual vacuum 

lines and measured on the mass spectrometer.  

Fig. 5 shows a typical heated gas line consisting of a series of measured heated gases of 

various bulk isotopic (δ47) compositions (see appendices for heated gases for both Pinta 
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and Nina). Theoretically, as all gases should have a stochastic distribution, they should 

have the same �47, independent of their bulk isotopic composition (δ47). However, the line 

has a slope, which is due to non-linearity effects. The correction is applied by applying: �

47(raw) � (δ47m) where m= heated gas slope. 

The slope of the heated gas line appears to change gradually as a function of sample 

throughput (Passey et al., 2010) and abruptly when there are any disruptions to normal 

routine e.g. new source filaments, venting of the mass spectrometer (Huntington et al., 

2009). As such, the slope of the heated gas line must be monitored. In chapter 3, the data 

is corrected to a fixed heated gas line over set time periods in which the slope appeared 

stable. In chapters 4 and 5, the data is corrected using a moving average slope, based on 

a half window of 30 days to account for drift in the slope over time. This change was 

enacted to more accurately account for slight changes in non-linearity over periods of 

months, assuming sample throughput to be relatively consistent.  

2.4.4 Alternatives to Heated Gases  

‘Non-linearity effects’ is a vague term and their cause was initially poorly understood 

(Huntington et al., 2009; He et al., 2012; Bernasconi et al., 2013). However, several 

laboratories investigated the cause of non-linearity effects, which reveal that the 

background obtained during the acquisition period with no gas flowing into the source 

does not accurately portray the true background during gas measurement (He et al., 2012; 

Bernasconi et al., 2013). This is likely caused by secondary electrons scattering due to 

interaction between the m/z 44 beam and metallic surfaces in the mass spectrometer 

(Bernasconi et al., 2013). Alternative methods to the heated gas line have been recently 

developed (e.g. He et al., 2012; Bernasconi et al., 2013; Meckler et al., 2014) in which the 

pressure baseline with gas in the source is monitored daily and subtracted from the 

measured peaks. There are currently two main approaches to this: to monitor the m/z 47 

and m/z 49 during acquisition, assuming the 49 signal represents a true background as it 

is rare in CO2; or to use the relationship between the m/z 44 and m/z 47 beams (He et al., 
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2012; Bernasconi et al., 2013; Meckler et al., 2014). However, pressure baseline correction 

(PBL) methods were not fully employed during the course of this PhD at Imperial College. 

 
Fig. 2.5. Heated gas line for Nina between 7/5/12 and 20/5/12. The slope of this line is 
used to correct for non-linearity effects during for samples measured during the same 
time period. The intercept is used in the absolute reference frame (described in section 
3.3.4). 

2.4.5 Monitoring for Sample Contamination 

� 47 changes by ~0.005 	  / �C (Huntington et al., 2009) so is sensitive to any 

contamination on the mass 47 cup in the mass spectrometer. Larger molecules of 

hydrocarbons and halocarbons can fragment and ionize in the source, giving a spurious 

signal on mass 47. To check for this, mass 48 can be monitored as in pure CO2 mass 48 is 

extremely rare (3.96 x 10-6 for 12C-18O-18O and 1.68 x 10-8 for 18O13C17O) and any additional 

ions from non-CO2 molecules are more easily identified. This is achieved by comparing �

48 and δ48 values of the sample to the �48 vs δ48 line of the heated gases (Fig. 2.6). The 

assumption is made that the heated gases are cleaned by the heating process, and an 
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offset of more than 2 	 in sample �48 vs δ48 against the 48 heated gas line is considered 

‘dirty’ and samples are discounted (Huntington et al., 2011). The mass 49 measurements 

was also monitored, but results appeared to be less reliable indicators of contamination, 

potentially influenced by bellow pressure or sample processing. Samples with a good 48 

parameter and low 49 (vs Oztech gas 49) were accepted. 

 
Fig. 2.6. Heated gas 48 line for Nina between 7/5/12 and 20/5/12. If sample replicates are 
>2 ‰ from the line then they are considered ‘dirty’ and discarded. 

2.4.6 Correction to the Absolute Reference Frame 

Dennis et al. (2011) outlined a series of procedures that can be used to translate linearity-

corrected data from individual laboratories to an absolute reference frame (ABS), in which 

scale compression is accounted for. A primary reference frame involves equilibrating 

gases at known temperatures, and using a transfer function between the measured �47 

and the theoretical �47 for each gas (Wang et al., 2004; Dennis et al., 2011).  
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Equilibrated gases are made by freezing down 1 ml of water into a quartz tube along with 

an aliquot of tank gas CO2. These are then sealed and placed into a water bath heated to 

25 °C, 50 °C or 80 °C for three days. After the CO2 and water have equilibrated to the 

water bath temperature, the tube is taken out and the water immediately frozen to prevent 

further equilibration. The water is then cleaned out using a series of slush and liquid 

nitrogen traps on a separate vacuum line, before the gas is run through the manual 

vacuum line process on the same lines before being measured on the mass spectrometer. 

In addition to the equilibrated gases, the intercept of the heated gas line is used as a gas 

equilibrated to 1000 °C. The theoretical � 47 values for each temperature are then 

calculated from Wang et al., (2002) and the offsets between the measured and theoretical 

�47 values are used to establish a transfer function. Sample data can then be transferred 

based on the slope and intercept of this transfer function, to absolute values. An example 

of this transfer function is shown in Fig. 2.7.  

As the preparation and measurement of equilibrated gases is difficult and time-consuming, 

a working secondary transfer function based on carbonate standards is employed.  

Carbonate Standards Two carbonate standards are run at Imperial College. The first is 

Carrara Marble, which has been measured since the laboratory started. This is used as a 

standard for clumped isotope analyses, as well as a working standard for bulk isotope 

measurements using the Kiel IV device. Carrara Marble is measured as a standard by all 

clumped isotope laboratories. The second is ETH-3, a Cretaceous chalk from Northern 

Germany obtained from ETH Zurich and independently verified in the ETH Zurich clumped 

isotope laboratory (ISO-C in Meckler et al., 2014). Both of these standards are measured to 

monitor the performance of the extraction lines and mass spectrometers, to correct bulk 

δ18O and δ 13C values and, alongside heated gases, to establish the working ‘secondary 

reference’ frame as outlined in the data correction procedures below. 

From March 2012 until March 2013, equilibrated gases were measured and the sample 

data was transferred into the primary reference frame of Dennis et al. (2011).  During this 

time period, the ETH-3 and Carrara Marble standards were characterized in the primary 
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reference frame for their absolute �47 values. Once these are established, the Carrara 

Marble and ETH-3 can be used alongside the heated gas intercept as variables in a 

secondary reference frame to establish a transfer function (Dennis et al., 2011; Bernasconi 

et al., 2013; Meckler et al., 2014) (Fig. 2.7).  

However, due to switching acid reaction temperatures in March 2013 the ETH-3 was only 

characterized at 70 °C, whilst the Carrara Marble was characterized at 70 °C and 90 °C. 

As such, the transfer function using the carbonates would have been incorrect when 

transferring samples reacted at 90 °C. To counteract this, we subtracted the different 

between the �47(abs)  for Carrara Marble reacted at 90 °C from 70 °C to obtain +0.022 

(table 1). This was then added to the �47(abs) of ETH-3 to negate the impact of different acid 

reaction temperatures.  

At Imperial, the average of several linearity-corrected �47 values for each standard is 

determined for the transfer functions in both reference frames. The averaged data is 

collected over the same time frame as the appropriate heated gas line. Therefore, when a 

moving average heated gas slope is used, a moving average of the standards involved in 

the absolute reference frame is used.  

 

Table 1 Value 

Carrara Marble Measured in Primary Reference Frame at 70 °C (n=30) 0.333 

Carrara Marble Measured in Primary Reference Frame at 90 °C (n=15) 
This value is used in the secondary carbonate reference frame to 
transfer data measured at 90 °C into the absolute reference frame 
(Dennis et al., 2011) 

0.312 

Empirical Imperial laboratory acid fractionation offset between 90 °C 
and 70 °C 

0.333-0.312 = 0.021 

ETH-3 Measured in Primary Reference Frame at 70 °C (n=4) 0.655 
ETH-3 minus acid-fractionation offset to 90 °C 
This value is used in the secondary carbonate reference frame to 
transfer data measured at 90 °C into the absolute reference frame 
(Dennis et al., 2011) 

0.634 
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All Δ47 data is historically reported in a 25 °C reference scale, as the initial carbonate 

calibrations undertaken Caltech (Ghosh et al., 2006a) used a 25 °C acid reaction 

temperature. The majority of clumped isotope laboratories react at 90 °C, with some using 

70 °C or 25 °C. Once the Δ47 in the ABS has been determined, the acid correction factor 

can be added where applicable, to convert the data to the 25 °C scale.  There are a 

variety of different empirical fractionation factors used in the literature (e.g. for 90 °C: 

Passey et al., 2010; Henkes et al., 2013; Wacker et al., 2013; 70 °C: Meckler et al., 2014) 

and one theoretical fractionation equation (Guo et al., 2009). We used the theoretical acid 

fractionation factor for 90 °C (+0.069) and 70 °C (+0.052) as they were close to the 

empirical fractionation factor of 0.07 ‰ (Wacker et al., 2013) and 0.076 +0.007‰ (Henkes 

et al., 2013).  Furthermore, it is easily adjustable to both temperatures. 

 
Fig. 2.7. Secondary carbonate reference frame as described in the text. The x-axis is the 
mean linearity (heated gas) corrected �47, whilst the y-axis is the absolute �47 value for 
the ETH-3, Carrara Marble and heated gas line intercept (0.0266 from Wang et al., 2002). 
ETH-3 is top right point, Carrara Marble is the middle and the heated gas intercept is the 
bottom left. 
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2.5 Calibrations 

To relate Δ47 values of a sample to temperature it has to be calibrated using the Δ47 values 

of that mineral precipitated under known temperature conditions. This has so far been 

determined experimentally for inorganic calcite between 1-77 ºC (Ghosh et al., 2006a; 

Dennis and Schrag, 2010; Zaarur et al., 2013) biogenic calcite (Ghosh et al., 2007; Tripati 

et al., 2010; Thiagarajan et al., 2011; Grauel et al., 2013; Henkes et al., 2013; Wacker et al., 

2014), the carbonate component of biogenic apatite (Eagle et al., 2010), biogenic 

aragonite (Ghosh et al., 2006b; Ghosh et al., 2007; Tripati et al., 2010) and siderite 

(Fernandez et al., 2014) (Fig. 2.8). Furthermore, there is a theoretical calibration for calcite, 

aragonite, dolomite and magnesite based on lattice dynamics calculations for 

temperatures from 260-1500 K (Guo et al., 2009). Overall, the carbonate clumped isotope 

palaeothermometer appears to be independent of mineralogy (Fernandez et al., 2014) and 

generally unaffected by biological ‘vital effects’, although there may be some offset (Tripati 

et al., 2010; Henkes et al., 2013; Wacker et al., 2014). Instead, the �47 reflects the 

equilibrium composition of the DIC (Tripati et al., 2010; Fernandez et al., 2014)). 

 However, between calibrations at 90 °C and 25 °C there are discrepancies (Wacker et al., 

2014). The causes of these are not entirely clear, potentially being related to different 

methodologies, in terms of sample size, acid reaction temperature and CO2 re-equilibration 

during reactions (Wacker et al., 2013; Wacker et al., 2014). The most recent calibrations 

(Henkes et al., 2013; Wacker et al., 2014) performed at 90 °C are similar to the Guo et al. 

(2009) theoretical calcite calibration. Passey and Henkes (2012) equilibrated carbonates at 

temperatures between ~500 to 800 °C to constrain the upper end of the calibration curves. 

From this, they adjusted the theoretical calibration curve of (Guo et al., 2009) (Passey and 

Henkes, 2012 eq. 5) Fig. 2.9. This calibration equation is used in this thesis as 1) the acid 

reaction temperature used by Passey and Henkes (2012) (90 °C) is the same as the 

Imperial College Laboratory and 2) the calibration is similar to a detailed in-house 

calibrations (Kluge et al., in revision) 3) It extends the calibration to higher temperatures 

(up to 250 °C), which is appropriate for diagenetic studies. 
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Fig. 2.8. Taken from Eiler et al., (2011): Summary of calibration lines between 0-40°C, with 
data taken from  Ghosh et al., (2006); Dennis and Schrag (2010) (D&S synthetic); Tripati 
et al., (2010) (coccoliths, foraminifera and marine carbonate); Eagle et al., (2006) 
(bioapatite); Ghosh et al., (2007) (otoliths) and Thiagarajan et al., (2011) (corals). 
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Fig. 2.9. Taken from Passey and Henkes (2012). Theoretical calibration (black dashed 
line) with data from Ghosh et al., (2006) and Dennis and Schrag et al., (2010). Black filled 
circles show the high temperature equilibrated carbonate extension to the theoretical 
calibration curve. See eq. 5 Passey and Henkes (2012). 
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Chapter 3 

3 Time-Capsule Concretions:  
An Investigation of the Mancos Shale 

3.1 Abstract   

Septarian carbonate concretions contain carbonate precipitated during progressive 

growth of the concretion and subsequent fracture-filling. As such, they have been used to 

track variations in δ13C and δ18O of pore waters during diagenesis and to define diagenetic 

zones in clastic rocks. However, the δ18O value of the carbonate is dependent on 

precipitation temperature and the δ18O value of the pore fluid from which it precipitated. 

Interpretations must assume one of these parameters, both of which are highly variable 

through time in diagenetic settings. Carbonate clumped isotopes of the cement can 

provide independent estimates of temperature of precipitation, allowing the pore-water 

δ18O to be back-calculated. Here, we use this technique on carbonate concretions and 

fracture fills of the Upper Cretaceous Prairie Canyon Member, Mancos Shale, Colorado. 

We sampled concretions from two permeable horizons separated by a 5m shale layer, with 

one permeable horizon containing concretions with septarian fractures. We show cores 

precipitated at cooler temperatures (31 °C, ~660 m burial depth) than the rims (68 °C 

(~1980 m burial depth) and relate that to the δ13Ccarbonate values to suggest the concretion 

core precipitated in the methanogenic zone, with increasing input from thermogenically 

produced CO2. The two concretion-bearing horizons have different back-calculated 

δ18Oporewater values (mean -2.65 ‰ and 1.13 ‰ VSMOW) for cements formed at the 

same temperature and similar δ13C values, suggesting the shale layer present between the 

two horizons acted as a barrier to fluid mixing. Additionally, the δ18Ocarbonate of the septarian 
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fractures (-13.8 ‰ VPBD) are due to precipitation at high temperatures (98 to 117 °C) from 

a fluid with a mean δ18Oporewater of 0.32 ‰ (VSMOW). Therefore, we can tie in the 

cementation history of the formation to temporal and spatial variations in δ18Oporewater. 

3.2 Introduction 

Carbonate concretions and their internal septarian fracture fills have played an essential 

role in developing our understanding of clastic rock diagenesis. They can act as ‘time-

capsules’, recording change in the geochemical environment and temperature through 

progressive carbonate precipitation during burial (e.g. Irwin et al., 1977; Mozley and 

Burns, 1993; Coniglio et al., 2000; Raiswell and Fisher, 2000; Hudson et al., 2001; Scasso 

and Kiessling, 2001; McBride et al., 2003; Mozley and Davis, 2005). As such, they are 

valuable indicators of the timing of diagenetic processes during burial and are often used 

to infer fluid histories in basins (Machemer and Hutcheon, 1988; Thyne and Boles, 1989; 

Coniglio et al., 2000; Hudson et al., 2001; Balsamo et al., 2012; Loyd et al., 2012).  

One outstanding question concerns the cause of the δ18O depletion (relative to carbonate 

in equilibrium with coeval seawater δ18O) commonly observed in concretions and their 

septarian fractures fills. There are three principal hypotheses explaining low δ18O within 

concretions; precipitation of the carbonate at higher temperatures during burial (Mozley, 

1996; Klein et al., 1999; Raiswell and Fisher, 2000), an influx of 18O-depleted fluid at 

shallow depths (Machemer and Hutcheon, 1988; Thyne and Boles, 1989; Coniglio et al., 

2000; Hudson et al., 2001; Balsamo et al., 2012; Loyd et al., 2012), or a combination of 

both. The solution to this problem has significant implications for interpretations of the 

growth environment of concretions, and therefore any interpretations concerning the fluid 

history in the basin. Using standard isotopic techniques it has been almost impossible to 

separate whether the 18O-depleted values are due to the involvement of meteoric fluids or 

precipitation at elevated temperatures, because δ18Ocarbonate is dependent on both 

temperature and the parent δ18Ofluid.  
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Another outstanding question concerns the transition from microbial to thermal 

decomposition of organic matter and how this can be determined from geochemical 

studies of clastic-hosted carbonate concretions (Irwin et al., 1977). If the temperature and 

by extension relative timing of the concretion precipitation can be constrained, the δ13C 

can be correlated with mechanisms of organic matter decomposition in different clastic 

diagenetic regimes.   

Here, we apply a relatively new technique, carbonate clumped isotope thermometry, to 

derive the temperature, δ18O and δ13C isotopic compositions of the precipitating fluid.  

Recent work has shown the effectiveness of using clumped isotopes to constrain 

diagenetic processes in carbonates and fault cementation (Huntington et al., 2011; 

Swanson et al., 2012; Bergman et al., 2013; Budd et al., 2013). Additionally, Loyd et al. 

(2012) demonstrated for the first time the application to concretions in order to calculate 

the parent fluid δ18O, proving the use of the technique on concretions and back-calculating 

the δ18Ofluid they precipitated from. We build on these previous works by examining the 

temporal variation in δ13C, δ18O and temperature during diagenesis as recorded by 

concretions in the Upper Cretaceous Prairie Canyon Member of the Mancos Shale, 

Colorado. We also investigate the parent fluid δ18O of septarian fracture fills found within 

the concretions themselves, the relative timing of which is poorly understood (Mozley, 

1996). Our work demonstrates that this approach greatly reduces uncertainties in 

interpreting the record of carbonate concretions, and increases our ability to accurately 

constrain timing and mechanisms of chemical changes occurring during diagenesis in 

clastic rocks. 

3.3 Background  

3.3.1 Geological Setting 

The samples used in this study came from concretions in the Prairie Canyon Member of 

the Mancos Shale, which crops out on the southern edge of the Piceance Basin (39° 

19.062' N; -108° 59.011' W). The Prairie Canyon Member is 306 m thick and interpreted as 

a proximal shoreface deposit, consisting of four coarsening upwards sequences capped 



39 

by flooding surfaces below which concretionary horizons occur (Cole et al., 1997; 

Hampson et al., 1999). These concretions are formed of two phases of matrix cement, a 

Ferroan dolomite and smaller amounts of a Fe-poor dolomite (Klein et al., 1999). They 

contain calcite septarian fractures that are concentrated at the concretion center and taper 

off towards the edge forming  ‘septa’ cross cutting the concretion matrix (Astin, 1986).  

The concretions and their associated septarian fractures have already been the subject of 

extensive stratigraphic, carbon and oxygen isotopic and petrographic studies (described 

in Cole et al., 1997; Hampson et al., 1999; Klein et al., 1999) but their burial history, the 

source of the pore water from which the cements precipitated and the temperature of 

formation are still uncertain. Vitrinite reflectance values from Mancos Shale outcrops in the 

same area range from Rm=0.42 to 0.68 (Johnson and Nuccio, 1993) and constrain the 

outcrop to peak burial temperatures of approximately 107°C using the equation of Barker 

and Goldstein (1990). However, vitrinite reflectance values are dependent on sample 

preservation, and the temperature estimates are very sensitive to the specific equation 

used (Johnson and Nuccio, 1993). The δ18Ocarbonate values of the concretions in the Prairie 

Canyon Member were interpreted as potentially either being precipitated at burial 

temperatures up to ~92 °C from marine fluids, or in a low-temperature mixed meteoric-

marine fluid system (Klein et al., 1999).  

3.3.2 Carbonate Clumped Isotope Thermometry 

The carbonate clumped isotope thermometer is based on the abundance of “clumped” 
13C-18O bonds within the crystal lattice of a carbonate mineral (Ghosh et al., 2006; 

Schauble et al., 2006; Eiler, 2007). A sample of the carbonate is reacted with phosphoric 

acid to produce CO2, of which the doubly-substituted isotopologue of mass 47 (16O-13C-

18O) is of interest. The degree of “clumping” is denoted using the parameter ‘Δ47’. Δ47 is 

defined as: 

Δ47= 1000[(R47/R47*) – (R46/R46*) – (R45/R45*) + 1], (1) 
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where Ri = mass i/ mass 44 and Ri* is the ratio of a gas with the same bulk isotope 

composition but a stochastic distribution of isotopologues (Eiler, 2007). 

The clumping is thermodynamically controlled with an inverse relationship between 

temperature and abundance of 13C-18O bonds. Furthermore, Δ47 does not require any 

assumptions about the bulk stable isotope composition of the parent fluid (Schauble et al., 

2006; Eiler, 2007). With an independent temperature constraint and the δ18Ocarbonate, the 

parent δ18Oporewater can be back-calculated and the meteoric-marine mixing vs. temperature 

hypothesis can be resolved. 

3.4 Material and Methods 

A total of eight calcite samples from septarian fracture fills and nine dolomite concretion 

matrix samples were collected from the outcrop Fig. 3.1. (A) Upper and lower horizons at 

Area 4. Septarian fracture samples were taken from PC12. (B) Matrix transect at grid PC13, 

stars represent drill holes. (C) Matrix transect at Grid PC10 D) Septarian fractures from 

concretion PC12.  We used the same two sites, located 1.5 km apart, as Klein et al., 

(1999). The samples were taken from two cemented horizons, both of which occur at the 

top of sequence D as described by Cole et al. (1997). The upper horizon has rounded 

dolomite concretions between 2-3 m in length, and one concretion was sampled here, 

PC10. The lower horizon, is ~2 m below and more laterally extensive with cement bodies 

>4 m in length, of which one concretion, PC13 was sampled.  

Six septarian fractures were sampled from three separate concretions along the upper 

horizon in the first area. The other two septarian fracture samples were taken from one 

concretion (PC12) in the equivalent upper horizon at the second site Fig. 3.1. (A) Upper 

and lower horizons at Area 4. Septarian fracture samples were taken from PC12. (B) Matrix 

transect at grid PC13, stars represent drill holes. (C) Matrix transect at Grid PC10 D) 

Septarian fractures from concretion PC12 . Chips of the fracture fill were collected from six 

septarian fractures along with two complete fracture fills. 
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Dolomite matrix samples were taken from two concretions.. Three samples were taken from 

one concretion (PC10) in the upper horizon at the first site. Six dolomite matrix samples 

were also taken from one larger concretion (PC13) in the lower horizon at the second site 

Fig. 3.1. (A) Upper and lower horizons at Area 4. Septarian fracture samples were taken 

from PC12. (B) Matrix transect at grid PC13, stars represent drill holes. (C) Matrix transect 

at Grid PC10 D) Septarian fractures from concretion PC12. Klein et al., (1999) mapped out 

the high resolution spatial distribution of δ13C and δ18O for PC10 and PC13, and we 

reoccupied the same spatial grids Fig. 3.2. Grids for PC10 and PC13 used by Klein et al., 

(1999). Measurements by Klein et al., (1999) are non-bold, isotope values obtained in this 

study are bold and samples denoted by a star. Contouring is every 1‰, as per Klein et al., 

(1999). δ13C and δ18O values of re-occupied sites fell within 1 ‰ of those measured by 

Klein et al., (1999). Hand samples were subsequently powdered using a dental drill prior to 

analysis.  

Two septarian fracture samples were examined in thin section by cathodoluminescence 

(CL) using a CITL Cathodoluminescence Mk5-2 stage and a Nikon Eclipse 50i microscope 

with a Nikon DS-Filc camera (see appendix). The CL stage was operated at 15 kV.  Thin 

sections were examined for evidence of alteration through weathering, and none was 

observed. Five septarian fracture fills were analysed for phase identification by powder X-

ray diffraction at the Natural History Museum, London. This was carried out on a Phillips 

PW 1830 diffractometer system using Cu Kα radiation at 45 kV and 40 mA. The resulting 

diffraction pattern was then overlaid with known mineral XRD patterns from the 

International Centre Diffraction Database (ICDD) for qualitative phase analysis by peak 

matching. 

Isotopic analyses were carried out in the Qatar Stable Isotope Laboratory at Imperial 

College London. Between 5-8 mg of calcite from fracture fills were reacted in 104% 

phosphoric acid at 70°C for 15 minutes and the resulting CO2 gas was purified in a manual 

vacuum line following Dennis and Schrag (2010). Dolomite matrix samples were first 

treated with cold 3% H2O2 and distilled water rinses to remove organic material (Ferry et 

al., 2011), and 9-10 mg of sample were reacted at 90°C for 45 minutes before being 
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passed through the vacuum line. All samples are reacted online with the CO2 produced 

being continually trapped during the reaction. Resultant CO2 was measured on one of two 

Thermo Fisher MAT 253 isotope ratio mass spectrometers with an integration time of 2 

hours (see Huntington et al., 2009).  To monitor for contamination, only samples with δ48 

and Δ48 values that fell within 2 ‰ of the appropriate heated gas line were accepted 

(Huntington et al., 2011).  

The acid fractionation factor of Kim et al. (2007) and the dolomite fractionation factor of 

Rosenbaum and Sheppard (1986) were used to correct the δ18Ocalcite and  δ18Odolomite  

respectively. Rosenbaum and Sheppard (1986) was used as it was used in a previous 

study of these cements (Klein et al., 1999). Acid fractionation factors for Δ47 are taken from 

Guo et al. (2009); (equation 23). This was used as it can be adjusted for 70°C and 90°C for 

calcite and dolomite respectively. At 90°C it gives a fractionation factor of 0.069 ‰, 

comparable with recently published empirical fractionation factors for 90°C of 0.07 ‰ and 

0.076 +0.007‰ (Henkes et al., 2013; Wacker et al., 2013).  For the dolomite samples 

reacted at 90°C, the maximum temperature change caused by different fractionation 

factors is ~3°C, which falls within the standard error of many of the samples (Table 1). 

The  Δ47 values were converted into temperature using Passey and Henkes (2012) 

(equation 5), adjusted to take into account that an acid fractionation factor of  0.081 ‰ was 

used by Passey and Henkes (2012).  Parent δ18Oporewater values were calculated using 

calcite-water fractionation factors from Friedman and O'Neil (1977) for calcite and 

Vasconcelos et al. (2005) for dolomite. The Vasconcelos et al., (2005) was used as it is a 

low temperature calibration for dolomite, and the concretions can form at low 

temperatures. Using the higher temperature calibration of Land (1980) to back-calculate 

δ18Oporewater shifts all the back-calculated pore-water compositions to ~1 ‰ more negative, 

but this does not have a major impact on the interpretation of the results.  

All Δ47 values are reported in the absolute reference frame with the methodology described 

in Dennis et al. (2011), using standards, including Carrara Marble, an externally verified 
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carbonate standard (ETH-3), heated gases and CO2 gases equilibrated with water at 25°C, 

50°C and 80°C. During the period of measurement on each machine the Carrara Marble 

standard had a mean Δ47  (in the universal reference frame) of 0.391 (1σ 0.034 n= 42) for 

one machine and 0.410 (1σ 0.02 n= 13) for the other. Both δ18O and δ13C values are 

reported against Vienna PeeDee Belemnite (VPDB), and the δ18Oporewater is reported against 

Vienna Standard Mean Ocean Water (VSMOW). 

 
Fig. 3.1. (A) Upper and lower horizons at Area 4. Septarian fracture samples were taken 
from PC12. (B) Matrix transect at grid PC13, stars represent drill holes. (C) Matrix transect 
at Grid PC10 D) Septarian fractures from concretion PC12 
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Fig. 3.2. Grids for PC10 and PC13 used by Klein et al., (1999). Measurements by Klein et 
al., (1999) are non-bold, isotope values obtained in this study are bold and samples 
denoted by a star. Contouring is every 1‰, as per Klein et al., (1999). δ13C and δ18O 
values of re-occupied sites fell within 1 ‰ of those measured by Klein et al., (1999). 

3.5 Results  

All results are shown in Table 1., Mean δ13C and δ18Ocarbonate values for the septarian 

fracture fills are -2.96 (0.37‰ 1σ) and -12.22 (0.36‰ 1σ), respectively. The mean 

δ18Oporewater composition for the septarian fills is 0.28 ‰  (0.42 ‰ 1σ). Matrix dolomite 

cement δ13C values are increasingly depleted towards the edges of the concretions, and 

range from positive δ13C up to 9.33 ‰ in the core of PC10, to -7.54 ‰ towards the edge in 

PC13.  The δ18Ocarbonate has a similar trend, becoming increasingly depleted towards the 

edges of the concretions, ranging from -1.47 ‰ at the center of PC10 to -9.17 ‰ at the 

edge of PC13. Results for the matrix samples can be shown overlying those obtained by 

Klein et al., (1999) in Fig. 3.2. Grids for PC10 and PC13 used by Klein et al., (1999). 

Measurements by Klein et al., (1999) are non-bold, isotope values obtained in this study 

are bold and samples denoted by a star. Contouring is every 1‰, as per Klein et al., 

(1999). δ13C and δ18O values of re-occupied sites fell within 1 ‰ of those measured by 

Klein et al., (1999).. Back-calculated δ18Oporewater  compositions are shown in Fig 3. The 



45 

standard deviation reported for the matrix samples (Table 1) likely represents a 

combination of analytical error and the heterogeneity of the samples, as they are mixed 

carbonate phases. 

The mean Δ47 for the septarian fracture infills is 0.514  (0.009 ‰ 1σ). For the matrix 

dolomite there is a core to rind trend in Δ47  that corresponds to the changes in δ13Ccarbonate 

and δ18Ocarbonate. They range from 0.573 ‰ to 0.666 ‰. This translates to temperatures of 98  

to 117 °C for the fracture fill, and between 33 ± 2 °C to 66 ± 3°C for the matrix samples 

(Table 1).  
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Table 1:  δ13C, δ18O, Δ47 and δ18Oporewater. 
aF = fracture M=matrix 
bError is 1σ for δ13C and δ18Ocarbonate  
cError for Δ47 is given as standard error, calculated by the replicate standard deviation 
divided by square root of n. 
 dBack-calculated using fractionation factors of Vasconcelos et al., (2005) for dolomite 

Sample Min. S
a n δ13C (VPDB)b δ18Ocarbonate 

(VPDB)b Δ47c T (°C) δ18Oporewater 
(VSMOW)d 

PC10C1SC1 Cal 
 

F 4 -3.35 (0.04) 
 

-14.35 (0.18) 
 

0.511 (0.014) 
 

110 (8) 
 

-0.05 (0.99) 

PC10C1SC2 Cal 
 

F 3 -3.03 (0.09) 
 

-14.10 (0.03) 
 

0.497 (0.004) 
 
 

117 (4) 
 

0.88 (0.41) 

PC10C1SC3 Cal 
 

F 4 -3.03 (0.01) -13.44 (0.05) 
 

0.490 (0.010) 98  (10) 0.74 (0.79) 

PC10C2SC1 Cal 
 

F 4 -3.03 (0.02) -13.77 (0.09) 0.512 (0.016) 112 (7) -0.41 (1.18) 

PC10C2SC2 Cal 
 

F 3 -3.08 (0.01) -13.82 (0.09) 0.499 (0.012) 106 (7) 0.08 (0.82) 

PC12SC1 
(area 2) 
 

Cal 
 

F 3 -2.89 (0.01) -13.72 (0.04) 0.499 (0.03) 106 (2) 0.18 (0.25) 

PC12SC3 
(area 2) 

Cal 
 

F 3 -3.13 (0.03) -13.56 (0.08) 0.499 (0.012) 106 (8) 0.35 (0.92) 

PC10C5SC2 Cal 
 

F 3 -2.10 (0.02) -13.21 (0.25) 0.502 (0.013) 104 (8) 0.50 (1.11) 

PC10B6 Dol M 2 6.81 (0.12) -2.35 (0.12) 0.631 (0.009) 48 (4) 0.63 (0.65) 

PC10D5 Dol M 3 9.33 (0.15) -1.47 (0.27) 0.620 (0.005) 50  (2) 2.58 (0.59) 

PC10G5 Dol M 3 3.83 (0.15) -4.06 (0.48) 0.608  (0.012) 58 (5) 1.23  (1.24) 

PC13 B2 Dol M 3 -4.54 (0.21) -8.7 (0.41)  0.595 (0.004) 66 (3) -2.28  (0.82) 

PC13 B3 Dol M 1 0.73 (0.09) -6.76 (0.66) 0.612 (0.004) 55 (1) -2.18 (1.21) 

PC13 B4 Dol M 2 4.54 (0.2) -3.59 (0.19) 0.664  (0.015) 35 (5) -1.95 (0.41) 

PC13 B6 
 
PC13 E1 
 
PC13 E4 

Dol  
 
Dol 
 
Dol 

M 
 
M 
 
M 

2 
 
2 
 
3 

0.99 (0.02) 
 
-7.54 (0.02) 
 
6.86 (0.05) 

-5.76 (0.05) 
 
-9.17 (0.03) 
 
-2.28 (0.05) 

0.626  (0.012) 
 
0.573 (0.011) 
 
0.666  (0.004) 

49 (10) 
 
61 (6) 
 
33 (2) 

-1.89 (1.78) 
 
-1.22 (0.44) 
 
-3.47 (0.93) 
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and Friedman and O’Neil (1977) for calcite. Error for δ18Oporewater is calculated using 
1σ of δ18Ocarbonate  and temperature standard error. 

3.6 Discussion 

3.6.1 Assessing the integrity of the clumped isotope results 

Two main complications can arise when interpreting the δ18O and Δ47 values of the samples. 

First, the cements may have undergone recrystallization during burial, which could cause an 

alteration of both the δ18Ocarbonate and the Δ47 signatures. Second, the Δ47 could have been reset 

in a closed system during burial through solid-state diffusion, a process which can occur whilst 

the δ18Ocarbonate remains unaffected (see Ferry et al., 2011; Quade et al., 2013).  

Although we cannot completely rule out recrystallization, we deem it unlikely as 1) we found no 

petrographic textural evidence of recrystallization in the fracture calcite in thin sections and 

under cathodoluminescence (see appendix), 2) at least in the dolomite matrix, cooler 

temperatures are preserved in the center of the concretions (~30°C), and 3) there is a range of 

different δ18O values in the surrounding dolomite matrix, which may have been expected to 

homogenize with recrystallization. Furthermore, with regards to understanding the basin fluid 

history, even if recrystallization had occurred, the back-calculated pore fluid should represent 

the δ18Oporewater composition at the temperature of recrystallization and has less impact on our 

interpretation.  

It also seems unlikely that the dolomite concretion matrix has been reset, given the 

preservation of low temperatures at the cores of the concretions. For the calcite fracture fills, 

the likelihood of resetting is a function of the temperatures the Prairie Canyon reached during 

burial, and the length of time is was held at these temperatures (Dennis and Schrag, 2010; 

Huntington et al., 2011; Passey and Henkes, 2012). However, previous works on the clumped 

isotope signatures of diagenetic calcite samples have been show to preserve potentially 
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original, low precipitation temperatures (~24 °C) next to high temperature calcite (137 °C) in 

fault zones (Swanson et al., 2012), dike intrusion settings (Finnegan et al., 2011), and low 

temperature 14-19 °C calcite next to 94-123 °C calcite in Eocene gastropod shells 

(Huntington et al., 2011).  

 It is difficult to constrain the temperature history of the outcrop independently of the clumped 

isotope data, and especially the duration of exposure of the concretions to burial 

temperatures. Vitrinite reflectance data imply a maximum temperature of ~107°C, although 

this is likely associated with large uncertainties that are difficult to constrain (Johnson and 

Nuccio 1993). The Prairie Canyon Member also appears in wells to the north of the outcrop 

studied (Nuccio and Roberts, 2003). In these wells it has been exposed to temperatures >100 

°C for ~80 million years, so the length of burial of the outcrop examples used in this study is 

likely to be significantly less than this.  Despite the lack of control of the timing, the fracture fills 

also have back-calculated δ18Oporewater compositions within error of the δ18Oporewater for matrix 

dolomite cements in the concretion PC10.  This is significant, as the fractures are taken from 

the same horizon as PC10 and had resetting of the Δ47 signature occurred, the back-

calculated fluids of the fractures and matrix may be expected to be different. 

3.6.2 Growth of the Concretions 

A simple model of concretion formation is based on ‘concentric growth’, with progressively 

younger cement phases growing outwards from the center to the edge of the concretion. 

However, many concretions form in a pervasive manner, in which early and late stage cements 

precipitated throughout the concretion body. This can occur where early cementation is 

incomplete and preserves residual porosity that is protected against compaction (Mozley, 

1989, 1996; Raiswell and Fisher, 2000). The spatial distribution of δ13C and δ18O in the Prairie 

Canyon concretions could be interpreted as either consistent with the concentric growth 
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model (Mozley et al., 1996; Klein et al., 1999), or a pervasive growth mechanism, where 

intermediate between the edge and core represent mixtures of early and late cements, 

with greater amounts of late cements present near the outer edge (Mozley, 1989; Mozley, 

2002) (Fig. 3.2).   In this case it may be difficult to determine whether cements occurring at 

intermediate locations between a concretion centre and edge are be due to (a) successive 

generations of cement growing concentrically from the centre, or (b) mixtures of early and late 

cements where the percent ratio of centre: edge cements in a sample varies according to its 

relative position. In these concretions, it is difficult to distinguish any core to edge relationship 

in matrix cement mineralogy (Klein et al., 1999).  In scenario (a) the temperatures inferred from 

Δ47 values are the actual temperatures that occurred during the formation of those cements.  

In scenario (b) the temperatures inferred from Δ47 values are not those that occurred during 

cement formation.  

It is not possible to distinguish discrete layers in the concretions in the Prairie Canyon outcrop 

or thin sections from those concretions. Previous work suggests that although a Fe-poor 

dolomite preceded a more ferroan dolomite, there is no center-to-edge relationship in 

abundance of the two (Klein et al., 1999). It is possible that precipitation of a relatively small 

amount of an early ferroan dolomite phase stabilized the sediment framework and prevented 

compaction in areas of the concretions (Spinelli et al., 2007), allowing a later, higher 

temperature ferroan dolomite to precipitate throughout. Thus, there is no way to be certain 

that the ferroan cement all represents one phase of precipitation.  It is likely, however, that 

even in the case of mixed cements the concretion centre is predominantly early cement and 

the edge is predominantly late (Mozley, 1989, 1996).  In this case we assume here that the 

concretion centre is predominantly early cement and the edge is late.  We can determine that 

in concretion PC13 the cement in the concretion center precipitated at lower temperatures (33 

± 2 °C), whilst cement at the edge precipitated at higher temperatures (66 ± 3 °C) (Fig. 3.3). 

Concretion PC10 is significantly smaller than PC13 and shows less variation from core to edge 
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in δ13C and δ18O (Fig. 3.2). However, as the cements most depleted in δ18O and δ13C were not 

sampled to measure Δ47, we cannot be certain of the range in temperature nor when the 

concretion finished forming. 

 
Fig. 3.3. Burial depth (km) and clumped isotope temperatures (˚C) vs. calculated 
δ18Oporewater. Septarian fractures (triangles) and matrix cements (squares) are plotted. 
Burial depth assuming a geothermal gradient of 30°C/km and a sea-floor temperature of 
15 °C. Error bars are 1 standard error (S.E.). 

3.6.3 Relative timing of burial processes compared to δ13C 

By reference to a burial curve estimated for this area for subsurface wells containing the 

Mancos Shale, (Govt. 31-10 well, page 15 in Nuccio and Roberts (2003) the data from PC13 
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relates to a depth of approximately ~660 m and age of 75 m.y. for the formation of the 

concretion centre and a depth of ~1980 m and age of 65 m.y. for the formation of the edge 

cement, assuming a geothermal gradient of 30 °C/km and seafloor temperature of 15 °C (see 

Klein et al., 1999 for a discussion of sea-floor temperatures). This would indicate concretion 

growth lasted 10 million years and occurred over a depth range of ~1400 m. The timing of 

septarian fracture formation would have been at approximately ~35 myrs and ~3500 m depth. 

These data can be used to help constrain the timing of organic decomposition processes (Fig 

3.4) as reflected in the δ13C of the cement. The core of concretion PC13 has a heavy δ13C 

signature (6.8 ‰); such enrichment of pore waters in 13C is typically attributed to 

methanogenesis (Irwin et al., 1977). The edge cements are more depleted in 13C (δ13C = -7.53 

‰) probably reflecting the onset of thermocatalytic decarboxylation (Irwin et al., 1977; Klein et 

al., 1999). The temperature of the concretion core  (33 ± 2 °C) is compatible with temperatures 

(~30 °C) at which methanogenic bacteria have been used to experimentally precipitate 

stoichiometric dolomite (Kenward et al., 2009). The upper temperature limit of methanogenesis 

in the Prairie Canyon must be lower than temperatures recorded by cements at the outer rim 

of the concretion, where δ13C values of -7.53 ‰ imply thermocatalytic decarboxylation at a 

temperature of at least 66 ± 3 °C based on clumped isotopes results (Fig. 3.3).  

The final cementation event to occur is the infill of the septarian fractures, of which the mean 

precipitation temperature is 107 °C (Fig. 3.3), corresponding to burial depths of ~2.7 to 3.5 

km. The mean δ13C value of the calcite is -3.3 ± 0.3‰ (VPDB), and may reflect thermocatalytic 

decarboxylation processes, similar to the concretion edge cements of PC13. The texture of 

the calcite infill does not imply growth during fracture opening, as the crystals show no 

preferential elongation perpendicular to fracture opening, and as such it is impossible to infer 

the timing of fracturing except that it is later than the concretion edge cements.   
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Additionally, this shows that the cooler carbonate clumped isotope temperatures of early 

dolomite concretion cores are preserved, even when in close spatial proximity to higher 

temperature dolomite and calcite phases and subjected to burial depths >3.8 km. This implies 

that the dolomite phase can withstand resetting up to ~117 °C for at least ~40 myrs. 

 
Fig. 3.4. Change in δ13Ccarbonate with temperature and depth. Burial depth assuming a 
geothermal gradient of 30°C/km and a sea-floor temperature of 15 °C. Black squares are 
PC13, half white half black are PC10, triangles are septarian fills. Error bars are standard 
error (1 S.E.) for temperature and 1σ for δ13C. 
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3.6.4 Parent fluid δ18O of the concretion matrices 

For the matrix dolomite cement, the back-calculated δ18Oporewater values for the core and edge 

of concretion PC13 are anomalously depleted with values of -1.22 (0.44 1σ)  ‰ and –3.47 

(0.93 1σ) ‰ respectively. The first of these values is similar to those obtained by Loyd et al., 

(2012) for concretions in the Holz Shale, which they interpreted to represent meteoric- marine 

mixing. Given the near-shore geological setting of portions of the Prairie Canyon (Hampson et 

al., 1999) and the fact that δ18Oporewater values for the edge of PC13 are slightly more negative 

than the inferred Cretaceous seawater value of -1.2 ‰ (Shackleton and Kennett, 1975; Klein 

et al., 1999) these data could also suggest a degree of meteoric water influx. The Prairie 

Canyon Member is sandier and a more permeable horizon than the surrounding Mancos 

Shale. It may have acted as a coastal aquifer for meteoric water, in a similar manner to the 

New Jersey Margin off the eastern seaboard of the USA today (Malone et al., 2002). 

Siliciclastic carbonate concretions are also found in these settings (Malone et al., 2002). There 

does not appear to be a large difference between the core and edge cement δ18Oporewater, 

implying little change in the δ18O values of the parent fluid during burial and formation of PC13. 

The back-calculated δ18Oporewater of matrix cements from PC10 is up to 3 ‰ heavier that that of 

PC13 (Fig. 3). Additionally, although the precipitation of the septarian fracture fills is a much 

later event in the burial history as demonstrated by higher temperatures of precipitation, the 

δ18Oporewater is still within the range of error of the earlier concretion matrix cements, with a mean 

δ18Oporewater of 1.75  (0.5 1 σ) ‰  (Fig. 3.3). This is significant as the matrix cements of PC10 

concretions may have precipitated from pore fluids with a heavier δ18Oporewater than PC13, at 

similar temperatures and δ13C values. If this were the case, it implies the type of pore water 

(meteoric/marine) is not an essential control on the precipitation of the carbonate cements and 

that the septarian fracture fills did not precipitate from meteoric-marine mixed water. Secondly, 
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it may suggest that the two pore fluids were not in communication with each other across the 

2 m shale layer between them.  

There are several potential causes of the differences in δ18Oporewater between PC13 horizon and 

the PC10 concretionary horizon. There may have been an inherent heterogeneity in the original 

pore fluid at time of deposition, potentially due to changes in sedimentation. This hypothesis is 

supported by a previous sedimentological study by Hampson et al., (1999), who interpreted 

the shale horizon between the PC10 and PC13 to represent the distal toe of another 

parasequence. Alternatively, the horizon of PC13 may have been a preferential flow pathway 

for meteoric-marine mixed fluids to travel through. This is supported by the observation that 

the extent of cementation in the PC13 horizon is much greater than PC10. An influx of Ca2+, 

Mg2+, Fe2+ and CO3
2- ions from fluids along the horizon could replenish the ion gradient and 

explain the cementation (Bjorkum and Walderhaug, 1993) . 

It is also possible that difference in δ18Oporewater between the two horizons is caused by 

diagenetic processes, such as extended water-rock interaction, or clay dewatering during 

burial (Clayton et al., 1966). However, the difference is observable at temperatures of 33-40°C 

so many higher temperature diagenetic processes, such as clay transformation (temperatures 

in excess of 100 °C) can be ruled out (Aoyagi and Kazama, 1980). However, volcanic ash, 

which is present in the Mancos Shale, alters at low temperatures and has been suggested as 

a mechanism for significant depletion in 18Oporewater (Lawrence et al., 1979; Lawrence and 

Gieskes, 1981; Lawrence and Taviani, 1988). Finally, another possible solution may be shale 

hyperfiltration, which could cause fractionations in δ18O, and a δ18Oporewater up to 0.8‰ lighter on 

the lower pressure side of the shale layer (Coplen and Hanshaw, 1973).  
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3.7 Conclusions 

Clumped isotope analysis has been used to analyse the matrix cements of two concretions 

from two different horizons and septarian fracture fills from four concretions within one of those 

horizons in the Mancos Shale found in the Prairie Canyon outcrop.  Analyses reveal that the 

concretion matrix in the core of the concretions formed at shallow burial depths (<1 km burial), 

before later cements at the edge of the concretions precipitated at depths of ~1.5 km. 

Subsequently, septarian fracture infills formed at depths of ~3 km. The spatial juxtaposition of 

low temperature dolomite cements and high temperature cements suggests that it is resistant 

to at least complete resetting up to ~117 °C over a timescale of at least 40 myrs.  The various 

cement phases record the history of changes in organic matter decomposition via changes in 

δ13Ccarbonate, indicating a change from the methanogenic zone at <1 km burial to one influenced 

by the temperature-driven breakdown of organic matter at >2 km burial. The δ18Oporewater shows 

that the matrix cements for horizon PC13 precipitated from a pore water with a marine- 

meteoric mixed signature, whilst horizon PC10 and the associated septarian fracture fills 

formed from pore waters isotopically enriched in 18O relative to Cretaceous seawater.  This 

may reflect original pore water heterogeneities, differences in horizon permeability or be 

caused by an early diagenetic process such as alteration of volcanic ash or shale 

hyperfiltration.  

Our data showing high temperature precipitation for the septarian infill from a non-meteoric 

parent pore water should caution others when using septarian calcite to infer meteoric input 

through time based only on light oxygen isotopes. Independent verification from other 

palaeothermometers, such as carbonate clumped isotope thermometry is essential.  

Using carbonate clumped isotope thermometry, we demonstrate that septarian (and non 

septarian) concretions formed over a wide range of depths and temperatures, constraining the 

diagenetic processes and pore fluid compositions in formation. This is achieved by providing 
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an independent temperature axis to determine relative timing of cement phases (related to 

burial temperatures), and by distinguishing between meteoric-mixing or high temperature 

precipitation of carbonate cements. This warrants a broader use of this technique to further 

our understanding of processes occurring during clastic diagenesis.  
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Chapter 4 

4 Tracking the Temperatures of Biologically 
Mediated Carbonate Cement Formation using 
Carbonate Clumped Isotopes 

4.1 Abstract 

Biological reactions during marine sediment diagenesis form an important part of global 

sulphur, carbon and methane cycles. Understanding these processes is important for 

constraining the production, consumption and sediment-water fluxes of H2S and CH4. One 

approach to investigate these reactions is to track fluctuations in the stable isotopes (�13C 

and �18O) of dissolved inorganic carbon (DIC) in the sediment pore water through the 

chemistry of associated carbonate cements. However, the formation of these cements is 

poorly understood, in part because determining the precipitation temperature has 

previously proved difficult. With the development of the carbonate clumped isotope 

palaeothermometer the temperature of the cement precipitation can be estimated and the 

�18O of the pore fluid back-calculated. This chapter presents a carbonate clumped isotope 

dataset of concretions and their septarian fracture fills from eight geographical locations in 

stratigraphic units comprising Jurassic to the Eocene sediments. This study indicates that 

the majority of cements precipitate between 20-65 �C, with a peak at ~40 °C. This is 

accompanied by an increase in the range of �13C values associated with microbial 

respiration, irrespective of sediment age or location. Furthermore, with the combined 

dataset we show that the �18Oporewater for 73% of cements falls between -5  � to +5 ‰ 

(VSMOW) suggesting that the fluid type is not a major control on cement precipitation.  We 

conclude that the majority of carbonate mineralization occurs in this temperature window, 

which corresponds to an ideal temperature for increased rates of biological 
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methanogenesis and sulphate reduction, and the highest availability of substrates such as 

acetate.  

4.2 Introduction & Background 

Diagenesis in clastic sediments is a complex process, driven by biologically and thermally 

controlled reactions and complicated by fluid circulation. These reactions are an important 

component of global biogeochemical carbon, methane and sulphur cycles. To understand 

rates of production and fluxes of some of their by-products it is essential understand how 

factors, such as temperature, control deep biosphere microbial processes (see 

Kotelnikova, 2002; Brüchert et al., 2003; Wadham et al., 2012).  

Investigating diagenetic processes and the deep biosphere is often achieved through 

examining the geochemical pore water profiles of Ocean Drilling Program (ODP) core (e.g. 

D'Hondt et al., 2002; Jorgensen and Boetius, 2007). However, these pore water profiles 

only provide information for present day biological activity, and are limited to sites where 

coring has taken place. A different approach is to focus on carbonate cements that 

precipitate during diagenesis, as these capture variations in δ13C and δ18Oporewater caused 

by biological or thermally induced reactions altering the pore water chemistry (Rosenfeld 

and Silverman, 1959; Irwin et al., 1977; Curtis, 1978; Curtis et al., 1986; Mozley and 

Wersin, 1992; Coleman et al., 1993; Hudson et al., 2001). An advantage of this is that it is 

possible to examine cements from different geological ages. These carbonate cements 

typically form concretions, which in mudrocks often contain carbonate filled ‘septarian’ 

fractures (Astin, 1986).  

Microbial respiration has been intrinsically linked to cement formation by using the stable 

carbon isotopes (δ13C) of concretions (see Irwin et al., 1977). An idealised simple 

sequence of microbial respiration based on the decreasing redox potential of each 

reaction starts with aerobic respiration, followed by reduction of Fe, Mn (IV), NO3
-, SO4

2- 

and then methanogenesis. The by-products of some of these reactions, especially the 

latter two, can lead to indirect precipitation of carbonate cement (Raiswell, 1987; Raiswell 

and Fisher, 2004).  
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Methanogenesis can decrease the pH when reaction (1) is used, increasing carbonate 

dissolution. Alternatively, precipitation can be enhanced if (2) is used. The likelihood of 

cement precipitating is dependent on a balance between (1) and (2), in addition to other 

processes that can alter pH levels (e.g. Fe reduction) (Raiswell, 1987; Raiswell and Fisher, 

2004). 

CH3COOH →CO2 + CH4   (1) 

 

4H2 + CO2 →CH4 + 2H2O    (2) 

Methanogens sequester 12C into methane, leaving a relatively 13C enriched dissolved 

inorganic carbon (DIC) pool when it is the dominant respiration process (Irwin et al., 1977; 

Coleman et al., 1993). Sulphate reduction can produce 12C-rich HCO3
2-, either through the 

breakdown of 12C rich organic matter (3) or the anaerobic oxidation of methane (4), 

enhancing carbonate precipitation: 

2CH2O+SO4
2−→2 HCO3

−+H2S   (3) 

CH4 + SO4
2- →HCO3

- + H2O + HS-  (4) 

Interactions between microbial populations have been observed through δ13C shifts in DIC 

and concentrations of substrates, products and microbe numbers in sediment pore fluid 

profiles <700 m (Jorgensen and Boetius, 2007). Carbonate concretions have been 

documented with wide-ranging δ13C values: -30 ‰ (VPDB) to +20 ‰ (VPDB) (Mozley and 

Burns, 1993), which have been attributed to different ‘zones’ of respiration or the 

thermocatalytic breakdown of organic matter (Irwin et al., 1977).  

However, determining the temperature (and therefrom timing) of cement precipitation has 

previously been difficult, because the commonly used δ18O carbonate palaeothermometer 

is dependent on the δ18Oporewater as well as temperature.  Recent studies have demonstrated 

the use of carbonate clumped isotope palaeothermometry on concretions and septarian 
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fracture fills from a handful of formations (Loyd et al., 2012; Dale et al., 2014; Loyd et al., 

2014).  Carbonate clumped isotopes (defined by the Δ47!parameter) is based on an inverse 

relationship between temperature and ‘clumping’ of heavy isotope 13C18O bonds in a 

carbonate crystal lattice and is thus independent of δ18Oporewater (see Eiler 2007). However, 

the previous works have focused less on general conclusions about how temperature 

affects the biological mediation of cementation. To achieve this, a large and global 

carbonate clumped isotope dataset covering a range of geological ages is required. Here, 

we determine precipitation temperatures for carbonate cements from eight different 

locations from at least the Late Jurassic to Eocene, with a focus on the septarian fracture 

fills as it is easier to isolate a single carbonate phase for clumped isotope analysis. 

Combined with the literature dataset (Loyd et al., 2012; Dale et al., 2014; Loyd et al., 2014) 

this covers the Late Jurassic to the Miocene, and shows that the formation temperatures 

for carbonate cementation correspond with optimum reaction rates involved in sulphate 

reduction and methanogenesis.  

4.3 Methods  

The mineralogy, ages and sample locations are summarized in table 1. The majority of 

concretions were obtained from the Natural History Museum, London in addition to those 

collected from the Barton Clay (Hampshire Basin, UK). 

Isotope measurements were carried out in the Qatar Stable Isotope Laboratory at Imperial 

College London, following methods described in Dale et al. (2014) (see appendix chapter 

4 for further details). Briefly, samples were cleaned with 4 to 5 washes of a cold cleaning 

solution of 3 % H2O2 0.9 wt % sodium hexametaphosphate. For each analysis 6-15 mg of 

powder was reacted with 104% phosphoric acid at 90 °C, with a reaction time of 10 or 20 

minutes for calcite and dolomite/ankerite respectively. The resultant CO2 was passed 

through a manual vacuum line with the Porapak Q trap held at -60 °C, before measurement 

on one of two Thermo Fisher MAT 253 isotope ratio mass spectrometers. The Δ47 values 

were projected into the absolute reference frame (Dennis et al., 2011), before addition of 

an acid fractionation factor of + 0.069 ‰  (Guo et al., 2009). To correct δ18Ocarbonate, the 
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calcite acid fractionation factor of Kim et al. (2007) and dolomite fractionation factor from 

Rosenbaum and Sheppard (1986) were used as these equations were used in chapter 3 

for the Mancos Shale samples. The long-term average for Carrara Marble and ETH-3 

carbonate standards measured on Pinta and Nina are: Carrara Marble Δ47 1 S.E = 0.004; 

δ18O 0.021 (1σ), δ13C 0.07 (1σ) for Nina and Carrara Marble Δ47 1 S.E = 0.005; δ18O 0.019 

(1σ); δ13C 0.09 (1σ) for Pinta. 

We used the Δ47 calibration described in Passey and Henkes (2012) (eq.5), adjusted to 

take into account the different acid fractionation factor. We back-calculated δ18Oporewater 

values using carbonate-water equilibrium fractionation factors from Friedman and O'Neil 

(1977) for calcite and (Land, 1980) for dolomite and ankerite. These equations were used 

as they are calibrated over the appropriate temperature range for the samples measured. 

The back-calculated δ18Oporewater values are reported against Vienna Standard Mean Ocean 

Water (VSMOW), whilst the measured δ18O and δ13C values are reported against Vienna 

PeeDee Belemnite (VPDB).  

Data from the literature (Loyd et al., 2012; 2014) has been adjusted to taken into account 

the different acid fractionation factor used and converted into the Passey and Henkes 

(2012)  Δ47 calibration, in order to make the results comparable. 

4.4 Results 

All location and age information for samples is given in table 1, with mineralogy in 

appendix 1. The range in δ13C and δ18Ocarbonate is -22.74 ‰ (0.41 1σ) to + 4.79 ‰ (0.08 1σ) 

and -19.78 ‰  (0.32 1σ) to -1.93 ‰ (0.31σ) respectively. A histogram of all the 

temperatures from this dataset and the literature (Loyd et al., 2012; Dale et al., 2014; Loyd 

et al., 2014) is shown in Fig. 4.1 and the range is 14-107 °C for fracture fills and 7- 66 °C 

for matrix body cements. The temperature against δ13C and corresponding δ18Oporewater  are 

plotted in fig. 4.2 and 4.3 respectively. Where fractures contained multiple mineralogical 

phases, 1 denotes the first (edge of fracture) phase.
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Table 1: δ13C, δ18Ocarbonate, Δ47 and back-calculated δ18Ofluid for all samples from chapter 4 

Sample 
Name* 

† 
 Location Age Formation 

 n δ18O (‰ 
VPDB)§ 

δ13C (‰ 
VPDB)§ Δ47abs ‰# T 

(°C)** 
δ18Ofluid 

(‰VSMOW)†† 

95337-1 F Weymouth, 
Dorset UK Mid Jurassic Oxford Clay 2 -1.93 

(0.3) 
-17.56 
(0.03) 

0.668 
(0.004) 30 ± 1 1.16 ± 0.49 

95337-2 F Weymouth, 
Dorset UK Mid Jurassic Oxford Clay 2 -3.09 

(0.05) 
-5.39 
(0.01) 

0.663 
(0.008) 32 ± 3 0.40 ± 0.64 

95337-3 F Weymouth, 
Dorset UK Mid Jurassic Oxford Clay 2 -4.19 

(0.1) 
-0.29 
(0.16) 

0.663 
(0.004) 32 ± 2 -0.72 ± 0.49 

1951,404 F F Kilidu, Lindi, 
Tanzania Unknown Unknown 2 -6.13 

(0.1) 
-22.74 
(0.41) 

0.585 
(0.007) 63 ± 3 2.60 ± 0.54 

95339 F Chesterfield, 
Derbyshire Unknown Unknown 2 -3.74 

(0.14) 
-5.32 
(0.08) 

0.591 
(0.004) 61 ± 2 0.89 ± 0.44 

1931,41-1 F 
Roche-la-

Moliere, Loire, 
France 

Unknown Unknown 2 -12.88 
(0.27) 

-13.61 
(0.54) 

0.540 
(0.028) 

86 ± 
15 -4.96 ± 2.17 

1931,41-2 F 
Roche-la-

Moliere, Loire, 
France 

Unknown Unknown 2 -13.22 
(0.36) 

-13.07 
(0.5) 

0.553 
(0.014) 78 ± 6 -6.29 ± 1.13 

1985E6711 F Westbury, 
Wiltshire Cretaceous Unknown 

(marine) 4 -5.32 
(0.38) 

-5.53 
(0.04) 

0.646 
(0.011) 38 ± 4 -0.70 ± 1.12 

80165 F Kansas, USA Unknown Unknown 4 -2.24 
(0.22) 

-4.78 
(0.19) 

0.619 
(0.008) 48 ± 3 4.15 ± 0.72 

AG-1 F Unknown Unknown Unknown 1 -6.33 
(0.03) 

-6.92 
(0.07) 

0.637 
(0.004) 41 ± 1 -1.18 ± 0.2 

AG-2 F Unknown Unknown Unknown 1 -8.20 
(0.03) 

0.64 
(0.07) 

0.661 
(0.004) 33 ± 2 -4.54 ± 0.41 

AG-3 F Unknown Unknown Unknown 3 -6.99 
(0.19) 

4.79 
(0.08) 

0.634 
(0.016) 42 ± 5 -1.67 ± 1.09 

AG-4 F Unknown Unknown Unknown 3 -19.78 
(0.32) 

-5.12 
(0.12) 

0.576 
(0.009) 67 ± 4 -10.61 ± 0.89 

BC1S1 -1 F Highcliffe 
Beach, UK Mid Eocene Barton Clay 4 -6.98 

(0.25) 
-13.60 
(0.54) 

0.702 
(0.015) 22 ± 5 -5.56 ± 1.35 

BC1S1 - 2 F Highcliffe 
Beach, UK Mid Eocene Barton Clay 1 -6.98 

(0.03) 
-13.96 
(0.07) 

0.699 
(0.004) 23 ± 1 -5.32 ± 0.23 

BC3S1YC!
(centre)! F! Highcliffe!

Beach,!UK! Mid!Eocene! Barton!Clay! 3! C7.12!
(0.1)!

C14.59!
(0.04)!

0.686!
(0.006)! 28!±2! C4.45!±!0.51!

BC3S1C2! F! Highcliffe!
Beach,!UK! Mid!Eocene! Barton!Clay! 2! C7.24!

(0.35)!
C11.97!
(0.06)!

0.665!
(0.018)! 35!±!7! C3.18!±!1.51!

BC3S1C1! F! Highcliffe!
Beach,!UK! Mid!Eocene! Barton!Clay! 2! C7.22!

(0.14)!
C13.77!
(0.91)!

0.718!
(0.010)! 17!±!3! C6.92!±!1.03!

BC1S3!
(center)!

F!
!

Highcliffe!
Beach,!UK! Mid!Eocene! Barton!Clay! 3! C6.92!

(0.04)!
C14.64!
(0.04)!

0.728!
(0.011)! 14!±!4! C7.29!±!0.99!

BC3S4D!
(edge)! F! Highcliffe!

Beach,!UK! Mid!Eocene! Barton!Clay! 2! C7.10!
(0.1)!

C14.24!
(0.06)!

0.697!
(0.017)! 24!±!6! C5.25!±!1.40!

1951,404!M! M! Kilidu,!Lindi,!
Tanzania! Mid!Eocene! Unknown! 1! C3.78!

(0.03)!
C12.21!
(0.07)!

0.628!
(0.004)! 45!±!2! 2.09!±!0.59!

BC1M1! M! Highcliffe!
Beach,!UK! Mid!Eocene! Barton!Clay! 4! C8.79!

(0.19)!
C13.12!
(0.14)!

0.717!
(0.014)! 17!±!4! C6.48!±!1.11!

* 1, 2 and 3 adjacent to the sample number indicate the phase of fracture infill, with 1 being the edge phase. 
† F= fracture and M= Matrix cements 
§ Error for δ18Ocarbonate; δ13Ccarbonate  is 1σ for samples where n>1. For single measurements, 1σ from the long term carrara marble standard of the 
appropriate machine is taken.  See text for details on acid corrections of δ18Ocarbonate. 
# Reported in absolute reference Frame (Dennis et al., 2011) (abs). For Δ47 is 1 s.e where N=3+, 1σ where n=2 and  the 1. s.e for long term 
carrara marble measurements on the appropriate machine. See text for details on acid corrections. 
** Passey & Henkes (2012) eq. 5 is used to convert Δ47 to temperature 
†† The δ18Oporewater error is calculated based on the denoted error of Δ47 and 1σ  of δ18Ocarbonate.. 
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4.5 Discussion 

4.5.1 Assessing the quality of the dataset 

As many of the concretions come from a museum collection, some have unknown host 

formations (Table 1). Consequently, the maximum temperatures the concretions have been 

exposed to are uncertain, and this has potential implications for re-setting of δ18O and Δ47. 

Resetting of Δ47 in calcite is dependent on the maximum temperature reached and the 

duration of exposure, and is unlikely to occur at <100°C over 106-108 myr timescales 

(Dennis et al., 2011; Henkes et al., 2014). For some samples that approaching higher 

precipitation temperatures (e.g AG or 1951,404) we have measured multiple phases, 

which preserve variations in temperature and are unlikely to be reset. As we combine our 

data with that from the literature (Loyd et al., 2012; Dale et al., 2014; Loyd et al., 2014) we 

can reason that given the size of the dataset, if any samples have undergone re-setting or 

recrystallization then they would appear as outliers. This is true of samples from two 

locations: 1931,41 (phase 1 and 2), which are at much higher in temperature than the bulk 

of the phases. Consequently, we cannot rule out that they have undergone solid-state re-

setting of their Δ47 signatures.  

4.5.2 Temperature Control on Cement Precipitation 

Combining the data presented here with all published carbonate clumped isotope data on 

carbonate cements in clastics (Loyd et al., 2012; Dale et al., 2014; Loyd et al., 2014) 73% 

of all the cements precipitate between 20 °C - 60 °C, with a peak at ~40 °C (Fig. 4.1). This 

includes initial concretion matrix cements as well as septarian fracture fills, which are the 

last phase to precipitate. With only the body matrix carbonate cements, the ‘peak’ 

cementation temperature is 30-40 °C (see appendix chapter 4). This suggests that 

regardless of the geographical location or geological age,  temperature is the main control 

on carbonate precipitation.  
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This temperature range supports the established concept that the majority of cements 

precipitate in the microbial zone (< 70 °C) during early burial (Irwin et al., 1977). The large 

range of δ13C values is further evidence of microbial activity, indicative of the effect of 

different respiration pathways on the δ13C of the DIC (Fig. 4.2). If we accept that the 

precipitation of these cements is biologically mediated, the question then becomes why 

the majority of cements precipitated between 20-60 °C and not under lower or higher 

temperature conditions in which methanogens and sulphate reducers have been found in 

sediments (Whiticar, 1999; Jorgensen and Boetius, 2007). This range of cement 

precipitation temperatures corresponds well with that of optimal methanogenesis rates 

(Zeikus and Winfrey, 1979) and sulphate reduction (Sagemann et al., 1998) (Fig. 4.1). 

Additionally, maximum acetate generation during sediment heating experiments occurs 

between these temperatures, with a peak between 35-40 °C (Wellsbury et al., 1997). 

Acetate is a substrate for both sulphate reduction and methanogenesis (Wellsbury et al., 

1997). This indicates that the carbonate cements preferentially form during the window of 

greatest substrate availability and biological respiration rates, dependent on temperature 

irrespective of formation mineralogy or fluid composition.  

 
Fig. 4.1. (A) Histogram of cement precipitation temperatures (calculated from Δ47). A 
mean temperature was taken where there were multiple samples of the same phase (Dale 
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et al., 2014 fracture fills, sample 1931,41). For matrix cements from Dale et al., (2014) 
(chapter 3) mixing was a possibility, so we use the core and edge sample and discard 
others for this histogram. B) Bacterial sulphate reduction with temperature in sediment 
heating experiments (no added substrate) modified from Sagmann et al., (1998) C) 
Methane concentrations in sediment heating experiments, modified from Zeikus and 
Winfrey (1979). D) Concentration of acetate with temperature in heating experiments of 
estuarine sediment, modified from Wellsbury et al., (1997). See text for interpretation. 

4.5.3 Sulphate Reduction and Methanogenesis recorded in δ13Ccarbonate 

Two main trends in the δ13C with temperature can be seen. The first is increasing δ13C 

values in subsequent phases with temperature, from light δ13C representative of processes 

such as sulphate reduction towards δ13C as heavy as 9 to 15 ‰ indicative of 

methanogenesis (Irwin et al., 1977). This trend is picked out within consecutive fracture fills 

in samples AG and 95337 (Fig. 4.2), as well as concretion matrix cements from the 

Monterey Formation (Loyd et al., 2012) (Fig. 4.2). The trend is not observable in all 

samples as when sulphate levels in the pore fluid are high, sulphate reducing bacteria out-

compete methanogens for substrates such as acetate (see Whiticar 2000). Where pore 

water sulphate levels drop, methanogenesis can become the dominant respiration 

pathway (Whiticar 2000). There is a bias in the dataset towards calcite concretions, which 

often have lighter δ13C values than dolomite (see Mozley & Burns 1993), potentially 

explaining why this trend is observable in relatively few samples. The second trend is that 

the δ13C values get lighter at temperatures >70 °C. This is observable within multiple 

fracture fills of the AG concretion and in the Mancos Shale matrix cements (Dale et al., 

2014/ Chapter 4) (Fig. 4.2). This shift to lighter values indicates that the effect of 

methanogens is overtaken by the input of relatively 12C-rich CO2 from thermocatalytic 

decarboxylation.  We interpret this as related to the decrease in the number of 

methanogens as concentrations of microbial substrates, such as acetate,  fall above 60° C 

(Wellsbury et al., 1997) (Fig. 4.1d).  
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Fig.  4.2. δ13C of carbonate cements (x-axis) against their clumped isotope derived 
temperature (y-axis). Left: Samples from this study and Chapter 1; Right: All samples and 
Loyd et al., (2012; 2014) The names of the samples are given in the key, and each colour 
represents a different formation. Squares are septarian fracture fills, where 1 denotes the 
first phase (edge of the fracture) and arrows direct to subsequent fills phases. Diamonds 
are matrix cement samples. Colour boxes indicate interpretation of the dominant organic 
matter breakdown process. Sample error is 1 standard deviation for δ13C (or smaller than 
the marker) and 1 standard error for temperature where n>3, 1 standard deviation where 
n<3 (see appendix). 
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4.5.4 Back-calculated δ18Oporewater  

The back-calculated δ18Oporewater appears relatively constrained with the majority of the data 

between -5 ‰ and +4 ‰ (Fig. 4.3) and highly negative fluids being the exception. At first 

glance, the δ18Oporewater against temperature graph (Fig. 4.3) is similar to the δ13C with 

temperature in Fig. 4.2, in that between ~20 °C and ~60 °C there is an apparent increase 

in δ18Oporewater to more positive values. This is picked out by the samples from the Barton 

Clay,  from -7 to -3.1 ‰ approaching ~30 °C.  

Previous studies have demonstrated that the δ18Oporewater  can increase with depth, related 

to the dissociation of 18O-rich methane hydrates with temperature <50 °C (Hesse and 

Harrison, 1981; Hesse 2002). However, this is likely to be a mechanism that can only be 

invoked in specific circumstances, and δ18O values of interstitial pore waters are controlled 

by a host of variables. This includes advective flow of fluids from elsewhere; mineral-water 

interaction (e.g. clay dewatering) and silica diagenesis (releases 18O into pore waters) 

(Lawrence, 1974; Lawrence et al., 1979). This explains why within successive fracture fill 

phases the δ18Oporewater trend is more complicated than that seen in δ13C values. For 

example, sample AG has large changes between septarian fracture fills, with the first 

phase at ~-1.2 ‰, the second -4.5 ‰, the third -1.7 ‰ and finally the last phase is much 

lighter at -10.6 ‰.This may indicate an influx of a fluid with a meteoric δ18O composition. 

The dataset at higher temperatures is limited, although an apparent return to lighter 

δ18Oporewater values may be associated with the CO2 input from organic matter during 

thermogenic breakdown. 
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Fig. 4.3 δ18Oporewater (x-axis) against carbonate clumped isotope derived temperature (y 
axis). Left: Samples from this study and Chapter 1; Right: All samples and Loyd et al., 
(2012; 2014) The different colours refer to different formations, and are the same as for fig 
(4.2). Squares are septarian fracture fills, where 1 denotes the first phase (edge of the 
fracture) and arrows direct to subsequent fills phases. Diamonds are matrix cement 
samples. Coloured boxes indicate general ranges for δ18Ofluid for different sources of 
water. Sample error is 1 standard error for temperature where n>3, 1 standard deviation 
where n<3, whilst for δ18Oporewater it is maximum and minimum calculated δ18Ofluid for the 
temperature ± error and δ18O carbonate ± 1 s.d . 
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4.6 Conclusions 

Carbonate matrix and septarian fracture cements from a diverse collection of concretions 

have been measured using the carbonate clumped isotope technique, and combined with 

literature data to determine the conditions of carbonate cementation. The data presented 

here confirm that the majority of cements precipitate from δ18Oporefluid values between ~-5 ‰ 

to  +5 ‰, and that cement precipitate from a range of fluids, in agreement with the 

conclusions of Dale et al., (2014) and Loyd et al., (2014).  Finally, we have shown that the 

temperature window over which biologically mediated sulphate reduction and 

methanogenic cementation occurs is generally 20-60 °C with a peak at 40 °C irrespective 

of location or geological age. We suggest this is correlated to the optimal microbial 

respiration and acetate formation rates recorded in sediment heating experiments 

(Wellsbury et al., 1997). This demonstrates the majority of carbonate cementation is 

dependent on biological processes. Assuming sufficient availability of substrate, the 

duration of time over which a formation experiences this temperature window likely control 

sthe degree of carbonate cementation.   
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Chapter 5 

5 Constraining Carbonate Cementation in Clastic 
Reservoirs Using Carbonate Clumped Isotopes: 
A case study from the Bruce Field, UK North Sea 

5.1 Abstract 

Carbonate cementation is widespread in sandstone reservoirs and can be detrimental to 

porosity and reservoir connectivity. Understanding carbonate cementation in the context of 

an oil reservoir formation and charging is thus crucial, but this is often hampered by the 

lack of constraints on the temperature and timing of formation of the carbonate phases. 

Here the novel carbonate clumped isotope palaeothermometer is applied to reservoir 

carbonate cements from the Bruce Reservoir, UKCS. Carbonate cements from 4 wells 

across the field are measured, to 1) constrain the timing of precipitation of carbonate 

cement phases, 2) reconstruct the variation of δ18Oporewater during burial, and 3) to assess 

the use of the technique in identifying a cement barrier in two wells. Two cement phases 

were captured, an early poikilotopic calcite and a later dolomite, which precipitated at 

~40°C and 50°C respectively. Both cements have a common parent δ18Oporefluid, with a 

mean value of -2.08 ‰ (VSMOW), indicative of slightly altered Jurassic Seawater. δ13C 

values between cement phases vary from ~4 ‰ to -14 ‰ (VPDB) depending on the well, 

suggesting a localised carbon source.  Identifying whether the cemented layer examined 

was a barrier relied on tracking when the δ18Oporewater changed on either side of the barrier. 

However, in the case of the Bruce Field the variation in δ18Oporewater between the cement 

phases was not significant enough to constrain vertical compartmentalisation based on 

δ18Oporewater. This chapter concludes that although the carbonate clumped isotope 

technique has the potential to help trace barrier formation in reservoirs, this approach 

relies on being able to separate different cement phases and the assumption that the 
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δ18Oporewater diverging sufficiently between the newly formed compartments of the reservoir. 

However, through use of the technique it is possible to determine the timing and δ18Oporewater 

of cementation and place them into the burial history of the reservoir. 

5.2 Introduction  

Carbonate cemented horizons in clastic hydrocarbon reservoirs can reduce net pay by 

filling pore-space that would otherwise be occupied by oil and, if laterally extensive, act as 

baffles or barriers to vertical fluid flow (Saigal and Bjorlykke, 1987; Bjorkum and 

Walderhaug, 1990; Morad, 1998). The presence of carbonate cements can therefore have 

significant implications for reservoir performance and on the estimation of hydrocarbon 

resources and reserves. However, it is often difficult to constrain the abundance and 

distribution of carbonate cements, especially during field appraisal and the early stages of 

field development. This is because: (1) they are generally difficult to identify in seismic 

data; (2) carbonate precipitation can occur throughout the burial history of the reservoir 

(Kantorowicz, 1985; Emery et al., 1993); and (3) cement bodies can form as restricted 

concretions or laterally extensive cemented (Kantorowicz et al., 1987) horizons, which are 

not easy to differentiate in well logs or core samples.  

The geochemistry of carbonate cements from core samples can be used to constrain 

cementation mechanisms, timings and distribution in reservoir formations. Furthermore, as 

carbonate cements can precipitate at any depth throughout burial, it is possible to build a 

history of chemical reactions and fluid movements in a formation by examining the 

chemistry of different phases. A variety of techniques have previously been used in such 

studies of carbonate cementation, including carbon, oxygen and strontium isotopes (e.g. 

Kantorowicz et al., 1987; Siegel et al., 1987; Schultz et al., 1989; Bjorkum and Walderhaug, 

1990; Bjorkum and Walderhaug, 1993; Mahon et al., 1998; Morad, 1998; Scasso and 

Kiessling, 2001; McBride et al., 2003). However, determining the temperature at which 

cementation occurred (and thereby inferring burial depth and timing of cementation) is 

often problematic. This is because the two main methods for measuring the temperature of 

carbonate precipitation are oxygen isotopes (�18O) and fluid inclusions, both of which have 
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significant limitations. The �18O value of a carbonate is dependent on the abundance of 

18O/16O ratio in the parent fluid and temperature (Urey, 1947; Epstein et al., 1961), both of 

which vary significantly during diagenesis with continued burial. Many previous cement 

studies have had to either assume a temperature, or a �18Oporewater, often with little 

information to constrain either. Fluid inclusion microthermometry, the other common 

method, is often limited in fine-grained cements where inclusions are too small to be 

measured. Additionally, fluid inclusions can be opened or reset during subsequent burial, 

often making the determination of the original temperature of precipitation difficult to 

obtain.  

The carbonate clumped isotope technique is a method for isolating the temperature of 

carbonate precipitation (Ghosh et al., 2006; Schauble et al., 2006; Eiler, 2007). The 

abundance of CO3 isotopologues with multiple heavy isotopes is thermodynamically 

driven, and is inherited from the dissolved inorganic carbon pool at time of precipitation 

(Ghosh et al., 2006). By acidifying the CaCO3 to produce CO2, it is possible to measure the 

most abundant of these multiply substituted isotopologues (13C18O16O – mass 47) using a 

gas source-mass spectrometer (Ghosh et al., 2006). The carbonate precipitation 

temperature can therefore be isolated along with its δ18Ocarbonate, and it then becomes 

possible to back-calculate the δ18Oporewater. The precipitation temperature can also be used 

as a proxy for burial depth, against which it is possible to observe changes in δ18Oporewater 

and dissolved inorganic carbon via the δ13Ccarbonate. For example, this can be used to 

determine whether meteoric water/brines flushed the formation and the breakdown of 

organic matter or influx of hydrocarbons into the reservoir. 

This technique has been used in several diagenetic settings (Ferry et al., 2011; Finnegan 

et al., 2011; Huntington et al., 2011; Loyd et al., 2012; Budd et al., 2013), including 

cemented clastic rocks (Loyd et al., 2012, Dale et al., 2014, Loyd et al., 2014). However, 

this approach has never before been applied to a producing clastic petroleum reservoir in 

order to place the timing of cementation into a reservoir burial history or to test the use of 

the technique in identifying cement barriers. In this study, we apply the carbonate clumped 

isotope technique to samples of carbonate cements taken from cores of the Mid-Jurassic 

Bruce Group, Bruce Field, UK North Sea. This field is affected by compartmentalisation in 
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part due to carbonate cementation, which is documented by well pressure test and 

residual strontium analysis (Smalley 1997). The aims of this study are to 1) determine the 

timing of carbonate cementation 2) reconstruct variations in δ13C and δ18Oporefluid during the 

burial history and 3) test the application of the carbonate clumped isotope technique to 

identifying compartmentalization in such settings by identifying variations in back-

calculated δ18Oporefluid from edge cements of barriers. 

5.3 Geological Setting 

The Bruce Field is a gas condensate field located across license blocks 9/8a, 9/9a and 

9/9b, approximately 350 km offshore of Aberdeen in the UK North Sea (Fig. 5.1) (Beckly et 

al., 1993). It is situated on the northern edge of the Beryl Embayment, with the East 

Shetland Platform to the west and the Viking Graben to the East (Beckly et al., 1993). The 

main reservoir is the Mid Jurassic Bruce Group, which is a time-equivalent formation to the 

Brent Group.  

 

Fig. 5.1. Location Map of Bruce Field (blue circle). Dashed lines are country boundaries. 
(Modified from McKie and Clark, 2002) 

The structure of the Bruce Field is dominated by three main elements: the Eastern Horst, 

the Central Panel and the Western Flank (Fig. 5.3). This faulting developed through several 
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phases of extension during North Sea rifting, initiating in the Permian to Triassic. The fault 

blocks form the main structural traps, with the Mid-Jurassic syn-rift reservoir sediments 

lapping on to them (Beckly et al., 1993; McKie and Clark, 2001). Units C and B of the 

Bruce Group comprise estuarine sands, with intermittent fluvial and marine influence 

(Beckly et al., 1993; McKie and Clark, 2001). A transgression leading to shallow marine 

conditions is observed at the boundary between units A and B and is characterised by a 

thin muddy horizon. The overlying Upper Sandy formation is interpreted as deeper basinal 

sands (Beckly et al., 1993; McKie and Clark, 2001), and the overlying cap rock for the 

Bruce Field is the Upper Silty mudstones and the Heather Mudstone Formation. In this 

study, we focus on cements found at the A/B interval, mid 	 A and the upper sandy/A 

interval, which are shallow marine shoreface sands (Fig. 5.2).  
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Fig. 5.2. Stratigraphy of Bruce Reservoir (modified after Beckley et al., 1993 and Currie et 
al., 2002) 

Previous petrographic studies of carbonate cementation in Bruce reservoir units have 

revealed four phases of carbonate cementation: 
early� phases of volumetrically significant  

(1) calcite and (2) minor non-ferroan dolomite which prevented mechanical compaction, 

and 
later� phases of (3) ferroan dolomite and (4) minor fracture filling ferroan calcite 

(McBride, 1992; McKie and Clark, 2001). The distribution of different phases varies across 

the field, with dolomite and little to no calcite in the west and more calcite in the east, whilst 

the ferroan calcite is rare across the field, occurring in fractures in the cements(McBride, 

1992).   
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The hydrocarbon filling history and compartmentalisation of the reservoir has previously 

been investigated using residual Sr analysis (RSrA), whereby the 87Sr/86Sr of residual pore 

water in the cores is measured (Smalley et al., 1995; Smalley and Hale, 1996). This 

assumes that over a ~3 Ma period the 87Sr/86Sr of pore fluids separated by a barrier would 

evolve differently (Smalley et al., 2004). A jump in 87Sr/86Sr across a barrier, such as a 

carbonate-cemented interval or sealed fault, implies compartmentalisation (Smalley and 

England, 1994; Smalley et al., 1995). Using this technique, stratigraphic (vertical) barriers 

were identified in the Bruce Reservoir formation, associated with flooding surfaces 

(Smalley, 1995). These are caused by either shale and carbonate	cemented horizons or a 

combination of the two (Smalley, 1995). In this study, we apply carbonate clumped 

isotopes to one of these cemented horizons, identified as a barrier with RSrA, to examine 

whether there is a difference in �18Oporewater observable in cements precipitated either side 

of the barrier. This is to test the technique for use in identifying carbonate cement barriers. 

 
Fig. 5.3 Bruce Structure, interpreted from seismic. (Modified after Beckley et al., 1993 and 
Johnson et al., 2005) 

5.4 Methods 

Samples were obtained from cemented horizons observed in cores taken from 4 wells in 

the Bruce field: 9/9b-10 (BP), 9/9a03 (BP), 9/9b12 (BP) and 9/9a6 (Total). These samples 

were taken as small chips. Those from wells 9/9b-10 (BP) and 9/9a6 (Total) were obtained 

from a ~30 cm thick carbonate-cemented interval, seen in both cores, in the Upper Sandy 

formation that had previously been identified as a potential barrier using RSrA and a 2 psi 
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pressure jump seen in RFT (repeat formation tester) logs (Craig 1997). These samples 

were taken every 2 cm in both cores. A further 4 samples were taken from cemented 

intervals in well 9/9a03 on the A/B boundary (Fig. 5.4), and an additional sample was taken 

from the middle of the A unit in core from well 9-9b-12.  For wells 9/9b12 and 9/9a03 the 

samples are labelled by the well name, a number denoting the core depth order of the 

sample e.g. 9/9a03-3885.1. For 9/9b10 and 9/9a6 they are labelled with well name and a 

location number through the 
barrier� layer, e.g sample 9/9b10-3 is the third chip taken 

working downwards from the top of the barrier cement layer observed in the core from well 

9/9b10. 

Samples from the 
barrier layer� in 9/9b10 and 9/9a6 were measured for standard �13C and 

�18O. Samples from the top, middle and bottom of the layer in both cores were also 

measured for carbonate clumped isotopes.  A further 4 samples for carbonate clumped 

isotope analysis were taken from cemented intervals in well 9-9a-A03 on the A/B unit 

boundary (Fig. 5.4) and 1 from 9-9b-12 in the middle of A unit. The sample chips were 

powdered for isotopic analysis using a low-speed dental drill.  

The carbonate phases in the samples were then identified using X-Ray diffraction (XRD) 

(table 1). This was performed at the Natural History Museum London, using a Nonius CPS 

120 diffractometer system with Cu K � radiation and a tilt (�) of 4.2� and 0.24 � 5 slit size. 

The resulting patterns were analysed using XPert Highscore software to qualitatively 

identify mineralogy by peak matching. One sample, 9/9a6-13, was treated with 1 wash of 

cold 10% buffered acetic acid solution to remove calcite, followed by a distilled water 

rinse.  

All isotopic analyses were measured in the Qatar Stable Isotope Laboratory at Imperial 

College London where one Thermo MAT 253 (named 
Santa Maria�) is dedicated to Kiel IV 

standard �13C, �18O measurements, and two other Thermo MAT 253s (
Pinta� and 
Nina�) 

are used for carbonate clumped isotope analyses. 
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For standard �13C and �18O carbonate powders from the barrier layer of 9/9b10 and 9/9a6, 

samples were reacted at 70 �C with 105 % orthophosphoric acid. In each Kiel IV run six 

Carrara Marble were analysed during each run. The Carrara Marble has been 

characterised in-house using NBS-19 standards and were used to correct all sample data. 

10% of all samples in a run were replicated to constrain error, with an reproducibility better 

than 0.026 (1�) for �18O and 0.06 (1�) for �13C. 

Carbonate clumped isotope measurements were cleaned with 4 to 5 rinses of 3% H2O2 0.9 

wt% sodium hexametaphosphate and distilled water to remove organic matter. For each 

carbonate clumped isotope analysis 10-12 mg of sample powder was reacted online with 

104% orthophosphoric acid at 90 °C for 10 minutes (calcite) or 20 minutes (dolomite). The 

resulting CO2 gas was then passed through a manual vacuum line based on the design by 

Dennis and Schrag (2010) with a porapak-Q filled trap held at -60 °C and described 

elsewhere (chapter 2). The long-term average for Carrara Marble and ETH-3 carbonate 

standards measured on Pinta and Nina are: Carrara Marble Δ47 1 S.E = 0.004; δ18O 0.021 

(1σ), δ13C 0.07 (1σ) for Nina and Carrara Marble Δ47 1 S.E = 0.005; δ18O 0.019 (1σ); δ13C 

0.09 (1σ) for Pinta. Sample contamination was monitored by disregarding samples >2 ‰ 

from the clean δ48 vs Δ48 heated gas line (Huntington et al., 2011) .  

Raw �47 values are corrected for non-linearity effects using the heated gases (Huntington 

et al., 2009) before being transferred to the universal reference frame using methods 

described in Dennis et al. (2011) (chapter 2). Finally, an acid correction factor of +0.069 � 

(Guo et al., 2009) was applied. Temperature was derived from Δ47 values using the 

calibration from Passey and Henkes (2012). Standard �18O values for clumped isotope 

analyses were corrected for acid fractionation using Kim et al. (2007) for calcite and 

Rosenbaum and Sheppard (1986) for dolomite. The δ18Oporewater values were back 

calculated using the Δ47-dervied temperatures, acid-corrected δ18Ocarbonate and equations 

from Vasconcelos et al., (2005) for dolomite and Friedman and O'Neil (1977) for calcite. 

We use Vasconcelos et al., (2005) as this was determined with precipitates at low 

temperatures similar to samples presented here. 
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5.5 Results 

Seven samples (9/9b10-1, 2, 3, 6, 8, 12, 14) were measured with XRD, and all were calcite 

with very minor dolomite. Five samples from 9-9a6 (1, 6, 10, 11) had varying amounts of 

minor dolomite. From calcite-dolomite peak ratios, 9/9a6-1, and 9/9a6-13 appear to have 

the most dolomite, whilst 9/9a6-6, 10 and 11 are predominantly calcite. The acetic-acid 

washed 9/9a6-13 sample was confirmed as pure dolomite.  The carbonate phases in 

cements from samples 9/9a-a03 and 9/9b-12 are all dolomite, with no calcite peaks. 

Figure 5.5 shows the �18O and �13C results on the Kiel IV carbonate device for the horizon 

found in 9/9a6 and 9/9b10. This can be compared with the �13C and �18Ocarbonate for the 

clumped isotope results (Fig. 5.6). All values are reported in VPDB for �13Ccarbonate and 

�18Ocarbonate and VSMOW for �18Oporewater.  The �13C for calcite from cores 9/9a6 and 9/9b10 

range between 3.58 � to 4.50 �. The  �13C values of the dolomite cements (9/9a6-13, all 

9/9a03 and 9/9b12) range from +1.66 � to 	 13.95 �, becoming progressively lighter the 

further west the cores are taken from. 

For carbonate clumped isotope measurements, temperature is plotted against 

corresponding �18Oporewater values in Fig. 5.7. Clumped isotope temperature range from 39 ± 

2 °C to 62 �11°C, whilst the back-calculated �18Oporewater all lie within error of each other at ~ 

-2.08 ‰. The relationship between �13C and temperature is shown in Fig. 5.8. Carbonate 

clumped isotopes results are summarized in table 1, full results can be found in the 

appendix excel spreadsheet. 
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Fig. 5.4. Field Map showing location of sampled wells and RSrA results from previous 
Bruce internal study (Smalley et al. 1995). Fault barriers identified in Smalley et al., 1995 
study are labelled red. The red X marks cement layers where samples were taken from.  
In 9/9b10 and 9/9a6 this is a corresponding horizon. 
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 Table 1: Carbonate Clumped Isotope Samples from Wells 9/9b10; 9/9a03; 9/9a6 and 
9/9b12 of the Bruce Field, UKCS. Error for δ18O and δ13C is 1σ, for Δ47 and temperature is 
1 standard error (s.e.) where n>2 or 1 σ where n <3. Error of δ18Ofluid is calculated using 
mean δ18Ocarbonate ±1 σ and temperature ± 1 s.e.  

 

Table 1. Samples.     

Sample 
Name  

Mineralogy n δ18O (‰ 
VPDB) 

δ13C (‰ 
VPDB) 

Δ47ABS ‰ T (°C) δ18Ofluid (‰ 
VSMOW) 

Location in 
Field 

9/9b10-1 
Calcite and 
minor 
dolomite 

3 -7.22 
(0.25) 4.03 (0.09) 0.644 

(0.006) 39 ± 2 -2.44 ± 
0.61 

Eastern 
Horst 

9/9b10-5 
Calcite and 
minor 
dolomite 

2 -7.95 
(0.05) 3.58 (0.02) 0.632 

(0.019) 43 ± 7 -2.45 ±1.32 Eastern 
Horst 

9/9b10-14 
Calcite and 
minor 
dolomite 

4 -7.69 
(0.19) 3.61 (0.12) 0.619 

(0.016) 48 ± 5 -1.33 ±1.04 Eastern 
Horst 

9/9a6-1 
Calcite and 
minor 
dolomite 

3 -6.95 
(0.1) 4.73 (0.28) 0.637 

(0.016) 42 ± 3 -1.62 ± 
0.64 

Eastern 
Horst 

9/9a6-6 
Calcite and 
minor 
dolomite 

3 -6.37 
(0.27) 5.40 (0.14) 0.644 

(0.006) 39 ± 3 -1.58 ± 
0.82 

Eastern 
Horst 

9/9a6-13 Dolomite 3 -6.89 
(0.11) 1.66 (0.37) 0.607 

(0.008) 53 ± 3 -2.39 ± 
0.58 

Eastern 
Horst 

9/9a-AO3-
3885.6 Dolomite 2 -6.65 

(0.14) 
-13.68 
(0.21) 

0.613 
(0.015) 51 ± 6 -2.46 ± 

1.12 
Central -
West 

9/9a-a03-e Dolomite 3 -6.17 
(0.16) 

-13.95 
(0.09) 

0.614 
(0.004) 51 ± 2 -1.98 ± 

0.48 
Central-
West 

9/9a03-
3886.1 Dolomite 3 -6.40 

(0.27) 
-13.07 
(0.10) 

0.606 
(0.01) 54 ± 4 -1.74 ± 

0.91 
Central-
West 

9/9b12-
3839.4 Dolomite 2 -8.65 

(0.14) -7.82 (0.06) 0.583 
(0.026) 62 ± 11 -2.80 ± 

1.81 West 
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5.6 Discussion 

5.6.1 Timing of Carbonate Cementation 

The relative timing of cement phases can be determined by comparing the carbonate 

clumped isotope derived precipitation temperature to burial history curves for each area of 

the field after McBride (1992). The two measured phases are the early, non-ferroan 

poikilotopic calcite cement, which prevented the physical compaction of the quartz grains, 

and a later dolomite cement that occurred once greater compaction is seen in the quartz 

grains (see thin section images in appendix).  The less common 
late� ferroan calcite and 

the 
early� rhombic dolomite phases identified in previous studies (McKie and Clark 2002; 

McBride 1992) have not been analysed. This is because it is difficult to separate these rare 

phases of cement from mixtures using a microdrill or chemical separation whilst retaining 

enough carbonate powder for analysis (the sample size required for clumped isotope 

analysis is ~5-6 mg carbonate or ~12 mg powder if measuring bulk rock).  

Mixtures of phases must be considered as they will affect the �47 measurement in a non-

linear fashion, resulting in an overestimation of temperature, dependent on the magnitude 

of the difference in �18O and �13C between the two phases (Affek and Eiler, 2006). To avoid 

these potential errors, we have measured the dolomite phase isolated in sample 9/9a6-13. 

Samples from the 
barrier� layer in 9/9b10 are predominantly the poikilotopic calcite with 

minor dolomite. From the equivalent layer in 9/9a6 the core is also calcite, whilst towards 

the edges there is a greater proportion of dolomite. Cements from 9/9a03 and 9/9b12 are 

purely dolomite and do not represent mixtures.   
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Fig. 5.5. Kiel IV δ18O and δ13C results through cement layer ‘A’. Well 9-9b10 samples are 
blue squares, well 9-9a6 samples are red squares. Error is 1σ! and smaller than the 
markers (<0.06 for δ13C and <0.13 for δ18O). 

Both the 
early� poikilotopic calcite cements and the dolomite cements were precipitated at 

relatively low temperatures. The precipitation temperatures of samples with poikilotopic 

calcite cements (samples 9/9a6-6, 9/9b10-1, 9/9b10-5) have a mean of ~40 �C (Fig. 5.7). 

However, sample 9/9b10-14 from the base of this cement layer is precipitated at 48 � 5 �C. 

This is at least ~2 �C (taking maximum error) higher than the cement samples from the top 

of the same layer in 9/9b10 and equivalent horizon in 9/9a6. This may be a true 

precipitation temperature, or reflect a greater degree of mixing with dolomite. The 

temperatures for all 3 dolomitic samples from core 9/9a03 are ~50-55 �C, comparable with 

the temperature measured for the dolomite cement in 9/9a6-13 (53 � 3 �C).  The dolomite 

sample from core 9/9b12 has a large error (62 �11 �C) but also falls within the range of 

~50-55 �C. Overall, the low (<60 �C) temperatures indicate early precipitation of both 

phases, which is consistent with what has been estimated for calcites and dolomites of 

similar textures in the time-equivalent Brent Group Sandstones (e.g. Bjorlykke et al., 1992). 
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Assuming a 20 °C seafloor temperature and a 30 °C/km geothermal gradient (see McBride 

1992), the depth of precipitation is ~660 m for the poikilotopic early calcite, and ~1 km for 

the dolomite (Fig. 5.7a). Comparison with a burial history curve (McBride, 1992) for wells in 

the eastern horst (9/9a6, 9/9b10) gives calcite precipitation occurring at ~100 Ma and 

dolomite precipitation at ~110 Ma during the early Cretaceous. The western part of the 

field (where wells 9/9a03, 9/9b12 are located) experienced a faster rate of burial in the 

hanging wall and the formation of the rollover anticline in the late Jurassic (see sediment 

thicknesses in Fig. 5.3; McBride 1992). The burial history curve for these western wells 

suggests the top of the Mid Jurassic Bruce Group reached ~1 km burial during the late 

Jurassic, just before the Jurassic-Cretaceous boundary (McBride, 1992). Therefore, 

despite a similarity between temperatures in 9/9a6, 9/9b12 and 9/9a03 for the dolomite 

phase they cannot have been completely contemporaneous, with the western section of 

the field cementing first.  

 
Fig. 5.6. δ13C vs δ18O of samples used for carbonate clumped isotopes.  Diamonds are 
calcite, squares are dolomite. Well 9/9b10 is blue, 9/9a6 is red, 9/9a03 is purple and 
9/9b12 is green. Error is 1σ and smaller than the marker when not seen. 
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Fig. 5.7. (a)  (Top) Back-calculated δ18Oporewater against Δ47 derived temperature using 
equations from Land (1980) and Friedman and O’Neil (1979) for dolomite and calcite 
respectively and Passey & Henkes eq.5 for Δ47. Depth is calculated from the temperature 
assuming a 30 °C/km geothermal gradient and a 20 °C seafloor temperature. Squares are 
dolomite samples, diamonds are calcite (with minor dolomite). Well 9/9b10 is blue, 9/9a6 
is red, 9/9a03 is purple and 9/9b12 is green. Error is 1 s.e. for samples where n>3 and 1σ 
for n=2.  B) (Below) Samples from cement layer from wells 9/9a6 and 9/9b10 are singled 
out. T=Top cement layer; M=Middle and B=Base of layer. 
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5.6.2  Variations in �13C between phases  

The �13C values for calcites from wells 9/9a6 and 9/9b10 are between 3.58 to 4.50 �. This 

indicates that calcite results from CO2 produced by methanogenic bacteria sequestering 
12C from the porewater dissolved inorganic carbon (DIC) into CH4 (Irwin et al., 1977; Curtis, 

1978; Whiticar, 1999), rather than from dissolved shell carbonate.  This is supported by the 

temperature of precipitation of the calcite phase (39 � 2 �C to 48 � 5 �C) (Whiticar, 1999).   

In comparison to the calcite cements, δ13C values for the dolomite cements from wells 

9/9a6, 9/9b-12 and 9/9a03 are much lower. Sample 9/9a6-13 the base of the ‘barrier’ layer 

is 1.66 ‰, whilst those from wells 9/9b-12 and 9/9a03 are the lightest at -13 ‰ and -7 ‰ 

respectively. All the values are too low to have resulted from methanogenesis, unlike the 

poikilotopic calcite phase (Irwin et al., 1977). One possibility is that the relatively light δ13C 

values could result from bacterial sulphate reduction (Irwin et al., 1977). Sulphate reducing 

bacteria compete with methanogens for H2 and acetate, so the presence of sulphate 

usually inhibits methanogenesis (Whiticar, 1999). Sulphate reduction can occur at the 

depths and temperatures that the cements formed at (Irwin et al., 1977; Curtis, 1978), 

however, this would require conditions suitable for different microbial populations to 

dominate in wells in the west compared to the eastern horst, e.g. sulphate levels, substrate 

(such as acetate) availability. In this case, the carbon would be locally derived from in situ 

organic matter breakdown. Alternatively, although the temperature of precipitation is too 

low for the DIC to be dominated by CO2 derived from thermocatalytic decarboxylation of in 

situ organic matter (<70 °C), the δ13C values may reflect an influx of CO2 into the reservoir 

from a hotter, organic rich underlying layer where the process is occurring. This may be 

related to underlying coal units, which are more prevalent towards the palaeoshoreline 

(North West) (McKie and Clark, 2001), explaining the lighter δ13Ccarbonate to the west.  
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Fig. 5.8. δ13C of carbonate clumped isotope samples against temperature (derived from 
Δ47 using Passey & Henkes 2012 eq. 5) Squares are dolomite samples, diamonds are 
calcite (with minor dolomite). Well 9/9b10 is blue, 9/9a6 is red, 9/9a03 is purple and 
9/9b12 is green. 

5.6.3 Evaluation of Compartmentalisation Using 18Oporewater 

The 18Oporewater values for both the dolomite and calcite phase in all cores are within error of 

each other, with a mean of -2.08 � (Fig. 5.7a). This value is slightly depleted compared to 

a pore fluid with a Jurassic seawater composition (-1.2 �) (Hamilton et al., 1987). This 

depletion could represent a local variation in seawater composition, for example caused 

by �18O-depleted fluvial input into the basin, as the palaeo-shoreline was on the western 

edge of the field location during the Mid-Jurassic (McBride, 1992; McKie and Clark, 2001). 

As noted earlier, cemented layers can form stratigraphic barriers to flow if they are laterally 

extensive. The challenge is to determine whether cemented zones identified in similar 

intervals in two different wells are linked and thus may form such a barrier, or whether they 

formed independently and thus just act as baffles (reducing rather than preventing vertical 

flow). To determine how the cement horizon grew we used thin section petrography and 
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we also sampled the cemented zone in each well every ~2 cm using a similar approach to 

(Bjorkum and Walderhaug, 1993; Klein et al., 1999). In both 9/9a6 and 9/9b10 the �13C and 

�18O vary little through the centre of the cemented layer in both cores, but towards the 

bottom and top edge of the layer the isotope values shift (Fig. 5.5). Variations in �18O and 

�13C with depth in Fig. 5.5 are greater towards the edges of the cement layer and in 9-9a6 

compared to 9-9b10. This is due to increasing proportions of dolomite at the edges of the 

cement layer in 9/9a6. This pattern of �13C and �18O can be explained by early non-ferroan 

calcite cement being concentrated at the core of the layer, followed by dolomite 

cementation filling in remaining pore space, especially towards the layer edges. 

To evaluate whether the layer is a barrier using carbonate clumped isotopes we can 

compare the �18Oporewater and �13C values of cements at the edges (top and bottom) of the 

barrier in each core (Fig. 5.7b). If the18Oporewater and �13C values across the cemented layer 

are significantly different from each other then it may suggest that they have evolved 

different compositions in isolated compartments, and that the layer acted as a barrier. As 

the 18Oporewater values are the within error through the horizon, and indeed across the field, 

there can be four possibilities: 1) the cement layer does not form a barrier; 2) we did not 

capture small amounts of cement that precipitated in isolation; 3) the 18Oporewater did not 

evolve to be significantly in compartments either side of the barrier or 4) additional cement 

did not precipitate after the barrier had formed, so we don't capture any variation in 
18Oporewater.  As the layer has been identified as a barrier using RSrA and well pressures, it is 

likely that it is presently a barrier to fluid mixing. We rule out possibility two, given that we 

can see the cement phases in this layer in thin section and only 2 phases are apparent. A 

combination of 3) and 4) could account for no variation in �18Oporewater either side of the 

layer. The latter is the most probable, given the composition of the heterogeneity in 

�18Oporewater  across the field. In this case, if the cement layer is a barrier then the weakness 

using the clumped isotope technique to identify it relies on the �18Oporewater evolving rapidly 

enough once the fluid are isolated. The difference in �13C between the base and top phase 



 

90 

is unlikely to be related to fluid mixing, instead being caused by a change in the dominant 

microbial population to methanogenic, inducing the precipitation of dolomite. This 

heterogeneity of the �18Oporewater also suggests that no large-scale advective flow was 

occurring at this point in the burial history, at least involving fluids of differing �18Oporewater. 

Although we cannot be certain, this could suggest that the normal faults that dissect the 

field and that were occurring during the cementation were not sealing, at least when the 

two phases precipitated.  

5.7 Conclusion 

Carbonate clumped isotopes has been applied to carbonate cement phases from a 

Jurassic North Sea Reservoir, the sandstones of the Bruce Group, an equivalent to the 

Brent Field. Two phases of cementation were isolated, a texturally early, poikilotopic calcite 

and a later dolomitic phase. Large sample sizes (~10-15 mg) and difficulty in separating 

mixed cement phases limit the scope of the technique to the most abundant cement 

phases. However, these are the most important for reducing reservoir quality. The ‘early’ 

calcite precipitation occurred in the east of the field (McBride 1992) and the temperature 

has been isolated as ~40 °C, with a δ18Oporefluid composition similar to Jurassic Seawater (-2 

‰). This cement phase precipitated ~100 Ma ago at a depth of ~660 m in the Eastern 

Horst. The later, dolomite phase precipitated at a temperature of ~50-55°C and the same 

δ18Oporefluid of -2 ‰. In the West, this precipitation occurred at the beginning of the 

Cretaceous and in the east at ~110 Ma, both at a depth of ~1 km assuming geothermal 

gradients and seafloor temperatures outlined in the text. The δ13C values of the cement are 

lighter for the dolomite than the calcite, reflecting precipitation under methanogenic 

conditions for the calcite and potentially sulphate reduction/ influx of thermocatalytically 

derived decarboxylation CO2 for the dolomite.  

The study documents the usefulness of the carbonate clumped isotope technique for 

constraining the timing of precipitation of the most abundant cement phases, which in the 

case of Bruce Field happens to be relatively early (<1 km burial depth). In the case of the 

Bruce Field, establishing whether or not the cemented horizons formed vertical barriers 

was not possible given the dependence on the growth mechanism of the cemented 
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barrier, and that the technique relies on the δ18O of the fluid to diverge either side  of the 

barrier. However, the potential application of the method still exists, and could prove useful 

in other case study. If there was greater spatial resolution of the cores distributed across a 

reservoir, carbonate clumped isotopes could be used to map out the �18Oporewater 

composition spatially and through and time, potentially placing age constraints on sealing 

faults.  
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Chapter 6 

6 Conclusions 

6.1 Introduction 

To reiterate the introduction, understanding the diagenesis of clastic sediments is 

important as the biological and abiotic processes that occur during burial influence global 

geochemical cycles of carbon, sulphur and methane. Additionally, subsurface sediments 

host large microbial population, which breakdown organic matter and influence rock 

lithification (Irwin et al., 1997; Whiticar et al., 2000).  These are typically primitive bacteria 

such as sulphate reducers or methanogens, and by studying their distributions and 

interactions it may be possible to constrain some of the environmental conditions that 

basic life requires. However, the habitat of these organisms and the depth at which 

thermally driven abiotic processes occur is difficult to access, and limited to coring. One 

window into their activities is through studying their impact on the chemistry of co-

precipitating cements, such as carbonate cements, and many previous studies have 

attempted this (Irwin et al., 1977; Raiswell, 1987; Coleman et al., 1993; Coniglio et al., 

2000; I C Scotchman, 2000; Raiswell and Fisher, 2000; Hudson et al., 2001; Raiswell and 

Fisher, 2004) .  

From an applied perspective, carbonate cements can reduce the productivity of a oil and 

gas wells as a result of lower effective permeability through acting as barriers or baffles. 

This results in lower production rates, and the requirement for a greater number of wells 

with an associated economic cost. Furthermore, they reduce the pore space volume and 

affect oil in place estimates. Therefore, understanding the conditions for cementation is key 

to determining the distribution of cement bodies and how they affect fluid flow.  
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To do this effectively, it is necessary to know the temperature of cement precipitation, with 

which 1) the apparent depth can be estimated and 2) the effect of temperature/depth on 

the thermal and biological processes can be determined. In the past, methods for 

determining the temperature of carbonate precipitation are either the δ18Ocarbonate 

palaeothermometer or fluid inclusions.  However, fluid inclusions are rare and the 

δ18Ocarbonate is dependent on two unknown variables; temperature and δ18Oporewater.  

Consequently, there has not been an independent temperature axis against which to 

compare carbonate cement chemistry.  

This thesis addresses the problem of precipitation temperature through applying the novel 

carbonate clumped isotope palaeothermometer to carbonate cements in clastic rocks. 

There are four main areas in which conclusions can be drawn based on the work 

presented here: 1) application of the carbonate clumped isotope palaeothermometer to 

diagenetic settings; 2) understanding controls on carbonate cement precipitation in 

clastics; 3) use of the technique on constraining carbonate cementation in a petroleum 

play setting. Here, they are summarized in the context of the thesis aims. Additionally, 

unresolved problems and future research avenues are addressed.  

6.2 Carbonate clumped isotopes in the subsurface 

Prior to the start of this project in 2011, carbonate clumped isotopes had not been applied 

to carbonate cements in clastic sediments. Furthermore, diagenetic applications of the 

technique were limited to only a few studies (Dennis and Schrag, 2010; Huntington et al., 

2011).  Over the last three years there has been significant development, with theoretical 

work, calibrations and case-study examples. This has lead to a greater understanding of 

the limitations and considerations with applying carbonate clumped isotopes to the 

subsurface (Loyd et al., 2012; Passey and Henkes, 2012; Swanson et al., 2012; Bergman 

et al., 2013; Budd et al., 2013; Henkes et al., 2014; Loyd et al., 2014; Suarez and Passey, 

2014). One part of this that is particularly important to constrain is resetting of the apparent 

clumped isotope temperature during prolonged periods of heating, the type of which may 

be experienced in a sedimentary basin. Resetting of the carbonate clumped isotope 

signature does not necessarily require recrystallization, as solid-state re-ordering can 
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occur through diffusion of carbon and oxygen atoms through the crystal lattice (Dennis 

and Schrag, 2010; Passey and Henkes, 2012; Quade et al., 2013; Henkes et al., 2014; 

Suarez and Passey, 2014), so typical textural or trace element preservation indicators may 

not be applicable.  

The research undertaken duribg this PhD forms part of the ‘case-study’ literature where the 

carbonate clumped isotope method is tested on natural diagenetic samples. The study on 

the dolomite cements of the Mancos Shale (Chapter 3) and calcite cements in the Bruce 

Field (Chapter 5) show that ‘low’ temperatures (~30-40 °C) resist resetting despite burial 

temperatures of at least ~115 °C for 40 Myrs (Mancos Shale) and ~3 km (~ 80-100 °C) 

since the Eocene (~33 Myrs before present) (McBride et al., 1997).  This agrees well with 

temperature-time estimates for the preservation of clumped isotopes in calcite: ~106-108 

years at  100-150 °C (Passey and Henkes 2012) and 108 years at ~100 °C (Henkes et al., 

2014).  In particular, the close spatial juxtaposition of high and low temperature cements in 

the matrix cements of the Mancos Shale (Chapter 3), demonstrates that this preservation is 

also applicable to dolomite.  

6.3 General Aspects of Carbonate Cement Growth 

The precipitation of carbonate cement is controlled by equations 1-3: 

MeCO3(s) +H2CO3 (aq) ! Me2+
(aq) + 2HCO3

- (aq) (1) 

H2O + CO2 (g) ! H2CO3(aq)     (2) 

H2CO3(aq) ! HCO3
- + H+ ! 2H++ CO3

2-  (3) 

Where Me=Metal Cation 

The equilibrium constant in eq. 1 can be disturbed by altering the concentration of any of 

the constituents involved in eq. 1-3. By Le Chatelier’s Principle, the balance of the reaction 

will shift in the direction that allows the equilibrium to become re-established. Microbial 

respiration is one method on enhancing the precipitation of carbonate through 
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manipulation of the constituents on the right of eq. (1) by altering conditions such as pH to 

slightly alkaline values such as ~ pH 9, (Braissant et al., 2007), or concentrating ions in 

extracellular polymeric substances (biofilms) (Braissant et al., 2007; Krause et al., 2012). 

However, although the precipitation of carbonate cements has been identified as early, 

based on textural evidence and minus-cement porosity volumes, the controls on the timing 

of cement precipitation have been uncertain.  

Through combining all the carbonate clumped isotope measured carbonate cements from 

chapter 3 and Loyd et al., (2012) Loyd et al., (2014) with new samples chapter 4, it has 

been possible to determine and apparent majority of cements (i.e the most volumetrically 

significant) precipitate between 20-60 °C with an apparent peak at ~30-40 °C. 

Consequently, there appears to be a temperature control on carbonate cementation in 

clastic cements. Given that biological mediation likely plays a role based on δ13Ccarbonate 

values, this ‘peak’ temperature range must correspond with a peak in biological activity. 

This is likely due to an increased rate of respiration, either because of an optimum 

temperature range for enzymes involved in sulphate reduction and methanogenesis, or 

increase in availability of microbially produced substrates such as acetate.  Overall, this 

suggests that the length of time that sediment has been at between ~20-60 °C (particulary 

at 30-40 °C) is the key factor in the amount of carbonate cement that precipitates. This has 

implications for the formation of concretions, as well as determining the likelihood that a 

reservoir sandstone is cemented. Interestingly, the carbonate cements in the Bruce 

reservoir conform to this temperature range and are likely biologically mediated. 

Additionally, with the back-calculated δ18Oporewater it is possible to identify that carbonate 

cements can form from a range of parent fluids, from meteoric-marine mixed signals to 

brines. The work presented and in Loyd et al., (2012) indicate that the cause of apparently 

depleted δ18Ocarbonate values in concretions and septarian fractures is not solely due to 

meteoric influences, a long standing interpretation of depleted δ18Ocarbonate values (Mozley 

and Burns, 1993), but can also reflect higher precipitation temperatures.  
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6.4  Application to Carbonate Cementation in Clastic Reservoirs 

On discovering carbonate cementation in a clastic reservoirs it is desirable to 1) constrain 

the relative timing of the volumetrically significant cement formation, to place it into the 

burial history and 2) identify the distribution and whether they form barriers to fluid flow.  

In chapter 5, through application of the carbonate clumped isotope palaeothermometer it 

was possible to determine that the calcite cement precipitated at ~40 °C and the dolomite 

cement at ~50 °C. Furthermore, the back-caculated δ18Oporewater indicates that the pore fluid 

had remained a Jurassic seawater composition across this time period. Comparison with 

existing burial history curves means it is possible to place these events into the diagenetic 

history of the reservoir, which is important for predicting how cementation and oil migration 

may have interacted.  

Chapter 3 shows how measuring the carbonate clumped isotope temperature of cements 

is useful for identifying the burial history of the Mancos Shale, a formation that contains 

commercial quantities of gas in the subsurface (Klein et al., 1999).  The cements in the 

Mancos Shale cover early (~30 °C) to mid (~60 °C) and, assuming preservation, potentially 

late (~100 °C) calcite phases. Throughout burial, the back-calculated δ18Oporewater was 

relatively unchanged and the δ13C variations between phases captured biogenic to abiotic 

organic matter decomposition. Using the carbonate cements in shales in conjunction with 

the carbonate clumped isotope palaeothermometer therefore has potential for better 

understanding the diagenetic reactions that occur during the shale diagenesis, an 

increasingly important unconventional resource. 

6.4.1 Identifying Compartmentalisation through variations in δ18Oporewater    

In Chapter 5, because the δ18Oporewater  did not change during the precipitation of the 

carbonate phases it was not possible to use the technique to identify whether laterally 

extensive cemented horizons were barriers to flow. This was either due to the fluids not 

evolving significantly in δ18Oporewater   composition across a barrier, the lack of cements 
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precipitating after a barrier had formed or that the cemented horizon does not act as a 

barrier. However, in chapter 3, there are significantly different δ18Oporewater compositions 

between cement horizons separated by shale layer. This indicates that using carbonate 

clumped isotopes on cements precipitating in separate stratigraphic compartments can 

identify barriers to fluid mixing, but that it is only applicable where the fluid composition 

has evolved separately before cement precipitation.  
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Chapter 7 

7 Future Work  

7.1.1 Carbonate Clumped Isotopes in the Subsurface 

One aspect that is not fully addressed in this thesis is that we assume throughout that the 

carbonate has precipitated at isotopic equilibrium with the surrounding pore fluid. 

However, dis-equilibrium effects can be brought about by the influence of pH during the 

precipitation of the carbonate, affecting the δ18Ocarbonate and theoretical modelling suggests 

extremes of pH can also affect Δ47  (> pH 10) (Hill et al., 2014). The assumption that the 

cement precipitated in isotopic equilibrium is based on work examining microbially 

mediated dolomite precipitation, which indicates microbial precipitation of carbonate can 

occur between pH 7 – 9 and is a passive side effect of respiration (Braissant et al., 2007; 

Krause et al., 2012). As microbially mediated precipitation is complex (Krause et al., 2012), 

it would be interesting to examine the effect of microbial precipitation on the Δ47  values 

through laboratory precipitation experiments (e.g. Vasconcelos et al., 2005). This would 

have implications for the application of the carbonate clumped isotope palaeothermometer 

to biologically precipitated carbonates.  

7.1.2 Combined Organic Geochemistry 

The organic geochemistry of carbonate concretions and septarian fracture fills has been 

investigated by various authors (e.g. Pearson et al., 2005) and variations in organic 

molecules linked to microbial activity. One valuable avenue of future work would be to 

combine the carbonate clumped isotope palaeothermometer with variations in the organic 

geochemistry of the cements. This could provide more detailed results on the interactions 

of subsurface communities under different temperature conditions. Furthermore, for 

cements precipitated at higher temperatures the thermal breakdown of organic matter 

could be investigated. This would be an potentially valuable study in shales, where the 
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organic matter may be sourced locally, in addition to sandstone reservoirs in order to 

determine the timing of hydrocarbon migration. 

7.1.3 Mineralogies of Carbonate Cements 

 The focus of this PhD and the literature (Loyd et al., 2012; 2014) has been on calcitic 

cements. A small number of dolomite cements have been measured, but not enough to 

confirm differences in their formation from calcite. In general, dolomite cements have more 

positive δ13C values than calcite (see Mozley and Burns, 1993). To fully understand the 

intertwined roles of temperature, biological activity and the mineralogy of the cement 

precipitating it is necessary to expand the dataset to cover the various mineralogies, 

including dolomite and siderite, of subsurface cements.   

7.1.4 Burial History of Basins 

A combination of dating techniques (e.g. U-Pb) applied to carbonate cements and 

carbonate clumped isotopes would be a powerful combination in helping to reconstruct 

the burial history of sedimentary basins, which is vital for understanding the evolution of the 

petroleum system.  Such combined methods could better constrain rates of subsurface 

reactions such as cementation or oil migration. It can be difficult to determine diagenetic 

processes under laboratory conditions given the potential time that the may take. Dating 

and temperature isotopic techniques combined can therefore be used to tease this out of  

the geochemical  imprint left in formations.  
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Appendix 1 

8.3 Chapter 3 

 
Fig. 0.1. CL-Images of 2 septarian fracture thin sections. Scale bar is 615 µm 

 

Fig. 0.2. Thin sections from 2 septarian fracture fills (a) and (b) PPL shown on the right 
hand side, XPL on the left. Scale bar is 500 μm. 
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8.4 Chapter 4 

When using the new and literature data to determine the % of samples in each temperature 

and δ18Oporewater range, we averaged the two cement phases for 1931,41 and separately 

averaged the Mancos Shale fracture fills (Dale et al., 2014). This because in both cases we 

believe they represent the same phase as results fell within error of each other for all 

variables measured. Furthermore, we only the high and low temperature endmembers of 

the matrix cement in case of mixed samples from Dale et al., (2014) (Chapter 3). 

8.4.1 X-Ray Diffraction 

We determined the mineralogy of all septarian fracture fills and matrix cements qualitatively 

by powder X-Ray diffraction at the Natural History Museum, London. This was carried out 

on a Nonius CPS 120 diffractometer system using Cu K α radiation and a tilt (μ) of 4.2°. 

The resulting patterns were analyzed using XPert Highscore software to qualitatively 

identify mineralogy by peak-matching.  

 
Fig. 0.3 Histogram of matrix body cement temperatures, with data from chapter 4, chapter 

3, Loyd et al., 2012 and Loyd et al., 2014.  
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8.5 Chapter 5 

Fig. 0.4 Thin sections of core from cemented ‘barrier’ layer in well 9/9b10. Sample names 
are given top left of each image. Scale bar is 500 µm 
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Fig. 0.5. Thin sections of core from cemented ‘barrier’ layer in well 9/9a6. Sample names 
are given top left of each image. Scale bar is 500 µm 
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Fig. 0.6. Thin sections through measured cemented zones in well 9/9a03. Scale bar is 500 
µm 
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Fig. 0.7. Thin section of sample from well 9/9b12. Scale bar is 500 µm 

 

9  
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10 Appendix 2 

The following pages are appendices of full results for chapters 3, 4 and 5.  



Machine Date Sample.Name δ18O.VPDB. δ13C.VPDB δ47 Δ47 δ48 Δ48 Δ48.Offset Δ47.linearity.corr.
N 17/07/2012 PC10C1SC1 *13.55 *3.29 0.16 *0.47 2.82 2.13 1.42 *0.47
N 18/07/2012 PC10C1SC1 *13.8 *3.37 *0.13 *0.43 0.62 0.44 0.06 *0.42
N 23/07/2012 PC10C1SC1 *13.78 *3.35 *0.13 *0.46 0.81 0.6 0.19 *0.46
N 23/07/2012 PC10C1SC1 *13.99 *3.4 *0.4 *0.47 *0.08 0.14 *0.14 *0.47

N 25/07/2012 PC10C1SC2 *13.54 *2.93 0.53 *0.46 1.15 0.45 *0.01 *0.46
N 25/07/2012 PC10C1SC2 *13.49 *3.06 0.45 *0.47 1.2 0.4 *0.08 *0.47
N 26/07/2012 PC10C1SC2 *13.55 *3.11 0.35 *0.45 0.86 0.17 *0.25 *0.46

N 19/08/2012 PC10C2SC1 *13.31 *3.05 0.58 *0.43 0.94 0.06 0 *0.43
N 19/08/2012 PC10C2SC1 *13.11 *3.01 0.8 *0.45 1.71 0.44 0.24 *0.46
N 20/08/2012 PC10C2SC1 *13.21 *3.03 0.67 *0.45 1.1 0.03 *0.05 *0.46
N 20/08/2012 PC10C2SC1 *13.14 *3.03 0.74 *0.46 1.59 0.38 0.2 *0.47

N 23/08/2012 PC10C1SC3 *12.9 *3.04 1.03 *0.41 1.95 0.25 0.01 *0.42
N 21/08/2012 PC10C1SC3 *12.9 *3.03 0.98 *0.46 1.94 0.24 0 *0.48
N 29/08/2012 PC10C1SC3 *12.83 *3.04 1.09 *0.43 2.66 0.81 0.43 *0.44
N 29/08/2012 PC10C1SC3 *12.82 *3.01 1.15 *0.4 2.62 0.75 0.39 *0.41

N 30/08/2012 PC10C2SC2 *13.35 *3.09 0.5 *0.42 0.85 0.06 0.02 *0.43
N 30/08/2012 PC10C2SC2 *13.2 *3.08 0.56 *0.46 1.44 0.34 0.2 *0.46
N 30/08/2012 PC10C2SC2 *13.2 *3.08 0.64 *0.45 1.44 0.34 0.2 *0.46

N 06/09/2012 PC12SC1 *13.15 *2.9 0.88 *0.44 2.61 1.4 1.04 *0.45
N 11/09/2012 PC12SC1 *13.11 *2.88 0.94 *0.43 1.5 0.23 0.07 *0.44
N 12/09/2012 PC12SC1 *13.2 *2.9 0.83 *0.44 1.52 0.41 0.25 *0.45

N 12/09/2012 PC12SC3 *13.06 *3.16 0.7 *0.45 2.39 1.01 0.69 *0.46
N 17/09/2012 PC12SC3 *12.98 *3.16 0.79 *0.45 2.27 0.73 0.43 *0.46
N 17/09/2012 PC12SC3 *13 *3.14 0.82 *0.42 2.8 1.3 0.9 *0.43

N 18/09/2012 PC10C5SC2 *12.49 *2.09 2.35 *0.44 4.02 1.48 0.85 *0.47
N 24/09/2012 PC10C5SC2 *12.93 *2.13 1.87 *0.42 2.39 0.74 0.41 *0.44
N 24/09/2012 PC10C5SC2 *12.49 *2.09 2.22 *0.4 3.31 1.09 0.6 *0.43

N 26/10/2012 PC10D5 *1.63 9.17 26.23 *0.02 33.24 5.97 *0.07 *0.35
N 30/10/2012 PC10D5 *1.61 9.35 26.42 *0.04 33.71 6.38 0.26 *0.36
N 31/10/2012 PC10D5 *1.16 9.47 27.04 *0.02 35.16 6.88 0.49 *0.35

N 08/11/2012 PC10B6 *2.25 6.94 23.36 *0.07 32.08 6.08 0.26 *0.36
N 09/11/2012 PC10B6 *2.32 6.75 23.1 *0.06 32.24 6.39 0.54 *0.34
N 04/12/2012 PC10B6 *2.5 6.77 22.94 *0.05 33.86 8.32 2.17 *0.34

N 08/11/2012 PC10G5 *3.86 3.88 18.59 *0.16 28.61 5.94 0.76 *0.39
N 09/11/2012 PC10G5 *3.7 3.95 18.85 *0.12 29.56 6.57 1.22 *0.36
N 13/11/2012 PC10G5 *4.61 3.66 17.59 *0.15 26.91 5.81 0.95 *0.36

N 07/12/2012 PC13B2 *9.02 *4.7 4.68 *0.33 15.32 3.35 0.64 *0.38
N 07/01/2013 PC13B2 *8.85 *4.62 4.94 *0.31 15.97 3.66 0.83 *0.38
N 25/02/2013 PC13B2 *8.25 *4.3 5.88 *0.31 19.02 5.44 1.14 *0.4

N 07/01/2013 PC13_B4 *3.81 4.45 19.27 *0.09 28.84 6.07 0.85 *0.33
N 22/01/2013 PC13_B4 *3.43 4.58 19.81 *0.06 30.42 6.87 1.36 *0.31

N 15/01/2013 PC13_B3 *6.76 0.74 12.44 *0.21 21.06 4.43 0.65 *0.36

N 23/01/2013 PC13B6 *5.81 0.98 13.67 *0.2 24.15 5.54 1.19 *0.37
P 615/04/20136 PC13B6 *5.71 1.01 13.6 *0.34 19.13 0.54 1.02 *0.35

P 11/11/2013 PC13_E4 *2.14 6.81 22.84 *0.29 26.26 0.73 0.14 *0.34
P 13/11/2013 PC13_E4 *2.11 6.86 23.01 *0.29 26.71 0.95 0.35 *0.34
P 18/11/2013 PC13_E4 *2.35 6.91 22.98 *0.30 27.57 1.90 1.27 *0.35

N 18/11/2013 PC13E1 *9.14 *7.47 1.82 *0.34 24.99 13.12 1.55 *0.41
N 28/11/2013 PC13E1 *9.20 *7.54 1.76 *0.36 22.81 10.98 0.34 *0.43



Δ47.(ABS) Mean.Δ47 Standard.Error Mean.δ13C.(VPDB) SD Mean.δ18O.(VPDB) SD Temperature.(°C) Standard.error
0.494
0.548
0.505 0.5101 0.0129 *3.35 0.04 *14.35 0.18 110 8
0.494

0.500
0.489
0.510 0.4996 0.0062 *3.03 0.09 *14.10 0.03 117 4

0.535
0.501
0.504
0.489 0.5075 0.0098 *3.03 0.02 *13.77 0.09 112 7

0.544
0.487
0.525 0.5295 0.0162 *3.03 0.01 *13.44 0.05 98 10
0.562

0.539
0.502 0.5160 0.0117 *3.08 0.01 *13.82 0.09 106 7
0.507

0.513
0.522 0.5163 0.0039 *2.89 0.01 *13.72 0.04 106 2
0.513

0.501
0.508 0.5164 0.0130 *3.14 0.03 *13.56 0.08 106 8
0.540

0.494
0.528 0.5197 0.0130 *2.10 0.03 *13.21 0.25 104 8
0.537

0.613
0.616
0.629 0.6263 0.0051 9.33 0.15 *1.47 0.27 50 2

0.622
0.640 0.6312 0.0091 6.85 0.14 *2.28 0.05 48 4

0.584
0.623 0.6075 0.0118 3.83 0.15 *4.06 0.48 58 5
0.615

0.591
0.601 0.5897 0.0068 *4.54 0.21 *8.71 0.41 66 3
0.577

0.650
0.680 0.6650 0.0152 4.52 0.09 *3.62 0.26 35 5

0.613 0.6195 0.0040 0.74 0.09 *6.76 0.26 55 1

0.604
0.655 0.6152 0.0116 0.99 0.02 *5.76 0.07 49 10

0.664
0.664 0.6600 0.0041 6.86 0.05 *2.28 0.06 33 2
0.652

0.599 0.5903 0.0127 *7.54 0.02 *9.18 0.03 61 6
0.581



δ18O.Fluid..(VSMOW) Error

*0.05 0.99

0.88 0.41

0.74 0.79

*0.41 1.18

0.08 0.82

0.18 0.25

0.35 0.92

0.50 1.11

2.58 0.59

1.44 0.72

1.23 1.24

*2.28 0.82

*2.18 1.21

*1.95 0.41

*1.89 1.78

*1.22 0.44

*3.47 0.93



!Chapter!4!Samples

Samples!From!2014!are!corrected!to!a!30!day!half!window!moving!average!heated!gas!window!and!absolute!reference!frame
Samples!from!2013!are!corrected!to!a!static!heated!gas!window!(during!which!the!slope!and!intercept!were!not!deemed!to!have!changed!significantly)!and!a!static!absolute!reference!frame!for!the!same!time!period.

Date sample)name Machine Mineralogy d18O)pdb)(corrected) d13C)(pdb) d47 D47 d48 D48 D48)Offset D47)linearity)corrected D47)(URF) Average)D47Error Calibration Temperature)

06/05/2014 95337G1 P Calcite G2.14 G17.58 G2.113 G0.35 24.297 0.745 0.7 G0.345 0.668 0.668 0.001 Passey!and!Henkes!2012 30
07/05/2014 95337G1 P Calcite G1.73 G17.54 G1.648 G0.35 26.635 2.202 2.1 G0.346 0.667 use:0.004

G1.93 G17.56

0.29 0.03

10/02/2014 95337G2 P Calcite G3.05 G5.38 9.031 G0.281 23.817 1.988 1.51 G0.305 0.669 0.663 0.008 Passey!and!Henkes!2012 32
12/02/2014 95337G2 P Calcite G3.12 G5.40 8.925 G0.292 23.098 1.415 0.96 G0.316 0.657

G3.09 G5.39

0.05 0.01

10/07/2014 95337G3 P Calcite G4.12 G0.17 13.03 G0.324 19.906 0.199 0.36 G0.352 0.663 0.663 0.000 Passey!and!Henkes!2012 32
05/06/2014 95337G3 P Calcite G4.26 G0.40 12.643 G0.318 19.393 0.018 0.08 G0.347 0.663 use:0.004

G4.19 G0.29

0.10 0.16

22/01/2014 1951,404F P Calcite G6.06 G22.45 G10.885 G0.41 16.053 0.483 0.17 G0.381 0.594 0.585 0.007 Passey!and!Henkes!2012 63
10/02/2014 1951,404!F P Calcite G6.20 G23.03 G11.611 G0.426 15.823 0.535 0.29 G0.395 0.576

G6.13 G22.74

0.10 0.41

09/06/2014 95339 P Dolomite G3.84 G5.26 9.453 G0.393 22.774 0.146 0.16 G0.415 0.590 0.591 0.001 Passey!and!Henkes!2012 61
25/01/2014 95339 P Dolomite G3.65 G5.37 9.538 G0.358 25.556 2.568 1.96 G0.383 0.592 use:0.004

G3.74 G5.32

0.14 0.08

06/02/2014 1931,41!G1 P Dolomite G12.69 G13.23 G7.53 G0.468 5.401 0.958 1.01 G0.448 0.520 0.540 0.028 Passey!and!Henkes!2012 86
11/06/2014 1931,41G1 P Dolomite G13.07 G13.99 G8.604 G0.464 3.666 G0.103 0.31 G0.444 0.559

G12.88 G13.61

0.27 0.54

25/01/2014 1931,41G2 P Dolomite G12.97 G13.42 G7.993 G0.45 4.492 0.636 0.69 G0.429 0.543 0.553 0.014 Passey!and!Henkes!2012 78
22/01/2014 1931,41G2 N Dolomite G13.47 G12.71 G7.882 G0.732 6.622 3.368 1.01 G0.431 0.563

G13.22 G13.07

0.36 0.50

12/02/2014 1985E6711 P Calcite G5.55 G5.58 6.21 G0.326 17.25 0.575 0.29 G0.343 0.630 0.646 0.011 Passey!and!Henkes!2012 38
14/02/2014 1985E6711 P Calcite G5.42 G5.53 6.319 G0.328 17.241 0.446 0.16 G0.345 0.626
25/02/2014 1985E6711 P Calcite G4.76 G5.50 6.524 G0.307 18.064 0.959 0.69 G0.325 0.654
07/07/2014 1985E6711 P Calcite G5.54 G5.49 6.281 G0.328 16.987 0.349 0.56 G0.342 0.673

G5.32 G5.53

0.38 0.04

24/03/2014 80165 P Calcite G2.02 G4.83 10.548 G0.308 24.674 0.865 0.39 G0.337 0.641 0.619 0.008 Passey!and!Henkes!2012 48
07/06/2014 80165 P Calcite G2.52 G4.99 9.889 G0.368 22.658 G0.253 G0.25 G0.391 0.616
08/06/2014 80165 P Calcite G2.29 G4.53 10.557 G0.381 22.896 G0.469 G0.47 G0.405 0.601
06/07/2014 80165 P Calcite G2.14 G4.76 10.444 G0.369 23.829 0.253 0.31 G0.392 0.619

G2.24 G4.78

0.22 0.19

10/05/2014 AGG1 P Calcite G6.33 G6.92 4.156 G0.355 15.646 0.403 0.50 G0.366 0.637 0.637 0.004 Passey!and!Henkes!2012 41
0.03 0.07

05/06/2014 AGG2 P Calcite G8.20 0.64 9.588 G0.327 11.729 0.368 0.59 G0.349 0.661 0.661 0.004 Passey!and!Henkes!2012 33
0.03 0.07

05/06/2014 AGG3 P Calcite G6.87 4.81 14.991 G0.368 14.15 0.07 0.24 G0.403 0.603 0.634 0.016 Passey!and!Henkes!2012 42
06/06/2014 AGG3 P Calcite G7.22 4.70 14.562 G0.322 13.853 0.486 0.67 G0.356 0.654
07/06/2014 AGG3 P Calcite G6.90 4.85 15.031 G0.328 14.15 0.137 0.31 G0.363 0.646

G6.99 4.79

0.19 0.08

10/05/2014 AGG4 P Calcite G20.16 G5.25 G8.517 G0.428 G12.933 G0.152 0.42 G0.406 0.595 0.576 0.009 Passey!and!Henkes!2012 67
07/06/2014 AGG4 P Calcite G19.63 G5.06 G7.878 G0.457 G12.337 G0.508 0.21 G0.439 0.565
08/06/2014 AGG4 P Calcite G19.57 G5.04 G7.804 G0.453 G12.066 G0.347 0.36 G0.435 0.569

G19.78 G5.12

0.32 0.12

17/02/2014 1951,404!matrix P Calcite G3.78 G12.21 1.371 G0.344 22.227 2.216 1.83 G0.348 0.628 0.628 0.004 Passey!and!Henkes!2012 45
0.03 0.07

Older)corrected)data

27/04/2013 BC1S1 N Calcite G7.10 G13.18 G2.824 G0.348 19.22 5.679 0.69 G0.301 0.660 0.698 0.013 Passey!and!Henkes!2012 20
23/05/2013 BC1S1 N Calcite G7.12 G14.05 G3.668 G0.316 18.215 4.748 0.00 G0.255 0.711
25/06/2013 BC1S1 P Calcite G7.08 G14.08 G3.736 G0.314 14.096 0.739 0.56 G0.306 0.719
12/08/2013 BC1S1 P Calcite G6.60 G13.09 G2.272 G0.31 14.865 0.527 0.63 G0.305 0.703

G6.98 G13.60

0.25 0.54

23/05/2013 BC3S1YC N Calcite G7.20 G14.55 G4.257 G0.34 17.498 4.199 G0.38 G0.269 0.695 0.686 0.006 Passey!and!Henkes!2012 28
12/08/2013 BC3S1YC N Calcite G7.17 G14.62 G4.366 G0.412 19.171 5.785 G0.07 G0.310 0.687
12/08/2013 BC3S1YC P Calcite G7.00 G14.59 G4.174 G0.34 13.94 0.426 0.54 G0.331 0.675

G7.12 G14.59

0.10 0.04

29/04/2013 BC3S1G2 N Calcite G7.32 G12.01 G1.877 G0.316 19.601 6.508 1.43 G0.285 0.678 0.665 0.018 Passey!and!Henkes!2012 35
25/05/2013 BC3S1G2 N Calcite G7.12 G11.92 G1.6 G0.335 17.845 4.365 G0.29 G0.308 0.652

G7.22 G11.97

0.14 0.06

23/05/2013 BC3GS1G1 N Calcite G7.49 G13.12 G3.109 G0.294 18.159 5.426 0.69 G0.242 0.725 0.718 0.010 Passey!and!Henkes!2012 17
08/07/2013 BC3GS1G1 N Calcite G6.99 G14.41 G3.921 G0.353 19.1 5.344 0.68 G0.280 0.710

G7.24 G13.77

! 0.35 0.91

08/07/2013 BC1S3 N Calcite G6.91 G14.60 G4.024 G0.358 19.295 5.377 0.67 G0.283 0.707 0.728 0.011 Passey!and!Henkes!2012 14
09/08/2013 BC1S3 N Calcite G6.88 G14.65 G4.038 G0.35 20.648 6.656 0.34 G0.256 0.746
12/08/2013 BC1S3 N Calcite G6.97 G14.68 G4.173 G0.368 20.122 6.312 0.16 G0.270 0.730

G6.92 G14.64

0.04 0.04

09/08/2013 BC3S4D N Calcite G7.02 G14.19 G3.781 G0.4 21.631 7.908 1.28 G0.312 0.685 0.697 0.017 Passey!and!Henkes!2012 24
12/08/2013 BC3S4D N Calcite G7.17 G14.28 G4.009 G0.383 19.258 5.874 G0.01 G0.289 0.709

G7.10 G14.24

0.10 0.06

25/05/2013 BC1M1 N Calcite G6.68 G13.02 G2.2 G0.307 18.881 4.516 G0.39 G0.271 0.694 0.705 0.008 Passey!and!Henkes!2012 18
03/07/2013 BC1M1 N Calcite G6.66 G12.99 G2.149 G0.31 19.912 5.477 0.62 G0.270 0.721
12/08/2013 BC1M1 P Calcite G6.76 G13.19 G2.545 G0.315 15.506 1.489 1.58 G0.310 0.698

G6.79 G13.12

0.06 0.11



!Chapter!4!Samples

Dennis)et)al)2009d18O)pdb SD)d18O d18O)VSMOW)(PW) HG)slope HG)intercept ABS)slope ABS)intercept

1 G1.93 0.29 1.16 0.49 0.0025 G0.8841 1.0705 0.9650
0.0025 G0.8851 1.0705 0.9650

3 G3.09 0.05 0.40 0.64 0.0027 G0.8613 1.0434 0.9183
0.0027 G0.8614 1.0434 0.9183

2 G4.19 0.10 G0.72 0.49 0.0022 G0.8918 1.0599 0.9661
0.0021 G0.8910 1.0495 0.9534

3 G6.13 0.10 2.60 0.54 0.0027 G0.8610 1.0527 0.9260
0.0027 G0.8613 1.0434 0.9183

2 G3.74 0.14 0.89 0.44 0.0021 G0.8923 1.0494 0.9535
0.0026 G0.8606 1.0527 0.9260

15 G12.88 0.27 G4.96 2.17 0.0027 G0.8610 1.0434 0.9183
0.0021 G0.8932 1.0494 0.9535

6 G13.22 0.36 G6.29 1.13 0.0026 G0.8606 1.0527 0.9260
0.0387 G0.9170 0.9949 0.9236

4 G5.32 0.38 G0.70 1.12 0.0027 G0.8614 1.0434 0.9183
0.0027 G0.8621 1.0408 0.9164
0.0028 G0.8627 1.0496 0.9266
0.0022 G0.8925 1.0578 0.9642

3 G2.24 0.22 4.15 0.72 0.0027 G0.8623 1.0452 0.9239
0.0021 G0.8915 1.0494 0.9535
0.0021 G0.8919 1.0494 0.9535
0.0022 G0.8932 1.0557 0.9625

1 G6.33 0.03 G1.18 0.20 0.0024 G0.8880 1.0419 0.9457

2 G8.20 0.03 G4.54 0.41 0.0021 G0.8910 1.0495 0.9534

5 G6.99 0.19 G1.67 1.09 0.0021 G0.8910 1.0495 0.9534
0.0021 G0.8911 1.0494 0.9535
0.0021 G0.8915 1.0494 0.9535

4 G19.78 0.32 G10.61 0.89 0.0024 G0.8880 1.0419 0.9457
0.0021 G0.8915 1.0494 0.9535
0.0021 G0.8919 1.0494 0.9535

2 G3.78 0.25 2.09 0.59 0.0027 G0.8638 1.0470 0.9236

Heated)Gas)Slope Heated)Gas)Intercept ABS)Slope ABS)Intercept

4 G6.98 0.25 G5.56 1.35 0.016568755 G0.812401194 1.1032969 0.9235278
0.016568755 G0.812401194 1.1032969 0.9235278
0.001935816 G0.840247241 1.1621711 1.00688391
0.002037482 G0.868466825 1.08184263 0.96445503

2 G7.12 0.10 G4.45 0.51 0.016568755 G0.812401194 1.1032969 0.9235278
0.023394964 G0.847825965 1.09392311 0.95609148
0.002037482 G0.868466825 1.08184263 0.96445503

7 G7.22 0.14 G3.18 1.51 0.016568755 G0.812401194 1.1032969 0.9235278
0.016568755 G0.812401194 1.1032969 0.9235278

3 G7.24 0.35 G6.92 1.03 0.016568755 G0.812401194 1.1032969 0.9235278
0.018614911 G0.84074998 1.08143087 0.94421984

4 G6.92 0.04 G7.29 0.99 0.018614911 G0.84074998 1.08143087 0.94421984
0.023394964 G0.847825965 1.09392311 0.95609148
0.023394964 G0.847825965 1.09392311 0.95609148

6 G7.10 0.10 G5.25 1.40 0.023394964 G0.847825965 1.09392311 0.95609148
0.023394964 G0.847825965 1.09392311 0.95609148

3 G6.79 0.00 G6.48 1.11 0.016568755 G0.812401194 1.1032969 0.9235278
0.018614911 G0.84074998 1.08143087 0.94421984
0.002037482 G0.868466825 1.08184263 0.96445503



Chapter(5(Samples

Samples(are(1)(corrected(for((mass(spectrometer(non5linearity(using(the(heated(gas(line(derived(from(the(data(below.(This(is(done(on(a(moving(average((30(day(half(window)(around(the(date(of(the(sample(measurement.(
2)(corrected(to(the(Absolute(reference(scale(using(Carrara,(ETH53(and(the(Heated(Gas(intercept(as(described(in(Dennis(et(al.,(2011(and(Meckler(et(al.,(2014
3)(An(acid(fractionation(factor(is(added(to(the(samples((D47)(of(0.069((Guo(et(al.,(2009)
4)(Carbonate(sample(d18O(is(corrected(with(acid(fractionation(factor(dependent(on(mineralogy(for(90C(reaction(temperature:(Kim(et(al.,((2007)(for(calcite,(Rosenbaum(&(Sheppard((1986)(for(dolomite
5)(d18O(porewater(is(back5calculated(using(Land((1980)(for(dolomite(and(Friedman(&(O'Neil((1977)(for(Calcite(5(see(text(for(details

Machine date sample.name Mineralogy d13C.(pdb) d18O.pdb. d47 D47

P 11/06/2014 9/9b1053437.8 Calcite 3.56 57.91 12.75 50.33
P 16/06/2014 9/9b1053437.8 Calcite 3.59 57.98 12.65 50.37

P 06/05/2014 9/9b10514 Calcite 3.62 57.76 12.86 50.34
P 07/05/2014 9/9b10514 Calcite 3.63 57.71 12.91 50.35
P 09/05/2014 9/9b10514 Calcite 3.45 57.86 12.55 50.40
P 28/07/2014 9/9b10514 Calcite 3.74 57.42 13.15 50.35

P 10/05/2014 9/9a651 Calcite 4.98 56.87 15.24 50.33
P 09/06/2014 9/9a651 Calcite 4.78 57.06 14.81 50.34
P 10/06/2014 9/9a651 Calcite 4.42 56.91 14.63 50.33

P 06/05/2014 9/9b1051 Calcite 4.09 57.19 13.92 50.34
P 07/05/2014 9/9b1051 Calcite 3.93 57.49 13.47 50.32
P 28/07/2014 9/9b1051 Calcite 4.08 56.99 13.93 50.35

P 16/06/2014 9/9a656 Calcite 5.55 56.21 16.43 50.34
P 17/06/2014 9/9a656 Calcite 5.27 56.68 15.68 50.33
P 18/06/2014 9/9a656 Calcite 5.39 56.22 16.26 50.32

P 10/03/2014 9/9a6513 Dolomite 1.23 56.98 12.75 50.32
N 12/02/2014 9/9a6513 Dolomite 1.90 56.78 13.38 0.11
N 06/02/2014 9/9a6513 Dolomite 1.85 56.93 13.60 0.12

P 06/07/2014 DGS_959a5a0353885.6 Dolomite 513.69 56.75 51.89 50.42
P 14/07/2014 DGS_959a5a0353885.6 Dolomite 513.66 56.56 51.54 50.39

P 07/07/2014 9/9a5a0353885.4 Dolomite 514.05 56.31 51.78 50.41
P 10/07/2014 9/9a5a0353885.4 Dolomite 513.90 56.22 51.46 50.40
P 24/07/2014 9/9a5a0353885.4 Dolomite 513.90 55.99 51.43 50.40

P 07/07/2014 9/9a0353886.1 Dolomite 513.02 56.10 50.55 50.40
P 17/07/2014 9/9a0353886.1 Dolomite 513.01 56.63 51.08 50.40
P 28/07/2014 9/9a0353886.1 Dolomite 513.19 56.48 51.31 50.43

P 14/07/2014 9/9b1253839.4 Dolomite 57.86 58.75 1.87 50.40
P 17/07/2014 9/9b1253839.4 Dolomite 57.77 58.55 2.03 50.44



Chapter(5(Samples

Samples(are(1)(corrected(for((mass(spectrometer(non5linearity(using(the(heated(gas(line(derived(from(the(data(below.(This(is(done(on(a(moving(average((30(day(half(window)(around(the(date(of(the(sample(measurement.(
2)(corrected(to(the(Absolute(reference(scale(using(Carrara,(ETH53(and(the(Heated(Gas(intercept(as(described(in(Dennis(et(al.,(2011(and(Meckler(et(al.,(2014

4)(Carbonate(sample(d18O(is(corrected(with(acid(fractionation(factor(dependent(on(mineralogy(for(90C(reaction(temperature:(Kim(et(al.,((2007)(for(calcite,(Rosenbaum(&(Sheppard((1986)(for(dolomite

d48 D48 D48.Offset Heated.Gas.Line.SlopeHeated.Gas.line.InterceptAbsolute.reference.frame.slopeAbsolute.reference.frame.intercept

12.34 0.35 0.58 0.002 50.886 1.064 0.963
11.72 50.11 0.14 0.002 50.887 1.069 0.968

12.47 0.34 0.46 0.003 50.879 1.075 0.970
12.70 0.47 0.59 0.003 50.879 1.075 0.970
12.21 0.26 0.39 0.003 50.878 1.075 0.970
12.40 50.09 0.28 0.002 50.892 1.065 0.973

14.65 0.48 0.59 0.003 50.878 1.066 0.958
13.87 0.14 0.34 0.002 50.886 1.064 0.962
14.39 0.35 0.54 0.002 50.886 1.064 0.963

13.70 0.40 0.51 0.003 50.879 1.075 0.970
13.38 0.68 0.79 0.003 50.879 1.075 0.970
13.72 0.35 0.70 0.002 50.892 1.065 0.973

15.57 0.13 0.30 0.002 50.887 1.069 0.968
14.52 0.05 0.24 0.002 50.888 1.070 0.969
15.85 0.47 0.64 0.002 50.888 1.071 0.970

16.96 0.51 0.28 0.003 50.862 1.050 0.927
30.32 14.30 0.80
31.87 15.49 1.08

16.75 0.27 0.49 0.002 50.889 1.066 0.968
17.33 0.26 0.48 0.002 50.892 1.066 0.972

17.64 0.27 0.47 0.002 50.890 1.064 0.968
17.74 0.03 0.24 0.002 50.892 1.062 0.968
18.25 0.46 0.66 0.002 50.892 1.068 0.975

18.11 0.30 0.48 0.002 50.890 1.064 0.968
16.93 0.19 0.42 0.002 50.892 1.062 0.968
16.71 0.01 0.30 0.002 50.892 1.065 0.973

12.92 0.30 0.62 0.002 50.892 1.066 0.972
12.90 0.06 0.38 0.002 50.892 1.065 0.973



Chapter(5(Samples

D47.linearity.corrected D47.(URF) Average.D47 S.E. Calibration Temperature. Error d13C.VPDB

50.358 0.651 0.632 0.019 Passey(and(Henkes(2012 43 7 3.58
50.397 0.613

50.376 0.634
50.382 0.627 0.619 0.016 Passey(and(Henkes(2012 48 5 3.61
50.428 0.579
50.380 0.637

50.374 0.629 0.637 0.006 Passey(and(Henkes(2012 42 3 4.73
50.375 0.632
50.360 0.649

50.371 0.640 0.644 0.006 Passey(and(Henkes(2012 39 2 4.03
50.356 0.656
50.380 0.636

50.378 0.632 0.644 0.006 Passey(and(Henkes(2012 39 3 5.40
50.366 0.647
50.360 0.653

50.359 0.619
50.400 0.592 0.607 0.008 Passey(and(Henkes(2012 53 3 1.66
50.402 0.609

50.413 0.597 0.613 0.015 Passey(and(Henkes(2012 51 6 513.68
50.388 0.628

50.404 0.607 0.614 0.004 Passey(and(Henkes(2012 51 2 513.95
50.397 0.616
50.398 0.619

50.398 0.614 0.606 0.010 Passey(and(Henkes(2012 54 4 513.07
50.395 0.618
50.427 0.587

50.401 0.614 0.588 0.026 Passey(and(Henkes(2012 62 11 57.82
50.447 0.562



Chapter(5(Samples

SD d18O.VPDB SD d18O.pw.(VSMOW)Error

0.02 57.95 0.05 52.45 1.32

0.12 57.69 0.19 51.33 1.04

0.28 56.95 0.10 51.62 0.64

0.09 57.22 0.25 52.44 0.61

0.14 56.37 0.27 51.58 0.82

0.37 56.89 0.11 52.39 0.58

0.14 56.65 0.14 52.46 1.12

0.09 56.17 0.16 51.98 0.48

0.10 56.40 0.27 51.74 0.90

0.06 58.65 0.14 52.80 1.81


