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Abstract 

The British terrestrial record of MIS 11 is significant for two reasons.  Firstly, MIS 11 is a key 

interglacial for understanding early hominin occupation in western Europe after a major 

glaciation, with the British Lower Palaeolithic record suggesting variations in the nature and 

timing of occupation during this period. Secondly, MIS 11 is one of the most appropriate 

climatic analogues for the current interglacial; this is of particular relevance in the light of 

evidence for climatic complexity in MIS 11c and the later stages of MIS 11. However, current 

understanding of the climatic structure of MIS 11 is restricted to marine and ice-core records, 

with few high-resolution terrestrial records from regions such as Britain.  Consequently, the 

expression of this climatic interval in western Europe is not fully understood and as such, it has 

been difficult to place the archaeological record into a robust climatic framework. 

This study presents new datasets from selected MIS 11-aged sites in the British Isles (Marks Tey, 

Essex; Oughtonhead Lane, Hitchin, Hertfordshire; Dierden’s Pit and Barnfield Pit, Swanscombe, 

Kent) using stable isotopic (δ18O and δ13C) analysis of freshwater carbonates, and a combination 

of sedimentological, micromorphological, geochemical and biological techniques. A modern 

stable isotope study investigating the environmental significance of δ18O and δ13C values of 

modern freshwater gastropods is also presented, and its application to understand MIS 11 

climates discussed. 

Using this evidence, this thesis provides novel interpretations regarding: 1) the utilisation of 

stable isotopic analysis of freshwater carbonates to identify periods of environmental variability 

in terrestrial interglacial deposits, 2) evidence for sub-orbital climatic instability and associated 

landscape evolution in southern Britain during MIS 11, and 3) implications for the 

interpretation of the Lower Palaeolithic archaeological record. Evidence from this study reveals 

that climatic instability during both MIS11c and the later stages of MIS 11 can be identified in 

the British terrestrial record, and that the environmental backdrop of hominin occupation in 

this period is more complex than previously suggested. 
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Stable Isotope Notation 

Stable Isotope Notation 
Stable isotopic (δ18O and δ13C) ratios from the range of archives are discussed in this thesis. 
These include those from freshwater carbonates and meteoric waters, analysed as part of this 
thesis, and those from a range of other sources that need to be considered during the 
interpretation of results.  To aid clarity, stable isotope values from different sources have been 
assigned a specific notation.  These are summarised below.  

δ18O values 

δ18Owater General term to describe the δ18O value of all meteoric surface waters. Values 
expressed as ‰ V-SMOW.  

δ18Ogroundwater   δ18O value of meteoric water subsequent to percolation into the saturated zone 
prior to recharge into lacustrine, fluvial or spring systems.  Values expressed as 
‰ V-SMOW. 

δ18Orainfall The δ18O value of rainfall.  Used instead of precipitation to avoid confusion 
with carbonate precipitation. Values expressed as ‰ V-SMOW. 

δ18Oauth The δ18O value of carbonate formed from authigenic carbonate precipitation in 
a lacustrine system. Values expressed as ‰ V-PDB.  

δ18Otufa  The δ18O value of carbonate formed from carbonate precipitation in a tufa 
system.  Differentiated from δ18Oauth as the process of carbonate precipitation is 
a combination of abiogenic and biogenic action. Values expressed as ‰ V-
PDB. 

δ18Oshell The δ18O value of gastropod carbonate derived from the shell. In chapter 6 and 
9, the notations δ18OBT, δ18OVP and δ18ORB are used to differentiate between 
measured δ18O values of shells of gastropod taxa Bithynia tentaculata, Valvata 
piscinalis and Radix balthica respectively.   Values expressed as ‰ V-PDB. 

δ18OOP The δ18O value of gastropod carbonate derived from the operculum.  In this 
thesis, this refers to the operculum of B. tentaculata in chapters 6 and 9. Values 
expressed as ‰ V-PDB. 

δ13C values 

δ13CDIC The δ13C value of total dissolved inorganic carbon (DIC) in meteoric waters. 
Values expressed as ‰ V-PDB.  

δ13C\auth The δ13C value of carbonate formed from authigenic carbonate precipitation in 
a lacustrine system. Values expressed as ‰ V-PDB. 

δ13Ctufa The δ13C value of carbonate formed from carbonate precipitation in a tufa 
system. Values expressed as ‰ V-PDB. 

δ13Cshell  The δ13C value of gastropod carbonate derived from the shell. In chapter 6 and 
9, the notations δ13CBT, δ13CVP and δ13CRB are used to differentiate between 
measured δ13C values of shells of gastropod taxa B. tentaculata, V. piscinalis and 
R. balthica respectively.  Values expressed as ‰ V-PDB.  

δ13COP The δ13C value of gastropod carbonate derived from the operculum.  In this 
thesis, this refers to the operculum of B. tentaculata in chapters 6 and 9. Values 
expressed as ‰ V-PDB. 
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Chapter 1 - Introduction

1.1.  Scientific rationale 

Quaternary interglacials have received a large amount of research attention, stemming from the 

fact that they may act as climatic analogues for the current interglacial (Droxler and Farrell, 

2000; Droxler et al., 2003; Loutre and Berger, 2003; Raynaud et al., 2005; Tzedakis, 2010).  The 

study of these periods therefore offers the opportunity to understand the evolution and natural 

variability of interglacials in the absence of anthropogenic activity.  One such warm episode is 

Marine Oxygen Isotope Stage (MIS) 11 (425-360 kyr BP), suggested to be one of the most 

appropriate climatic analogues for the Holocene, based on the fact that the solar insolation 

regime during MIS 11 is most similar to that of the Holocene in comparison to any other 

interglacial of the last 500 kyr (Berger and Loutre, 2002, 2003; Figure 1.1.). 

Figure 1.1. June 65°N Insolation amount for MIS 11 and MIS 5 compared against future (0-66 kyr AP) calculated 
insolation (from Candy et al., 2014).  

Traditionally, the main interglacial phase of MIS 11 (MIS 11c, ca. 410 kyr BP) has been 

suggested to have been characterised by exceptional warmth and climatic stability (McManus et 

al., 1999; Droxler et al., 2003), with the later stages of this warm episode (post-MIS 11c) 

characterised by one stadial-interstadial event (Imbrie et al., 1984).  However, the advent of 

high-resolution regional and global climatic records has shown that this may be an over-

simplification, with evidence for climatic complexity associated with both MIS 11c and post-

MIS 11c.  This is best represented in the North Atlantic sea surface temperature (SST) records, 
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in which there is evidence for two temperature peaks during MIS 11c (Figure 1.2.), separated by 

an interval of minor cooling, and a number of short-lived stadial and interstadial events post-

MIS 11c (Martrat et al., 2007; Lawrence et al., 2009; Stein et al., 2009; Voelker et al., 2010).  

Nevertheless, key uncertainties remain regarding how this complexity is represented in 

terrestrial sequences, and the impact of this variability on ecosystems, geomorphic systems, and 

hominin populations. 

Figure 1.2. Compilation of long, continuous records of MIS 11.  Red bars highlight the temperature peaks during MIS 
11c.  Red and blue arrows indicate warm and cold events post MIS 11c.  A) SPECMAP stacked benthic δ18O curve 
(Imbrie et al., 1984), B) EPICA Dome C Deuterium (proxy for air temperature, Jouzel et al., 2007), C and D) North 
Atlantic alkenone- based SST reconstructions (Stein et al., 2009; Voelker et al., 2010).  

One of the best places to investigate this question is the British Isles, where a range of sites have 

been correlated with MIS 11 through a combination of faunal biostratigraphy (Keen, 2001; 

Schreve, 2001b), lithostratigraphy (Bowen et al., 1986; Bridgland, 1994), relative dating 

(Bridgland, 1994, 2000; Penkman et al., 2013) and radiometric dating (Rowe et al., 1999; Grün 

and Schwarcz, 2000; Preece et al., 2007).  These sequences frequently contain evidence for a 

Hoxnian Interglacial pollen succession (HoI-HoIV) and have yielded diverse temperate-climate 
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floral and faunal remains (West, 1956; Keen, 2001; Schreve, 2001b), suggested to correlate with 

MIS 11c (Shackleton and Turner, 1970; Koutsodendris et al., 2010; Candy et al., 2014).  These 

are frequently overlain by sediments and biota representing the later sub-stages of MIS 11 

(termed the post-Hoxnian period in this thesis). 

Our understanding of the climatic regime of MIS 11 in the British Isles is based largely on 

biologically-derived temperature estimates (Candy et al., 2010; Coope et al., 2010).  These 

reconstructions indicate that the Hoxnian Interglacial (MIS 11c) was characterised by a 

temperature regime comparable to that of the Holocene thermal maximum (Candy et al., 2010; 

Candy et al., 2014).  The post-Hoxnian period was characterised by one stadial-interstadial 

event (Coope and Kenward, 2007; Ashton et al., 2008), suggested to correlate with MIS 11b and 

MIS 11a in the SPECMAP δ18O chronology of MIS 11 (Imbrie et al., 1984; Ashton et al., 2008).  

However, due to the coarse chronological resolution and fragmentary nature of the deposits 

from which these temperature reconstructions are derived, they give little indication of how the 

climate evolved during MIS 11 in the British Isles.  

The British terrestrial record is also unique as it contains one of the best-resolved archaeological 

records of the northwest European Lower Palaeolithic during MIS 11.  This is partly due to the 

impact of the Anglian Glaciation, firstly forming topographic hollows on the land surface that 

allowed for the accumulation of interglacial lacustrine sediments (e.g. West, 1956, 1980; Turner, 

1970).  The marginal sediments of these lacustrine deposits have frequently yielded artefacts 

(Ashton et al., 1998; 2005) that can be related to the underlying Anglian Lowestoft till.  Second, 

the Anglian Glaciation caused the diversion of the Thames to its current course (Gibbard, 1983, 

1994; Bridgland et al. 1988, 1994: Whiteman, 1992).  This has again enabled the identification of 

a number of fluvial sequences yielding artefacts that can be readily correlated to MIS 11 on 

account of their lithostratigraphic position directly post-dating Anglian deposits (Bridgland 

1994; Schreve, 2001b). 

A number of patterns can be identified in the lithic record of MIS 11.  First, the Hoxnian 

Interglacial was characterised by two chronologically distinct Lower Palaeolithic industries: the 

Clactonian (core- and flake- based), which is present in deposits associated with the early 

Hoxnian, and the Acheulian (handaxe-based), which is present during the mid-late Hoxnian 

(Wymer, 1974).  Second, there is evidence for seemingly endemic cultural change within this 

warm episode, with the novel appearance of twisted ovate handaxes as part of Acheulian 

assemblages in late MIS 11/early MIS 10 (White, 1998b; White et al., 2013).  In addition to the 

lithic (and much rarer organic artefact) record, there is direct evidence for hominin occupation 

in the form of cranial remains (Marston, 1937), assigned to Homo heidelbergensis, but with 

incipient features of Homo neanderthalensis (Stringer and Hublin, 1999), recovered from the 
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fluvial sequence of Barnfield Pit, Swanscombe, Kent.  Superimposed upon the archaeological 

record is also evidence for large-scale palaeogeographic changes.  Due to the formation of the 

Dover Strait during MIS 12 (Gibbard, 1995, 2007; White and Schreve, 2000; Gupta et al., 

2007;Toucanne et al., 2009), MIS 11 is distinct from earlier interglacials as it represents the first 

warm episode  in which Britain was isolated from mainland Europe during sea level high stands 

(White and Schreve, 2000).   

Currently, however, the palaeoclimatic and palaeoenvironmental background to the 

archaeological complexity observed in the MIS 11 record in Britain is incompletely resolved. 

This is because of discordance between the records from relatively long lacustrine sequences 

(Turner, 1970; Horton, 1989), where proxies such as pollen have traditionally been used for 

palaeoenvironmental reconstruction but in which archaeology is rarely found, and the more 

fragmentary fluvial and spring-line sequences, many of which have yielded large assemblages of 

mint- or relatively fresh-condition stone tools (Bridgland, 1994; Preece et al., 2007).  The latter 

deposits frequently contain rich palaeobiological remains (Keen, 2001; Schreve, 2001b) but these 

generally reflect only very short spans of time, thereby hampering correlation with the longer 

lacustrine records.       

However, many of these fragmentary deposits are rich in freshwater biogenic and abiogenic 

carbonates, which have the potential to yield palaeoenvironmental and palaeoclimatic 

information through stable isotope (δ18O and δ13C) analysis, a technique that has been relatively 

under-utilised in Pleistocene continental sequences to date.  This is based on the principal that: 

1) the δ18O values of freshwater carbonate are related to the δ18O value of the water in which it is

precipitating or mineralising (Kim and O’Neil, 1997; White et al., 1999), 2) in lowland 

hydrological systems, the δ18O value of surface water is primarily a reflection of the δ18O value 

of mean annual rainfall, and 3) in temperate mid-latitude regions such as the British Isles, a 

positive linear relationships exists between δ18O values of rainfall and mean annual air 

temperature (Dansgaard, 1964; Rozanski et al., 1992, 1993).   

Consequently, if the δ18O value of water does not undergo any significant modification 

subsequent to rainfall, and the relationship between the δ18O values of water and precipitated or 

mineralised carbonate is well established, then the δ18O value of freshwater carbonate has the 

potential to act as a semi-quantitative proxy for temperature (Leng and Marshall, 2004).  The 

relationship between temperature and the δ18O values of carbonate in two key freshwater 

archives, authigenic lacustrine carbonate and tufa carbonate, is relatively well understood (Leng 

and Marshall, 2004; Andrews, 2006; Marshall et al., 2007), although this is not the case for 

biogenic carbonates, specifically the shells and opercula of freshwater molluscs.  This is due to a 

lack of understanding of the modern relationship between the δ18O values of molluscan 
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carbonate, the prevailing environmental conditions and the influence of molluscan physiology 

and ecology (although see White et al., 1999; Shanahan et al., 2005).  The study of δ18O values of 

modern freshwater gastropod carbonate and the relationship to climate is long overdue and 

essential to its application as a palaeoenvironmental proxy.  This thesis accordingly also includes 

a modern analogue study investigating the relationship between temperature, δ18O values of 

modern surface waters and δ18O values of freshwater gastropod carbonate in the Thames and 

associated tributaries.   

1.2. Research Aims 

The overarching goal of this research is to improve the understanding of the 

palaeoenvironmental context of Lower Palaeolithic hominin occupation in the British Isles 

during MIS 11 using stable isotopic (δ18O and δ13C) analysis of freshwater carbonates.  This can 

be split into two principal aims: 

1. Improve the understanding of the palaeoclimatic regime of MIS 11 in the British Isles

through the novel application of stable isotopes (δ18O and δ13C) of freshwater

carbonates.

2. Using the evidence for palaeoclimatic change produced through this approach, and

allied geochemical and sedimentological techniques, to provide a palaeoenvironmental

context for hominin occupation in the British Isles during MIS 11.

In order to understand the palaeoclimatic regime of MIS 11 in the British Isles, three sequences 

have been selected; Marks Tey palaeolake basin, Oughtonhead Lane tufa, Hitchin, and the 

fluvial sequence at Swanscombe, Kent (see Section 1.3 for site descriptions).  All three sequences 

can be robustly correlated to MIS 11 and contain freshwater carbonate material in which 

isotopic analysis can be applied.  In order to achieve the aims that are stated above, a a range of 

approaches were employed atat each site.  These are described and linked to the relevant aim 

below.   

Detailed sedimentological, biological and stable isotopic (δ18O and δ13C) analysis has been 

employed on the upper part of a newly extruded sediment sequence from the Marks Tey basin 

(Aims 1 and 2), the upper interval of which is suggested to cover the late Hoxnian Interglacial 

and immediate post-Hoxnian period (Turner, 1970, see Section 1.3.2 for a full description).  

Macroscale sediment description bulk sedimentological analysis and microscale sedimentology 

was undertaken on this sequence in order to understand the palaeoenvironmental context of 

sediment forming processes and the nature of carbonate formation prior to stable isotopic 

analysis.  Subsequently, carbonate laminations were sub-sampled for δ18O and δ13C analysis.  

This analysis produced a stable isotope stratigraphy and environmental framework for the later 

stages of the Hoxnian Interglacial and immediate post-Hoxnian period (Aim 1).  Further 
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information regarding the environmental conditions was also provided through pollen and 

biomarker analysis (Aim 2).  The upper part of the MT-2010 core was also sub-sampled for 

pollen and biomarkers and sent to P. Coxon and E. McClymont respectively for analysis.  The 

pollen stratigraphy of the core also provides a means to link the sequence to the Hoxnian 

Interglacial pollen stratigraphy (Aim 2).   

A systematic re-excavation of the Oughtonhead Lane tufa, Hitchin, Hertfordshire, one of the 

key tufa sites in Britain that can be correlated to MIS 11 (deposition is suggested to span the 

climatic optimum of the Hoxnian Interglacial), was also performed (Aims 1 and 2).  In order to 

undertake this, the deposit was first identified through an augur and trial pit survey.  The 

thickest sequence determined through this process was then excavated, and field sediment 

descriptions and sub-sampling for laboratory analysis was undertaken.  Macroscale sediment 

description, bulk sedimentological analysis and microscale sedimentology was then employed 

on this sequence in order to understand the palaeoenvironmental context of sediment-forming 

processes and the nature of carbonate formation prior to stable isotopic analysis. Subsequently, 

the tufa carbonate was sub-sampled for δ18O and δ13C analysis.  This analysis enabled the 

construction of a record of environmental conditions associated with the deposition of the tufa 

during the Hoxnian Interglacial (Aim 1).  Further information regarding the environmental 

conditions was also provided through trace element analysis and macroscopic and microscopic 

charcoal analysis of the tufa deposit (Aim 2). 

Stable isotopic analysis was also employed on freshwater gastropod carbonate from the 

Swanscombe sequence, which has been selected as the deposits are rich in molluscan remains 

and are suggested to record a large part of the Hoxnian Interglacial (see Section 1.3.4).  Prior to 

using this approach, a modern analogue study was undertaken in order to understand the 

relationship between the δ18O values of freshwater mollusc carbonate and temperature in 

modern freshwater systems in southeast England.  In this modern study, four datasets were 

collected; air temperature, water temperature, the isotopic composition of water (δ18Owater) and 

the isotopic composition of freshwater gastropod carbonate (Aim 1).  In order to understand the 

relationship between δ18Owater values in freshwater systems, water temperature and prevailing air 

temperature in modern systems, water temperature data was also acquired from secondary 

sources for three fluvial systems in southeast England.  This was then compared to air 

temperatures from the same period, obtained from local meteorological stations.  Water from 

these fluvial sites was sub-sampled on a monthly basis for δ18O analysis, enabling sub-annual 

variation in δ18O values of water from these systems to be linked to the thermal regime.  Isotopic 

analysis was subsequently undertaken on freshwater gastropod carbonate of taxa common in 

Quaternary deposits, in order to understand the relationship between water temperatures, the 
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δ18O value of water, and the δ18O value of gastropod carbonate from the same fluvial system. 

The use of δ18O values of freshwater gastropod carbonate as a palaeotemperature proxy was then 

assessed through the comparison with other modern studies and Quaternary deposits with 

independent temperature reconstructions.  This relationship was then be applied to the MIS 11 

sequence of Swanscombe (Aim 1), in which δ18O and δ13C analysis of freshwater gastropod 

carbonate of two taxa was undertaken.  This enabled the production of an environmental 

framework for the deposition of the Swanscombe sequence through the large part of the 

Hoxnian Interglacial, which can be directly linked to the archaeological record. 

 Using the δ18O records from each of these three MIS 11 sequences, an isotope-based climate 

record for a large part of the Hoxnian Interglacial and the immediate post-Hoxnian period was 

constructed (Aim 1).  This provides a framework in which the previously published 

environmental reconstructions for the Hoxnian Interglacial and immediate post-Hoxnian 

period can be placed (Aim 2).  In addition, the archaeological record of MIS 11 in the British 

Isles was assessed in light of this framework, and the implications of the findings for hominin 

populations in Britain during MIS 11 discussed.  

Figure 1.3. Location of modern and MIS 11 study sites investigated in this thesis alongside other key MIS 11 sites and 
the suggested ice limit of the Anglian Glaciation (from Gibbard and Clark, 2011). 

1.3. Introduction to the study sites 

As stated above, three MIS 11 sites were selected for study (Figure 1.3.).  These are the 

palaeolake at Marks Tey, Essex, the Oughtonhead Lane tufa deposit at Hitchin, Hertfordshire, 

and the fluvial deposits at Dierden’s Pit and Barnfield Pit, Swanscombe, Kent.  These sites were 
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chosen as they all can be robustly correlated with MIS 11 (Kerney 1959; Turner, 1970; Kerney 

1971).  Furthermore, all three sequences are known to span a specific interval within the 

Hoxnian Interglacial (Kerney, 1951; Preece et al., 2007; White et al., 2013), with Marks Tey 

containing sediments that may also represent the post-Hoxnian period (Turner, 1970).  These 

sites also fulfil the key criteria of containing freshwater abiogenic and biogenic carbonates for 

stable isotopic analysis, and containing a range of ecological and lithological materials that can 

aid the palaeoenvironmental interpretation from these sequences.  A summary of these sites is 

presented in Sections 1.3.2, 1.3.3, and 1.3.4. 

Figure 1.4. Monthly average air temperature (orange line) and rainfall amount (blue bars) from the period 1971-2000 
for: A) southeast and central southern Britain, and B) East Anglia (Data from Met Office, 2015). 

1.3.1. Modern temperature regime and modern analogue study 

Prior to describing the MIS 11 sites to be investigated in this thesis, it is necessary to summarise 

the modern climatic regime of southern Britain.  This region is characterised by a mid-latitude, 

oceanic–temperate climate, with seasonal fluctuations in temperature of approximately 12°C 

and levels of precipitation relatively constant throughout the year.  Modern monthly rainfall and 

temperature data are presented from southern and eastern Britain, where the MIS 11 sites 

investigated in this thesis are located, in Figure 1.4.  Mean coldest month (January) temperatures 

are between +3 and +4 °C, whilst mean warmest month (July) temperatures are between 16 and 

17 °C.  It is important to note that during the Holocene the temperature regime in Britain was 

slightly different to the present day, with Mid-Holocene summer temperatures in northwest 

Europe suggested to have been 1 to 2 °C warmer (Davis et al., 2003).  Therefore, throughout this 

thesis, MIS 11 temperatures are compared to both present day and estimated Holocene 

maximum temperatures.  As stated in Section 1.2, part of this thesis will also investigate the 

stable isotopic (δ18O and δ13C) composition of freshwater gastropod carbonate from a series of 

modern surface waters located in in southeast Britain.  The locations of these modern systems 

are presented in Figure 1.3. 
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1.3.2. Marks Tey, Essex 

The palaeolake basin of Marks Tey is one of the key MIS 11 sites in the British Isles, with the 

lacustrine sequence apparently recording the full Hoxnian interglacial pollen succession 

(Turner, 1970).  The site has been correlated to MIS 11 based on lithostratigraphy (Turner, 

1970), faunal biostratigraphy (Schreve, 1997; 2001b), aminostratigraphy (Penkman et al., 2011) 

and radiometric dating (Rowe et al., 1999).  Extensive work on the deposits by Turner (1970) 

established that the sequence apparently records the entire Hoxnian Interglacial (HoI-HoIV), as 

well as both the preceding (late Anglian) and succeeding cold stages (MIS 11b or MIS 10, termed 

eGi in Turner, 1970).  It is important to note that the longest lacustrine sequence from the Mark 

Tey basin, ‘GG’ (Turner, 1970), consists only of late Anglian and HoI-HoIIIb sediments, after 

which a sedimentary hiatus occurs between HoIIIb and the subsequent colder interval.  Later 

HoIIIb and HoIV pollen assemblages were recorded in boreholes ‘AA’ and ‘BB’, taken at the 

margins of the basin.  Data from these three boreholes were used by Turner (1970) to construct 

the composite pollen record on which the biostratigraphy is based. 

The varved nature of the lower part of the sequence at Marks Tey has allowed the record to be 

used to provide estimates for the duration of the Hoxnian Interglacial (Shackleton and Turner, 

1967; Turner, 1970; Turner, 1975), suggesting a duration of ca. 30, 000 years.  Furthermore, the 

pollen sequence at the site records the widespread but short-lived increase in non-arboreal 

pollen relative to arboreal pollen that is known as the Non-Arboreal Pollen (NAP) phase, which 

has been suggested to reflect either a climatically driven (Kelly, 1964; Koutsodendris et al., 2010; 

2012) or wildfire event (Turner, 1970).  The upper part of the lacustrine sequence, however, has 

received less attention, because a large portion of the sediments are brecciated and the pollen 

stratigraphy was thought to indicate deposition in the succeeding cold-climate stage, MIS 10 

(Turner, 1970).  However, as it is now apparent that a number of British sites record climatic 

complexity during the immediate post-Hoxnian period, prior to MIS 10 (Coope and Kenward, 

2007; Ashton et al., 2008), the upper part of the Marks Tey sequence may provide an important 

palaeoclimatic record that has hitherto been unexplored.   

1.3.3. Oughtonhead Lane tufa, Hitchin, Hertfordshire 

The Oughtonhead Lane tufa sequence, located northwest of Hitchin, Hertfordshire, is one of 

only two tufa sequences in Britain that can be correlated with the Hoxnian interglacial (the 

other being Bed 4, Beeches Pit at West Stow, Kerney, 1959; Preece et al., 2007).  The former 

Hitchin site, most famously excavated by Kerney (1959), has yielded a rich molluscan 

assemblage, including the distinctive ‘Lyrodiscus fauna’, and a number of mammalian remains, 

which has allowed the site to be correlated with MIS 11 (Rousseau et al., 1992; Schreve, 1997, 

2001b).  The close similarity of the molluscan assemblage from this sequence with that from 
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Beeches Pit, suggests that deposition at both sites occurred during the same part of the Hoxnian 

interglacial.  This is suggested to be HoIIIb, and potentially part of HoIIIb (Davies, 1953; 

Kerney, 1959; Preece et al., 2007; White et al., 2013), which is likely to represent the climatic 

optimum of MIS 11c based on the alignment of European pollen sequences with North Atlantic 

SST records (Koutsodendris et al., 2010; Candy et al., 2014). 

Groundwater-fed spring deposits such these are an important climatic archive, since the 

calcareous nature of these deposits means that molluscan and vertebrate remains are readily 

preserved, and detailed study of the isotopic composition and petrography of the tufa can allow 

detailed records of environmental change to be constructed (Garnett et al., 2004; Pedley and 

Rogerson, 2010).  However, since the 1950s, no further work has been undertaken at the site, 

despite its potential to record environmental changes during the climatic optimum of MIS 11c. 

1.3.4. Barnfield Pit and Dierden’s Pit, Swanscombe, Kent 

The deposits in a number of former quarries at Swanscombe, Kent, comprise complex fluvial 

sequences of the River Thames that have been subjected to number of excavations since the late 

1800s (see Bridgland, 1994; Ashton et al., 1995 and Conway et al., 1996 for detailed reviews).  

The most complete sequence at Barnfield Pit, with which the other, shorter sequences can be 

correlated, has yielded large assemblages of molluscan and vertebrate remains, as well as lithic 

evidence for two chronologically-distinct Palaeolithic industries, the Clactonian and the 

Acheulian (Wymer, 1986; Roe, 1981; Bridgland, 1994), together with three conjoining fragments 

of hominin cranium (Marston, 1937; Stringer and Hublin, 1999). 

Correlation of the Barnfield Pit sequence with MIS 11 is based on a combination of 

lithostratigraphic (Oakley, 1957, Bridgland, 1994; Gibbard, 1994), biostratigraphic (Kerney, 

1971; Preece, 1995; Schreve, 2001a, 2001b), and aminostratigraphic (Bowen et al., 1989, 

Penkman et al., 2011, 2013) evidence.  Three phases of fluvial deposition can be identified at 

Barnfield Pit.  Phase I and II represent the Hoxnian Interglacial, with Phase I suggested to 

correlate to HoI-HoII (Kerney 1971; Ashton et al., 2008), and Phase II proposed to correlate 

with HoIII-HoIV (Schreve, 1997 Roe, 2001; White et al., 2013).  The overlying Phase III deposits 

record a cold-warm cycle, potentially representing climatic complexity associated with MIS 11b, 

MIS 11a and early MIS 10 (Schreve, 2001a; Ashton et al., 2005, 2008; White et al., 2013).  The 

shorter Dierden’s Pit sequence is characterised by shell-rich sands and gravels, termed the ‘shell-

bed’, and considered the correlative of the Lower Middle Gravel of Phase II at Barnfield Pit 

(Kerney, 1971; White et al., 2013).  Correlation of this deposit to the Hoxnian pollen 

stratigraphy suggested that deposition occurred during HoIIIa- early HoIIIb (Kerney, 1971; 

White et al., 2013).  
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Whilst the faunal remains from these sequences have been studied in detail (Sutcliffe, 1964: 

Kerney, 1971; Robinson, 1996; Schreve, 1997, 2001a and b; Keen, 2001), there are few 

palaeotemperature reconstructions from this site (White et al., 2013).  However, both the Phase 

I deposits at Barnfield Pit, and the Lower Middle Gravel (Phase II) at Dierden’s Pit are rich in 

freshwater molluscan remains, from which a distinctive suite of assemblages can be identified 

(Kerney, 1971; White et al., 2013), indicating changes in the depositional environment over a 

large part of the Hoxnian interglacial (Bridgland, 1994; Conway et al., 1996; Schreve, 1997; 

Ashton et al., 2008; White et al., 2013).  Based on the relationship between δ18O values of 

freshwater carbonate and prevailing temperature regimes (Rozanski et al., 1993; Darling, 2004; 

Andrews, 2006; Candy et al., 2011), measured δ18O values of freshwater gastropod carbonate 

from these sequences therefore have the potential to highlight how the climate evolved through 

the Hoxnian Interglacial.   

1.4. Thesis structure 

This thesis is split into 12 Chapters.  Chapter 2 provides a review of MIS 11 in terms of the 

climatic structure, temperature regime, and evidence for climatic variability, focusing on the 

evidence from the British terrestrial record.  Chapter 3 describes the evidence for the Lower 

Palaeolithic occupation of the British Isles during MIS 11 and describes the current evidence for 

environmental, landscape and palaeogeographic changes associated with hominin occupation. 

Chapter 4 outlines the background and potential of stable isotopic (δ18O and δ13C) analysis of 

freshwater carbonates as palaeoenvironmental indicators. Chapter 5 provides a description of 

the methodologies used in this study to address the research aims outlined in Section 1.2.  

Chapter 6 presents the results of measured δ18O and δ13C values of freshwater gastropod 

carbonate from modern freshwater systems and a discussion of the use of this technique as a 

palaeoclimatic proxy.  Chapters 7 and 8 provide the sedimentological and geochemical results 

from Marks Tey and Oughtonhead Lane respectively and briefly describes the 

palaeoenvironmental significance of these results.  Chapter 9 presents the results of stable 

isotopic analysis of freshwater gastropod carbonate from Barnfield Pit and Dierden’s Pit, 

Swanscombe, and a brief discussion on the palaeoclimatic significance of these results.  In 

Chapter 10, the results of stable isotopic analysis are discussed in terms of understanding the 

climatic evolution of MIS 11 in the British terrestrial record.  Chapter 11 outlines the 

significance of the results from this study for understanding the palaeoenvironmental context of 

hominin occupation during MIS 11, and using the current ecological evidence for 

environmental change during MIS 11 in Britain, provides a new palaeoenvironmental 

framework for hominin occupation throughout this period.  The main conclusions of this study 

are presented in Chapter 12. 
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Chapter 2 - The climatic context of Marine Oxygen Isotope Stage 11

2.1. Introduction 

Quaternary interglacials have received a large amount of research attention, stemming from the 

fact that they may act as climatic analogues for the current interglacial, the Holocene (Droxler 

and Farrell, 2000; Loutre and Berger, 2003; Droxler et al., 2003; Raynaud et al., 2005).  One such 

warm episode is MIS 11, the main interglacial phase of which (MIS 11c, ca. 410 kyr BP) has 

traditionally been suggested to be characterised by exceptional warmth and climatic stability 

(McManus et al., 1999; Droxler et al., 2003).  However, with the advent of high-resolution 

regional climatic records, it is becoming increasingly apparent this is not the case, with evidence 

for climatic complexity associated with both the main interglacial phase (MIS 11c) and the later 

stages of this warm episode (post-MIS 11c).  On this basis, one of the key questions that remains 

is how the complexity evident in these long, continuous records is manifested in terrestrial 

sequences of this period?  One of the best places to investigate this is the British Isles, due to the 

large number of sites that are correlated with MIS 11 (e.g., Turner, 1970; Preece et al., 2007, 

Ashton et al., 2008).  Climatic reconstructions from these sequences have been derived largely 

from palaeoecological proxies (Candy et al., 2010) and indicate that this period was of 

comparable warmth to the Holocene.  However, there is evidence for climatic complexity 

associated with sediments that are robustly correlated with both MIS 11c and post-MIS 11c. 

Superimposed on this is evidence for large-scale palaeogeographic changes during MIS 11c 

(White and Schreve, 2000) and potential evidence for changing precipitation regimes (Gibbard 

and Aalto, 1977; Gibbard et al., 1987; Boreham and Gibbard, 1995).  

This Chapter aims to review: 1) the climatic context of MIS 11 as expressed in long marine, 

terrestrial and ice core records, focusing on the structure, temperature regime and evidence for 

climatic complexity, 2) the identification of MIS 11 in British terrestrial deposits, 3) the climatic 

regime of MIS 11 in the British Isles, describing the evidence for climatic complexity and 

changing precipitation regimes, and 4) evidence for landscape and palaeogeographical change 

during MIS 11 in the British Isles. The Chapter then finishes with a discussion of some of the 

European terrestrial sequences from MIS 11.  Much of the discussion in this Chapter is based on 

topics covered by Candy et al. (2014) in a recently published review of MIS 11, but with an 

emphasis on the British terrestrial record of MIS 11, as this is the focus of this thesis.  

2.1.1. Classification of interglacial periods 

The term ‘interglacial’ is formally defined based on climatostratigraphy, as an episode during 

which the climate was incompatible with the wide extent of glaciers that characterises a 

glaciation (American Commission on Stratigraphic Nomenclature, 1961).  In Western Europe, 
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an interglacial period has traditionally been defined on the basis of pollen stratigraphy in 

terrestrial sequences (Zeuner, 1956; West, 1977, 1980) as the time interval during which the 

percentage of arboreal pollen is greater than the percentage of shrub and grass pollen (West 

1956; Turner, 1970).  However, following the widespread acceptance of the benthic δ18O record 

as an archive of global climate change, it has become increasingly common for researchers to 

discuss ‘interglacials’ in the context of Marine Oxygen Isotope Stages (MIS).  In the marine 

isotope stratigraphy, time intervals showing a reduction in global ice volume which is 

characterised by low isotopic values, are represented in by odd-numbered isotope stages, e.g. 

MIS 5, 7, 9 and 11 (Imbrie et al., 1984; Lisiecki and Raymo, 2005).  These are often referred to as 

‘warm stages’.  It is important to note that the terms warm stage and interglacial stage are not 

synonymous; the ‘interglacial’ as observed in the terrestrial record is suggested to represent the 

period of maximum reduction in ice volume seen in the marine isotopic record (Shackleton 

1969).  This is typically correlated with the marine isotope sub-stage with the largest deviation of 

δ18O values from the dataset mean.  In the case of MIS 11, this is represented in the benthic δ18O 

record as the warm sub-stage MIS 11c (or MIS 11.3, Figure 2.1., Imbrie et al., 1984; Lisiecki and 

Raymo, 2005).   

One of the key climatic periods that is readily identifiable in the British terrestrial record is the 

Anglian Glaciation, which is widely correlated with MIS 12 (see Section 2.3.1.2 for a full 

discussion).  The Hoxnian Interglacial, defined on the basis of the distinctive pollen assemblage 

identified at Hoxne, Suffolk (West, 1956),  represents the first warm stage after the Anglian 

Glaciation (West, 1956; Kerney, 1959: Turner, 1970), and therefore is widely correlated with 

MIS 11 (Mitchell et al., 1973; Shackleton, 1987).  However, it is now apparent that a number of 

temperate-climate deposits attributed to the Hoxnian Interglacial on the basis of pollen 

stratigraphy have conflated deposits representing both MIS 11 and MIS 9 into a single 

interglacial (Thomas, 2001).  With the application of absolute and relative age estimates (Grün 

and Schwarz, 2000; Penkman et al., 2011), faunal biostratigraphy (Keen, 2001; Schreve, 2001b) 

and lithostratigraphy (Bridgland, 1994) to the British terrestrial record, it is now clear that 

Hoxne itself and a range of other genuine Hoxnian Interglacial sites can be securely correlated 

to MIS 11 (see full description in Section 2.3.1.2.).  The correlation of the Hoxnian Interglacial 

to MIS 11c is based on the identification of a full Hoxnian Interglacial vegetation succession at 

Marks Tey, Essex (Turner, 1970, see below for a full description); the varved nature of parts of 

the Marks Tey sequence has further led to the suggestion that the Hoxnian Interglacial lasted ca. 

30,000 years (Shackleton and Turner, 1967; Turner, 1970).  This is equivalent to the duration 

suggested for MIS 11c based on the orbitally- tuned benthic δ18O record (Imbrie et al., 1984; 

Lisiecki and Raymo, 2005).  Furthermore, independent age estimates derived from Uranium- 

series dating of the Marks Tey deposits suggest an MIS 11 age (Rowe et al., 1999), therefore it 
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can be suggested that the Hoxnian Interglacial and the marine δ18O peak of MIS 11c are 

equivalent (Figure 2.1.). 

Figure 2.1. Stratigraphic nomenclature for MIS 11. MIS 11 represents the warm stage in the marine isotope 
stratigraphy, based on the SPECMAP (Imbrie et al., 1984) ice volume (both numeric and alphabetical notatiation is 
used to define sub-stages). The interglacial, as defined by the British terrestrial pollen sequence is the Hoxnian, and is 
tentatively suggested to last approximately 30 kyr based on the partly varved lacustrine  record from Marks Tey 
(Shackleton and Turner, 1967; Turner, 1970;.  This correlates with the interval of minimal ice volume in the marine 
oxygen isotope stratigraphy, MIS 11c (adapted from Candy et al., 2014). 

2.2. MIS 11 in a global context 

2.2.1. Types of climatic archives 

The most complete and continuous records for MIS 11, in which the structure and long-term 

climatic regime can be fully understood, are derived largely from ice core and marine records.  

The EPICA Dome C (EDC) ice core record (EPICA community members, 2004; Jouzel et al., 

2007) is the best resolved of these, with a centennial scale resolution, and containing a number 

of climate proxy records including Deuterium ratios (δD, a proxy for Antarctic air temperature) 

and greenhouse gas concentrations (Luthi et al., 2008).  Marine core records are largely based on 

stacked benthic δ18O records (Imbrie et al., 1984; Bassinot et al., 1994; Lisiecki and Raymo, 

2005), which are used as a qualitative proxy for past ice volume.  These records are frequently 

used in the correlation of late Middle and Late Pleistocene terrestrial records (e.g., Ashton et al., 

2008).  However, due to the low sedimentation rate associated with these type of marine 

deposits, and the fact that δ18O is recording ice volume; short-lived climatic events are rarely 

observed in them, in contrast to the highly detailed but fragmentary terrestrial record.  More 

recently, a number of SST records from marine cores have been published, many of which span 

MIS 11 (Ruddiman et al., 1986, 1989; McManus et al., 1999; Kandiano and Bauch, 2003, 2007; 
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de Abreu et al., 2005; Lawrence and Herbert, 2005; Martrat et al., 2007; Lawrence et al., 2009; 

Stein et al., 2009; Herbert et al., 2010; Lawrence et al., 2010; Rodrigues et al., 2011).  These are 

globally distributed; however, in this study only the records from the North Atlantic are 

considered in detail, due to their relevance to the British Isles (Figure 2.2.).  A number of long 

and continuous terrestrial records also exist for MIS 11.  These are from deep lacustrine 

sequences in which past vegetation changes and lake productivity have been investigated, 

including the Velay and Praclaux sequences, France (de Beaulieu et al., 2001), Tenaghi 

Philippon, Greece (Tzedakis et al., 1997, 2006, 2009), Lake Baikal, Russia (Prokopenko et al., 

2001, 2002, 2006, 2010) and El’gygytgyn, Russia (Melles et al., 2012). 

Figure 2.2. Location of key marine and terrestrial MIS 11 sites discussed in this Chapter.  For clarity of map, EPICA 
Dome C, Lake Baikal and Lake El-gygytgyn are omitted. 

2.2.2. Insolation parameters during MIS 11 

It is well established that glacial-interglacial cycles are driven by variations in the Earth’s orbital 

parameters, associated with the shape (eccentricity) of the Earth’s orbit and a configuration of 

the Earth’s axis (obliquity and precession) on a range of timescales (Milankovitch, 1941; Hays et 

al., 1976; see Berger and Yin (2012) for a detailed review).  The insolation regime in MIS 11 is 

unique in the last 500,000 years as it is characterised by a lower magnitude eccentricity peak 

than seen in other Middle and Late Pleistocene interglacials (e.g. MIS 5e, 9e), which modulates 

the effect of precession (Berger and Loutre, 2002; Loutre and Berger, 2003).  Consequently, 

unlike other interglacials, in which the combination of obliquity and precession results in an 

‘interglacial peak’ early on in the warm stage, the ‘interglacial peak’ of MIS 11 is controlled 
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largely by variations in obliquity.  Furthermore, the net insolation variations that occur across 

MIS 11 are minimal in comparison to other interglacials, such as MIS 7 or MIS 5.  The result of 

these uncommon conditions causes the ‘interglacial peak’ to occur in the middle of the warm 

stage in MIS 11 (Figure 2.3.), and the other insolation variations within the interglacial to be 

relatively subdued.   

Figure 2.3. Changes in June 65°N insolation, eccentricity, precession and obliquity cycles over the last 800 kyrs and 100 
kyrs into the future (Laskar et al., 2004), compared against variability observed in EPICA Dome C δD record (EPICA 
community members, 2004; Jouzel et al., 2007) and the stacked marine isotope record LR04 (Lisiecki and Raymo, 2004). 
MIS 1, 11 and 19 are highlighted (from Candy et al., 2014).  
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This has a number of implications for understanding MIS 11 climates.  First, the late interglacial 

peak means that the glacial-interglacial transition from MIS 12 to MIS 11 (Termination V) is 

uniquely long, as observed in a number of marine records (Imbrie et al., 1984; Lisiecki and 

Raymo, 2005; Kandiano and Bauch, 2007), and, as a consequence, the early part of MIS 11 is 

characterised by a protracted sea level rise (Rohling et al., 2010).  However, the subdued 

insolation variations within MIS 11 make orbitally-tuned benthic δ18O marine chronologies less 

robust than for those interglacials with a clear insolation peak, such as MIS 5 (Desprat et al., 

2005); consequently the duration of Termination V and the chronology of sea level rise are less 

secure.  Second, the low magnitude eccentricity peak that characterises MIS 11 occurs on a cycle 

of ca. 413 kyr, consequently it is a phenomenon that has only occurred, during the last 800,000 

years, in MIS 1, 11 and 19. On this basis, it has been suggested that MIS 11 is the most 

appropriate climatic analogue for the Holocene (Berger and Loutre, 1997; Droxler et al., 2003). 

Accordingly, there has been a large volume of research dedicated to understanding the duration, 

structure, and climatic stability of MIS 11 (see Droxler et al., 2003 and Candy et al., 2014, for a 

review).  Nonetheless, it has subsequently been suggested that MIS 11 may only be a partial 

analogue for the Holocene (Dickson et al., 2009), with MIS 19 (Tzedakis et al., 2009, 2012; 

Tzedakis, 2010) and MIS 9e (Ruddiman, 2007) being proposed as other potential candidates.   

2.2.3. The climatic structure and duration of MIS 11 

The climatic structure of MIS 11 is based principally on the stacked benthic δ18O marine record 

(Imbrie et al., 1984; Bassinot et al., 1994; Lisiecki and Raymo, 2005) (Figure 2.4.).  The 

SPECMAP δ18O marine record indicates a slow decrease in ice volume beginning at ca. 425 kyr 

BP, with the lowest ice volume occurring at ca. 405 kyr BP (11.3/11c) during the main 

interglacial peak.  This is followed by an increase in global ice volume (stadial), peaking at ca. 

375 kyr BP (MIS 11b), followed by a brief reduction in ice volume (interstadial), centred at ca. 

370 kyr BP (MIS 11a), before a return to high ice volume associated with MIS 10.  Other stacked 

marine records show a comparable pattern, however 11.1/11a not is evident in LR04 (Lisiecki 

and Raymo, 2005), and a second stadial-interstadial oscillation prior to 11.1/ 11a, termed 11.23-

11.24, is present in the Low Latitude Stack (LLS) δ18O record (Bassinot et al., 1994). 

A similar structure can also be observed in the higher resolution EDC δD record (EPICA 

community members, 2004; Sphani et al., 2005; Jouzel et al., 2007).  However, this record also 

exhibits complexity, most notably with an early warm peak ca. 425 kyr BP, followed by a short-

lived cooling prior to the interglacial peak.  The peak itself exhibits a two-step pattern with 

maximum warmth recorded ca. 405 kyr BP (Figure 2.4.).  During the main interglacial phase, 

millennial-scale variations have also been identified (Jouzel et al., 2007; Pol et al., 2011).  

Furthermore, there is added complexity within the later stages of MIS 11, with three cold-warm 

oscillations identified.  A more complex structure associated with MIS 11c and the later stages of 
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MIS 11 can also be identified in a number of marine  SST (e.g. Voelker et al., 2010), ice-rafted 

debris  (IRD, e.g. McManus et al., 1999), marine and lacustrine-based pollen (Desprat et al., 

2007; Tzedakis et al., 2009), and marine faunal (e.g. Kandiano et al., 2012) records.  A number of 

these records exhibit the two-stepped structure of MIS 11c as exhibited in EDC, and a series of 

cold-warm events post-dating MIS 11c.  A comparable pattern has been observed in the 

biogenic silica record of Lake Baikal (Prokopenko et al., 2006), and the pollen records of central 

Asia and southern Europe (de Beaulieu et al., 2001; Tzedakis et al., 2006; Melles et al., 2012). 

The complexity in the structure of MIS 11 observed in these sequences indicates that the benthic 

δ18O marine records from this period are masking some of the complexity; therefore, any 

stratigraphic scheme for MIS 11 based on these particular records may be over-simplistic. 

Figure 2.4. The structure of MIS 11 in; A) SPECMAP (Imbrie et al., 1984), B) LR04 (Lisiecki and Raymo, 2005), C) LLS 
(Bassinot et al., 1994), and D) EPICA Dome C deuterium record (Jouzel et al., 2007).  Red horizontal lines indicate the 
two temperature peaks that can be identifed in the EDC deuterium record. The chronlogies and stratigraphic 
nomenclature presented are from the published sources stated above.  
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Figure 2.5. Compilation of North Atlantic marine SST records, terrestrial pollen records from the Iberian margin and lacustrine records that exhibit climatic instability after MIS 11c.  Suggested cold events 
are highlighted with blue arrows and warm events with red arrows. Note, the variation observed  in ODP 982 may not be significant (denoted by a question mark), based on the low resolution of the record. 
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2.2.4. Climatic regime of MIS 11c 

Globally, climatic records of MIS 11c are complex, with evidence for MIS 11c being both 

significantly warmer than (e.g. Melles et al., 2012) and comparable to (e.g. Lawrence et al., 2009) 

other late Middle and Late Pleistocene interglacials and the Holocene.  Calculated temperatures 

from the EDC deuterium record (Figure 2.4.) indicate that the ‘two step’ pattern in MIS 11c is 

characterised by an older plateau, with temperatures comparable to Holocene temperatures, and 

a younger plateau with temperatures ca. 3°C higher than modern temperatures (Jouzel et al., 

2007).  In the context of other late Middle and Late Pleistocene interglacials recorded in the 

EDC  record, MIS 11c exhibits moderate warmth, (Jouzel et al., 2007) and the temperature at the 

thermal optimum is only ca. 1°C higher than maximum recorded values during the Holocene. 

Moderate warmth is also suggested in the southern European pollen sequences for this 

interglacial (Tzedakis et al., 2003).  A number of records do, however, suggest that MIS 11 was 

exceptionally warm, for example pollen-based temperature reconstruction from Lake 

El’gygytgyn suggests that MIS 11c was 4-5°C warmer than the Holocene (Melles et al., 2012); 

this is also reflected in a number of SST records (Ruddiman et al., 1989; Medina Elizadale and 

Lea, 2005).   

In the North Atlantic records, the climatic regime of the early part of MIS 11c is consistent with 

that observed in EDC, and exhibits evidence for a warming associated with Termination V in 

line with increasing greenhouse gases and insolation (Kandiano et al., 2012).  What is evident 

from these records is a latitudinal difference in reconstructed SST during MIS 11c, with mid-

latitude North Atlantic records exhibiting a consistent structure (Stein et al., 2009; Voelker et al., 

2010; Rodrigues et al., 2011), composed of two temperate plateaux, the older of which exhibits 

slightly cooler SSTs comparable to those recorded in the Holocene, and the younger with 

slightly elevated SSTs, warmer than those recorded in the Holocene.  Further north, these 

plateaux are not as apparent, with a number of distinct peaks present (Lawrence et al., 2009).  

Furthermore, SST estimates from the Nordic Seas (Kandiano et al., 2012) only exhibit high 

values in the later part of MIS 11c.  These differences have been attributed to stronger latitudinal 

or meridional SST gradients during MIS 11c (Kandiano et al., 2012), with the first part of MIS 

11c characterised by a predominantly negative North Atlantic Oscillation (NAO) mode in 

comparison to a positive NAO mode in the later part (Kandiano et al., 2012).   

2.2.5. Evidence for climatic instability post-MIS 11c 

As discussed in Section 2.2.3, there is clear evidence for climatic instability post MIS 11c but no 

globally consistent pattern in the number and timing of events.  The EDC record suggests three 

warming peaks post-dating MIS 11c, occurring at ca. 387 kyr BP, 382 kyr BP and 373 kyr BP, 

separated by cooling episodes, with the δD based temperature reconstruction suggesting the 
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temperature shift between these events to be in the range of 2 to 4 °C (Figure 2.5.).  Further 

evidence for multiple millennial-scale stadial – interstadial events is most apparent in North 

Atlantic marine records (Figure 2.5.).  Voelker et al. (2010) identified at least four stadial-

interstadial events subsequent to MIS 11c, with a magnitude of SST change of 3 to 4°C. 

Comparable events have been identified elsewhere in the North Atlantic and have been 

suggested to be ‘Heinrich-type events’ (Voelker et al., 2010; Rodrigues et al., 2011; Palumbo et 

al., 2013), caused by: 1) ice-rafting and the southward incursion of Arctic surface waters as a 

result of an increase in ice volume after the interglacial (Oppo et al., 1998; McManus et al., 1999) 

and, 2) variability associated with cooling of the Gulf Stream waters (Chaisson, 2002; Billups et 

al., 2004).  More recently, these events have been linked to the shift in the dominant mode of 

NAO, with interstadials characterised by a more positive NAO mode and stadials by a more 

negative NAO mode (Palumbo et al., 2013). 

Post-MIS 11c millennial scale stadial-interstadial events are also recorded in the biogenic silica 

record of Lake Baikal (Prokopenko et al., 2006), the pollen records of marine cores MD01-2443 

and MD01-2447 from the Iberian margin, and in the terrestrial pollen records from the 

lacustrine sequences of Velay and Tenaghi Philippon.  At Velay, the largest period of 

contraction of arboreal pollen has been correlated with MIS 11b; later expansion and subsequent 

oscillations have been assigned to climatic variability during MIS 11a (Reille et al., 2000; de 

Beaulieu et al., 2001).  The Tenaghi Philippon sequence also records an expansion of 

thermophilous arboreal taxa during MIS 11a (Tzedakis et al., 2006).  Percentage biogenic silica 

and δ18O values of biogenic silica from Lake Baikal also record at least one stadial-interstadial 

event, related to changes in lake productivity and river discharge, which are consistent with 

changes in atmospheric circulation reflecting slow-down of the North Atlantic thermocline 

circulation (THC; Prokopenko et al., 2001: Mackay et al., 2008).  The pollen records of MD01-

2443 and MD01-2447 indicate at least three cold-warm oscillations after MIS 11c, which are also 

attributed to changes in North Atlantic THC and a reduction in North Atlantic Deep Water 

(NADW) production (Desprat et al., 2005). 

2.3. MIS 11 in the British Isles 

2.3.1. Identification of MIS 11 in the British terrestrial record 

2.3.1.1. Types of archives 

The British Isles contains a more detailed record of the Hoxnian Interglacial than of any other 

Pleistocene interglacial, with a large number of sites correlated to this episode (e.g. Turner, 1970; 

Coxon, 1985; Bridgland et al., 1999; Preece et al., 2007; Ashton et al., 2008) The sites are 

generally limited to southern and eastern England (plus a small suite of sites in the Midlands), 
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beyond the limits of subsequent erosive Pleistocene glaciations (Figure 2.6.).  The sites can be 

sub-divided into three main types:  

1. Lacustrine sequences, formed from the infilling of topographic hollows such as sub-

glacial scours or kettle holes in Anglian till, e.g., Marks Tey, Hitchin Lake Beds,  and

Athelington (Turner, 1970; Coxon, 1985; Boreham and Gibbard 1995).  A number of

these sequences are overlain by fluvial gravels, which are also correlated with MIS 11,

e.g., Hoxne, Barnham, Elveden (Ashton et al., 1998, 2005, 2008).

2. Fluvial sequences, which consist of extensive gravel deposits with intervening fine-

grained sediments, associated with the Thames and its confluents, e.g. Swanscombe and

Wansunt Pit (White et al., 1995; Conway et al., 1996), or fluvial channel deposits with

associated estuarine deposits, e.g. Clacton-on Sea and East Hyde (Bridgland et al., 1999;

Roe, 2001).

3. Tufa sites, consisting of spring-fed carbonate deposition in localised areas, e.g.

Oughtonhead Lane, Hitchin and Beeches Pit at West Stow (Kerney, 1959; Preece et al.,

2007). 

Figure 2.6.  Location of sites correlated to MIS 11 in the British Isles. 

These different types of sites have yielded diverse proxy information regarding 

palaeoenvironmental conditions during MIS 11.  However, these categories are not mutually 

exclusive.  At a number of sites, a range of depositional environments are represented, for 

example Beeches Pit, where a combination of fluvial, lacustrine, tufa and slope deposits together 
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makes up the stratigraphic sequence (Preece et al., 2007).  It is important also to note that only a 

few long records of MIS 11 are known in Britain.  These sites record both the Hoxnian and post-

Hoxnian sub-stages, although not necessarily continuously, and have yielded a large volume of 

palaeoenvironmental data on which rests much of our current understanding of MIS 11 in the 

terrestrial record.  These sites tend to be long lacustrine sequences that record a large part of the 

Hoxnian (and post-Hoxnian period), e.g. Marks Tey (Turner, 1970), Quinton (Thomas, 2001) 

and Hoxne itself (Ashton et al., 2008), although the fluvial site of Barnfield Pit, Swanscombe 

(Bridgland, 1994) and the tufa sequence of Beeches Pit (Preece et al., 2007) have also yielded 

extensive sequences on which the established mammalian, molluscan and archaeological 

successions are based (Wymer, 1964; Kerney, 1971; Bridgland, 1994; Conway et al., 1996; Keen 

et al., 2001; Schreve et al., 2001a; Gowlett et al., 2005; White et al., 2013).  

Figure 2.7. Summary pollen diagram from Marks Tey showing the full Hoxnian Interglacial vegetation sequence, based 

on the composite profile from three boreholes in the Marks Tey basin, ‘AA’, ‘BB’, and ‘GG’ (adapted from Turner, 1970).  

2.3.1.2. Identification of Hoxnian deposits and correlation to MIS 11 

The identification of Hoxnian deposits was traditionally based on pollen biostratigraphy.  The 

most complete pollen sequence for the Hoxnian is recorded at Marks Tey (Turner, 1970), in 

which a full interglacial sequence, divided into four pollen biozones (HoI-HoIV), can be 

identified (Figure 2.7.).  These are:  1) the pre-temperate zone (HoI), where total arboreal pollen 

(AP) first exceeds total nonarboreal pollen (NAP) and which is characterised by boreal species 

such as Betula  and  Pinus,  2)  the  early-temperate  zone  (HoII),  in which  there is an 

expansion of mixed deciduous forest and a succession from Quercus (HoIIa) to Alnus (HoIIb) 
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and  Corylus  (HoIIc), 3)  the   late‐temperate  zone  (HoIII),  which  is  characterised  by  the 

progressive  decline  of  mixed  deciduous  forest  and  increase  in  late-migrating temperate 

trees  such as Carpinus (HoIIIa) and Abies (HoIIIb), and 4) the post- temperate  zone,  which 

marks  a  return  to  boreal  and  heathland  species  such as   Pinus  and  Empetrum  (HoIVa), 

together with  Betula  and  Poaceae  (HoIVb).  As stated in Section 2.2.1, interglacial deposits 

were traditionally correlated to a distinct warm episode based on their pollen assemblage. 

However, it has been demonstrated in a number of instances that pollen stratigraphy alone is 

not refined enough to distinguish different interglacials reliably (Scourse et al., 1999; Thomas, 

2001; Roe et al., 2009).  A combination of faunal biostratigraphy (Keen, 2001, Schreve, 2001a), 

radiometric dating (Rowe et al., 1999; Preece et al., 2007; Grün and Schwarcz, 2000) and relative 

dating (Bridgland, 1994, 2000; Penkman et al., 2007, 2011) now forms the basis on which 

interglacials in the British terrestrial record are distinguished and on which correlation of the 

Hoxnian interglacial with MIS11 is founded. 

As stated above, the Anglian Glaciation, widely correlated to MIS 12 (Shackleton, 1987; Pawley 

et al., 2008; Pawley et al., 2010) was the most extensive glaciation in the British Isles in the 

Quaternary (Perrin et al., 1979; Rose, 1987, 2001; Ehlers and Gibbard, 2001; Clark et al., 2004; 

Gibbard and Clark, 2011).  Through a combination of subglacial and proglacial processes, a 

large number of topographic hollows were formed and progressively infilled with lacustrine 

sediments through the subsequent warm episode, MIS 11.  The ice advance associated with the 

Anglian Glaciation also resulted in the southward diversion of the Thames into the approximate 

position of its modern course (Bridgland, 1994).  Within the modern Lower Thames valley, four 

vertically-separated fluvial terraces have been identified (Bridgland, 1994, 2000; Maddy, 1996), 

in each of which a tripartite sedimentary succession can be discerned, comprising upper and 

lower gravel units sandwiching fine-grained sediments that contain temperate fauna (Schreve, 

2001a and b; Keen, 2001).  The pattern of deposition occurs on a glacial-interglacial timescale 

(Bridgland, 2000); the fluvial sediments within the highest terrace unit directly overlie Anglian 

Lowestoft till and the temperate-climate deposits must therefore represent the first interglacial 

subsequent to the Anglian (MIS 12) diversion of the Thames, i.e. MIS 11.   

These lacustrine and fluvial sediments contain diagnostic mammalian and molluscan 

assemblages that allows the correlation of sites outside the ice limits of Anglian Glaciation and 

the Lower Thames terrace stratigraphy (Keen, 2001; Schreve, 2001b).  The former, termed the 

Swanscombe Mammal Assemblage-Zone (MAZ, Schreve, 2001b), is based on the mammalian 

assemblage described from Barnfield Pit and sites in the same fluvial terrace (Boyn Hill/Orsett 

Heath).  It comprises species that make their first (including Stephanorhinus kirchbergenesis and 

S. hemitoechus) and last (including Talpa minor, Oryctolagus cuniculus and Microtus (Terricola) 

subterraneus) known appearances in the British stratigraphic record, as well as the sole 
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appearance of two key taxa (Ursus spelaeus and Dama dama clactoniana) during this interglacial 

(Schreve, 2001a and 2001b).  With respect to the molluscan record, two distinctive molluscan 

assemblages, the ‘Rhenish’ and ‘Lyrodiscus’ faunas, are also known only in sites of MIS 11 age in 

Britain.  The ‘Rhenish’ fauna is composed of a number of freshwater taxa that reflect a 

connection between the Thames and continental river systems (although not exclusively the 

Rhine) at this time (Kennard, 1938; Meijer and Preece, 1995; White et al., 2013).  It is well 

represented in a number of MIS 11 fluvial sequences including Barnfield Pit and Dierden’s Pit, 

Swanscombe (Kerney, 1971; White et al., 2013) and Clacton-on-Sea (Turner and Kerney, 1971; 

Bridgland et al., 1999).The ‘Lyrodiscus’ fauna comprises a distinctive range of terrestrial forest 

taxa and is found in the Beeches Pit and Hitchin tufa sequences (Kerney, 1959; Rousseau et al., 

1992; Keen, 2001; Preece et al., 2007).  This faunal assemblage can also be identified in a number 

of sequences from northwest Europe, including St-Pierre-Lès-Elbeuf, Vernon, Arrest, St Acheul, 

and La Celle (Rousseau et al., 1992, Antoine and Limondin-Lozouet, 2004, Limondin-Lozouet 

and Antoine, 2006; Limondin-Lozouet et al., 2006), all of which have been correlated with MIS 

11.  

The inferred age of a number of these sequences is supported by aminostratigraphy, with several 

sites containing Bithynia sp. opercula, which have amino acid racemisation (AAR) ratios 

suggesting correlation with MIS 11 (Penkman, 2005; Penkman et al., 2011).  Furthermore, there 

are now a number of independent age estimates using a range of techniques (Uranium-series, 

Thermoluminescence, Electron Spin Resonance) from the sequences at  Marks Tey (Rowe et al., 

1999), Hoxne (Grün and Schwarcz, 2000) and Beeches Pit (Preece et al., 2007), all of which have 

generated MIS 11 ages.  

2.3.1.3. Approaches to climatic reconstruction 

The reconstruction of MIS 11 climates in the British Isles is largely based on palaeoecological 

evidence (Table 2.1.).  This includes summer and winter air temperature estimates derived from 

coleopteran Mutual Climatic Range (MCR) analyses (Coope and Kenward, 2007) and Ostracod 

Mutual Temperature Range (MOTR) estimations (Horne, 2007), minimum temperature 

estimates derived from the presence of thermophilous floral (e.g., Najas minor) and vertebrate 

(e.g. Emys orbicularis) species (see Candy et al., 2010 for a detailed review).  The utilisation of 

δ18O and δ13C values of freshwater and pedogenic carbonates has further allowed for more 

qualitative estimates of MIS 11 climates both in single stratigraphic horizons (e.g., Candy, 2009) 

and through a complete lacustrine sequence (Tye, 2015; Tye et al., in review; this thesis).  This 

has enabled the palaeoclimatic regime to be assessed, based on the assumption that δ18O values 

of these carbonates can be linked to variations in mean annual air temperature (see Chapter 4 

for a full discussion).  However, in comparison with sequences from the Late Pleistocene and 
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Holocene (Garnett et al., 2004; Candy et al., 2015), the use of stable isotopes to reconstruct MIS 

11 climates in the terrestrial record has been relatively underutilised to date.   

Table 2.1.  Quantitative biological indicators of interglacial warmth that can be identified in MIS 11 deposits in the 
British Isles (adapted from Candy et al., 2010). 

Thermophile Description References 

Trapa natans L. 

(water chestnut) 

Floating annual aquatic plant that grows in slow-moving water.  
Requires water temperatures of greater than 20 °C for fruiting. 

Meusel et al., 
1978 

Najas minor All. 

(brittle naiad) 

Floating annual aquatic plant with a most westerly European limit of 
Belgium.  Presence indicates minimum July temperature of 18 °C  

Aalberberg and 
Litt, 1998 

Azolla filiculoides Lam. 

(water fern) 

Water-fern that occurs today only in North and South America and 
seems to be intolerant hard winters. 

Godwin, 1975 

Ilex aquifolium L. & 
Hedera helix L. 

(Ivy and Holly) 

Frost-intolerant plants with a lower thermal limit for January (mean 
temperature) for these two species are 0 °C (Holly) and 1.5–2 °C (Ivy). 

Iverson, 1994 

Emys orbicularis L. 

(European pond 
tortoise) 

Present day occurrences in central, southern and eastern Europe with a 
requirement for mean July temperatures exceeding 17–18 °C to enable 
for hatching success. 

Stuart, 1979: 
Schneeweiß, 
2004 

MCR and MOTR 
techniques 

Using the Mutual Climatic Range (MCR) and Mutual Ostracod 
Temperature Range (MOTR) techniques for coleopteran and ostracod 
assemblages respectively, the mean air temperature of the coldest 
month (Tmin) and the mean air temperature of the warmest month 
(Tmax) can be calculated from deposits bearing these fossils. 

Atkinson et al., 
1987; Horne, 
2007 

2.3.2. The climatic structure and temperature regime of MIS 11 in the British Isles 

2.3.2.1. The Hoxnian interglacial (MIS 11c)  

The site of Marks Tey provides the best evidence for the structure and duration of the Hoxnian 

Interglacial in the British Isles.  As discussed earlier, the sequence comprises a complete 

Hoxnian pollen succession although this is constructed from multiple boreholes from around 

the Marks Tey basin (Turner, 1970).  The Marks Tey sequence accumulated in a Anglian glacial 

scour feature, suggesting that the deposits that are preserved at this site must have begun to 

accumulate directly after the Anglian ice retreat and, consequently, that it records sedimentation 

from late MIS 12 onwards and into MIS 11 (Shackleton and Turner, 1967; Candy et al., 2014).  

The record at Marks Tey is annually laminated in parts, allowing for the duration of this 

interglacial to be estimated, although significant interpolation and extrapolation is required 

because of numerous hiatuses in sedimentation and non-varved intervals within the sequence.  

However, this evidence has been used to suggest that the Hoxnian interglacial, defined on the 

basis of the pollen sequence, had a duration of ca.  30,000 years.  The alignment of the Hoxnian 

pollen zones to MIS 11c, based on this tentative chronology suggests that HoIII can be 

correlated with the thermal optimum of MIS 11c (Figure 2.8., Candy et al., 2014).  The presence 

of thermophilous plants such as Trapa natans, which requires temperatures of greater than 20°C 

for fruiting to occur (Meusel et al., 1978), in HoIII in British sites such as Athelington and Slade 

Oak Lane lends support to this correlation (Coxon, 1985; Gibbard et al., 1986).  
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Figure 2.8. Suggested alignment of Hoxnian pollen zones with EPICA Dome C Deuterium record and North Atlantic 
SST record using the varve chronology of Marks Tey (Shackleton and Turner, 1967). From Candy et al., 2014. 

The climatic regime of MIS 11c, as suggested from a range of palaeoecological proxies from a 

number of sequences, is presented in Figure 2.8.  MCR and MOTR data from Hoxne, Quinton, 

Beeches Pit, and Dierden’s Pit, Swanscombe, indicate that the thermal maximum of the 

Hoxnian/MIS 11c was comparable to that of the Holocene, i.e. higher temperatures than the 

present day but not exceptionally warm (Coope, 2010; Candy et al., 2010; 2014).  Warm 

conditions are also evident from the floral remains from both Clacton-on-Sea and Hoxne 

(Bridgland et al., 1999; Ashton et al., 2008), with the presence of both Najas minor in beds 

attributed to HoIIb-III and HoIIIa (Stratum D) respectively, suggesting July temperatures of at 

least 18°C.  This is corroborated by the presence of Emys orbicularis at Swanscombe and 

Barnham (Ashton et al., 1998; Conway et al., 1996), which requires mean summer temperatures 

of between 17 to 18°C for the incubation of its eggs (Stuart, 1979), and the presence of temperate 

molluscan species Belgrandia marginata and Unio crassius at Swanscombe and Clacton-on-Sea.  

Milder winters can also be suggested from the presence of Hedera and Ilex in the pollen 

assemblages Marks Tey and Quinton (Turner, 1970; Horton, 1989).  Warm mean annual 

temperatures during the Hoxnian are also corroborated by δ18O values from pedogenic, 

groundwater and lacustrine carbonates from Swanscombe, Beeches Pit, Clacton-on-Sea, 

Elveden, and Marks Tey (Candy, 2009), which have values comparable to those predicted under 

modern temperature regimes.  A synthesis of temperature reconstructions using 

palaeoecological proxies from British sites correlated to MIS 5e, MIS 7, MIS 9 and MIS 11 has 

been undertaken by Candy et al. (2010).  This evidence suggests that all of these interglacials 

contain evidence for temperatures that were warmer than the present day but that deposits of 
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MIS 11 and 7 contain little evidence for climates that were any warmer than the Holocene 

thermal maximum.  In contrast, deposits of MIS 5e and MIS 9 age contain a range of 

thermophilous species that indicate thermal regimes that were significantly warmer than the 

Holocene thermal maximum, an observation that is corroborated by the reconstructed SST 

records from a number of North Atlantic sites (Candy et al., 2010).  

The most convincing evidence for climatic complexity during MIS 11c in the British Isles comes 

from a number of lacustrine sequences, in which a short-lived increase in non-arboreal pollen 

(NAP) during HoIIc is observable.  The environmental driver of the NAP phase has been much 

debated, with an abrupt cooling event (Kelly, 1964) or a major episode of wildfire being 

proposed causes (Turner, 1970).  A comparable event, albeit with a different ecological response, 

has also been recorded in a number of continental sequences of the Holsteinian Interglacial, the 

European equivalent of the Hoxnian (Kukla, 2003; Nitychoruk et al., 2005; Diehl and Sirocko, 

2007; Koutsodendris et al., 2010, 2012).  This has led to the suggestion that the cause of this 

vegetation response was a regional climatic event, comparable in nature to the 8.2 kyr event 

during the Holocene (Koutsodendris et al., 2010; 2012).  

Figure 2.9. The climatic structure and regime of MIS 11 in the British terrestrial record based on temperature 
reconstructions from MCR, MOTR and the presence of thermophilous floral and fauna taxa.   Data from Clacton-on-
Sea (Bridgland et al., 1999), Beeches Pit (Preece et al., 2007; Bernadout, 2010), Barnfield Pit (BP) and Dierden’s Pit (DP, 
Swanscombe (Bridgland, 1994; Schreve 2001a, 2001b; White et al., 2013), Quinton (Coope and Kenward 2007); 
Woodston (Horne, 2007),  Barnham (Ashton et al., 1998), Hoxne (Ashton et al., 2008), Athelington (Coxon, 1985), 
Salde Oak Lane (Gibbard, 1997). Adapted from Candy et al., 2014).  Estimated Holocene thermal maximium from 
Davis et al. (2003). 
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2.3.2.2. Post-Hoxnian interglacial (post MIS 11c) 

Evidence for climatic complexity subsequent to MIS 11c can be identified in a number of 

sequences in the British Isles.  A Hoxnian vegetation sequence is present at Quinton; however, 

coleopteran evidence indicates a cold-warm oscillation within the upper part of the sedimentary 

sequence, based on the MCR temperature reconstruction from four faunal zones (Coope and 

Kenward, 2007).  Calculated Tmax  (+15 to +22°C) and Tmin (-10 to +8°C) from the lower part 

of the sequence (Faunal Unit 1) are indicative of full interglacial conditions; a shift to cooler 

conditions is observed in Faunal Unit 2, with calculated Tmax and Tmin temperature of +9 to 

+11°C and -10 to -27°C respectively.  A subsequent return to warmer temperatures is suggested 

in Faunal Unit 3, with Tmax (15 to 19°C) and Tmin (-12 to +4°C), followed by deterioration 

into cooler conditions evident in Faunal Unit 4.  The pollen stratigraphy suggests that the 

climatic oscillation, i.e. the cooling and subsequent warming recorded in Faunal Units 2 and 3, 

occurred in HoIII and HoIV (Figure 2.9.).  However, the lithology of the HoIII sediment is 

primarily sand, and has been associated with erosion and inwashing of older interglacial beds 

under a cooler climate (Horton, 1989), thereby highlighting the possibility that this was, in fact, 

during a post-Hoxnian oscillation at which time Hoxnian-type pollen was reworked into the 

Quinton sequence.  If this is the case, it may suggest that the vegetation that existed during the 

post-Hoxnian warm event, as represented by Faunal Unit 3, was characterised by a vegetation 

assemblage similar to HoIV. 

 A similar pattern is also observed at Hoxne, where  the sedimentary sequence indicates 

lacustrine conditions (Stratum F to E, deposited during in HoI to HoIII), followed by peat 

accumulation (Stratum D), a sedimentary hiatus, and then a return to lacustrine conditions 

(Stratum C).  These deposits are overlain by fluvial gravels (Stratum B and A).  MCR 

reconstructions from Stratum D suggest deposition under a warm climate, with calculated Tmax 

and Tmin values of +15 to +19°C and -10 to +6°C respectively.  Lacustrine deposition associated 

with Stratum C is suggested to be under a much cooler climate than for Stratum D, with MCR 

estimates suggesting a Tmin of  ca. -15°C and of Tmax ca. +10°C, corroborated by the presence 

of arctic plant species including dwarf birch (Betula nana) and dwarf willow species (Salix 

herbacea, S. myrsinites, S. polaris).  Faunal remains associated with the overlying fluvial gravels 

(Stratum B and A) suggest a return to more temperate, but not fully interglacial conditions, with 

the presence of species typical of both woodland and open grassland.  It is important to note that 

the faunal remains are diagnostic of MIS 11 (Schreve, 1997; Ashton et al., 2008), which is 

supported by the AAR from the same stratigraphic horizons (Penkman et al., 2011), placing the 

upper part of the Hoxne sequence within MIS 11 rather than in a later interglacial.  The 

magnitude of cooling associated with Stratum C is comparable to that observed in the Quinton 
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MCR reconstruction, leading Ashton et al. (2008) to suggest that it represents the same climatic 

event.  

The sedimentary sequence at Barnfield Pit is also suggested to contain evidence for sub-stage 

climatic variability.  Phase I and II record fluvial deposition during a period attributed to the 

Hoxnian interglacial (MIS 11c), with evidence through the Middle Gravels for an increasingly 

open landscape (Schreve, 2001a).  Overlying this are Phase III deposits, with sedimentary 

evidence (cryoturbated sand, ice wedges casts) from the lower part of Phase III suggestive of 

cooler conditions (Bridgland, 1994).  The sequence is capped by the Upper Loam, which has 

produced a pollen spectrum suggesting a return to a temperate climate; however, no faunal 

remains can corroborate this, since the deposits are decalcified (Bridgland, 1994).  On this basis, 

Phase III is suggested to represent a post-Hoxnian cold-warm phase.  These cold-warm 

oscillations identifiable in the British stratigraphic record have been suggested to represent MIS 

11b and 11a, based on the SPECMAP chronology (Ashton et al., 2008; White et al., 2013).  

However, as evident from an increasing number of other long, continuous records, there is 

much greater complexity associated with the later stages of MIS 11 (see Section 2.2.5) than was 

initially proposed by SPECMAP (Imbrie et al., 1984).  Consequently, it is unclear whether the 

post- Hoxnian climatic instability in these records represents the same time interval. 

2.3.2.3. Precipitation patterns during the Hoxnian Interglacial 

Whilst there is no direct proxy evidence for the precipitation regime of MIS 11 in the British 

Isles, indirect evidence comes from a number of lacustrine sequences.  Here, sedimentary 

hiatuses or evidence for a change in sedimentology indicates a change in water level that is 

inferred to be the result of a change in the amount or season of rainfall (Figure 2.10.).  At a series 

of lacustrine sites in Hertfordshire, sedimentary hiatuses have been identified, suggested o 

indicate a fall in lake level at the end of HoI and a subsequent increase at the end of HoII, 

reflecting a regional shift in the amount of precipitation (Gibbard and Aalto, 1977; Gibbard et 

al., 1986; Boreham and Gibbard, 1995).  Further east, there is evidence for changing water levels 

at Hoxne (West, 1956, Ashton et al., 2008), with the accumulation of peat during HoIIIa and a 

subsequent sedimentary hiatus prior to the deposition of cold climate lacustrine sediments.  At 

Marks Tey, the presence of brecciated laminated sediments indicates a fall in lake level in the 

basin during HoIII or HoIV (Turner, 1970).  Further evidence for changing precipitation 

regimes comes from the Swanscombe sequence, with terrestrial molluscs in the upper part of the 

Lower Loam at Barnfield Pit used to infer the onset of a drier climate (Kerney, 1971).  

Microscale evidence for gleying and the mobilisation of iron and manganese within the 

pedogenic horizon at the top of the Lower Loam indicates a further shift from ‘dry’ to 

‘waterlogged’ conditions (Kemp, 1985) which, based on the suggested chronology of the 

Barnfield Pit sequence, may have occurred during HoII.  Finally, the modern distribution of the 
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‘Lyrodiscus’ fauna in Hitchin and Beeches Pit tufa deposits, both suggested to correlate with 

HoIII, has also been used to infer wetter and warmer conditions during MIS 11 than during the 

Holocene (Rousseau, 2003).  Consequently, there is a large body of evidence to suggest multiple 

shifts in precipitation regimes in the British Isles during MIS 11; however, these suggestions 

would be more convincing if supported by stable isotope analysis, as has been undertaken in 

tufaceous deposits of MIS 11 age in the Seine Valley, France (Dabkowski et al., 2012). 

Figure 2.10. Evidence for lake level change during the Hoxnian Interglacial presented against Hoxnian pollen 
stratigraphy. Gaps in green horizontal lines indicate sedimentary hiatus, green dashed lines indicate sedimentary 
evidence for short term fluctuations in water level (data from Turner, 1970; Gibbard and Aalto, 1977; Coxon, 1985; 
Boreham and Turner, 1995; Ashton et al., 2008). 

2.3.3. Landscape and palaeogeographic changes 

MIS 11 represents a unique interglacial in comparison to other Middle Pleistocene interglacials 

based on the distinct sea level and palaeogeographic changes that occurred throughout this 

period.  Based on eustatic sea level curves and the benthic δ18O record, the sea level peak of MIS 

11 would have occurred unusually late in the interglacial (Imbrie et al., 1984; Waelbroeck et al., 

2002; Rohling et al., 2010.  Consequently, a large part of the continental shelf around the British 

Isles would have been exposed for a significant part of the early and middle interglacial.  

Furthermore, MIS 11 is suggested to be the first interglacial in which Britain achieved full island 

status, subsequent to the breaching of the Weald-Artois anticline in the Strait of Dover by 

catastrophic flooding associated with proglacial lake drainage during MIS 12 (Figure 2.11., 

Gibbard, 1995; 1998).  Consequently, the high faunal turnover associated with MIS 11, as 

demonstrated in the mammalian assemblages from MIS 11 in comparison with other Middle 

and Late Pleistocene interglacials (Schreve, 1997, 2001a) is consistent with the unique sea level 

history of this interglacial.  The significance of a prolonged connection with mainland Europe is 

also suggested by the presence of the two chronologically distinct lithic industries that appear 

during MIS 11 in the British Isles (White and Schreve, 2000; see Chapter 3).   
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The sea level record for the British Isles during MIS 11 comes largely from the lithostratigraphy 

and faunal biostratigraphy of the deposits at Clacton-on-Sea, East Hyde, and Swanscombe 

(Bridgland et al., 1999; Roe, 2001; White et al., 2013).  The sequence at Clacton-on-Sea consists 

of freshwater deposits overlain by estuarine deposits, in which the onset of estuarine conditions 

is suggested to occur during HoIIIb, based on the pollen spectra (Wymer, 1985; Bridgland, 1994, 

Bridgland et al., 1999).  The occurrence of the ‘Rhenish’ fauna in this sequence has enabled 

correlation of the Clacton Estuarine Beds to the Swanscombe Lower Middle Gravels at Barnfield 

Pit (White et al., 2013).  The ostracod succession through the sequence indicates the onset of 

weakly brackish conditions in the lower reaches of the River Thames during HoIIIb (White et 

al., 2013).  Evidence for a marine transgression late in the Hoxnian parallels the late MIS 11 sea 

level rise seen in the benthic δ18O record, and strengthens the suggestion that HoIIIb represents 

the sea level highstand of MIS 11c in the British Isles. 

Figure 2.11. Reconstruction of the palaeogeography of eastern England during A) MIS 13 and B) MIS 11. Shaded areas 
indicate the suggested coastline in the English Chanel and southern North Sea. Prior to the breaching of the Dover Strait 
during MIS 12, Britain would have been connected to mainland Europe via the Weald-Artois ridge, with two large 
embayments in the English Channel and southern North Sea. Post-breaching, Britain would have been separated from 
mainland Europe during sea level highstands by a large channel river (adapted from Bates et al., 2003). 

2.3.4. The record of MIS 11 in western European continental terrestrial sequences 

To understand fully the climatic context of MIS 11 in the British terrestrial record, it is 

important to consider evidence from continental sequences from western and central Europe, 

and the association of these deposits with the terrestrial record.  The recognition of MIS 11 

deposits in Western Europe is based principally on a combination of faunal biostratigraphy and 

river terrace stratigraphy, supported by radiometric and other relative dating techniques.  In 

France, the independently dated river terrace stratigraphies of the Somme, Seine, and Loire have 

allowed a series of sites to be correlated with MIS 11 (Rousseau et al., 1992; Antoine and 

Limondin-Louzouet, 2004; Limondin-Louzouet and Antoine, 2006; Limondin-Louzouet et al., 

2006).  These sites frequently comprise tufa sequences, a number of which contain the 
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‘Lyrodiscus’ fauna, overlain by a series of loess-palaeosol deposits, enabling correlation of the 

temperate-climate deposits with MIS 11 sequences in Britain.  In Germany, the sequences 

associated with the River Wipper, including the fossiliferous sites of Bilzingsleben I and II, and 

Steinheim-an-der-Murr in the River Neckar, are also attributed to MIS 11, based on river terrace 

stratigraphy, underpinned by independent dating and diagnostic mammalian faunal elements 

that have strong affinities to the Swanscombe MAZ (Adam 1954; Mania, 1996; Schreve and 

Bridgland, 2002).  Outside the fluvial sequences, a fluvio-lacustrine site has been identified at a 

former lignite mine at Schöningen, with mammalian evidence suggesting an association of the 

Holsteinian and Reinsdorf interglacial channels with MIS 11 (Bridgland et al., 2004; Schreve, 

2012).  The lacustrine sites of Ossówka, Poland and Dethlingen, Germany have also been 

correlated with MIS 11, based on regional pollen biostratigraphy (Nitychoruk et al., 2005; 

Koutsodendris et al., 2010, 2011).  

2.3.4.1. The climatic regime of MIS 11c and post-MIS 11c 

Climatic evidence from these sites is broadly consistent with that from the British terrestrial 

record.  At Bilzingsleben I, the molluscan species that have been recovered are characteristic of 

the Mediterranean and southeast Europe (Meyrick, 2002) suggesting a climate slighter warmer 

than present day Central Germany.  A comparable assemblage can also be identified in 

Bilzingsleben II, which together with the floral and other faunal evidence suggests that the 

climate was warm and dry with Tmax +20 to +25°C and Tmin -0.3 to +3°C, with both mixed 

oak forested areas and more open ground in the vicinity of the site (Mania, 1995; Schreve and 

Bridgland 2002).  Molluscan evidence from northern France suggests full-forested conditions 

associated with the interglacial optimum  (Antoine and Limondin-Lozouet 2004; Limondin-

Lozouet et al., 2006; Cliquet et al., 2009), while the pollen record from Schöningen suggested a 

warm, dry and steppic environment (Urban, 2007).  

Within these records is evidence for sub-stage variability within MIS 11.  At Bilzingsleben I and 

II, the older Bilzingsleben I and younger Bilzingsleben II have been attributed to MIS 11c and 

MIS 11a respectively (Schreve and Bridgland, 2002).  The sequence at Schöningen contains a 

series of superimposed lacustrine deposits, stacked from southwest to northeast.  The two oldest 

deposits, Schöningen I and II, have been attributed to the Holsteinian and Reinsdorf 

Interglacials of central Germany and have been suggested to correlate with MIS 11c and MIS 11a 

respectively (Schreve and Bridgland, 2002).  It is, however, important to note that the age of the 

deposits at Schöningen is contested, with some authors suggesting correlation with MIS 9 rather 

than MIS 11 (e.g., van Kolfschoten, 2014).  Furthermore, there is also evidence for climatic 

variability within MIS 11c, with a number of excursions in the δ18O and δ13C record within the 

tufa sequence at La Celle (Dabkowski et al., 2012), suggested to reflect shifts in humidity during 
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tufa deposition.  The pollen spectra and varve thickness record at Dethlingen have revealed two 

abrupt climatic events during MIS 11c: the Older Holsteinian Oscillation (OHO) and Younger 

Holsteinian Oscillation (YHO), the earlier of which is suggested to correlate with the NAP phase 

in the British Isles (Candy et al., 2014). 

2.4. Chapter Summary 

• MIS 11, suggested to be one of the most suitable analogues for the Holocene, has

traditionally been viewed as a long and climatically stable warm period.  However, the

advent of increasingly higher resolution regional climate records has suggested that this

may be an over-simplification.

• A number of records suggest that MIS 11 was not a period of exceptional warmth in

comparison with other Middle and Late Pleistocene interglacials.  MIS 11c is

characterised by internal climatic variability, as is the post-interglacial period, with a

number of millennial-scale stadial-interstadial events evident.

• In the British Isles, MIS 11c is correlated with the Hoxnian interglacial, which has one of

the best-preserved interglacial records in the terrestrial archive.  Consequently, there is a

large body of lithological and palaeoecological evidence that allow reconstruction of the

climatic regime and palaeogeography of the British Isles during and after MIS 11c.

• As seen in the long continuous records, there is increasing evidence for a complex

climatic regime during MIS 11c and in the rest of MIS 11, with the identification of at

least one stadial-interstadial event post MIS 11c.  A comparable degree of complexity is

also observed in the continental European terrestrial record.  This has been correlated

with MIS 11b and MIS 11a, based on the SPECMAP chronology.  Now, in the light of

the better-resolved North Atlantic marine records and continental records, this may be

too simplistic a view.

• Associated with this complexity is also evidence for changing precipitation regimes and

palaeogeographic changes within MIS 11c.  Therefore, in order to understand fully these

complexities and how they link to palaeogeographic changes, it is timely to re-

investigate some of these key sites, using under-utilised techniques such as δ18O and

δ13C analysis of freshwater carbonates.
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Chapter 3 - The British Lower Palaeolithic: the record of hominin 
occupation during MIS 11

3.1. Introduction 

The role of the environment in understanding the nature and chronology of hominin 

occupation during the Lower Palaeolithic is of great importance (Gamble, 1987; Roebroeks et 

al., 1992; Mithen, 1994), with the range of climatic and environmental backdrops to early 

hominin presence in Britain (e.g. Parfitt et al., 2005, 2010), suggesting that it played a key role in 

the colonisation and occupation of the British Isles.  However, one of the major difficulties with 

understanding the environmental context of occupation has been the resolution of the 

environmental record and establishing how it can be directly related to the archaeological 

record.  This has been particularly true for Middle Pleistocene sites, where the fragmentary 

terrestrial record has meant that environmental reconstructions often provide only ‘snapshots’ 

of past conditions.   

Advances with the dating and correlation of sites based on faunal biostratigraphy (Keen, 2001; 

Schreve, 2001b; Bridgland and Schreve, 2004) and AAR (Penkman et al., 2011, 2013), in some 

cases underpinned by radiometric dating (Grün and Schwarz, 2000; Candy and Schreve, 2007; 

Preece et al., 2007), has meant that there is now a good understanding of the chronology of 

hominin occupation.  This is particularly true for MIS 11, where a range of sites in southern and 

eastern Britain correlated to this warm stage, enabling patterns in the archaeological record to 

be identified.  However, whilst there are a number of environmental reconstructions from these 

sequences, these are based largely on biological proxies (Turner, 1970; Ashton et al., 1998, 2008; 

Coope and Kenward, 2007) and have yielded limited information regarding the climatic 

evolution of MIS 11 in Britain and its impact on hominin populations. 

This review provides a background to the Lower Palaeolithic occupation of the British Isles in 

light of the evidence for environmental change during MIS 11 (see Chapter 2 for a full review of 

the climatic context of MIS 11).  This Chapter is divided into three main sections.  The first 

Section describes the lithic record of the British Isles and the chronology of occupation during 

the Lower Palaeolithic.  The second Section focuses on the evidence for hominin occupation 

during MIS 11, describing the chronological patterns emerging from the archaeological record, 

and evidence for palaeogeographic and landscapes changes in the British Isles throughout this 

warm stage.  The Chapter concludes by discussing the environmental context of hominin 

occupation during MIS 11, based on the ecological evidence for climatic and landscape change 

during this period. 
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Table 3.1. Chronological framework of the British Palaeolithic, with key archaeological industries and sites shown 
(adapted from AHOB, 2015). 

MIS Key Archaeological Industries Key Sites 
Upper Palaeolithic 1 Creswellian 

Leaf/Blade points 
Gough’s Cave, 
Robin Hood Cave 

Apparent hominin absence 2 
Late Middle- Early Upper 
Palaeolithic 

3 Mousterian Lynford, Kent’s 
Cavern 

Hominin absence 6-4 
Early Middle Palaeolithic 7-early 6 Levallois Aveley, 

Pontnewydd 
Cave, Crayford 

8 Cuxton 
Late Lower Palaeolithic 9 Levallois  

Acheulian 
Clactonian 

Purfleet, Little 
Thurrock 

10 
Lower Palaeolithic 11 Acheulian  

Clactonian 
Clacton-on-Sea, 
Swanscombe, 
Hoxne 

12 
17-13 
 (Cromerian Complex) 

Acheulian  
Mode 1 Core and Flake 

Boxgroxe, High 
Lodge 

Early Lower Palaeolithic 
(Earliest hominin occupation) 

>17 Mode 1 Core and Flake Pakefield 
Happisburgh 3 

3.1.1. The British Palaeolithic 

The Palaeolithic represents the period of hominin existence spanning from the first evidence of 

stone tool production until the end of the last glacial period (MIS 2, Wymer, 1999; Darvill, 

2008).  In Britain and northwest Europe, it can be divided into three overarching sub-divisions: 

the Lower, Middle and Upper Palaeolithic (Table 3.1, Wymer, 1974, 1988; White, 2000; White et 

al., 2006).  This study is solely focused upon the Lower Palaeolithic, this being representative of 

the earliest lithic industries, from the first appearance of stone tools in Britain, possibly as early 

as MIS 21 or MIS 25 (Parfitt et al., 2010) until the appearance of Middle Palaeolithic Levallois 

prepared-core Mode 3 technology during late MIS 9 (Bridgland, 1994; Schreve et al., 2002).  The 

Lower Palaeolithic is characterised by both Mode 1 and Mode 2 technologies.  The former is 

seen in the oldest Palaeolithic sites in Britain, where ‘simple’ core and flake tools (but no 

handaxes) are present (Parfitt et al., 2005; 2010); however, Mode 1 technologies are also 

apparent later, in the form of the Clactonian industries in early MIS 11 and MIS 9 (White and 

Schreve, 2000).  The latter (Mode 2, also known as the Acheulian) is characterised by the 

presence of handaxes and the products of handaxe manufacture, first appears in Britain from 

MIS 13 onwards (Roberts and Parfitt, 1999; Hosfield, 2011a) and is subsequently present in both 

MIS 11 and 9 (White and Schreve, 2000), continuing into the Middle Palaeolithic (White et al., 

2006; Scott et al., 2011; Boismier et al., 2003).  Within the Lower Palaeolithic, two distinct 

periods can be identified; one prior to 500-600 kyr in which the paucity of evidence and the 

technological character of artefacts is suggestive of short-lived and modest settlement (Dennell, 

2003), and post 500-600kyr, in which a relatively more continuous and substantial occupation of 
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Britain occurred (Roebroeks, 2001, 2006).  During this latter period, there are a number of 

patterns apparent in the archaeological record, with the non-overlapping appearance of two 

distinct industries, the Clactonian (Mode 1) and the Acheulian (Mode 2), and the unique 

appearance of twisted ovate handaxes.   

3.2. The British Lower Palaeolithic stone tool record 

In the absence of evidence for base camps or other settlements, the record of hominin 

occupation during the Lower Palaeolithic is derived predominantly from lithic evidence in 

stratified Quaternary sequences, usually representing transient activity areas (e.g, Ashton et al., 

1994a, 1994b; Preece et al., 2007).  Hominin remains from this period are rare, with skeletal 

fragments only identified in deposits at Boxgrove (a tibia midshaft and two incisors) and 

Swanscombe (three fragments of skull, Marston, 1937; Roberts et al., 1994).  Both sets of 

remains have been assigned to the early hominin species, Homo heidelbergensis (Stringer et al., 

1998; Stringer and Hublin, 1999), however, it is important to note that the cranial remains from 

Swanscombe also possess some features consistent with H. neanderthalensis (Stringer and 

Hublin, 1999) and may therefore represent an incipient form of Neanderthal.  Further evidence 

of occupation comes from the presence of anthropogenic cut marks on mammalian bones 

(Stuart et al., 1993) and rare wooden artefacts (Warren, 1951).  Accordingly, much of the 

current understanding of hominin occupation and behaviour is based on the typological 

characteristics of the lithic assemblages, their context in Quaternary deposits, and the 

association with palaeoenvironmental evidence.  As stated above, the Lower Palaeolithic lithic 

record can be divided into two main industries: 1) Mode 1, comprising flake and core industries, 

including the Clactonian, and 2) Mode 2, the Acheulian, which is characterised by the presence 

of handaxes.  The properties of these are described below. 

3.2.1. Mode 1  

3.2.1.1. The earliest core and flake industries 

The earliest evidence of artefact assemblages with the apparent absence of handaxes is derived 

from the sequences of Pakefield and Happisburgh 3 (Figure 3.1.).  At Pakefield in Suffolk, the 

assemblage comprises thirty two worked flints (greater than 200 mm size) including two cores, a 

crudely retouched flake and débitage, all in sharp condition (Parfitt et al., 2005) and consistent 

with Mode 1 technology described elsewhere in Europe (Wymer, 1999; Parfitt et al., 2005).  The 

artefacts occur within a number of different sedimentary contexts within the Cromer Forest-bed 

Formation, with palaeoenvironmental evidence from this stratigraphic horizon suggesting 

deposition during a warm, seasonally dry ‘Mediterranean-style’ climatic regime in an 

interglacial (Parfitt et al., 2005; Candy et al., 2006).  A similar suite of artefacts has  been 

identified at Happisburgh, Norfolk, with the lithic assemblage consisting of cores, flakes and 
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flake tools, all in sharp condition with a number of large flakes (up to ca. 145 mm) (Parfitt et al., 

2010).  These occur in association with fluvial gravels and fine-grained estuarine deposits; 

environmental evidence suggests deposition under a boreal-temperate climatic regime, 

comparable to modern Scandinavia (Parfitt et al., 2010). 

Figure 3.1. Key Lower Palaeolithic sites in the British Isles.  Sites are colour coded: Green= Evidence for earliest hominin 
occupation (mode 1), Purple= Clactonian assemblages, Red= Acheulian assemblages, Orange = Acheulian assemblages 
comprising a high volume of twisted ovate handaxes. 

The presence of artefacts at Pakefield and Happisburgh, although their age is currently debated 

(see Section 3.3.), represents the earliest occupation of Britain.  Although no hominin remains 

have been found, it is tentatively suggested that these artefacts represent occupation by H. 

antecessor (Pettitt and White, 2012), a species thought to have migrated into Britain from 

western and southern Europe prior to the initial isolation of Britain from mainland Europe 

during MIS 12.  Based on the current evidence, occupation at this time was sporadic, and 

potentially limited to ecosystems in which a wide range of resources was available, perhaps as an 

adaptive strategy to deal with the variable climatic regimes experienced in the Early and early 

Middle Pleistocene (Parfitt et al., 2005, 2010; Ashton and Lewis, 2011; White and Pettitt, 2012). 
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3.2.1.2. The Clactonian 

The Clactonian represents a core and flake-based industry that is unique to the British Isles.  

Because of its much younger age, it is suggested to have no proximal relationship with the Mode 

1 industries at Pakefield and Happisburgh 3 (Pettitt and White, 2012) and is therefore treated 

separately.  ’Clactonian-style’ assemblages were first identified at a number of localities in 

Clacton-on-Sea by Hazzledine Warren in the early 1900s (Warren, 1911, 1912).  A number of 

additional Clactonian sites have subsequently been identified in the British terrestrial record 

(Figure 3.1.), including from parts of the sequences at Swanscombe, Globe Pit (Little Thurrock), 

Purfleet, Cuxton and Barnham (Table 3.2.).  Clactonian assemblages comprise untrimmed 

flakes, cores, and scrapers, with the apparent absence of handaxes (Figure 3.2., Table 3.3.).  

Allied to the lithic assemblages, there is also evidence for the use of wood and bone during the 

Clactonian, in the form of a broken point of a wooden ‘spear’, and a bone-edged axe tool, 

recovered from the freshwater deposits at Clacton-on-Sea (Warren, 1911).   

Table 3.2. Key Clactonian occurrences in the British terrestrial record (adapted from Pettitt and White, 2012). 

Site Stratigraphic Context Inferred Age References 
Clacton-on-Sea, 
Essex 

Lion Point 
Jaywick Sands 
West Cliff 
Golf Course 

Early MIS 11 
(Boyn Hill/Orsett Heath 
Formation) 

Warren, 1922, 1932, 1924, 1951 
Oakley and Leakey, 1937; Singer et  al., 
1973; Bridgland et al., 1999 

Swanscombe, 
Kent 

Lower Gravel, Barnfield Pit 
Lower Loam, Barnfield Pit 

Early MIS 11 
(Boyn Hill/Orsett Heath 
Formation) 

Smith and Dewey (1913, 1914), 
Chandler (1930, 1931, 1932), Conway et 
al. (1996) Lower Gravel, 

Rickson’s Pit 
Ebbsfleet, 
Southfleet 
Road, Kent 

‘Elephant Site’ MIS 11 
(Boyn Hill/Orsett Heath 
Formation) 

Wenban-Smith et al., 2006 

Barnham, 
Suffolk 

Rolled series (Top of cobble 
band) 

Early MIS 11 Paterson, 1937; Ashton et al., 2008 

Globe Pit, Little 
Thurrock, Essex 

Bed 1 Late MIS10/Early MIS 9 
(Lynch Hill/Corbets Tey 
Formation) 

King and Oakley, 1936; Bridgland and 
Harding, 1993; Bridgland, 1994 

Purfleet, Essex Coombe Rock 
Little Thurrock Gravel 

Late MIS10/Early MIS 9 
 (Lynch Hill/Corbets Tey 
Formation) 

Wymer, 1985; Schreve et al., 2002 

Cuxton, Kent Lower Assemblage Late MIS10/Early MIS 9 Tester, 1965; Cruse, 1987; Bridgland, 
1996 

The Clactonian has been the source of extensive debate centred on the typology (Wymer, 1974; 

McNabb, 1992; Ashton and McNabb, 1992, 1994, White, 2000), chronology (Wymer 1974; 

Ashton et al., 1994; Wenban-Smith, 1998, White, 2000) and the cultural status (McNabb, 1992; 

Rolland 1998; Ashton, 1998) of this industry in the British Isles.  White and Pettit (2012) 

provide the most recent synthesis of the Clactonian, in which it is defined as an industry in 

which unprepared core and flake reduction is the predominant technology.  Although the 

products are typologically indistinguishable from the cores and flakes found in Mode 2 
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(Acheulian) assemblages, the Clactonian can be readily identified by the absence of handaxes 

and handaxe-manufacturing debris such as thinning flakes.  

A range of theories has emerged to explain the presence of the Clactonian in the British 

archaeological record in relation to the Acheulian.  These include differences in activity facies 

within the landscape (Warren, 1922; Oakley, 1964; Ohel, 1979, McNabb, 1992; Ashton and 

McNabb, 1994), low availability of raw materials for handaxe production (McNabb, 1992), 

behavioural differences within the landscape affecting resource use and tool production 

(Ashton, 1998; Wenban-Smith, 1998) and contrasting subsistence patterns based on different 

habitats (Collins, 1969; Mithen, 1994).  However, a generally more accepted theory, based 

largely on the chronological separation of the Clactonian and Acheulian in MIS 11 and MIS 9 

deposits (White and Schreve, 2000), is that the Clactonian and Acheulian represent two waves of 

colonisation by different populations with distinct technological repertoires (as discussed in 

Section 3.4.1.).  

Table 3.3. Typological characteristics of Clactonian artefact assemblages (adapted from Warren, 1951; Wymer, 1968). 

Lithic Description 

Pebble chopper-core 
Removal of flakes by alternate flaking method, >50% residual, natural cortex remains.  
Bifacially worked.  

Bi-conical chopper core 
Removal of flakes by alternate flaking method, <50% residual, natural cortex remains.  Few 
fracture surfaces present.  Bifacially worked. 

Proto hand-axe 
Bi-conical cores made deliberate thinner/more pointed at one end.  Similar, but cruder 
morphology to those found in Acheulean assemblages.  Bifacially worked. 

Flakes (unstandardised) 
Produced by alternate flaking method.  Characteristics include prominent bulbs and cones 
of percussion, wide striking platforms, low flaking angles, pronounced/irregular concavities 
on reverse side. Both bifacially and unifacially worked.  Evidence of secondary working. 

Flakes (standardised) 

On the basis of Warren’s (1951), a number of standardised tools were identified in the 
Clacton assemblages, these include side-scraper, scrapers (various), proto-Mousterian flakes, 
piercers.  These are suggested by Wymer (1968) to represent a continuum, therefore 
classified ‘non-standardised’ under his typology. 

3.2.2. Mode 2 (The Acheulian) 

In the British Lower Palaeolithic, the Acheulian can be identified on the presence of handaxes 

(Figure 3.2.), alongside flake tools, cores, and débitage (Goren-Inbar, 2006; Table 3.4.).  John 

Frere at Hoxne (Frere, 1800) discovered some of the first handaxes in Britain, and these 

characteristic tools have since been identified at a large number of sites in the British Isles (see 

Wymer (1999) for a full review).  Due to its temporal and spatial ubiquity in the archaeological 

record, the British Acheulian has undergone a number of taxonomic and temporal subdivisions, 

which are summarised by Wymer (1968) and White (1998) but which are no longer formally 

recognised (Pettitt and White, 2012).  Consequently, the handaxe assemblages that characterise 

the Lower and Middle Palaeolithic are both referred to as the Acheulian.  Acheulian artefacts 
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occur in association with the only known British Lower Palaeolithic hominin fossils at 

Swanscombe, Kent (Marston, 1937), and Boxgrove, Sussex (Roberts et al., 1994). 

Figure 3.2. A) Clactonian lithics from Clacton-on-Sea (adapted from Bridgland et al, 1999; in White, 2000) B) Twisted 
ovate handaxes from Elveden (upper image) and Foxhall Road (lower image) (adapted from Bridgland and White, 
2014), C) Acheulian handaxes from Hoxne (adapted from Frere, 1800).   

The variability associated with handaxe morphology in a number of deposits has previously led 

to the development of several classification schemes (Roe, 1961, 1968: Wymer, 1968).  Handaxe 

variation has been explained predominantly by changes in the mode of production, including 

raw material availability (White, 1998a), methods of reduction/resharpening (McPherron, 

1995), natural variability of the individual (Gamble and Porr, 2005), and different activity facies 

of Acheulian populations within the landscape (McNabb, 2007).  The potential for variation in 
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handaxe forms to be used as a chronological tool was first suggested by Roe (1968), with the 

change from ovate-dominated to pointed-dominated forms within a single site (e.g, at Hoxne, 

Suffolk) thought to indicate increasing sophistication over time (Gladfelter, 1963); the presence 

of specific forms was therefore considered to be age-diagnostic (Roe, 1968, 1981).  This, 

however, has been largely refuted by evidence from a number of other sites, such as 

Swanscombe, which shows the opposite ‘chronological progression’ (Ashton, 1996b) and indeed 

from the much older site of Boxgrove, where the handaxes represent some of the most 

sophisticated seen in Britain.  Recently, however, Bridgland and White (2014) have examined 

the chronological significance of handaxe variation in light of the evidence for a greater number 

of interglacial and glacial periods in the British terrestrial sequence, suggesting that a 

meaningful pattern of occurrence in both handaxes and other artefact types can now be 

recognised.   

Table 3.4. Typological characteristics of the British Acheulian artefact assemblages (adapted from Wymer, 1999). 

Lithic  Description 

Handaxes/bifaces Produced via hard hammer or soft hammer technique, bifacially worked on all edges, both on blanks or 
rarely, flakes. Secondary working evident.  Variability in shape and size, but generally exhibit lenticular 
shape in cross section, with triangular or lozenge shaped also present.  Can also take a ‘non-classical form’. 

Cleaver* Straight, wide cutting edge, irregular in shape.  Cutting edge formed by either multiple flaking parallel to 
long axis of tool, or single flake (‘tranchet blow’).  *In Wymer (1968, classified as a type of handaxe).  
Produced mainly on flakes. 

Primary flakes Crude, resulted from blocking out of handaxes by hard-hammer percussion. Pronounced bulbs of 
percussion, wide striking platforms and natural fractures of cortex or bulbar side.  Some secondary working 
associated with specialisation (either borers, scrapers) 

Finishing flakes Final flakes removed from handaxes, via bar-hammer technique.  Thinner, small striking platforms, facts 
from previously removed flakes. 

Chopper-cores Comprised of either: 1) careful flaking of straight cutting edge, resemble party-finished handaxe, bifacially 
worked or 2) identical to Clactonian, Removal of flakes by alternate flaking method, residual, natural cortex 
remains. Bifacially worked 

3.2.2.1. Variation within the British Acheulian: Twisted ovate handaxes 

Within Acheulian assemblages, one particular variation in handaxe form has been recognised as 

important, due both to its potential to be age-diagnostic, and its morphology, which represents a 

significant change in knapping practices possibly related to a change in social tradition.  A 

number of British Acheulian assemblages contain this variant, known as the ‘twisted ovate’ 

handaxe.  These are typologically similar to ‘classic ovate’ handaxes, as defined by Roe (1961) 

and Wymer (1968), but possess a ‘Z’- or, less commonly, an ‘S’-shaped profile (Figure 3.2.), 

caused by the differential working of the handaxe edge in opposite directions during the final 

flaking episode.  It is uncertain as to whether this form is accidental or represents a shift in social 

tradition (Evans, 1897; Layard, 1903; White, 1998b). Deposits containing a large volume of 

twisted ovate handaxes include; 1) Brickearth overlying temperate lake or fluvial deposits at 

Hitchin and Elveden, 2) loam deposits at Bowman’s Lodge and Wansunt Pit, the Red Gravel at 
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Foxhall Road, 3) the Upper Loam at Barnfield Pit, the Upper Gravel at Rickson’s Pit, and 4) the 

Stony Loam at Dierden’s Pit Swanscombe, all of which have been correlated to late MIS 11 or 

early MIS 10 (Figure 3.1.).  On this basis, a number of authors have suggested the presence of 

twisted ovate handaxes to be a potential temporal marker (White, 1998b; Westaway et al., 2006; 

White et al., 2013), thereby allowing deposits containing twisted ovates to be assigned an age.  

The presence of twisted ovate handaxes within the Old Milton Gravel of the River Solent has 

accordingly been used for tentative correlation of the deposits with MIS 11 (Westway et al., 

2006).  Although the contextual integrity of the finds has been questioned (Briant et al., 2009), 

this correlation is consistent with the age range suggested by OSL dating of the deposits (Briant 

et al., 2006).  Further afield, twisted ovate handaxes have been identified in a number of 

Acheulian assemblages in France (Callow, 1986; Tuffreau and Antoine, 1995), the age range of 

which spans from MIS 12 to MIS 8, potentially indicating the persistence of twisted ovate 

production in France over a longer period. 

3.3. The chronology of the British Lower Palaeolithic 

In order to understand fully the background to hominin occupation during MIS 11, it is 

important to situate the archaeological record of MIS 11 within the context of the Lower 

Palaeolithic record throughout the Early and Middle Pleistocene.  As stated above, evidence for 

the earliest occupation comes from Pakefield and Happisburgh 3.  The deposits at Pakefield 

have been dated through a combination of faunal biostratigraphy, magnetostratigraphy and 

aminostratigraphy (Parfitt et al., 2005; Preece et al., 2009) and assigned to MIS 17 or MIS 19, the 

early part of the Cromerian complex.  The finds at Happisburgh 3 are suggested to be MIS 25 or 

MIS 21 in age, based on a combination of magnetostratigraphy, floral and faunal biostratigraphy 

and clast lithology (Parfitt et al., 2010).  Both of these correlations, however, have been 

questioned by Westaway (2009),  who suggests that both Pakefield and Happisburgh 3 can be 

assigned to different sub-stages within MIS 15, namely MIS15c and MIS 15e respectively.  This 

is based primarily on the re-interpretation of the palaeomagnetic data from both of these sites, 

the biostratigraphy, and the provenance of the fluvial deposits.  Regardless of the debate 

surrounding the age of these two sites, the evidence suggests that the initial colonisation of the 

British Isles occurred by non-handaxe making populations between the Early Pleistocene and 

the early Middle Pleistocene Cromerian Complex.  The earliest Acheulian assemblages in 

Britain have been identified from a number of sites including Boxgrove, Warren Hill, Waverley 

Wood, the breccia at Kent’s Cavern and within the till deposits at High Lodge, all suggested to 

be MIS 13 in age  (Roberts et al., 1994; Keen et al., 2006; Hosfield, 2011a).  However, the 

chronology of several sites is still currently under debate (Lee et al., 2004; Lundberg and 

McFarlane, 2007; Preece et al., 2009; West et al., 2014).  
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Table 3.5. Location, stratigraphic context, and inferred age of key Lower and Early Middle Palaeolithic Acheulian sites 
in the British Isles.   

Site Stratigraphic Context Inferred Age References 

Waverley Wood, 
Warwickshire 

Channel fill in Baginton Formation MIS 13 Shotton and Wymer, 1989; Shotton et al., 
1993; Keen et al., 2006 

Boxgrove, West 
Sussex 

Throughout the sequence. Highest 
concentrations in Units 4a-d,  

MIS 13 Roberts, 1986; Roberts et al., 1997; 
Roberts and Parfitt, 1999 

Swanscombe, Kent Lower Middle Gravel, Upper Middle 
Gravel, Upper Loams, Upper Gravel 
(derived) 

MIS 11 Smith and Dewey, 1913, 1914; Wymer, 
1964; Waechter, 1970, 1971, 1973; Roe, 
1981; Conway et al., 1996; Bridgland, 
1994; Ashton et al., 1995. 

Hoxne, Suffolk Stratum B1, A2(iii), A2 (ii, derived) MIS 11       (MIS 
11a) 

Wymer, 1983; Singer et al., 1993; Ashton 
et al., 2008. 

Beeches Pit, West 
Stow, Suffolk 

Beds 3b, 4, 5, 6 ,7  MIS 11 Whitaker et al., 1991; Gowlett et al., 1998, 
2005; Preece et al., 2007 

Stoke Newington,  
London 

Palaeolithic ‘floor’ (Stoke 
Newington sands) 

MIS 9 Smith, 1894; Gibbard, 1994; Green et al., 
2004 

Cuxton, Kent Sand and gravel overlying Chalk MIS 9 Tester, 1965; Cruse, 1987; Wenban-Smith, 
2006 

Purfleet, Essex Bluelands Gravel MIS 9 Palmer, 1975; Schreve et al., 2002 

Pontnewydd Cave, 
Clywd, Wales 

Lower Breccia MIS 7 Aldhouse Green, 1995, 1998 

Lower Palaeolithic occupation after MIS 12 is better chronologically constrained due to a 

combination of river terrace stratigraphy (Bridgland, 1994), lithostratigraphy (Perrin et al., 

1979; Rose, 1987, 2001; Ehlers and Gibbard, 2001; Clark et al., 2004; Gibbard and Clark, 2011) 

and faunal biostratigraphy (Schreve, 2001a; Keen, 2001), underpinned by aminostratigraphy 

(Penkman et al., 2010) and a number of absolute age estimates (Candy and Schreve, 2007; Grün 

and Schwarz, 2007; Preece et al., 2007; Pawley et al., 2008, 2010; Bridgland et al., 2013).  

Subsequent to MIS 12, there are a number of sites from which Acheulian assemblages have been 

recovered, spanning from MIS 11 to MIS 7, prior to the apparent absence of hominins between 

MIS 6 and MIS 4 (Ashton and Lewis, 2002; Currant and Jacobi, 2002).  These include sites from 

the Lower Palaeolithic (MIS 11 to early MIS 9) including Swanscombe, Hoxne, Beeches Pit, 

Stoke Newington, Cuxton, Purfleet and Furze Platt (Figure 3.1., Table 3.5.), and sites associated 

with the Middle Palaeolithic (late MIS 9 to MIS 7) including Purfleet, Pontnewydd Cave, 

Stanton Harcourt and Crayford (Table 3.5.).  

Deposits yielding Clactonian assemblages occur within two intervals in separate interglacials, 

one in early MIS 11 and the other spanning late MIS 10 to early MIS 9.  It is important to note 

that at a number of these sites, deposits yielding Acheulian assemblages overlie Clactonian 

assemblages; this stratigraphic superposition suggests that within MIS 11 and MIS 9, a 

chronological replacement of archaeological industries is identifiable.  This is best observed at 

the MIS 9 site of Purfleet (Bridgland, 1994; Schreve et al., 2002), in which a tripartite sequence of 
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three distinct archaeological industries (the Clactonian, the Acheulian, and finally Mode 3 

Levallois) is preserved in stratigraphic superposition within a single fluvial terrace aggradation.  

The presence of twisted ovate handaxes within Acheulian assemblages is apparently restricted to 

late MIS 11 and early MIS 10, and they are absent from the British record thereafter (White, 

1998b, White et al., 2013).  

The stratigraphic superposition of the Clactonian and Acheulian in MIS 11 and MIS 9 deposits 

is suggested to be the result of multiple colonisation events into Britain within the same 

interglacial.  In this scenario, an early colonisation event is suggested from northwest and 

central Europe (regions with no established history of handaxe manufacture), representing the 

Clactonian assemblages, and a later colonisation event is envisaged from southern Europe 

(where handaxe making traditions were well embedded), representing the British Acheulian 

(Obermeier, 1924; McBurney, 1950; Svoboda, 1989, Bosinski, 1995; White and Schreve, 2000). 

This theory fits with the idea of fluctuating local and regional populations during the Middle 

Pleistocene (Dennell et al., 2011) that is largely in response to changing climatic and 

palaeogeographic conditions during glacial-interglacial cycles.  This highlights that within 

Middle Pleistocene interglacials clear chronological patterns can be identified in the 

archaeological record.  The key questions to emerge now are: 1) what is the 

palaeoenvironmental context of the changes observed in the archaeological record throughout 

an interglacial?, and 2) how can the chronological controls on these sequences be improved in 

order to place the archaeological record within evidence for the regional scale climatic changes?   

3.4. The record of hominin occupation in MIS 11 

As outlined above, there are a number of patterns emerging in the Lower Palaeolithic record in 

the British Isles, in particular for MIS 11, which has one of the best-resolved archaeological 

records.  This is largely due to the impact of the Anglian Glaciation, firstly forming topographic 

hollows on the land surface allowing the accumulation of interglacial sediments (e.g., West, 

1956; Turner, 1970), and secondly causing the diversion on the Thames to its current course 

(Bridgland et al., 1985; Bridgland, 1994).  This has enabled the identification of a number of 

fluvial sequences yielding artefacts, readily correlated to MIS 11 (see Chapter 2 for a full 

discussion).  Associated with MIS 11 deposits are a number of palaeoenvironmental 

reconstructions directly related to the archaeological record.  Accordingly, this Section provides 

a discussion of hominin occupation in the British Isles during MIS 11, focusing on the 

chronological and distributional patterns emerging from the archaeological record and the 

environmental context associated with the presence of hominin populations during MIS 11. 
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3.4.1. Distribution and chronology 

The distribution of MIS 11 sites that have yielded archaeology is presented in Figure 3.3.  It is 

apparent that the majority of artefacts have been recovered from fluvial deposits associated with 

the Thames and its tributaries (Wymer, 1968; Bridgland, 1994, 2000), with a number of finds 

recovered from fluvio-lacustrine settings (Ashton et al., 1994, 1998, 2008) in eastern England. 

The density of finds associated with fluvial systems may be attributed to a number of reasons.  

First, fluvial systems act as large sediment traps, with material received from upstream and from 

the catchment as a whole.  Therefore, they reflect a spatially broad but ‘time-averaged’ view of 

the landscape (Hosfield, 2011b).  Thus, by their very nature, rivers collect a large amount of 

material from former land surfaces occupied by Palaeolithic populations.  These fluvial deposits 

have also been targeted for large-scale gravel extraction, especially in the Thames (Bridgland, 

1994; Wymer, 1999), and have been the focus of antiquarians and collectors for over one 

hundred years (see O’Connor (2007) for a detailed review).  The high volume of finds therefore 

may be the result of this collection bias.  

Figure 3.3. Location of archaeological sites correlated to MIS 11.  Grey points are other Lower Palaeolithic sites 
correlated to interglacials or interstadials pre- or post- MIS 11.  Size of coloured points is for illustrative purposes only.  

However, many authors have also suggested that the high volume of fluvially derived lithics may 

represent an increased preference for river environments by hominins, due to their accessibility 

for movement, presence of natural resources and raw material availability (Ashton et al., 2006).  

During MIS 11, the Thames would have been the primary arterial route through Britain (Keen et 

al., 2006), subsequent to the destruction of the Bytham River during MIS 12 (the latter suggested 

to have been one of the main routes of migration into the Midlands pre-MIS 12).  The absence 
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of finds associated with MIS 11 sites in the Midlands, and the large volume of archaeological 

sites near the Thames catchment in East Anglia (e.g Hoxne, Beeches Pit, Barnham), lends 

support to this hypothesis.  It is important to note that a number of artefacts have also been 

recovered from the Old Milton Gravel within the Solent terrace system (Westaway et al., 2006), 

currently dated to late MIS 11 or early MIS 10 (Briant et al., 2006).  This suggests that the Solent 

may have also been an important route for movement during periods of lowered sea level 

(Pettitt and White, 2012).  

The chronology of occupation during MIS 11 is derived largely from the correlation of 

archaeological horizons to pollen (Turner, 1970; Turner and Kerney, 1971) and molluscan 

biostratigraphies (White et al., 2013) (Figure 3.4., see Chapter 2 for a full discussion).  The 

chronological succession of archaeological industries during MIS 11 is best described at 

Barnfield Pit, Swanscombe, in which the Clactonian, Acheulian and the presence of twisted 

ovate handaxes within Acheulian assemblages occur in stratigraphic superposition (Wymer, 

1964; Waechter, 1971, 1973; Bridgland, 1994; Conway et al., 1996).  Clactonian material is 

present in the Lower Gravel and Lower Loam in the Phase I deposits at Barnfield Pit.  The Lower 

Gravel has been tentatively correlated to early HoI (Ashton et al., 2008), and the Lower Loam 

correlated with the Freshwater Beds from Clacton-on-Sea, based on their comparable faunal 

assemblages (Kerney, 1971; Turner and Kerney, 1971; Schreve, 1997).  The Clacton-on-Sea 

deposits have also yielded Clactonian assemblages with associated pollen spectra placing the 

deposits in HoII (Bridgland et al., 1999).  Acheulian artefacts at Barnfield Pit are associated with 

the Phase II deposition of the Lower and Upper Middle Gravels. At the neighbouring site of 

Dierden’s Pit, the equivalent deposits of the Lower Middle Gravel mark the full appearance of 

the ‘Rhenish’ suite of molluscs, which first appears at the very top of the Lower Loam at 

Barnfield Pit and which is also present in the Upper Freshwater Beds and Estuarine Beds at 

Clacton-on-Sea, which are in turn attributed to HoIIIa onwards (Figure 3.4., see Chapter 9 for a 

full discussion).  Twisted ovate handaxes are also found in the Upper Loam within Phase III 

deposits at Barnfield Pit, from the Upper Loam at Dierden’s Pit (Roe, 1981; White et al., 2013) 

and from its likely equivalent, the Wansunt Loam at Dartford Heath (Smith and Dewey, 1913; 

Tester, 1951, 1976, Wenban-Smith et al., 2001), all of which occur in the Boyn Hill/Orsett Heath 

Formation, placing them in MIS 11.  The Upper Loam at Barnfield Pit has been tentatively 

correlated to a post-Hoxnian warm stage, potentially MIS 11a (White et al., 2013). 

The only other MIS 11 age site in which Clactonian and Acheulian industries occur in the same 

stratigraphic sequence is Barnham (Paterson, 1937; Wymer, 1979, 1985; Ashton et al., 1994, 

1998).  Here, the chronological separation of the two industries is more difficult to establish as 

they both lie within a gravel lag overlying fine-grained fluvial sediments at the edge of an infilled 
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lacustrine basin.  However, the condition of the Clactonian artefacts is rolled, thereby suggesting 

an earlier age for the artefacts in comparison to the fresher Acheulian material (Paterson, 1937).  

Nevertheless, the contemporaneity of these two series has been subject to intense debate and no 

consensus has been reached (Ashton et al., 1994, 2000; Wenban-Smith, 1996).  Indeed, if clear 

separation of the two industries cannot be confirmed, the presence of Acheulian artefacts means 

de facto that the entire assemblages must be considered Acheulian, since cores and flakes are 

insufficiently diagnostic by themselves.  If the Clactonian does represent earlier occupation at 

Barnham, correlation of these deposits with the pollen sequence from the lacustrine sediments 

suggests Clactonian occupation during HoII and a later Acheulian occupation during HoII-

HoIV (Ashton et al., 1998, 2000).   

Figure 3.4. Tentative correlation of key MIS 11 archaeological sites based primarily on Mollusca and pollen 
stratigraphy (based on correlations in Pettitt and White (2012) and White et al., (2013).  

The evidence from Swanscombe and Barnham therefore suggests that the Clactonian in MIS 11 

occurred during pollen zone HoI-HoIIc, with the Acheulian industry occurring later in the 

interglacial, after HoIIc.  However, at Beeches Pit, the first appearance of Acheulian artefacts 

occurs in Bed 3b, which has been correlated with the Lower Loam at Barnfield Pit based on the 
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terrestrial molluscan succession (Preece et al., 2007).  This implies a period of overlap between 

the Clactonian and Acheulian during HoII; however due to the coarse chronological resolution 

of these deposits, contemporaneity or separation cannot currently be established.  

Based on the presence of Acheulian assemblages at a number of sites, it is suggested that 

handaxe-making populations persisted throughout the Hoxnian into the succeeding cold stage, 

taken here as MIS 10.  At Hoxne, Acheulian artefacts are found in association with fluvial 

deposits that post-date the main infilling of the lacustrine basin, thereby suggesting occupation 

during a post-Hoxnian interstadial, potentially correlated to MIS 11a (Ashton et al., 2008).  

Possible evidence for occupation in later MIS 11 sub-stages also comes from the Phase III 

deposits at Swanscombe (Roe, 1981) and from Beds 6 and 7 in Beeches Pit (Gowlett, et al., 2005; 

Preece et al., 2007).  However, it is still uncertain as to whether these deposits represent a cold 

sub-stage during MIS 11 or the early part of MIS 10.  

Although some aspects of the chronology of occupation during MIS 11 remain to be clarified, as 

outlined above, a number of key trends can be identified: 

1. The Clactonian occurred during the early part of the Hoxnian (HoI-HoIIc), after which

this industry was apparently replaced or absorbed by the Acheulian in HoIIc or HoIIIa.

2. The Acheulian persists throughout the middle and late Hoxnian (HoIIc-HoIV), through

the subsequent MIS 11 stadial-interstadial and into the ensuing cold stage.

3. Twisted ovate handaxes were present within the later stages of MIS 11, possibly during a

post-Hoxnian interstadial, MIS 11a.

3.4.2. Palaeogeographical and landscape changes during MIS 11 

As outlined in Section 3.2., one of the key features of the chronological patterns emerging from 

the archaeological record during the late Middle Pleistocene is suggested to be colonisation by 

different populations, controlled by the changing paleogeography of southern Britain.  White 

and Schreve (2000) have proposed a three-phase model (which has recently been updated by 

Pettitt and White, 2012) to incorporate sub-stage variability in order to explain the pattern of 

hominin occupation of the Middle Pleistocene.  This is based on the patterns apparent in the 

archaeological record of MIS 11 and MIS 9 and the evidence in the marine isotopic record and 

British terrestrial record for fluctuating sea levels and climatic variability.  The model, as 

described in Figure 3.5., indicates that hominin occupation was based on a pattern of: 1) 

colonisation during periods of lower sea level during which Britain was connected to mainland 

Europe (Phase 1 and 3); 2) residency during sea level high stands in which Britain became an 

Island (Phase 4); and 3) abandonment during glacial periods (Phase 2) in which climatic 

conditions made Britain inhospitable.  
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Figure 3.5 (previous page). Model of palaeogeographical changes in southern Britain during the Middle Pleistocene and 
stages of hominin occupation as suggested by White and Schreve (2000) and Pettitt and White (2012). Presented is the 
SPECMAP δ18O benthic marine isotope curve (MIS 11 highlighted in yellow) with suggested phases of occupation 
tentatively correlated, illustrations of palaeogeographic changes in southern Britain, and the description of settlement 
patterns in environmental regime associated with these phases.  

In terms of this island model, MIS 11 represents an important interglacial for two reasons.  First, 

due to the formation of the Dover Strait during MIS 12 (Gibbard, 1995; White and Schreve, 

2000; Gupta et al., 2007; Gibbard, 2007; Toucanne et al., 2009), MIS 11 is unique as it represents 

the first interval in which Britain is isolated from mainland Europe during sea level highstands 

during interglacial and interstadial periods.  Furthermore, evidence suggests that even during 

periods of lower sea levels, Britain would have been separated from mainland Europe by a large 

fluvial system (ca. 45 km wide) in the Channel area (Gupta et al., 2007).  Second, as discussed in 

Chapter 2, the sea level history of MIS 11 is unique compared to other Middle and Late 

Pleistocene warm episodes.  This is due to the late interglacial peak during MIS 11c (in 

comparison to MIS 9e), resulting in the early part of MIS 11 being characterised by a protracted 

sea level rise (Shackleton, 2000; Waelbroeck et al., 2002; Rohling et al., 2010) and thereby 

allowing more opportunity for floral, faunal and hominin turnover.  Furthermore, there is 

evidence for at least one stadial-interstadial event in the British terrestrial record, and a number 

of cold-warm oscillations evident in the North Atlantic marine records (e.g., McManus et al., 

1999; Stein et al., 2009).  In terms of hominin settlement, these may represent a number of 

phases of abandonment and colonisation, due to changing sea levels and climatic conditions 

during the later stages of MIS 11.  Therefore, it is important to understand fully the 

environmental regime through the whole interval of MIS 11 in order to appreciate the pattern of 

hominin occupation in relation to palaeogeographic changes. 

Superimposed on these large-scale palaeogeographical changes during MIS 11 is also evidence in 

the archaeological record for changing landscape preferences.  It is evident that a number of 

different environments were exploited including lacustrine, fluvial, and spring systems (e.g, 

Ashton et al., 1998; Bridgland et al., 1999; Preece et al., 2007) with a large number of artefacts 

from sites associated with the Thames and its tributaries.  This is may be partly due to the 

collection bias described in Section 3.4.1, however, it may also be due to a preference of hominin 

populations for the large fluvial networks associated with the Thames.  MIS 11 is the first 

interglacial after the Anglian Glaciation, which destroyed or modified a number of river 

systems.  The Bytham, which is suggested to have been the main arterial route for hominin 

migration into the English Midlands (Lang and Keen, 2005; Keen et al., 2006), was destroyed 

and the Thames was diverted southward.  During the post-Anglian period, the Thames 

periodically formed a confluence with a number of continental river systems to create the 

‘Channel River’, following the formation of the Strait of Dover during MIS 12 (Gupta et al., 
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2007).  Therefore, it was likely that the Thames became the main arterial route into Britain from 

mainland Europe during periods of lowered sea level, as attested to by the correspondence 

between Acheulian assemblages in northern France and Britain, and between Clactonian 

assemblages and Central European assemblages (Wymer, 1974; White, 2000; Limondin-Lozouet 

et al., 2010).   

Also apparent from the archaeological record is the paucity of data from lacustrine and 

interfluve sites until the later stages of the Hoxnian (Ashton et al., 2006).  This apparent 

preference for fluvial systems is suggested by these authors to be related to the diversity of 

resources such as flora, fauna, and lithic materials in riverine areas and the presence of more 

open riparian zones, in comparison to the more closed woodland associated with many 

lacustrine sites.  At sites such as such as Elveden, Barnham, and Hoxne (Ashton et al., 1994, 

1998, 2005, 2008), hominin occupation apparently only occurred subsequent to the initiation of 

fluvial conditions.  This may suggest that lacustrine areas were not favoured until later in the 

Hoxnian, either when the landscape became more open, or a change in the precipitation regime 

led to development of rivers at these sites, allowing for easier migration into these areas. 

However, these differences may partly be explained as an artefact of differences between 

preservation and collection opportunities in fluvial and lacustrine sequences (Pettitt and White, 

2012), and the ‘archaeological visibility’ of occupation; hominins may have been present in 

lacustrine settings, but activities undertaken were not visible in the archaeological record 

(Ashton et al., 2006).  However, these complexities cannot be fully understood without an 

improved understanding of the climatic evolution of the MIS 11, and how this relates to the 

evidence for landscape change during this period.  

3.4.3. The palaeoenvironmental context of hominin occupation during MIS 11 

Using the evidence for paleogeographic and landscape changes outlined above, the patterns 

emerging from the archaeological record of MIS 11 can be placed in a framework of 

environmental change.  This is based on the current understanding of the climatic regime of 

MIS 11 in the British Isles, based on the biologically-derived temperature estimates from a 

number of sites (as described in Chapter 2).  These are limited to a small number of sites, where 

deposits span only HoII-III, with the exception of Bed 7 from Beeches, Pit (Bernadout, 2014).  

Furthermore, there are a number of sites in which there is a wealth of faunal and floral evidence 

for long-term environmental change.  These frequently have associated archaeology, thereby 

allowing this environmental evidence to be directly related to the pattern of hominin 

occupation.  This evidence is presented against the phases of palaeogeographic changes as 

described in the Island Model, presented in Section 3.4.2, and the tentative correlation with the 

marine isotope stratigraphy below (Figure 3.6.).   
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Subsequent to the formation of the Strait of Dover during MIS 12, high global ice volume and 

low sea level resulted in Britain being a peninsula (Island Model Phase 2), separated from 

mainland Europe by a large fluvial system in the Channel area (Gupta et al., 2007).  There is 

limited evidence to suggest the persistence of occupation of MIS 12 in the British Isles (Pettitt 

and White, 2012); however, it is important to note that there is evidence to suggest the presence 

of hominin populations during both early (Roberts and Parfitt, 1999) and late MIS 12 (Wymer 

1968, 1999).  This is consistent with geomorphological and lithological evidence for the Anglian 

Glaciation being the most extensive in Britain (Perrin et al., 1979; Gibbard and Ehlers, 2004; 

Clark et al., 2004) As such, this is likely to have created an inhospitable environment and 

discouraged hominin occupation. 

A more hospitable environment associated with deglaciation (MIS 12 to early MIS 11c) would 

have allowed for the migration of hominin populations into Britain from mainland Europe 

(Island Model Phase 3).  During this period, sea level would have remained low as the climate 

ameliorated, allowing for the migration of flora, fauna, and hominins into Britain across the 

Dover Strait.  In Britain, the late Anglian and early Hoxnian is characterised by the expansion of 

birch forest and the subsequent development of mixed deciduous forest, with some local areas of 

grassland, as indicated by the Hoxnian vegetation succession (West, 1956; Turner, 1970). The 

earliest hominin occupation occurs during HoI at Swanscombe (Ashton et al., 2008) and in 

HoIIa at Clacton-on-Sea (Bridgland et al., 1999); Clactonian artefacts from these sites indicate 

that the first populations were non-handaxe-making groups, likely to have migrated from 

central Europe.  

There is a large body of palaeoenvironmental data associated with Clactonian deposits from 

Swanscombe (Phase I Lower Loam and Lower Gravel), Clacton-on-Sea (Lower Gravel and 

Freshwater Beds), and Southfleet Road at Ebbsfleet (Beds 1-4).  Molluscan and ostracod 

evidence from the Lower Gravel at Swanscombe are characteristic of a swift-flowing river with a 

stony bed (Kerney, 1971; Robinson, 1996).  The correlation of the Lower Gravel to HoI, 

suggests, on the basis of the pollen assemblages, the earliest occupation by Clactonian 

populations was in association with boreal forest, developing into mixed deciduous forest 

(Ashton et al., 2008).  A cool environment is also associated with the earliest Clactonian 

assemblages recorded in Beds 1-2 at Southfleet Road (Wenban-Smith et al., 2006), with the 

presence of a cold-adapted mammalian fauna including Mammuthus sp. (mammoth) and 

Spermophilus sp. (ground squirrel).  Therefore, it is likely that the earliest colonisers during MIS 

11 would have readily utilised the open riparian areas associated with the Thames before the full 

development of mixed-deciduous forest.  
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The Lower Loam at Swanscombe, from which primary context Clactonian artefacts have been 

recovered, reflects floodplain deposition within a mixed-oak forest environment (Hubbard, 

1996), with molluscan and ostracod evidence suggestive of a sluggish water body surrounded by 

reed swamp, and areas of dry ground, possibly in an abandoned meander channel (Kerney, 

1971; Robinson, 1996).  The mammalian fauna, dominated by taxa such as fallow deer (Dama 

dama clactoniana), straight-tusked elephant (Palaeoloxodon antiquus), horse (Equus ferus), 

narrow-nosed rhinoceros (Stephanorhinus hemitoechus) and aurochs (Bos primigenius), is also 

indicative of temperate mixed-deciduous woodland with some open areas (Schreve, 1997).  The 

comparable mammalian fauna recovered from the Freshwater Beds at Clacton-on-Sea also 

reveals the presence of temperate mixed-deciduous woodland with areas of open grassland near 

the Clacton Channel (Schreve, 1997, 2001a, 2001b; Parfitt, 1998a). 

The first appearance of handaxe-making populations in MIS 11 occurred as early as HoIIb in 

Beeches Pit, HoIIc in Barnham and Elveden and HoIIIa in Swanscombe (Figure 3.6.).  At 

Swanscombe, Acheulian artefacts are present prior to evidence for a full marine transgression, 

thereby indicating that Britain remained connected to mainland Europe long enough to allow 

immigration of these new colonists (Island Model Phase 3), most likely the handaxe-making 

population from southern and western Europe.  Phase II deposits at Barnfield Pit record the 

shift from Clactonian to Acheulian industries.  Molluscan remains from the Lower Middle 

Gravel (LMG) indicate the persistence of warm conditions, with the presence of thermophilous 

taxa such as Emys orbicularis in the LMG at Dierden’s Pit, suggesting summer temperature of 

greater than 17°C.  The sequence at Beeches Pit consists of fine-grained interglacial sediment 

overlying Anglian till, with in situ Acheulian artefacts reported from Bed 3b and Bed4, 

correlated to HoIIb-c and HoIII respectively (Preece et al., 2007).  This site provides evidence 

for hominin occupation under a broadly comparable climatic regime but within a different 

ecological setting to that at Swanscombe.  Molluscan evidence from Bed 3b suggests a low 

energy, stagnant pool environment with a combination of calcareous grassland and open 

woodland in the vicinity, corroborated by the vertebrate evidence, including fallow deer (Dama 

dama), bank vole (Myodes glareolus) and wood mouse (Apodemus sylvaticus).  At Barnham, 

Acheulian artefacts are associated with a gravel lag and overlying silt deposit at the margins of a 

depression infilled by a fluvio-lacustrine sequence.  The lag gravel has been correlated with the 

silts and clays at the centre of the depression, from which palynological evidence suggests a mix 

of open grassland with deciduous mixed-oak woodland, attributed to HoII.  Molluscan and fish 

assemblages suggest slow-flowing water within the channel, with the presence of Emys 

orbicularis, European tree frog (Hyla arborea) and Aesculapian snake (Zamenis longissimus) 

indicating summer temperatures of greater than 17°C (Ashton et al., 1998: Holman, 1998).  
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Figure 3.6. Summary of the current evidence for temperature, landscape, and palaeogeographical changes during MIS 
11 in the British Isles.  This evidence is plotted against the patterns of hominin occupation and periods in which Britain 
was likely an island (following the model of palaeogeographic changes described in Figure 3.5).  Also plotted is the 
suggested correlation to the MIS.  Black star indicates the position of the hominin remains recovered from Barnfield Pit 
in the Hoxnian pollen stratigraphy. 

As the climatic optimum of the interglacial approached, the isolation of Britain would have 

likely occurred during the later part of this stage.  Based on the current evidence, however, it 

cannot be determined if the Clactonian was replaced, subsumed or even briefly co-existed with 

the Acheulian, before its eventual replacement (see Section 3.4.1 for a full description).  During 

this period, the palaeoecological evidence indicates that environment was characterised by 

mixed deciduous forest, with a climate comparable to the present day.  Importantly, during this 

period, there is evidence for climatic instability with abrupt cooling associated with the NAP 

phase, leading to an expansion of grassland and evidence of forest fires (Kelly, 1964), as well as a 

suggested shift in precipitation patterns, with a number of lacustrine systems exhibiting a fall in 

lake levels during HoII (Gibbard and Aalto, 1997).  

At some stage subsequent to the first appearance of Acheulian population, Britain would have 

become isolated from mainland Europe (Island Model Phase 4), with evidence suggesting that 
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the maximum extent of the marine transgression occurred at the start of HoIIIb (Bridgland et 

al., 1999; Roe, 2001; White et al., 2013).  During this period, there is evidence in the British 

terrestrial record to suggest that the thermal maximum of MIS 11c was reached, with the 

presence of Trapa natans, which requires summer temperatures of greater than 20°C for fruiting 

(Meusel et al., 1978), during HoIII, and the presence of the terrestrial ‘Lyrodiscus’ molluscan 

fauna in Bed 4, Beeches Pit (correlated to HoIIIa).  The latter is suggested to indicate very warm 

conditions, due to the presence of a number of species with present day southern European 

distributions (Rousseau, 1992).  Subsequent to the climatic optimum, the late Hoxnian 

Interglacial was characterised by cooling (Figure 3.6.).  This is best observed in the vertebrate 

evidence from the Upper Middle Gravel, Barnfield Pit, Swanscombe (Schreve, 2001a), which 

reflects a change in the environment, with a decline in woodland-adapted species, and an 

increase in open-ground taxa such as field vole (Microtus agrestis), northern vole (Microtus 

oeconomus), Norway lemming (Lemmus lemmus) or wood lemming (Myopus schisticolor) and 

horse (Equus ferus), suggesting more open and possibly cooler conditions.  This period has been 

correlated to late HoIIIb-HoIV (Ashton et al., 2008), the pollen spectra from which suggest the 

onset of cooler winters and the presence of boreal forest with open grassland and heathland 

communities.  At Beeches Pit, artefacts recovered from Bed 5 are associated with mammalian 

evidence for a shift from woodland to grassland (Preece et al., 2007), also suggesting the 

development of more open conditions. .  A number of sites from this period are characterised by 

a shift in the style of sedimentation indicating a transition from lacustrine to fluvial systems 

(Ashton et al., 1998; 2005).  Associated with this transition is artefactual evidence for occupation 

in these areas, suggesting that hominins were now accessing these sites more readily in 

comparison to earlier in the Hoxnian. 

Subsequent to the Hoxnian Interglacial (MIS 11c), there is evidence for at least one stadial-

interstadial event in the British terrestrial record, which has been correlated to MIS 11b and 

MIS11a (Ashton et al., 2008).  The stadial event is characterised by a decline in summer 

temperatures of between 5-10°C, with the presence of arctic plant species suggesting a much 

colder environment (Coope and Kenward, 2007; Ashton et al., 2008) and evidence from the 

North Atlantic suggesting ice advance during this period (McManus et al., 1999). Currently, 

there is no evidence for the presence of hominins within these post-Hoxnian cold-climate 

deposits.  Sea level reconstructions for this period (Shackleton, 2000; Waelbroeck et al., 2002) 

indicate a significant reduction in sea level during this period; whether this was enough to allow 

for the reconnection of Britain to mainland Europe, allowing for migration of populations in 

and out of southern Britain (following Island Model sub-phase 1 to 3), remains to be seen. 
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The subsequent interstadial event, correlated to MIS 11a (Ashton et al., 2008), represents a 

return to warmer temperatures, and potentially a second period of isolation from mainland 

Europe during MIS 11 (Island Model Phase 4).  Coleopteran MCR temperature reconstructions 

from Quinton indicate summer temperatures comparable to the present day (Coope and 

Kenward, 2007) but cooler winter temperatures.  In situ Acheulian artefacts have been recovered 

from the sequence at Hoxne, Suffolk.  Here, a sequence of lacustrine and peat deposits (Stratum 

F to D) is followed by a sedimentary hiatus and then renewed lacustrine sedimentation under 

much colder climatic conditions (Stratum C, the ‘Arctic Bed’, see Chapter 2 for a full discussion 

of the climatic significance of this deposit).  Stratum B marks a shift to fluvial deposition 

associated with a return to a warmer climate.  Associated with these deposits is a vertebrate 

assemblage including horse (Equus ferus) fallow deer (Dama dama), beaver (Castor fiber), and 

macaque (Macaca sp.) suggesting mixed open and woodland conditions.  A potentially more 

continental climatic regime is suggested by the presence of Rudd (Scardinius erythropthalmus), 

which is indicative of warm summers (Stuart 1982; Ashton et al., 2008), and Norway or wood 

lemming (Lemmus or Myopus sp.), which indicates cooler or more boreal conditions.  This is 

supported by the pollen assemblage, which suggests the presence of birch and pine forest.  

The transition to full glacial conditions associated with MIS 10, resulting in ice advance and 

concomitant sea level fall, would have reconnected Britain to mainland Europe (Island Model 

Phase 1).  Associated with this would have been the migration of flora, fauna and hominin 

populations back towards southern refugia, or local extinction (White and Schreve, 2000).  

Artefactual evidence from Beds 6 and 7 at Beeches Pit indicates the presence of Acheulian 

populations in much cooler conditions during late MIS 11/ early MIS 10, as suggested by the 

molluscan fauna and the presence of lemming (Preece et al., 2007); however, evidence for 

reworking complicates the environmental interpretation.  It is important to note that this 

interval is associated with the presence of twisted ovate handaxes in the British archaeological 

record (White, 1998b).  However, the lack of environmental evidence directly derived from 

sequences that contain these artefacts means that the environmental context of these handaxe-

making populations is poorly understood. 

3.5. Chapter Summary 

• MIS 11 has one of the best-preserved records of hominin occupation during the Middle

Pleistocene in Britain, with the occurrence of two industries, the Clactonian and

Acheulian, and evidence for variation associated with the Acheulian highlighted by the

presence of twisted ovate handaxes.

• Chronologically, the Clactonian and Acheulian are distinct, with the Clactonian

occurring in deposits assigned to the early Hoxnian, and the Acheulian in later Hoxnian
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and post-Hoxnian deposits.  This is suggested to be a function of the migration of two 

different hominin populations into Britain from different parts of Europe prior to the 

isolation of Britain during the climatic optimum of MIS 11.  The presence of twisted 

ovate handaxes is suggested to occur in late MIS 11/early MIS 10, potentially during a 

post-Hoxnian interstadial correlated to MIS 11a. 

• Based on the distributional patterns of finds, it is apparent that hominin populations

were utilising fluvial systems preferentially.  This may be an artefact of preservation and

collection bias; although it is likely hominins were using fluvial systems as migration

routes into Britain, with lacustrine systems utilised only later in the interglacial when

the landscape became more open.

• In palaeogeographical terms, MIS 11 represents the first interglacial in which Britain

was isolated from mainland Europe during sea level high stands.  A multi-phase model

of hominin migration, occupation and abandonment based on Britain’s ‘island status’

during Middle Pleistocene interglacials has accordingly been developed.

• Using this model, combined with the current evidence for palaeoenvironmental,

climatic and archaeological changes during MIS 11, and the pattern of hominin

occupation is discussed.  It is clear from the model that whilst there is a large amount of

sedimentary and palaeoecological evidence for environmental clanging during MIS 11

in the British Isles, there is currently no overarching climatic framework into which the

evidence can be placed.
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 Stable Isotopes in Quaternary freshwater systems Chapter 4 - 

4.1. Introduction 

The application of stable isotope analysis for environmental reconstruction has greatly 

improved our understanding of Quaternary climate variability.  In marine and ice cores, this 

technique has enabled the validation of orbital forcing as the key driver of glacial-interglacial 

climate change (McCrea, 1950; Emiliani, 1955; Imbrie et al., 1984; Shackleton, 1987; Jouzel et al., 

2007) as well as the identification of sub-orbital millennial and centennial scale climatic events 

(e.g. Steffenson et al., 2008).  By comparison, until relatively recently, the application of stable 

isotope analysis of Quaternary freshwater carbonates to investigate climatic variability within 

continental sequences has been underutilised.  However, it has been demonstrated in a number 

of studies that the δ18O value of freshwater carbonates can successfully be used to record 

palaeoclimatic changes, because in the temperate mid-latitudes, the δ18O of the water from 

which the carbonate is precipitating or mineralising can be linked to the δ18O value of rainfall 

(Leng and Marshall, 2004; Candy et al., 2011).  This in turn has been demonstrated to have a 

positive linear relationship with mean annual air temperature (Dansgaard, 1964; Rozanski et al., 

1992, 1993).  The δ13C values of freshwater carbonates yield further information regarding the 

hydrology of surface waters (Leng and Marshall, 2004), biological activity (Coletta et al., 2001) 

and potentially changes in humidity (Ihlenfeld et al., 2003). 

The utility of freshwater carbonates to record sub-orbital climatic variability has been 

demonstrated in a number of British lacustrine and tufa sequences (Marshall et al., 2002, 2007; 

Garnett et al., 2004; Candy et al., 2015), in which variation in δ18O values can be correlated with 

climatic variability observed in the ice core records.  However, these studies tend to span the 

Last Glacial-Interglacial transition (LGIT) and Holocene, with very few studies associated with 

the Early and Middle Pleistocene (Candy, 2009; Candy et al., 2011).  This is partly due to the 

fragmentary nature of many terrestrial sequences from this period, and disagreements over the 

age of the sequences, particularly when they are near or beyond the limits of traditional dating 

techniques (Geyh and Muller, 2005; Scourse, 2006; Candy et al., 2014).  However, due to the 

well-preserved MIS 11 terrestrial sequences in the British Isles, and the ability to correlate a large 

number of sites to global records, there are a range of sites that comprise freshwater carbonates 

that are ideal for investigation.  This study focuses on three types of freshwater carbonates: 

lacustrine carbonates from Marks Tey, (Turner, 1970; Tye et al., in review), freshwater 

gastropod carbonate from the Swanscombe sequence(Bridgland, 1994; White et al., 2013) and 

tufa carbonate from Oughtonhead Lane, Hitchin(Kerney, 1959).  The environmental controls 

on the δ18O of lacustrine and tufa carbonates are well understood, however this is less true for 
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freshwater gastropod carbonate.  Consequently, this study also involves an investigation into the 

δ18O values of modern freshwater gastropod carbonate from freshwater molluscs from the 

Thames and associated tributaries.   

This Chapter firstly outlines the theoretical principles behind the use of stable isotopes in 

freshwater carbonates as a means of palaeoenvironmental reconstruction and discusses the 

mechanism of carbonate formation in different freshwater settings.  It then goes on to 

summarise the factors that control the δ18O and δ13C signatures in these archives, before 

discussing some of the important limitations that need to be considered when interpreting δ18O

and δ13C values from these archives.  The Chapter concludes by describing some of the key 

sequences in the British Isles and Western Europe where this technique has been applied.  A 

decription of the stable isotope notation used in this Chapter and throughout this thesis is 

presented in a glossary on page. 

4.2. Stable isotopes in freshwater systems: Theoretical principles 

4.2.1. Isotope chemistry and fractionation 

Isotopes are atomic variants of a particular element in which the atom nucleus contains the 

same number of protons and electrons, but a different number of neutrons, resulting in different 

atomic masses.  There are two types of isotopes: unstable (radioactive e.g, U/Th) that undergo 

radioactive decay to a daughter element because of an unstable nucleus, and stable (e.g, O/H/C) 

in which radioactive decay is negligible.  A number of these stable isotopes, such as H, C, N, O, 

and S, have a practical importance for environmental reconstruction.  These occur readily in the 

natural environment, and are atomically light enough so that differences in the relative mass of 

different isotopes can be readily measured (Clark and Fritz, 1997).  This study is primarily 

focused on the stable isotopes of two of these elements: oxygen and carbon.  Oxygen has three 

stable isotopes: 16O (99.575% natural abundance), 17O (0.038%) and 18O (0.205%) of which the 

ratio between 16O and 18O is commonly determined for palaeoenvironmental studies.  Carbon 

has two stable isotopes: 12C (98.93%) and 13C (1.07%).  

The fundamental control on ratios of 16O/18O and 12C/13C observed in freshwater systems is 

isotopic fractionation.  Fractionation is the partitioning of isotopes between two substance and 

two-phase states, due to mass-controlled differing rates of reaction of the isotopes.  18O has a 

greater mass, and consequently has a greater partition function (based on vibrational, 

translational, and rotational frequencies of an atom).  This difference in partition function 

means that 18O will have a lower zero-point energy (the potential energy of the molecular bond 

in a vibrating atom), and as a result requires greater energy to dissociate when undergoing a 

phase change than 16O (Figure 4.1.).  The result of this is a disproportionate concentration of an 

isotope on one side of the reaction in comparison to the other, termed mass-dependant 
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fractionation.  As this process is a thermodynamic reaction, the degree of fractionation is heavily 

dependent on the temperature at which the reaction occurs (Figure 4.2.); at higher temperatures, 

the difference between the partition functions of the ‘heavy’ and ‘light’ isotope becomes lower, 

therefore less partitioning between isotopes in the reactants and products occurs.   

Figure 4.1. The relationship between interatomic distance and potential energy of heavy (EH) and light (EL) isotopes of 
the same element.  The lighter isotope has a higher zero-point energy (comfort-zone) than the heavy isotope. 
Consequently, less energy is required to break the bonds of the lighter isotope so will reach more readily.  Therefore, the 
dissociation energy of the light isotope (DL) is less than the heavy isotope (DH).  Isotope fractionation arises from this 
difference (adapted from Clark and Fritz, 1997). 

Isotopic fractionation occurs primarily from either equilibrium or kinetic effects, or a 

combination of both.  Equilibrium fractionation occurs because of isotope partitioning related 

to a change in state (e.g., water to ice) or a chemical reaction (e.g., production of carbonic acid 

in a lake system).  For isotopic equilibrium to occur, three conditions need to be fulfilled.  First, 

the reaction should be in chemical equilibrium.  Second, the reaction has occurred enough times 

so the isotopes are well mixed between reactant and product reservoirs.  Third, each reservoir 

itself will be well mixed, so that isotopic equilibrium can exist for a long period of time (Clark 

and Fritz, 1997).  The position of chemical equilibrium is largely dependent on the temperature 

at which the reaction is occurring (Hoefs, 2008), as such, isotopic fractionation in chemical 

equilibrium can be directly related to temperature.  The assertion that carbonate precipitation 

and mineralisation largely occurs under equilibrium conditions is therefore the basis for its use 

as temperature proxy. 

Kinetic fractionation, conversely, results from a usually rapid unidirectional reaction, which 

favours the removal of the light isotope due to its lower partition energy.  Consequently, the 

reactant will be more enriched in the heavier isotope than the product.  The best example of this 

is the evaporation of ocean water, which results in the water body becoming enriched in 18O and 

the clouds formed as a result being enriched in 16O.  In freshwater systems, kinetic fractionation 
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is most commonly associated with the assimilation of CO2 during photosynthesis (Clark and 

Fritz, 1997).  However, it is also suggested to occur during the rapid precipitation or 

mineralisation of carbonate (McConnaghuey and Gillikin, 2008; Dietzel et al., 2009), rapid CO2 

degassing (Andrews, 2006), and evaporative processes within the soil zone (Darling et al., 2003).  

The third type of fractionation that occurs is associated with diffusion of molecules across a 

concentration gradient.  Lighter isotopes are more mobile and therefore diffuse more readily 

than heaver isotopes, causing fractionation (Clark and Fritz, 1997).  This type of reaction 

reaches a steady state, but is not in equilibrium, and as such, it is a type of kinetic fractionation.   

Figure 4.2 Graph showing the relationship between water temperature and the fractionation of 18O/16O in freshwater 
gastropod shell determined experimentally (from White et al., 1999).  Fractionation (1000lnα) increases with decreasing 
temperature (1000(1/T) as the function of mass-controlled rates of reaction of different isotopes of the same element. 

4.2.2. Measurement, standards and notations 

Stable isotopes are measured as a ratio between the two most abundant isotopes for a particular 

element, in relation to the known ratio from reference material (or standard) expressed using 

the delta (δ) notation.  Due to the small variation in isotope concentrations, per mille (‰) is 

used.  The δ value is calculated as follows (Urey, 1947; McKinney et al., 1950):  

𝛿!"𝑂 = 1000  ×    ! !"#$%&!   ! !"#$%#&%

! !"#$%#&%
EQ. 4.1 

Where (R) is the ratio of 18O to 16O within the sample and the standard.  To allow for inter-

laboratory comparison reference standards are used, which are standard mean ocean water (V-

SMOW) for 16O/18O ratios in water and Cretaceous Peedee Belemnite (V-PDB) for all 12C/13C 

ratios and 16O/18O ratios in carbonates.  All δ18O and δ13C values are expressed against these 

standards, thus a δ18O value of -10‰ means the sample is 10‰ or 1% depleted in the rare or 

heavier isotope in relation to the reference standards.  As oxygen can be measured against V-
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PDB or V-SMOW depending on the sample material, conversion between the two standards is 

as follows: 

𝛿!"𝑂   𝑉 − 𝑆𝑀𝑂𝑊 = (1.03091  ×  𝛿!"𝑂   𝑉 − 𝑃𝐷𝐵 + 30.91 EQ. 4.2 

𝛿!"𝑂   𝑉 − 𝑃𝐷𝐵 = (0.97002  ×  𝛿!"𝑂   𝑉 − 𝑃𝐷𝐵 −   29.98 EQ. 4.3 

4.3. Formation of freshwater carbonates 

4.3.1. Basic principles of carbonate formation 

Carbonate formation occurs in freshwater systems where the underlying bedrock is calcareous 

(e.g. marine limestone) or the surrounding superficial deposits such as till, are rich in carbonate.  

Consequently, groundwater percolating through these areas becomes rich in Ca2+ ions; through 

recharge, surface waters also become Ca2+ rich.  Carbonate precipitation and mineralisation 

occurs because of the supersaturation of the water with respect to Ca2+ ions as result of physical 

and/or biological factors in the surface water (Kelts and Hsu, 1978), or due to metabolic 

processes causing the supersaturation of fluid derived from surface water during 

biomineralisation (Wilbur and Saleuddin, 1983).  The formation of solid CaCO3 from 

supersaturated water can be summarised as follows: 

𝐶𝑎𝐶𝑂! +   𝐶𝑂! +   𝐻!𝑂  ⟷   𝐶𝑎!! +   2𝐻𝐶𝑂!!   EQ. 4.4 

This can be divided into the following chemical reactions: 

𝐶𝑂!   ! ⟷ 𝐶𝑂!   !"     EQ. 4.5 

𝐶𝑂! +   𝐻!𝑂  ⟷   𝐻!𝐶𝑂!     EQ. 4.6 

𝐻!𝐶𝑂!   ⟷   𝐻! +   𝐻𝐶𝑂!! EQ. 4.7 

𝐻𝐶𝑂!!   ⟷   𝐻! +   𝐶𝑂!!!     EQ. 4.8  

𝐶𝑂!!! +   𝐶𝑎!!   ⟷   𝐶𝑎𝐶𝑂!   EQ. 4.9 

In this reaction series, carbon dioxide, which either is derived from the atmosphere, soil zone or 

from metabolic sources, combines with water to form weak carbonic acid.  This, through a 

number of stages, combines with calcium ions to form solid carbonate.  The formation of 

carbonate in different freshwater carbonate types is presented in Figure 4.3.  It is important to 

consider the sources of carbon and oxygen in the carbonate ions when interpreting the isotopic 

signature of carbonate.  As bicarbonate is formed from the dissolution of CO2 in the water 

column, δ13C values of carbonate are suggested to record the signal of the total dissolved 

inorganic carbon (DIC) in the water column, whereas oxygen is derived from the water in which 

the CO2 combines.  Although oxygen can be derived from CO2, there is less natural variability 

associated with this source; consequently, the δ18O value of carbonate is a reflection of the δ18O 
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value of the source water.  This means that variability in the oxygen isotope signature of the 

water will be expressed in the δ18O values of carbonate. 

Figure 4.3. Carbonate formation in freshwater systems. (A) represents the formation of carbonate in a generalised 
freshwater system. (1) CO2 derived from atmosphere and soil zone causes the formation of carbonic acid and 
bicarbonate ions. (2)The presence of carbonic acid causes the dissolution of limestone bedrock, increasing the 
concentration of Ca2+ ions in the groundwater.  (3) The groundwater feeds into spring systems, where rapid CO2 
degassing plus biological mediation cause Ca2+ supersaturation and tufa carbonate formation.  (4)  The groundwater 
also feeds into fluvial and lacustrine systems; in lacustrine systems, increases in temperature and productivity during the 
summer months result in the removal of CO2 from the water body, causing Ca2+ supersaturation and authigenic 
carbonate formation.  Also present in these surface waters are freshwater molluscs (B). Carbonate mineralisation occurs 
in the extrapallial fluid using water, bicarbonate, carbonate, and Ca2+ ions from the surface water and Ca2+ and CO2 
derived from respiration. 

4.3.2. Lacustrine carbonates  

Lacustrine authigenic carbonates are composed of fine-grained marl (greater than 60% 

carbonate) with either a massive or a rhythmically laminated structure (Kelts and Hsü, 1978).  

Formation occurs in the water column because of two interrelated mechanisms; photosynthetic 

activity in the water column, which causes the removal of CO2, and an increase in temperature, 

which leads to the loss of CO2, as its solubility is temperature dependant (Kelts and Hsü, 1978; 

Hakanson and Jansson, 1983).  Both of these processes are at their peak during the summer, as 

biological productivity will be at its maximum and water temperature will be at its highest. CO2 

removal causes the dissociation of carbonic acid and bicarbonate, which eventually leads to the 

increase in the concentration of calcium and carbonate ions, until they become supersaturated 

and precipitated out of solution. 
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4.3.3. Tufa carbonates 

Tufas are accumulations of carbonate that precipitate from ambient temperature springs in 

either fluvial or lacustrine settings (Pedley, 1990; Viles, 2004; Pentecost, 2005).  Carbonate 

precipitation in tufa deposits results from the combination of degassing of CO2 subsequent to 

spring emergence (Dandurand et al., 1982; Andrews, 2006) and the presence of microbial 

biofilms which change the local water chemistry and provide nucleation sites to aid carbonate 

precipitation (Pedley and Rogerson, 2010).  CO2 degassing is controlled by a combination of 

physical and biochemical processes.  At the source of the spring, rapid degassing from the 

emergent waters takes place as a result of equilibration with atmospheric CO2, which has a lower 

partial pressure than that of groundwater (Dandurand et al., 1982).  Further downstream,  CO2 

degassing also takes place in areas of high water turbulence, for example areas of increased flow 

and/or shallowing of the water body, such as waterfalls (Zhang et al., 2001) or barrage systems 

with obstructions (Andrews, 2006).  Away from sites of increased flow, such as small pool or 

lakes, precipitation occurs primarily as a result of biological processes.  Photosynthetic avitvity is 

suggested as a one of the processes resulting in the removal of CO2 from the waterbody 

(Rogerson et al., 2010; Arp et al., 2001; Folk, 1985); evidence suggests it is not the primary 

biological driver of CO2 removal (Pentecost and Coletta, 2007).  

More significantly, the presence of microbial biofilms is suggested be the primary cause of 

carbonate precipitation (e.g, Riding, 2000; Pedley, 2014).  In freshwater settings, these are 

accumulations of predominantly filamentous cyanobacteria, which induce carbonate 

precipitation via the removal of CO2  or HCO3
- (Dupraz et al., 2009).  This results  in an increase 

of alkalinity and supersaturation of Ca2+; the presence of  ‘ nano-globules’ on the surface of 

bacteria bound by extracellular polymeric substances (EPS), act as nucleation sites, aiding the 

precipitation of carbonate.  It is important to note that the microbial biofilms do not influence 

the rate of carbonate precipitation or the mineralogy and geochemistry of the deposit, therefore 

the precipitating carbonate is representative of local environmental conditions rather than 

biological processes (Arp et al., 2001, 2010; Andrews and Brazier, 2005).  

4.3.4. Biogenic carbonates 

Freshwater biogenic carbonates can be found in organisms that possess a carbonate skeleton 

(fish otoliths) or exoskeleton (molluscs and ostracods), or which are composed of carbonate 

stem encrustations or gyrogonites (e.g, Chara).  This thesis focuses solely on freshwater mollusc 

shells, which, comprise two classes: gastropods, which are characterised by a single coiled or 

spiralled shell, and bivalves consisting of two symmetrical or asymmetrical joined valves. 

Although possessing morphological and anatomical differences, these two classes undergo shell 

formation the same way and possess a comparable crystal structure.  
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Shell mineralisation occurs in the extrapallial fluid (EPF), a fluid medium lying between the 

mantle and inner shell surface (Wilbur and Saleuddin, 1983).  The mineralisation of carbonate 

in this fluid is caused by supersaturation resulting from high concentrations of both Ca2+ and 

CO3
- in the EPF (McConnaghuey and Gillikin, 2008).  Once formed, the carbonate crystals are 

bound to the inner shell surface by a protein-rich organic matrix.  Ions used in carbonate 

mineralisation come from two main pathways: direct fluid exchange with surface water via the 

epithelium and active transport (Ca2+) or diffusion (CO2) from the mantle tissue (Figure 4.3.).  

Therefore, the Ca2+ and CO2-bicarbonate pool in the EPF is a combination of metabolically 

derived and environmentally derived carbon (Wilbur, 1964, Wilbur and Saleuddin, 1983, 

McConnaghuey and Gillikin, 2008).  However, this has little influence on the 18O composition of 

the carbonate, as the main control on the δ18O is H2O, which is derived from the surface water; 

this has important implications for interpreting the δ13C record.  

The resultant shell carbonate can be one of two polymorphs of CaCO3: calcite or aragonite.  The 

majority of freshwater molluscs species have a shell which is composed of aragonite, with the 

shells of a small number of taxa and the operculum (a solid calcareous cap that protects the 

mantle during periods of inactivity) of prosobranch gastropods composed of calcite.  Because of 

a denser crystal lattice and higher co-ordination number, when formed, aragonite fractionates 
18O and 13C more readily than calcite, which results in relatively higher δ18O and δ13C values in 

aragonite than calcite that has formed under the same temperatures.  For δ18O values, the most 

widely accepted value for this offset is +0.6‰ (Tarutani et al., 1969), with other determinations 

ranging between +0.5 to +0.8‰ (Lécuyer et al. 2012 and references therein).  For δ13C values, the 

offset is suggested to be +1.7‰ (Romanek et al., 1992).  This difference has important 

implications when: 1) comparing aragonite and calcite parts from the same shell, and 2) 

comparing mixed assemblages of biogenic or biogenic-authigenic carbonate material from the 

same sequence. 

4.4. Factors controlling the δ18O of freshwater carbonates 

The potential use of the δ18O values of freshwater carbonates to record palaeoenvironmental 

change is based on the principle that: 

• The formation of carbonates from surface waters is largely an equilibrium fractionation

process, and as such, the degree of isotopic fractionation can be related to water

temperature at which carbonate precipitation or mineralisation occurs (Urey, 1947;

McCrea, 1950; Epstein et al., 1953; Kim and O’Neil, 1997; Leng and Marshall, 2004).

• The δ18O of surface water is in turn controlled by the δ18O value of inflowing water; this

is primarily a reflection of δ18O value of rainfall (Darling et al., 2003; Darling, 2004;

Leng and Marshall, 2004)
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• In temperate mid-latitude regions, a positive relationship between the δ18O value of

rainfall and local air temperature exists (Dansgaard 1964; Rozanski et al., 1992, 1993;

Darling and Talbot, 2003; Darling, 2004)

Therefore, the observed variations in δ18O value of freshwater carbonates can be linked to 

prevailing temperature changes.  However, there are a number of factors that have the potential 

to modify the relationship between the isotopic values of lake or river water and that of rainfall. 

Such factors may result in the δ18O values of carbonates recording local hydrological factors, 

rather than temperature.  The Section below describes the controls on δ18O values of meteoric 

waters. 

4.4.1. Controls on δ18O values of rainfall 

The δ18O of rainfall (δ18Orainfall) is controlled by a number of factors including the δ18O value of 

the moisture source, the temperature, latitude, and altitude of rainfall, the effect of 

continentality and the amount of rainfall.  

4.4.1.1. The δ18O value of moisture source 

Rainfall is derived from oceanic sources, which have as δ18O value of ca. 0‰ (equal to V-

SMOW).  Evaporation follows the kinetic fractionation process outlined in Section 4.2; as 16O is 

lighter then 18O and has a higher zero-point energy; it is more readily evaporated (Craig and 

Gordon. 1965).  Consequently, the condensed water vapour will have a much lower δ18O value 

than the ocean water from which it has evaporated.  Over Quaternary timescales, the δ18O value 

of ocean water will change through glacial-interglacial cycles due to the incorporation of 16O in 

ice masses (termed the ‘ice-volume’ effect), leaving the oceans relatively more enriched in 18O 

during glacial periods, and more depleted in 18O during interglacial periods (Shackleton, 1987).  

Changing δ18O values of the moisture source can also impart an effect on δ18O values of rainfall 

during the early and late stages of an interglacial.  During the early part of an interglacial, the 

presence of residual ice masses subsequent to the glacial-interglacial transition will mean that 

ocean waters will remain relatively enriched in 18O.  Consequently, δ18O values of rainfall will be 

elevated but, not necessarily because of high temperatures (Candy et al., 2015).  This is also true 

of interglacial-glacial transitions, where the increase in ice volume will lead to the enrichment of 

oceanic water with respect to 18O.  This will result in the increase in δ18O values of rainfall, and 

act to dampen the effect of decreasing temperatures during the end of an interglacial.  Both of 

these processes will have the greatest effect during interglacials such as MIS 11, where there is 

evidence for protracted deglaciation (Imbrie et al., 1984; Rohling et al., 2010) and a long glacial 

inception (Vettoretti and Peltier, 2004). 
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Figure 4.4. The relationship between mean annual air temperature and δ18O of precipitation (V-SMOW), as 
summarised by Rozanski et al., (1993).  

4.4.1.2. Temperature and latitude 

The strong positive correlation between air temperature and δ18Orainfall values forms the basis for 

the use of δ18O values of freshwater carbonate as a palaeotemperature proxy.  This relationship 

was first proposed in the 1960s (Craig, 1961; Dansgaard, 1964), where latitudinal variations in 

the δ18O and δD (deuterium) of precipitation were found to co-vary along a global meteoric 

water line (GMWL).  On a global scale, a decrease in mean annual temperature related to 

increased latitude cause the progressive decrease in δ18Orainfall values. This is due to two 

mechanisms: 1) as an air mass cools, rainfall is formed preferentially using the heavier 18O, so 

will be relatively more enriched than the water vapour from which it is condensing, and 2) as 

progressive rainfall from an air mass occurs as it moves away from its moisture source (from 

low latitudes to high latitudes), rainout will progressively remove 18O from the vapour, leaving 

the residual vapour isotopically lighter (following Rayleigh distillation) assuming there is no 

addition to and recycling of water vapour.  The empirical relationship between annual δ18Orainfall 

and mean annual air temperature, as defined by Dansgaard (1964), is +0.69‰/°C.  This value 

varies spatially, ranging from 0.8-0.9‰ in high-latitude areas (Rozanski et al., 1992) to zero for 

low-latitudes, where other factors such as the amount of rainfall, are more important 
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(Dansgaard, 1964; Rozanski et al., 1992).  In the temperate mid-latitudes, such as northwest 

Europe the relationship is defined as +0.58‰/°C (Figure 4.4., Rozanski et al., 1992, 1993). 

4.4.1.3. Altitudinal, continentality and rainout effects 

 Physical factors, such as increasing altitude and distance from the coast (continentality), also 

impart a depletion of 18O in rainfall.  Decreased temperature with increasing altitude causes 

enhanced condensation, thus the progressive removal of 18O from air masses as altitude 

increases, with the effect being between -0.15‰ to -0.5‰/100m (Clark and Fritz, 1997; Poage 

and Chamberlin, 2001; Darling and Talbot, 2003).  The gradient is lower than observed for 

latitude, due to the decreasing pressure with altitude, meaning that a larger temperature 

decrease is needed to reach the saturated vapour pressure, which causes rainfall to occur (Figure 

4.5.).  In mid-latitude areas, there is also evidence for depletion in 18O in rainfall associated with 

increasing distance from the coast, as a result of the preferential removal of 18O via rainout from 

an air mass as it progresses over continental areas (Figure 4.6.).  The continental gradient for 

Europe has been calculated as -2‰/1000 km (Rozanski et al., 1992, 1993).  This effect is also 

observed over much smaller distances, for example in the British Isles, where a southwest to 

northwest gradient in δ18Orainfall values exists, associated with the predominant track of major air 

masses (Darling, 2003).  

Figure 4.5. Graphical representations of the amount effect and the altitude effect.  A and B) Long term monthly and 
mean annual δ18O values of precipitation from tropical island stations, plotted as a function of A) Average monthly 
amount of precipitation (mm) and B) Average monthly temperatures (from Rozanski et al., 1993).  C) Relationship 
between δ18O values of rainfall and elevation, based on a number of modern European and North American sites (from 
Poage and Chamberlin, 2001). 

c.
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Figure 4.6. Representation of the rainout effect associated with increased continentality. As distance from the moisture 
source (ocean) increases, the δ18O value of rainfall decreases due to the preferential rainout of 18O (adapted from Hoefs, 
1997). 

4.4.1.4. Seasonality and the amount of rainfall 

At a single locality, there is also seasonal variation in δ18Orainfall related to temperature.  The effect 

of seasonality is most pronounced in high-latitudes and continental interiors, and minimal in 

equatorial areas, with more enriched values associated with summer rainfall and more depleted 

values from winter rainfall.  For mid-latitude monitoring stations, this relationship is 

+0.32‰/°C (40-60°N) (Rozanski et al., 1992, 1993).  Mook (2008) has suggested that seasonal 

variation in δ18Orainfall values can be attributed to different source characteristics of the moisture 

and evaporative enrichment from the cloud base during summer months (Figure 4.6.).  This 

results in higher δ18O values in the summer months associated with warmer temperatures, and 

lower δ18O values in the winter months, associated with cooler temperatures.  Where seasonal 

variation in temperature is low, for example in tropical regions, the volume of rainfall is shown 

to correlate with heavy isotope composition, termed the ‘amount effect’.  This causes depletion 

in δ18O values of precipitation in tropical regions that is unrelated to mean annual air 

temperature (Rozanski et al., 1992, 1993). The amount effect has also been demonstrated to 

occur over short time frames in temperate areas associated with convective storms (Darling et 

al., 2003).  

Therefore, in regions such as temperate northwest Europe, the δ18O of rainfall is strongly 

controlled by: 1) mean annual air temperature, 2) seasonal variations in air temperature, 3) 

proximity to moisture source, and 4) the isotopic composition of the moisture source.  The 

influence of altitudinal and the amount of rainfall on the δ18O value of rainfall are likely to be 

low in these regions.  During Quaternary interglacial periods such as MIS 11, changes to the 

proximity of the British Isles to the primary moisture source (this being the North Atlantic) and 

variations in the δ18O value of the water from this source related to ice volume would have also 

been minimal.  Consequently, in an area such as the British Isles, the primary controls on the 

δ18O value of rainfall will be mean annual air temperature and seasonal variations in air 
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temperature.  Consequently, it can therefore be demonstrated that air temperature will be the 

primary control on the δ18O values of rainfall that ultimately recharge the surface waters. 

Figure 4.7.  Relationship between seasonality and δ18O value of rainfall (from Higgins and MacFadden, 2004).  The 
upper graph indicates the effect on the amount of rainfall on isotopic variation in tropical regions; the lower graph 
highlights seasonal isotopic variations in temperate mid-latitude regions. 

4.4.2. Controls on the δ18O value of recharge waters 

The mechanisms by which rainfall recharges surface waters will also lead to distinctive δ18O

values, as meteoric waters can enter a fluvial and lacustrine systems via a combination of direct 

rainfall, surface runoff and baseflow from percolating groundwater (Darling et al., 2003). 

Subsequent to rainfall, meteoric water infiltrates through the unsaturated zone into the 

saturated zone from which it directly recharges surface waters. During infiltration, there are a 

number of processes that can modify δ18O values.  These include the direct evaporation from the 

soil zone, plant transpiration and the re-evaporation of water intercepted by vegetation prior to 

entering the soil zone.  Transpiration is a non-fractionation process (Zimmerman et al., 1967); 

however, total modification via other processes is suggested to be approximately +0.5‰ 

(Darling, 2004).   

Evident from the δ18O values of groundwater (δ18Ogroundwater) in the unsaturated and saturated 

zone is the absence of seasonal variation, due to the mixing of rainfall in the unsaturated zone 

(Clark and Fritz, 1997; Mook, 2006).  The depth at which this occurs, known as the ‘critical 

depth’, is a function of the physical properties of the unsaturated zone, length of flow path and 

residence time, which are heavily dictated by the geological properties of the aquifer (Clark and 

Fritz, 1997). The δ18O value of water entering the surface waters is thus a reflection of the 

weighted average of the δ18O of annual rainfall.  This pattern is observed in British fluvial 

systems (Darling, 2004), with δ18Orainfall values varying seasonally and δ18Ogroundwater remaining 
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relatively constant.  Furthermore, the δ18O value of the surface water (δ18Owater)  corresponds 

with the long-term average of δ18Orainfall (Darling et al., 2003). Consequently, the δ18O value of 

water recharging the surface water is representative of that of the mean annual δ18O value of 

rainfall, which is in turn, is correlated to mean annual air temperature.  Spatial and long-term 

temporal variation in groundwater δ18O values in the British Isles can be observed and related to 

the controls on δ18Orainfall.  Spatially, measured δ18O values show a southwest to northeast pattern 

of decreasing δ18O values, following patterns of δ18Orainfall observed as an effect of continentality 

(Darling, 2004).  Palaeogroundwaters greater than 10 kyr old also show lower values, associated 

with cooler temperatures and the influence of increased ice volume during the last glacial period 

(Schrag et al., 1996). 

4.4.3. Modifications to the δ18O value of surface waters 

Subsequent to recharge, a number of processes can occur that may modify the δ18Owater value of 

surface waters prior to the precipitation and mineralisation of carbonate.  These factors are most 

pronounced in lacustrine systems due to the influence of increased residence time; however all 

surface waters are susceptible to some modification.  

4.4.3.1. Lacustrine systems 

The most important factor that causes modification of the δ18O value of lake water is the 

hydrological regime of the basin.  If the lacustrine system is hydrologically-closed (i.e. with no 

significant outflow or inflow, or groundwater recharge), the basin will be characterised by a long 

residence time.  In this scenario, water balance is controlled by the ratio between precipitation 

and evaporation (Leng and Marshall, 2004).  Consequently, δ18O values are influenced by the 

amount of evaporation; high evaporation leads to the preferential removal of 16O, increasing 

δ18O values of the lake water.  This also reduces the water level, and as such reduces the solubility 

of CO2, causing degassing and the increase in δ13C values (Talbot, 1990; Leng and Marshall, 

2004), and leading to co-variance in δ18O and δ13C values.  These types of lakes are most 

common in arid and semi-arid regions.  However, hydrologically-open lakes in temperate 

regions can also undergo modification.  If the residence times of lake is low, or the water body is 

small, there tends to be less mixing of waters and the rapid displacement of lake water by rainfall 

events.  This means that the δ18O of lake water will vary seasonally, with ranges reflecting 

seasonal rainfall (Pearson and Coplen, 1978).  Larger hydrologically-open systems will behave in 

a similar way to fluvial systems and will thus have more constant δ18O value across the year, 

therefore the δ18O values of carbonate precipitated in these basins are likely to reflect the δ18O 

value of regional rainfall, and as a result, the prevailing air temperature regime.  However, in 

larger basins, lake stratification can also modify the δ18O of the water; summer stratification 

causes a gradient between the eplimnetic waters (which may undergo seasonal modification of 
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δ18O values due to temperature effects) and the hypoliminon (which the δ18O value of water 

remains relatively constant), As such, there may be a marked difference in δ18Owater values 

through the water column (Bernasconi and McKenzie, 2007; Bluszcz et al., 2009) 

4.4.3.2. Fluvial and spring systems 

Perennial fluvial systems, such as those characteristic of lowland Britain, are constantly 

recharged by groundwater, as such, the δ18O value should remain relatively constant throughout 

the year (White et al., 1999; Darling et al., 2003; Waghorne et al., 2012).  However, the δ18O

signature of water can be modified by the altitude effect on precipitation in upland rivers (Mook 

2006) and the effect of seasonal snowmelt, which is enriched in 16O, causing the lowering of δ18O 

values of river water.  In smaller river systems, there is a faster response to changing δ18O values 

of rainfall due to the direct and more pronounced effect of direct surface runoff (Hermann and 

Stichler, 1980; Mook, 2006).  As such, the δ18O values of the river water will vary based on the 

magnitude and duration of rainfall effects.  During the summer months, when soil moisture 

content is low and there is a lower groundwater residence time, the seasonal δ18O signature of 

rainfall may not be fully buffered before recharge.  This has the greatest impact in smaller river 

systems; however, it can also cause a small amount (0.5‰) of isotopic variability in larger fluvial 

systems (Darling, 2003).  As with fluvial systems, the δ18O values of water from emergent springs 

are also likely to remain relatively constant throughout the year (Andrews. 2006).  In lowland 

vegetated tufa systems, such as those found actively precipitating in the British Isles, δ18O water 

values undergo minimal modification prior to carbonate precipitation.  However, it is important 

to note that evaporative effects can occur in slower flowing areas of the tufa system, this imparts 

the largest effect in semi-arid regions (e.g, Smith et al., 2004) and is minimal in temperate 

regions (Andrews et al., 1997).  Therefore, it can be suggested that the δ18O values of tufa 

carbonate precipitating in these systems are likely to reflect the δ18O value of regional rainfall. 

4.4.4. Controls on δ18O during carbonate formation 

4.4.4.1. Temperature 

As outlined in Section 4.2, the process of equilibrium isotopic fractionation during carbonate 

precipitation and mineralisation is temperature dependant.  The relationship between 

temperature and isotopic fractionation means that  lower water temperatures produce a greater 

fractionation effect between 16O and 18O, resulting in carbonates with a higher δ18O value than 

those produced under higher water temperatures.  This relationship is in the order of -0.24‰ to 

-0.28‰/1°C, based on a number of published palaeotemperature estimates (Craig, 1965; Hays 

and Grossman, 1991; Kim and O’Neil, 1997; Leng and Marshall, 2004).  For freshwater calcite, 

the most commonly used palaeotemperature equation is that of Kim and O’Neil (1997), which is 

based on synthetic calcite: 

98



Chapter 4 - Stable isotopes in Quaternary freshwater systems 

𝑇 = 13.8 − 4.58  × 𝛿!"𝑂!"#$ −   𝛿!"𝑂!"#$% + 0.08× 𝛿!"𝑂!"#$ −   𝛿!"𝑂!"#$%   !                  EQ. 4.10 

In this study however, as palaeotemperature estimates are based primarily on biogenic calcite, 

the equation of Anderson and Arthur (1983) used: 

𝑇 = 16.0 − 4.14  × 𝛿!"𝑂!"#$ −   𝛿!"𝑂!"#$% + 0.13× 𝛿!"𝑂!"#$ −   𝛿!"𝑂!"#$%   !                 EQ. 4.11 

A number of derivatives of palaeotemperature equations also exists for aragonite.  As this thesis 

is dealing with aragonite specifically from freshwater molluscs, the equation of White et al. 

(1999) based on freshwater mollusc aragonite is used: 

𝑇 = 21.36 − 4.83  × 𝛿!"𝑂!"#$ −   𝛿!"𝑂!"#$%              EQ. 4.12 

 The temperature effect on fractionation works in the opposite direction to the temperature 

effect on δ18Orainfall values.  As described above, the relationship between δ18Orainfall and air 

temperature is +0.58‰/1°C; consequently, the temperature effect of fractionation will moderate 

this relationship, meaning that a 1°C increase in temperature will result in a +0.3‰ to +0.34‰ 

increase in δ18O values of carbonate, assuming isotopic equilibrium (e.g, temperature controlled 

change in δ18Orainfall (+0.58‰) – temperature controlled change in fractionation of carbonate (-

0.24‰ to -0.28‰)).   

4.4.4.2. Disequilibrium effects associated with biogenic carbonates 

Disequilibrium effects, which result in the precipitation or mineralisation of carbonate out of 

isotopic equilibrium with surface waters, are known for a number of biogenic carbonates (Xia et 

al., 1997; von Grafenstein et al., 1999; Holmes and Chivas, 2002).  In biogenic carbonates, these 

are termed ‘vital effects’, and result from metabolic processes that cause an internal fractionation 

effect regardless of prevailing environmental conditions.  These effects have been most 

commonly documented in ostracod shells in which a small positive vital offset (ranging between 

+0.3‰ to +2.5‰) has been identified in a number of species (Holmes and Chivas, 2002) 

meaning that the δ18O of ostracod carbonate is higher than that estimated at isotopic 

equilibrium.  In ostracods, these vital effects appear to be species-specific and systematic, due 

primarily to differences in internal pH and calcification rates of individual taxa (Keatings et al., 

2002). 

The impact of vital effects in freshwater molluscs is less significant.  Fritz and Poplawski (1974) 

were the first to identify vital offsets in freshwater molluscan species, suggesting that offsets 

between species are small (<2‰), and relate to habitat preferences and growth periods.  A 

number of species-specific modern calibrations between freshwater molluscs and ambient 

waters have also suggested that there are no genus-specific or species-specific vital effects (Leng 

et al., 1999; White et al., 1999).  Multicomponent analysis has compared the δ18O value of a 

number of freshwater molluscan species to that of bulk carbonate and other biogenic carbonates 
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from the same stratigraphic intervals also indicates a lack of species-specific offsets (Apolinarska 

and Hammarlund, 2009), however there is a consistent enrichment in all species in comparison 

to bulk calcite of ca. 2‰.  For freshwater molluscs, it is suggested that the season of growth has 

the strongest influence on the δ18O value of carbonate.  For molluscan species with identifiable 

growth bands, seasonal changes in δ18O values can be identified (Leng and Lewis, 2014).  For 

whole shell isotopic analysis, depending on the species, the δ18O value may represent the average 

of summer temperature over a single year, summer temperatures over the full lifetime of the 

mollusc or mean temperatures throughout the whole year (Hammarlund et al., 1999; Anadón et 

al., 2006)  

4.4.4.3. Disequilibrium effects associated with lacustrine and tufa carbonate precipitation 

Disequilibrium effects in lacustrine and tufa systems are suggested to occur as the result of rapid 

precipitation (Leng and Marshall, 2004; Andrews, 2006).  This has been most clearly identified 

in tufa systems; in the immediate vicinity of the spring emergence point, rapid CO2 degassing 

occurs, resulting in high Ca2+ supersaturation and rates of calcite precipitation that are greater 

than isotope equilibration in the carbonate system.  The result of this is tufa carbonate forming 

in isotopic disequilibrium, with much higher δ18O values being observed (Usdowski et al., 1979; 

Dandurand et al., 1982; Zhou and Zheng, 2002).  However, these effects diminish downstream 

as the amount of CO2 degassing decreases and the system equilibrates to ambient surface 

conditions (Andrews et al., 1993, Andrews, 2006).  In lacustrine systems, although there is 

evidence for offsets between measured δ18O values of carbonate and those predicted at isotopic 

equilibrium in modern systems (e.g, Teranes et al., 1999; Jones and Marshall, 2002; Leng and 

Marshall, 2004), laboratory results have provided contradictory results (McCrea, 1950; Tarutani 

et al., 1969), and a number of studies have indicated that carbonate precipitation occurs in 

isotopic equilibrium (Hodell et al., 1998; Marshall et al., 2007).  The role of photosynthesis in 

carbonate precipitation in both lacustrine and tufa systems has also been suggested to cause 

disequilibrium effects associated with rapid precipitation (McConnaghuey and Whelan, 1997; 

Pentecost and Spiro, 1990; Apr et al., 2001; Lojen et al., 2004).  However, these effects are not 

proven (Andrews, 2006).   

4.5. Factors controlling the δ13C of freshwater carbonates 

Interpretation of δ13C values of freshwater carbonates is more complex than δ18O values, because 

in freshwater systems, the δ13C values are predominantly the function of DIC, the δ13C signature 

of which is controlled by a range of factors.  In the case of biogenic carbonates, the metabolic 

carbon can also influence the δ13C signature of the carbonate.  This Section describes the sources 

of carbon that can control the δ13C values of freshwater carbonates, the modification of δ13C
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values prior to mineralisation, and the potential climatic information that can be yielded from 

δ13C values.   

4.5.1. Sources of carbon in freshwater carbonate systems 

In authigenic carbonates, such as those found in lacustrine and tufa systems, the δ13C value of 

carbonate is a function of the δ13C signature of DIC (δ13CDIC), which in turn is controlled by the 

relative contribution of: 1) geological carbon, and 2) CO2 from soil and vegetation from the 

catchment.   

Figure 4.8. Controls on δ13C values of DIC in freshwater systems (adapted from Leng and Marshall, 2004). 

Geological carbon is derived from dissolution of bedrock in limestone catchments and typically 

has a δ13C value of between -3‰ to +3‰ (Andrews et al., 1997).  During periods in which 

catchment vegetation cover is lower, geological carbon is the dominant source of DIC in 

freshwater.  As such, δ13C values of freshwater carbonates will be relatively high (Hammarlund, 

1994; Hammarlund et al., 1997).  In more vegetated catchments, CO2 derived from soil and 

vegetation will be the dominant source of carbon.  Preferential uptake of 12C from atmospheric 

CO2 by terrestrial organic matter via photosynthesis results in very low δ13C values.  Dependant 

on the photosynthetic pathway of the primary vegetation type (C3 vs. C4), derived organic 

matter has a δ13C composition of either between -32‰  and -20‰ for C3-type plants or between 

-17‰ and -9‰ for C4-type plants (Cerling and Quade, 1993).  Respiration and decay of 

vegetation liberates gaseous CO2, which subsequently becomes dissolved in the percolating 

groundwater in the vadose zone, and transported to the surface water (Figure 4.8.).  The process 

of CO2 (gas) diffusion, dissolution and isotopic exchange with other carbonate ions, principally 
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HCO3
-, leads to an isotopic enrichment of between  +14 to +16‰ of δ13CDIC in relation to 

terrestrial plant derived δ13C (Cerling et al., 1989, Cerling and Quade, 1993, Romanek et al., 

1992).  In regions such as the British Isles, where vegetation is dominated by species with the C3 

photosynthetic pathway, δ13CDIC values on recharging water will have a range of between -12‰ 

to -10‰ (Candy et al., 2011).   

In molluscan carbonates, however, δ13C values (δ13Cshell) will be a reflection of the δ13C value of 

surface waters that the individual inhabits, but also respired carbon derived from metabolic 

processes.  McConnaghuey and Gillikin (2008) suggest a model for the relationship between 

these two sources as: 

𝑅𝛿!"𝐶!"# + 1 − 𝑅 𝑅𝛿!"𝐶!"#$%&' =   𝛿!"𝐶!!!"" −   ∆                EQ. 4.13 

Where [R] is the contribution of metabolically derived carbon (δ13Corg) and carbon from 

environmental sources (δ13Cambient), which in the case of freshwater molluscs is δ13CDIC, and [Δ] is 

the fractionation of 13C during shell mineralisation. 

Thus, if a mollusc is deriving the majority of carbon from organic sources (vegetation following 

the C3 pathway in temperate regions, -27‰) their δ13C will be lower in relation to those that are 

deriving the majority of their carbon from surface waters (δ13CDIC = -10‰ to -15‰).  Therefore, 

the understanding of the balance between the two sources is crucial for the understanding of 

δ13Cshell values.  Land snails primarily derive their carbon from respired sources associated with 

organic matter ingestion (between 74‰ and 95% of total carbon, Goodfriend and Ellis, 2002).  

Conversely, freshwater molluscs are shown to incorporate a much lower proportion of respired 

carbon (between 6-10%), with carbon derived from surface waters being the dominant source, 

thus the δ13C values of mollusc shells largely reflect δ13CDIC.  For solely aquatic species, this 

relationship holds true, however for pulmonate species; there will be a higher contribution of 

atmospheric CO2 and dietary carbon in their shell (e.g. Aucour et al., 2003).  Therefore, it is 

necessary to understand fully the ecology and physiology of the taxa studied to interpret 

accurately measured δ13Cshell values. 

4.5.2. Modification of δ13C values in surface waters 

4.5.2.1. Lacustrine systems 

As with δ18O values, the δ13C values of lake water will be more susceptible to modification than 

fluvial systems due to the increased residence time.  Once waters enter a lake, it will start to 

equilibrate with atmospheric CO2, which has a modern δ13C value of ca. -8‰ (Leng and 

Marshall, 2004) and a pre-industrial value of ca. -6.5‰ (Friedli et al., 1986).  When lake water 

residence times are high, for example in hydrologically closed basins, δ13C values of DIC will 

tend towards a value of ca. 0‰, reflecting the increasing equilibration of lake water δ13C with 
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atmospheric CO2.  δ13C values in lake waters are also susceptible to modification via biological 

activity.  Photosynthesis causes the preferential removal of 12C from the water column, resulting 

in higher δ13C values (Leng and Marshall, 2004).  Alternatively, organic matter oxidation in oxic 

conditions results in the release of 12C (Eastwood et al., 2007).  Seasonal increases in lake 

productivity can also influence δ13C values (Coletta et al., 2001); as with δ18O values, lake 

stratification can also alter the vertical profile of δ13C values in the water column, with higher 

δ13C values observed in the epilimnion and lower values in the hypolimnion.   

4.5.2.2. Fluvial and spring-fed systems 

Due to the short residence time of water in fluvial systems, the δ13C value of DIC undergoes 

negligible modification prior to carbonate precipitation and mineralisation.  Consequently, the 

δ13C values of authigenic and biogenic carbonates in these systems will have a δ13C signature of 

between -12‰ to -10‰.  In spring-fed freshwater systems, the greatest effect on δ13CDIC values 

comes from the preferential degassing of 12CO2 subsequent to spring emergence (Andrews, 

2006).  Rapid degassing occurs at the spring outlet, causing rapid calcite precipitation and 

disequilibrium effects (Usdowski et al., 1979; Dandruand et al., 1982).  Further downstream as 

degassing declines, δ13C values will be comparable to those expected in fluvial systems; however, 

as degassing continues further downstream, δ13C values will start to increase (Pentecost and 

Spiro, 1990).  Consequently, the distance of the tufa deposit from the spring emergence point 

will be an important control on δ13C values.  

4.5.3. Climatic control on δ13C values in freshwater carbonates 

The relationship between δ13C values and climate is less clear than for δ18O values, because 

fractionation between DIC and solid carbonate is only very weakly temperature dependant 

(Romanek et al., 1992).  However, a number studies from tufa sequences have indicated the 

potential of δ13C values from tufa carbonates to yield information regarding palaeorainfall 

(Garnett et al., 2004; Dabkowski et al., 2012).  Drier conditions will lead to decreased recharge 

into the aquifer, thus increasing in-aquifer residence times.  This allows for longer contact 

between the water and limestone bedrock, resulting in increased carbonate dissolution, 

therefore higher δ13C values of recharge water.  Lower recharge in the aquifer also increases the 

amount of air space in the aquifer, which allows for CO2 degassing and carbonate precipitation 

(prior calcite precipitation, PCP) prior to spring-emergence (Fairchild et al., 2000).  Both of 

these will also increase the δ13C value of recharge water.  Consequently, tufa precipitating under 

drier conditions will have higher δ13C values than those forming under wetter conditions.  In 

tufa δ13C profiles, observed variation occurs concordantly with variation in trace-element ratios, 

which are also suggested to be controlled by residence times (Garnett et al., 2004).  Therefore, in 

tufa sequences variations in δ13C values may yield information regarding past rainfall regimes.      
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4.6. Considerations when interpreting δ18O and δ13C values from freshwater carbonates 

4.6.1. Diagenetic alternation 

The palaeoclimatic interpretation of δ18O and δ13C values of freshwater carbonates rests on the 

assumption that these values are recording the isotopic signal captured during the time of 

carbonate precipitation or mineralisation, and the signal has been preserved since.  Diagenetic 

alteration of carbonates can ‘reset’ the isotope signal; this occurs most readily in aragonite shells 

(Leng and Lewis, 2015), and high porous tufa carbonates (Pentecost, 2005).  In the case of 

mollusc shells, post-deposition alteration of aragonite to calcite can be readily identified using 

X-ray Diffraction (xRD) analysis.  In tufa, diagenetic processes are more complicated (Pentecost, 

2005) but are characterised mainly by cementation (Janssen and Swennen, 1999) and 

recrystallization (Freytet and Verrecchia, 1999; Pedley et al., 2003; Andrews and Brasier, 2005) 

of the primary tufa fabric.  These processes can occur both syn-depositionally and post-

depositionally (Andrews, 2006); furthermore, calcite structures that appear diagenetic (e.g. 

columnar spar calcite) may in fact be a primary tufa fabric (e.g.  Brasier et al., 2010).  The effects 

of diagenesis on the isotope signature of tufa however, are not readily distinguishable (Janssen 

and Swennen, 1997; Janssen et al., 1999; Apr et al., 2001) and are suggested not to be a function 

of the age of the tufa (Andrews and Brazier, 2005; Zamarreño et al., 1997).  Consequently, 

although diagenesis can be readily identified through a combination of techniques, there is no 

persuasive evidence to suggest it has a large impact on Quaternary tufa δ18O and δ13C values.   

4.6.2. Detrital contamination 

In lacustrine and tufa systems, the bulk carbonate will be derived from three sources: 1) 

authigenic carbonates precipitated in the water body, 2) biogenic carbonates such as mollusc 

shells, and 3) detrital carbonates eroded from the catchment.  These will all have slightly 

different δ18O signals; therefore, it is necessary to isolate the specific carbonate fraction prior to 

isotopic analysis.  In the case of biogenic carbonates, skeletal fragments are readily removed via 

sieving of the sample prior to analysis (Leng and Marshall, 2004).  There is a range of pre-

analysis methods that have been used to distinguish between detrital and authigenic carbonates 

(Mangili et al., 2010); however, the best method of distinguishing between authigenic and 

detrital carbonate in temperate regions is the δ18O and δ13C values.  Marine limestone typically 

has δ13C and δ18O values of around 0‰ (Leng and Marshall, 2004; Andrews, 2006); however, 

δ13C and δ18O values of freshwater carbonates are much lower (Leng and Marshall, 2004; Candy 

et al., 2015).  Therefore, a lacustrine or tufa carbonate that is detritally contaminated will 

comprise two end members, one authigenic and the other allogenic, which will have different 

δ18O and δ13C values.  Samples from such a sediment will have varying proportions of these two 

end members, resulting in the δ18O and δ13C values of such samples plotting on a ‘mixing line’ 

and exhibiting a strong degree of covariance.  As established above, temperate freshwater 
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systems are usually characterised by the absence of co-variation, therefore the presence of co-

variation can be used to identify for detrital contamination (Figure 4.9.).  However, it is 

important to note that δ18O and δ13C co-variation can occur as a function of environmental 

change in tufa systems (Andrews et al., 1994) and changes in seasonality (Drummond et al., 

1995).  As such, other techniques, such as paired biogenic-authigenic isotope records 

(Hammarlund and Lemdahl, 1994; Leng et al., 2010) and using magnetic susceptibility to 

determine periods of high catchment erosion that correlate with the isotope signal (Eastwood et 

al., 2007; Leng et al., 2010), can be used to help identify detrital contamination in lacustrine and 

tufa records. 

Figure 4.9. Example of the differences in δ18O and δ13C values of authigenic carbonate (endogenic calcite) and detrital 
carbonate (dolomite fragments) from the lacustrine sequence of Pianico-Sellare, Italy.  The detrital layers in the sequence 
show δ18O and δ13C co-variation along a mixing line between these two groups, reflecting different levels of co-variation 
(from Mangili et al., 2010).

4.6.3. The modern relationship between δ18O values and climate in biogenic carbonates 

In order to understand fully the temperature controls on δ18O and values of freshwater 

carbonate as outlined above, in the fossil record, it is important to demonstrate the modern 

relationship between prevailing climate and measured δ18O values.  A number of studies exist for 

modern lacustrine (Jones and Marshall, 2002) and tufa systems (Garnett et al., 2004) in the 

British Isles; however, modern studies on freshwater molluscs are more limited.  A full 

understanding of the relationship between δ18O values of modern freshwater mollusc carbonate 

and existing environmental parameters is important, due to the unknowns associated with 

modern ecology, physiology and vital effects of freshwater mollusc species and the influence on 
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δ18O and δ13C values.  In the British Isles, only two studies on modern freshwater mollusc shell 

δ18O values exist (White et al., 1999; Waghorne et al., 2012); these have demonstrated that 

mollusc shell δ18O values can be linked to both the δ18O value of surface waters and water 

temperature.  However, further work is needed to validate these results, and understand 

differences in δ18O values between species.  

4.7. Key δ18O and δ13C records in the British Isles and Europe 

Following the above discussion regarding the controls on the δ18O value of freshwater 

carbonates, it can be theoretically proposed that, in the British Isles, an increase in mean annual 

air temperature will lead to an increase in measured δ18O values of carbonates in freshwater 

systems.  This is because, in temperate mid-latitude regions such as the British Isles, an increase 

in mean annual air temperature leads to an increase in the δ18O value of rainfall, which in turn 

leads to an increase in the δ18O value of water the carbonate is mineralised or precipitated from.  

Conversely, a decrease in mean annual air temperature leads to a decrease in δ18O value of 

rainfall, in turn leading to a decreased δ18O values of water, and lower δ18O values of carbonate.  

This is readily demonstrated in measured δ18O values of freshwater carbonates from the LGIT, 

where lower values are associated with the interval of cooler temperature during GS-1, and 

higher δ18O values are associated with warmer temperatures during GIS-1 (Figure 4.10.).  

However, δ18O and δ13C records from freshwater carbonates in the British Isles are 

predominantly restricted to lacustrine sequences from the LGIT and the Holocene (Candy et al., 

2015).  These sequences vary in geographical location and basin hydrology (Diefendorf et al., 

2006, 2008; Marshall et al., 2002, 2007; Whittington et al., 1996; Candy et al., 2015); nonetheless, 

within these sequences, there are a number of fluctuations in δ18O values that can be correlated 

with isotopic changes recorded in the Greenland GICC05 ice core record (Figure 4.10.). 

Therefore, it can be inferred that lacustrine carbonates from British sequences provide a semi-

qualitative proxy for temperature changes observed in Western Europe.  The early Holocene 

tufa sequence from Wateringbury, Kent provides further evidence for the potential of δ18O

values of freshwater carbonates to record environmental change.  A number of variations in the 

δ18O and δ13C record can be identified, and are suggested to record changes in air temperature 

and palaeoerainfall intensity respectively (Garnett et al., 2004).  Based on the tufa chronology, 

the variations in δ18O have been linked to those observed in the Greenland δ18O ice core record, 

suggesting that abrupt climatic events can be identified in tufa sequences.  The δ13C record, 

which is interpreted to reflect changes in the amount precipitation, suggests a decrease in 

rainfall intensity during the early Holocene, indicating the potential of δ13C records from tufa to 

record changes associated with changes in the prevailing precipitation regime. 
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Figure 4.10. Measured δ18O values of authigenic lacustrine carbonates from LGIT sequences of A) Loch Inchiqiun, 
Ireland, B) Fiddaun, Ireland, C) Loch Gur, Ireland, and D) Haweswater, England, potted against Greenland GICC05 
δ18O record (E). Greenland nomenclature (GIS-1, GS-1) is used to define periods in different records.  

4.7.1. The δ18O and δ13C record of MIS11 and other Middle Pleistocene interglacials  

Currently, the δ18O and δ13C record of past interglacial periods, including MIS 11, in the British 

Isles is limited.  Until very recently, the MIS 11 isotopic record is derived from a combination of 

freshwater and pedogenic carbonates from five sites correlated to MIS 11: Swanscombe, 

Elveden, Clacton-on-Sea, Beeches Pit, and Marks Tey (Candy, 2009; Tye et al., in review).  The 

carbonates are all derived from the same broad stratigraphic position within the Hoxnian (HoII-

HoIII), and with the exception of the lacustrine carbonates of Marks Tey, they are derived from 

one stratigraphic horizon within the deposits, therefore changes in δ18O and δ13C values 

throughout a sedimentary sequence have not been recorded.  When compared to δ18O values 

from modern pedogenic carbonates and those from an interglacial with evidence for warm 

climates (e.g, Pakefield),  the δ18O values of MIS 11 carbonates suggest a temperature regime 

slightly warmer than present day (Candy et al., 2011).  This is consistent with biological 

evidence for temperatures during MIS 11 elsewhere in southern England (Ashton et al., 2008).    

Elsewhere in Europe, more complete δ18O and δ13C records of MIS 11 based on freshwater 

carbonates exist.  Isotope records from lacustrine carbonates have been published from 
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Ossówka, Poland (Nitychoruk et al., 2005) and Piànico-Sellere, Italy (Mangili et al., 2007).  The 

δ18O record from Ossówka is driven by both temperature changes and shifts in the precipitation 

regime during MIS 11, which is comparable to that observed in the early Holocene lacustrine 

sequences in the British Isles (Candy et al., 2015).  There is uncertainty about the age of the 

Piànico-Sellere record (Brauer et al., 2007; Pinti et al., 2001; Scardi and Mutoni, 2009); however, 

in this record, the δ18O values are authigenic carbonate is suggested to be controlled by 

temperature.  The structure of this record is comparable to those observed in the SST from 

marine record spanning MIS 11, with a two-step structure to the climatic optimum and a 

number of abrupt climatic oscillations superimposed (Mangili et al., 2007).   

Figure 4.11. δ18O and δ13C variations in the La Celle tufa sequence. In this profile, δ18O values are suggested represent 
changes in air temperature and δ13C values suggested to changes in the amount of rainfall.  A number of variations in 
both records can be observed, suggesting environmental variability during the climatic optimum of MIS 11 (from 
Dabkowski et al., 2012). 

The tufa sequence from La Celle, France, is currently the only δ18O and δ13C record from tufa 

carbonate that can be correlated to MIS 11 in Western Europe.  In this sequence, the δ18O signal 

is interpreted to reflect air temperature, and variations in the δ13C signal are suggested to record 

palaeorainfall.  Both the δ18O and δ13C record suggest; 1) a warm wet interval representing the 

climatic optimum and, 2) two subsequent temperature decreases with a shift to relatively drier 
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conditions (Figure 4.11.).  These variations are coherent with shifts in trace element and 

malacological profiles, suggesting the variations observed in the δ18O and δ13C records are 

reflecting palaeoenvironmental shifts.  Currently, no reconstructions of MIS 11 climates exist 

from δ18O and δ13C values using freshwater mollusc carbonate.  In the British Isles, the only 

currently published δ18O and δ13C values of freshwater mollusc carbonate from a pre-Holocene 

interglacial are from the Freshwater Bed at West Runton, correlated to the Cromerian Complex.  

Measured δ18O and δ13C values of V. piscinalis shells come from two datasets (Davies et al., 2000; 

Rose et al., 2008) and have mean δ18O and δ13C values of -5.82±0.55‰ and -11.06±1.18‰, and -

5.54±0.45‰ and -10.01±0.78‰, respectively.  These values are consistent with those recorded 

from the modern River Gipping and River Thames (Davies, 1999; Waghorne et al., 2011), 

suggesting that the temperature regime that existed during the deposition of the West Runton 

Freshwater Bed was the same as that of modern day eastern and southern Britain.  This is 

consistent with the independent biologically-derived temperature record from this deposit, 

which contains coleopteran, ostracod and herpetofaunal evidence for a temperature regime that 

closely corresponds that of the present day (Candy et al., 2010). 

4.8. Chapter Summary 

• The δ18O value of freshwater carbonates is controlled by the temperature at which

precipitation and mineralisation occurs and the δ18O value of surface water.  The δ18O

value of surface water is in turn controlled predominantly by mean annul air

temperature through a number of stages.  However, there are a number of other factors

that can affect the δ18O signature of freshwater carbonates, and these need to be

considered when interpreting δ18O values from freshwater carbonates.

• The δ13C value of freshwater carbonate is predominantly a reflection of the DIC of the

source water.  In temperate regions, these values are typically low, reflecting the

influence of soil-derived CO2; however, they can undergo modification in lacustrine and

tufa systems.

• The δ18O and δ13C values of authigenic lacustrine and tufa carbonates have been shown

to act as an important proxy for past environmental changes in the British Isles and

Western Europe during the LGIT, the Holocene, and MIS 11.  It is however, important

to understand the potential effects of diagenetic processes and detrital contamination,

prior to making palaeoenvironmental interpretations.

• Biogenic carbonates, specifically freshwater gastropod carbonate can also be suggested

to record environmental changes in British interglacials.  However, the lack of modern

analogue studies and full understanding of species-specific differences in δ18O and δ13C

values currently limit their application to Quaternary deposits.
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Chapter 5 - Research Methodology

5.1. Introduction 

This Chapter describes the methodologies employed to address the research aims and objectives 

of this thesis, as outlined in Chapter 1.  These methods can be split into two primary 

components.  The first relates to the stable isotopic (δ18O and δ13C) analysis of freshwater 

gastropod carbonate from a series of modern surface waters in southeast England, for which the 

rationale of the experimental design, mode of data collection and key analytical techniques are 

described (Section 5.2).  The second component describes how the MIS 11 sites were 

investigated, focussing on the justification for site selection and outlining the key methodologies 

employed at each site (Section 5.3).  The locations of both the modern and MIS 11 sites are 

highlighted in Figure 5.1. 

5.2. Research Methodology I: Modern stable isotopic study 

Figure 5.1. Location of modern isotope sites (Section 5.2) and MIS 11 sites (Section 5.3) included in this thesis. 

5.2.1. Rationale of approach 

As outlined in Chapter 4, δ18O and δ13C values of freshwater gastropod carbonate have 

considerable potential for high-resolution palaeoenvironmental reconstruction in a range of 

freshwater Quaternary deposits.  Specifically, the δ18O values of freshwater gastropod carbonate 

is suggested, through a number of stages, to be linked to prevailing mean annual air temperature 

(Andrews, 2006; Candy et al., 2011; Leng and Lewis, 2014).  Consequently, δ18O values have the 

potential to be an important proxy for palaeotemperature.  However, the utility of this technique 
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in Quaternary deposits has been limited, due to the lack of understanding of the modern 

relationship between gastropod carbonate δ18O values, the δ18O value of the water body they 

inhabit and the prevailing temperature regime.  In order to understand in modern systems, first, 

how δ18O values of gastropod carbonate (δ18Oshell and δ18OOP) are linked to δ18Owater values and 

water temperature, and second, the relationship between δ18Owater values, water temperature and 

prevailing air temperature, the following modern datasets were collected in this study: 

• Daily and monthly air temperature values from meteorological stations in proximity to

the study sites.

• Daily and monthly water temperature data from a series of freshwater fluvial and

spring-fed lacustrine sites.

• Monthly spot-samples of water from these sites for δ18O analysis, to establish the

variability in δ18Owater values throughout the year.

• δ18O and δ13C values of carbonate from selected modern freshwater gastropod taxa  that

inhabit these water bodies, in order to establish the link between δ18O values of

carbonate, water temperature and δ18Owater values within these freshwater systems.  δ18O

and δ13C values, were measured from shells and opercula of living specimens and

modern subfossil assemblages.  This enables an assessment to be made of how the δ18O

and δ13C signature of mollusc assemblages within a sedimentary deposit is related to the

living population.

5.2.2. Selection of study sites 

This study focuses on four sites: three fluvial systems, comprising the Thames, Wey and Colne, 

and one spring-fed lacustrine system, Silent Pool (Figure 5.2.).  The fluvial sites were selected for 

three reasons. First, all three sites are close to each other, allowing for regional consistency in 

modern δ18O values of water and δ18O values of freshwater gastropod carbonate to be examined. 

Second, all three sites lie close to meteorological and water monitoring stations that routinely 

measure air and water temperatures, allowing for the relationship between δ18O values of water 

and freshwater gastropod carbonate and temperature in these systems to be evaluated.  Third, 

there are a number of MIS 11 and other interglacial sites in southern Britain comprising fluvial 

deposits associated with the Thames and its tributaries (Bridgland, 1994), which allows for the 

modern relationship observed in this study to be directly applied to Quaternary deposits.  In 

addition to the fluvial sites, Silent Pool was selected in order to examine the variation in δ18Owater 

in a modern lacustrine system, and how this relates to prevailing air temperature.  This modern 

relationship can then be used as a basis for interpreting the δ18O values of carbonate 

precipitating in the range of freshwater systems investigated in this thesis.  A detailed 

description of the hydrological characteristics of these systems in presented in Chapter 6.  
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Figure 5.2. Location of study sites for the modern analogue component of this thesis. Air temperature sites = HEA, WIS, Water temperature sites = STN, WYB, WIN. Mollusc and water sampling locations = 
A-D.  Maps adapted from EDINA DIGIMAP. 
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5.2.3. Selection of gastropod taxa 

Three gastropod taxa (Figure 5.3.) were collected for analysis from the Thames, Wey, and Colne: 

Bithynia tentaculata, Valvata piscinalis, and Radix balthica.  (cf. Lymnaea peregra).  The key 

ecological characteristics of these taxa are summarised in Chapter 6.  These taxa were selected 

due to their presence in Quaternary deposits over the last 800,000 years (V. piscinalis) and 

500,000 years (B. tentaculata and R. balthica, Keen, 2001; Preece, 2001; White et al., 2013).  In 

addition to the analysis of whole shells, the calcitic opercula of B. tentaculata were also selected 

for analysis, as these are ubiquitous in fossil deposits since the Pliocene (Penkman et al., 2013).  

Figure 5.3. Images of gastropod taxa used for stable isotopic analysis in this thesis.  All shell images presented in 
apertural view and scale bar = 2 mm.  A) R. balthica, B), V. piscinalis, C) B. tentaculata, D) B. tentaculata operculum.  

5.2.4. Collection and analysis of air and water temperature datasets 

5.2.4.1.  Data acquisition, quality control and analysis of air and water temperature datasets 

Local Air temperature data for the vicinity of the study sites was obtained from the Met Office 

Integrated Data Archive System (MIDAS) via the British Atmospheric data centre (Met Office, 

2012). Two weather stations (Heathrow (HEA; station ID: 708) and RHS Wisley (WIS; station 

ID: 719)) were selected due to their proximity to modern study sites and the availability of 

reliable air temperature datasets.  Data were obtained for the time interval January 2009-

December 2012, which covers the period that water samples and modern shells were collected 

for isotopic analysis, and allows for trends in air and water temperature to be compared on both 

monthly and annual scales.  

Two categories of water temperature data were available for this study: 1) continuously-

monitored Sonde-sampled data from the Thames and Wey, and 2) point sample data from the 

Colne (Table 5.1).  The continuously monitored data were acquired through the Environment 

Agency’s Automatic Water Quality Monitoring Station (AWQMS) network via Meteor 

Communications Telemetry Data Centre.  Two stations were selected for this study, Windsor, 
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(WIN, Thames), and Weybridge, (WYB, Wey).  Point sample water temperature data, taken at 

discrete intervals between January 2011 and December 2012, were available from the 

Environment Agency for the Colne (Staines (STN, R. Colne).  The location of water temperature 

sampling points for each fluvial system is presented in Figure 5.2.  No water temperature data 

were available for Silent Pool for the duration of the sampling interval.   

Table 5.1.  Summary of water monitoring and meteorological stations from which air temperature and water 
temperature data were obtained.  For each monitoring and meteorological station, the location and the nature of the 
recorded temperature data is stated.  

Site Location Nature of temperature data 

Air Temperature Data 1 

Heathrow 
(Station ID: 708) 

51°28’44.523’’N, 0°27’7.048’’W 
+25m ASL 

Daily maximum and minimum air temperature (°C) 
recorded over a 12-hour period (09:00 – 21:00, 21:00-
09:00) using either a liquid-in-glass or electrical 
resistance thermometer.  Measurement error = ±0.1 °C 

Wisley 
(Station ID: 719) 

51°18’37.136’’N, 0°28’39.824’’W 
+38m ASL 

Water Temperature data: Continuously monitored Sonde-device 2 

Windsor, Thames 51°29’31.463’’N, 0°35’46.777’’W Water temperature (°C) reading every 15 minutes using 
electronics ‘sonde’ device.  pH, conductivity, dissolved 
oxygen, turbidity and chlorophyll measurements taken 
concurrently. Measurement error= unknown.   Weybridge,  Wey 51°22’0.659’’N, 0°28’7.221’’W 

Water Temperature Data: Environment Agency  point samples 2 

Staines,  Colne 51°26’2.376’’N, 0°30’55.234’’W 
Bi-weekly – monthly water temperature (°C) recorded 
at discrete interval via handheld ‘sonde’ device.  
Measurement error = unknown. 

1: Source: http://badc.nerc.ac.uk/data/ukmo-midas/ukmo_guide.html#5.2 
2 Source: Environment Agency 

The procedure for the screening of continuously monitored air and water temperature datasets 

is described in Appendix A.  This was undertaken as data collection occurs automatically at each 

air temperature and continuously monitored water temperature station, and as such, erroneous 

measurements are not detected.  Three stages of data treatment were undertaken prior to use in 

the modern isotope study: 1) the removal of measurements that have failed quality control 

procedure, 2) the consolidation of data points so there are a representative number of 

measurements for each day and month used in the study, and 3) calculation of daily and 

monthly temperature values from the raw air and water temperature datasets.  

5.2.4.2. Validation of air temperature datasets 

In order to determine that the Heathrow and RHS Wisley air temperature values were recording 

regional rather than local-scale temperature variations, the two datasets were compared through 

correlation of calculated monthly temperature parameters (mean monthly average (MonAV), 

mean monthly maximum (MonAvMax), mean monthly minimum (MonAvMin), monthly 

maximum (MonMax) and monthly minimum (MonMin) between January 2009-December 

2012.  Results shown in Table 5.2., indicate a statistically significant very strong positive 

correlation (Pearson’s correlation co-efficient (r) = >0.85, p<0.01, n= 43) between all monthly 
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and daily air temperature parameters from Wisley and Heathrow over this period, indicating 

that these datasets are recording regional scale air temperature changes.  Consequently, water 

temperature measurements from the Thames, Wey, and Colne can be compared to regional air 

temperature changes using either the Heathrow or RHS Wisley datasets, as described in Chapter 

6.   

Table 5.2. Summary of Pearson’s correlation co-efficient between monthly measured air temperature parameters from 
Heathrow (HEA) and RHS Wisley (WIS) meteorological stations (n=43). All values significant at p<0.01. 

 WIS  
MonAvMax 

WIS  
MonMax 

WIS 
 MonMin 

WIS 
 MonAvMin 

WIS  
MonAv 

HEA MonMax 0.9519 0.9968 0.8587 0.9208 0.9410 

HEA MonAvMax 0.9994 0.9455 0.9389 0.9868 0.9969 

HEA MonMin 0.9731 0.8944 0.9758 0.9738 0.9764 

HEA MonAvMin 0.9919 0.9248 0.9434 0.9972 0.9973 

HEA Mon Av 0.9978 0.9377 0.9427 0.9934 0.9989 

5.2.5. Collection and δ18O analysis of modern water samples 

Point samples of water for δ18O analysis were collected from the four study sites on a weekly 

basis from November 2011-December 2012.  Sample collection was undertaken at the edge of 

the channel or lake using 10ml plastic conical centrifuge tubes, which were completely filled and 

sealed.  Prior to analysis, samples were refrigerated at 4 °C.  Samples extracted at monthly 

intervals from each site were sent for analysis at NERC Isotope Geosciences Laboratory (NIGL).  

Water samples were equilibrated with CO2 using an ISOPREP-18 device and mass spectrometry 

was performed on a VG-SIRA with calibration against NIGL laboratory standards and external 

standards (V-SMOW2).  Repeat measurements were undertaken every twelve samples.  

5.2.6. Collection and stable isotopic (δ18O and δ13C) analysis of modern freshwater gastropods 

5.2.6.1. Collection and preparation of living specimens 

Modern shell samples were sampled from the Thames, Wey and Colne at the sampling locations 

illustrated in Figure 5.2., during the period January 2013 to March 2014. Living molluscs were 

collected in January 2013 using an aquatic kick net and 1 mm stainless steel sieve, which were 

swept through bankside submerged aquatic vegetation and along the riverbed in shallower 

reaches.  Molluscs with visible signs of life were handpicked out of the sieve and net residue and 

placed in an aerated plastic container containing river water.  Empty shells or dead individuals 

were also picked out of the residue and placed in sample bags.  Living gastropod specimens were 

ethically euthanized in 100% ethanol; soft tissue removed and soaked in 10% hydrogen peroxide 

to remove the periostracum and other remains of organic material.  For living B. tentaculata 

specimens, both the shell and operculum were retained from the same individual in order to 

undertake paired shell-operculum δ18O and δ13C analysis on a single mollusc specimen.  
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5.2.6.2. Collection and preparation of subfossil shell samples 

 Bulk sediment samples were collected on two occasions in January 2013 and March 2014 from 

the upper 5 cm of bed sediment in discrete intervals along a 1 m stretch of the Thames, Wey, 

and Colne (Figure 5.2.).  These samples were sieved on site using a 1 mm stainless steel sieve in 

order to remove cobbles and large organic fragments.  The residue was returned to the 

laboratory where it was air dried, sieved at 8 mm, 4 mm, 2 mm and 1 mm apertures.  Subfossil 

shell and opercula (whole and fragments) were picked from the residues using tweezers and 

Motic SM2168 Stereo Zoom microscope.   

Figure 5.4. Shell dimension measurements for the key taxa used in this thesis: (A) Bithynia tentaculata, (B) Valvata 
piscinalis, (C) Radix balthica. Key measurements shell length (SL) and width (SW), spire length (SpL) and width (SpW), 
aperture length (ApL) and width (ApW) and operculum length (OpL) and width (OpW). 

5.2.6.3. Species identification and morphometry 

Identification of shells from living specimens and subfossil assemblages was undertaken using 

identification guides (Macan, 1977; Kerney, 1999; Kileen et al., 2004) and comparative 

freshwater and terrestrial mollusc collections.  Identifications were verified by T. White, 

University of Oxford.  Molluscan nomenclature in this thesis follows Anderson (2006).  Shell 

and operculum size for each sample used for isotopic analysis were photographed and measured 

using digital callipers under a Motic SM2168 Stereo Zoom microscope.  For each specimen, shell 

length (Sl), spire length (Spl), shell width (Sw), spire width (Spw) and aperture length (Al) and 

width (Aw) were measured.  Operculum length (Opl) and width (Opw) were measured for B. 

tentaculata opercula (Figure 5.4.).  
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The preparation of modern whole shell and opercula for stable isotopic analysis follows the 

same method as that for fossil shells, and is summarised in Figure 5.5.  Five to ten whole shells of 

V. piscinalis, R. balthica, and B. tentaculata were selected for isotopic analysis from living 

specimens and subfossil assemblages from the Thames, Wey, and Colne.  Five opercula of living 

specimens of B. tentaculata were extracted with an additional five subfossil opercula from 

Thames samples also selected.  Individual whole shell and opercula samples were placed in 5ml 

glass vials, immersed in 5% sodium hexametaphosphate and placed in an ultrasonic bath for 20 

minutes to remove adhered sediment before air-drying.  If sediment was present in the shell 

whorls or aperture, the shell was gently broken and shell fragments were picked out of the 

residue.  After sediment removal, individual shell and opercula samples were gently powdered 

and homogenised with agate pestle and mortar and placed into 10ml round bottomed centrifuge 

tubes.  The powdered shells were immersed in 5-6 ml of 10% hydrogen peroxide for 24-48 hours 

and then rinsed three times using deionised water and air dried prior to stable isotopic analysis. 

Figure 5.5. Sampling, preparation and analysis procedure for the stable isotopic analysis of gastropod carbonate from 
living specimens, modern subfossil, and fossil (MIS 11) assemblages.  

5.2.6.4. Preparation and isotopic analysis of gastropod carbonate
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After drying, between 300 and 400 µg of powdered sample was weighed using a Mettler Toledo 

XP6 microbalance.  δ18O and δ13C values were determined by analysing CO2 liberated from the 

reaction of the sample with phosphoric acid at 90oC using a VG PRISM series 2 mass 

spectrometer in the Earth Sciences Department at Royal Holloway.  Internal (RHBNC) and 

external (NBS19, LSVEC) standards were run every 4 and 18 samples.  

5.3. Research Methodology II: Investigation of MIS 11-aged sequences 

5.3.1. Rationale for site selection 

Three sequences, Marks Tey palaeolake, Essex, Oughtonhead Lane tufa deposit, Hitchin, 

Hertfordshire, and Dierden’s Pit and Barnfield Pit fluvial deposits, Swanscombe, Kent (Figure 

5.1), were selected for investigation in this study due to their robust correlation to MIS 11 

(Kerney 1959; Turner, 1970; Kerney 1971).  These sites also fulfil the following criteria of: 1) the 

sequence spanning a known interval of MIS 11, 2) containing freshwater abiogenic and biogenic 

carbonates for stable isotopic analysis, and 3) comprising a range of ecological and lithological 

material that can be used for palaeoenvironmental reconstruction (Table 5.3.).  Furthermore, 

the sites of Dierden’s Pit and Barnfield Pit have well-provenanced archaeological material that 

can be directly associated with the sedimentary sequences.  The geological context, reasons for 

correlation to MIS 11 and previous work on these sites are presented in individual results 

Chapters (Chapter 7, 8 and 9).    

Table 5.3. Properties of the MIS 11 aged sites investigated in this study used to address the research aims and objective 
outlined in Chapter 1. 

Site Marks Tey,  Essex Oughtonhead
Lane, Hitchin  

Dierden’s Pit, 
Swanscombe 

Barnfield Pit, 
Swanscombe 

Correlated to MIS 11? ü ü ü ü 

Can be placed into the British Isles 
MIS 11 stratigraphic scheme? ü ü ü ü 

Contain freshwater carbonates? ü ü ü ü 

Stratified archaeological finds? û û ü ü 

Biological work undertaken? ü ü ü ü 

Potential for further biological 
investigation? ü ü û û 

5.3.2. Rationale for methodologies used 

A range of site-specific methodologies has been used in this thesis.  These methodologies can be 

divided into three main categories.  First, sedimentological and geochemical techniques were 

used to understand the nature of sediment deposition and associated prevailing environmental 

conditions. Second, biological techniques were employed to aid environmental reconstruction 

and allow for correlation of the sequences to a distinct stratigraphic interval within MIS 11. 
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Finally, stable isotopic (δ18O and δ13C) analysis and allied geochemical techniques were 

employed to understand climatic and environmental regime and identify periods of 

environmental variability during sediment deposition.  The specific methodologies employed at 

each site are summarised in Table 5.4. 

Table 5.4. Summary of site-specific techniques used in this thesis.  These are divided into a) those related to sample 
collection, b) sedimentological techniques used to understand depositional environment, c) geochemical and stable 
isotopic techniques, and d) biological techniques. 

5.3.2.1. Understanding the depositional environment 

Sedimentological analysis was undertaken on the lithological sequences from Marks Tey and 

Oughtonhead Lane in order to understand the palaeoenvironmental context of sediment-

forming processes and the nature of carbonate formation prior to δ18O and δ13C analysis.  Field 

and laboratory sediment logging of the sequence was performed in order to characterise the 

main structural, textural, and lithological properties of both of these sequences, and to identify 

distinct sedimentary units (lithofacies) within.  This was supported by laboratory analysis of 

calcium carbonate content, total organic content, particle size, and magnetic susceptibility.    

5.3.2.1.1. Thin-section micromorphology 

Thin section micromorphology was undertaken on the Marks Tey and Oughtonhead Lane 

sedimentary sequences in order to understand further the nature of sediment deposition and 

strengthen the palaeoenvironmental interpretation for each site. Thin-section micromorphology 

of laminated lacustrine sediments, as  at Marks Tey (Turner, 1970; Sherriff et al., 2014; Tye, 

2015; Tye et al., in review), enables detailed insights into the physical and environmental 

processes associated with lacustrine sedimentation to be made  (e.g. Hsü, 1979; Palmer et al., 

2008a).  When this approach is combined with elemental, stable isotopic and palaeoecological 

techniques (e.g. Mangili et al., 2007; Lotter and Anderson, 2012), these processes of 

sedimentation can be placed into the context of catchment-wide environmental conditions and 

regional climatic regimes (Zolitschka, 2007).  Thin-section micromorphology is also frequently 
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undertaken on tufaceous sequences in order to understand the mode of formation and identify 

the range of tufa fabrics that may not be observable at the macroscale. These can subsequently 

be directly related to the environmental setting of the deposit (Pedley and Ford, 1995; Pentecost, 

2005: Manzo et al., 2012).  Furthermore, this technique also aids the selection of appropriate 

carbonate material for geochemical analysis in both lacustrine and tufa sequences, and assists in 

the identification of diagenetic alteration of the carbonate facies, which may potentially 

influence the results of geochemical analyses (e.g. Dabkowski et al., 2012).   

5.3.2.1.2. Trace element analysis 

Concentration measurements of calcium (Ca), magnesium (Mg) and strontium (Sr), commonly 

termed ‘trace element analysis’, was undertaken on bulk carbonate material from Oughtonhead 

Lane tufa sequence.  The use of this technique as a proxy for changes in palaeorainfall has been 

demonstrated in a number of studies (Ihlenfeld et al., 2003; Garnett et al., 2004; Dabkowski et 

al., 2012), based on the fact that ratios of Mg and Sr in relation to Ca (Mg/Ca and Sr/Ca ratios) 

in tufa deposits are dependant largely on rainfall availability and residence time of the 

groundwater from which the tufa is precipitating (Fairchild et al., 2000; Ihlenfeld et al., 2003).  

Consequently, this technique can be used in combination with sedimentological and stable 

isotopic techniques to indicate palaeorainfall and moisture availability during the period of tufa 

formation.   

5.3.2.2. Ecological and biostratigraphic techniques 

Biological proxy techniques were included in this thesis for two primary reasons.  First, to 

strengthen the palaeoenvironmental interpretation derived from lithological and geochemical 

analysis of thee sedimentary sequences, and to understand the predominant vegetation and 

faunal regimes occurring during the period of sediment deposition.  Second, to enable the 

sediment sequences to be placed within MIS 11 based on terrestrial biostratigraphy for this 

period (Turner 1970; Thomas, 2001; White et al., 2013).  For the Marks Tey sequence, pollen (by 

Prof. Pete Coxon, Department of Geography, Trinity College Dublin) and biomarker analysis 

(by Dr. Erin McClymont, Department of Geography, University of Durham) were undertaken 

in order to correlate the new borehole evidence with the previously published Marks Tey record 

(Turner, 1970) and to reconstruct long-term vegetation changes in the catchment (Tye et al., 

2015).  For the Oughtonhead Lane sequence, sedimentary samples were also taken for the 

identification of vertebrate and molluscan remains.  These are readily preserved in fine-grained 

calcareous deposits (Dabkowski, 2014), they can be used to reconstruct local environmental 

conditions at the time of formation (Pentecost, 2005) and can permit correlation with discrete 

phases within MIS 11 (Keen, 2001; Schreve, 2001b).  The identification of mammalian and 

molluscan remains from the Oughtonhead Lane tufa sequence is currently on-going and being 
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undertaken by Prof. Danielle Schreve, RHUL and Dr. Tom White, University of Oxford 

respectively.  Charcoal analysis was also undertaken on the Oughtonhead Lane sequence, as this 

allows for the reconstruction of local fire history at the time of sediment formation (Scott, 2010).  

5.3.2.3. δ18O and δ13C stable isotopic techniques 

The principal technique used in this thesis is the stable isotopic analysis of authigenic lacustrine 

carbonate, freshwater gastropod carbonate, and tufa carbonate.  As described in detail in 

Chapter 4, the δ18O and δ13C values of freshwater carbonates can be used as a tool to understand 

the prevailing environmental conditions associated with the period of carbonate precipitation or 

mineralisation.  In the case of oxygen, measured values of δ18O of freshwater carbonates are 

strongly controlled by the prevailing thermal regime, based on the fact δ18O values are 

controlled primarily by the δ18Owater in which the carbonate precipitates or mineralises.  Through 

a number of stages, this can be linked to the prevailing air temperature (Rozanski et al., 1992, 

1993; Darling, 2004) and the temperature at which that precipitation or mineralisation occurs 

(Andrews, 2006; Candy et al., 2011). The δ13C values of freshwater carbonate are controlled by a 

range of factors including the hydrological regime of the water body (Leng and Marshall, 2004), 

biological activity (Coletta et al., 2001) and potentially changes in palaeorainfall (Ihlenfeld et al., 

2003), and whilst δ13C values cannot be used to provide information regarding temperature 

(Romanek et al., 1993), they nevertheless give a broad indication of environmental conditions at 

the time of carbonate precipitation or mineralisation.  

5.4. Analytical techniques: MIS 11 sequences 

The analytical techniques employed in this thesis associated with the investigation of MIS 11 

sequences are described below.  For each technique, the sequences in which they have been 

employed are stated and, where appropriate, the site-specific sampling and preparation 

procedure is outlined.   

5.4.1. Sample collection 

5.4.1.1. Marks Tey 

A sediment sequence (MT-2010) composed of two overlapping boreholes (BH1 and BH2) was 

taken in the central part of Marks Tey brickpit near the location of the ‘GG’ borehole of Turner 

(1970) using a wet rotary drilling rig in December 2010 (Figure 5.6.).  Recovered cores were 3m 

in length, which were cut into 1.5 m sections for ease of transport in the field, and split 

longitudinally into two half-cores at Department of Geography, Royal Holloway.  
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Figure 5.6. Location of MT-2010 BH1 and BH2 in the Marks Tey area, with the location of borehole ‘GG’ of Turner 
(1970) also highlighted (map courtesy of EDINA DIGIMAP).  

5.4.1.2. Oughtonhead Lane, Hitchin 

The position of the tufa deposit at Oughtonhead Lane, Hitchin, was established through an 

augur transect of the area using a 2 cm screw augur.  Excavated material was described following 

standard descriptive terminology (Jones et al., 1999).  1 m3 trial pits were also excavated in a 

number of localities using a 1.5 T mini-excavator in order to identify the lateral extent and 

thickness of the deposit.  Once the optimum site was identified, a 2 m2 pit was excavated to the 

depth of 180 cm below surface (HI-13 TP2), below which gravels were reached (Figure 5.7.).  

Two perpendicular vertical faces were cut for sediment description and sub-sampling (Chapter 

8, Figure 8.5.). Sediment logging and description of key structural and textural properties 

following standard methods (Jones et al., 1999) was undertaken on each face.  The upslope face 

(HI-13 L1) was subsampled for laboratory analysis using overlapping 50x10x10 cm stainless 

steel monolith tins.  Orientated undisturbed blocks for micromorphological analysis were taken 

using 8x6x4 cm stainless steel Kubiena tins in locations where macroscale sedimentological 

variation was observable.  Perpendicular to this (HI-13 L2), contiguous 5 cm thick bulk 

sediment samples (ranging from 7-12 kg in weight) were taken through the section for the 

extraction and identification of faunal remains.  
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Figure 5.7. A) Location of HI-13 TP2 (HI-TP2) containing the Oughtonhead Lane tufa deposit.  B) Excavation of the 
deposit, and C) Plan view of the excavated deposit, in which field logging, sediment sampling and sampling for faunal 
remains was undertaken.  For detailed illustration of sample location, see Chapter 8, Figure 8.4.   

5.4.1.3. Barnfield Pit and Dierden’s Pit, Swanscombe 

Freshwater mollusc specimens from the Barnfield Pit and Dierden’s Pit sediment sequence was 

acquired from archival material from previous excavations (see Chapter 9 for a full description 

of these sedimentary sequences).  Between six and ten individual whole V. piscinalis shells, B. 

tentaculata shells and B. tentaculata opercula were provided for δ18O and δ13C stable isotopic 

analysis by T. White, University of Oxford from the Dierden’s Pit sequence.  The shells and 
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opercula used in this study came from eighteen bulk samples that were obtained from the 1975 

cutting at Dierden's Pit by the British Museum.  Molluscan remains were extracted from these 

samples following standard protocols (Kerney, 1971), as described in White et al., (2013).  Six 

individual whole V. piscinalis shells and B. tentaculata opercula from selected horizons were 

obtained from the Kerney 1965 Barnfield Pit Lower Loam and Lower Gravel mollusc collection 

(Kerney, 1971), housed at the Natural History Museum, London.  Due to the low counts and 

small size of V. piscinalis shells and B. tentaculata opercula from a number of sample horizons 

in the sequence, specimens could not be obtained for the full sequence.  Selected stratigraphic 

horizons in which mollusc remains were obtained for both sequences are presented in Chapter 

9, Figure 9.4.  

5.4.2. Sedimentological techniques 

Bulk sedimentological techniques and thin-section micromorphology was undertaken for both 

the Marks Tey and Oughtonhead Lane sedimentary sequences.  The sampling approach and 

preparation of material differs for each site based on the lithological differences observed in the 

sequences.  These approaches are described in the following sections and summarised in Figure 

5.9. and 5.10. 

5.4.2.1. Laboratory sediment logging and sampling 

Marks Tey: Correlation of BH1 and BH2 was undertaken using key marker beds present in both 

borehole sequences.  The full composite sedimentary sequence (18.47 m long) is described in 

Sherriff et al., (2014) and Tye (2015).  This study focuses on the upper 7.5 m of the core profile 

(Figure 5.8.).  The brecciated facies (LFa-3, 12.0-4.1 mbs) extends over 8 m, although only the 

upper 4 m were investigated in this study, as it was determined that in this interval, there was 

the largest variation in brecciated facies.  In addition, there was evidence at the macroscale for 

intervals of more persistent sedimentation in comparison with the lower part of this lithofacies. 

Macroscopic structural and textural properties of the core section were described following 

standard terminology (Gale and Hoare, 1991; Jones et al., 1999) from which key lithofacies 

associations were identified.   

Oughtonhead Lane tufa, Hitchin: Field sampled monoliths (HI-L1 M1 0-5 cm; HI-L1-M2, 24-

74 cm) were correlated in the laboratory by depth and the presence of a light grey marker bed 

that runs horizontally across the sequence.  The total thickness of the tufa deposit sampled was 

74 cm. Macroscopic structural and textural properties of the core section were undertaken 

following standard descriptive methods (Gale and Hoare, 1991; Jones et al., 1999) from which 

key tufa facies were identified. 
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Figure 5.8. Full core profile of MT-2010 sedimentary sequence, Marks Tey, illustrating the correlation of BH1 and BH2 
on the basis of marker horizons (grey shading), basic lithostratigraphy of the core sequence, and the interval of the 
sequence investigated as part of this thesis. GT= G. Tye (Tye, 2015), JS = J. Sherriff (this thesis). 
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5.4.2.2. Calcium carbonate and total organic carbon content 

5.4.2.2.1. Sampling strategy and preparation procedure 

Marks Tey sampling strategy and preparation procedure: In order to determine calcium 

carbonate and total organic carbon content, 1cm3 bulk sediment samples were taken every 2 to 4 

cm in the upper 7.50 m (Figure 5.9.), taking into account lithological boundaries.  In the interval 

between 12.0 and 8.0 m (LFa-3), bulk sediment samples were taken every 20 cm by J. Sherriff 

and G. Tye, which included both brecciated blocks of material and the surrounding matrix.  As 

established by the macroscale sedimentological description, the core material is silt-grade, with 

no evidence of large particles of allogenic siliclastic material or fragments of biogenic material; 

therefore, it was deemed unnecessary to sieve the samples prior to analysis. 

Figure 5.9. Schematic highlighting the sampling strategy of different proxy techniques for the upper 7.50 m of Marks Tey 
sequence used in this study.  Where possible, carbonate laminations were selected for isotopic analysis that were also 
recorded in thin-sections, so the nature of carbonate precipitation and inclusion of organic and minerogenic material 
can be assessed semi-quantitatively.  Individual laminae of different lamination types were selected for particle size 
analyses that were also sampled for thin-section micromorphology so optical assessments of particle size can be 
confirmed quantitatively. 

Oughtonhead Lane tufa sampling strategy and preparation procedure: 1 cm-wide samples 

were taken at 2 cm intervals, for calcium carbonate and total organic carbon determinations.  

Samples were air-dried and sieved using a 2 mm stainless steel sieve to remove clastic material 

and biological remains (mollusc shell fragments).  Remaining shell material and ostracod valves 

were picked out of the >2 mm residue using tweezers under a Motic Stereo Zoom Microscope 

(Figure 5.10.).  

5.4.2.2.2. Standard analytical method 

Calcium carbonate content was determined using Bascomb calcimeter (Gale and Hoare, 1991) 

and total organic content determined using titration (Walkley and Black, 1994) on air-dried and 
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powdered samples weighing between 0.1-0.2 g, following standard protocol of Department of 

Geography, Royal Holloway.  Repeat measurements were undertaken every 10 samples.  

Calcium carbonate and total organic carbon content is expressed as % dry weight, and expressed 

as %CaCO3 and %TOC respectively in this thesis.   

Figure 5.10.  Procedure followed for sampling and bulk sedimentological analysis of the Oughtonhead Lane tufa 
sequence. 

5.4.2.3. Particle size analysis 

5.4.2.3.1. Sampling strategy and preparation procedure 

Marks Tey sampling strategy and preparation procedure: Particle size analysis was 

undertaken on selected individual laminae in order to corroborate size distributions determined 

optically through thin-section analysis (Figure 5.9.).  Two particle size determinations were 

carried out on each sampled lamina; one untreated sample and one with carbonate material 

removed.  This was done in order to identify the dominant size of carbonate material present.  

For the removal of carbonate, 10% acetic acid was incrementally added to the sample until the 

reaction was completed.  Samples were then rinsed 3 times with deionised water and left to air 

dry.  Particle size determinations for individual laminae are presented in Appendix D.   
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Oughtonhead Lane tufa sampling strategy and preparation procedure: For particle size 

determinations of the siliclastic fraction of the tufa deposits, carbonate was removed using 10% 

hydrochloric acid.  Acetic acid is preferable for the removal of carbonate in particle size 

determinations (Van Reeuwijk, 2002); however, a number of test samples using 10% acetic acid 

indicated that the carbonate was not being fully removed, so 10% hydrochloric acid was used as 

an alternative.  5 g of subsampled material was placed in 25 ml plastic centrifuge tubes and 10% 

hydrochloric acid was added incrementally until the reaction was complete.  Samples were 

rinsed three times with deionised water and left to air dry. 

5.4.2.3.2. Standard analytical method 

For both sets of samples, 0.15 g of material was weighed and 10ml of 5% sodium 

hexamatophosphate added, before placing in an ultrasonic bath for 20 minutes in order to 

disaggregate the sample.  Particle size determinations were carried out using standard laser 

granulometry protocol on the Mastersizer 2000 with a Hydro MU unit. 

5.4.2.4. Magnetic susceptibility 

Magnetic susceptibility measurements were only undertaken on the Oughtonhead Lane 

sequence.  It was not appropriate to use this technique on the Marks Tey sequence, as the 

measurement capabilities of the Barington MS2 meter is not at sufficient resolution to identify 

variation based on the laminated structure of the Marks Tey sedimentary sequence.  Magnetic 

susceptibility measurements were undertaken on the 1cm-thick sieved bulk samples from the 

Oughtonhead Lane sequence prior to calcium carbonate, total organic carbon, and particle size 

determinations (Figure 5.10.).  12-15 g of <2 mm of material was subsampled for mass specific 

magnetic susceptibility measurements, which was analysed using Barington MS2 Dual 

Frequency sensor on low frequency following the method of Dearing (1999).    

5.4.2.5. Thin-section micromorphology 

5.4.2.5.1. Sampling strategy and descriptive protocol 

Marks Tey sampling strategy and descriptive protocol: Samples of undisturbed sediment were 

taken at intervals through the upper part of the sequence, in order to establish dominant 

microfacies associations and corroborate macroscale sediment descriptions.  Description of the 

laminated sediments was adapted from the systematic protocol developed for varved sediments 

(Ringberg and Erlström, 1999; Palmer et al., 2012) in combination with the descriptive scheme 

for glacial deformation features outlined by Menzies (2000), and is described fully in Chapter 7.  

Oughtonhead Lane, Hitchin sampling strategy and descriptive protocol: Two sets of samples 

were used for thin-section micromorphology: 1) samples taken in the field using Kubiena tins, 

and 2) undisturbed sediment blocks (100 x 30 x 20 mm) taken from the monolith samples.  Thin 

                               128



Chapter 5 - Research Methodology 

sections were divided into 1.5x2 cm squares, taking into account changes in facies, for 

description.  Full microscale descriptions were carried out in each area following terminology 

and protocol adapted from Bullock (1985), Riding (2000) and Flügel (2010) and described in 

detail in Chapter 8.   

5.4.2.5.2. Standard analytical method 

Thin sections were prepared from fresh sediment blocks (100 x 30 x 20 mm) using standard 

impregnation techniques of the Centre for Micromorphology at Royal Holloway, University of 

London (Palmer et al., 2008b).  Prepared thin sections were analysed under plane-polarised and 

cross-polarised light using an Olympus BH2 petrological microscope.  Measurements of 

laminations and other microscale features were undertaken manually using Image Pro Express 

4.0 image analysis software on images captured using the Pixera Penguin 600es camera. 

5.4.3. Geochemical techniques 

5.4.3.1. Identification of diagenetic alteration: Cathodoluminescence and xRD analysis 

Identification of potential diagenetic alternation was undertaken on the Oughtonhead Lane tufa 

sequence and Dierden’s Pit V. piscinalis shells in order to assess the reliability of the measured 

δ18O and δ13C values.  Cathodoluminescence was undertaken on uncovered thin-sections from 

the Oughtonhead Lane sequence, prepared following the standard technique of the Centre for 

Micromorphology, Royal Holloway, University of London, at the School of Environmental 

Sciences, University of East Anglia, using a MK5-1 optical Cathodoluminescence system at 

magnifications of x5 and x10.  The tufa fabric was non-luminescent in the selected samples. 

xRD analysis was undertaken on a selection of powdered whole shell samples from the Dierden’s 

Pit sequence prior to isotopic analysis in order to determine the carbonate mineralogy.  Analysis 

was undertaken by D. Alderton, using standard methods of Department of Earth Sciences, Royal 

Holloway.  Powdered samples of a selection of shells were applied to a glass slide and 

mineralogical composition analysed using a Philips PW1830/3020 spectrometer using copper 

Kα X-rays.  Mineral peaks were identified using the ICDD Powder Diffraction File database.  All 

shells analysed preserved a full aragonite mineralogy. 

5.4.3.2. Trace elemental analysis 

Trace element analysis was undertaken on the Oughtonhead Lane tufa sequence. Preparation 

and analysis for trace element analysis (Ca, Mg, Sr) follows the method developed in 

Department of Geography, Royal Holloway, for Atomic Absorption Spectroscopy (AAS), based 

on published methods based on analysis of tufa deposits with comparable sedimentary 

properties of Oughtonhead Lane (Garnett et al., 2004; Dabkowski et al., 2012).   
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0.1 g of dried, sieved tufa was dissolved in 25 ml of 10% acetic acid for 2 hours, decanted into 

50ml plastic centrifuge tubes, centrifuged, the supernatant decanted into 100ml flask, then 

repeated three times, with 1 ml of caesium chloride and lanthanum added to make the volume 

of solution up to 100 ml.  Samples of analytical grade CaCO3 and MgCO3 were also prepared 

following this method as standards.  For calcium concentrations, samples and standards were 

diluted (1/100) and analysed using the atomic absorption spectrometer (239.9 nm wavelength). 

For magnesium and strontium concentrations, sample dilution was not necessary; samples were 

run on the AAS, using the 28.5 nm wavelength for magnesium and nitrous oxide flame for 

strontium.   

5.4.3.3. δ18O and δ13C  stable isotopic analysis 

5.4.3.3.1. Marks Tey sampling strategy and preparation procedure: 

Individual carbonate laminations were sampled for stable isotopic analysis using a fine-bladed 

scalpel and needle under magnification, and then air-dried.  Sieving of samples was not deemed 

necessary as the carbonate material is silt-grade in size, therefore sieving the samples at 125 µm 

or 63 µm as recommended for lacustrine carbonates (Leng and Marshall, 2004) would not 

remove any detrital material. Dried samples were powered with an agate pestle and mortar and 

between 600-1200 µg weighed using a Mettler Toledo XP6 microbalance.  δ18O and δ13C values 

were determined by analysing CO2 liberated from the reaction of the sample with phosphoric 

acid at 90oC using a VG PRISM series 2 mass spectrometer in the Earth Sciences Department at 

Royal Holloway.  Internal (RHBNC) and external (NBS19, LSVEC) standards were run every 4 

and 18 samples.  

5.4.3.3.2. Oughtonhead Lane, Hitchin sampling strategy and preparation procedure 

 0.5cm thick subsamples for stable isotopic analysis were taken at the same sample stratigraphic 

horizons as those for trace element analysis throughout the tufa deposit.  Samples were wet 

sieved at 63 µm with Ultrapure water.  This was undertaken to: 1) remove allogenic detrital 

material and biogenic carbonate fabrics (molluscs, ostracods and chara), and 2) isolate the 

micritic tufa groundmass from the oncoidal and microbiolitic fabrics.  Sieved samples were 

treated overnight with 10% hydrogen peroxide to remove organic material, rinsed three times 

with Ultrapure water and air dried.  Samples were analysed following the standard technique as 

described above.  

5.4.3.3.3. Dierden’s Pit and Barnfield Pit, Swanscombe sampling strategy and preparation 

procedure 

Shell and operculum size for each specimen were measured following the method outlined in 

section 5.2.6.3.  Five whole V. piscinalis shells and B. tentaculata opercula from each sample 
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horizon were selected for stable isotope analysis.  Preparation and analysis of shell and 

operculum for stable isotopic analysis follows the procedure adopted for modern mollusc shells 

described in Section 5.2.6.4 (Figure 5.5.).  

5.4.4. Biological techniques 

5.4.4.1. Pollen analysis 

Pollen samples were prepared for the Marks Tey sequence following standard protocol used at 

Department of Geography, Royal Holloway, University of London, and spiked with Lycopodium 

enabling the calculation of pollen concentration (grains/g). Pollen counts were undertaken by 

Prof.  P. Coxon, Department of Geography, Trinity College, Dublin.  1 cm3 sediment samples 

were taken for pollen analysis at 50cm intervals throughout the upper profile in order to relate 

the sequence to the original pollen stratigraphy of ‘GG’ from Turner (1970).   

5.4.4.2. Biomarker analysis 

4x1x1 cm3 samples were taken at 100 cm intervals throughout the entire Marks Tey core profile 

for biomarker analysis by G. Tye and J. Sherriff.  Sampled material was placed in airtight vials, 

frozen and sent to Dr. E. McClymont, Department of Geography, Durham University, for 

preparation and analysis.  Biomarker-specific extraction and analysis used in this thesis follows 

standard protocol of University of Newcastle, and is described in Tye et al., (in review).  

5.4.4.3. Charcoal analysis 

5 cm3 of material was sampled volumetrically at 1 cm intervals throughout the Oughtonhead 

Lane tufa sequence and contiguously in the interval 23-28 cm, where there is evidence at the 

macroscale for increased frequency of organic material.  Sample preparation for the analysis of 

macroscopic (>125 µm) and microscopic (10-125 µm) charcoal identification followed standard 

procedure of Department of Geography, Royal Holloway.  For each sample, the >125 µm 

fraction was analysed under a Motic Stereo Zoom microscope and the 10-125 µm fraction 

analysed under high powered Olympus BH-2 microscope.  Charcoal identification followed 

Whitlock and Larsen (2001) and Scott (2010), and the full sample was counted, allowing for the 

number of fragments per gram to be calculated.   
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Chpater 6 - Environmental controls on δ18O and δ13C values of modern 
gastropod carbonate: Modern analogue study and application to 

Quaternary sequences

6.1. Introduction 

This Chapter describes the modern analogue component of the thesis.  As outlined in Chapter 4, 

the oxygen and carbon isotopic values of freshwater molluscs carbonate (shell and operculum) 

has considerable potential for high-resolution palaeoenvironmental analysis in a range of 

freshwater Quaternary deposits.  The use of oxygen isotopes is based on the principle that the 

δ18O value of freshwater mollusc carbonate is controlled by water temperature during shell 

mineralisation and the δ18Owater value of the surface water that the individual inhabits (Fritz and 

Poplawski, 1974; Leng and Marshall, 2004).  In temperate mid-latitudes, δ18Owater can be linked 

to mean annual air temperature through a number of stages (Darling et al., 2003); consequently, 

the δ18O value of molluscan carbonate (δ18Oshell and δ18OOP) has the potential to be an important 

proxy for air temperature.  δ13C values of shells are not directly related to temperature, although 

they can yield information regarding changes in vegetation, residence time and changes in 

carbon sources within a freshwater system (Cerling and Quade, 1993; Aucour et al., 2003; 

Andrews, 2006). 

Nevertheless, despite the potential that δ18O analysis of freshwater mollusc carbonate offers as an 

important palaeoenvironmental proxy, and the ubiquity of freshwater mollusc shells and 

opercula in British Quaternary deposits, the technique has been limited by the lack of 

understanding of the modern relationship between δ18O values of shells and prevailing 

environmental conditions.  In modern freshwater systems, a number of elements need to be 

addressed in order to establish the palaeoenvironmental significance of δ18O values of freshwater 

mollusc carbonate.  First, the thermal regime of freshwater systems in southeast Britain and the 

relationship with prevailing air temperature needs to be understood.  Southeast Britain is an 

important area to focus this investigation on, because many of the Quaternary deposits rich in 

molluscan remains are located in this area.  Second, the variability in the δ18O values of water 

(δ18Owater) in these systems needs to be quantified and its relationship to the δ18O value of rainfall 

and prevailing air temperature investigated.  Third, the range of δ18O values observed in shell 

and operculum carbonate of a number of freshwater mollusc species that are common in the 

Quaternary record needs to be analysed in order to establish how these values record the 

δ18Owater and the thermal regime of the freshwater systems that they inhabit.  Only when these 

factors are validated in modern systems can the palaeoenvironmental significance of δ18O values 

of fossil shells be fully realised. 
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Based on this, this Chapter aims to: 

• Establish the thermal regime of three modern fluvial systems and the relationship of

water temperature with prevailing air temperature (Section 6.2).

• Understand the monthly variation in δ18Owater values in three fluvial systems and the

principal controls on these values (Section 6.3.).  In addition, the monthly variation in

δ18Owater values of one lacustrine system will also be investigated, which will aid the

interpretation of δ18O values of carbonates from other freshwater systems discussed later

on in this thesis.

• Measure the δ18O and δ13C (δ18Oshell and δ13Cshell) values of modern freshwater gastropod

shell carbonate of Bithynia tentaculata, Valvata piscinalis and Radix balthica.  In

addition, the δ18O and δ13C values of the calcitic opercula of B. tentaculata will be

measured (δ18OOP and δ13COP).  δ18O and δ13C values will be measured from shells of

living specimens and modern subfossil assemblages in order to assess how the δ18O and

δ13C signature of mollusc assemblages within a sedimentary deposit relates to the living

population  (Section 6.4).

• Understand the factors controlling the measured δ18O and δ13C values of these taxa and

establish the link between δ18O values of carbonate, water temperature and δ18Owater

values in these three fluvial systems (Sections 6.5 and 6.6).

• Assess the use of δ18O values of freshwater gastropod carbonate as a palaeotemperature

proxy through the comparison with other modern studies and measured δ18O values of

shells from a number of Quaternary deposits (Section 6.7).

Table 6.1. Sample location, hydrological and geological characteristics of modern freshwater systems investigated in this 
study. 

River Thames River Wey River Colne Silent Pool 
 Sampling Location Runnymede  

51°26’32.46’’N, 
0°32’57.34’’W 

Old Woking 
51°17’58.38’’N, 
0°32’38.62’’W 

Staines Moor 
51°26’42.43’’N, 
0°31’32.43’’W 

51° 13’ 35.49”N,  
000° 28” 57.31”W 

Catchment size (m2)1 12,935 900 743 - 
Lake area (km2)2 - - - Silent Pool = 1.5 

Sherborne Pond = 2.7 
River length (km)1 346 92 40 
Principal bedrock 
geology 

 Chalk Group, Oolitic 
Limestone , Lower 
Greensand Formation, 
London Clay 
Formation 

Chalk Group, London 
Clay Formation,  
Bracklesham Group 
and Barton Group 
(sands, silts and clays) 

Chalk Group, London 
Clay Formation 

Chalk Group, Gault 
Clay Formation 

Flow rate (m3/second)1 59.35 7.19 4.15 - 
Discharge (l/day) 3 - - - 107  - 108 
Baseflow Index4 0.71 0.65-0.67 0.86 - 
Channel depth near 
sampling location (m)5

2.4-2.5 1-2.5 0.6-1.8 - 

Channel width at 
sampling location (m)2

50 14 15 - 

1 NRFA (2015) 
2 Aerial measurements undertaken using EDINAP DIGIMAP (2015). 
3 Davies (1917) 
4 Proportion of the river runoff that derives from groundwater. The more permeable the rock, superficial deposits and soils in a catchment, the 
higher the baseflow, therefore a higher baseflow index (Holmes et al., 2002; NFRA, 2015) 
5 Based on recorded water depth and flow rate from nearest monitoring station (Thames= Bell Weir, Wey =Old Woking FWS, Colne = Staines 
Trading Estate) 

133



Chapter 6 - δ18O and δ13C values of modern freshwater gastropod carbonate 

6.1.1. Study sites 

This study focuses on four sites, three fluvial systems comprising the Thames, Wey and Colne, 

and one spring-fed lacustrine system, Silent Pool (Figure 6.1.).  The hydrological characteristics 

of these systems are summarised in Table 6.1.  All fluvial systems studied comprise a large 

catchment, comparable bedrock geologies and are predominantly groundwater fed.  In addition 

to the fluvial sites, Silent Pool was selected in order to examine the variation in δ18Owater in a 

modern lacustrine system and the association with prevailing air temperature.  These modern 

examples can therefore be used as a basis for interpreting the δ18O values of carbonate 

precipitating in a number of freshwater systems discussed in this thesis. 

6.1.2. Modern molluscan ecology 

Three gastropod taxa were collected for analysis at each study site: B. tentaculata, V. piscinalis 

and R. balthica. The key ecological characteristics of these taxa are summarised in Table 6.2.  V. 

piscinalis is a gill-breathing (prosobranch) aquatic gastropod living in slow-flowing fluvial and 

lacustrine systems (Kerney, 1994).  Individuals of V. piscinalis live between thirteen to twenty 

one months, shell growth ceases after a year, with the most rapid shell growth occurring 

immediately after hatching and in the following spring of the second year (Apolinarska and 

Hammarlund, 2009).  V. piscinalis are characterised by high fecundity, with spawning occurring 

two or three times a year usually in early spring (April to May) and again between July and 

November (Lodge and Kelly, 1985; Mouthon and Daufresne, 2006).  R. balthica is a pulmonate 

(lung-breathing) species that uses both dissolved oxygen in the water body and atmospheric 

oxygen for respiration (Aucour et al., 2003; Apolinarska and Hammarlund, 2009). 

Consequently, it is ubiquitous in terrestrial environments, occurring in a wide range of 

hydrological regimes and is known to tolerate seasonal desiccation.   

Like V. piscinalis, R. balthica has a life cycle of one year, in which spawning occurs in spring; 

hatching takes place in July and August, with growth occurring until the subsequent summer 

(Byrne et al., 1989).  R. balthica exhibits a consistent rate of growth throughout the warmest 

months, with growth continuing throughout the winter months, albeit at a much slower rate (ca. 

10-15% of normal growth rate) (Gaten, 1986).  B. tentaculata is a prosobranch gastropod with a 

preference for lowland well-oxygenated slow flowing river and lakes.  Individuals of B. 

tentaculata live between one and three years, with hatching occurring in June, and growth 

occurring during the 1st year, except for the months November-March, in which hibernation 

occurs (Dussart, 1979).  Individuals of B. tentaculata possess a concentrically ringed oval-shaped 

calcite operculum that covers the aperture in order to protect the soft tissue during periods of 

inactivity.  The operculum increases with size with shell growth, with operculum growth 

                               134



Chapter 6 - δ18O and δ13C values of modern freshwater gastropod carbonate 

suggested to take between March to November (Hammarlund et al., 2003) and the most rapid 

growth-taking place in late summer to autumn prior to hibernation (Hammarlund, 1999). 

Table 6.2. Ecological characteristics of gastropod species investigated in this study (for references, see in text). 

Bithynia tentaculata  
(L, 1788) 
Common Bithynia 

Radix balthica  
(formerly Lymnaea peregra)  
(Müller, 1774) 
Common (wandering) pond 
snail 

Valvata piscinalis  
(Müller, 1774) 
Common valve snail 

Biology • Sizes up to 8-13 mm
• Gill-breathing
• Oval-shaped calcitic

operculum 

• 12-28 mm
• Pulmonate (lung-breathing)
• Breathes dissolved oxygen 

in water body; atmospheric
air when oxygen saturation 
levels are low 

• Sizes up to 4.5-6 mm
• Gill-breathing
• Small- thin circular 

operculum 

Distribution • Palearctic; lowland areas • Palearctic • Palearctic
Habitat 
preferences 

• Slow moving, well 
oxygenated lowland rivers
and lakes 

• Muddy substrate with 
dense growth of aquatic
plants 

• Benthic and infaunal.

• Ubiquitous; range of water
velocity and chemistry 

• Bare/muddy/stony bottoms,
withstands seasonal 
desiccation 

• Epifaunal

• Large bodies of flowing/still
water 

• Preference for muddy/silty
substrates or submerged 
macrophytes 

• Epifaunal

Feeding habits • Grazing on algal substrate 
and filtering of suspended
algae 

• Algae, diatoms, organic
matter 

• Grazer on epiphytic algae
and detritus 

• Sometime filter feeding on
suspended organic matter 
and algae 

• Rasps off fragments of
aquatic vegetation 

Growth rates • Reaches adult size after 1st

year (after which growth 
stops 

• Growth occurs in first 
months and in spring-
summer after 1st winter

• Hibernation between 
November and March

• 2.4-2.9 mm June-October,
0.35mm winter 

• Max growth occurs summer
of 1st year

• Most intense after hatching,
no growth during winter, 
growth continues following 
spring-summer 

• Growth terminates after 10-
12 months 

Generations/year • 1 generation/year • 1 generation/year • 1-2generations/year
Timing of egg 
laying/hatching 

• June • Spawning occurs April-May,
hatching June-August 

• May or July-November if 2
generations/year 

Life span • 1-3 years • 1 year
• Individual born previous

year will die following 
summer 

• 12-15 months
• Die in autumn after

spawning 

Presence in British 
Quaternary  
deposits 

• Interglacials and 
interstadials of last 500kyr

• Interglacials and 
interstadials of last 500kyr

• Interglacials and interstadials
of last 800kyr 

6.2. Establishing the relationship between modern air and water temperature 

This Section presents a comparison of modern water temperatures from the Thames (WIN), 

Wey (WYB) and Colne (STN) with regional air temperature data from Heathrow (HEA) and 

RHS Wisley (WIS) (for raw data, see Appendix B).  This was undertaken in order to establish 

whether the thermal regime of these three fluvial systems is driven by insolation and prevailing 

air temperature, and that in these systems water temperature closely reflects air temperature.  

This has two implications for the understanding of the controls on δ18O values of gastropod 
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carbonate: first, to demonstrate whether the gastropod assemblages in these fluvial systems 

inhabit surface waters with a thermal regime consistent with modern lowland groundwater-fed 

fluvial systems.  Second, to establish whether any observed variation in gastropod carbonate 

δ18O values that may be linked to water temperature can also be associated with prevailing air 

temperature at the time of shell and operculum mineralisation.  The methodology related to 

data acquisition and processing prior to comparison of air and water temperature datasets is 

described in Chapter 5.  The following Section presents a summary of the comparison of 

measured water temperatures from the Thames, Wey and Colne to air temperature during the 

period January 2009 to December 2012. No water temperature data was available from Silent 

Pool over this period; therefore, this site is not included in this Section. 

6.2.1. Comparison of measured water and air temperature datasets 

Calculated monthly average water temperatures in the Thames (calculated from measured water 

temperatures in Windsor (WIN)) vary on a seasonal basis, with monthly average ranging from 

5.1 °C  (December) to 19.2 °C (based on January 2009 to December 2012 monthly averages).  

During this period, there is a statistically significant positive linear relationship with air 

temperature, with 98.62% of the variation observed in Windsor monthly average water 

temperature explained by variation in Heathrow maximum monthly average air temperature 

(HEA MonAvMax) (Figure 6.1A, Table 6.3). 

Table 6.3. Summary of linear regression between measured water temperatures from the Thames, Wey and Colne with 
regional measured air temperatures or the period January 2009 to December 2012.  All results significant at p<0.05. 

Thames Colne Wey 
WIN MonAv STN Point Samples WYB MonAv 

Heathrow air 
°C 

n r2  
% var..  
explained 

n r2 
% var.  
explained 

RHS Wisley 
air °C 

n r2  
% var.  
explained 

HEA MonAv 48 0.9851 98.51 23 0.8302 83.02 WIS MonAV 43 0.9822 98.33 
HEA 
MonAvMax 

48 0.9862 98.62 23 0.8379 83.79 
WIS 
MonAvMax 

43 0.9805 98.05 

HEA 
MonAvMin 

48 0.9760 97.60 23 0.8114 81.14 
WIS 
MonAvMin 

43 0.9732 97.32 

Calculated monthly average water temperatures in the Wey (calculated from measured water 

temperatures at Weybridge (WYB)) also vary on a seasonal basis, mean average water 

temperatures ranging from 6.5 °C (December) to 18.0 °C (July) (based on January 2009 to 

December 2012 monthly averages).  During this period, there is a statistically significant positive 

linear relationship with air temperature, with 98.3% of the variation observed in Weybridge 

monthly average water temperature explained by variation observed in RHS Wisley monthly 

average air temperature (WIS MonAv) (Figure 6.1B, Table 6.3.). 
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Figure 6.1. Recorded air and water temperatures for the Thames (A), Wey (B) and Colne (C) over the period January 2009 
to December 2012. blue/red limes indicate calculated monthly average, average maximum and average minimum water 
and air temperatures.  Gaps indicate missing data values as described in Chapter 5 (Appendices A and B). 
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Point sample water temperature data for the Colne (based on water temperature measurements 

from Staines-upon-Thames (STN)) spans the period January 2011 to November 2012.  In this 

period, water temperature varies seasonally from 4.2 °C (January 2011) to 21.3 °C (June 2012). 

There is a statistically significant positive linear relationship with air temperature during this 

period, with 83.79% of variation in water temperature explained by the variation observed in the 

Heathrow maximum monthly average air temperature (HEA MonAvMax) (Figure 6.1C, Table 

6.3.).  The relationship with air temperature is weaker than for the Thames and Wey, because 

point samples represent discrete intervals in time rather than an average of the full range of 

water temperatures observed across a month.  Consequently, water temperature measurements 

from point samples are likely to be characterised by more extreme values and a greater degree of 

variability.  

6.2.2. Summary of water temperature and air temperature datasets 

From comparison of air and water temperature datasets from the Thames, Wey, and Colne over 

the period January 2009 to December 2012, the following summary can be made: 

• It can be established that there is a statistically significant relationship between

measured water temperature for the Thames (WIN), Wey (WYB), and Colne (STN) and

measured air temperature from Heathrow (HEA) and RHS Wisley (WIS), with

variations observed in monthly mean average water temperatures explained by

variations in either monthly mean average or monthly mean maximum air

temperatures.  Measured monthly mean average water temperatures have a comparable

range to measured monthly mean average air temperatures in the Thames, Wey and

Colne

• Therefore, it can be suggested in these river systems, that water temperatures closely

reflect prevailing air temperature, and that variations observed in water temperatures

from the three fluvial systems are being driven primarily by variations in insolation and

air temperature.

6.3. δ18Owater values of modern surface waters 

6.3.1. Summary of measured δ18Owater values 

δ18Owater values were measured from monthly point samples taken from the four study sites over 

the period December 2011-November 2012.  Measurement errors associated with raw δ18Owater 

values (Appendix C) are in the range of ±0.01-0.04‰ (1s).  For the full dataset, δ18Owater values 

range between -8.02‰ to -6.35‰; calculated mean δ18Owater values for the Thames, Wey, and 

Colne are comparable and range between -6.81‰ to -6.54‰ (Table. 6.4).  Calculated mean 

δ18Owater values are associated with a low degree of variability, with one standard deviation of the 
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datasets ranging from 0.17‰ to 0.23‰.  Measured δ18O values from Silent Pool come from two 

water bodies in the lake system: Silent Pool and Sherborne Pond, due to the low water levels 

observed in Silent Pool between March 2012 and June 2012.  For the full Silent Pool dataset 

calculated mean δ18Owater values are -6.99±0.39‰ (1s).  In the interval March to June, in which 

samples were taken from Sherborne Pond, the calculated mean δ18Owater value is -6.72±0.18‰ 

(1s), with samples taken from Silent Pool between November 2011 to February 2012 and July to 

November 2012 having a slightly lower calculated mean δ18Owater value of -7.13 ±0.40‰(1s).  

Table 6.4. Descriptive statistics of measured δ18Owater  values for Thames, Wey, Colne and Silent Pool for the period 
December 2011-November 2012.  All data presented is expressed as (‰ V-SMOW). 

δ18O water (‰ V-SMOW) 
N Mean SD (1s) Median Min Max Range 

Runnymede  
(R. Thames) 

12 -6.56 0.23 -6.46 -7.18 -6.35 
0.83 

Staines Moor 
(R. Colne) 

11 -6.81 0.17 -6.83 -7.05 -6.51 
0.54 

Gresham Mill  
(R. Wey) 

12 -6.54 0.18 -6.51 -6.96 -6.29 
0.67 

Silent Pool  
(all values) 

12 -6.99 0.39 -7.00 -8.02 -6.47 
1.55 

Silent Pool only 8 -7.13 0.4 -7.11 -8.02 -6.68 1.34 
Sherborne Pond only 4 -6.72 0.18 -6.74 -6.91 -6.47 0.44 

6.3.2.  Observed seasonal variation in measured δ18Owater values and the relationship with air and 

water temperatures 

Monthly δ18Owater values for the four datasets are plotted against date in Figure 6.2.  Calculated 

mean δ18Owater values for three-month time slices (December to February (DJF), March to May 

(MAM), June to August (JJA) and September to November (SON)) for each site are also shown 

in Figure 6.3.  A comparable degree of seasonal variation is observed in the Thames, Colne and 

Wey, with the lowest measured δ18Owater values observed in the winter or autumn months (DJF 

or SON) and highest measured δ18Owater values occurring in the summer months  (JJA) in all 

three sites.  The difference between mean values between DJF-JJA for the Thames, Colne and 

Wey are +0.03‰, +0.32‰ and +0.29‰ respectively.  In Silent Pool, the highest δ18Owater values 

are observed during MAM (-6.65‰) and the lowest δ18Owater values are observed between DJF (-

7.16‰), with a difference of 0.38‰. 

Ordinary least squares regression between δ18Owater values and monthly average and daily 

average water temperatures for the Thames, Wey and Colne indicate no statistically significant 

positive linear relationship between water temperature and δ18Owater values in the Thames. 

However, there is a statistically significant positive linear relationship between monthly and 

daily water temperature and δ18Owater values from the Wey and the Colne (Figure 6.3., Table 

6.5.).  The δ18Owater values from Silent Pool are compared against monthly air temperature values 

in the absence of water temperature data from this site.  Results of the regression indicate no 
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statistically significant positive linear relationship between the two variables (Figure 6.4., Table 

6.5.).  Although there is evidence of a statistically significant relationship between δ18Owater values 

and water temperature in the Wey and Colne, the low slope value (a) and r2 values of less than 

0.6 suggest that the relationship between air temperature and δ18Owater values is weak and the 

variation observed in δ18Owater values cannot be solely explained by water temperature variations.  

Figure 6.2. Measured δ18Owater values across the period December 2011-November 2012 for Thames, Wey, Colne and 
Silent Pool. Measured δ18Owater values for Silent Pool comprise of two sites in the basin, Silent Pool and Sherborne Pond, 
as highlighted in the Figure 6.1.  For each site, three-monthly mean δ18Owater values are also displayed. All δ18Owater values 
are expressed as ‰ V-SMOW. 
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Figure 6.3. XY scatterplots comparing measured δ18Owater values and water temperature values for the period December 
2011-November 2012 for each of the study sites.  Measured δ18Owater values for A) Thames and B) Wey are compared to 
monthly average water temperature and daily average water temperatures. Measured δ18Owater values for C) Colne are 
compared to water temperature data obtained from point samples.  As there are no water temperature data available for 
D) Silent Pool, Heathrow monthly average air temperature data is used instead.

Table 6.5.  Linear regression output for water temperature and δ18Owater values based on A) monthly average (MonAv) 
and daily average (DailyAv) water temperatures for the Thames and Wey, B) measured water temperatures from point 
samples for the Colne, and C) Heathrow monthly average air temperature  for Silent Pool. Star indicates r2 values is 
significant at p<0.05. 

Slope (a) Intercept (b) Regression r2  
Runnymede δ18Owater  

WIN Mon Av 0.0183 -6.779 0.1347 
WIN Daily Av 0.0157 -6.379 0.1932 

Gresham Mill δ18Owater  
WYB Mon Av 0.0341 -6.942 0.5850* 
WYB Daily Av 0.0294 -6.873 0.596* 

Staines Moor δ18Owater  
STN Point Samples 0.0219 -7.090 0.415* 

Silent Pool δ18Owater  
HEA MonAv 0.5776 -7.1341 0.002 

6.3.3. Controls on modern δ18Owater values 

Based on the measured δ18Owater values described above, two observations can be made.  First, 

the δ18Owater values of the four sites are comparable to each other (Figure 6.2.), suggesting a 

regional consistency in the isotopic signature of surface waters in this area.  Second, the 
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measured δ18Owater values observed in this study from the Thames, Wey and Colne are consistent 

with modern surface δ18Owater values from the British Isles (White et al., 1999; Darling et al., 

2003; Waghorne et al., 2012) and are typical of temperate lowland perennial river systems with 

water predominantly sourced via baseflow of groundwater, which in turn is a reflection of mean 

annual δ18Orainfall values (Clark and Fritz, 1997, Darling et al., 2003).  

This is suggested by the dataset trends for the three fluvial sites.  First, the low δ18Owater values 

recorded at these sites are consistent with the long-term annual mean δ18O of rainfall in 

southern Britain (1979 to 2007 weighted mean δ18O = -6.77‰, Wallingford, Oxfordshire 

(IAEA/WMO, 2015).  This is due the process of homogenisation of δ18Orainfall values in the 

aquifer; δ18Orainfall varies seasonally, with higher values associated with summer rainfall and lower 

values associated with winter rainfall.  The processes of infiltration and percolation causes the 

mixing of rainfall from different parts of the year in the aquifer, resulting in an δ18Ogroundwater 

values that are comparable to mean annual δ18Orainfall (Clark and Fritz, 1997; Darling et al., 2003).  

Groundwater enters the river system via baseflow, resulting in δ18Owater values that are consistent 

with δ18Ogroundwater, which in turn represents mean annual δ18Orainfall.  The absence of large-scale 

seasonal variation in the δ18Owater values of the Thames, Wey, and Colne datasets also supports 

this.  In the absence of groundwater homogenisation, δ18Owater will vary concordantly with 

seasonal variation in δ18Orainfall (Darling and Talbot, 2003).  Measured δ18Orainfall values recorded at 

Wallingford, Oxfordshire, vary predictably throughout the year, with the highest δ18Orainfall 

values recorded in the summer months and lowest δ18Orainfall values recorded in the winter 

months; the range of this variation is ca. 3.3‰ (IAEA/WMO, 2015).  However, measured 

δ18Owatervalues from the Thames, Wey, and Colne are in the range of 0.5‰ to 0.8‰, suggesting 

that the direct effect of seasonal δ18O variation in rainfall is negligible.  

The absence of significant seasonal variation in δ18Owater values from the Thames, Wey, and 

Colne also suggests that there is minimal influence of direct recharge (for example, surface 

runoff, and snowmelt) on these systems.  The reason for this is two-fold; first, due to the 

buffering effects of constant groundwater recharge and the relatively large water volume of these 

systems, the influence of direct precipitation and surface runoff in altering the isotopic signature 

of the river will be minimal (Darling et al., 2003).  Within these catchments, primary geology is 

predominately highpermeability bedrock, meaning a large proportion of water reaching the 

systems is from recharge via the aquifer, as suggested by the high baseflow indices of the three 

rivers described in Section 6.1.1.  Second, because these catchments are located in a lowland area 

with a maritime temperate climatic regime, the effect of snowmelt is negligible (Rank et al., 

1998; Darling et al., 2005).  However, there is evidence of slightly higher δ18Owater values in the 

summer months from all three fluvial sites (in the range of 0.2‰).  This may be the result of a 
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minor effect of isotopically ‘heavier’ summer rainfall on the δ18Ogroundwater values, resulting in 

slightly lower δ18Owater values during these months (Darling and Talbot, 2003; Darling, 2006).  

Measured δ18Owater values from Silent Pool are consistent with those from the Thames, Wey and 

Colne.  On the basis that Silent Pool is classified as a standing surface water body, it would be 

expected the measured δ18Owater values would vary seasonally, with a range of 1-2‰ owing to the 

contribution of seasonal differences in direct δ18Orainfall entering the water body and summer 

evaporative enrichment (Leng and Marshall, 2004).  However, measured δ18Owater values do not 

exhibit this trend.  This is because the water body is formed from an active spring with high 

rates of discharge (Davies, 1917) in an area with high permeability bedrock, meaning that Silent 

Pool has short residence times, and essentially behaves in a similar manner to a fluvial system. 

Consequently, δ18Owater values will be a reflection of δ18Ogroundwater, and therefore remain relatively 

constant throughout the year, (Leng and Marshall, 2004).  The higher δ18Owater values measured 

between February and May are likely to be an artefact of evaporative enrichment during a 

period of lower water levels as result of dredging the water body, with a minor contribution of 

isotopically ‘heavy’ summer rainfall.  

6.3.4. Summary of δ18Owater results 

The measured δ18Owater values from the Thames, Wey, Colne, and Silent Pool from the period 

November 2011 to December 2012 suggest the following:  

• Measured δ18Owater values from the Thames, Wey and Colne are consistent throughout

the year, in line with other lowland fluvial systems (White et al., 1999; Waghorne et al.,

2012; Darling, 2003), suggesting a regional consistency in measured δ18Owater values of

fluvial systems in southern Britain.

• Although there is evidence for seasonal variation in δ18Orainfall values throughout the

year in southern Britain, due to the process of groundwater homogenisation, δ18Owater

values remain relatively constant and are comparable with mean annual δ18Orainfall

values.

• Where there is evidence for seasonal variation in δ18Owater values, the range of values

across the year is very low, and is likely to reflect local evaporative processes in the

water body and a minor contribution of isotopically ‘heavy’ rainfall on δ18Ogroundwater

values.

• Measured δ18Owater values for Silent Pool are consistent throughout the year; this

suggests that spring-fed lacustrine systems in areas of Chalk bedrock behave in a

comparable way to fluvial systems.  As such, δ18Owater values can be related to mean

annual δ18Orainfall, rather than to processes such as evaporative enrichment and direct
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rainfall that may potentially modify the δ18Owater values of other lacustrine systems 

(Talbot, 1990; Leng and Marshall, 2004). 

6.3.5. Implications for the understanding of δ18O values of gastropod carbonate 

The study of the δ18Owater values of these modern freshwater systems has implications for the 

δ18O values of gastropod carbonate of the molluscs inhabiting these systems.  These results 

indicate that shell and opercula mineralisation of molluscs inhabiting these river systems will 

occur in waters with relatively constant δ18Owater values, irrespective of the time of year in which 

mineralisation takes place.  As water temperatures vary throughout the year in line with 

prevailing air temperature, variation in δ18O values of gastropod carbonate, if mineralisation is 

occurring in isotopic equilibrium with river waters, will be a reflection of species-specific 

mineralisation in different parts of the year.  Using the modern water temperatures and δ18Owater 

values for the Thames, Wey and Colne described in Sections 6.2 and 6.3, it is possible to 

calculate the theoretical values of δ18Oshell and δ18OOP using published palaeotemperature 

equations.  Comparing measured δ18Oshell and δ18OOP values of modern gastropod carbonate to 

these theoretical values can therefore be used to determine: 1) if measured δ18Oshell and δ18OOP 

values of molluscs from these river systems are consistent with mineralisation at isotopic 

equilibrium, and, 2) the range of water temperatures in which shell mineralisation is occurring. 

6.3.5.1. Calculating theoretical δ18Oshell and δ18OOP values 

In this study, the palaeotemperature equation of White et al., (1999) is used to calculate 

theoretical δ18Oshell values as follows: 

𝑇 = 21.36 − 4.83 × 𝛿!"𝑂!!!"" −  𝛿!"𝑂!"#$% EQ. 6.1 

Where T is water temperature in degrees Celsius, δ18Oshell is δ18O value of shell aragonite in ‰ V-

PDB, and δ18Owater is measured δ18Owater value in ‰ V-SMOW.  This is the most appropriate 

palaeotemperature equation for this study as the δ18O-temperature relationship is based upon 

biogenic aragonite, specifically shells of R. balthica grown in controlled conditions rather than 

other palaeotemperature equations for aragonite that are based on biogenic (e.g. Grossman and 

Ku, 1986) or synthetic aragonite (e.g. Zhou and Zheng, 2003; Kim et al., 2007).  For the 

calculation of theoretical δ18OOP values, the equation of Anderson and Arthur (1983) is used as 

follows:  

𝑇 = 16.0 − 4.14 × 𝛿!"𝑂!" −  𝛿!"𝑂!"#$% + 0.13× 𝛿!"𝑂!" −  𝛿!"𝑂!"#$%  !  EQ. 6.2 

Where T is water temperature in degrees Celsius, δ18OOP is δ18O value of gastropod operculum 

calcite in ‰ V-PDB, and δ18Owater is measured δ18Owater value in ‰ V-SMOW.  The Anderson 

and Arthur (1983) equation is used preferentially in this study as it is based on biogenic calcite, 

and is more appropriate here than those based on meteoric cements (e.g. Hays and Grossman, 
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1991) or synthetic calcite (e.g. Kim and O’Neil, 1997).  For each site, theoretical δ18Oshell and 

δ18OOP values are calculated using mean δ18Owater values and monthly mean average water 

temperatures.  Uncertainties have been calculated using the one sample standard deviation of 

mean δ18Owater values, following the re-arranged palaeotemperature equations of White et al. 

(1999) and Anderson and Arthur (1983) below: 

δ18Ocarb= 483 ×δ18Owater  – (100 × Τ) + 2136
483

 EQ. 6.3 

δ18Ocarb= 13 ×δ18Owater !"!#$!(!"## ×!) - 207
13

EQ. 6.4

The calculated ranges of theoretical δ18Oshell and δ18OOP based on equation 6.3 and 6.4 are 

presented in Table 6.6.  These are presented graphically in Figure 6.4 (1A-D).  The theoretical 

δ18Oshell and δ18OOP values from the Thames, Wey, and Colne show a consistent pattern of 

variation across the year, with the highest theoretical δ18Oshell and δ18OOP values occurring during 

the coldest months, and the lowest theoretical δ18Oshell and δ18OOP values during the warmest 

months.  This is consistent with the temperature effect of isotopic fractionation; lower 

temperatures cause the greatest degree of fractionation, generating shell and opercula 

carbonates with higher δ18O values.  Conversely, higher temperatures generate shell and 

operculum carbonates with lower δ18O values (White et al., 1999; Leng and Marshall, 2004).  

Table 6.6. Theoretical δ18Oshell  and δ18OOP values based on mean monthly (MonAv) water temperature and measured 
δ18Owater values for the period December 2011-November 2012 using White et al. (1999)  and Anderson and Arthur 
(1983). All values expressed as ‰V-PDB. 

Mean δ18Owater 
(‰) 

δ18Owater  
SD (1s) 

Lowest Mon 
Av Water °C  

 Highest Mon 
Av Water °C  

Max 
theoretical 
δ18Oshell /δ18OOP 
(‰) 

Min. 
theoretical 
δ18Oshell /δ18OOP  
(‰) 

Aragonite (White et al., 1999)  
Runnymede 
(Thames) 

-6.56 0.23 5.21 18.72 -3.22 -6.02 

Gresham Mill  
(Wey) 

-6.81 0.17 5.88 17.85 -3.34 -5.81 

Staines Moor 
(Colne) 

-6.54 0.18 5.88 19.2 -3.60 -6.36 

Calcite (Anderson & Arthur, 1983) 
Runnymede 
(Thames) 

-6.56 0.23 5.21 18.72 -4.14 -7.46 

Consequently, based on the growth regimes of specific gastropod taxa described in Section 6.1.2, 

the following hypotheses can be advanced:  

• As shell mineralisation of B. tentaculata occurs most rapidly in the summer months,

δ18O values of whole shells of this taxon (δ18OBT) will be weighted towards water

temperatures observed in the warmer months.  Due to the established relationship

between water temperature and fractionation during calcite precipitation outlined in

Chapter 4, δ18OBT values will be relatively low in comparison to other taxa. Using the
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measured δ18O values of water and water temperatures from the Thames over the period 

April to October as an example, it could be suggested that measured δ18OBT values are 

likely to range between -5‰ to -5.5‰ (Figure 6.4, 2A). 

• Conversely, as B. tentaculata operculum mineralisation is suggested to occur between 

March and November, δ18O values of whole operculum (δ18OOP) will reflect the range of 

water temperatures experienced throughout a longer period of the year. Due to 

differences between the fractionation of calcite and aragonite under comparable 

temperatures, suggested measured δ18OOP values are also likely to range between -5‰ 

and -5.5‰ if mineralisation is occurring between March and November (Figure 6.5, 

2D).  

• As it is suggested that R. balthica undergo shell mineralisation throughout the year, δ18O 

values of whole shells of this taxon (δ18ORB) are anticipated to be relatively high, in line 

with the water temperatures experienced throughout the year. Using the measured δ18O 

values of water and water temperatures from the Thames throughout a year period, it 

could be suggested that measured δ18ORB values are likely to range between -4.3‰ to -

4.8‰ (Figure 6.5, 2C). 

• The growth regime of V. piscinalis is more variable; however, it is suggested that shell 

mineralisation occurs between March and November.  Consequently, δ18O values of 

whole shells of this taxon (δ18OVP) will be relatively low; using the measured δ18O values 

of water and water temperatures from the Thames throughout a year period, it could be 

suggested that measured δ18ORB values are likely to range between -4.7‰ and -5.2‰ 

(Figure 6.5, 2B). 

Figure 6.4 (overleaf). Graphs 1A-D presents the theoretical δ18O of gastropod carbonate for the Thames, Wey and Colne 
based on  measured δ18Owater values and water temperatures, using the palaeotemperature equations of White et al., 
1999 (aragonite) and Anderson and Arthur, 1986 (calcite).  Graphs 2A-D present the predicted range of δ18O values of 
the different gastropod carbonate in this study Based on the suggested growth patterns of B. tentaculata, V. piscinalis 
and R. balthica, outlined in Section 6.1.2.  These values are based measured δ18Owater values and water temperatures 
from the Thames between during the period December 2011-November 2012.  Due to the consistency of water 
temperatures and measured δ18Owater values from the Colne and Wey, predicted δ18O values of gastropod carbonate will 
be comparable. 
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6.4. Measured δ18O and δ13C values of modern gastropod carbonate 

6.4.1. Summary of δ18O and δ13C datasets 

Measured δ18O values of the full freshwater gastropod dataset (living and subfossil, n=123) range 

between -2.01‰ to -6.22‰, with a mean δ18O value of -4.61±0.86‰ (1σ).  Measured δ13C values 

range between -9.76‰ to -18.26‰, with mean δ13C values of -13.36±1.76‰ (1s).  Maximum 

measurement uncertainties associated with δ18O and δ13C values based on the 3-standard 

calibration undertaken are 0.07‰ for δ13C and 0.13‰ for δ18O with modal values being 0.01‰ 

for both δ18O and δ13C measurements.  Each dataset comprises five to ten individual whole shell 

and opercula measurements (for raw data see Appendix C), for which the mean and sample 

standard deviation of each dataset has been calculated (Figure 6.5, Table 6.7.).  A number of 

trends can be identified, which are described in the Section below.  

Table 6.7. Descriptive statistics of measured δ18Oshell and δ13Cshell values of modern gastropods analysed in this study. All 
values presented are expressed as ‰ V-PDB. 

δ18O (‰ V-PDB) δ13C (‰ V-PDB) 

N Mean SD (1s) Max Min Mean SD (1s) Max Min 

Living datasets 
B. tentaculata shell 
Colne 5 -4.64 0.84 -3.13 -5.04 -13.07 2.32 -11.63 -17.19 

Thames 5 -4.65 0.61 -3.60 -5.11 -11.28 0.77 -10.39 -12.52 

Wey 5 -5.30 0.09 -5.21 -5.42 -13.03 0.27 -12.85 -13.50 

B. tentaculata opercula 

Thames 5 -3.82 0.72 -3.02 -5.00 -11.09 0.90 -9.97 -12.16 

R. balthica shell 
Colne 5 -3.70 0.14 -3.58 -3.93 -16.85 0.93 -15.93 -18.26 

Wey 5 -3.75 0.69 -2.95 -4.71 -15.11 0.34 -14.78 -15.49 

V. piscinalis shell 
Colne 4 -2.62 0.55 -2.01 -3.34 -13.06 0.42 -12.60 -13.63 

Thames 4 -3.43 1.06 -2.53 -4.77 -12.34 0.61 -11.69 -12.97 

Wey 5 -5.03 0.40 -4.56 -5.53 -14.13 0.64 -13.42 -14.89 

Subfossil datasets 
B. tentaculata shell 
Colne 10 -5.36 0.48 -4.78 -6.22 -12.13 0.48 -11.45 -12.81 

Thames 10 -5.02 0.41 -4.28 -5.57 -11.77 0.81 -10.32 -12.79 

Wey 10 -4.90 0.44 -4.19 -5.59 -12.88 0.52 -12.12 -13.71 

B. tentaculata opercula 
Thames 5 -4.47 0.46 -3.72 -4.88 -10.37 0.57 -9.76 -10.98 

R. balthica shell 
Colne 5 -4.06 0.82 -2.97 -4.83 -15.88 0.38 -15.37 -16.31 

Thames 5 -5.02 0.76 -3.82 -5.75 -15.10 1.15 -13.21 -16.22 

Wey 5 -4.03 0.50 -3.15 -4.40 -15.35 0.79 -14.26 -16.43 

V. piscinalis shell 
Colne 10 -5.39 0.51 -4.38 -6.04 -14.37 1.01 -12.84 -16.21 

Thames 10 -4.77 0.41 -4.16 -5.27 -13.15 0.53 -12.33 -13.92 

Wey 10 -4.65 0.81 -3.26 -5.64 -14.20 0.90 -12.43 -15.48 
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Figure 6.5. Measured δ18Oshell and δ13Cshell values of modern gastropod carbonate.  A) Raw δ18Oshell and δ13Cshell values for 
both living and subfossil datasets for each taxon and site. B) Mean δ18Oshell and δ13Cshell values (±1s) for both living and 
subfossil datasets of each taxon and site. 
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6.4.1.1. Observed δ18O and δ13C co-variation 

Co-variance of δ18O and δ13C values in gastropod carbonate has been suggested to relate to both 

kinetic effects associated with rapid shell mineralisation (McConnaghuey, 1989, 2003; Adkins et 

al., 2003) and co-variation of δ18O and δ13C values in the water body that the molluscs inhabit, 

related to the hydrology of the water body (Leng and Marshall, 2004).  Results of correlation 

between measured δ18O and δ13C values for each taxa (Table 6.8.) indicate that there is no strong 

co-variation of δ18O and δ13C values in the B. tentaculata, R. balthica or V. piscinalis datasets 

from the Thames, Wey and Colne.  This is indicated by either r2 values that are not significant at 

p<0.05, or when the p-value is less than 0.05, the r2 values are low (<0.5).   

Table 6.8. Co-variation of measured δ18O and δ13C values for B. tentaculata shell, B. tentaculata opercula, R. balthica 
shell and V. piscinalis shell.  R2 values are presented for each gastropod taxa as a whole ad also divided by living and 
subfossil datasets.  * = r2 value significant at p<0.05. 

δ18O - δ13C co-variation 
n r2  

B. tentaculata shell (all) 45 0.0000 
Living 15 0.1222 
Subfossil 30 0.2009* 
B. tentaculata opercula (all) 10 0.0016 
R. balthica shell (all) 25 0.0071 
Living 10 0.0744 
Subfossil 15 0.0383 
V. piscinalis shell (all) 43 0.3262* 
Living 13 0.4815* 
Subfossil 30 0.1731 

6.4.1.2. Shell and operculum size and the relationship with measured δ18O and δ13CMT values 

It has also been argued that measured δ18O and δ13C values of gastropod carbonate may be a 

function of the age of the individual specimen, related to the kinetic effects associated with rapid 

mineralisation during the early stages of mollusc growth (Spaeth et al., 1971; McConnaghuey 

1989, 2003).  In all three taxa used in this study, it has been demonstrated previously that shell 

and opercula length are related to the age of the individual, with larger shells and opercula 

consistent with more mature individuals (Alexandrowicz, 1999; Richter, 2001; Myzyk, 2007). 

Consequently, higher δ18O and δ13C values will be associated with smaller individuals of the 

same taxon, on the basis that these individuals are juvenile and therefore would have undergone 

rapid shell mineralisation prior to being selected for analysis.  All individual specimens were 

therefore measured prior to isotopic analysis, following the methodology described in Chapter 

5. A summary of measured shell length for each taxon is presented in Appendix C.  Correlation

of δ18O and δ13C values with shell length for the B. tentaculata, R. balthica and V. piscinalis 

datasets indicate that there is no strong linear relationship between shell size and δ18O and δ13C

values (Figure 6.6.).  It can therefore be suggested that the age of the individual does not 

influence either the shell or operculum isotopic signature. 
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Figure 6.6.  Correlation of δ18O and δ13C values to shell length and opercula length for B. tentaculata, R. balthica and V. piscinalis. r2 values are also presented for sample sizes greater than ten individuals.  
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6.4.2. Measured δ18OBT and δ13CBT values of B. tentaculata shells 

6.4.2.1. Living datasets 

Measured mean δ18OBT values from living dataset of B. tentaculata (Figure 6.7.) indicate 

consistent mean values from the Thames (-4.65±0.61‰ (1s)) and Colne (-4.64±0.84‰ (1s)), 

although lower values are observed from the Wey (-5.30±0.09‰ (1s)).  With the exception of 

the Wey dataset, there is a high degree of variability in measured δ18OBT values, as evident by a 

high sample standard deviation (0.61-0.81‰ (1s)).  Mean δ13CBT values of B. tentaculata in living 

datasets are comparable from the Colne and Wey (-13.07±2.3‰ (1s) and -13.03±0.27‰ (1s) 

respectively); however, higher δ13CBT values are observed from the Thames (-11.28±0.77‰ (1s)).  

Figure 6.7.  A) Measured B. tentaculata δ18OBT and δ13CBT values grouped by living and subfossil datasets.  B) Calculated 
mean δ18OBT (±1s) and δ13CBT (±1s) B. tentaculata shell values for the Thames, Wey and Colne. 

6.4.2.2. Subfossil datasets 

Measured mean δ18OBT values of subfossil B. tentaculata shells are -5.02±0.41‰ (1s) from the 

Thames, -4.90±0.44‰ (1s) from the Wey and -5.36±0.40‰ (1s) from the Colne.  Results of one-

way ANOVA tests determining the statistical similarity between the subfossil datasets of the 

three sites indicate no statistically significant differences in sample means for the three datasets 

(F(2,27)=2.875, p>0.05).  Measured δ18OBT values from all three sites show a comparable degree of 

variability, which are generally low, (Figure 6.7.) as demonstrated by standard deviations in the 

range of 0.41 to 0.48‰ (1s).  Measured mean δ13CBT values from the Thames (-11.77±0.81‰ 

(1s)), and Colne (-12.13±0.48‰ (1s)), however, are slightly lower than from the Wey (-

12.88±0.52‰ (1s)). Results of one-way ANOVA of subfossil shells for B. tentaculata (F(2,27) = 

8.344, p>0.05) indicate no statistically significant difference in δ13CBT  values from the Thames, 

Wey and Colne. 
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6.4.2.3. Differences in measured δ18OBT and δ13CBT values of living and subfossil datasets 

With the exception of measured δ18OBT values from the Wey, measured mean δ18OBT-Lv values 

from the living datasets appear higher than measured δ18OBT values from the subfossil datasets 

from the same site.  The difference in mean δ18OBT values from living datasets is +0.4‰ and 

+0.7‰ compared to the mean subfossil values from the Colne and Thames respectively. 

However, due to the high sample standard deviations associated with the living datasets from 

the Thames and Colne, this difference is unlikely to be significant.  Comparison of mean δ13CBT 

values of B. tentaculata shells from the Colne indicates that δ13CBT values of living shells are 

lower than that of subfossil ones.  Mean δ13CBT values of living and subfossil shells from the 

Thames and Wey are broadly comparable.  

6.4.3. Measured δ18OOP and δ13COP values of B. tentaculata opercula 

6.4.3.1. Living and subfossil datasets 

Opercula from subfossil assemblages and from living specimens of B. tentaculata were analysed 

from the Thames.  In the case of living specimens, measured δ18OOP and δ13COP values come 

from the same individuals as measured δ18OBT and δ13CBT shell values.  Results indicate that 

mean δ18OOP values of opercula from living B. tentaculata (-3.82±0.72‰ (1s)) are higher than 

those of the subfossil specimens (-4.47±0.46‰ (1s)); conversely, mean δ13COP values of living B. 

tentaculata specimens are lower (-11.09±0.90‰ (1s)) than those of the subfossil specimens (-

10.37±0.57‰ (1s)) from the Thames.  Measured δ18OOP and δ13COP values of the living 

specimens, however, have a higher degree of variation than the subfossil dataset based on the 

higher sample standard deviations of the living datasets. 

6.4.3.2. Relationship between measured B. tentaculata shell and opercula δ18O and δ13C values 

Comparison between measured operculum δ18OOP and δ13COP values and shell δ18OBT and δ13CBT 

values from the same specimen of B. tentaculata suggests that both mean δ18O and δ13C values of 

operculum are higher than those recorded in the shell counterpart (Figure 6.8A).  However, as 

there are mineralogical differences between the shell and operculum, with the dominant 

carbonate mineralogy being aragonite and calcite respectively, this needs to be accounted for 

prior to a direct comparison of δ18O and δ13C values from the same specimen. 

The effect of polymorphism on the isotopic fractionation between calcium carbonate and water 

means that, at the same temperature, there is a systematic offset between isotopic values of 

aragonite and calcite.  This offset has been quantified, with an approximately +0.6‰ offset in 

δ18O values (Taruntani et al., 1969; Grossman and Ku, 1986) and an approximately +1.7‰ offset 

in δ18O values (Romanek et al., 1992) in aragonite compared to calcite during precipitation at 

the same temperature.  Consequently, 0.6‰ and 1.7‰ has been subtracted from B. tentaculata 

153



Chapter 6 - δ18O and δ13C values of modern freshwater gastropod carbonate 

shell δ18OBT and δ18OBT values respectively, in order to compare shell and operculum values 

directly.  This comparison indicates that within the same specimen, both δ18OOP and δ13COP 

values of the operculum are consistently higher than δ18OBT and δ13CBT values of shell, and these 

differences are not related to mineralogy (Table 6.9.).  It is apparent that there is no systematic 

difference in δ18OOP and δ18OBT values from the same specimens; however, a positive relationship 

between the shell and opercula values exists.  The same relationship also applies for δ13COP and 

δ13CBT values.   

Figure 6.8. A) Comparison of measured δ18OBT and δ18OOP values (blue) and δ13CBT and δ13COP  (green) values of living 
specimens of B. tentaculata from the Thames.  Both uncorrected (grey) and corrected (blue and green values are 
presented.  B) Comparison of calculated mean δ18OBT and δ18OOP values from both the living and subfossil B. tentaculata 
datasets from the Thames.  For δ18OBT values, both the uncorrected (grey) and corrected (black) values are presented.  

Comparison of measured mean δ18OOP values to corrected mean δ18OBT values in the Thames 

also indicates that, in both the living and subfossil datasets, there is no consistent difference 

between calculated mean values.  δ18OOP values +1.43‰ and +1.15‰ higher than δ18OBT values, 

in the living and subfossil datasets respectively, when the difference in mineralogy between the 

two types of carbonate is taken into account (Figure 6.8B).  Calculated mean δ13COP values are 

+3.1‰ and +1.89‰ higher than corrected mean δ13CBT values for the subfossil and living 

datasets respectively.  These results indicate that even when differences in mineralogy are 

accounted for, δ18OOP values are higher than δ18OBT values.  Although there is no consistent 

offset between measured δ18OOP and δ18OBT values of the same specimen, calculated mean δ18OOP 

values are between 1.2‰ to 1.54‰ higher than δ18OBT values in both the living and subfossil 

datasets.  Therefore, it could be suggested that these differences may be related to differences in 

the timing of shell and opercula mineralisation (Hammarlund, et al., 1999, 2003). 
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Table 6.9. Comparison of measured δ18OBT and δ18OOP values, and δ13CBT and δ18OOP values from the same living 
specimen of B. tentaculata.  For δ18OBT and δ13CBT values, both the raw and corrected values are presented. 

δ18O (‰ V-PDB) δ13C (‰ V-PDB) 

δ18OBT  Corr. δ18OBT δ18OOP Diff. 
δ18OOP – δ18OBT 

δ13CBT  Corr. δ13CBT δ13COP Diff  
δ13COP – δ13CBT 

TH-BT1 -4.92 -5.52 -3.62 +1.90 -12.52 -14.22 -10.62 +3.60 

TH-BT2 -3.60 -4.20 -3.82 +0.37 -11.27 -12.97 -11.83 +1.14 

TH-BT3 -4.96 -5.56 -3.64 +1.93 -11.13 -12.83 -9.97 +2.85 

TH-BT4 -5.11 -5.71 -3.02 +2.69 -11.10 -12.80 -12.16 +0.64 

TH-BT5 -4.64 -5.24 -5.00 +0.25 -10.39 -12.09 -10.89 +1.21 

Living mean -4.65 -5.25 -3.82 +1.43 -11.28 -12.98 -11.09 +1.89 

Subfossil mean -5.02 -5.62 -4.47 +1.15 -11.77 -13.47 -10.37 +3.10 

6.4.4. Measured δ18ORB and δ13CRB values of R. balthica shells 

6.4.4.1. Living datasets 

Shells of living specimens of R. balthica were analysed from the Wey and Colne (Figure 6.9).  

Calculated mean δ18ORB values of R. balthica from the Wey (-3.70±0.14‰ (1s)) and the Colne (-

3.75±0.69‰ (1s)) are comparable.  Higher δ13CRB values are observed in shells from the Wey (-

15.11±0.34‰) in comparison to the Colne (-16.85±0.94‰), though there is a high degree of 

variation in measured δ13CRB values associated with the Colne dataset. 

6.4.4.2. Subfossil (δ18ORB and δ13CRB) datasets 

Similar mean δ18ORB values of subfossil R. balthica shells were obtained from the Colne and the 

Wey (Colne = -4.06±0.82‰ (1s); Wey= -4.03±0.50‰(1s)), measured δ18ORB values from the 

Thames are generally lower in comparison (-5.02±0.76‰).  There is however, a high degree of 

variability associated with all three subfossil datasets, with standard deviation of mean values of 

0.5-0.82‰. 

Figure 6.9. Measured R. balthica  δ18ORB  and δ13CRB  values grouped by living and subfossil datasets.  B) Calculated 

mean δ18ORB (±1s) and δ13CRB (±1s) R. balthica shell values for the Thames, Wey and Colne.
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6.4.4.3. Differences in measured δ18ORB and δ13CRB values of living and subfossil datasets 

The difference between measured δ18ORB values of living and subfossil shells of R. balthica can be 

compared in the Wey and Colne.  Mean δ18ORB values of living specimens are +0.36‰ and 

+0.28‰ higher than mean subfossil δ18ORB values in the Colne and Wey respectively.  However, 

there is high degree of variability in both the living and subfossil datasets from the Wey and 

Colne, meaning that this difference may not be significant.  Comparison of mean δ13CRB values 

of living and subfossil shell of R. balthica indicates no differences between mean δ13CRB values 

from the Wey (Figure 6.9.).  However, lower mean δ13CRB values are observed in the living 

dataset compared to the subfossil dataset from the Colne.  Calculated mean δ13CRB values are, 

however, associated with a high degree of scatter, therefore this difference is unlikely to be 

significant.  

6.4.5. Measured δ18OVP and δ13CVP values of V. piscinalis shells 

6.4.5.1. Living  datasets 

Comparison of δ18OVP values of V. piscinalis shells reveals no consistent pattern between sites, 

with a high degree of variability in all of the datasets (Figure 6.10.).  The highest δ18OVP values 

are observed in the Colne (-2.62±0.55‰ (1s)) and the Thames (-3.43±1.06‰ (1s)) with 

significantly lower values observed in the Wey (-5.03±0.40‰ (1s)).  Lower δ13CVP values are also 

observed in the Wey (-14.13±0.64‰) in comparison to higher and more comparable values in 

the Thames and Colne (-12.44±1.43‰ and -12.34±0.61‰ respectively). 

Figure 6.10. Measured V. piscinalis δ18OVP  and δ13CVP  values grouped by living and subfossil datasets.  B) Calculated 
mean δ18OVP (±1s) and δ13CVP (±1s) V. piscinalis shell values for the Thames, Wey and Colne. 

6.4.5.2. Subfossil datasets 

Mean δ18OVP-Sf values from subfossil V. piscinalis shells are more consistent than those in the 

living dataset. Comparable δ18OVP values are recorded from the Wey (4.65±0.81‰ (1s)) and the 

Thames (-4.77±0.41‰(1s)), with lower values observed in the Colne (-5.39±0.51‰). 
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Comparable mean δ13CVP values are observed in the subfossil datasets from the Wey (-

14.20±SE‰) and Colne (-14.17±1.01‰), and slightly higher values observed in shells from the 

Thames (13.15±0.53‰).  This, however, may be an artefact of the large degree of variation of 

measured δ13CVP values of the subfossil dataset. 

6.4.5.3. Differences in measured δ18OVP and δ13CVP values of living and subfossil datasets 

Comparison of sample means and standard deviation (1s) of δ18OVP values of living and subfossil 

shells of V. piscinalis indicate differences between mean values of living and subfossil datasets in 

the Thames and Colne.  Measured δ18OVP values of shells from living specimens are generally 

higher and exhibit a larger degree of variation within the dataset in comparison to the measured 

δ18OVP-Sf values or subfossil shells (Figure 6.10.).  Mean δ18OVP values from the Wey, however, 

indicate comparable δ18OVP values in both living and subfossil shells.  There is a large degree of 

variation associated with measured δ13CVP values (Living 1s range =0.42-0.6‰, subfossil 1s 

range = 0.53-1.01‰); however, comparison of mean δ13CVP values of living and subfossil shells 

indicates that measured δ13C values of living shells are generally higher than mean subfossil 

values. The exception to this is the Wey, where broadly comparable values are observed in both 

the living and subfossil datasets.  

6.4.6. Species-specific differences in measured δ18O and δ13C values 

6.4.6.1. Measured δ18O values 

Based on measured δ18O values from the subfossil datasets, a number of species-specific 

differences can be identified.  The lowest δ18O values are recorded in B. tentaculata shells, with 

mean δ18OBT values ranging between -5.12‰ to -4.89‰.  Slightly higher δ18O values are 

observed in V. piscinalis shells; however there is less consistency, with mean values from the 

Thames and Wey of -4.77‰ and -4.65‰ respectively, and much lower values recorded in the 

Colne (-5.39‰).  Subfossil assemblages of R. balthica from the Colne and Wey yielded the 

highest recorded mean δ18O values, with -4.06‰ and -4.03‰ respectively.  However, this is not 

replicated in the Thames, with subfossil δ18ORB values yielding much lower values (mean = -

5.02‰). 

It is more difficult to distinguish species-specific differences in δ18O values in the living 

assemblages, due to the generally higher degree of variability associated with measured δ18O

values within single taxa.  However, a comparable pattern can be observed, with δ18OBT values of 

B. tentaculata shells yielding the lowest values, and R. balthica the highest.  High variation 

associated with δ18OVP values of V. piscinalis shells in the Thames and Colne makes it difficult to 

compare with other taxa, however, V. piscinalis δ18OVP values from the Wey are less variable. 

Mean δ18OVP value lie between δ18O values of B. tentaculata and R. balthica shells, consistent 

with the observations from the subfossil datasets. 
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6.4.6.2. Measured δ13C values 

Differences between measured δ13C values of individual species can be more readily identified 

than differences in δ18O values.  In both the living and subfossil datasets across all sites, R. 

balthica shells yield the lowest δ13C values, with mean values ranging between -15.11‰ to -

16.85‰.  The highest δ13C values are recorded in both the living and subfossil shell datasets of B. 

tentaculata, with mean values ranging between -13.07‰ to -11.23‰.  Measured V. piscinalis 

δ13C values are slight lower, with mean values ranging between -14.37‰ to -12.34‰.  There is a 

high degree of variability associated with measured δ13C values in all of the species; 

consequently, the differences observed between B. tentaculata and V. piscinalis may not be 

significant.   

6.4.7. Summary of key results 

The implications of the results of δ18O and δ13C analysis of modern gastropod carbonate 

described above are manifold and are summarised in Table 6.10. A number of key features can 

be identified in the measured δ18O and δ13C values that are important for understanding the 

environmental controls on the isotopic composition of modern gastropod carbonate.  These are:  

• There is no observed co-variation between measured δ18O and δ13C in shell and opercula

values in any of the assemblages analysed.  Similarly, there is no significant relationship

between shell or operculum size and measured δ18O and δ13C values for any of the taxa

analysed in the Thames, Wey, and Colne.

• Generally, δ18O values derived from living specimens are higher than from the subfossil

assemblages of the same taxa.  Mean δ18O values of the living specimens are also

characterised by a higher degree of variability.  Subfossil datasets are characterised by a

comparatively lower degree of variation and exhibit more consistent values between

sites within the same taxon.

• In terms of species-specific δ18O values, the subfossil datasets have yielded the most

convincing evidence for differences, with the lowest δ18O values observed in B.

tentaculata shells, followed by V. piscinalis then R. balthica.

• Comparison between δ18O values from opercula and shell of B. tentaculata indicates

differences that are unrelated to mineralogy, with δ18OOP values consistently higher than

δ18OBT shell values corrected for mineralogical differences.

Measured δ13C values show clear differences between taxa, with shells of R. balthica

yielding considerably lower values in comparison to B. tentaculata and V. piscinalis

shells in all sites.  There is a high degree of variation associated with measured δ13C

values; consequently, it is difficult to distinguish between differences in living and

subfossil datasets of the same taxa.
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Table 6.10. Summary of key results of measured δ18O values of B. tentaculata shell and opercula, R. balthica shell and V. piscinalis shell from the Thames, Wey and Colne. 

Living Assemblages Subfossil assemblages 

B. tentaculata shell R. balthica  shell V piscinalis shell 
B. tentaculata 

opercula 
B. tentaculata shell R. balthica  shell V piscinalis shell 

B. tentaculata 
opercula 

TH WY CO TH WY CO TH WY CO TH TH WY CO TH WY CO TH WY CO TH 

δ18O & δ13C co-
variation? 

N N N N N N N N N N N N N N N N N N N N 

δ18O/ δ13Cshell  vs 
size correlation? 

N N N N N N N N N N N N N N N N N N N N 

Measured δ18O values 

Mean (‰ V-PDB) -4.65 -5.30 -4.64 - -3.75 -3.70 -3.43 -5.03 -2.62 -3.82 -5.02 -4.90 -5.36 -5.02 -4.03 -4.06 -4.77 -4.65 -5.39 -4.47 

Variability (1s) 0.61 0.09 0.84 - 0.69 0.14 1.06 0.40 0.55 0.72 0.41 0.44 0.48 0.76 0.50 0.82 0.41 0.81 0.51 0.46 

Consistent mean 
across sites 

N 

(WY lower) 
Y 

N 

(WY lower) 
- Y* 

N 

(TH lower) 

N* 

(CO lower) 
- 

Living δ18O
higher than 

subfossil? 
Y N Y - Y Y Y Y N Y - - - - 

Species-specific differences in δ18O values 

Thames Wey Colne Thames Wey Colne 

δ18O of different 
taxa in each site 
(lowest<highest) 

BT<VP BT<VP<RB BT<VP<RB RB=BT<VP BT<VP<RB VP=BT<RB 

TH= Thames, WY= Wey, Co = Colne 
BT = B. tentaculata, RB= R.  balthica, VP = V. piscinalis 
* =significant at p<0.05

Green shading= δ18O  values significantly higher/lower  compared to those in other sites 
Orange shading = 1s standard deviation >0.5‰ 
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6.5. Environmental significance of measured δ18O values of modern gastropod carbonate 

The measured δ18Oshell and δ18OOP values in this study are consistent with values of modern 

freshwater gastropods recorded in other studies precipitating in isotopic equilibrium with the 

δ18Owater value of river water at the range of water temperatures experienced throughout the year 

in southern Britain (Davies, 1999; White et al., 1999; Davies et al., 2000; Waghorne et al., 2012).  

Consequently, if shell and opercula mineralisation is occurring in isotopic equilibrium with the 

ambient water in which the mollusc lives, δ18Oshell and δ18OOP values will be a function of: 1) the 

δ18Owater value of the river water in which the individual lives, and, 2) the thermal regime of the 

water body during the process of shell mineralisation.  However, before this relationship can be 

considered, it is important to account for: 1) the factors that are influencing the observed 

differences in measured δ18O values in the living and subfossil assemblages of the same species 

from the same site, and, 2) mineralogical, environmental and physiological factors that may be 

causing differences in δ18O values observed between species and sites. These factors are first 

discussed below, followed by a discussion on the relationship between δ18O values of freshwater 

carbonate, water temperatures and δ18Owater values.   

6.5.1. Factors influencing the observed differences between δ18O values in living and subfossil 

assemblages 

One of the key trends observable in the measured δ18O values of modern freshwater gastropod 

carbonate in this study is the differences in mean δ18O values in living and subfossil assemblages 

of the same taxon within the same site.  Generally, samples of living specimens have a higher 

δ18O value and sample standard deviation than the subfossil assemblages of the same taxa from 

the same site.  Differences in sample size may in part explain the differences observed in 

calculated mean δ18O values in living and subfossil dataset of the same taxa from the same site.  

The sampling strategy in this study followed the recommendation of Jones et al. (2002) that the 

analysis of five to six individual shells per species within a sample is adequate to overcome the 

inter-shell variability of whole shell isotope data within a single sample.  This is based on the 

observation that greater than five shells per sample will account for 79% of the true range of 

δ18O values.  Although this is an adequate sample size to account for the natural variability in 

δ18Oshell values, calculated mean and standard deviations will be heavily skewed by more extreme 

values in the dataset.  This has its most significant effect on the living datasets, where sample 

sizes are generally lower (five individuals compared to ten in the subfossil datasets).  For 

example, the mean δ18O value of shells from living specimens of B. tentaculata from the Colne is 

-4.64±0.81‰.  However, this assemblage is characterised by four δ18O values within a narrow 

range, and one value that is significantly higher. As the sample size is relatively small, it is 

uncertain as to whether this value is consistent with the natural variability in shell isotope 

values, or is an outlier.  Subfossil datasets have a larger sample size; therefore, there is more 
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confidence that the range of δ18O values is reflecting the natural isotopic variability observed in 

gastropod δ18O values.    

The taphonomic processes acting upon the subfossil assemblages can largely explain differences 

in δ18O values between living and subfossil assemblages in this study.  Whereas living specimens 

were directly sampled from aquatic vegetation or channel bed in the river, subfossil specimens 

were extracted from the top 5 cm of channel bed sediment.  Therefore, taphonomic processes 

may have influenced the subfossil shell assemblage during the deposition of the sediments from 

which they were recovered.  These processes act to alter the species distribution and population 

structure of the assemblage, typified by the under-representation of juveniles (Cummins, 1994) 

and fragile shells (Tietze and De Francesco, 2007), due to the abrasion and fragmentation of 

these by hydrological processes.  Consequently, mature individuals will dominate the population 

structure of the subfossil assemblages; therefore δ18O values will be a reflection of environmental 

conditions throughout the full life cycle of the mollusc, weighted towards periods of increased 

shell mineralisation.  Conversely, δ18O values of living specimens may represent only part of an 

individual’s life cycle, dependant on the time of sampling in relation to the time of hatching.  

Thus, within a living assemblage, measured δ18O values are likely to be higher and more variable. 

Taphonomic processes also act to time-average a deposit, so the δ18O values from a single 

subfossil assemblage will be representative of the range of environmental conditions 

experienced over a number of years (Claassen, 1998).  Consequently, mean δ18Oshell values will be 

a reflection of long-term trends in water temperatures and δ18Owater values, rather than 

essentially a ‘snapshot’ of up to a year of environmental conditions in the δ18O values from the 

living assemblages.  This will essentially act to smooth any variability in δ18Owater values and 

seasonal temperature regimes.  On this basis, the measured δ18O values from modern subfossil 

assemblages are more characteristic of those recorded in Quaternary fluvial deposits.  Therefore, 

the measured δ18O values from subfossil deposits are a more appropriate analogue for fossil 

deposits than those from living assemblages.  Since δ18O values of living assemblages have a high 

degree of inherent variability associated with them and are less representative of expected δ18O

values of freshwater gastropod carbonate from Quaternary deposits compared to the modern 

subfossil assemblages, they are not considered in the rest of this Section.  Consequently, the 

observed relationship between δ18Oshell and δ18OOP values and water temperature described below 

is based on the subfossil assemblages of B. tentaculata, V. piscinalis and R. balthica only.  

6.5.2. The controls on δ18O values of modern gastropod carbonate 

6.5.2.1. Carbonate mineralogy 

The aragonite mineralogy of gastropod shells means they are more susceptible to diagenetic 

alteration (Leng and Lewis, 2015); however as this study has utilised shells from living 
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specimens and subfossil assemblages in which the shells are likely one to two years old, it is 

unlikely that any significant alteration of shell structure has taken place (e.g Yates, 1986).  

Mineralogical differences can be observed in B. tentaculata specimens, with the shell possessing 

an aragonitic mineralogy and the opercula a calcitic mineralogy respectively.  Consequently, 

there will be differences in measured δ18O values of these two components, caused by the effect 

of polymorphism on isotope fractionation during carbonate formation.  The magnitude of this 

difference is well established (e.g. Taturani et al., 1969; Romanek et al., 1993), and when 

aragonite values are corrected for this, differences between δ18Oshell and δ18OOP values still exist.  

Therefore, it can be strongly suggested that mineralogical differences in this case are not the 

primary driver of differences in measured δ18O values observed in this study.  

6.5.2.2. Differences in δ18Owater values between fluvial systems 

As outlined in Section 6.4, across-site differences in mean δ18O values of gastropod carbonate 

can be observed within the same taxon.  This is because δ18O values of freshwater gastropod 

carbonate are influenced largely by δ18Owater values.  Measured δ18Owater values in this study 

indicate that although values in the Thames, Colne, and Wey are all relatively consistent 

throughout the year, mean δ18Owater values in the Colne are ca. 0.3‰ lower than the Thames and 

Wey under the same prevailing air temperature regime.  This difference can be identified in the 

measured mean δ18Oshell values of B. tentaculata and V. piscinalis.  In the Thames and Wey, 

mean δ18Oshell values of these taxa are identical; however mean δ18Oshell values of B. tentaculata 

and V. piscinalis are 0.3‰ to 0.5‰ lower in the Colne.  Although the natural variability 

associated with δ18Oshell values means that these differences are not necessarily significant, it is 

important to consider that small site-specific differences in δ18Owater values even under the same 

prevailing temperature regime will have an influence when comparing δ18Oshell values of the 

same taxa at a number of sites.  

6.5.2.3. Molluscan physiological and micro-environmental effects 

 ‘Vital effects’ associated with species-specific physiological processes cause deviations away 

from expected isotopic equilibrium values in biogenic carbonates (Leng and Marshall, 2004). 

Unlike ostracods (Holmes and Chivas, 2002; Keatings et al., 2002), the effects on freshwater 

mollusc δ18Oshell values are not fully understood.  However, it has been suggested that ‘vital 

effects’ may occur in freshwater molluscs that are related to: 1) metabolic processes affecting the 

composition of internal fluids from which the shell is mineralised (Kim et al., 2006), and 2) the 

rate of shell mineralisation, which imparts a kinetic fractionation effect on shell δ18O, which is 

suggested to be most pronounced in juveniles when shell growth is most rapid (McConnaghey, 

1989; Adkins et al., 2003).  It is suggested that, if the rate of shell mineralisation is imparting a 

kinetic fractionation effect, then δ18O and δ13C co-variation of shell values of specific species will 
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occur (McConnaghey, 2003).  Furthermore, if this effect is most prevalent in juvenile 

individuals, a linear relationship between shell size, a proxy for maturity, and measured δ18O and 

δ13C values may be expected.    

A number of lines of evidence suggest that physiological effects are not driving the variation in 

measured δ18O values of modern freshwater gastropod carbonate in this study.  First, there is no 

evidence for significant co-variation in measured δ18O and δ13C values, nor for a linear 

correlation between shell/opercula size and measured δ18O and δ13C values in any of the taxa 

studied (Section 6.4).  This suggests there is no evidence for the occurrence of kinetic effects 

associated with shell mineralisation under the current proposed mechanisms (McConnaghuey, 

1989; Adkins et al., 2003), and maturity does not have an influence on the isotopic signature of 

individual shells.  Second, the measured δ18O values of modern gastropod carbonate are 

consistent with theoretical δ18Oshell values at isotopic equilibrium with the range of water 

temperatures observed in the Thames, Wey, and Colne (Section 6.5).  Therefore, there is no 

evidence to suggest that mineralisation of carbonate of any of the taxa in this study is occurring 

out of isotopic equilibrium.  The only exception is the measured δ18O values of V. piscinalis 

shells from living assemblages from the Colne, in which mean δ18O values are higher than those 

predicted at isotopic equilibrium.  This difference, however, is likely to be an artefact of the 

variability of δ18O values in living assemblages as outlined above.  Consequently, evidence from 

this study indicates the absence of ‘vital effects’ in freshwater gastropods, consistent with a 

number of published studies (Fritz and Poplwaski, 1974; White et al., 1999; Anadon et al., 2006), 

and suggests that the differences in measured δ18O values between species are not related to 

species-specific fractionation effects.  

However, micro-environmental effects, which are essentially habitat preferences that lead a 

species to inhabit water that does not have the same isotopic signature of the water body as a 

whole (Leng and Marshall, 2004), may in part be a driver of some of the variability observed in 

the measured δ18O values of gastropod carbonate.  Higher variability in R. balthica shell δ18O

values compared to V. piscinalis and B. tentaculata may be related to the fact that the species is 

lung breathing and epifaunal in nature, and therefore will have a more complex life history than 

aquatic taxa.  For example, R. balthica are known to live in both semi-aquatic and aquatic 

habitats (Kerney, 1999), and as a result, will potentially be utilising water sources from a highly 

evaporative environment such as stagnant areas of the river or small ponds.  In these areas, 

δ18Owater values will be higher than in the rest of the fluvial system; consequently, shell that 

mineralises in these water bodies will have a higher δ18O value.  Furthermore, there may be 

periodic movement in and out of water bodies with different δ18Owater signatures during the life 

span of an individual R. balthica.  This would result in δ18O values that represent a greater range 

in δ18Owater values; as such, mean δ18ORB values will be inherently variable, as observed in the 
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measured mean δ18ORB values in this study.  Conversely, the habitat preferences of B. tentaculata 

and V. piscinalis are broadly comparable (Table 6.2.); therefore, the differences observed in δ18O 

values of shells between these two species are unlikely to be related to micro-environmental 

factors and are more likely to be a reflection of the differences in timing of shell mineralisation.    

6.5.3. The observed relationship between δ18O values of gastropod carbonate, δ18Owater and water 

temperature 

Based on the factors described above, it can be suggested that δ18Owater and water temperatures 

are the main driver of δ18Oshell and δ18OOP values, and differences in water temperatures during 

carbonate mineralisation are likely to be the drivers of differences observed in δ18Oshell and 

δ18OOP values of different gastropod taxa.  The observation that measured δ18Oshell and δ18OOP 

values of B. tentaculata, R. balthica and V. piscinalis from the Thames, Wey, and Colne are 

consistent with mineralisation at isotopic equilibrium with δ18Owater values can be tested through 

the comparison of theoretical δ18Oshell and δ18OOP values.  These are calculated using the 

measured δ18Owater values and mean monthly water temperature values in each of the fluvial 

systems as described in Section 6.3.  The comparison between theoretical and measured δ18Oshell 

and δ18OOP values in the Thames, Wey, and Colne indicates that shell mineralisation of B. 

tentaculata, R. balthica and V. piscinalis, and opercula mineralisation of B. tentaculata is 

occurring in isotopic equilibrium with δ18Owater at the range of temperatures observed (Figures 

6.11., 6.12.).  With respect to the theoretical δ18Oshell and δ18OOP values, a number of differences 

in measured δ18Oshell and δ18OOP values of freshwater gastropod carbonate can be observed.  First, 

measured δ18O values of B. tentaculata and V. piscinalis shells are relatively low in comparison to 

the range of theoretical δ18Oshell values calculated in the Thames, Wey, and Colne.  Second, the 

measured δ18Oshell values of R. balthica shell are higher, and lie within the higher end of the range 

of theoretical δ18Oshell values calculated in the Wey and Colne.  However, measured δ18Oshell 

values of R. balthica are relatively lower in the Thames.  Third, measured δ18OOP values of B. 

tentaculata opercula in the Thames are relatively high and lie within the higher range of the 

theoretical δ18OOP values calculated for the Thames.  These observations are broadly consistent 

with those predicted values outlined in Section 6.3, based on the suggested growth patterns for 

each of these taxa.  

Figure 6.11 (overleaf). Comparison between theoretical δ18Oshell values and measured δ18Oshell  values from subfossil 
assemblages from the Wey (upper graphs) and Colne (lower graphs).  Theoretical δ18O values  (pink line)  based on mean 
δ18Owater  measured December 2011-November 2012 and monthly average water temperatures using White et al. (1999) 
(A-C). Dashed line indicates uncertainties based on ±1s δ18Owater dataset. Measured mean δ18O values for each taxon are 
demarked by black line with ±1s range shown by dashed lines.  Also presented is the range of theoretical δ18O values in 
isotopic equilibrium. Also presented is the inferred period of mineralisation based on comparison between theoretical 
and measured δ18O values across the year. 
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Figure 6.12.  Comparison between theoretical δ18Oshell values and measured δ18Oshell values from subfossil assemblages 
from the Thames.  Theoretical δ18O values  (pink line) based on mean δ18Owater measured December 2011-November 2012 
and monthly average water temperatures using White et al. (1999) (A-C) and Anderson and Arthur (1983 (D)). Dashed 
line indicates uncertainties based on ±1s δ18Owater dataset. Measured mean δ18O values for each taxon are demarked by 
black line with ±1s range shown by dashed lines.  Also presented is the range of theoretical δ18O values in isotopic 
equilibrium. Also presented is the inferred period of mineralisation based on comparison between theoretical and 
measured δ18O values across the year.   

A comparison of mean measured δ18Oshell and δ18OOP values for each gastropod taxon against 

mean theoretical δ18Oshell and δ18OOP values calculated for the thermal regime during different 

parts of the year is presented in Table 6.11.  This comparison suggests that the differences 

observed in δ18Oshell values of different gastropod taxa, and the differences between δ18Oshell and 

δ18OOP observed in B. tentaculata, can be linked to mineralisation under the thermal regime of 

the water experienced in different parts of the year.  As discussed in Section 6.4, there is a high 

degree of scatter associated with the gastropod carbonate dataset; however, two clear differences 

can be identified.  First, mean measured δ18Oshell values of B. tentaculata and V. piscinalis are 

consistent with calculated theoretical δ18Oshell values under the water thermal regime between 

March and November.  Second, the measured δ18Oshell values of R. balthica and δ18OOP values of 
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B. tentaculata opercula are consistent with calculated theoretical δ18Oshell and δ18OOP values 

under the water thermal regime experienced throughout a full year. 

Table 6.11.  Theoretical  δ18Oshell and δ18OOP values based on MonAv water temperature and measured δ18Owater  values 
for the period December 2011-November 2012. Theoretical δ18Oshell and δ18OOP values have been calculated based on 
growth under water temperatures experienced through the year, three-month seasonal time-slices (DLF, MAM, JJA, 
SON) and between March and November.  Also presented are mean δ18O values of measured gastropod carbonate. 

Theoretical δ18O values (‰ V-PDB) Measured mean δ18O values (‰ V-PDB) 

Y DJF MAM JJA SON M-N BT  shell BT opercula  RB shell  VP shell 

Aragonite (White et al., 1999) 

Thames -4.60 -3.44 -4.63 -5.77 -4.56 -4.99 -5.02 - -5.02 -4.77 

Wey -4.57 -3.58 -4.44 -5.61 -4.64 -4.90 -4.90 - -4.03 -4.65 

Colne -4.86 -3.79 -4.67 -6.23 -4.72 -5.21 -5.36 - -4.06 -5.39 

Calcite (Anderson & Arthur (1983) 

Thames -5.63 -4.37 -5.63 -6.94 -5.57 -6.05 - -4.47 - - 

Furthermore, the mean water temperature in which carbonate mineralisation is occurring can 

be calculated, using measured δ18Oshell and δ18OOP values for each gastropod taxa, and measured 

δ18Owater values for each site (Table 6.12).  Based on mean δ18Oshell values, these are between 13.4-

14.4 °C for B. tentaculata, 12.2-14.5 °C for V. piscinalis and 8.1-13.9 °C for R. balthica.  Mean 

δ18OOP values from B. tentaculata opercula in the Thames suggest a mean water temperature of 

7.0 °C.  These calculated water temperatures support the observation above, in which δ18O

values of B. tentaculata and V. piscinalis suggest mineralisation is occurring under mean water 

temperatures experienced in the warmer months, most specifically between May and 

September, whereas δ18O values of R. balthica shell and B. tentaculata opercula are consistent 

with mean annual water temperatures. The scatter associated with these datasets, however, 

produces a temperature range (based on the one sample standard deviation of the mean δ18O

value) of ±2 °C for B. tentaculata, ±2-4°C for V. piscinalis, ±2-4 °C for R. balthica and ±2 °C for 

B. tentaculata opercula.  Consequently, the range of water temperatures in which these 

carbonates could have mineralised spans from April to October for B. tentaculata and from 

March to November for V. piscinalis.   

6.5.3.1. The influence of the timing of shell and operculum mineralisation 

The results described above indicate that all four type of gastropod carbonate comprise δ18O

values that are consistent with modern δ18Owater values and the thermal regime of the water. 

However, it is evident that the water temperatures at which mineralisation is suggested to occur 

based on the δ18O values of freshwater gastropod carbonate are not consistent between species, 

and in the case of B. tentaculata; the shell and opercula of the same species.  It is important to 

note that the degree of scatter associated with the δ18Oshell and δ18OOP datasets, produces 

temperature uncertainties between 2-4 °C, meaning that the temperature ranges under which 

different taxa mineralise their shell/opercula overlap.  Nevertheless, the measured δ18Oshell and 
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δ18OOP results are broadly consistent with the hypothesised shell and opercula δ18O values 

outlined in Section 6.1 based on the growth regimes of specific taxa. 

Table 6.12. Calculated temperature ranges of shell mineralisation based mean δ18Oshell values and δ18Owater values. T 
calculated using White et al..  (1999) using mean δ18Oshell values for each shell dataset and mean δ18Owater values for each 
site.  T uncert. calculated using ±1s of mean δ18Oshell values for each shell dataset.  Suggested mineralisation based on 
comparison of calculated temperatures with those observed in the Thames, Wey, and Colne over the period December 
2011-November 2012. 

T (°C) T Uncert.  
(±1σ) (°C) 

Suggested period of  
mineralisation  

B. tentaculata shell 

Thames 13.9 2.0 April-October 

Wey 13.4 2.1 April-October 

Colne 14.4 2.3 April-October 

B. tentaculata opercula 

Thames 7.0 2.1 Full year 

R. balthica shell 

Thames 13.9 3.7 March-October 

Wey 9.2 2.4 Full year 

Colne 8.1 4.0 Full year 

V. piscinalis shell 

Thames 12.7 2.0 March-November 

Wey 12.2 3.9 March-November 

Colne 14.5 2.4 April-September 

Measured δ18OBT values of B. tentaculata indicate that shell mineralisation is likely to be 

occurring between April and October.  This is consistent with the growth patterns of B. 

tentaculata, in which the most rapid growth occurs in the summer months during the first year 

after hatching, with minimal growth occurring during the winter (Dussart, 1979).  Likewise, the 

δ18O values of V. piscinalis suggest shell mineralisation is occurring in the summer months, 

consistent with the growth regime of this taxon; however, δ18O values are slightly higher than B. 

tentaculata and have a higher degree of scatter associated, which may indicate that shell 

mineralisation is occurring over a longer period of the year.  

Conversely, R. balthica growth is suggested to occur throughout the year (Gaten, 1986); the 

measured δ18O values from this study are consistent with this suggestion, with relatively high 

δ18O values comparable with those expected using mean annual water temperature.  δ18OOP

values of B. tentaculata opercula are also consistent with mineralisation throughout the year. 

The suggested pattern of opercula growth is ambiguous; a number of studies have suggested that 

mineralisation occurs most readily in the autumn months prior to hibernation (Hammarlund et 

al., 1999), whereas others have suggested that growth occurs throughout the year (Anadón et al., 

2006).  The relatively high δ18OOP values in this study are consistent with opercula growth 

occurring throughout the year.  Therefore, based on the evidence in this study, it is proposed 

that the largest driver of inter-species variation in measured δ18O values of gastropod carbonate, 

under the same δ18Owater regime, is the timing of shell growth and carbonate mineralisation.  
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6.5.4. Summary of key findings 

Based on the controls of the measured δ18O values of modern freshwater gastropod carbonate 

outlined above, the following summary can be made: 

• Measured δ18O values of shell and opercula carbonate indicate mineralisation in all three

taxa is occurring at isotopic equilibrium with δ18Owater in the Thames, Wey, and Colne.

• The absence of co-variation of δ18O and δ13C values and correlation with shell size

suggests that ‘vital effects’ or differences in molluscan physiology are not causing the

difference in δ18O values of different taxa.  However, the high degree of variation

observed in R. balthica values is likely to be related to the more variable habitat

preferences of this taxon.  Where across-site differences in δ18O values of the same taxon

exist, this is linked to δ18Owater values of the river system, rather than to disequilibrium

effects.

• Measured differences between living and subfossil δ18O values of the same taxon can be

attributed to differences in sample size, the timing of sampling of living specimens and

taphonomic processes acting on the subfossil assemblages.  However, the subfossil

assemblages are most comparable to assemblages identified in Quaternary deposits, so

act as a better analogue for fossil deposits compared to living assemblages.

• Theoretical δ18Oshell and δ18OOP values calculated using water temperature and δ18Owater

values for the Thames, Wey and Colne allow for measured δ18Oshell and δ18OOP values to

be compared against those expected under a range of water temperatures.

• This comparison suggests that shell and opercula mineralisation of different taxa is

occurring under different temperature regimes.  This indicates that the season of growth

is the key driver of species-specific differences in δ18O values.

• These results indicate that δ18O values of freshwater gastropod carbonate have the

potential to act of a palaeoclimatic proxy.

The results of measured δ18O values of freshwater gastropod carbonate in this study highlight its 

potential use as a proxy for mean annual air temperature; as outlined above, gastropod 

carbonate δ18O in a range of species is controlled by δ18Owater values and water temperatures. 

Furthermore, differences in δ18O values between species can be directly related to the timing of 

shell and opercula mineralisation.  The measured δ18O values of B. tentaculata shell and 

opercula, and V. piscinalis shell and R. balthica shell from subfossil assemblages in modern river 

systems, are consistent with the predicted δ18O values of these taxa, based on the current 

knowledge of the timing and duration of their shell and opercula growth.  Therefore, 

fluctuations in δ18O values of different taxa in the fossil record can be primarily related to 

fluctuations in mean air temperature, but also to seasonal variation in water temperatures 
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during the period of shell growth.  This may suggest the potential of δ18O values of different taxa 

from the same deposit to yield information regarding seasonal temperature regimes.  

6.6. Environmental significance of measured δ13C values of freshwater gastropod carbonate 

Measured δ13C values of both the shell and operculum carbonate in the Thames, Wey and Colne 

are very low, a common feature of freshwater molluscs carbonate in regions where vegetation is 

dominated by species utilising the C3 photosynthetic pathway, and the fluvial system is 

perennial with recharge occurring consistently via baseflow from groundwater (Cerling and 

Quade, 1993; Darling et al., 2003).  Freshwater molluscan carbonate is principally a function of 

dissolved inorganic carbon in the river water δ13CDIC and metabolic carbon (δ13Corg) derived 

from direct ingestion and assimilation of atmospheric CO2 (Leng and Marshall, 2004).  Low 

δ13CDIC values are commonly observed in lowland fluvial catchments because of the contribution 

of soil zone CO2 that is taken up by groundwater during recharge, and respired CO2 from 

aquatic vegetation (as described in Chapter 4).  Both of these sources of CO2 yield low δ13CDIC 

values, reflecting the isotopic fractionation associated with C3 photosynthetic pathway of these 

plants (Cerling et al., 1989; Romanek et al., 1992; Cerling and Quade, 1993; Andrews, 2006).  

Consequently, the δ13CDIC of surface water that the gastropod utilises during mineralisation will 

have a value of between -10 to -15‰ (Andrews, 2006).  δ13C values of gastropod carbonate will 

also reflect a small contribution (ca. 6-10%,) of  the δ13C  signature of metabolic carbon, which is 

primarily a function of the direct ingestion of aquatic and terrestrial vegetation and particulate 

organic matter (McConnaghuey, 1997; McConnaghuey and Gillikin, 2008).  These carbon 

sources will also have very low δ13C values based on the C3 photosynthetic pathway of vegetation 

from which it is derived. Metabolic carbon will also be derived from the assimilation of 

atmospheric CO2 via gaseous exchange across the body surface; however, in freshwater molluscs 

this is very low.       

The species-specific differences in measured δ13Cshell values in this study are largely a function of 

the volume of metabolically derived carbon that individual taxa are incorporating during shell 

mineralisation.  R. balthica, a pulmonate species, has lower δ13Cshell values in the range of 2-4‰ 

in comparison to V. piscinalis and B. tentaculata, suggesting an increased contribution of δ13Corg 

in relation to δ13CDIC during shell mineralisation.  This is likely to be caused by a combination of 

two factors.  First, there is likely to be an increased contribution of macrophytic vegetation to 

the species diet (Aucour et al., 2003), which will have a δ13C signature of the C3 photosynthetic 

pathway resulting in very low δ13Cshell values.  Second, and more significantly, specimens of R. 

balthica are known to inhale atmospheric CO2 during periods of low oxygen saturation in the 

water body.  The fractionation associated with the incorporation of atmospheric CO2 into the 

mollusc shell during mineralisation results in the depletion of 13C (McConnaghuey, 1997); 

consequently, δ13CRB values will be lower compared to other freshwater gastropods (Aucour et 
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al., 2003; Apolinarska and Hammarlund, 2009).  Differences are also observed between B. 

tentaculata and V. piscinalis shell δ13C values.  The differences are unlikely to be related to water 

temperature during shell mineralisation, due to the fractionation between DIC and shell 

carbonate during mineralisation being weakly temperature dependent (Romanek, 1992).  

However, the high variability associated with measured δ13C values of aquatic gastropods is 

common in a number of riverine settings (e.g. Aucour et al., 2003) and is likely to reflect the 

relatively small differences in the incorporation of metabolically derived carbon. 

6.7. The δ18O record of freshwater gastropod carbonate as a palaeoclimatic proxy 

6.7.1. Comparison with previously published modern δ18O freshwater gastropod studies in the 

British Isles 

This study constitutes the most detailed investigation of modern freshwater gastropod carbonate 

δ18O values in the British Isles since the Waghorne et al. (2012) investigation of the River 

Gipping at Sproughton in Suffolk.  The Gipping is fluvial system comparable in size to the 

Colne; however, the former has a marked seasonal variation in flow regime.  Mean δ18Owater 

values from Sproughton (-6.33‰) are consistent with those observed in the modern Thames, 

Wey and Colne in this study.  However, lower δ18O values of B. tentaculata and V. piscinalis 

shells were recorded (-5.88±0.3‰ and -5.35±0.4‰), leading the authors to suggest that shell 

mineralisation was occurring during the highest water temperatures observed during the 

summer months.  This is supported by measured δ18O values of V. piscinalis shells (-5.88 

±0.38‰) from the Thames (Davies, 1999; Davies et al., 2000), although that study did not 

investigate modern δ18Owater values of the Thames in detail.  The measured δ18O values of 

modern B. tentaculata and V. piscinalis shells in this study, however, suggest a more protracted 

period of shell mineralisation, with isotopic values representative of mean water temperatures 

experienced between the spring and autumn months in the Thames, Wey, and Colne.  The fact 

that shell δ18O values of these taxa exhibit consistent values between the three sites lends support 

to the idea that δ18O values are representative of warm, rather than maximum water 

temperatures.  This is not to suggest that measured δ18O values of B. tentaculata and V. piscinalis 

shells from Sproughton are incorrect, rather that comparisons of shell δ18O values across wide 

geographical areas and fluvial systems with differing hydrological regimes need to be 

undertaken with knowledge of the different controlling factors.  

6.7.2. Testing the validity of modern δ18Oshell and δ18OOP values in fossil deposits 

The results from this modern study suggest that two environmental factors control freshwater 

gastropod δ18O chemistry, first the δ18O value of the river water, and second, the water 

temperature in which carbonate mineralisation is occurring.  Fluctuations in the δ18O values of 

freshwater gastropod carbonate in fossil deposits are therefore likely to be reflecting changes in 
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either of these factors. As outlined above, both the δ18O value and temperature of surface waters 

are strongly controlled by air temperature (Andrews, 2006; Candy et al., 2011). It is reasonable 

to suggest that increasing air temperatures will produce increasing δ18O values in freshwater 

gastropod carbonates, and variations in δ18O values in fossil sequences are likely to reflect 

variations in the prevailing temperature regime.  

Figure 6.13. A) Comparison of modern δ18Oshell values of B. tentaculata and V. piscinalis from this study (Thames, Wey 
and Colne) with modern value from Sproughton, R. Gipping (Waghorne et al., 2012) and from fossil deposits from 
Sproughton (LGIT), Shropham (MIS 5e) and West Runton (MIS 15?). B) Measured δ18Oshell values compared against 
maximum summer temperatures based on modern July air temperature and Tmax reconstructed from coleopteran 
MCR in the fossil deposits. C) As (B) but modern δ18Oshell values are plotted against mean temperature for the suggested 
duration of shell mineralisation (April-October). 

The validity of the δ18O values of freshwater gastropod carbonate as a palaeotemperature proxy 

can be tested using fossil deposits.  There are a number of freshwater Quaternary deposits 

including those at West Runton (Davies et al., 2000), Shropham (Coope, 2010) and Sproughton 

(Rose, 1980, Waghorne et al., 2012), which contain freshwater mollusc shells and have 

independent temperature reconstructions from various biological proxies.  These deposits span 
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a number of interglacial, interstadial and stadial episodes, and therefore provide a means of 

comparing freshwater gastropod carbonate δ18O values and reconstructed temperatures in a 

range of climatic regimes.  Study of the δ18O values of gastropod carbonate has been undertaken 

in a number of these sites (Candy et al., in prep); the δ18O values of V. piscinalis and B. 

tentaculata shells from a number of these sites are presented alongside modern δ18O values from 

the Thames, Wey and Colne, and from the Gipping (Waghorne et al., 2012) in Figure 6.13.  As 

stated above, these sites reflect a variety of climatic conditions, comprising interglacials 

suggested to be warmer than present (Shropham, MIS 5e), interglacials comparable to the 

present day (West Runton (correlated to the Cromerian Complex, potentially MIS 15 (Preece et 

al., 2009), interstadials cooler than present (Sproughton, Windemere interstadial) and stadials 

that are colder than present (Sproughton, Loch Lomond stadial).  From the analysis of measured 

δ18Oshell values from these sites, a clear trend can be observed.  The lowest δ18O values are 

observed in shells from deposits associated with coldest periods (Sproughton, Loch Lomond 

Stadial) and the highest δ18O values are observed in shells from deposits associated with the 

warmest period (Shropham, MIS 5e), consistent with the suggested relationship between mean 

annual air temperature and δ18O values of freshwater gastropod carbonates outlined in this 

study and a number of other published studies (e.g Jones et al., 1999; White et al., 1999; 

Waghorne et al., 2012).   

Measured δ18O values from each site are plotted against temperature reconstructions in Figure 

6.13.  Temperature reconstructions from the fossil deposits are derived from coleopteran MCR 

in which Tmax (mean temperature of the warmest month) and Tmin (mean temperature of the 

coldest month) are reconstructed.  On this basis, Tmax is suggested to represent July air 

temperatures (Atkinson et al., 1987).  For each site, the median of the calculated Tmax is plotted 

against the mean δ18Oshell value, with the x- and y-error bars being the calculated range of Tmax 

and sample standard deviation of mean δ18Oshell values respectively.  As discussed in Section 6.5, 

δ18O values of B. tentaculata and V. piscinalis shells in the modern Thames, Wey and Colne are 

reflecting mean air temperature during the period of shell mineralisation, which equates to 

April-September for B. tentaculata, and March-November for V. piscinalis, rather than Tmax.  

However, to aid comparison with fossil deposits, modern July air temperature is used.  There is 

a clear positive linear relationship between δ18Oshell values and summer air temperatures, with 

the best fit line through the δ18Oshell values and reconstructed temperatures yielding a 

relationship between δ18O and temperature of +0.33‰/1°C.  Although there are large ranges in 

both datasets, it is important to note that this relationship is consistent with the proposed 

relationship between air temperature and freshwater carbonates (0.3‰/1°C), based on the 

relationship between δ18Owater and air temperature, and isotopic fractionation and water 

temperatures (Andrews, 2006), described in Chapter 4.  This strongly suggests that the modern 
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relationship between temperature and δ18O values can also be identified in fossil deposits and 

that the δ18O values of freshwater gastropod carbonate are a reliable palaeotemperature proxy.  

However, quantifying this relationship needs to be undertaken with caution.  This is because 

this study has demonstrated that modern δ18Oshell values are a reflection of mean air 

temperatures during the period of shell mineralisation, which does not necessarily equate with 

July temperatures, and represents the temperature regime through a longer period of the year. 

Palaeotemperature estimates are frequently suggested to represent maximum summer 

temperatures; therefore based on this study, δ18Oshell values and Tmax are equivocal.  However, it 

can still be recognised that 1°C large-scale changes in δ18O values of freshwater gastropod 

carbonate from a wide range of deposits are reflecting variations in mean annual air 

temperature. 

6.8. Chapter summary 

The key findings of the modern analogue study in this thesis are: 

• In three fluvial systems in southeast Britain (Thames, Wey and Colne), water

temperatures vary systematically across the year and are strongly correlated to

prevailing air temperature.

• Monthly δ18Owater values of these systems, however, are broadly consistent throughout

the year, comparable to long term mean annual δ18O value of rainfall, which is a

function of mean annual air temperature.  This is a function of homogenisation of

seasonal variation in δ18Orainfall in the aquifer; where there is evidence for seasonal

variation in δ18Owater values, the range is low and is interpreted as a function of the

increased contribution of summer rainfall into the groundwater.

• Measured δ18O values of B. tentaculata shell and opercula, V. piscinalis shell and R.

balthica shell are all consistent with mineralisation in isotopic equilibrium with δ18Owater

values from in the Thames, Wey, and Colne.

• Differences between measured δ18O values of different taxa, and the shell and

operculum of B. tentaculata, is the function of differences in the growth patterns of the

individual taxa, and the thermal regime of the water in which mineralisation occurs.  In

this study, B. tentaculata  and V. piscinalis  shell δ18O values are reflecting mean water

temperatures in warmer months, and B. tentaculata operculum and R. balthica shell

values are representing mean annual water temperatures.

• This indicates that there is a strong relationship between gastropod carbonate δ18O

values and prevailing temperature regime.  Comparisons with δ18Oshell values from

gastropods in a number of British Quaternary sites with different climatic regimes

indicate that this relationship is also consistent in fossil deposits.
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Chapter 7 -  Marks Tey, Essex 

7.1. Introduction 

The palaeolake basin at Marks Tey, Essex, southeast England, contains one of the longest 

records of the Hoxnian Interglacial (MIS 11c) in the British Isles, with the lacustrine sequence 

recording an interglacial vegetation succession from the end of the Anglian, through the entire 

Hoxnian Interglacial and into the subsequent cold climate episode (Turner, 1970).  Due to the 

varved nature of the lower part of the Marks Tey deposits, the sequence can be used to provide 

estimates of the duration of the Hoxnian Interglacial and to identify centennial-scale abrupt 

climatic events (Turner, 1970; Tye, 2015; Tye et al., in review).  However, the upper part of the 

lacustrine sequence has received less attention, because a large portion of the sediment is 

brecciated and the pollen stratigraphy from the overlying lake sediments was thought to indicate 

deposition in the succeeding cold-climate stage, MIS 10.  As it is now apparent that a number of 

British sites record climatic complexity during the immediate post-Hoxnian period, prior to 

MIS 10 (Coope and Kenward, 2007; Ashton et al., 2008), the upper part of the Marks Tey 

sequence may provide an important palaeoclimatic record of the end of the interglacial that has 

hitherto been unexplored.  This Chapter presents the re-investigation of; 1) the brecciated 

sediments, and 2) the succeeding laminated sediments that are suggested to be of cold climate 

origin (Turner, 1970).  The study material comes from a newly recovered sedimentary sequence, 

MT-2010, from the Marks Tey basin, to which a number of sedimentological, biostratigraphic 

and stable isotopic techniques have now been applied.  

This Chapter is divided into four main Sections.  First, a description of the site and its geological 

context are presented.  Second, the full MT-2010 sequence and its proposed correlation to the 

GG borehole of Turner (1970) is summarised.  Third, the results of the investigation of the 

upper 7.5 m of the MT-2010 borehole are described, sub-divided into four sections: 1) a 

description of the macroscale sedimentology, 2) the description and interpretation of microscale 

sedimentology and presentation of a model of lacustrine development for the upper part of the 

MT-2010 sequence, 3) a summary of the results of pollen (by Prof. P. Coxon, Trinity College 

Dublin) and biomarker (by Dr. E. McClymont, Durham University) analyses, and 4) the 

description and interpretation of the δ18Oauth and δ13Cauth values of authigenic carbonate 

laminations that occur through the sequence. The Chapter concludes by discussing the 

palaeoenvironmental significance of the upper part of the MT-2010 sequence.  

7.2. Site background and geological context 

Marks Tey (50°05’58.54’’N, 6°37’43.95’’E) is a palaeolake basin located in Essex (Figure 7.1.), 

southeast England, in which lies a clay pit actively quarried for brickmaking by W .H. Collier 
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Ltd.  It forms part of a suite of laterally-extensive lacustrine deposits in the Marks Tey area, 

incorporating a shallower basin to the east, the Copford Basin, and a series of thin lacustrine 

deposits over an area of approximately 450x900 metres (Figure 7.2.).  The basin, along with a 

number of others in the area, lies close to the margins of the Anglian Ice Sheet that covered large 

parts of eastern England during the MIS 12 glaciation (Pawley et al., 2008; 2010).  The basin is 

suggested to be a relict, narrow, steep-sided subglacial tunnel valley, excavated in the London 

Clay, and orientated radially to the ice front, formed due to the release of high pressure water 

from the subglacial zone (Turner, 1970; Ellison and Lake, 1986).  The resultant topographic 

depression became a lake basin during deglaciation and the subsequent interglacial, allowing for 

the accumulation of the lacustrine sediments observed in the brick pit at the present day 

(Turner, 1970; West, 1980).  The lacustrine sediments at the site were subject to extensive 

investigation by C. Turner (Turner, 1970), who recovered the longest sequence, borehole ‘GG’, 

ca. 22 m thick, in the centre of the Marks Tey basin.  

Figure 7.1. Map showing the location of Marks Tey within the British Isles and relation to other key MIS 11 sites and 
the suggested MIS 12 ice limit (Ehlers and Gibbard, 2001). 

The bedrock in the Marks Tey area is Eocene London Clay, overlain by both glacigenic 

sediments, primarily the Lowestoft Till (which is generally chalk-rich and contains  abundant 

flint, quartz and glacial erratics), and localised outcrops of Kesgrave Sands and Gravels (Figure 

7.2.).  At Marks Tey, the till reaches a thickness of 6 m at a surface height of +35 m OD at the 

edge of the basin; the surface height dips towards the centre of the basin beneath the lacustrine 

deposits.  In the Marks Tey basin, the lacustrine deposits themselves overlie the glacial till 

(however in the deepest part of the basin, the contact between the lacustrine and proposed 

underlying glacial gravels/till has not been established), occupying a rectangular NNW-SSE 

trending basin.  The northwest and southwest limits of the basin are not well defined; however, 
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the lacustrine deposits are over 35 m thick in the central part of the basin.  Boreholes from the 

edge of the basin indicate lacustrine deposits of less than 5 m thick at the margins, indicating 

that the basin is steep-sided (Turner, 1970).  The lacustrine deposits are overlain by modern 

alluvium associated with the Roman River and localised solifluction deposits.   

Marks Tey is the para-stratotype for the Hoxnian Interglacial, defined based on its pollen 

stratigraphy.  Turner (1970) established that the sequence records the entire Hoxnian 

Interglacial (HoI-HoIV, see Chapter 3 for a full discussion of Hoxnian pollen zones), as well as 

both the preceding and succeeding cold stages.  As outlined in Chapter 1, the longest lacustrine 

sequence from the Mark Tey basin, ‘GG’ (Turner, 1970), consists only of late Anglian and HoI-

HoIIIb aged sediments, after which a sedimentary hiatus occurs between HoIIIb and the 

subsequent cold climate interval.  Later HoIIIb and HoIV pollen assemblages were recorded in 

boreholes ‘AA’ and ‘BB’, taken at the margins of the basin.  Data from these three boreholes 

were used by Turner (1970) to construct the composite pollen record on which the 

biostratigraphy is based (Figure 7.3.).  

Figure 7.2. Lateral extent of the lacustrine deposits in the Marks Tey area, with the conjectural limits of the Marks Tey 
basin highlighted (adapted from Ellison and Lake, 1986) 

The assignment of Marks Tey to MIS 11 is based on a combination of techniques.  Uranium- 

series dating of the lacustrine sequences indicates a high probability that the laminated 

sediments (HoIIIa) are MIS 11 or older in age (Rowe et al., 1999).  Amino acid racemisation 

analysis of calcitic opercula of Bithynia tentaculata from Marks Tey (Penkman et al., 2011) 

indicates a relative age of MIS 11.  Furthermore, the presence of lacustrine sediments directly 

overlying Lowestoft Till, which has been robustly correlated to MIS 12 (Perrin et al., 1979; Rose, 

1987, 2001; Ehlers and Gibbard, 2001; Clark et al., 2004; Pawley et al., 2008), further supports an 

MIS 11 age.   
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Figure 7.3.  Composite pollen stratigraphy of Marks Tey based on boreholes ‘GG’, ‘AA’ ad ‘BB’. Redrawn from Turner, 
1970) .  

7.3. MT-2010 sequence and core profile 

The sequence recovered from Marks Tey for this study (MT-2010) is composed of two 

overlapping boreholes, which have been inter-correlated through the presence of key marker 

beds as described in Chapter 5.  The full MT-2010 borehole sedimentary sequence is 

characterised by five lithofacies associations, defined by variations in the macroscale 

sedimentological properties (LFa-1 to LFa-5).  These sedimentological variations are broadly 

comparable to those observed in borehole ‘GG’ (Turner, 1970, Figure 7.4.).  The lower 6.25 m 

(LFa-1 and LFa-2) of the MT-2010 sequence has been reported by Tye (2015), and the bulk 

sedimentological properties and pollen biostratigraphy of these deposits are summarised in 

Figure 7.4.  LFa-1 consists of irregularly laminated silty clay and spans pollen zones HoI-HoIIa, 

LFa-2 consists of varved sediments that span pollen zones HoIIb to HoIIIc.  Brecciated 

laminated sediments characterise LFa-3 and a return to in situ laminated sediments, which 

characterise LFa-4 and LFa-5, is noted above.  This Chapter discusses the upper 7.5 m of the 

sedimentary sequence, which will be referred to as MT-Upper throughout.  This encompasses 

the upper two lithofacies associations (LFa-4 and LFa-5), as well as the upper part of LFa-3 (LFa-

3b to LFa-3d, 4.10-7.50 metres below surface (mbs)).  To understand fully the stratigraphy of 

LFa-3, the analysis undertaken in this thesis is supplemented by work undertaken on the 

interval 7.50-12.00 mbs (LFa-3a) by both Tye (2015) and the author.  

178



Chapter 7 - Marks Tey, Essex 

Figure 7.4. Correlation of MT-2010 with borehole ‘GG’ (Turner, 1970), including lithofacies descriptions and pollen zones. 
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7.4. MT-Upper Macroscale sedimentology 

The macroscale sediment descriptions of LFa-3 to LFa-5 are based on bulk sediment 

descriptions, calcium carbonate content and total organic carbon content analyses (Figure 7.5.). 

Between 0.98-0.00 mbs, the core is characterised by grey silt-clay (2.5Y/4/2 dark greyish brown) 

occurring as both massive beds and intervals of heavily convoluted laminations and beds with 

orange iron oxide staining.  This is interpreted as made ground, associated with the base of the 

Marks Tey brick pit and is not included in the lithofacies associations.   

7.4.1. Lithofacies association 3 (LFa-3) 12.00-4.10 mbs, +3.8 to +11.7 m OD 

LFa-3 can be sub-divided into four sub-facies: LFa-3a (12.00-7.50 mbs), LFa-3b (7.50-6.67 mbs), 

LFa-3c (6.67-5.20 mbs) and LFa-3d (5.20-4.10 mbs).  LFa-3a and LFa-3c are characterised by 

deformed and rotated blocks of carbonate-rich finely laminated sediment within a dark brown 

silt matrix (2.5Y/4/1 dark grey).  Also present within both of these sub-facies at irregular 

intervals are beds of massive silt clay (2.5Y 4/1 dark grey), which exhibit loaded contacts with 

the underlying and overlying laminated sediment.  Comparison of calcium carbonate and total 

organic content between the deformed/rotated and surrounding silt-clay matrix in LFa-3a and 

LF-3c shows that mean calcium carbonate values of the silt-clay matrix (38.78±10.12%(1σ)) are 

lower than those from the brecciated blocks.  Total organic carbon values are comparable in 

both the deformed/rotated blocks and silt-clay matrix ((13.63± 1.83% (1σ)). 

Between 7.50-6.67 mbs (LFa-3b) and 5.20-4.10 mbs (LFa-3d) laminations appear continuous 

across the core face, and consist of regular alternations of greyish brown (10YR/5/2) silt-clay 

and light yellowish brown (2.5Y/6/3) carbonate rich silt-clay.  These laminations appear massive 

and have sharp upper and lower contacts, and are generally thicker than those observed in the 

rotated blocks.  In places the carbonate rich laminations appear faulted and convoluted, and are 

discontinuous in places LFa-3 is characterised by relatively high and stable calcium carbonate 

(mean=48.87±6.73% (1σ)) and stable total organic carbon values (mean= 10.61±1.44% (1σ)) 

throughout, with no significant differences between sub-facies. 

7.4.2. Lithofacies association 4 (LFa-4) 4.10-1.35 mbs, +11.7 to +14.45 m OD 

LFa-4 is characterised by the return to continuously laminated sedimentary structures and can 

be sub-divided into three sub-facies: LFa-4a (4.10-3.15 mbs), LFa-4b (3.15-2.11 mbs) and LFa-4c 

(2.11-13.5 mbs).  

LFa-4a consists of irregularly laminated sediments (>1mm thick) consisting of alternations of 

olive grey (2.5Y/4/3) silt and silty-clay laminations with both sharp and diffuse upper and lower 

contacts.  Also present are irregular carbonate-rich light yellow brown (2.5Y/6/3) laminations 

with sharp upper and lower contacts, and black (5Y/2.5/1) heavily iron-stained laminae, which 

readily oxidised when the core face was exposed.  LFa-4a is characterised by a decline in both 
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calcium carbonate and total organic carbon values in the range of 25% and 5% respectively. 

Throughout LFa-4a, calcium carbonate and total organic carbon values remain low and stable 

(CaCO3 mean = 21.68%±6.35% (1σ); TOC mean =5.25±1.25%, Figure 7.5). 

LFa-4b is characterised by the same laminated structures identified in LFa-4a, however these are 

interrupted by discrete ‘mudclast’ beds (5-40 mm thick) of compacted silty clay intraclasts, 

carbonate-rich lenses, chalk fragments, and particulate organic matter.  These have sharp and 

frequently loaded contacts with the underlying and overlying laminated sediments.  Mean 

calcium carbonate and total organic carbon values are comparable in LFa-4b to LFa-4a.   

However, associated with this sub-facies are episodic increases in both calcium carbonate 

content and total organic carbon, with an increase in values of 10-15% and 5% respectively. 

These increases occur in association with the ‘mudclast’ beds. 

LFa-4c is characterised by the return of irregularly laminated sediments that comprise LFa-4a. 

However, through the facies, the carbonate-rich laminations become less frequent, disappearing 

above 1.60 mbs, whilst the iron-stained laminations become more frequent and thicker; towards 

the top of the lithofacies, the laminations dip at an angle of 5-10°.  Calcium carbonate and total 

organic carbon content in LFa-4c is low (CaCO3 mean = 20.72±2.92% (1σ), TOC =   4.89±0.85% 

(1σ)) and comparable to those values observed in LFa-4a and LFa-4b. 

7.4.1. Lithofacies association 5 (LFa-5) 1.35-0.98 mbs, +14.45 to +15.33 m OD 

LFa-5 consists of regularly alternating thick laminations and beds (2-10 mm thick) of silt 

(2.5Y/4/2 dark greyish brown) and silty clay (5Y 5/2 olive grey).  At the macroscale, these 

laminations are either massive or normally graded and have sharp, frequently loaded upper and 

lower contacts.  Within the silty clay beds there are multiple sub-layers of normally graded olive 

grey (5Y/ 5/2) clay with sharp upper and lower contacts.  Carbonate laminations and particulate 

organic material are absent.  Towards the top of the facies, the angle of repose of the beds 

increases to ca. 15°.  This lithofacies is characterised by a decrease in calcium carbonate and total 

organic carbon content to low and stable values of 17.2±1.54% (1σ) and 1.28+0.80%(1σ) 

respectively.   

Figure 7.5 (overleaf). Composite core stratigraphy of 7.5-0.0mbs, bulk CaCO3 and TOC results, Lithofacies zone and 
core photographs for MT-Upper.  Depths are presented in mbs.  Changes in sedimentological properties within LFa-3 are 
presented in this Figure to illustrate the variation within this facies.  This variation is a function of the deformed and 
brecciated nature of the lake sediments within this interval.  Consequently, it is simplified in stratigraphic logs 
throughout the rest of the chapter to aid clarity. 
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7.5. MT-Upper Microscale sedimentology 

This Section presents detailed microscale descriptions of the laminated structures that are 

preserved in situ in LFa-4 and LFa-5 and the intervals of continuously laminated sediments that 

are present in LFa-3.  The microscale descriptions presented are based on ten thin sections taken 

throughout the MT-Upper sequence in order to characterise the sedimentological properties of 

the laminations observed at the macroscale and to identify changes in the style of sedimentation 

throughout the sequence.  For each thin-section sample, the key structural and textural 

properties were described using standard descriptive techniques (see Chapter 4 for a full 

overview) and a microstratigraphic log produced (Appendix E).  Based on the evidence for 

repeating lamination types, it was decided that a microfacies approach would be adopted to 

account for the variations in lithological composition and structures of laminations observed.  

This approach is routinely used for the identification of varved sediments (Brauer, 2004); in the 

case of non-varved laminated sediments, this approach is utilised to identify changes in 

sediment deposition and related environmental changes in the lake basin (Palmer, 2008a).  

Following the microfacies approach, a range of lamination types was identified (Figures 7.6. and 

7.7.); where there is evidence for repeating lamination types, these were grouped into lamination 

sets (Figure 7.8.).  Within each thin-section microstratigraphy, lamination types and lamination 

sets were recorded, together with other microscale textural or sedimentary features.  Microfacies 

associations were then constructed for the MT-2010 Upper sequence based on the distribution 

of both the lamination types and sets and other microscale features.  

7.5.1. Lamination types 

Four primary lamination types can be identified in the MT-Upper sequence.  These types 

comprise the same sediment components (diatoms, calcite, organic material, and mineral 

grains); however, they vary in their structural properties and in the abundances of different 

sediment components within them.  It is important to note that the lamination descriptions for 

MT-Upper sequences follows the standard descriptive protocol developed for the full MT-2010 

sequence (Sherriff et al., 2014; Tye, 2015).  The full sedimentological properties for the full suite 

of lamination types in the MT-2010 sequence are presented in Appendix F while the prominent 

characteristics of each lamination type that occurs in the MT-Upper sequence are described 

below. 

7.5.1.1. Lamination Type 1 (Diatomaceous) 

LT-1 is characterised by the presence of a mixture of centric and pennate diatoms, which 

compose over 10% of the lamination, within a matrix of mineral grains, calcite crystal, and 

organic material.  It is important to note that the diatom lamination types identified in the MT-

Upper sequence are distinct from those identified in LFa-2 in the lower part of the MTU-2010 
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sequence as described by Tye (2015).  In LFa-2, these are composed of predominantly centric 

diatom frustules with sharp upper and lower contacts, classified as LT-1.1 and LT-1.2, and are 

not found in the MT-Upper sequence.  Within the MT-Upper sequence, two types of LT-1 can 

be identified: LT-1.3 and LT-1.4.  (Figure 7.6.)  LT-1.3 is composed of 10-30% diatom frustules 

within a matrix of medium-coarse silt (<10%), micritic-microspartic calcite crystals (10-30%) 

and particulate and fine-grained organic matter, with sharp lower and graded upper contacts. 

LT-1.4 consists of >50% diatom frustules within a matrix of medium-coarse silt (<10%), 

micritic-microspartic calcite crystals (10-30%) and particulate and fine-grained organic matter, 

with sharp lower and graded upper contacts. 

7.5.1.2. Lamination Type 2 (Calcitic) 

LT-2 is characterised by the presence of either micritic or microspartic calcite crystals, which 

comprise over 10% of the lamination.  Six calcite lamination types can be identified based on 

variation in the size and abundance of calcite crystals as well as the number of sub-lamination 

types that occur (Figure 7.6.).  LT-2.1 is characterised by up to 30% micrite calcite crystals 

within a matrix of particulate and fine-grained organic matter, with diffuse upper and lower 

contacts.  LT-2.2 is a single laminations with sharp lower and graded upper contact, composed 

of >50% micritic calcite crystals.  LT-2.3 is comparable to LT-2.2, however it occurs as multiple 

(2-3) sub-laminations with diffuse upper and lower contacts, between which layers of fine-

grained organic material are present.  LT-2.4 is also comparable to LT-2.2; however the lower 

contacts are gradational in nature and directly overlie LT-3 (see Section 7.5.1.3).  LT-2.5 and LT-

2.6 are characterised by the presence of microspartic calcite crystals: in LT-2.5, these occur at 

low concentrations (<30% of the lamination) in a matrix of particulate and fine-grained organic 

matter (up to 30%) and coarse silt sized mineral grains (<10% of the lamination) with sharp 

upper and lower contacts.  LT-2.6 is characterised by more abundant (>50% of lamination) 

microspartic calcite than LT-2.5, with inclusions of particulate organic matter and coarse silt 

size mineral grains.  These laminations have a sharp lower contacts and a graded upper contact 

with LT-3 (see Section 7.5.1.3). 

7.5.1.3. Lamination Type 3 (Organo-Clastic) 

LT-3 is an organo-clastic lamination type characterised by different abundances of fine-grained 

and particulate organic matter and mineral grains, which can be divided into seven sub-

lamination types (Figure 7.7.).  LT-3.1 is characterised by abundant fine-grained and particulate 

organic matter (>50% of the lamination), with fine to medium silt-sized mineral grains 

constituting up to 10% of the lamination.  Also present are rare occurrences of diatom frustules 

and micritic calcite crystals and the laminations typically have a graded lower contact and a 

sharp upper contact.  LT-3.2 is comparable to LT-3.1; however, mineral grains occur in 

184



Chapter 7 - Marks Tey, Essex 

concentrations of 10-30%, ranging from fine sand to coarse silt in size.  LT-3.3 is characterised 

by an increase in particulate organic matter and fine silt to very fine sand-size mineral grains 

occur in equal abundance.  This lamination type exhibits normal grading with sharp upper and 

lower contacts.  LT-3.6 has a comparable structure to LT-3.3, however it is characterised by an 

increase in the abundance of fine silt to very fine sand mineral grains (>50% of the lamination) 

and a decrease in concentration of particulate organic matter.  LT-3.4 is characterised by a 

massive structure, and is composed of equal abundances of fine-grained and particulate organic 

matter and fine-medium silt size mineral grains with the lamination exhibiting sharp upper and 

lower contacts.  LT-3.5 is a comparable structure to LT-3.4 but is characterised by an increase in 

the frequency of mineral grains (>50% of lamination), which are generally fine sand to coarse 

silt in size.  LT-3.7 is a poorly sorted lamination, which is either massive or normally graded, 

and consists of abundant (>50% of the lamination) medium sand to medium silt size mineral 

grains, particulate organic matter and intraclasts of reworked lake material. 

7.5.1.4. Lamination Type 4 (Clastic) 

LT-4 is a clastic lamination type in which mineral grains are the abundant component, and 

organic material and calcite occur rarely (Figure 7.7).  Diatom frustules are not seen in thin-

section.  This lamination type can be sub-divided into three sub-lamination types.  LT-4.1 is 

characterised by a massive structure, sharp upper and lower contacts with abundant medium-

fine silt size mineral grains with rare (<10% if the lamination) or particulate and fine grained 

organic matter and micritic calcite crystals.  LT-4.2 is characterised by comparable structural 

properties to LT-4.1, however very fine sand- medium silt mineral grains constitute the entire 

lamination, with very rare occurrences of particulate organic matter.  LT-4.3 is characterised by 

a normally graded structure with sharp and frequently loaded upper and lower contacts.  This 

lamination type is composed entirely of mineral grains, which grade in size from fine or very 

fine sand to fine silt.     

Figure 7.6 (overleaf). Photomicrographs of lamination types observed in the MT-Upper sequence.  A-B) Lamination 
type 1 (diatomaceous), C-G) Lamination type 2 (calcitic), H-M) Lamination type 3 (organo-clastic), and N-O) 
Lamination type 4 (clastic).  P) illustrates the chemical precipitate (Fe/Mn) that occurs through LFa-4, associated with 
LT-3. All images XPL and scale bar = 500 µm. 
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Figure 7.7. Lamination sets that characterise the MT-Upper sequence. All images XPL and scale bar = 500μm.  
Lamination type A not illustrated, as this type only occurs in the rotated and deformed blocks in LFa-3a and LFa-3a.  
Ls-A has the same sedimentological properties as LS-b, however, the order of laminations is reversed, with e LT-1 
overlain by LT-2, which is subsequently overlain by LT-3.  
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Table 7.1. Description of lamination sets that characterise the MT-Upper sequence. Microfacies associations of each of these lamination sets is highlighted in the rightmost column. 

Lam 
Set Composition & Structure of diatom component Composition & structure of organo-clastic component Composition & structure of calcite component 

LS-a Sharp lower contact 
Massive structure, well sorted 
<50% abundance of either predominantly 
centric (1.1) or pennate (1.3) diatom frustules. 
Sharp/graded upper contact with overlying 
calcite component 

Diffuse-graded lower contact 
Massive structure, well sorted 
Abundant fine grained and particulate organic matter 
Common (10-30%) fine-medium silt (3.1) or medium silt – medium 
sand (3.2) quartz grains and micrite-spar sized calcite crystals 
Sharp upper contact with overlying diatom component 

Sharp/graded lower contact 
Massive structure, very well- well sorted 
Frequent (2.1) –abundant (2.2) micritic calcite crystals with inclusions of fine 
grained/particulate organic matter and fine-medium silt sized Quartz grains 
Diffuse-graded contact with overlying organo-clastic component 

M
Fa-A

 

LS-b Sharp lower contact 
Massive structure, well sorted 
Pennate diatom frustules of either >50% (1.4) 
or <50% (1.3) abundance in a mixture of fine 
grained/particulate organic matter, calcite 
crystals and medium silt quartz grains. 
Sharp upper contact with overlying organo-
clastic component  

Sharp lower contact 
Massive structure, well sorted 
Abundant fine grained and particulate organic matter 
Common (10-30%) fine-medium silt (3.1) or medium silt – medium 
sand (3.2) quartz grains and micrite-spar sized calcite crystals 
Sharp/graded upper contact with overlying calcite component 

Sharp/graded lower contact 
Massive (2.1, 2.2) or reverse graded structure, well sorted 
Frequent (2.1), abundant (2.2) or common (2.3) micritic calcite crystals with 
inclusions of fine grained/particulate organic matter and fine-medium silt 
sized Quartz grains 
Sharp upper contact with overlying diatom component 

LS-c Sharp lower contact 
Massive structure, well sorted 
Pennate diatom frustules of <50% (1.3) 
abundance in a mixture of fine 
grained/particulate organic matter, calcite 
crystals and medium silt quartz grains. 
Sharp upper contact with overlying organo-
clastic component 

Sharp lower contact 
Massive structure, well sorted 
Abundant fine grained and particulate organic matter 
Common (10-30%) fine-medium silt (3.1) or medium silt – medium 
sand (3.2) quartz grains and micrite-spar sized calcite crystals 
Sharp upper contact with overlying calcite component 

Sharp lower contact 
Laminated microstructure comprises multiple sub-laminations of micritic 
calcite crystals (2.3a) or two sub-laminations of microspartic-micritic calcite 
crystals (2.3b) separated by more organic rich material. 
Sharp upper contact with overlying diatom lamination 

LS-d No diatom component evident Sharp lower contact 
Massive structure, well sorted 
Abundant fine grained and particulate organic matter 
Common (10-30%) medium silt – medium sand (3.2) quartz grains 
and micrite-spar sized calcite crystals 
Sharp upper contact with overlying calcite component 

Sharp lower contact 
Massive structure, very well- well sorted 
Frequent (2.1) micritic calcite crystals with inclusions of fine 
grained/particulate organic matter and fine-medium silt sized Quartz grains 
Sharp contact with overlying organo-clastic component 

LS-e No diatom component evident Sharp lower contact 
Massive structure, well sorted 
Abundant fine grained and particulate organic matter 
Common (10-30%) medium silt – medium sand (3.2) quartz grains 
and micrite-spar sized calcite crystals 
Sharp upper contact with overlying calcite component 

Sharp lower contact 
Laminated microstructure comprises two sub-laminations of microspartic-
micritic calcite crystals (2.3b) separated by more organic rich material. 
Sharp upper contact with overlying organo-clastic component 
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Composition & structure of calcite component Composition & structure of organo-clastic component 

LS-f Sharp lower contact 
Horizontally laminated, Normally graded structure, very well sorted 
Abundant microspartic-micritic calcite crystals with rare occurrences of particulate organic 
matter and coarse silt-sized quartz grains (2.6). 
Increase in frequency of mineral grains throughout 
Graded upper contact 

Graded lower contact 
Normally graded structure, well sorted 
Common (3.3) to frequent (3.6) fine sand- medium silt sized quartz grains with common occurrence of 
particulate and fine grained organic material. 
Increase in abundance of fine grained organic matter and medium-fine silt sized minerogenic material 
throughout 
Sharp upper contact.  

M
Fa-B 

Composition & structure of coarse component  Composition & structure of fine-component  

LS-g Sharp lower contact 
Normally graded, well (3.3, 3.6) or moderately sorted (3.7) 
Mineral grains grade from coarse silt-fine silt (3.3), fine sand-medium silt (3.6) or medium 
sand- medium silt (3.7). 
Common occurrence of particulate and fine-grained organic mater.  Decrease in frequency 
of particulate organic matter throughout 
Sharp upper contact 

No horizontal laminations of fine material 

LS-h Sharp lower contact 
Massive structure, well sorted 
Equal abundance of fine sand – coarse silt mineral grains and particulate and fine-grained 
organic material with rare occurrences of microspartic calcite crystals (3.5). 
Sharp upper contact  

Sharp lower contact 
Massive structure very well sorted 
Equal abundances of coarse silt- fine silt grains and particulate and fine grained organic matter. Higher 
ratio of fine silt and fine-grained organic matter (3.4) 
Sharp-diffuse upper contact. 

M
Fa-C 

LS-i Sharp lower contact 
Normally graded structure, very well sorted 
High abundance of mineral grains, grade from fine sand- fine silt. 
Sharp upper contact 

No horizontal laminations of fine material 

LS-j Sharp lower contact 
Massive structure, well sorted 
Abundant very fine sand-medium  silt grains with rare occurrences of particulate and fine 
grained organic matter (4.2) 
Sharp upper contact 

Sharp lower contact 
Massive structure, well sorted 
Abundant coarse-fine silt grains with rare occurrences of particulate and fine grained organic matter 
(4.1) 
Sharp upper contact 
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Figure 7.8. Summary of the lamination types, lamination sets and other microfeatures that characterise the MT-Upper sequence. Based on the distribution of these sedimentary features through the MT-
Upper sequence, three microfacies associations can be identified: MFa-A, MFa-B and MFa-C, with correspond to the variation in lithofacies observed at the macroscale. N-Fault= normal fault. R. fault= 
reverse fault. B&P = ball and pillow structure. Lam breccia = rotated block of finely laminated carbonate-rich silty clay. Biochemical is used to classify lamination types/sets formed primarily from chemical 
and biological processes within the lake body (autochthonous). Mechanical is used to classify lamination types/sets formed from processes associated with the transport of material into to the lake basin from 
either allochthonous or autochthonous sources. See text for a full description of sediment delivery processes.   
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7.5.1.5. Distribution of lamination types through the MT-Upper sequence and the formation of 

lamination sets 

The distribution of these four lamination types through the MT-Upper sequence is presented in 

Figure 7.8.  A number of patterns can be identified through the sequence: first, LT-1 

(diatomaceous) is only found in those thin-sections from LFa-3 and is absent from the rest of 

the sequence.  Second, LT-2 occurs readily throughout LFa-3 and LFa-4; however, this type of 

lamination is absent from LFa-5.  LFa-3 consists of those lamination types (LT-3.1 to LT-3.4) 

with micrite calcite, whereas in LFa-4, the microspartic lamination types are prevalent (LT-3.5 

and LT-3.5).  Third, organo-clastic laminations occur throughout the MT-Upper sequence, and 

finally, clastic laminations are only prevalent in LFa-5. 

Throughout the MT-Upper sequence, repeating occurrences of different lamination types can 

be resolved into lamination sets (Table 7.1., Figure 7.7.).  This is readily achievable in LFa-3 in 

which repeating sets of diatom (LT-1), calcite (LT-2.1 to LT-2.4) and organo-clastic (LT-3.1 and 

LT-3.2) or calcite and organo-clastic can be identified throughout the facies (lamination sets LS-

a to LS-f).  In both LFa-4 and LFa-5, consistent alternations between lamination types are more 

difficult to identify.  A number of lamination sets can be identified: 1) those that consist of the 

same lamination types, but exhibit differences in particle size/abundance of lithological 

constituents (LS-h and j), and 2) lamination sets that comprise repeating laminations of the 

same type (LS-g and LS-k).  The distribution of lamination types and lamination sets through 

the MT-Upper sequence is highlighted in Figure 7.8.  From this pattern, three microfacies 

associations can be identified (MFa-A, MFa-B and MFa-C) that follow the lithofacies association 

described in Section 7.4.  The main micromorphological characteristics of these are described 

below.   

7.5.1.6. Microfacies association A (LFa-3) 

The laminated sediments present in MFa-A are characterised by lamination sets a-e, which 

comprise repeating alternations of diatomaceous (LT-1.3 and LT-1.4), calcitic (LT-2.1 to LT2.4) 

and organo-clastic (LT3.1-3.2) lamination types.  The most common lamination set (LS-b) 

consists of a diatom lamination that grades into an organo-clastic lamination, which in turn is 

overlain by a calcitic lamination (LT-2.1/2.2/2.3).  This frequently has a sharp upper contact 

with the overlying diatom lamination.  Also common are LS-c, which has the same structure as 

LS-b, but with multiple discrete calcite laminations (LT-2.3) characterising the calcite 

component.  In the lower part of the microfacies (thin section samples MTU-14 and MTU-12, 

Figure 7.8.), there are lamination sets composed of an organo-clastic lamination (LT-3.2), 

overlain by one (LT-2.1) or multiple (LT-2.3) calcite laminations with no diatom lamination 

visible (LS-d, LS-e). LS-a, which is only found within the sedimentary structures of the 
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deformed/rotated blocks of sediments within LFa-3,  consists of a diatom lamination of a 

mixture of pennate and centric forms, which exhibits a sharp-graded upper contact with a 

calcitic lamination (LT-2.1, 2.2), which in turn has a diffuse-graded contact with the organo-

clastic lamination (LT-3.1).  This lamination set has a reverse sequence of lamination types 

within a lamination set in comparison to LS-b.  LS-e, however, is similar to that observed in the 

finely laminated sediments of LFa-2 (Tye, 2015).  A number of mm-scale deformation features 

also characterise MFa-A, comprising water escape features, folded and convoluted laminations 

and bioturbation burrows with associated downward deformation of horizontal laminations. 

These features occur throughout the analysed thin-sections in this lithofacies. 

7.5.1.7. Microfacies association B (LFa-4) 

MFa-B is characterised by organo-clastic lamination types (LT-3.3 to LT-3.7), with occurrences 

of calcitic (LT-2.5 and LT-2.6) and clastic (LT-4.2 and LT-4.3) lamination types.  Calcitic 

laminations occur either as single laminations with sharp upper and lower contacts composed of 

micritic-microspartic calcite crystals in a matrix of particulate organic material and coarse silt-

very fine sand sized quartz grains (LT-2.5), or grade into the overlying organo-clastic 

lamination, forming LS-f (LT-2.6).  In comparison to MFa-A, calcitic laminations are far less 

frequent, comprising a generally larger crystal size (microspar) and more frequent inclusions of 

organic material and mineral grains.  Organo-clastic laminations commonly occur in two forms.  

These are either repeating sets of normally graded laminations of well or moderately sorted 

mixtures of particulate and fine-grained organic material and mineral grains (LS-g), or 

alternations between laminations (LS-h), comprising an increased abundance of fine sand-

coarse silt sized mineral grain with particulate and fine-grained organic matter (LT-3.5) and 

laminations that consist of coarse silt-fine silt mineral grains, with an increased abundance of 

particulate and fine-grained organic matter (LT-3.4). In places, it is difficult to resolve 

laminations into coherent sets.   

 There are two primary types of microfeatures that characterise MFa-B: 1) mudclast beds and 2) 

laminations in which the structural properties are masked by amorphous black spherules. 

Mudclast beds consists of cm-scale compacted elongate organo-clastic mudclasts, orientated 

parallel to the lamination bounding surface, within a matrix of very fine sand-medium silt sized 

quartz grain, particulate organic matter and lenses of micrite to microspar-sized calcite crystals. 

These beds frequently have a sharp lower contact and the graded upper contact.  The black 

spherules are ca. 50 μm in size, and form either less than 50% or between 50% and 75% of the 

lamination.  They are opaque, amorphous and appear grey under incident light, suggesting that 

they are a chemical precipitate, mostly likely iron (Fe) or manganese (Mn) oxide.  These are 

most frequent in the upper part of MFa-B and are associated with the black bands visible at the 

macroscale.  
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7.5.1.8. Microfacies association C (LFa-5) 

MFa-C is characterised by lamination sets LS-h, LS-i and Ls-j.  These are characterised by rare 

occurrences of organo-clastic (LT 3.4 to LT-3.7) and predominantly clastic (LT-4.1 to LT-4.3) 

lamination types.  No calcitic or diatomaceous laminations are present.  Laminations are 

dominated by repeating normally graded beds.  In the lower part of the sequence, organo-clastic 

(LT-3.6, 3.7) and clastic (LT-4.3) lamination types are more frequent with clastic lamination 

types becoming more predominant towards the top of the sequence.  These are repeating graded 

laminations and beds (LS-h), separated by alternating coarse-fine laminations of either organo-

clastic (LT-3.4-3.5) or more frequently, clastic sediment (LT-4.1-4.2).  MFa-C is characterised by 

a number of syn-depositional microfeatures, consisting of load structures and ball and pillow 

structures associated with LS-j, and normal and reverse faults throughout.  

7.5.2. Interpretation of microfacies associations 

7.5.2.1. Microfacies association A (MFa-A) 

MFa-A represents two stages of sediment deposition, first the deposition of laminated structures 

that can be identified at the microscale, and second the formation of the brecciated blocks and 

silt-clay matrix, of which the laminated structures form part and which are visible at the 

macroscale.  The regular repeating alternations of diatom, calcite and organo-clastic laminations 

that characterise laminations sets A-E are consistent with those of biochemical varves (Sturm 

and Lotter, 1995) and comparable to the structures observed in LFa-2 in the lower part of the 

core profile (Tye, 2015).  In this interpretation, the differences in lamination types can be 

explained by seasonal differences in sediment supply and in-lake productivity (Hakanson and 

Jansson, 1983), within a deep, stratified water body (O’Sullivan, 1983; Ojala et al., 2000).  The 

diatom lamination represents increased phytoplankton activity controlled by a combination of 

in-lake physical, biological, and chemical parameters predominantly associated with spring, but 

also autumn, turnover of the stratified water body (Kelts and Hsü, 1978; Lotter et al., 1997).  The 

calcite lamination forms as a result of calcite precipitation in epilimnetic waters associated with 

increased temperatures and photosynthesis during the summer months (Kelts and Hsü, 1978).  

Organo-clastic lamination represents both autochthonous inputs of organic material from 

littoral areas and suspension settling of fine-grained organic material in the water column, and 

allochthonous inputs of minerogenic material from the catchment (Zolitschka, 2007).   

There is, however, one significant difference between the varved sediments within LFa-3 and 

those recorded in the in situ laminations that characterise LFa-2 (Tye, 2015), as suggested by the 

model of biochemical varve formation of Sturm and Lotter (1995).  The order of lamination 

types that characterise LS-b to LS-e is inverse to that recorded in the in situ laminations that 

characterises LFa-2 (Tye, 2015) and that suggested by the model of biochemical varve formation 
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of Sturm and Lotter (1995).  This strongly indicates that the sediments in the continuously 

laminated interval of LFa-3b and LFa-3d are upside down and therefore, are not in situ.  

Consequently, these sub-facies likely represent continuous sedimentation within larger blocks of 

older lake sediment that have been brecciated and transported into the central part of the Marks 

Tey basin.  This is supported by the presence of both soft sediment deformation and faulting 

throughout LFa-3.   

This brecciation is also identifiable in the ‘GG’ borehole and was addressed by Turner (1970), 

who attributed it to a single episode of slumping of early interglacial deposits down the steep 

sides of the basin, associated with a decrease in lake level.  The macroscale and microscale 

evidence from MT-Upper supports Turner’s (1970) interpretation; however, it is important to 

note that macroscale evidence from the MT-2010 borehole indicates more complexity in the 

sedimentary structures in this brecciated interval (LFa-3), with evidence for multiple intervals of 

brecciated sediment separated by deformed or massive silty clay (Figure 7.5).  This may suggest 

that deposition of this facies was characterised by multiple brecciation events, but based on a 

single borehole this cannot be fully elucidated. 

Although the sediments that characterise MFa-A microfacies do not represent in situ 

sedimentation, the sedimentological properties of the laminated structures that characterise 

these brecciated blocks can be used to understand the nature of sediment deposition associated 

with the formation of these structures prior to brecciation.  In comparison to those observed in 

LFa-2, there are two significant differences.  First, the organo-clastic lamination within this 

facies is characterised by an increase in particle size of the minerogenic material and organic 

material, which may be associated with increased energy of sediment supply from allochthonous 

sources (Zolitschka, 2007).  Second, there is an absence of diatom lamination associated with 

LS-d, LS-e, which may suggest a weaker diatom bloom associated with spring overturn (Horne 

and Goldman, 1983) or the obscuration of diatom frustules in thin-section by the material 

forming the autumn/winter lamination.  

7.5.2.2. Microfacies association B (MFa-B) 

MFa-B is characterised by organo-clastic laminations, the sedimentary structures of which 

indicate deposition of material from turbidity currents, either forming underflows (normally 

graded) or as overflow/interflows (massive), depositing material into the centre of the basin. 

These laminations comprise a mixture of organic and clastic material.  The clastic material 

probably reflects the episodic transport of material from the catchment (Sturm, 1979; Anderson, 

1996).  Organic material is likely derived via littoral zones within the lake or from the 

catchment, although based on the thin-sections, a clear source cannot be distinguished.  The 

presence of calcitic lamination indicates that carbonate precipitation within the epilimnetic 
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waters of the lake in response to warmer temperatures and photosynthetic activity was also 

occurring during the deposition of LFa-4 (Kelts and Hsü, 1978).  However, the larger crystal size 

observed in LT-2.5 and LT-2.6 that characterise this facies suggests lower levels of 

supersaturation of Ca2+ in relation to those observed in MFa-A.  This may be related to lower 

temperatures and/or a decrease in biological productivity (Folk, 1974; Kelts and Hsü, 1978).  

There are a number of other features that characterise this microfacies.  The presence of iron or 

manganese precipitate in a number of laminations within MFa-B is indicative of anoxic 

conditions, with formation occurring in iron/manganese-rich stagnant water below the 

chemocline (Anthony, 1977) or in the hypolimnion  during stratification, which results in the 

reduction of Fe3+ and Fe2+ , resulting in  the formation of iron-sulphides (Renberg, 1981).  The 

prevalence of these precipitates in the upper part of MFa-B indicates the persistence of more 

permanent stratification or meromixis (Anthony, 1977).  The ‘mudclast’ beds that are present in 

discrete horizons throughout LFa-4b represent sub-aerially exposed lake sediments that have 

been transported into the centre of the lake basin in a response to high-energy in-wash events 

eroding marginal lake sediments.  The increase in TOC and CaCO3 values of these beds in 

relation to the surrounding in situ laminated sediments suggests that they may represent lake 

sediments potentially deposited earlier in the interglacial associated with a more productive lake 

regime.   

The presence of both organo-clastic laminations and calcite laminations in this section indicates 

that a combination of biochemical and mechanical mechanisms is contributing to the formation 

of sedimentary structures observed in LFa-4.  The formation of calcitic laminations indicates a 

seasonal cycle of sedimentation related to in-lake thermal and biological processes.  However, 

the sedimentological evidence suggests that sediment delivery is largely governed by changes in 

energy and/or sediment supply in the catchment, the episodic nature of which cannot be related 

to seasonal changes within the lake catchment (Sturm, 1979). 

7.5.2.3. Microfacies association C (MFa-C) 

MFa-C is characterised by the presence of normally graded laminations, formed from the 

deposition of material from turbidity currents forming underflows into a stratified water body 

(Ashley, 1985; Smith and Ashley, 1985; Ringberg and Erlström, 1999).  The presence of load and 

ball and pillow structures is indicative of very rapid sedimentation, supported by the absence of 

clay within the normally graded beds.  This suggests that the beds are representing rapid influx 

of sediment related to high magnitude rainfall or snowmelt events within the catchment, rather 

than a seasonal signal (Sturm, 1979).  Alternations between clastic laminations comprising fine 

and coarse minerogenic material indicate sediment entering the lake via overflows (Smith, 1975, 
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also reflecting the influx of sediment related to high magnitude rainfall or snowmelt events 

within the catchment (Sturm, 1979). 

The laminated facies in MFa-C suggests a shift in the source of sediment supply to one that is 

allochthonous and mechanically dominated.  This suggests the predominance of physical 

weathering in the catchment in the absence of vegetation, resulting in the input of easily 

erodible minerogenic material to the lake basin via suspension or incoming ‘plumes’ (Sturm, 

1979; Sturm and Lotter, 1995), and is indicative of a cold climate.  This is supported by the 

absence of diatom and calcite laminations, which suggest the water body is nutrient poor with 

minimal organic productivity (Boygle, 1993).  However, the presence of organo-clastic 

lamination types at the base of the MFa-C suggests that there was still organic material available 

for sediment transport, coming from either autochthonous sources within the littoral area of the 

lake basin, or via allochthonous sources from humic material within the catchment (Zolitschka, 

2007).  The absence of these features towards the top of the microfacies suggests the presence of 

organic material in the catchment may be diminished, indicating an increasingly open 

landscape. 

Figure 7.9 (overleaf). Modes of sediment delivery into the Marks Tey basin.  On the basis of the sedimentary structures 
observed through the MT-Upper sequence, four types of lake depositional environment exist: 1) in which sediment supply 
is predominantly from autochthonous sources from biochemical processes, 2) in which sediment supply is 
autochthonous, however from mechanical processes (for example, slumping of lake deposits within the basin,  3) both 
allochthonous and autochthonous inputs are contributing equally to the sediment supply, with both biochemical and 
mechanical processes of equal importance, and 4) in which sediment supply is dominated from allochthonous inputs 
from mechanical processes.  The correlation of each of these types to the MT-Upper stratigraphy based on microfacies 
associations is also highlighted underneath each microfacies.    
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7.5.3. Sedimentology summary; model of lacustrine deposition in the Marks Tey basin 

The macroscale and microscale sedimentological properties of the MT-Upper sequence indicate 

a number shifts in the mechanism of sediment supply and dominant transport processes 

through this interval.  These can be divided into four key types (Figure 7.9.) representing the 

shift between biochemically- and mechanically-derived sediment from autochthonous and 

allochthonous sources through the MT-Upper sequence.  These are described below.   

1) Autochthonous (biochemical > mechanical)   LFa-3, MFa-A (pre-brecciation): The

formation of varved sediments that characterise the brecciated blocks in LFa-3  indicates 

sediment supply from predominantly autochthonous bio-chemical processes, as suggested by 

the high CaCO3 and TOC values that characterise this facies.  In the Marks Tey basin, these 

biochemical processes can be divided into two primary types: biologically induced chemical 

precipitation (forming calcite lamination types), and biological productivity from algal (forming 

diatomaceous lamination types) and macrophytic action.  Within this model, there is a minor 

contribution of sediment supply from allochthonous sources, most likely delivered to the basin 

via surface runoff, fluvial action and suspension settling of finer siliclastic and organic particles 

in the water column. 

2) Autochthonous (mechanical) LFa-3, MFa-A (brecciation): The brecciation of the laminated

sediment that characterises LFa-3 represents a shift to a mechanically dominated process of 

sediment delivery, this time from autochthonous sources and typified by the slumping and mass 

movement of littoral and profundal lake sediments in a response to lake level lowering.   

3) Autochthonous = Allochthonous (biochemical = mechanical) LFa-4 (MFa-B): LFa-4 is

characterised by a transition back to the formation of in situ laminations; however unlike Type 

(1), sediment supply is characterised by both biochemical (carbonate laminations) and 

mechanical processes (organo-clastic laminations) from both autochthonous and allochthonous 

sediment sources respectively.  Unlike in Type (1), the episodic nature of mechanically derived 

sediment supply means that the seasonal signature of sedimentation associated with biological 

processes (Anderson, 1996) is lost.  Within LFa-4, there is evidence for fluctuation in the 

predominance of allochthonous and autochthonous sediment supply.  This is typified by the 

presence of beds of reworked sub-aerially exposed lake material in LFa-4b in this phase, 

suggesting periods of increased allochthonous sediment supply.  The Fn/Mn precipitates 

towards the top of MFa-B indicate an increase in autochthonous processes, although caused by 

chemical changes within the water column rather than biological activity.   

4) Allochthonous (mechanical) LFa-5 (MFa-C): LFa-5 is characterised by sediment inputs

from purely mechanically dominated processes from allochthonous sources.  Sediment delivery 

is via turbidity currents and likely a response to episodic increases in runoff in the catchment. 

199



Chapter 7 - Marks Tey, Essex 

These may be related to seasonal processes, as observed in glaciolacustrine systems (e.g. Hodder 

and Gilbert, 2007), however on the basis of the sedimentary structures observed, a seasonal 

signature cannot be identified.     

7.6. MT-Upper Pollen and biomarker analysis 

7.6.1. Pollen analysis 

Pollen analysis was undertaken by P. Coxon from ten sediment samples through the MT-Upper 

sequence.  The pollen diagram spanning MT-Upper is presented in Figure 7.10 and compared 

against the composite pollen diagram of Turner (1970).  From the pollen spectra, two zones can 

be identified, MTU-PZ1 (7.35-4.10mbs) and MTU-PZ2 (3.94-1.51mbs).  The uppermost pollen 

sample (MTU-P10 1.16mbs) yielded a low pollen count (57 total land pollen grains).  The two 

pollen zones are broadly consistent with the changes in lithofacies identified in Section 7.4, and 

can be related to the Hoxnian pollen sequence of Turner (1970). 

7.6.1.1. Description of MT-Upper vegetation succession 

Marks Tey Upper Pollen Zone 1 (735-4.10mbs), LFa-3c/d, HoIIIb, late temperate zone 

MTU-PZ1 is characterised by predominantly arboreal pollen taxa (82-90% of TLP) with Alnus 

(29-34% of TLP) and Abies (22-39% of TLP) the dominant taxa.  Also present are Quercus (3.9-

7.5% of TLP) and Pinus (8.0-7.3% of TLP), Taxus (2.3- 7.8% of TLP) and traces (<5%) of Betula, 

Fraxinus, Ulmus and Carpinus.  Corylus is also common (5-11% of TLP).  There is a low 

frequency of herbaceous taxa (1-3% of TLP), with Poaceae (0.8-1.1% of TLP) and Roseaceae 

(0.2-0.9% of TLP) dominating.  Polypodiaceae grains are also present (1.3-1.8%/TP). 

Marks Tey Upper Pollen Zone 2 (4.10-1.5mbs), LFa-4, Post-Hoxnian with HoIV (post-

temperate) affinities 

MTU-PZ2 is characterised by an increase in frequency of herbaceous and shrub taxa, increasing 

to between 14-6.1% and 15.5-21.7% of TLP respectively.  Herbaceous taxa are dominated by 

Poaceae (4.7-9.0% of TLP) with trace occurrences (<5%) of Cyperaceae and Rosaceae.  

Dominant shrub taxa are Corylus (9.7-17.3% of TLP), Ericaceae-type (1.1-3.4% of TLP) and 

Empetrum (0.2-2.5%).  The arboreal pollen spectra are characterised by high values of Alnus 

(14.6-27.75 of TLP) and Abies (14.4-23.7%) and an increase in the frequency of Betula (4.1-

10.0% of TLP) and Pinus (7.9-14.2%).  Also present are traces (<5%/TLP) of Taxus, Carpinus, 

Ulmus and Fraxinus, together with Picea (<1%).  There is an increase in frequency of 

Polypodiaceae (2.0-5.5%) compared to MTU-PZ1. 

Marks Tey Upper Pollen Sample 10 (1.15mbs) LFa-5, Post Hoxnian 

This sample has a low pollen concentration, dominated by Alnus (14.2% of TLP), Abies (21.2%), 

Pinus (26.5%), Poaceae (19.5%) and Betula (7.1%).  
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Figure 7.10. Comparison of A) MT-Upper pollen stratigraphy (courtesy of P. Coxon) with B)Turner (1970) composite 
pollen stratigraphy. Also highlighted in (B) is the borehole in which the pollen stratigraphy of Turner (1970) is derived, 
with solid line indicating the presence of in situ sediments and dashed line indicating presence of brecciated sediments. 
Also highlighted (blue and yellow) is the suggested correlation of the MT-Upper pollen spectra to the Turner (1970) 
pollen sequence.  

7.6.1.2. Interpretation of pollen spectra 

The high level of arboreal pollen in MTU-PZ1 indicates forested conditions, with high values of 

Abies and Alnus suggestive of coniferous forest, and alder carr present in damp areas adjacent to 

the lake basin.  Low values of Quercus, Ulmus, Fraxinus and Taxus indicate that mixed-oak 
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deciduous forest was still present in small areas in the catchment, with the occurrence of 

Juniperus, Ericeaceae and Empetrum indicating areas of heathland.  The pollen spectra present 

in this part of the sequence are comparable to those identified in the ‘GG’ borehole (Marks Tey 

1B, Turner, 1970).  The Abies-Alnus dominated assemblage is typical of a post-temperate phase 

vegetation assemblage and is assigned to HoIIIb.  The increasing abundance of herbaceous taxa 

and relative decline in arboreal pollen in MTU-PZ2 is indicative of more open conditions in the 

catchment.  The increase of Betula in this zone and shrub taxa such as Calluna and Empterum 

suggests areas of birch woodland within open ground and heathland communities.  The 

presence of Abies and Pinus conversely suggests the presence of boreal woodland in the 

catchment and there still is a high contribution of mixed-oak deciduous forest taxa in the 

vegetation assemblage.  The increased presence of Polypodiaceae spores suggests wetter and 

more open conditions around the lake at this time (Peglar, 1979).  This assemblage is 

comparable to that observed in ‘GG’ (Marks Tey 1B) by Turner (1970), who suggested that it 

reflected a post-Hoxnian cold interval.  The presence of discordant pollen assemblages suggests 

that a large portion of the pollen is derived from reworked lacustrine sediments (Turner, 1970), 

with the dominance of boreal forest and heathland taxa strongly suggesting affinities with those 

found in the ‘AA’ and ‘BB’ boreholes, attributed to HoIV.  This would suggest that any reworked 

pollen was primarily derived from the erosion of HoIV sediments from the basin margins.  The 

presence of Pre-Quaternary microfossils in this zone also implies that erosion of till material in 

the catchment may have been occurring. 

7.6.2. Biomarker analysis 

The results of preliminary biomarker analysis of the MT-2010 sequence are described below 

(Figure 7.11.).  These are included in this Chapter in order to understand the long-term 

vegetation trends in the catchment associated with the accumulation of LFa-3 to LFa-5.  The 

results presented focus on the distribution of n-alkanes of the apolar fraction of the Marks Tey 

samples, including Average Chain Length (ACL 27-33), P(aq) and P(wax).  ACL27-33 values are 

stable in LFa-3, and range between 29.03-29.4, following a decline in LFa-4 to values between 

28.57-28.89.  P(aq)  values range between 0.68-0.72 in LFa-3, then decrease to values of 0.59-0.60 

in LFa-4.  P(wax) values show the reverse trend, which reflects the emphasis on different chain-

lengths in the two indices, with lower values (0.35-0.43) in LFa-3 and higher values (0.55-0.56) 

in LFa-4.  It is important to note that throughout LFa-3, the homogenised samples are a 

combination of ‘brecciated’ finely laminated sediment similar in nature of LFa-2 (Tye et al., 

2015) and the silt-clay matrix surrounding.  Consequently, the n-alkane distribution represents 

an average of those from the laminated sediments and the later deposited silt-clay matrix, and 

these interpretations should accordingly be considered tentative. 

202



Chapter 7 - Marks Tey, Essex 

Figure 7.11. Biomarker results for the full MT-2010 sequence (data courtesy of E. McClymont). Green diamonds – 
average chain length of the 27-33 n-alkanes fraction, Blue diamonds = P(aq) ratio, Red diamonds = P(wax) ratio. 

ACL27-33 values represent the relative importance of different long chain n-alkanes, and have 

been suggested to reflect shifts in temperature and humidity, as well changes to higher plant 

assemblages (Gagosian and Peltzer, 1986; Rinna et al., 1999; Pancost and Boot, 2004; 

McClymont et al., 2008).  A decrease in ACL values in the MT-Upper sequence can therefore be 

suggested to indicate a shift in conditions between LFa-3 and LFa-4, from warmer and/or drier 

conditions associated with LFa-3 with decline to cooler and or wetter conditions in LFa-4. The 

P(aq) ratio is suggested to indicate the relative importance of higher (terrestrial) plants and 

aquatic plant vegetation to the n-alkane distribution (Ficken et al., 2000); High P(aq) in LFa-3 and 

LFa-4 suggests high contributions of aquatic plants to the n-alkane distribution.  Slightly lower 

values in LFa-4 indicate a small increase in the contribution from terrestrial and emergent 

vegetation in the catchment, which may indicate the influence of reworked material on the n-

alkane signal, likely derived from the catchment associated with a less vegetated landscape.  The 

measured P(wax) ratio shows a mirror-image pattern, with a decrease values in LFa-3 and LFa-4 in 

comparison to the lower part of the sequence, potentially indicating a reduced contribution of 
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n-alkanes from higher plants and emergent macrophytes in this period (Zheng et al., 2007).  

Although there is a potential influence of sediment mixing in LFa-3, and reworked lake 

sediments throughout LFa-4 on the n-alkane indices as described above, all three biomarker 

datasets potentially suggest a shift in LFa-3 and LFa-4 in comparison to the lower part of the 

MT-2010 sequence.  This is interpreted as relating to a reduction in vegetation cover around the 

lake basin, which may be a response to shifting temperature or humidity regime.   

7.7. MT-Upper δ18Oauth and δ13Cauth record 

7.7.1. Summary of δ18Oauth and δ13Cauth dataset 

δ18O and δ13C values (δ18Oauth and δ13Cauth) of individual  carbonate laminations from the upper 

part of the Marks Tey sequence (12.00 mbs-0.98 mbs), including those sampled from LFa-3, 

which were analysed jointly by J. Sherriff and G. Tye, are presented in Figure 7.12., alongside 

core lithofacies and pollen zonation.  For LFa-3 to LFa-5 measured δ18Oauth values range between 

-2.13 to -6.49‰ and δ13Cauth values range between +9.54‰ to +1.40‰.  Measurement 

uncertainties based on the three-standard calibration in the MT-Upper sequence range between 

0.00-0.13‰(1σ) for δ13Cauth and 0.00-0.13‰(1σ) for δ18Oauth (raw values are presented in 

Appendix H).  The upper part of the sequence can be sub-divided into three isotopic zones, 

based on observed variation in δ18Oauth values.  δ18Oauth values were used since, as described in 

Chapter 4, shifts in δ18O values of  lacustrine carbonates in western Europe yield the clearest 

palaeoenvironmental signal.  These zones are termed Marks Tey Isotopic Zones (MTIZ) 3-5, 

following the isotope stratigraphy defined in the lower part of the core profile (18.47-12.00 mbs) 

by Tye et al. (in review).  Descriptive statistics of the full MT-Upper dataset are presented in 

Table 7.2. 

Table 7.2. Descriptive statistics of measured δ18O and δ13C values in MTIZ3-5 as recorded between in the MT-Upper 
sequence. Descriptive statistics of MTIZ-1 (LFa-1) and MTIZ-2 (LFa-2) and the full dataset are also presented for 
comparison. δ18O and δ13C values for LFa-1 (MTIZ-1) and LFa-2 (MTIZ-2) from the lower 6.25 m of the MT-2010 core 
are shown in italics.  

δ18O  (‰ V-PDB) δ13C (‰ V-PDB) 

N Median Mean SD (1 sig) Min Max Median Mean SD (1 sig) Min Max 

Full 
dataset 148 -3.61 -3.73 0.80 -6.49 -2.07 1.54 1.80 1.67 -2.27 6.17 

MTIZ-1 30 -3.10 -3.13 0.32 -3.84 -2.56 3.28 2.85 1.20 -0.82 4.72 

MTIZ-2 81 -3.81 -3.85 0.62 -5.65 -2.51 0.67 0.69 0.90 -2.27 3.11 

MTIZ 3 18 -3.17 -3.22 0.53 -4.39 -2.13 3.33 3.49 0.92 2.12 6.17 

MTIZ 4 11 -5.13 -4.97 0.97 -6.49 -3.56 2.93 2.82 0.98 1.40 5.74 

MTIZ 5 8 -4.59 -4.13 1.27 -5.63 -2.13 2.69 3.12 1.34 1.58 5.81 

204



Chapter 7 - Marks Tey, Essex 

Figure 7.12. A) summary of measured δ18O and δ13C values for each isotope zone and measured δ18O and δ13C values of 
chalk clasts from Lowestoft Till (Tye, 2015; Tye et al., 2015), B) measured δ18O and δ13C between 12,00-0.98 mbs against 
MT-Upper stratigraphy. Red vertical line= isotope zone mean, dashed grey vertical line, full MT-201 dataset mean 
including values from MTIZ-1 and MTIZ-2. 
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7.7.1.1. Marks Tey Isotopic Zone 3 (12.00-4.10 mbs), LFa- 3, HoIIIa-HoIIIb 

MTIZ-3 (12.00-4.10 mbs) is characterised by δ18Oauth and δ13Cauth values of carbonate 

laminations from the ‘brecciated’ blocks of finely laminated sediment between 12.00 to 4.10 

mbs.  Mean δ18Oauth values for this lithofacies are -3.22±0.53‰ (1σ) and mean δ13Cauth values are 

3.49±0.95‰ (1σ).  There is no evidence for high co-variation of δ18Oauth and δ13Cauth values in 

this zone (r2=0.3630, p<0.05).  This facies does not have stratigraphic integrity due to the 

brecciated nature of the sediment; consequently no trends in the isotope dataset can be 

identified.  

7.7.1.2. Marks Tey Isotopic zone 4 (4.10-3.19 mbs), LFa 4a, Post-Hoxnian Interglacial 

MTIZ-4 (4.10-3.19 mbs) is characterised by the lowest δ18Oauth values in the upper core, with the 

mean δ18Oauth value of -4.97±0.97‰(1σ) and the lowest measured value of -6.49‰.  The 

measured δ18Oauth values in this zone have a higher degree of scatter, as observed by the higher 

1σ standard deviation value than MTIZ-3.  δ13Cauth values are characterised by mean δ13Cauth 

values of  +2.82±0.98‰ (1σ), and lower than those measured in MTIZ-3.  There is no evidence 

for high co-variation of δ18Oauth and δ13Cauth values in this zone (r2=0.3139, p<0.05).   

7.7.1.3. Marks Tey Isotopic Zone 5 (3.19-1.51 mbs) LFa-4b - LFa-4c, Post Hoxnian Interglacial 

MTIZ-5 (3.19-1.51 mbs) is characterised by a return to generally higher measured δ18Oauth values 

(mean δ18Oauth = -4.13±1.27‰ (1σ)).  There is, however, a large 1σ standard deviation associated 

with δ18Oauth values in this zone, due to two clear trends that can be identified in the dataset.  

First, there is an increase to higher δ18Oauth values between 3.14-2.67 mbs, with a mean δ18Oauth 

value of -3.51±1.19‰ (1σ), comparable to those observed in MTIZ-3.  Second, there is a 

decrease to mean δ18Oauth values of -5.17±0.49‰ (1σ) between 2.67-1.51 mbs, comparable to 

those observed in MTIZ-4.  δ13Cauth values for MTIZ-5 exhibit no trend, with mean δ13Cauth 

values of   +3.12±1.34‰ (1σ), comparable to those measured in MTIZ-4.  There is no evidence 

of high co-variation of measured δ18Oauth and δ13Cauth values in this zone (r2 = 0.0314, p<0.05).  

After 1.51 mbs, there are no individual carbonate laminations visible at the macroscale.  

7.7.2. Interpretation of the MT-Upper  δ18Oauth and δ13Cauth record 

As discussed in Chapter 4, δ18Oauth values are a function of the δ18Owater of the lake, which is 

controlled by mean annual δ18Orainfall values in temperate, hydrologically open lake basins (Leng 

and Marshall, 2004).  δ13Cauth values are a function of δ13C values of DIC in the lake water, which is 

largely controlled by vegetation development in the catchment (Cerling and Quade, 1993; Leng 

and Marshall, 2004).  However, there are a number of hydrological and catchment processes 

that can modify the δ18O and δ13C signal prior to carbonate precipitation.  These need to be 

considered prior to discussing the δ18Oauth and δ13Cauth values of the MT-Upper sequence in 

palaeoenvironmental terms. 
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7.7.2.1. The influence of catchment processes and lake hydrology on the δ18Oauth and δ13Cauth signal 

The hydrological regime of the lake basin has a large influence on both the δ18Oauth and δ13Cauth 

signal.  In hydrologically-closed basins, due to long lake water residence times, the isotope signal 

is strongly controlled by the balance between direct rainfall and evaporation in the lake basin. 

Alternatively, the isotope signal in a hydrologically-open basin, where lake water residence time 

is much shorter, will be closely related to the δ18O of rainfall (Leng and Marshall, 2004).  The 

degree of co-variance in measured δ18Oauth and δ13Cauth values is used as an indicator to 

determine if the basin is hydrologically-open or -closed.  In hydrologically-closed basins, δ18Oauth 

and δ13Cauth values frequently co-vary, as a result of evaporative processes causing the 

preferential loss in 16O, and the equilibration of DIC with atmospheric CO2 resulting in higher 

δ13Cauth values (Talbot, 1990; Leng and Marshall, 2004) Consequently, δ18Oauth values will 

represent δ18Owater values that are controlled by the balance between precipitation and 

evaporation.  In hydrologically-open basins, the δ18Oauth value is a function of the δ18Owater,which 

is controlled principally by  δ18Orainfall, with only minimal effects from evaporative processes 

(Marshall et al., 2002, 2007; Darling et al., 2003), and δ13Cauth values provide a record of the δ13C 

signature of DIC (Marshall et al., 2002, 2007; Leng and Marshall, 2004).  In the MT-Upper 

sequence, there is no evidence for high co-variance between δ18Oauth and δ13Cauth values (all r2 

values are less than 0.4, Figure 7.12.), typical of an open lake basin that is regularly recharged by 

groundwater and surface water, with some form of an outflow (Talbot, 1990; Leng and Marshall, 

2004). 

The influence of detrital contamination from biogenic and geological carbonate is also an 

important consideration when interpreting the δ18Oauth and δ13Cauth signal of authigenic 

lacustrine carbonates (Leng and Marshall, 2004; Leng et al., 2010; Mangili et al., 2010).  This is 

particularly important for the MT-Upper sequence, as there is sedimentological evidence for 

increased allochthonous inputs through the lithofacies.  Geological carbonate sources in the area 

are primarily Lowestoft Till material and reworked lacustrine deposits.  Lowestoft Till contains a 

high volume of chalk clasts, which will have δ13C values of between -3‰ to +3‰ in line with 

marine limestone (Keith, 1964).  Accordingly, the δ18O and δ13C values of chalk clasts from the 

Lowestoft Till in the Marks Tey area have been measured (Tye, 2015), yielding δ18O values from 

-4.39‰ to-2.69‰ and δ13C values from 0.09‰ to 1.35‰.  There is no overlap of till δ13C values 

with δ13Cauth values, indicating geological carbonate from the Lowestoft Till had a minimal effect 

on the MT-Upper isotopic signal.  Furthermore, detailed microfacies analysis of LFa-3 and LFa-

4 indicates the absence of biogenic carbonate, and minimal evidence for the incorporation of re-

worked lacustrine sediments into the carbonate laminations.  Although at the macroscale there 

is evidence for the deposition of reworked lake sediments, this does not occur in association 

with the deposition of carbonate-rich laminated sediments.  Therefore, it is argued that detrital 
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contamination is not causing the variations observed in the MT-Upper δ18Oauth and δ13Cauth 

signal.  

7.7.2.2. Palaeoenvironmental significance of the δ18Oauth  record 

As outlined above, the MT-Upper δ18Oauth record reflects authigenic carbonate that precipitated 

in a hydrologically-open lake basin with minimal evidence for detrital contamination. 

Consequently, the δ18Oauth record is a proxy for the δ18O value of water recharging the lake, 

modulated by the temperature at which carbonate precipitation occurred.  The controls on 

δ18Owater values are fully described in Chapter 4; however it has been demonstrated in a number 

of modern and late Quaternary western European lacustrine sequences (Marshall et al., 2002; 

Leng and Marshall, 2004; Candy et al., 2015), that δ18Owater is controlled by mean annual 

δ18Orainfall,which is strongly correlated with mean annual air temperature at a magnitude of 

+0.58‰/1°C  (Dansgaard, 1964; Darling, 2004).  This effect is modulated by the depletion of 18O 

during carbonate precipitation (-0.24‰/1°C, Craig, 1961; Hays and Grossman, 1991; Kim and 

O’Neil, 1997; Leng and Marshall, 2004); consequently, an increase of 1°C in air temperature will 

equate to an approximately 0.34‰ increase in δ18Oauth values.   

Assuming that this relationship can be applied in MIS 11 deposits, it can be suggested that a 

decrease in mean annual air temperature results in a decrease in δ18Oauth values, with an increase 

in mean annual air temperature having the opposite effect.  If the variations observed in the 

MT-Upper δ18Oauth record are interpreted purely in terms of temperature shifts, the following 

pattern can be identified: 1) the relatively high δ18Oauth values in MTIZ-3 indicate warm 

temperatures associated with the primary deposition of LFa-3 (HoIIIa-HoIIIb), 2) colder air 

temperatures are associated with MTIZ-4 (LFa-4a, after the Hoxnian Interglacial), 3) a 

subsequent return to warm temperatures is associated with the early part of MTIZ-5 (LFa-4b, 

after the Hoxnian Interglacial), and 4) a decline to cooler temperature is apparent prior to the 

cessation of carbonate precipitation in the later part of MTIZ-5.  On the basis of the relationship 

between temperature and δ18Oauth values outlined above, this equates to a temperature difference 

of approximately 6-9°C  between MTIZ-3 and MTIZ-4 , a temperature increase of 5-7°C 

between MTIZ-4 and MTIZ-5 and a subsequent temperature decrease of 6-8°C  associated with 

the upper part of MTIZ-5.   

The high δ18Oauth values that characterise LFa-3 (MTIZ-3), although lacking stratigraphic 

integrity, suggest that authigenic carbonate precipitation of the laminated sediments was 

occurring under warm and stable climatic conditions during HoIIIb.  It is important to note that 

subsequent to the deposition of the laminated sediments during HoIIIb there was possibly a 

significant fall in lake level, forming the brecciated lake sediments that characterise LFa-3.  

Consequently, there is a large sedimentary hiatus in the MT-2010 borehole that encompasses 
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HoIV, prior to the resumption of lake sedimentation at some point after the Hoxnian 

Interglacial.  The pronounced decrease in measured δ18O values associated with MTIZ-4 and 

MTIZ- 5 occurs in association with a significant increase in allochthonous sediment input into 

the Marks Tey basin.  This is interpreted as reflecting an increase the availability of erodible 

material associated with a less vegetated catchment under cooler conditions.  Therefore, it can 

be proposed that the low δ18Oauth values in MTIZ-4 are representing a cold interlude after the 

Hoxnian Interglacial.  The increase in δ18O values in the early part of MTIZ-5 could therefore 

signify a short-lived increase in temperature followed by a return to a cooler climate and a 

decline in lake productivity.  This is supported by the absence of authigenic carbonate 

laminations in LFa-4c, and the increase in allochthonous sediment input that characterises both 

LFa-4c and LFa-5.  On this basis, it can be strongly suggested that the isotopic excursions that 

characterise MTIZ-4 and MTIZ-5 represent a cold-warm climatic oscillation subsequent to the 

Hoxnian Interglacial. 

However, as outlined in Chapter 4, there are a number of other factors that can drive variations 

in δ18Orainfall values aside from temperature, including the amount and season of rainfall, the δ18O

of source water and air mass trajectory.  It is unlikely that the an increase in the amount of 

rainfall, which causes a depletion in the δ18Orainfall value, is a primary driver in the δ18Oauth 

variations observed in the Marks Tey record.  This process is strongest in tropical regions 

(Rozanski et al., 1992; 1993), and although the effect has been observed in modern rainfall 

patterns in the British Isles (Darling and Talbot 2003; Jones et al., 2007), it is unlikely cause the 

magnitude of variations observed in this sequence. Alternatively, changes in seasonal 

distribution of rainfall and variation in source water δ18O values may be important factors.  

Modern rainfall patterns in southern and eastern England indicate that there is little seasonal 

variation in the distribution of rainfall, with winter rainfall, depleted in 18O, contributing equally 

to summer rainfall, which is relatively more enriched in 18O, in the δ18O value of recharging 

water.  Under a more continental climatic regime, although mean annual air temperature may 

still be constant, rainfall is weighted towards the summer months; therefore, δ18Orainfall values will 

be higher than under the present-day maritime climatic regime (Candy et al., 2015).  A shift 

from higher to lower δ18Oauth values in lacustrine records seen in a number of sites in the British 

Isles during the Early Holocene has been attributed to a transition from a ‘continental’ to 

‘maritime’ climatic regime (Candy et al., 2015), related to changing insolation levels and rising 

sea levels associated with the decay of residual ice masses.  During the later stages of an 

interglacial, the reverse process would occur; the growth of ice masses associated with changing 

insolation levels would have led to a fall in sea level, resulting in a more continental climatic 

regime and higher δ18Orainfall values.  Furthermore, an increase in ice volume associated with the 

interglacial-glacial transition would result in the net storage of H2
16O in the ice masses, leading 
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to an increase in the δ18O value of source water resulting in higher δ18Orainfall values.  These 

processes will act together to modulate the effect of decreasing temperatures associated with the 

later stages of an interglacial on δ18Orainfall values.  

In terms of the MT-Upper sequence, the δ18Oauth values from MTIZ-3 are representing 

environmental conditions during HoIIIb, suggested to represent the climatic optimum of the 

Hoxnian Interglacial (Turner, 1970; Candy et al., 2010; 2014).  Therefore, the processes outlined 

above will not be exerting a significant control of δ18Oauth values, and it can be strongly suggested 

that the δ18Oauth values through LFa-3 (MTIZ-3) are reflecting the prevailing temperature 

regime.  However, based on the pollen stratigraphy and sedimentology of the MT-2010 

sequence, it is likely that the δ18Oauth values recorded in MTIZ-4 and MTIZ-5 are recording 

changes in δ18Orainfall during a period immediately subsequent to the Hoxnian Interglacial.  

Consequently, the δ18Oauth record is likely to span a cooler interval after the main interglacial, 

during which continental ice growth may have occurred.  Accordingly, the δ18Oauth record LFa-4 

may in some part be recording changes in the seasonality of rainfall and source water 

composition, as well as temperature shifts.  The effect of these processes on the δ18Oauth values 

will act to modulate the influences of changing temperature.  Therefore, although variations in 

the prevailing temperature regime are likely to have exerted the greatest control on δ18Oauth 

values, the full extent of temperature changes experienced during this period may not be fully 

recorded in the δ18Oauth values.  Accordingly, the estimated variation in temperature in LFa-4, 

based on the variation in δ18Oauth values described above, is likely to be reflecting the lower range 

of temperature variation, and the actual magnitude of temperature variation experienced during 

this period would have been greater.  

7.7.2.3. Palaeoenvironmental significance of the δ13Cauth record 

As discussed above, the δ13Cauth values of the MT-Upper profile are consistent with those of 

authigenic lacustrine carbonates precipitating in isotopic equilibrium with lake waters in an 

open-basin temperate water body (Leng and Marshall, 2004).  Lacustrine δ13Cauth values are a 

function of: 1) δ13CTDIC of inflowing water, 2) degassing and uptake of CO2 in the water body, 

3)aquatic plant activity, and 4) inheritance of δ13C values of geologically derived carbonate, as

outlined in Chapter 5.  The variations of δ13Cauth values observed in MTIZ-3 to MTIZ-5 are 

caused by changes in at least one of these factors; fractionation between DIC and calcite is very 

weakly temperature dependant (Romanek et al., 1992) so temperature variations are unlikely to 

be the driver of the variations observed.  

The δ13Cauth values observed in MTIZ-3 exhibit two key trends: 1) the highest δ13Cauth values for 

the full core profile, and 2) a general increase in the range of +2‰.  Two factors are invoked to 

explain these observations.  First, since the δ18Oauth record suggests that MTIZ-3 is characterised 
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by the warmest temperatures identified in the sequence, it could be suggested that lake 

productivity was at its maximum, therefore there will be increased removal of 12C from the water 

column, resulting in higher δ13Cauth values (Eastwood et al., 2007).  The δ13Cauth values observed 

in MTIZ-4 and MTIZ-5, although lower than those measured in MTIZ-3, are higher than mean 

δ13Cauth values for the whole core profile.  These values are likely to be the result of a 

combination of catchment and in-lake processes.  A reduction in the vegetation cover in the 

catchment will result in a decrease in the contribution of isotopically light CO2 to the soil zone 

(Hammarlund et al., 1994) and an increased contribution of geologically-derived carbon 

(Andrews, 2006) in the δ13CDIC signature.  This will result in higher δ13CDIC values than those 

observed in fully vegetated, interglacial conditions (Hammarlund et al., 1994).  This δ13CDIC 

value may further be modified by lake productivity; higher biological productivity in the lake 

causes the preferential removal of 12C, resulting in an increase of δ13CDIC values.  A decrease in 

lake productivity associated with cooler and unstable conditions therefore would result in 

δ13CDIC values that are relatively lower than recorded in a fully temperate, productive lake 

system. 

7.8. Palaeoenvironmental significance of the MT-Upper sequence 

Based on the model of changing lake sediment supply outlined in Section 7.5, the long-term 

vegetation trends suggested by pollen and biomarker analysis, and the suggested 

palaeoenvironmental changes recorded by measured δ18Oauth and δ13Cauth values of authigenic 

carbonate laminations, the evolution of the Marks Tey basin in the late stages of the Hoxnian 

Interglacial and immediate post-Hoxnian can be summarised as follows (Figure 7.13.):   

Phase 1 (12.00-4.10 mbs); LFa-3, MFa-A, HoIIIb (MTU-PZ1), MTIZ-3 (pre-brecciation): 

Phase 1 indicates the period of sedimentation in the Marks Tey basin associated with the 

laminated structures within the ‘brecciated’ blocks and continuously laminated sediment 

observed in LFa-3, and therefore represents lake conditions prior to brecciation.  The 

laminations that constitute this structure are typical of biochemical varves (Sturm and Lotter, 

1995), as suggested by the repetitive nature of lamination sets A-E.  The interval is characterised 

by δ18Oauth values that suggest a warm and stable ‘maritime’ climatic regime. This is supported by 

the high ACL values in this part of the core, suggesting warm and/or dry conditions. During this 

period, the catchment was characterised by the dominance of arboreal taxa, suggesting a mixed 

coniferous and deciduous woodland, whist there is some evidence for more open conditions.  

This may partly explain the absence of diatom laminations in lamination sets LS-d and LS-e in 

this interval, which is probably the result of low diatom concentrations combined with an 

increase in particle size of the assorted organo-clastic lamination (LT-3.2).  This suggests an 

ncrease in material availability, which would have ‘diluted’ the presence of diatoms in thin-

section, further supporting the idea of a more open landscape.   
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Figure 7.13. Summary of measured values of CaCO3, TOC, δ18O , δ13C , ACL27-33 and P(wax) presented against lithofacies, microfacies and key mode of sediment supply (numbers in brackets, see Figure 
7.9.  for summary) in the MT-upper sequence.  Also presented are Hoxnian Interglacial pollen zones and suggested correlation to the MIS stratigraphy.  
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Phase 2 (12.00-4.10 mbs): LFa-3, MFa-A (brecciation post HoIIIb): Phase 2 represents a 

period of post-sedimentary deformation and displacement of the HoIIIb-aged sediments 

deposited during phase 1.  It is characterised by two events: the initial erosion and re-deposition 

of deep-water lake sediments typified by lamination sets A-E, and the later infilling of interstitial 

areas of these blocks by silty-clay.  Lake-level lowering at some point post HoIIIb is likely to 

have caused the erosion and re-deposition of lake sediments from the steep-sides of the lake 

basin (Turner, 1970). Infilling of the interstitial areas around brecciated blocks by silt-clay with 

lower CaCO3 values suggests that this brecciation occurred in the later stages of the interglacial. 

Phase 3 (4.10-3.15 mbs): LFa-4a, MFa-B, MTIZ-4, Post HoIIIb with HoIV affinities (MTU-

PZ2): Phase 3 represents a return to in situ laminated sediments, comprising laminations 

associated with the discontinuous influx of material via density underflows and overflows within 

a stratified water body (Sturm, 1979).  The style of sedimentation is characterised by a 

lithological change, with the predominance of organo-clastic and clastic material suggesting a 

predominance of allochthonous inputs from the catchment, sourced from littoral lacustrine 

deposits and surficial material within the catchment.  This is also suggested by the evidence for 

discordant pollen taxa within MTU-PZ2, which indicates reworking of HoIV lacustrine 

sediments.  A shift in δ13Cauth values that indicate a lower contribution of soil-derived CO2 into 

the DIC pool, and the increased abundance of herbaceous taxa in the pollen spectra, as well as 

low P(wax) values, all indicate a less densely-vegetated catchment.  A decrease in lake productivity 

and increase in allochthonous sediment supply are inferred to occur in response to a decrease in 

mean annual air temperature as recorded in the δ18Oauth values, and is suggested to represent a 

stadial event after the Hoxnian interglacial. 

Phase 4: (3.15-2.1 mbs): LFa-4b, MFa-B, MTIZ-5, Post-HoIIIb with HoIV affinities (MTU-

PZ2): Phase 4 represents the continuation of laminated sediments representative of an 

allochthonous sediment supply as in Phase 3, but with evidence for increased instability in the 

landscape, with the prevalence of high-energy transport processes depositing reworked littoral 

of sub-aerially exposed lake sediments into the deeper part of the basin.  This may be the result 

of the combination of two processes: 1) an increase in magnitude of rainfall events in response 

to the increase in mean annual air temperatures demonstrated by the increase in δ18Oauth values 

during this phase, resulting in the increased erosion of sub-aerially exposed littoral lake 

sediments, or 2) fluctuations in lake level in response to changing precipitation patterns, 

resulting in the periodic slumping of exposed lake sediment from the lake margins. This phase is 

characterised by periodic instability around the basin resulting in the increase of allochthonous 

sediment supply within an interval of climatic amelioration suggested to be an interstadial event 

after the Hoxnian interglacial. 
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Phase 5 (2.11-1.35 mbs), LFa-4b, MFa-B, MTIZ-5, Post HoIIIb with HoIV affinities (MTU-

PZ2): Phase 5 represents the development of the lake basin into one that is supplied purely by 

allochthonous sediment delivery.  The δ18Oauth values suggest a return to cooler temperatures, 

associated with either a second post-Hoxnian stadial event, or the transition into MIS 10.  This 

is supported by the gradual cessation of carbonate precipitation, which indicates a less 

productive water body and the presence of Fe/Mn precipitates suggesting periods of stagnation 

or meromictic conditions.  

Phase 6 (1.35-0.98 mbs), LFa-5, MFa-C: The final phase recorded in the MT-Upper sequence is 

of a lake system dominated entirely by allochthonous inputs (LS-h to LS-j) associated with 

turbidity currents with high sediment concentrations occurring in rapid succession (Sturm, 

1979; Ringberg and Erlström, 1999).  These are likely to be associated with periods of peak 

discharge as a result of high magnitude rainfall event or snowmelt concentrated in the spring.  

There is no sedimentary evidence for significant lake productivity, and absence of high pollen 

concentrations indicates a bare, un-vegetated catchment in a cold climate environment, which 

either represents a second stadial event or the transition into MIS 10.  

7.9. Chapter Summary 

• This Chapter presents lithostratigraphic, biostratigraphic and stable isotopic evidence

for the evolution of the Marks Tey basin during the later stages of MIS 11, based on the

upper part (MT-Upper) of the sequence from MT-2010 core extracted in December

2010. 

• Macroscale and microscale sedimentology of MT-Upper has revealed a number of

variations in depositional process, with six stages of basin evolution recorded.  These

broadly represent a shift from autochthonous to allochthonous sediment supply

associated with a decrease in lake productivity and more discontinuous influx of

sediment into the lake basin.

• Pollen and biomarker analyses of these sediments indicate that the change in lake

sedimentation is associated with the decrease in vegetation in the catchment, most likely

related to a deterioration in cooler climatic conditions.  Comparison of the pollen

spectra from the MT-Upper and the ‘GG’ borehole suggest that the primary deposition

(prior to brecciation) of LFa-3 occurred during HoIIIb and the deposition of LFa-4

occurred within an interval subsequent to the Hoxnian Interglacial (Post-Hoxnian).

• δ18Oauth and δ13Cauth of carbonate laminations in the MT-Upper indicate authigenic

carbonate precipitation was occurring in a hydrologically open basin with no evidence

for detrital contamination throughout HoIIIb and the post-Hoxnian period.
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• Measured δ13Cauth values are suggested to indicate a reduction in the vegetation cover

and increased contribution of geologically-derived carbon associate with increased

erosion and more open ground in LFa-4.  This resulted in higher δ13Cauth values in the

immediate Post-Hoxnian period than those observed in fully vegetated, interglacial

conditions suggested during HoIII (LFa-3), corroborating the pollen and biomarker

evidence.

• The δ18Oauth record has been interpreted as representing changes in δ18Orainfall, which is

largely driven by air temperature changes but which is potentially complicated by

changes in seasonality of precipitation and in air mass trajectory.  Consequently, the

δ18Oauth record indicates the following trends: 1) a stable warm climate associated with

HoIIIb, 2) evidence for one cold-warm event in the immediate post-Hoxnian period,

and 3) the onset of cold conditions associated with the absence of authigenic carbonate

laminations later in the post-Hoxnian.

• The cold-warm event that characterises the δ18Oauth values from the immediate post-

Hoxnian period (LFa-4) in the Marks Tey sequence adds to the increasing evidence for a

post-Hoxnian stadial-interstadial event in the British terrestrial record.
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Chapter 8 -  Oughtonhead Lane tufa, Hitchin, Hertfordshire 

8.1. Introduction 

The Oughtonhead Lane tufa sequence, located northwest of Hitchin, Hertfordshire, is one of 

only two tufa sequences in Britain that can be correlated to the Hoxnian interglacial (Kerney, 

1959; Preece et al., 2007).  The site, most famously excavated by Kerney (1959), has yielded a 

rich molluscan fauna, including the distinctive ‘Lyrodiscus’ fauna, as well as vertebrate remains. 

However, since the 1950s no further work has been undertaken, despite the potential of the site 

to record environmental changes during the climatic optimum of MIS 11c.  Groundwater-fed 

spring deposits such as the Oughtonhead Lane tufa, greatly aid this understanding of 

Quaternary palaeoenvironments, as the calcareous nature of these deposits means that 

molluscan and vertebrate remains are readily preserved, allowing high-resolution ecological and 

climatic changes to be recorded (e.g, Preece et al., 2007).  Furthermore, detailed study of the 

isotopic composition and petrography of the tufa itself can allow further understanding of 

environmental change throughout its deposition (Garnett et al., 2004; Pedley and Rogerson, 

2010).  On this basis, the tufa deposit at Hitchin was re-excavated in 2013 with the aim of 

constructing a high-resolution environmental record through the sequence.  

This Chapter presents the results of this excavation, and is divided into the following sections. 

First, the site background and geological context of the Oughtonhead Lane tufa deposit is 

summarised.  Second, a description of the Oughton Valley sedimentary sequence and location of 

the Oughtonhead Lane tufa within this sequence is described.  Third, macroscale and microscale 

sedimentology of the tufa sequence is described and an interpretation of the sedimentary 

sequence presented.  Fourth, the results and interpretation of the stable isotope and trace 

element geochemistry of the tufa are presented.  The Chapter concludes by proposing a 

depositional model of tufa formation at Oughtonhead Lane and discussing the 

palaeoenvironmental significance of this sequence.  

8.2. Site background and geological context 

The Oughtonhead Lane tufa deposit (51°57′17.60″N, 000°17′43.04″W) lies approximately 1.2 

km northwest of Hitchin, on the eastern flank of a small Chalk valley at the head of the River 

Oughton.  It is part of the Oughtonhead Lane SSSI, which runs along Oughtonhead Lane from 

Oughtonhead Common eastwards to Redhill Road.  The deposit has been investigated twice 

before this study, firstly by Wiggs (1943, 1944, 1945) and secondly by Kerney (1959). The site is 

distinct from the series of sites forming the Hitchin ‘lakebeds’  (Figure 8.1.) to the south of 

Hitchin (Gibbard, 1977; Boreham and Gibbard, 1995).  However, both the tufa deposit and 
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‘lake-beds’ are assigned to MIS 11 and have been suggested to relate to a former Hoxnian land 

surface in the Hertfordshire area (Hopson et al., 1996).  

Figure 8.1. Location of sites correlated to the Hoxnian in the Hitchin area and inferred extent of the Hoxnian land 
surface (adapted from Hopson et al., 1996). 

The Oughtonhead Lane tufa lies near the contact between the Cretaceous Chalk bedrock that 

characterises the valley of the River Oughton (Figure 8.2.), and the Quaternary glaciofluvial 

deposits that are associated with the western margin of the Hitchin channel (Hopson et al., 

1996).  The Hitchin Channel forms part of suite of buried channels in the district, which 

intersect Cretaceous Chalk outcrops in the Hitchin-Stevenage area and were either formed or 

deepened during the Anglian glaciation (Hopson et al., 1996).  The Hitchin channel is mapped 

as a continuation of the buried channel of the River Ivel in Huntingdon (Cambridgeshire). From 

there, it tends southwards to Langley (Hertfordshire), where is joins the Stevenage Channel.  In 

the Hitchin area, the glacigenic sediments that infill this channel are ca. 100 m thick and are 

suggested to represent a number of phases of ice advance and retreat during the Anglian 

Glaciation (Gibbard, 1977; Hopson et al., 1996).  These glacigenic sediments rest upon Gault 

Clay between -50 to -20 m OD.  Interglacial deposits in the area lie within depressions on the 

surface of the glacigenic sediments at between +85 and +100 m OD.  Identification of the 

Hitchin ‘lake beds’ is based on exposures in the worked brickpits of Jeeve’s Pit and Ransome’s 

Pit as described by Hill (1908, 1912) and Reid (1901), and a series of boreholes at Charlton Hill 
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and Maydencroft Manor (Gibbard, 1977; Boreham and Gibbard, 1995).  The sedimentary 

sequence in the ‘lake beds’ is broadly comparable across the region, and consists of (from the 

base upwards): 

1) till or glaciofluvial gravel

2) lacustrine or fluvio-lacustrine clays and silts

3) local occurrences of calcareous sand and silt, termed ‘Chara Marl’, ‘shell marl’ or

‘freshwater bed’

4) Brickearth

The upper part of the lacustrine silts and clays is locally decalcified and has been suggested by 

Hopson et al. (1996) to represent the former ‘Hoxnian land surface’, which extends along the 

higher ground within the Hitchin Gap, between Fishers Green at Stevenage and the Oughton 

Valley (Figure 8.1.).  

Figure 8.2. Location of Oughtonhead Lane tufa (as identified in this study (HI-TP2) and by Kerney (1959)) in relation 
to bedrock and superficial geology and the approximate position of the margin of the Hitchin channel 

The sedimentary sequence at Oughtonhead Lane was first described by Wiggs (1943, 1944, 

1945), who recorded a sequence of (from the base upwards):  

1) light brown glacial clay

2) tufa

3) peat

4) glacial clay with sands and stones.
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The tufaceous deposit yielded eleven species of non-marine molluscs and was suggested to be of 

the same age as the High terrace deposits of the Thames (cf. Boyn Hill). The site was re-

excavated by Kerney (1959), during which a broadly comparable sedimentary sequence was 

described, comprising (from the base upwards):  

1) glacial outwash

2) carbonate-rich colluvium or slack water deposit

3) tufa

4) glacial meltwater gravels

 The tufaceous deposit and underlying carbonate-rich deposit, interpreted as colluvium, yielded 

a rich molluscan fauna and a small number of vertebrate remains. The malacological record 

consists of a large number of predominantly terrestrial species with a small freshwater 

component.  These include Central European forest species, southeast European species, 

western Pyrenean woodland species, western Atlantic species, and Retinella (Lyrodiscus) 

skertchlyi, whose closest living relative is restricted to the Canary Islands (Rousseau and 

Puisségur, 1990).  Malacological evidence is suggestive of tufa formation under temperate 

climate conditions, associated with deciduous woodland or thick scrub, with abundant marshy 

areas, which Kerney proposed to be Hoxnian in age.  The vertebrate remains as described by 

Wiggs (1943), Kerney (1959) and Holyoak et al. (1983) are Meles meles (badger), Myodes 

glareolus (bank vole), Microtus subterraneus (European pine vole), Arvicola terrestris cantiana 

(water vole) and Apodemus sp. (mouse), and are indicative of a woodland environment.   

8.2.1. Correlation of the Oughtonhead Lane tufa with MIS 11 

Correlation of the Oughtonhead Lane tufa deposits with the Hoxnian Interglacial (and by 

association with MIS 11) is based principally on mammalian and molluscan biostratigraphy.  

The presence of the water vole morphotype A. terrestris cantiana, which occurs in British 

records from the late Cromerian Complex (MIS 13) onwards, and of M. subterraneus, whose last 

recorded appearance in the British Isles was during MIS 11, suggests an age within the Hoxnian 

Interglacial (Schreve, 1997, 2001b).  The molluscan assemblage, as described by Kerney (1959), 

is very similar to that from the tufa deposit (Bed 4, Icklingham Tufa bed) from Beeches Pit at 

West Stow, Suffolk (Preece et al., 2007).  These two sites represent the only occurrences of the 

suite of species that constitute the ‘Lyrodiscus’ fauna in Britain, suggesting that these deposits 

accumulated during the same temperate interval. Amino acid ratios of Bithynia opercula derived 

from Beeches Pit fall within a large cluster of sites correlated with MIS 11 (Penkman et al., 2011. 

2013), supporting both the correlation of these two tufa deposits and the attribution of these 

deposits to MIS 11.  This is further corroborated by independent age estimates based on 
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Uranium-series and Thermoluminescence dating of the Beeches Pit sequence, both of which 

produced MIS 11 age estimates. 

By way of the molluscan fauna, the Oughtonhead Lane tufa deposit can further be correlated 

with the Hoxnian Interglacial pollen zonation (Figure 8.3.).  At Beeches Pit, the tufaceous 

deposits are suggested to correlate with HoIIIa and the early part of HoIIIb, based on the relative 

dominance of D. rotundatus over D. ruderatus, comparable with the molluscan succession in the 

Lower Middle Gravel at Dierden’s Pit, Ingress Vale (Kent) (Davies, 1953; Preece et al., 2007; 

White et al., 2013). The close similarity between the molluscan assemblages from Beeches Pit 

and Oughtonhead Lane, Hitchin, and the relative dominance of D. rotundatus in Kerney’s 

(1959) assemblage compared to other taxa, suggest that deposition in both sites occurred during 

the same part of the interglacial, HoIIIa and early HoIIIb, representing the Late Temperate 

pollen zone (Turner. 1970), which has been equated with the climatic optimum of MIS 11c, 

based the alignment of European pollen stratigraphy with marine SST records (Koutsodendris, 

2010; Candy et al., 2014). 

Figure 8.3. Suggested correlation of the Oughtonhead Lane tufa deposit, Hitchin, with MIS 11 and Hoxnian pollen 
stratigraphy. This correlation is based primarily on the malacological records from Beeches Pit (West Stow), Barnfield 
Pit and Dierden’s Pit (Swanscombe) and Clacton-on-Sea (see in text for references).  
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8.2.2. Evidence for Palaeolithic occupation in the Hitchin area 

There have been no Palaeolithic finds recorded from the tufa deposit at Oughtonhead Lane. 

However, elsewhere in the area, the Hitchin ‘lake beds’ have produced abundant lithic finds.   At 

Ransome’s Pit and Jeeve’s Pit, both of which have been correlated to the Hoxnian based on 

faunal and floral stratigraphy (Reid, 1989, Ashton et al., 2008), a number of handaxes have been 

found at the base of the brickearth, overlying the freshwater deposits.  The handaxes have signs 

of wear, patination and frost weathering, which Reid (1897) and Wymer (in Hopson et al., 1996) 

have suggested to be the result of long exposure on the former land surface.  Rolled and iron-

stained lithics, including a range of flakes and pointed and ovate handaxes, have also been found 

in association with fluvial gravels between the modern River Hiz and River Oughton (Hopson et 

al., 1996), although the age of these finds is unknown. 

8.3. Field logging and sedimentology 

8.3.1. The Oughton Valley sedimentary sequence 

The sedimentary sequence of the eastern flank of the Oughton valley is based on a combination 

of augur holes and trial pits along a transect parallel to Oughtonhead Lane (51°57′18.82″N, 

000°17′55.94″W to 51°57′17.60″N, 000°17′43.04″W) undertaken in order to locate and 

understand the downslope extent of the Oughtonhead Lane tufa deposit (Figure 8.4.). A 

consistent sedimentary succession was identified along the valley transect, consisting of (from 

the modern land surface downward): 1) topsoil, and 2) orange-brown silty loam with gravel 

clasts of flint and chalk. In a number of locations (Figure 8.4.), the orange-brown loam rests 

directly on Cretaceous Chalk bedrock. Further upslope (HI-T2-8 and HI-T2-9) the orange 

brown loam overlies gravel-rich sediments, consisting primarily of well-rounded and heavily 

patinated flint.  Based on the augur survey, however, the thickness of these gravels and the 

relationship with the underlying chalk bedrock could not be determined. 

Carbonate rich deposits were identified in two locations, near Oughtonhead Common (HI-T2-

4) and further upslope, close to the entrance to Redhill Road (HI-13 TP2 and HI-13 TP3). The

deposit at HI-T2-4 is comprises buff silt loam with carbonate nodules, which underlies orange 

brown loam.  The deposit identified in HI-13 TP2 and HI-12 TP3 consists of friable fine-grained 

carbonate that can be identified as the Oughtonhead Lane tufa.  In both TP2 and TP3, the tufa 

underlies topsoil and the orange-brown loam with gravels.  In TP2 and TP3, the orange-brown 

loam is separated from the tufa by a dark organic horizon.  At the base of the tufa, coarse gravels 

could be identified.  However, due to the depth of the trial pit, the full thickness of these gravels 

and the contact with the underlying chalk could not be determined during the excavation (the 

full sedimentology of this sequence is described in Section 8.4). 
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Figure 8.4. Oughton Valley sedimentary sequence based on a transect of augur holes and trial pit excavations undertaken parallel to Oughtonhead Lane, Hitchin in July 2012 and July 2013. 
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The Oughton Valley sedimentary sequence is comparable to that described in other parts of the 

central and eastern Hitchin area (Hopson et al., 1996).  The orange-brown loam with gravels, 

which directly underlies the topsoil throughout the Oughton Valley transect, is consistent with 

the ‘brickearth’ deposits that are widespread in the Hitchin area.  These are suggested to 

represent a combination of windblown and soliflucted sediment (Reid, 1897), deposited during 

colder conditions at some point after the Hoxnian (Hopson et al., 1996).  However in places, 

these are indistinguishable from ‘head’ deposits (Hopson et al., 1996) assigned to the Devensian 

(Kerney, 1959). 

The coarse gravels that occur locally at the base of T2-8, T2-9 and TP2 (underlying the tufa) are 

likely to represent glaciofluvial deposits associated with the infilling of the Hitchin channel 

during the Anglian glaciation (Hopson et al., 1996).  Alongside the Oughtonhead Lane tufa, the 

second carbonate-rich deposit identified in T2-4 may represent the precipitation of carbonate 

within a small pool associated with an isolated depression in the Oughton Valley.  However, as 

the detailed sedimentology of this deposit and its relationship to both the Oughtonhead Lane 

tufa and the underlying bedrock is unknown, it will not be considered further here. 

8.3.2. Oughtonhead Lane (HI-13 TP2) sedimentary sequence 

The Oughtonhead Lane tufa (Unit 2) is described from two logs (HI-13-TP2-L1 and HI-13-

TP2-L2) in HI-13 TP2 (Figure 8.5.).  The excavated trial pit in this location revealed a sediment 

sequence (from the base upwards) of: 

Unit 5 (155-180 cm, modern land surface): topsoil 

Unit 4 (86-155 cm): matrix rich gravels with isolated lenses of organic rich material and 

modern brick. 

Unit 3 (74-86 cm): organic-rich silt loam 

Unit 2 (0-7 4cm): highly friable yellowish brown calcareous silt clay with a very high 

carbonate content 

Unit 1 (identified at the base of the trial pit): well-sorted sand and gravels 

Detailed sedimentological description of each sedimentary unit is presented in Table 8.1. and 

compared against Wiggs’ (1943) and Kerney’s (1959) sediment descriptions.   The sediment 

succession observed in HI-TP2 is similar to that described by Wiggs (1943) and Kerney (1959). 

On this basis, it can be suggested that Unit 1 represents sands and gravels deposited by 

glaciofluvial processes during the Anglian glaciation, and unit 2 represents the deposition of the 

Oughtonhead Lane tufa.  This is overlain by an organic-rich horizon (Unit 3) interpreted as a 

soil.  This is also present in Kerney’s description of the sequence and is described as a peat by 
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Wiggs (1943).  It is important to note that during Kerney’s investigation, the soil marked the 

position of the modern land surface.  The coarse sands and gravels overlying the tufa, suggested 

to be glacial in origin, as described by Wiggs (1943) and Kerney (1959), were not identifiable in 

this trial pit.  Within Unit 2, a laterally continuous dark brown (10YR/2/3) bed is present, which 

is comparable to the carbonaceous seam described by Kerney (1959).  This indicates that the 

tufa deposit in HI TP2 is likely to be laterally equivalent to the tufa sequence identified by 

Kerney (1959).  

From field logging, six distinct lithofacies can be identified based on variations in textural 

properties, highlighted in Figure 8.6.  These lithofacies were described through laboratory 

sedimentological analysis of HI-TP2-L1 samples.  Detailed descriptions based on this analysis 

are presented in Section 8.4.  Monoliths for laboratory sedimentological, geochemical, and 

charcoal analysis, and kubiena samples for thin-section analysis were taken from HI-TP2-L1. 

5cm contiguous bulk samples were taken from HI-TP2-L2 for vertebrate, molluscan, and 

ostracod analysis.  The location of these is presented in Figure 8.5.  

Table 8.1. Sediment description of HI-13 TP2 L1 and comparison to Wiggs (1943) and Kerney (1959). 

Depth (cm 
from base) 

Description Interpretation Kerney (1959) Wiggs (1943) 

155-180 Well sorted, massive Brown loam (10YR/4/4/Dark 
Yellowish Brown) with rootlets and gravel-sized 
chalk clasts towards the base  

Modern soil 

86-155 Massive, matrix rich. Well sorted silt-sands 
(10YR/5/8/ yellowish brown) with gravel-
sized particles (10-15%).   
Gravels consist of flint, also some chalk-clasts. 
Isolated lenses of organic rich material. 
Graded upper contact 

Mass movement 
deposit 

Glacial meltwater 
gravels 
‘Devensian head’ 

Glacial clay 
with sands and 
stones 

74-86 Thickness quite variable. 
Red-brown well sorted loam with organics and 
rootlets. 7.5YR/3/2 dark brown.    
 Sharp-loaded contact with overlying sands and 
gravels. 

Organic-rich 
horizon 
associated with 
soil 
development 

Soil Peat 

0-74 Fine-grained buff (7.5YR/8/2 pinkish white) 
carbonate material, 
Comprised of a number of units, as described in 
Section 8.4 
Graded upper contact 

Tufa  Lower: 
Colluvium/slack 
water deposit 
Upper: Paludal 
tufa 

Tufa 

?-0 Base of trial pit, not fully exposed.  
Well-sorted, medium-coarse orange sand ( 
7.5YR/5/8/strong brown) and gravel. 
Gravels predominantly flint, rounded to sub-
angular, evidence of patination. 
Sharp and loaded upper contact 

Glaciofluvial 
gravels  

Glacial outwash Light brown 
glacial clay 
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Figure 8.5 : Oughtonhead Lane trial pit 2 (Hi—13 TP2) A) Schematic highlighting the plan dimensions of excavated 
trial pit, B) image highlighting trial pit and location of sedimentary logs (HI-13 TP2 LI and L2). C and D) Sedimentary 
logs of HI-13 TP2-L1 and HI-13 TP2-L2.   
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Figure 8.6. HI-13 TP2 Log 1 (upper images) and Log 2 (lower images) field exposures.  Tufa lithofacies are highlighted, 
the descriptions of which is presented in section 8.4. 

8.4. Macroscale sedimentology 

8.4.1. Lithofacies descriptions 

8.4.1.1. LFa-1 (0-9.0 cm) 

LFa-1 is characterised by massive, well- to moderately-sorted pale yellow (2.5/Y/7/2) silt-grade 

granular carbonate with abundant minerogenic material.  This consists of medium sand to 

coarse silt-size mineral grains with rare occurrences of pebble to granule-sized flint, chalk, and 
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quartz sub-angular clasts.  The lithofacies can be divided into two subfacies based on the 

abundance of minerogenic material: LFa-1a (0.0-2.5 cm) is characterised by higher frequency of 

gravel and granule-sized clasts, LFa-1b (2.5-9.0 cm) is characterised by minerogenic material 

that is predominantly fine to medium sand size.  Through the facies, there are rare occurrences 

of mm-cm sized carbonate nodules, shell fragments, and amorphous particulate organic 

material.  Iron staining is visible throughout.  There is a diffuse-graded upper contact with LFa-

2. 

8.4.1.2. LFa-2 (9.0-21.0 cm) 

LFa-2 consists of massive, well to moderately sorted pale yellow (2.5YR/7/4) silt-grade carbonate 

with a ‘blocky’ structure.  Sand-sized minerogenic material is present, and decreases in 

abundance throughout the lithofacies from 30-50% (common) to >5% (very rare).  Towards the 

top of the facies, the carbonate becomes more cemented with iron/manganese staining also 

identifiable. Frequent shell fragments are also visible throughout, whilst there is no evidence at 

the macroscale for the presence of organic material. There is a graded contact with LFa-3. 

8.4.1.3. LFa-3 (21.0-38.3 cm) 

LFa-3 can be divided into three sub-facies: LFa-3a, which occurs in three horizons (21.0-26.5cm, 

28.0-29.0 cm, 35.0-38.3 cm) separated by LFa-3b (26.5-28.0 cm) and LFa-3c (29.0-35.0 cm). LFa-

3a consists of well to moderately sorted yellow (10YR/7/3) silt to clay grade carbonate that fines 

throughout.  Minerogenic material is absent.  Shell remains are frequent and comprise a 

combination of fragments, some of which preserve the periostracum, and crushed whole shells. 

There is a sharp contact with LFa-3b at 26.5 cm.  LFa-3b consists of massive, well-sorted very 

pale brown (10YR/7/3) carbonate with increased frequency of organic material (<5%), shell 

fragments (5-15%) and silt-clay sized mineral grains (5-15%).  There is a sharp graded contact 

with LFa-3a at 28.0 cm.  28.0 cm to 29.0 cm represents a return to well-moderately sorted yellow 

(10YR/7/3) silt-clay grade carbonate comparable to LFa-3a.  This has a graded contact with LFa-

3c.  LFa-3c is characterised by massive clay-silt grade carbonate with no evidence for 

minerogenic inclusions at the macroscale.  There are rare occurrences of shell fragments, 

mineral grains are absent, and there is no evidence for iron and/or manganese staining. There is 

a graded contact with the overlying LFa-3a at 35.0 cm. 35.0-38.3 cm represents the well-

moderately sorted yellow (10YR/7/3) silt-clay grade carbonate comparable to LFa-3a.  The 

upper part of this sub-facies is characterised by an interval of heavily concreted carbonate that 

forms the contact with LFa-4. 
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Figure 8.7. Sedimentary logs, lithofacies and bulk sedimentological properties of HI-13 L1. Vertical lines in bulk sediment record show dataset mean.  %Sand, silt and clay calculated of percentage siliclastic.
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8.4.1.4. LFa-4 (38.3-68.3 cm) 

LFa-4 can be divided into two sub-facies: LFa-4a (38.3-55.2 cm) and LFa-4b (55.2-68.3 cm). 

LFa-4a is characterised by yellow (10YR/7/4) highly friable silt-grade carbonate that appears to 

coarsen upwards.  Sub-spherical layered carbonate grains (oncoids) are frequent throughout 

and range in size from ca.5 to 15 mm.  Also present are common cm-scale stem casts, fragments 

of cemented laminated carbonate and very rare occurrences of shell fragments.  Mineral grains 

are absent and there is no evidence for iron and/or manganese staining.  LFa-4b has comparable 

textural properties to LFa-4a, however is characterised by the increase in the frequency of 

oncoids, stem casts and fragments of laminated carbonate material.  The sub-facies is heavily 

iron stained (10YR/7/6 yellow), and towards the top of the sub-facies, there is an increased 

presence of ‘ripples’ of fine-grained organic rich carbonate.  There is a graded upper contact 

with LFa-5.  

8.4.1.5. LFa-5 (68.3-72.5 cm) 

LFa-5 is characterised by well-sorted clay-silt sized ‘friable’ carbonate material (10YR/6/3/yellow 

brown) with common to dominant fine-grained and particulate organic material throughout. 

Also present are rare occurrences of sand-size mineral grains and shell fragments.  Throughout 

this lithofacies, there is evidence for weakly developed planar laminations.  There is a graded 

contact with LFa-6. 

8.4.1.6. LFa-6 (72.5-74.0 cm) 

LFa-6 consists of massive dark brown (10YR/4/3) well to moderately sorted carbonate-rich loam 

with rare occurrences of granular-sized sub-angular flint and common occurrences of 

amorphous particulate organic fragments.  

8.4.2.  Bulk sedimentological properties 

8.4.2.1. Calcium carbonate content 

Calcium carbonate content for the full tufa sequence is high, with values ranging from between 

62.1 to 90.5% (Table 8.2., Figure 8.7.).  Uncertainties based on repeat measurements are ±0.83-

3.1% (1σ).  LFa-1 is characterised by the lowest CaCO3 values, ranging between 64.9 to 67.8%. 

Comparable values are also observed in the lower part of LFa-2 above 17.0 cm, there is an 

increasing trend in measured CaCO3 values, reaching a maximum value of 73.3% at the contact 

with LFa-3.  Mean CaCO3 values of LFa-3 are 82.7±4.4%; within this facies, there is a decrease in 

CaCO3 values (to 74.4%) associated with LFa-3b, and generally higher CaCO3 values (85.9-

89.4%) associated with LFa-3d.  LFa-4 is characterised by the highest mean CaCO3 values 
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(84.3±4.5%) of the sequence. These values continue in LFa-5, followed by a decrease at 72.5cm 

to 67.7% associated with the contact with LFa-6. 

8.4.2.2. Total Organic Carbon, macroscopic and microscopic charcoal 

Total organic carbon (TOC) is low throughout the tufa sequence, with measured values all less 

than 0.9% (Table 8.2., Figure 8.7.).  This indicates no significant input or accumulation of 

organic material.  Measured TOC for LFa-3b, which by its dark coloration might indicate 

increased input of organic material, is 0.20%, indicating that there is no significant 

accumulation of organic material in this bed.      

Charcoal shard concentrations for the full tufa sequence range from 0.0-2.0 shards/g and 0.2-

22.6 shards/g for >125 µm and 10 to 12 µm fractions respectively (Appendix H).  These values 

represent a very low accumulation of charcoal (Whitlock and Larsen, 2001) and do not suggest 

any significant fire activity in the Oughtonhead Lane area.  LFa-3b, which was deemed a 

potential source of carbonaceous material, has charcoal concentrations of <0.4 shards/g and 0.6-

19 shards/g for the >125 µm and 10-125 µm fractions respectively, and there is no discernible 

peak.  Therefore, it can be suggested that there is no significant accumulation of charcoal 

material in this bed. 

Table 8.2.  Summary statistics of measured calcium carbonate content and total organic carbon. All values expressed as 
percentage weight of  <2 mm fraction. 

CaCO3 (%wt) TOC (%wt) 

N Average ST. Dev (1σ) Min Max Average ST. Dev (1σ) Min Max 

LFa-1 4 66.16 1.26 64.96 67.82 0.17 0.15 0.04 0.38 

LFa-2 5 66.93 4.48 62.12 73.35 0.24 0.06 0.20 0.35 

LFa-3 9 82.73 4.47 74.41 89.37 0.23 0.09 0.09 0.38 

LFa-4 23 84.29 4.51 75.07 90.51 0.37 0.21 0.16 0.90 

LFa-5 3 78.27 9.36 67.74 85.63 0.30 0.06 0.24 0.35 

8.4.2.3. Magnetic susceptibility 

Measured magnetic susceptibility values are very low (-0.27 to 2.32 10-8m3kg-1) for the whole tufa 

sequence, representing the diamagnetic nature of calcium carbonate (Dearing, 1999).  Through 

the sequence, three broad trends can be identified (Table 8.3., . 8.7.).  Higher values are 

associated with LFa-1a (2.3 10-8m3kg-1) followed by a decreasing trend throughout LFa-1b, LFa-2 

and LFa-3a to values between 0.1to -0.3 10-8m3kg-1 that characterize LFa-3c.  Following this 

interval, there is a gradual increase in measured magnetic susceptibility through the upper part 

of LFa-3 and LFa-4, reaching maximum values of 1.87 10-8m3kg-1 at 66cm. LFa-4 is characterised 

by values ranging between 0.8-1.0 10-8m3kg-1. 
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Table 8.3. Summary statistics of magnetic susceptibility measurements for the Oughtonhead Lane tufa sequence 
(expressed as 10-8m3kg-1). 

Average St. Dev. (1σ) Min Max 

LFa-1 1.55 0.54 1.17 2.32 

LFa-2 1.00 0.32 0.73 1.35 

LFa-3 0.36 0.39 -0.27 0.80 

LFa-4 0.85 0.50 0.17 1.87 

LFa-5 0.82 0.20 0.60 1.00 

8.4.2.4. Total siliclastic content and particle size distribution 

Total siliclastic content is calculated as percentage of sample following the subtraction of 

measured CaCO3 and TOC (Table 8.4, Figure 8.7.).  As a result, the trends observed in total 

siliclastic content are inverse to those observed in measured CaCO3 content; average values of 

33.7% and 32.8% characterize LFa-1 and LFa-2 respectively.  These values decreaseto average 

values of 17.0% and 15.3% in LFa-3 and LFa-4 respectively, followed by an increase to average 

values of 21.2% associated with LFa-5.   

Particle size determinations were carried out on the siliclastic residue of bulk samples following 

removal of carbonate material through 10% hydrochloric acid pre-treatment.  As such, particle 

size data are presented as % sand, silt and clay of siliclastic fraction retained after pre-treatment. 

It is important to note that whilst pre-treatment removes all of the authigenic tufa carbonate, it 

will also remove any geological carbonate, such as chalk. As such, the particle size estimates are 

semi-quantitative; however, a number of trends can still be identified in the dataset (Table 8.5,. 

Figure 8.12.).    

LFa-1 is characterised by high percentage weights of silt-sized siliclastic mineral grain (mean = 

38.8%) and a low frequency of clay-sized particles (mean = 5.1%).  Sand becomes the dominant 

particle size in LFa-2 (58.78%). LFa-3 and LFa-4 are characterised by the dominance of silt-sized 

grains (57.9% and 35.9% respectively).  Throughout the sequence, clay sized particles become 

more frequent, from 5.12% in LFa-1 to 48.3% in LFa-5.  

Table 8.4. Summary statistics of particle size analysis for the Oughtonhead Lane tufa sequence. 

%Siliclastic %Sand %Silt %Clay 

LFa-1 33.26 38.80 56.08 5.12 

LFa-2 34.46 58.78 33.88 7.34 

LFa-3 16.93 26.25 57.85 15.90 

LFa-4 14.47 24.86 35.93 24.21 

LFa-5 18.23 15.73 35.96 48.31 
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8.5. Microscale sedimentology 

As suggested by the macroscale sedimentology and bulk sedimentological analysis of the 

Oughtonhead Lane tufa, there is variation in the style of tufa deposition in the sequence.  

However, based on the macroscale properties alone, the nature of deposition cannot be fully 

established.  As different styles of tufa formation have distinct micromorphological properties 

(Pedley, 2000; Pentecost, 2005), the understanding and quantification of the petrological 

features of the Oughtonhead Lane tufa is necessary for a full understanding of the depositional 

environment.  Eight thin-sections were produced and described from the Oughtonhead Lane 

tufa sequence in order to characterise the predominant tufa microfabrics within each lithofacies 

and identify variations in facies through the sequence, following the descriptive protocol 

outlined in Chapter 4 (and Figure 8.8.).  Consequently, the description of the 

micromorphological properties of the Oughtonhead Lane tufa sequence is divided into two 

parts: 1) a description of the petrological properties that characterise the full tufa sequence, and 

2) a summary of the microfabrics and key micromorphological features that characterise each

lithofacies. 

8.5.1. Key micromorphological properties of the Oughtonhead Lane tufa 

At the microscale, the Oughtonhead Lane tufa sequence is characterised by predominately 

micritic and microspartic calcite microfabrics with a generally low to moderate porosity (Figure 

8.10.).  Through the sequence, a number of carbonate and non-carbonate features are present. 

Carbonate features include biogenic carbonate, which consists of whole gastropod shell and 

ostracod valves, and broken shell fragments.  This occurs throughout the sequence, and in all 

instances, the primary shell carbonate microstructure is preserved.  Also present are a wide 

range of carbonate grains; these include peloids, which are aggregates of micrite and microspar, 

typically 50-200 μm in length, oncoids, calcified algal and cyanobacteria remains and stem clasts 

(phytoclasts).  Mineral grains are present through the sequence; these are primarily sub-rounded 

to sub-angular quartz grains that have frequently undergone alteration around the grain edge. 

There is evidence throughout the sequence of diagenetic modification of the tufa fabric, with the 

presence of isopachous rims of micrite and microspar around pore spaces, the presence of low-

magnesium calcite cement within the primary microfabrics.  Evident from the 

micromorphological analysis of the Oughtonhead Lane tufa is variation in the types of 

microfabrics and distribution of carbonate and non-carbonate features throughout the 

sequence, as presented in Figure 8.9.  Variation in the distribution of these features follows the 

lithofacies identified in Section 8.4, and is described below.  
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Figure 8.8. Approach to thin-section description of the Oughtonhead Lane tufa sequence. A) Division of thin section into 
eight sections accounting for stratigraphic boundaries, B) identification and classification of key features, following 
terminology outlined in (C). 
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Figure 8.9. Distribution of micromorphological features through the Oughtonhead Lane tufa sequence (HI-13 TP2-L1). Bracketed letter indicates position of photomicrograph of microfabric shown in Figure 
8.10. 

234



Chapter 8 - Oughtonhead Lane tufa, Hitchin 

Figure 8.10. Photomicrographs of key tufa microfabrics observed in the Oughtonhead Lane tufa sequence. See in-text for 
full description. All images XPL. For position of microfabrics in tufa sequence, see Figure 8.9. 
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8.5.1.1. LFa-1 

LFa-1a consists of a heterogeneous micritic microfabric, consisting of a 1:2 ratio of matrix and 

carbonate and non-carbonate grains. It is characterised by a low porosity  (5-15% of slide cover) 

consisting primarily of vughs and fractures (Figure 8.10., A). The matrix consists of massive or 

clotted micrite with mosaics of equant subhedral microspar crystals throughout.  Carbonate 

grains consist of rare occurrences of bioclasts (15-30% of grains) primarily fragments of shell 

and ostracod, with shell and valve primary microstructures preserved and very rare (<5% of 

grains) occurrences of calcified algal remains. (Figure 8.11., A). There are also rare occurrences 

(5-15% of grains) of intraclasts, which are characterised by ‘wavy’ laminae of micrite and spar 

crystals consistent with stromatolitic tufa (Pedley, 2000; Riding, 2000) with a sharp contact with 

the surrounding micritic microfabric.  The facies is characterised by abundant mineral grains in 

the coarse component, composed of coarse silt to medium sand-sized sub-angular to sub-

rounded quartz grains and chalk fragments. The quartz grains have evidence of dissolution 

around the edges (Figure 8.11., B). Mineral grains decrease in frequency throughout the facies 

from ca. 50-70% (LFa-1a) to 30-50% of grains (LFa-1b).  Organic remains are absent at the 

microscale.  Throughout the matrix iron mottles are frequent. 

8.5.1.2. LFa-2 

LFa-2 consists of a heterogeneous micritic microfabric, consisting of 1:1 ratio of matrix and 

grains.  It is characterised by a low porosity  (5-15% of slide cover) consisting of primarily vughs 

and vesicles and interparticle porosity associated with the presence of peloids at the top of the 

facies.  The matrix consists of massive or clotted micrite with mosaics of equant subhedral 

microspar crystals throughout (Figure 8.10., B). Towards the top of the facies, the microfabric 

becomes grain-supported, consisting of rounded to sub-rounded aggregates (peloids 20-70 μm 

in length) of micrite and microspar. This fabric is associated with low (5-15% of slide cover) 

interparticle porosity, associated with isopachous rims of subhedral microspar crystals and 

micritic infilling around the peloids. Throughout the facies, there are rare (5-15% of grains) 

occurrences of shell fragments with microstructure preserved, and very rare (<5% of grains) 

occurrences of whole gastropod shells with micritic infilling. Also present are very rare (<5% of 

grains) occurrences of calcified algal remains comprising equant spar crystals with casts of algae 

wall structure preserved, carbonate nodules ca. 1 mm in size composed of crystalline radial 

microspar and spar crystals, and intraclasts of ‘wavy’ laminae of micrite and spar-sized crystals 

(Figure 8.11, E).  The facies is characterised by a high frequency of mineral grains, 

predominantly coarse silt to medium sand-sized quartz grains, with evidence of dissolution 

around the edges.  Mineral grains decrease in frequency through the facies from 30-50% to 5-
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15% throughout.  Organic remains are absent at the microscale.  Throughout the fine 

component iron mottles are rare (5-15% of matrix).  

8.5.1.3. LFa-3 

At the macroscale, LFa-3 can be divided into three sub-facies (LFa-3a to LFa-3c).  The 

properties of these are described below.  LFa-3a is heterogeneous and consists of clotted micritic 

microfabric with a matrix-grain ratio of 3:1, and peloidal microfabric with a matrix-grain ratio 

of 1.1 (Figure 8.10, C).  The peloidal microfabric is much less frequent (15-30% of the slide 

cover) than the clotted micrite microfabric and is distributed throughout the facies. Both 

microfacies are characterised by a low porosity (5-15% of slide cover) consisting of interparticle 

porosity associated with the presence of peloids and vughs and channel voids associated with the 

clotted micrite.  The vughs and channels frequently have isopachous rims of subhedral 

microspar crystals. The peloidal microfabric consists of rounded to sub-rounded aggregates (20-

70 μm in length) of micrite and microspar, with a low interparticle porosity, with isopachous 

microspar rims and micritic infilling associated.  Throughout LFa-3a, there are very rare 

occurrences (<5% of grains) of carbonate nodules comprising a densely clotted micrite with a 

sharp contact with the matrix (Figure 8.10., D), calcified algal remains with vesicular voids and 

drusy spar crystals, broken shell fragments and heavily cemented intraclasts of stromatolitic 

micrite.  Also present are very rare (<5% of grains) occurrences of   zones of highly birefringent 

elongate spar crystals orientated radially (Figure 8.11., C), and equant subhedral spar and 

microspar cements.  There are also very rare (<5% of grains) occurrences of mineral grains of 

very fine to fine sand-sized angular to sub-angular quartz grains.  Organic material and ferric 

feature are absent.  

LFa-3b has a sharp underlying contact and graded upper contact with LFa-3a. It is characterised 

by a matrix-grain ratio of 1:2 consisting of a dense micritic microfabric with isolated crystals of 

subhedral microspar and spar (Figure 8.11., G). The sub-facies is characterised by a very low 

porosity (5-15% of slide cover).  Within the micritic microfabric there are common (30-50% of 

grains) occurrences of shell fragments with primary shell microstructure preserved and 

common (30-50% of grains) occurrences of very fine to medium sand-sized quartz grains with 

dissolution around the edges (Figure 8.10., E). Associated with the facies is an increase in 

ferruginous features, comprising frequent mottling of the micritic fabric and overprinting of 

shell carbonate.  Particulate organic material is also present (<5% of grains).  LFa-3c is 

characterised by a matrix-grain ratio of 1:4, comprised of massive micritic with isolated crystals 

of equant subhedral spar and microspar (Figure 8.10., D, Figure 8.10, F).  The fabric has a very 

low porosity (<5% of slide cover).  The coarse component consists of rare (<5% of grains) 

occurrences of mineral grains comprising coarse silt-sized quartz grains, shell fragments with 
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primary shell microstructure preserved (Figure 8.11., H) and very rare (<5‰ of grains) 

occurrences of calcified cyanobacteria filaments.   

8.5.1.4. LFa-4 

At the macroscale, LFa-4 can be split into two sub-facies; LFa-4a and LFa-4b. LFa-4a is 

characterised by a matrix-grain ratio of 1:1 consisting of a combination of peloidal and 

stromatolitic microfabrics (Figure 8.10., F). It is characterised by a moderate porosity (30-50% of 

slide cover) consisting of primarily fabric selective interparticle and growth framework porosity. 

Vughs are also present, however they are less frequent (5-15% of slide cover).  Stromatolitic 

microfabrics are composed of a number of types; 1) Alternating layers of dendrolitic and 

massive micrite, or thrombolitic and massive micrite (Figure 8.12., A, B, C ), and 2) alternating 

layers of massive micrite and microspar. These fabrics are surrounded by peloids (50-100 μm in 

length), which are rounded to sub-rounded micritic aggregates with isopachous rims of 

microspar crystals.  Associated with the peloidal microfabrics are a high frequency of carbonate 

grains.  These include stem casts (Figure 8,12., D, F), calcified cyanobacteria sheaths, oncoids 

and intraclasts of stromatolitic material. Stem casts occur as circular voids 100-200 μm in 

diameter with a dense micritic rim and isopachous microspar infilling.  Calcified cyanobacteria 

are composed of ‘filamentous’ spar and vesicular voids within clotted micritic matrix.  In places, 

these vesicular voids are surrounded by a mosaic of equant euhedral spar crystals with a micritic 

infilling (Figure 8.12., G, H).   These fabrics are indicative of calcified remains of Phormidium 

sp. Oncoids are spherical to sub-spherical in shape; they are concentrically laminated and range 

in size from 2-3 mm.  The oncoids possess a cortex of either clotted micrite, crystalline radial 

spar or a void (Figure 8.13.).  Oncoid laminations take a number of forms: 1) laminated massive 

micrite and crystalline columnar microspar-spar (Figure 8. 13., B, F),  and 2) laminations of 

dense massive micrite and higher porosity micrite-microspar (Figure 8.13, D,E). Intraclasts are 

composed of laminations of crystalline microspar-spar and thrombolitic micrite, within a 

peloidal matrix (Figure 8.12., E).  Absent in LFa-4 are mineral grains, shell fragment, organic 

inclusion and ferruginous features.   

A comparable suite of micromorphological features is identified in LFa-4b (Figure 8.10., G). 

However, associated with this sub-facies is the increase in mineral grains (5-15% of grains), 

consisting of angular to sub-angular coarse silt to fine sand quartz grains, and chalk clasts, with 

evidence of etching of the edges of grains and micritisation of shell fragments (>5% of grains) 

with the primary shell microstructure preserved.  The facies is also characterised by an increase 

in ferruginous features (30-50% of slide cover), which occur as coatings around peloids, mottled 

peloids, full staining of micritic matrix and presence of isolated grains of siderite. 
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Figure 8.11. Photomicrographs of key features that characterise LFa1, LFa-2 and LFa-3.  For full description see in text. 
All images XPL.  
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Figure 8.12. Photomicrographs of key features that characterise LFa-4 and LFa-5.  For full description, see in text.  All 
images XPL. 
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8.5.1.5. LFa-5 

LFa-5 is characterised by a matrix-grain ratio of 1:1 and comprised a peloidal microfabric with 

micritic cement, and has a low porosity (5-15% of slide cover) with interparticle voids and 

vughs.  The peloids consist of rounded to sub-rounded micritic aggregates 50-100 μm in length; 

in places they possess isopachous rims of microspar crystal, or are surrounded by micritic 

cement (Figure 8.10., H).  Also present are frequent (15-30% of grains) sub-angular to sub-

rounded quartz grains and rare (5-15% of grains) shell fragments with structure preserved. 

There are also very rare occurrences of particulate amorphous organic matter (<5% of grains). 

Associated with this facies is the presence of aggregations of ferruginous spherules, 10-15 μm in 

size and mottled overprinting of the micritic matrix.  

Figure 8.13.  Photomicrographs of oncoids that characterised LFa-4 and LFa-5. Images E and F are high magnification 

of D and B respectively.  For full description, see in text.  All images XPL. 
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8.6. Sedimentological interpretation of the Oughtonhead Lane tufa 

The macroscale and microscale properties of the Oughtonhead Lane tufa are consistent with the 

formation of an ambient temperature freshwater calcium carbonate deposit associated with 

microbial and photosynthetic activity (Pedley 1990; Ford and Pedley, 1996, Pentecost, 2005). 

Based on the observed variation of the sedimentological properties of the Oughtonhead Lane 

tufa, a sedimentological interpretation of each lithofacies is presented below, based on 

macroscale and microscale sedimentology and bulk sedimentary analysis. The classification of 

each lithofacies is presented based on Pedley (1990) and Ford and Pedley (1996). The Section is 

completed by a description of the key modes of tufa formation and changing depositional 

processes that have led to the accumulation of the Oughtonhead Lane tufa. 

8.6.1. LFa-1 

LFa-1 represents the first instance of authigenic calcium carbonate precipitation in the 

Oughtonhead Lane tufa sequence.  At the macroscale, the presence of fine-grained carbonate 

and the high frequency of mineral grains are suggestive of a high allogenic component as well as 

significant authigenic carbonate accumulation.  This is also reflected in the relatively low CaCO3 

values and high magnetic susceptibility measurements.  At the microscale, the presence of 

micrite indicates the sub-aqueous precipitation of calcium carbonate due to photosynthetic 

activity in the water body (Arenas-Abad, 2010), most likely in a low-energy pool-type 

environment.  A high allogenic input is reflected in the presence of mineral grains, chalk 

fragments and intraclasts of stromatolitic tufa at the macroscale.  These intraclasts indicate the 

break-up and transport of phytoherm frameworks from the edges of the water body (Pedley 

1990) associated with an increase in flow (Jones and Renaut, 2010).  These allogenic inputs have 

been later cemented by the precipitation of micrite, forming the dense microfabric observed.   

The low porosity, high mineral content, and absence of microbial fabrics are indicative of a 

primarily allogenic deposit (Ford and Pedley, 1996).  However, it can be assigned as part of the 

tufa deposits based on the presence of concretionary fabric (Pentecost, 2005) and the presence of 

terrestrial molluscan fauna (as described in Kerney, 1959).  This facies is commonly observed in 

paludal tufa systems (Johnson et al., 2009), representing the accumulation of material within a 

shallow standing water body in an area of low relief with impeded drainage (Pentecost, 2005).  

High inputs of allogenic material are frequently associated with these facies because of small-

scale fluvial action or in wash from the surrounding slopes (Glover and Robertson, 2003).  

8.6.2. LFa-2 

The sedimentological properties of LFa-2 are comparable to LFa-1, suggesting a similar mode of 

deposition.  However, a decreasing abundance of mineral grains at both the macroscale and 

microscale, and increasing CaCO3 values through this facies, indicate a reduction in allogenic 
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input from siliclastic sources.  There is still, however, the presence of carbonate grains including 

carbonate nodules, tufa intraclasts and a high frequency of broken biogenic fragments 

indicating the persistence of allogenic input, most likely from elsewhere in the tufa system.  The 

carbonate nodules are probably derived from the edges of the pool, where there may have been 

periodic drying out and the development of incipient soil features (Alonso-Zarza, 2003); the 

presence of gastropod and ostracod fragments and tufa intraclasts supports a local mode of 

sediment delivery into the pool.  Towards the top of LFa-3, a peloidal microfabric can be 

identified.  The origin of peloids is uncertain (McKee and Gutshick 1969; Chafetz, 1986), 

although they are suggested to represent calcified bacterial aggregates in tufa systems (Riding, 

2000; Pedley and Rogerson, 2010).  Consequently, the presence of these grains indicates the 

development of more typical tufa facies.  The evidence for microbial action is also supported by 

the presence of a clotted micritic microfabric (Pedley, 1992, 2000; Riding, 2000).  This facies is 

consistent with the microdetrital tufa facies described by Ford and Pedley (1996) indicating the 

development of a more microbially-influenced paludal system (Figure 8.14.) with the absence of 

large phytoherm frameworks suggesting that this sequence represents the deposition away from 

the margins of the pool. 

8.6.3. LFa-3 

The pattern of sedimentation associated with LFa-3 is more complex and there are a number of 

phases associated with deposition.  The macroscale and microscale proprieties of LFa-3a are 

consistent with LFa-2.  However, higher CaCO3 values and lower magnetic susceptibility values 

indicate a further decrease in minerogenic inputs. The presence of radial crystalline spar 

represents the precipitation of carbonate around bryophyte stems (Pentecost, 2005; Turner and 

Jones, 2005).  This therefore suggests the development of bryophyte hummocks within the water 

body, with fragments mostly likely washed into the centre of the pool.  

The increase of mineral grains and shell fragments both at the macroscale and microscale 

indicates the rise in allogenic inputs associated with LFa-3b.  The presence of iron aggregates 

within this horizon suggest significant translocation of iron, associated with the reduction in 

water level or a change in the redox potential of the spring water (Freytet, 1973; Alonso-Zara 

and Wright, 2010).  This may indicate a lowering in the water level of the pool, resulting in a 

reduction of the rate of tufa formation, allowing for the accumulation of material derived from 

elsewhere in the landscape. It is important to note that there is no evidence for an increase in 

organic content associated with this horizon as suggested by Kerney (1959).  This may indicate 

that the reduction in tufa accumulation did not occur for long enough duration to allow for the 

accumulation of organic material, or that, due to the changing redox condition subsequent to 

deposition organic material was not preserved.  This facies is typical of a ‘palustrine’ style 

environment, and are frequently observed in paludal tufa systems (Figure 8.14., Pedley, 1990). 
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Figure 8.14. Comparison of key tufa lithofacies associated with  low-energy paludal tufa system (upper image) and a 
high-energy braided  fluvial tufa system (lower image).  From Pedley (1990). 

LFa-3b is overlain by LFa-3a suggesting a return to microdetrital tufa formation associated with 

an increase in the water level within the paludal system. This then grades into LFa-3c, which at 

the macroscale is characterised by a decrease in porosity, increase in CaCO3 values and a shift to 

a more ‘powdery’ carbonate texture.  At the microscale, this is characterised by massive, dense 

micrite, suggesting a low energy environment, allowing the precipitation of authigenic micritic 

calcite via photosynthetic activity (Andrews et al., 1993).  The presence of shell fragments and 

silt-size mineral grains indicates an allogenic input.  This is a micrite tufa facies (Pedley, 1990) 

and is comparable to the ‘spring chalk’ deposits identified in a number of modern northwest 

European tufa systems (Kerney et al., 1980; Ford and Pedley, 1996; Pentecost, 2005), 

representing the accumulation of fine-grained carbonate within a low energy environment. 

This is overlain by the peloidal fabrics associated with LFa-3, indicating a return to a more 

microbial dominated tufa system. 
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8.6.4. LFa-4 

LFa-4 marks a shift in the style of tufa deposition.  The absence of mineral grains and shell 

fragments indicates the development of a purer tufa, with the dominance of peloidal and 

stromatolitic microfabrics in LFa-4 indicating a shift to tufa formation dominated by microbial 

action.  The stromatolitic microfabric represent laminated crusts formed by seasonal differences 

in activity of colonising cyanobacteria, which produce a range of small radiating structures 

(Pentecost, 1978: Pedley, 1990).The dark laminae are formed by dense, sometime spartic calcite, 

which is associated with slower rates of calcite precipitation. In contrast, the light, more porous 

laminae are associated with more rapid calcite precipitation relating to higher temperatures and 

supersaturation during warmer conditions (Kano et al., 2003; Andrews and Braiser, 2005).  The 

presence of calcified filaments within the stromatolitic fabrics is also indicative of rapid 

precipitation associated with increased cyanobacteria activity in the summer months (e.g. 

Andrews and Brasier, 2005).  Differences between massive and thrombolitic micrite in these 

features are the result of differing degrees of calcification (Ferris et al., 1997), with thrombolitic 

fabrics associated with a more rapid degree of calcification resulting from a periods of enhanced 

productivity. This is indicative of the development of in situ microherm associations.  However, 

the presence of stem casts, which represent the encrustation of plant remains by calcite (termed 

phytoclasts), and of tufa intraclasts, indicates the transport of tufa material into the vicinity by a 

higher energy process.  This is supported by the presence of oncoids, which are indicative of a 

flowing water body, with the laminated fabric caused by cyclical cyanobacteria growth in 

response of changing physiochemical properties of the waterbody (Chafetz and Buczynski, 1992; 

Seong-Joo et al., 2000).  The oncoids that characterize LFa-4 are spheroidal to sub-spheroidal 

and are suggestive of a relatively high flow regime (Pedley, 1990).  Oncoid cortices are 

characterised by voids, suggesting accumulation and transportation of vascular plant remains 

that have later decayed (Buccino et al., 1978), or by clotted or stromatolitic micrite, suggesting 

accumulation or transportation of tufa intraclasts.  In this facies, the zones of increased oncoids 

and broken intraclasts represent periods of increased flow rate, which may be associated with 

episodic surges in the spring or rainfall events (Guo and Riding, 1998; Carthew et al., 2003; 

Arenas et al., 2007).  

This facies is more difficult to place into the Pedley (1990) classification scheme, due to the 

range of features observable.  The development of stromatolitic microfabrics is consistent with 

the development of the autochthonous phytoherm boundstone, although the presence of 

oncoids and phytoclasts indicate a more allogenic deposit.  This combination is typical of a 

fluvial tufa, in which the development of local phytoherm patches is common, surrounded by 

phytoclasts and oncoids transported via fluvial action (Figure 8.14.).  Throughout LFa-4b, the 

increase in mineral grains and shell fragments indicates the increase of detrital material.  The 
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presence of ferruginous features is likely derived from the translocation of iron oxides form the 

overlying soil. 

8.6.5. LFa-5 

The facies is composed of peloidal and oncoidal microfabrics, comparable to those of LFa-4, but 

is characterised by the increase in siliclastic material and a decrease in porosity associated with 

the development of a micrite cement and isopachous microspar rims. There is both macroscale 

and microscale evidence for ferruginous overprinting, which is likely associated with migration 

and accumulation of iron, manganese and calcium resulting from fluctuation of water table and 

high iron content associated with the development of soil (Garciá-Garciá et al., 2013).  This is 

suggestive of the marmorisation of the carbonate facies associated with the later soil 

development (Freytet and Verrechia, 2002, 2014).  This facies therefore represents part of the 

fluvial tufa deposit have has been subject to post-depositional diagenetic processes, altering the 

primary tufa fabric. 

8.6.6. Sedimentology summary 

The sedimentological properties of the Oughtonhead Lane tufa indicate that the sequence 

represents the sub-aqueous precipitation of carbonate that is consistent with ambient 

temperature freshwater.  Evidence for microbial and macrophytic activity is suggestive of tufa 

formation; however, the presence of high frequencies of mineral grains and reworked tufa 

fragments throughout suggests a predominantly allogenic deposit.  The petrology of the 

Oughtonhead Lane tufa sequence broadly records a shift from carbonate accumulation in a 

paludal-type environment to one in a higher energy fluvial-type environment, as illustrated in 

Figure 8.14. This can be summarised as follows: 

• LFa-1 represents the onset of authigenic calcium carbonate precipitation associated with

spring emergence in a low energy pool type environment with high siliclastic inputs.

• LFa-2 marks a development of a paludal tufa environment, representing a small pool

system in which there is a high frequency of allogenic inputs from both elsewhere in the

tufa system and the valley sides.

• Instability in the paludal tufa system is recorded in LFa-3, with sedimentary evidence of

a more ‘palustrine’ system with local fluctuations in water level evident.

• A shift in the style of tufa deposition is recorded in LFa-4, with the presence of

stromatolitic and peloidal microfabrics, oncoids and phytoclasts, suggestive of a higher-

energy, more fluvial regime. This style of tufa deposition continues throughout LFa-4

and LFa-5.

• Throughout the sequence, there is evidence for syn- and post-depositional alteration of

the tufa, with the presence of vugh porosity, ferruginous features, isopachous micrite
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and microspartic cement and microspar mosaics in the primary tufa fabric. This is 

consistent with the influence of water in both the vadose and phreatic zone (Flügel, 

2010), however in comparison to the primary tufa fabric, it represents only a minimal 

amount of alteration. 

8.7. Geochemical analysis 

8.7.1. Evidence for diagenetic alteration 

Prior to geochemical analysis, the Oughtonhead Lane tufa was screened for diagenetic 

alteration. Although relatively impure, the tufa sequence is composed of predominantly 

microbial micritic fabrics with no evidence of spar mosaic cements or diagenetic 

recrystallisation suggestive of substantial diagenetic alternation (e.g, Rainey and Jones, 2007). 

Where microspar growth has occurred around pores or rims of peloids, it does not constitute a 

significant volume of calcite. Furthermore, the tufa fabric is non-luminescent under 

cathodluminescence (Andrews, pers. comm.), suggesting negligible alteration (e.g. Stone et al., 

2010).  Where spar is present, it is typically associated with stromatolitic fabrics, of which it has 

been suggested that spar crystals are the primary fabric (Brasier et al., 2011), and calcified 

cyanobacteria remains, of which primary spar formation has been associated (e.g, Freytet and 

Verrechia, 1999).  Throughout the sequence, there is a high frequency of mineral grains and 

biogenic carbonate material; consequently, all the samples were sieved at 63 μm to remove large 

fragments (Leng and Marshall, 2004).  Furthermore, this removes cemented fragments of stem 

casts and oncoids, which may be not contemporaneously formed with the primary tufa fabrics. 

Consequently, it can be suggested that stable isotope and trace element records are recording 

environmental conditions at time of precipitation. 

8.7.2. Measured δ18Otufa and δ13Ctufa values 

8.7.2.1.  Summary of stable isotope dataset 

The oxygen and carbon isotope (δ18Otufa and δ13Ctufa) results for the Oughtonhead Lane tufa 

sequence are presented in Figure 8.15 alongside tufa stratigraphy and lithofacies associations 

Measured δ18Otufa and δ13Ctufa values range between -4.03‰ to -5.75‰ and -7.57 to -10.20‰ 

respectively, with calculated mean δ18Otufa and δ13Ctufa values for the full sequence of -

4.80±0.58‰ (1s) and -9.03±0.78‰ (1s).  Measurement errors based on 3-standard calibration 

are between 0.01-0.09‰ (1σ) for δ18Otufa values and 0.00-0.05‰ (1σ) for δ13Ctufa values (see 

Appendix G for raw dataset).  There is no evidence of high co-variation of δ18Otufa and δ13Ctufa 

values based on the full dataset (r2 = 0.2355, p<0.05, n = 20). Within the δ18Otufa and δ13Ctufa 

records, a number of trends can be identified, these are described below. 
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Figure 8.15. δ18Otufa and δ13Ctufa stratigraphy of HI-TP2-L1. Vertical lines represent calculated mean and 1σ standard 
deviation values of LFa-1 and LFa-2, LFa-3 and LFa-4. 

8.7.2.2. Observed variation in measured δ18Otufa values 

LFa-1 and LFa-2 (0-18 cm) are characterised by measured δ18Otufa values higher than the dataset 

mean, ranging between -4.48‰ to -4.03‰.  The transition to LFa-3 is characterised by a 

decrease in measured δ18Otufa to a value of -5.75‰. Throughout LFa-3, mean values are -

5.07±0.38‰ (1s), and the δ18Otufa record is characterised by a relatively high amount of 

variability, as exhibited in the large range of measured values (1.08‰).  Measured δ18Otufa values 

become less variable throughout LFa-4, with a mean δ18Otufa value of -4.96±0.10‰ (1s) and 

range of 0.28‰.  Towards the top of the sequence, δ18Otufa values become higher, reaching a 

value of -4.24‰ at 70.0 cm (LFa-5). 

8.7.2.3. Observed variation in measured δ13Ctufa values 

Measured δ13Ctufa values are characterised by relatively high δ13Ctufa values at the base of the 

sequence (ranging between -8.15‰ to -7.57‰ in LFa-1), followed by a decreasing trend through 
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LFa-2 and LFa-3 to a minimum value of -10.20‰ at 36cm.  The exception to this is the value 

recorded in LFa-3b (-8.51‰), which is 0.5-1‰ higher than those values recorded below and 

above. LFa-4 is characterised by low and stable δ13Ctufa values, with a mean value of -9.68±0.24‰ 

(1s) and a range of 0.66‰.  Towards the top of the sequence, measured δ13Ctufa values start to 

increases, with a value of -7.82‰ at 70 cm (LFa-5). 

8.7.3. Measured trace element ratios 

Measured concentrations of Mg and Sr range between 262±1.3ppm and 519±2.25 ppm and 

440±7.9ppm and 1047±15.1ppm respectively, with uncertainties calculated based on 1σ 

standard deviations of repeated samples measurements (see Appendix H for raw data).  

Concentrations are plotted in stratigraphical order in Figure 8.14.  Larger uncertainties are 

associated with Sr, because fewer standards were used to construct the Sr calibration curve. 

Correlation of Mg and Sr concentrations values show no significant linear relationship  (r2 = 

0.008, p>0.05, n = 37, Figure 8.22.) indicating that that leaching of Mg and Sr from siliclastic 

material was insignificant during acid digestion (Garnett et al., 2004). 

Figure 8.16. Measured Mg (left graph) and Sr (right graph) concentrations through the Oughtonhead Lane tufa 
sequence. Measurement uncertainties based on 1σ standard deviation of repeat measurements.   
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Figure 8.17.  Mg/Ca, Sr/Ca and δ13C profile plotted against HI-13 TP2-LI stratigraphy and tufa lithofacies.  For each 
record vertical lines indicate lithofacies mean (±1σ). 

For the full dataset, Mg/Ca ratios range between 1.01±0.01 and 1.94±0.02, with a dataset mean 

of 1.29±0.17.  Sr/Ca ratios range between 1.84±0.02 and 3.14±0.1 with a dataset mean of 

2.37±0.29.  Correlation of Mg/Ca and Sr/Ca ratios indicates there is no significant linear 

relationship between Mg/Ca and Sr/Ca values through the profile (r2= 0.1451, p>0.05), however 

the broad trends in each of the records is comparable.  LFa-1 is characterised by Mg/Ca ratios 

that are generally higher than the dataset mean (Figure 8.17.), with a mean value of 1.52±0.26.  

Measured Sr/Ca ratios are comparable to the dataset mean (2.40±0.26).  Through LFa-2, there is 

a decrease in Mg/Ca ratios, to a mean value of 1.24±0.15, whereas Sr/Ca rations remain high 

(mean = 2.79±0.22). LFa-3 is characterised by lower values of both Mg/Ca and Sr/Ca molar 

ratios, with mean values of 1.21±0.13 and 2.19±0.18 respectively.  LFa-4 is also characterised by 

Mg/Ca values that are comparable to the dataset mean, ranging from 1.21±0.01 to 1.33±0.01, 

with a mean of 1.24±0.06.  Sr/Ca values are also comparable to the dataset mean, with a mean 

value of 2.25±0.13; however, there is a larger degree of variability associated, with values ranging 

between 2.06±0.01 to 2.44±0.05. From 60-64cm onwards, both Mg/Ca and Sr/Ca values exhibit 
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an increasing trend.  This increasing trend continues through LFa-5 with Mg/Ca and Sr/Ca 

values increasing from 1.45±0.02 to 1.52+0.02 and 2.59±0.14 to 3.14±0.1 respectively.   

8.8. Environmental significance of geochemical records 

8.8.1. Factors controlling measured δ18Otufa values 

As outlined in Chapter 4, measured δ18Otufa values are primarily of function of: 1)the δ18Owater 

value of spring water, which can be related to mean annual air temperature through a number of 

stages (Dansgaard, 1964; Rozanski et al., 1992, 1993; Darling and Talbot, 2003; Darling, 2004) 

and 2) the temperature at which carbonate precipitation occurs (McCrea, 1950; Epstein et al., 

1953; Hays and Grossman, 1991). Consequently, δ18Otufa values in Oughtonhead Lane have the 

potential to yield environmental information.  However, as discussed in Chapter 4, there are a 

number of processes that alter the signature of tufa δ18Otufa and δ13Ctufa values that need to be 

accounted for prior to discussing the isotope values in terms of environmental conditions at the 

time of tufa formation. 

Figure 8.18. Comparison of Oughtonhead Lane (HI-13 TP2-L1) δ18Otufa and δ13Ctufa values against: 1) measured δ18O
and δ13C values of chalk clasts derived from till (Marks Tey, Tye et al., 2015); 2) measured δ18O and δ13C values of Upper 
and Middle Chalks, Banterwick Barn, Berkshire (Pearce et al., 2003) and suggested range of δ18O and δ13C values of 
marine limestones (Andrews et al., 1997; Leng and Marshall, 2004, Andrews, 2006). r2 value for the full tufa dataset 
(n=20).  

8.8.1.1. Detrital contamination 

As described in Sections 8.4 and 8.5, the Oughtonhead Lane tufa is relatively impure, with 

inclusions of minerogenic material, including chalk fragments, plus fragments of molluscan and 
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ostracod shell. These could potentially affect the measured δ18Otufa and δ13Ctufa values.  Prior to 

isotopic analysis, all samples were sieved at 63 µm, therefore removing fragments of biogenic 

carbonate and sand-graded minerogenic material (Leng and Marshall, 2004) and eliminating the 

possibility of detrital contamination from these sources.  In order to exclude the possibility of 

detrital contamination from smaller size fraction, the measured δ18Otufa and δ13Ctufa values can be 

compared to those of marine limestones, which will be the main source of detrital carbonate in 

the Oughtonhead Lane tufa sequence.  This comparison indicates that there is no overlap 

between measured δ18Otufa and δ13Ctufa values from the Oughtonhead Lane tufa and those from 

marine limestones (Figure 8.18.), with measured δ18Otufa and δ13Ctufa values in this study 

significantly lower.  Consequently, it is argued that detrital contamination is not an issue in the 

Oughtonhead Lane δ18Otufa and δ13Ctufa record.  

8.8.1.2. Variations in tufa hydrology 

Subsequent to spring emergence, three factors can cause modification to δ18Owater and δ13CDIC

prior to the precipitation of tufa carbonate.  These are: 1) CO2 degassing, 2) evaporation, and 3) 

equilibration with atmospheric CO2. CO2 degassing increases δ13Ctufa values due to the 

preferential removal of 12C during spring emergence (Usdowski et al., 1979; Dandurand et al., 

1982). The preferential removal of 16O during evaporation and the equilibration of water with 

CO2 occurs in standing water bodies with high residence times or are small in size, also results in 

high δ18Otufa and δ13Ctufa values which typically show a strong degree of co-variation (Andrews, 

2006).  Consequently, δ18Otufa and δ13Ctufa values of tufa carbonates that have been subject to this 

modification before carbonate precipitation will be high and/or a high level of co-variation 

(Zhou and Zheng, 2002; Andrews, 2006). Neither of these characteristics is the case for the 

measured δ18Otufa nor δ13Ctufa values from the Oughtonhead Lane sequence.  

Furthermore, measured δ18Otufa and δ13Ctufa values in LFa 1-3, the sedimentology of which is 

suggested to reflect a shallow pool (the environment most likely to be subject to evaporation and 

equilibration with atmospheric CO2) show no co-variation and are still significantly lower than 

those expected for a water body in which atmospheric equilibration would have occurred (Leng 

and Marshall, 2004). Consequently, the higher δ18Otufa and δ13Ctufa values observed in these 

lithofacies are likely to be a result of variation in environmental conditions.  Therefore, it can be 

strongly argued that the measured δ18Otufa and δ13Ctufa values of Oughtonhead Lane tufa sequence 

are not reflecting change in tufa hydrology and are recording variations in environmental 

conditions at the time of tufa deposition 

8.8.1.3. Environmental significance of measured δ18Otufa values 

As outlined above, it can strongly be suggested that the measured δ18Otufa values in the 

Oughtonhead Lane tufa sequence are recording environmental parameters, and as such are 
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acting for a proxy of δ18Owater values at the water temperature in which carbonate precipitation is 

occurring. The controls on δ18Owater values are fully described in Chapter 4.  It has been 

demonstrated that in a number of modern and late Quaternary western European tufa 

sequences (Andrews et al., 1993, 1997; Garnett et al., 2004; Andrews, 2006), δ18Owater is 

controlled by mean annual δ18Orainfall, which is strongly correlated with mean annual air 

temperature at a magnitude of +0.58‰/1°C  (Andrews. 2006). This effect is modulated by the 

depletion of 18O during carbonate precipitation (-0.24‰/1°C, Craig, 1965; Hays and Grossman, 

1991; Kim and O’Neil, 1997; Leng and Marshall, 2004); consequently, an increase of 1°C in air 

temperature will equate to a 0.3‰ increase in δ18Otufa  values.   

If this relationship can be applied to MIS 11 deposits, it can then be suggested that a decrease in 

mean annual air temperature results in a decrease in δ18Otufa values, with an increase in mean 

annual air temperature having the opposite effect.  If the variations observed in the 

Oughtonhead Lane δ18Otufa record are interpreted purely in terms of temperature shifts, then the 

following pattern can be suggested: 1) the relatively high δ18Otufa values in LFa-1 and LFa-2 

represent the warmest temperature interval during the development of the tufa system at 

Oughtonhead Lane, 2) a decrease in δ18Otufa values associated with LFa-3 to LFa-5 represent 

cooler conditions.  It can therefore be suggested that the shift in δ18Otufa  values between LFa-2 

and LFa-3 equates to a temperature decrease of ca. 2°C. However, it is important to note that the 

difference in δ18Otufa values is largely driven by two extreme values, -4.03‰ at 18.5 cm and -

5.75‰ at 22.25 cm.  Excluding these values means that the difference between LFa-2 and LFa-3 

to LFa-5 equates to a ca. 1.5°C change in temperature.  

As suggested by correlation to the Hoxnian pollen stratigraphy and subsequent alignment to the 

marine isotope stratigraphy, tufa deposition at Oughtonhead Lane is likely to have occurred 

during the climatic optimum of MIS 11c (Shackleton and Turner, 1967; Candy et al., 2014). 

Consequently, there was unlikely to be any differences in δ18O values or moisture sources and air 

mass trajectory in comparison to the present day (Dabkowski et al., 2012), which may have 

potentially influenced the δ18Otufa  record.  Furthermore, changes in the amount of rainfall have 

been demonstrated to have an insignificant effect on δ18Owater values in temperate mid-latitude 

areas (Darling, 2004).  However, it is important to consider the effect of changes in the seasonal 

distribution of rainfall.  For example, a shift from a rainfall regime that is dominated by 

isotopically ‘heavy’ summer rainfall, to one that has equal proportions of summer and 

isotopically ‘light’ winter rainfall, δ18Owater values would decrease without a concomitant change 

in temperature.  This factor has been used to invoke the depletion trends in δ18O records in 

Early Holocene lacustrine records (Candy et al., 2015).  As the Oughtonhead Lane tufa is 

suggested to be deposited during the interglacial peak, a change in continentality is unlikely to 

be the driving factor of the variations observed in the δ18Otufa record. Therefore, it can be 

                               253



Chapter 8 - Oughtonhead Lane tufa, Hitchin 

suggested that the primary driver of the variation in the Oughtonhead Lane δ18Otufa  record are 

small magnitude variations in prevailing temperature. 

However, a 1-2°C temperature decrease is at odds with the palaeoecological evidence from the 

sequence, specifically the presence of the ‘Lyrodiscus’ fauna throughout the sequence (Kerney, 

1959; T. White, pers. comm.), which suggests a temperature regime comparable, if not warmer, 

than the present day (Kerney, 1971; Rousseau, 1992).  On this basis, it can be suggested that the 

variation observed in the δ18O record is likely to be recording a change in the seasonal 

temperature regime rather than a decrease in mean annual air temperature during HoIIIa. In 

tufa systems, carbonate precipitation is most intense during the summer months, when 

temperatures, photosynthetic and microbial activity is at its optimum (Pentecost, 2005; Pedley 

and Rogerson, 2010). Consequently, if mean annual air temperatures remain the same, and 

summer temperature increases, fractionation during carbonate precipitation in the summer 

months will be reduced and δ18O values will be lower (Andrews, 2006).  Therefore, it can be 

suggested that mean annual air temperatures remained relatively consistent through the 

deposition of the Oughtonhead Lane tufa, and the shift to lower δ18O values in LFa-3 to LFa-5 

are reflecting a more seasonal temperature regime.  That is to say that summer temperatures 

were warmer than the present day, however winter temperatures would have been lower during 

HoIIIa. 

8.8.2. Environmental significance of measured δ13Ctufa record 

The measured δ13Ctufa values of the Oughtonhead Lane tufa are consistent with modern and late 

Quaternary lowland temperate tufa systems from western Europe (Andrews et al., 1993, 1997; 

Andrews, 2006). In such systems, there is negligible influence of CO2 degassing on the isotope 

signal, and low δ13Ctufa values are generally suggested to be a reflection of carbon sourced 

primarily from soil zone CO2 that is derived from vegetation with a C3 photosynthetic pathway 

(Cerling et al., 1989; Cerling and Quade, 1993, Candy et al., 2011).  However, one of the key 

features of the δ13Ctufa record is the decreasing trend that characterises LFa-1 to LFa-3, followed 

by low and stable values throughout LFa-4, with a return to higher values in LFa-5.  As 

demonstrated in Section 8.8.1, variation in isotope values through the Oughtonhead Lane 

sequence are unlikely to be a function of the equilibration of the water body with atmospheric 

CO2.  Therefore, two factors can be invoked to explain the depletion trend through the lower 

part of the sequence. 

First, the depletion of δ13Ctufa values within temperate freshwater systems has been suggested to 

relate to landscape stabilisation and subsequent soil development during the early part of the 

interglacial (Hammarlund, 1993; Hammarlund et al., 1997), resulting in the reduction in 

contribution of geological carbon and the increase in the contribution of isotopically light 
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carbon from soil zone CO2.   This, however, is unlikely to be driving the variation observed in 

the Oughtonhead Lane sequence, as tufa formation is suggested to  have occurred during the 

late-temperate phase (HoIIIb) of the Hoxnian vegetation succession.  Consequently, there is 

likely to have been full vegetation development and well developed soils prior to tufa formation. 

As such, the contribution of geological carbon would have been negligible.  

A second, and more likely factor to explain the trends in the δ13Ctufa values is variation in the in-

aquifer residence time of water prior to spring emergence, which can be linked to changes in 

palaeorainfall.  Drier conditions in the catchment encourages three processes: 1) increased 

exchange between atmospheric CO2 and water in the unsaturated zone, 2) CO2 degassing in the 

unsaturated zone, resulting in prior calcite precipitation, and 3) increased residence time in the 

aquifer, resulting in greater dissolution of the bedrock (Fairchild et al., 2000; Ihlenfeld et al., 

2003; Garnett et al., 2004; Dabkowski et al., 2012.  All three of these processes result in relatively 

higher δ13Ctufa values.  Wetter conditions reduce the effect of these processes, consequently, 

δ13Ctufa values will be lower. Thus, if changes in palaeorainfall are the driver of the variation in 

the Oughtonhead Lane δ13Ctufa record, the following pattern can be suggested: 1) relatively drier 

conditions associated with the onset of tufa development in LFa-1, 2) progressively wetter 

conditions throughout deposition of LFa-2 and LFa-3, 3) wet conditions associated with the 

deposition of LFa-4, and 4) a return to drier conditions at the top of the sequence associated 

with the cessation of tufa formation. Therefore, the δ13Ctufa record at Oughtonhead Lane may be 

reflecting changing humidity associated with a changing precipitation regime during tufa 

formation.  This can be tested through the comparison of the δ13Ctufa record with tufa Mg/Ca and 

Sr/Ca ratios 

8.8.3. Integration of the δ13Ctufa and the Mg/Ca and Sr/Ca record 

8.8.3.1. Factors controlling Mg/Ca and Sr/Ca ratios in tufa carbonate 

Ratios of Mg/Ca and Sr/Ca of bulk tufa calcite have been demonstrated to be largely controlled 

by in-aquifer processes, which in turn have been linked to variations in palaeorainfall during the 

period of tufa deposition (Garnett et al., 2004; Dabkowski et al., 2012).  The in-aquifer processes 

that control concentrations of Ca, Mg and Sr in the spring water are suggested to be: 1) a higher 

dissolution rate of calcite in relation to dolomite once the groundwater is saturated with Ca, 

leading to higher Mg/Ca  and Sr/Ca ratios (Chou et al. 1989; Fairchild et al., 2000), 2) prior-

calcite precipitation, resulting in the exchange between atmospheric CO2 and groundwater DIC 

in the soil zone, leading to a decrease in Ca concentration relative to Mg and Sr  (Fairchild et al., 

2000; 2006) and 3) selective leaching of Mg and Sr in relation to Ca from the limestone during 

water movement through the saturated zone (Fairchild et al.,1994). It is important to note that 

there are no dolomitic geologies in the Hitchin area; however, the occurrence of these other 
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processes is more likely because of a longer residence time resulting from drier conditions, 

consequently leading to the increase in Mg/Ca and Sr/Ca ratios (Fairchild et al., 2000; Garnett et 

al., 2004; Dabkowski et al., 2009).  On this basis, it can be suggested that the variation observed 

in Mg/Ca and Sr/Ca ratios in the Oughtonhead Lane profile can be linked to the changes in 

palaeorainfall, with lower Mg/Ca and Sr/Ca ratios reflecting relatively wetter conditions and 

higher Mg/Ca and Sr/Ca ratio reflecting drier conditions.  As described above, higher δ13Ctufa 

values are also favoured by a longer residence time associated with drier conditions, and lower 

δ13Ctufa values with relatively wetter conditions.  Consequently, there should be a corresponding 

relationship between Mg/Ca and Sr/Ca ratios and δ13Ctufa values (Ihlenfeld et al., 2003, Garnett et 

al., 2004; Dabkowski et al., 2009). 

8.8.3.2. Relationship between Mg/Ca, Sr/Ca and δ13Ctufa values 

If the discussion above is accepted, then there should be a clear relationship between tufa trace 

element ratios and measured δ13C tufa values.  Observable in the Oughtonhead Lane tufa 

sequence are comparable trends in the Mg/Ca, Sr/Ca and δ13Ctufa profiles (Figure 8.17.), which 

can be summarised as: 1) high Mg/Ca and Sr/Ca ratios and high δ13Ctufa values associated with 

LFa-1 and LFa-2 , 2) lower Mg/Ca and Sr/Ca ratios and decreasing δ13Ctufa values associated with 

LFa-3, 3) low and stable Mg/Ca and Sr/Ca ratios and low δ13Ctufa values associated with LFa-4, 

and 4) increasing Mg/Ca and Sr/Ca ratios and  δ13C tufa values associated with LFa-5.  It is 

important to note that, although the broad trends are comparable, there is no statistically 

significant linear relationship between Mg/Ca and Sr/Ca ratios and between the trace elements 

ratios and measured δ13Ctufa values (Figure 8.19.).  

Figure 8.19. Correlation of measured δ13Ctufa  values and Mg/Ca ratios (grey circles) and Sr/Ca ratios (black diamonds) 
in the Oughtonhead Lane tufa sequence. 
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A number of reasons can be suggested for this.  First, there is a large degree of variability 

associated with the Sr record, which is an artefact of a less well defined Sr calibration curve and 

high concentration of Sr in blanks used for AAS calibration, resulting in larger measurement 

uncertainties.  Second, it could be suggested that the Mg/Ca and Sr/Ca ratios may be controlled 

by slightly different mechanisms (Dissard et al., 2010).  Sr concentrations in tufa are strongly 

controlled by precipitation rate (Tesorierio and Pankow, 1996) in comparison to Mg 

concentrations, with an increase in precipitation rate resulting in the incorporation of relatively 

more Sr2+, resulting in higher Sr/Ca ratios.  Furthermore, the chelation of cations during tufa 

precipitation by microbial action is a chemoselective process (Rogerson et al., 2008), with Sr2+ 

being preferentially chelated over Mg2+.  This could potentially result in differences between the 

Mg/Ca and Sr/Ca profiles. 

The lack of a significant positive linear correlation between trace element ratios and δ13Ctufa 

values is likely an artefact of sampling resolution.  δ13Ctufa measurements were undertaken at a 

lower resolution than trace element analysis, consequently the δ13Ctufa record only identifies 

broad changes throughout the sequence, unlike the trace element ratios, which record more 

variation within the sequence. On the basis that the broad trends are comparable, it can strongly 

be suggested that the δ13Ctufa record is recording palaeorainfall.  Consequently, it can be 

suggested that during the deposition of the Oughtonhead Lane tufa, there was a shift from 

relativity dry conditions, to a period of increased rainfall, and a subsequent return to drier 

conditions. 

8.9. Model of tufa formation at Oughtonhead Lane 

Based on the sedimentological, petrological and geochemical results from the Oughtonhead 

Lane tufa sequence, a model of tufa development in the Oughton valley during the Hoxnian 

Interglacial can be presented and a number of phases of deposition suggested (Figure 8.20.):  

Phase 1 (LFa-1a):  Phase 1 represents the onset of tufa deposition; most likely in a small 

depression in the land surface and associated with full interglacial conditions, landscape stability 

and vegetation development during the Hoxnian (Pedley, 2003).  Sedimentological properties 

indicate a high minerogenic component, representing the in-wash of material from elsewhere in 

the valley via colluvial activity.  The presence of a high frequency of intraclasts and shell 

fragments suggests a high allogenic input.  This also suggests that tufa was most likely been 

deposited further up the spring system.  

Phase 2 (LFa-1b to LFa-3a): Phase 2 represents the development of a paludal tufa system, with 

an increasingly authigenic mode of tufa formation associated with microbial action.  It is 

important to note that there still an allogenic component, with the presence of intraclasts, 

carbonate nodules and broken shell fragments, most likely transported into the pool via periodic 

257



Chapter 8 - Oughtonhead Lane tufa, Hitchin 

in washing events. Increasing δ13Ctufa values and Mg/Ca and Sr/Ca ratios suggest the 

development of wetter conditions throughout this phase, whereas δ18Otufa values record a shift to 

slightly warmer summer temperatures.  

Phase 3 (LFa-3b):  Phase 3 represents an interruption in tufa formation, characterised by an 

increase in minerogenic material, broken shell fragments and ferruginous features, typical of a 

palustrine style environment, where a short lived shift in the water level causes the reduction of 

the rate of tufa deposition allowing for the accumulation of allogenic material from the valley 

sides.  

Phase 4 (LFa-3a and LFa-3c): Phase 4 records the resumption of the paludal tufa system that 

characterised Phase 2.  Associated with this phase are increasingly wetter conditions as recorded 

in the decrease in δ13Ctufa  values and Mg/Ca and Sr/Ca ratios.     

Phase 5 (LFa-4): Phase 5 represents a shift to fluvial style tufa deposition. This is characterised 

by the presence of peloidal and stromatolitic microfabrics, and the presence of oncoids, the 

morphology of which is consistent with a higher energy flow regime.  Also associated with these 

facies is the presence of broken oncoids and intraclasts suggesting periods of in increased flow 

rate within this phase.  Throughout the zone, δ18Otufa values, δ13Ctufa values, Mg/Ca, and Sr/Ca 

ratios are stable, indicating deposition in a warm, wet, stable temperate environment.  It can 

therefore be suggested that the shift to a fluvial tufa regime is likely to have been the response to 

the increase in rainfall observed in the area.  This would have resulted in the development of a 

fluvial tufa system either caused by 1) the onset of a higher energy flow regime associated with 

the development of a braided fluvial system, or 2) the breakthrough of an obstruction higher in 

the valley resulting in fluvial conditions downstream.  However, without knowledge of the full 

geometry of the tufa deposit, this cannot be elucidated.  

Phase 6 (LFa-5 and LFa-6): Phase 6 marks the cessation of tufa deposition.  During this phase, a 

fluvial tufa system persisted; however there was an increase in allogenic inputs, with the increase 

in frequency of minerogenic material. Geochemically, this phase is characterised by an increase 

in δ18Otufa and δ13Ctufa values, and Mg/Ca and Sr/Ca ration in this zone suggest the onset of drier 

conditions. This may be related to the cessation of the tufa deposition in this vicinity. 

Development of the overlying soil may indicate the development of a ‘fully terrestrial’ 

conditions and the formation of a land surface, however it is presently unclear how the age of 

the soil related to the deposition of the tufa. 

Figure 8.20 (overleaf). Depositional model of tufa formation at Oughtonhead Lane plotted against key sedimentological 
and geochemical data. 
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Phase 7: Phase 7 represents the post-depositional processes acting on the tufa deposit. 

Subsequent to the cessation of tufa formation, soil development (Phase 5) resulted in the 

development of the marmorised fabrics observed in LFa-5.  Percolation of groundwater and 

stream water through the tufa during and subsequent to the deposition of the tufa has resulted 

in the development of isopachous micritic microspartic cements and the localised re-

crystallisation of primary tufa fabric.  However, the timing of these processes cannot be 

deduced. 

8.10. Palaeoenvironmental significance of the Oughtonhead Lane tufa sequence 

The depositional model of tufa development at Oughtonhead Lane described above allows the 

palaeoenvironmental significance of tufa sequence to be discussed.  This Section provides a brief 

discussion of this significance; a full examination of the Oughtonhead Lane tufa record and its 

significance for understanding MIS 11 climates in Britain and northwest Europe is provided in 

Chapters 10 and 11.   

Before the discussion of the environmental significance, it is important to place the 

Oughtonhead Lane tufa into the Hoxnian Interglacial pollen stratigraphy.  The Oughtonhead 

Lane tufa is characterised by a number of terrestrial molluscan species that constitute the 

‘Lyrodiscus’ fauna.  These have been identified in the prior investigation of the tufa (Kerney, 

1959) and during this excavation (T. White, pers. comm.).  As discussed above, the correlation 

of the Oughtonhead Lane tufa sequence to the tufa deposit at Beeches Pit is based on the 

presence of the ‘Lyrodiscus’ fauna (Kerney, 1959; Preece et al., 2007), therefore it can be 

suggested that tufa formation probably occurred in HoIII, correlated with the thermal optimum 

of MIS 11c. The onset of tufa formation at Oughtonhead Lane is consistent with this correlation, 

as tufa formation is frequently linked with fully interglacial conditions requiring landscape 

stability and high vegetation levels (Pedley, 2009).  However, as indicated by the Hoxnian pollen 

stratigraphy, fully- vegetated conditions in the interglacial occurred as early as HoII.  A number 

of factors can be suggested to account for the development of the tufa later in the interglacial. 

First, a number of lake records in the Hertfordshire area record sedimentary hiatuses during 

HoII, attributed to a regional decrease in precipitation (Boreham and Gibbard, 1995).  Second, 

during HoIIc, there is increasing evidence for a number of abrupt climatic events (Tye, 2015), 

which would have resulted in landscape instability.  Consequently, both of these factors would 

have resulted in a reduction of spring activity and vegetation disturbance hindering tufa 

formation. In a number of sequences, HoIII is characterised by warmer and wetter conditions 

(Preece et al., 2007), allowing the development of a stable land surface and an increase in spring 

activity. These conditions would have resulted in the onset of tufa development at Oughtonhead 

Lane.  
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As discussed above, the δ18Otufa and δ13Ctufa records from the Oughtonhead Lane sequence 

provide two separate records of the prevailing environmental conditions during tufa deposition 

during HoIII. The δ18Otufa profile is recording prevailing air temperature at the time of 

deposition.  The variation in measured δ18Otufa values recorded through this sequence is 

relatively low (ca. 0.6‰), and is suggested to be a result of enhanced seasonality during HoIII, 

rather than a climatic cooling.  This suggests a period of relatively stable temperatures during 

tufa formation, with subdued variations in mean annual air temperature. It is important to note 

that as the duration of calcite deposition cannot be determined for the Oughtonhead Lane 

sequence, it is difficult to understand the timescale over which these variations in air 

temperature are occurring.  The low values recorded in the Oughtonhead Lane tufa profile are 

equivalent to those recorded in both actively precipitating tufa systems (Andrews et al., 1993, 

1997) and those from Early-Mid Holocene tufa systems in the British Isles (Garnett et al., 2004). 

Measured δ18O values from the Oughtonhead Lane tufa are also comparable to those measured 

in the tufa Beeches Pit (Preece et al., 2007), and also pedogenic and groundwater carbonates 

from Elveden, Swanscombe and Clacton-on-Sea, all suggested to have formed during late HoII 

or early HoIII (Candy, 2009).  The significance of this is discussed fully in Chapter 10, however, 

on this basis it can be suggested that during HoIIIa, the temperature regime was relatively stable 

and comparable to that of the present day. 

Both the δ13Ctufa record and trace element ratios in the Oughtonhead Lane tufa sequence are 

interpreted as reflecting changes in palaeorainfall, with the sequence recording increasing 

rainfall through the base of the sequence.  The wettest conditions are associated with fluvial tufa 

development, followed by stability then a potential decrease in rainfall associated with the 

cessation of tufa deposition.  Based on this evidence, it can be suggested that HoIIIa can be 

characterised by a shift to increased precipitation followed by a period of stable, wet conditions. 

This is corroborated by the presence of the ‘Lyrodiscus’ fauna, which are suggestive of warm and 

wet conditions.  A shift to potentially drier conditions recorded at the top of the sequence may 

be related to the onset of climatic deterioration associated with HoIV, with drier conditions 

related to the reduction of spring activity.  A comparable pattern is observed at Beeches Pit, 

where the cessation of tufa formation is suggested to have occurred in association with the 

opening up of the landscape during HoIV (Preece et al., 2007). The evidence from Oughtonhead 

Lane adds to an increasing body of evidence for changing precipitation regimes during the 

Hoxnian, the significance of which is discussed fully in Chapter 11. 

8.11. Chapter Summary 

This Chapter has presented the sedimentological, petrological and geochemical results from 

Oughtonhead Lane tufa, Hitchin, based on the re-excavation of the deposit in July 2013. The 

main conclusions of this study are summarised below: 
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• Macroscale and microscale sedimentological investigation of the tufa sequence has

identified six lithofacies, which represent four stages of tufa deposition:

1. Spring resurgence and the onset of calcium carbonate deposition most likely in

a small depression in the land surface.

2. The development of a low-energy shallow pool, ‘paludal’ environment.

3. A shift to a higher energy regime, with evidence for an increase in water

velocity, and the development of fluvial tufa fabrics.

4. The cessation of tufa deposition and subsequent soil development

• Measured δ18Otufa values are consistent with lowland tufas formed in temperate

environments.  Through the sequence, δ18Otufa values show a decreasing trend, which has

been suggested to reflect a more seasonal temperature regime, characterised by an increase

in summer temperatures.

• Measured δ13Ctufa values are also consistent with lowland temperate tufa systems.  In this

record, there is evidence for a shift through the lower part of the sequence to lower δ13Ctufa 

values, which is suggested to represent a shift to wetter conditions.  A decrease in both

Mg/Ca and Sr/Ca ratios in this part of the sequence support this.  An increase in both

δ13Ctufa values and Mg/Ca and Sr/Ca ratios occurs towards the top of the sequence,

representing the onset of drier conditions associated with the cessation of tufa deposition.

• Based on the presence of the ‘Lyrodiscus’ fauna in the Oughtonhead Lane tufa, it is suggested

that tufa deposition occurred during HoIII, suggested to be the period in which maximum

warmth is achieved during MIS 11c.  Consequently, the evidence in this study suggests that

there is evidence for a shift from warm and dry conditions, to slightly cooler and wetter

conditions during HoIII, coincident with the climatic optimum of MIS 11c.
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Chapter 9 - The δ18O and δ13C record of freshwater gastropod carbonate, 
Dierden’s Pit and Barnfield Pit, Swanscombe, Kent 

9.1. Introduction 

This chapter presents δ18O and δ13C analysis of whole V. piscinalis shells and B. tentaculata 

opercula from the Dierden’s Pit and Barnfield Pit sedimentary sequences, Swanscombe, Kent. 

As established in Chapter 6, measured δ18O values of freshwater gastropod carbonate from 

modern lowland fluvial systems in southeast England indicate that shell and opercula 

mineralisation is occurring in isotopic equilibrium with δ18Owater at spring-autumn water 

temperatures (V. piscinalis shell) and mean annual water temperatures (B. tentaculata 

opercula). As it has been established that, in modern systems, δ18Owater values are a reflection of 

mean annual δ18O of rainfall (Andrews 2006; Candy et al., 2011), and this in turn is strongly 

controlled by air temperature (Rozanski et al., 1993; Darling, 2004), measured δ18O values of 

freshwater gastropod carbonate have the potential to record climatic changes throughout a 

single sedimentary sequence. 

The fluvial sequence from Swanscombe provides an opportunity to apply this, as: 1) the deposits 

are rich in molluscan remains, from which a distinctive suite of assemblages can be identified 

(Kerney, 1971; White et al., 2013), indicating changes in the depositional environment through 

time, and 2) the deposits are suggested to record a large part of the Hoxnian Interglacial 

(Bridgland, 1994; Conway et al., 1996; Schreve, 1997; Ashton et al., 2008; White et al., 2013), 

therefore providing an opportunity to understand how the climate evolved throughout this 

interglacial. Furthermore, the Swanscombe sequence is rich in other faunal and archaeological 

remains (Wymer, 1986; Bridgland, 1994; Schreve, 1997), thereby providing a means to relate 

directly potential climatic changes to the evidence for landscape change and hominin 

occupation. 

The first part of this chapter provides the framework for the isotopic analyses, by describing the 

site background and geological context of the Swanscombe sequence, the process of acquisition 

of material and sampling strategy.  The chapter then presents the results of δ18O and δ13C

analysis and describes the main isotopic patterns in the Swanscombe sequence. The chapter 

finishes by discussing the controls on measured gastropod carbonate δ18O and δ13C values in the 

Swanscombe sequence and the environmental significance of these records in relation to other 

proxy evidence from the site.  
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9.2. Site background and geological context 

9.2.1. The Swanscombe sequence 

The locality of Swanscombe in Kent encompasses a series of former quarries including Barnfield 

Pit, Dierden’s Pit (also referred to as Ingress Vale) and Rickson’s Pit (Figure 9.1.). These 

comprise complex fluvial sequences that have been subject to research since the late 19th 

century.   The most complete sequence, Barnfield Pit, with which the other sequences can be 

correlated, has yielded large assemblages of molluscan and vertebrate remains, as well as lithic 

evidence for two chronologically distinct Palaeolithic industries, the Clactonian and Acheulian 

(Roe, 1981; Wymer, 1986; Bridgland, 1994).  Furthermore, the site of Barnfield Pit has yielded 

three conjoining fragments of hominin cranium, assigned to Homo heidelbergensis (Marston, 

1937; Stringer and Hublin, 1999). Due to its importance for understanding the climatic 

structure and the archaeological succession of MIS 11 in the British Isles, the Swanscombe 

sequence has been described in detail in Chapters 2 and 3.   For the purposes of this chapter, the 

sediment sequences of Barnfield Pit and Dierden’s Pit are described briefly below. 

Figure 9.1. Location of Swanscombe (A) within the UK in relation to key Lower Palaeolithic  sites: (Bo =Boxgrove; Ba= 
Barnham; Cn= Clacton; Pa= Pakefield; Ho,=Hoxne; HL,=High Lodge; Fo =Fordwich). (B) Within Lower Thames (Cr 
=Crayford; Pu= Purfleet), (C) shows the Swanscombe area with key sequences numbered (1, Barnfield Pit; 2, Globe Pit, 
Greenhithe; 3, New Craylands Lane Pit; 4, Dierden’s Pit; 5, Swan Valley Community School; 6, Sweyne County Primary 
School; 7, Eastern Quarry, test pit 7; 8, Eastern Quarry, test pit 8; 9, New Barn Farm; 10, Southfleet Pit Levallois site; 11, 
Burchell’s main sites; 12, Northfleet allotments). CTRL = Channel Tunnel Rail Link (from Wenban-Smith et al., 2006).  
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9.2.1.1. Barnfield Pit site stratigraphy 

The Barnfield Pit sedimentary sequence has been investigated on numerous occasions (Dewey 

and Smith, 1914; Swanscombe Committee, 1938; Montagu, 1949; Wymer, 1964; Waechter, 

1970, 1971, 1973; Conway et al., 1996; Bridgland et al., 1985; Bridgland, 1994; Ashton et al., 

1995), resulting in the identification of a ca. 14 m thick sequence of gravels, sands and loam, 

within the Orsett Heath Formation of the Lower Thames terrace sequence, resting on a bench of 

eroded Thanet Sand and Chalk at ca. +22.5 m OD.  The sedimentary sequence is divided into 

three depositional phases, which are further subdivided into twelve subunits (Figure 9.2.). 

The lowermost part of the sequence (Phase I) consists of (from the base):  1) Basal Gravels (1a) 

assigned to the late-Anglian, 2) Lower Gravels (LG, 1c), 3) a localised occurrence of gravels with 

a high concentration of mammalian remains, termed the ‘Midden’ level (1c), 4) Lower Loam 

(LL) (1d) and 5) Weathered LL (1e), which is decalcified and contains evidence for pedogenesis 

(Kemp, 1985).  Associated with Phase I deposits is mammalian and molluscan evidence for a 

temperate environment (Kerney 1971; Schreve, 1997); the archaeological record from these 

deposits consists of core and flake assemblages attributed to the Clactonian, found in both 

secondary context (LG) and in situ (LL) (Smith and Dewey, 1913; Wymer, 1964; Waechter, 

1970, 1971; Ashton and McNabb, 1996). 

Phase II consists of two beds, the Lower Middle Gravel (LMG) (IIa) and the Upper Middle 

Gravel (UMG, IIb).  At Barnfield Pit, the LMG is poor in vertebrate remains, but rich in 

molluscan remains, containing southern European species indicative of warmer conditions, and 

the ‘Rhenish’ molluscan fauna (Kerney, 1971), suggesting a confluence between the Thames and 

European river systems during this period (Bridgland, 1994; Meijer and Preece, 1998; White et 

al., 2013). The UMG has a far richer mammalian fauna, which indicates the onset of more open 

and potentially cooler environmental conditions. There is a rich archaeological assemblage 

associated with Phase II deposits, characterised by the appearance of an Acheulian lithic 

assemblage, consisting of pointed handaxes, scrapers, choppers and a range of debitage (e.g, 

Wymer, 1964). The cranial remains attributed to H. heidelbergensis were also identified from 

this phase, (Marston, 1937) lying close to the boundary between the LMG and UMG. 

Phase III consists of (from the base):  1) Soliflucted clay (IIIa), 2) Upper sands (IIIb), 3) Upper 

Loam (IIIc), 4) Upper Gravels (IIId) and 5) Higher Loams (IIIe).  The occurrence of soliflucted 

clay and ice-wedge casts, micro-faulting and cryoturbation structures within the Upper Sands is 

suggestive of cold-climate conditions. The overlying Upper Loam is suggested, from the pollen 

spectra, to represent a return to warmer climatic conditions (Hubbard, 1996), although the 

deposit is decalcified and lacks faunal remains to verify this assertion. The Upper Loam is 

overlain by the Upper Gravel, considered to represent a return to colder climatic conditions. 
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This cold-warm-cold cycle has been suggested to potentially represent climatic complexity 

associated with MIS 11b, MIS 11a and early MIS 10, based on variations recorded in the 

SPECMAP marine isotope curve (Schreve, 2001a; Ashton et al., 2005, 2008; White et al., 2013), 

as described in Chapter 2. The  lower part of the Phase III deposits is devoid of artefacts but 

twisted ovate handaxes have been recovered from the Upper Loam, as well as derived twisted 

ovate handaxes in the Upper Gravel and some handaxe thinning flakes in the Higher Loams 

(Wymer, 1968; Bridgland, 1994; White et al., 2013).    

9.2.1.2. Dierden’s Pit site stratigraphy 

Dierden’s Pit (51°26’59.01’’ N, 000°17’38.41’’E), located approximately  0.5 km northwest of 

Barnfield Pit, has also been subject to a series of excavations (see White et al., 2013 for a detailed 

review). The site lies on the western side of Ingress Vale, a dry valley incised into the Boyn 

Hill/Orsett Heath terrace deposits. The sedimentary sequence, first described by Stopes (1900) 

and Kennard and Woodward (1901), comprises ca. 4.3 m of stratified sands and gravels resting 

on Chalk at ca. +23.8 m OD, with shells abundant within a ca. 3 m interval of the gravels 

(termed the ‘shell-bed’), capped by a thin layer of clay.  Subsequent excavations by Smith and 

Dewey (1914) revealed the following sedimentary succession based on their main section (S-B) 

of (from the base): 1) Chalk bedrock, 2) Light buff sands (‘shell bed’) reaching a maximum 

thickness of 1.8m, bisected by a ca. 0.3 m bed of loam and yielding flakes of Unio sp., fragments 

and whole gastropod shells, including T. danubialis, 3) Decalcified ‘pipes’ penetrating bed 2 with 

struck flakes at the base, 4) Ferruginous hard gravel with current bedding (0.6 m), and 5) 15-20 

cm of topsoil.  A series of test pits to the south of Dierden’s Pit, also excavated by Smith and 

Dewey (1914), identified a more complex sequence (Figure. 9.3.C) of fluvial sands and gravels, 

with the ‘shell-bed’ being much thinner or absent in places (Test Pit A). In this area, the fluvial 

sequence is overlain by ca. 1.5m of ‘stony loam’ from which mint-fresh twisted ovate handaxes 

were recovered (White, 1998b). 

Figure 9.2 (overleaf).  A) The stratigraphic sequence at Barnfield Pit, Swanscombe after Bridgland, (1994) and Conway 
et al. (1996), adapted from White et al. (2013). CK/TS = Chalk/Thanet Sand B) Key sedimentological, faunal and 
archaeological properties of the stratigraphic sequence at Barnfield Pt.  The climatic interpretation and suggested 
correlation to Hoxnian sub stages in also presented.  For references, see text.  
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The most recent excavation by the British Museum (1975) revealed a  sedimentary sequence, 

based on the north face of the excavation (Figure 9.3B), consisting of  ca. 3 m of shelly, sandy 

gravel (‘shell bed’) resting on Chalk bedrock.  The lower 0.7 m of sandy gravel consisted of 

coarse gravel with few shell fragments; the overlying sandy, shelly gravel (ca. 2.3 m thick) 

comprised three sandy horizons with the upper 30cm decalcified, overlain by 30 cm of topsoil, 

and solution features (comparable to those recorded in previous excavations) evident through 

the sequence. The top of the section is ca. +28 m OD, based on the altitude of the modern land 

surface (White et al., 2013).  Kerney (Davies, 1953; Kerney, 1959) assessed the molluscan 

remains from the ‘shell-bed’, in which the presence of the ‘Rhenish’ molluscan suite was 

identified, a freshwater molluscan assemblage suggestive of the ‘late-temperate’ sub-stage of an 

interglacial (Kerney, 1959; 1971).  The molluscan and ostracod remains from samples recovered 

from the 1975 excavation have since been subject to extensive investigation by White et al. 

(2013) and used in this study for isotopic analysis.   

Figure 9.3.  Dierden's Pit, Swanscombe (from White et al., 2013). A) Location of excavations in Dierden’s Pit, b) North 
face section of 1975 section in which the molluscan remains used in this study were sampled, C) The proposed 
relationship of Dierden’s Pit sedimentary sequence recorded at different times and localities. 
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The Dierden’s Pit sequence has yielded a number of archaeological finds. The earliest recovered 

assemblages were composed of handaxes, indicative of an Acheulian industry (Stopes, 1900a, b, 

1904; Newton, 1901; Kennard, 1916; Kerney, 1959; Wenban-Smith, 2004), whereas subsequent 

excavations recovered assemblages dominated by core and flakes, leading some authors to 

describe them as Clactonian (Wymer, 1999; McNabb, 2007). However, the presence of a large 

volume of handaxe thinning flakes within an assemblage of cores and flakes recovered from an 

exposure of S-B (Kerney, 1959) is comparable to that from the LMG at Barnfield Pit and is 

therefore attributable to the Acheulian (Kerney, 1959).  Twisted ovate handaxes were also 

recovered from the ‘stony loam’ overlying the shell bed in the Smith and Dewey excavations 

(Smith and Dewey, 1914), which suggests a correlation with the Upper Loam at Barnfield Pit 

(White et al., 2013).  

Nevertheless, correlation of the Dierden’s Pit sequence with that at Barnfield Pit has, until 

recently, been problematic.  Traditionally, this has been based primarily on the altitude of 

deposits and artefact typology, suggesting a correlation of the Dierden’s Pit ‘shell bed’ with the 

Barnfield Pit LG (Smith and Dewey, 1914; Wymer, 1999; McNabb, 2007); however, this has 

since been challenged (Kerney, 1971; Bridgland, 1994; White et al., 2013).  The strongest line of 

evidence for correlation of the Dierden’s Pit sequence to Barnfield Pit comes from 

biostratigraphic evidence, principally the presence of the ‘Rhenish suite’ of freshwater molluscs, 

which occurs both in the ‘shell-bed’ in Dierden’s Pit and the LMG at Barnfield Pit (Kerney, 

1971; White et al., 2013).  The Acheulian archaeological assemblages found at Dierden’s Pit, 

which are comparable to those identified in the LMG at Barnfield Pit, further support this 

(Kerney, 1959; Wenban-Smith, 2009) Consequently, the sediment sequence at Dierden’s Pit will 

be referred to as the LMG for the rest of the chapter. 

9.2.1.3. Correlation to Hoxnian Interglacial pollen stratigraphy and MIS 11 

The correlation of the Swanscombe sequence to the Hoxnian pollen stratigraphy and MIS 11 is 

described in detail in Chapters 2 and 3.  For the purposes of this chapter, this correlation is 

briefly summarised here.  Correlation of the Barnfield Pit sequence with MIS 11 is based on a 

combination of lithostratigraphic (Oakley, 1957, Bridgland, 1994; Gibbard, 1994), 

biostratigraphic (Kerney, 1971; Preece, 1995; Schreve, 2001a) and aminostratigraphic (Bowen et 

al., 1989, Penkman et al., 2011, 2013) evidence.  Correlation of the Swanscombe sequence to the 

Hoxnian pollen stratigraphy has been problematic, due to the low concentration and 

preservation of pollen within the fluvial sediments (Hubbard, 1996).  The strongest evidence for 

attribution to the Hoxnian pollen stratigraphy comes from the correlation of the Dierden’s Pit 

sequence with that from Clacton-on-Sea by means of the malacological and mammalian records 

at both of these sites, and the subsequent extrapolation from the Clacton-on-Sea pollen record.  
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This suggests that the LMG at Dierden’s Pit can be attributed to HoIIIa and the early part of 

HoIIIb.  The underlying LL at Barnfield Pit is therefore suggested to have been deposited during 

HoII (Kerney, 1971; Schreve, 1997; Roe, 2001; White et al., 2013).   

9.2.2. The Swanscombe molluscan and ostracod succession 

The molluscan assemblages at Barnfield Pit and Dierden’s Pit have been described in detail by 

Kerney (1971) and White et al. (2013). At Barnfield Pit, molluscan remains are poorly preserved 

and are absent from the LMG and UMG.  In the LG and LL, Kerney identified four ‘ecological 

zones’ based primarily on variations in the abundance of Ancylus fluviatilis.  These have been 

subsumed into the zonation scheme proposed by White et al. (2013), based on the first 

appearance of key species in the Swanscombe (combined Barnfield Pit and Dierden’s Pit) 

sequence.  White et al. (2013) identified five molluscan biozones (Table. 9.1.), reflecting the 

successive appearance of elements of the ‘Rhenish suite’.  White et al. (2013) also documented 

the ostracod succession from Swanscombe, based on remains from seven samples at the base of 

the LL collected by Robinson (1996) and the historic collections from the LMG, Dierden’s Pit. 

Three ostracod biozones can be identified, of which the most significant aspect is the 

appearance of Cyprideis torosa in biozone three, which indicates the onset of weakly brackish 

conditions in the Lower Thames at this point (White et al., 2013).  

Table 9.1. Summary of molluscan assemblages through the LL (Barnfield Pit) and LMG (Dierden’s Pit) as described by 
White et al., (2013).   Biozone 1 represents the LL as described by Kerney (1971).  The succession through the LMG is 
characterised by four biozones which record the successive appearance of the ‘Rhenish’ fauna.  It is important to note 
that some ‘Rhenish’ taxa appear at the top of the LL (Kerney, 1971), however the main occurrence occurs in the LMG. 

Molluscan 
Biozone Key characteristics Ostracod 

Biozone 

5 
LMG, DPS  
(V. diluvianus 
zone) 

Molluscan remains from sediment accumulations within V. diluvianus 
shells in section S-B, Dierden’s Pit.  All elements of ‘Rhenish’ suite 
present, suggesting a younger or contemporaneous age to Biozone 4.  

3 
(samples 6-18) 
Appearance of 
Cyprideis torosa 

4 
LMG, DPS 
(samples 14-
18) 

1st appearance of B. naticina. Rest of assemblage comparable to (3). 

3 LMG, DPS 
(samples 9-13) 

1st appearance of C. fluminalis, increase in abundance of B. marginata and 
P. clessini 
Abundant V. piscinalis. Also present are V. cristata, P. moitessierianum and 
P. henslowanum 

2 LMG, DPS 
(Samples 2-8) 

Co-occurrence of T. danubialis, B. marginata, P. clessini. 
Also abundant are B.  tentaculata, P. moitessierianum, P. nitidum, G. crista 
and G. albus 

2 
(samples 2-5) 

1 LL, BPS 
Dominated by P. henslowanum & P. nitidium. Abundant V. piscinalis & B. 
tentaculata and A. fluvialitis. 
 (Ecological zones A-D of Kerney (1971) 

1  
(from 4 samples 
from the LL) 

9.2.3. Sample acquisition and sampling strategy 

As outlined in Section 9.2.1, the Swanscombe sequence consists of a complex of sites in which 

different or multiple phases of fluvial deposition are recorded.  The molluscan shell remains 

used for isotopic analysis in this study are derived from two sequences that are suggested to 
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record different parts of the Hoxnian Interglacial: the LL at Barnfield Pit (HoII), and the LMG at 

Dierden’s Pit (HoIIIa- early HoIIIb). The shell remains used in this study have been sampled 

from archival material derived from previous excavations of these sequences. The provenance of 

material and location of samples used for isotopic analysis is described below.  

Figure 9.4. Stratigraphic location of samples from the LMG, Dierden’s Pit and LL Barnfield Pit used in which isotopic 
analysis was undertaken VP= V. piscinalis, OP= B. tentaculata opercula.  Key taxa in the molluscan biozones of White 
et al., (2013) are also presented. 

9.2.3.1. Barnfield Pit 

Specimens of B. tentaculata opercula from the LL and LG were acquired from the M. P. Kerney 

collection at the Natural History Museum, London, by J. Sherriff and T. White in March 2015. 

This collection consists of forty samples taken at approximately 5cm intervals from a 

continuous monolith through the LL in the northwest corner of the Swanscombe National 

Nature Reserve (Figure 9.1.) in March 1967.   Molluscan remains were extracted and identified 

in twenty-two of these samples (Figure 9.4.).  The assemblage from the LG is represented by a 

single sample taken during the Royal Anthropological Institute excavations (Waechter, 1968) 

and described by Kerney (1971).  Both the LG and LL samples are rich in molluscan remains, 

however their preservation is generally poor and individual specimens are small. Consequently, 

whole shell samples of either V. piscinalis or B. tentaculata could not be obtained for the full LG 
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and LL sequence at Barnfield Pit.    B. tentaculata opercula were used for isotopic analysis 

instead, based on the fact that: 1) whole calcitic opercula are frequently better preserved than 

shells in fluvial sequences and are therefore generally more abundant on the LL sequence, and 2) 

modern B. tentaculata opercula have been demonstrated to mineralise in isotopic equilibrium 

with ambient water temperatures (see Chapter 6 for a full discussion). Consequently, five whole 

B. tentaculata opercula were analysed from ten stratigraphic horizons throughout the LL.  It is 

important to note that, due to particularly low counts of mollusc remains associated with the 

horizons 12 to 21, an adequate number of B. tentaculata opercula could not be acquired for 

isotopic analysis.  Consequently, there are no isotope values for this interval.  

9.2.3.2. Dierden’s Pit 

Whole V. piscinalis shells and B. tentaculata opercula from the LMG, Dierden’s Pit, were 

obtained from archival material from the 1975 excavation, which has recently by examined in 

detail by White et al., (2013), in March 2013.  The molluscan assemblage consists of eighteen 

sample horizons, taken through a vertical cutting in the north face of Dierden’s Pit in 1975. 

Molluscan remains were also identified from sediment accumulations inside V. diluvianus 

shells, which were extracted from an exposure near Section S-B, Dierden’s Pit (Figure 9.3.) in 

the early 20th century (White et al., 2013).  The lowermost sample horizon, Sample 1, was 

recovered from coarse gravel at the base of the sequence, in which shell preservation is poor. 

Material could not therefore be provided for isotopic analysis.  Five whole V. piscinalis shells 

were analysed from sample horizons 2-18; this species was selected due the fact that V. piscinalis 

shells are very well preserved and abundant throughout the Dierden’s Pit sequence, and because 

in modern V. piscinalis shell mineralisation occurs in isotopic equilibrium with ambient water 

temperatures (see Chapter 6; Davies, 1999; Waghorne et al., 2012).  Five whole opercula of B. 

tentaculata were analysed from nine sample horizons through the Dierden’s Pit sequence. 

Opercula were selected over B. tentaculata shells because shell preservation of B. tentaculata is 

generally poor throughout this sequence, with only very small shells or apical fragments 

preserved. Conversely, B. tentaculata opercula are well preserved and abundant throughout the 

sequence.   

9.3. Results: Measured δ18O and δ13C values of gastropod carbonate 

9.3.1. Summary of dataset 

The full set of δ18O and δ13C measurements from the Swanscombe sequence is presented in 

Appendix G. In summary, measured δ18OOP values of B. tentaculata opercula in the LL, 

Barnfield Pit range between-5.26‰ and -3.86‰, with a mean δ18OOP value of -4.59±0.34‰ (1s).  

Measured δ13COP values range between -10.94‰ and -6.32‰, with a mean δ13COP value of -
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8.52±0.96‰ (1s). Measured δ18OOP values of B. tentaculata opercula from the LMG, Dierden’s 

Pit are comparable, ranging between -5.85‰ and -2.51‰, with a mean δ18OOP value of -

4.61±0.80‰ (1s).  Measured δ13COP values are also comparable, and range between -10.80‰ and 

-6.53‰, with a mean δ13COP value of -8.51±0.96‰ (1s). 

Table 9.2. Descriptive statistics of measured δ18O and δ13C values for B. tentaculata opercula and V. piscinalis shells, LL 
and LMG, Swanscombe.  All data expressed as ‰ V-PDB.  

Sample  Isotope Zone 
δ18O (‰ V-PDB) δ13C (‰ V-PDB) 

N Mean  SD (1s) Max Min Mean SD (1s) Max Min 
B. tentaculata  operculum, Lower Loam, Barnfield Pit 
1 

SW
IZ

-1
 

5 -4.19 0.34 -3.89 -4.61 -8.95 0.41 -8.53 -9.63 

3 4 -4.61 0.44 -4.27 -5.25 -8.88 1.28 -6.97 -9.60 

6 4 -4.34 0.16 -4.13 -4.52 -7.24 0.77 -6.81 -8.38 

8 4 -4.62 0.27 -4.33 -4.98 -8.22 0.77 -7.30 -9.16 

25 5 -4.64 0.13 -4.46 -4.79 -8.05 1.73 -6.32 -10.94 

27 5 -4.87 0.38 -4.28 -5.26 -9.80 0.83 -8.58 -10.52 

31 4 -4.57 0.17 -4.32 -4.72 -9.07 0.90 -8.05 -10.14 

33 5 -4.76 0.26 -4.47 -5.02 -8.66 0.82 -7.63 -9.39 

37 5 -4.73 0.52 -3.86 -5.17 -8.18 0.90 -6.64 -8.97 

39 4 -4.56 0.15 -4.37 -4.74 -7.92 1.11 -6.41 -8.99 

Full dataset 45 -4.59 0.34 -3.86 -5.26 -8.52 1.14 -6.32 -10.94 

B. tentaculata  operculum, Lower Middle Gravel, Dierden’s Pit 
2 

SW
IZ

-2
 5 -4.52 0.55 -3.78 -5.27 -8.28 0.54 -7.39 -8.86 

4 5 -4.58 0.58 -3.99 -5.40 -7.69 1.11 -6.53 -9.29 

6 4 -4.64 1.05 -3.57 -5.85 -7.96 0.52 -7.49 -8.63 

8 

SW
IZ

-3
 5 -3.76 1.21 -2.51 -5.17 -8.64 1.01 -7.81 -9.98 

9 5 -4.15 0.78 -3.15 -5.18 -8.19 0.80 -6.89 -9.00 

10 5 -4.96 0.67 -3.87 -5.53 -9.00 0.71 -8.17 -9.59 

12 

SW
IZ

-4
 5 -4.75 0.78 -3.55 -5.71 -8.97 0.98 -7.53 -10.18 

14 5 -4.93 0.51 -4.04 -5.27 -8.35 0.85 -7.34 -9.59 

17 5 -5.19 0.42 -4.49 -5.56 -9.41 1.17 -8.17 -10.80 

Full dataset 44 -4.61 0.80 -2.51 -5.85 -8.51 0.96 -6.53 -10.80 

V. piscinalis  shell, Lower Middle Gravel, Dierden’s Pit 
2 

SW
IZ

-2
 

5 -5.18 0.63 -4.27 -5.98 -11.41 0.64 -10.83 -12.26 

3 5 -5.42 0.35 -4.87 -5.79 -11.73 1.16 -9.74 -12.58 

4 5 -5.95 0.41 -5.51 -6.48 -10.16 1.06 -9.14 -11.83 

5 5 -5.36 0.37 -5.01 -5.94 -11.22 1.07 -10.23 -12.90 

6 5 -5.60 0.29 -5.22 -6.03 -11.40 1.43 -9.00 -12.63 

7 

SW
IZ

-3
 5 -5.96 0.42 -5.23 -6.31 -11.50 1.39 -9.84 -12.88 

8 5 -5.99 0.08 -5.92 -6.11 -10.80 1.24 -8.88 -12.31 

9 5 -6.20 0.49 -5.65 -6.94 -11.43 0.87 -10.74 -12.61 

10 5 -5.91 0.52 -5.13 -6.42 -12.09 0.92 -11.11 -13.34 

11 

SW
IZ

-4
 

5 -5.51 0.28 -5.10 -5.78 -11.98 0.86 -11.22 -13.36 

12 4 -5.69 0.29 -5.35 -5.95 -12.42 0.62 -11.90 -13.26 

13 5 -5.70 0.15 -5.51 -5.90 -11.40 0.98 -10.40 -12.81 

14 5 -5.53 0.48 -4.92 -6.12 -12.81 1.66 -11.50 -15.45 

15 5 -5.25 0.59 -4.34 -5.84 -12.25 0.67 -11.52 -12.96 

16 5 -5.73 0.37 -5.33 -6.20 -11.92 0.77 -11.10 -12.97 

17 5 -5.57 0.48 -5.16 -6.25 -12.87 1.08 -11.84 -14.71 

18 5 -5.63 0.41 -5.20 -6.05 -12.21 0.60 -11.25 -12.78 

Full dataset 84 -5.66 0.46 -4.27 -6.94 -11.73 1.16 -8.88 -15.45 
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Figure 9.5. A) Measured δ18O and δ13C values of freshwater gastropod carbonate from the LL and LMG.   B) Calculated 
mean δ18O and δ13C values (±1s) for each sample horizon, calculated from 4-5 individual shell and/or operculum 
measurement.   
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Measured δ18OVP values of V. piscinalis shell in the LMG, Dierden’s Pit are lower, ranging 

between -6.94‰ and -4.27‰, with a mean δ18OVP value of -5.66±0.46‰ (1s).  Measured δ13CVP 

values are also lower, and range between -15.45‰ and -8.88‰ with a mean δ13CVP value of -

11.73±1.16‰ (1s).  Maximum measurement uncertainties associated with δ18O and δ13C values 

for both taxa, based on the 3-standard calibration, are 0.18‰ for δ18O and 0.08‰ for δ13C 

values. Each stratigraphic level consists of four to five whole shell and/or operculum isotopic 

measurements.  From these measurements, the sample mean average and standard deviation has 

been calculated for both δ18O and δ13C values. These are presented in Table 9.2. and Figure 9.5.   

Figure 9.6. Correlation of measured δ18O and δ13C values of B. tentaculata opercula (A-B) and V. piscinalis shell (C-D) 

from LMG, Dierden’s Pit, with shell/opercula length.  

9.3.2. Observed δ18O and δ13C co-variation and the relationship with shell/operculum size 

As described in Chapter 6, co-variation of δ18O and δ13C values of gastropod carbonate can be 

related to both: 1) kinetic effects associated with rapid shell mineralisation (McConnaghuey, 

1989, 2003; Adkins et al., 2003) and, 2) hydrological processes within the water body (for 

example, evaporative enrichment and CO2 degassing), which leads to the increase in both 
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δ18Owater and δ13CDIC values (Leng and Marshall, 2004; Andrews, 2006), utilised during carbonate 

mineralisation. There is no significant co-variation of δ18O and δ13C values in the LL, Barnfield 

Pit B. tentaculata opercula (r2 = 0.0058, p>0.05, n=45), the LMG, Dierden’s Pit B. tentaculata 

opercula (r2 = 0.2780, p>0.05, n=44) or the LMG, Dierden’s Pit V. piscinalis shell dataset (r2 = 

0.2195, p>0.05, n=84).   This suggests that the processes outlined above are not having a 

significant effect on the measured isotope values in the Swanscombe sequence.  This is 

consistent with the findings from the modern gastropod carbonate analyses described in 

Chapter 6.  

9.3.3. Observed variation in measured δ18O and δ13C values through the Swanscombe sequence 

Calculated mean δ18O and δ13C values of V. piscinalis shell and B. tentaculata opercula through 

the LL, Barnfield Pit and LMG, Dierden’s Pit are plotted against the stratigraphy of the sequence 

and molluscan and ostracod biozones in Figure 9.7. Through the LL, Barnfield Pit, and the 

LMG, Dierden’s Pit, the δ18O record can be divided into four isotopic zones (Swanscombe 

Isotope Zone 1 to 4, SWIZ-1 to SWIZ-4).  SWIZ-1 encompasses the LL, Barnfield Pit, SWIZ-2 

to SWIZ-4 encompass the LMG, Dierden’s Pit, and have been divided based on variations 

observed in measured mean δ18O values of both V. piscinalis shells and B. tentaculata opercula. 

Measured δ18O values were used to delimit these zones, because in Western Europe freshwater 

systems, the δ18O of carbonate has been demonstrated to record prevailing environmental 

changes (Leng and Marshall, 2004; Andrews, 2006; Candy et al., 2011). The δ18O and δ13C 

characteristics of these zones are described below.  

9.3.3.1. Swanscombe Isotope Zone 1 (LL, Barnfield Pit, samples BP-OP1 to BP-OP39) 

SWIZ-1 represents all of the stratigraphic levels in the LL, Barnfield Pit, for which B. tentaculata 

opercula were analysed (Figure 9.4).  In this zone, mean δ18OOP values of B. tentaculata opercula 

are relatively consistent and range between -4.19±0.34‰ (BP-OP1) and -4.87±0.38‰ (BP- 

OP27). There is no trend in measured δ18OOP observable through this zone. Within each sample, 

there is little variability in measured δ18OOP values, with sample standard deviations ranging 

from 0.16‰ to 0.52‰ (1s).   Mean δ13C values show a greater degree of variation through the 

sequence and range between -7.24±0.77‰ (BP-OP6) and -9.80±0.41‰ (BP-OP27), with each 

sample characterised by a high amount of variability (1 sample standard deviations ranging 

from  0.41‰ to 1.73‰). Relatively consistent mean values are observable in the δ13COP record 

between the stratigraphic levels BP-OP1 and BP-OP25, followed by a decrease in mean δ13COP 

values associated with BP-OP27 (-9.80±0.83‰). This is turn is followed by an increasing trend 

in mean δ13COP values of 1.9‰ to the top of the sequence (BP-OP39). 
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9.3.3.2. Swanscombe Isotope Zone 2 (LMG, Dierden’s Pit, samples DP-OP2 to DP-OP6 and DP-
VP2 to DP-VP6) 

SWIZ-2 encompasses the stratigraphic levels 2 to 6 from the LMG, Dierden’s Pit.  In this zone, 

isotope values have been generated from both V. piscinalis shells (DP-VP2 to DP-VP6) and B. 

tentaculata opercula (DP-OP2 to DP-OP6). Mean δ18OVP values of V. piscinalis shells range 

between -5.18±0.63‰ (DP-VP2) and -5.95±0.41‰ (DP-VP4), with mean values generally 

comparable to the V. piscinalis dataset mean (-5.66±0.46‰).  There is no observable trend in 

mean δ18OVP values of V. piscinalis shells through this zone; within each sample, there is a 

generally high degree of variability, with sample standard deviations ranging between 0.37‰ 

and 0.63‰. Mean δ18OOP values of B. tentaculata opercula in this zone are higher than in V. 

piscinalis and range between -4.52±0.55‰ (DP-OP2) and -4.64±0.1.05‰ (DP-OP6). These 

values are also comparable to the LMG B. tentaculata dataset mean (-4.61±0.80‰), however 

they are characterised by a high amount of variability, as demonstrated in the high sample 

standard deviations (0.55‰ to 1.05‰).  These values, however, are consistent with those 

observed in the LL, Barnfield Pit (SWIZ-1, -4.59±0.34‰ (1s)).   

Mean δ13C values of V. piscinalis shells range between -10.16±1.06‰ (DP-VP4) and -

11.73±1.16‰ (DP-VP3). There is no observable trend in mean δ13CVP values through this zone; 

however, within each sample there is a high degree of variability, with sample standard 

deviations ranging from 0.64‰ to 1.43‰.  Mean δ13COP values of B. tentaculata opercula are 

significantly higher, with values between -8.28±0.54‰ (DP-OP2) and -7.69±1.11‰ (DP-OP4). 

As with the measured V. piscinalis  δ13COP values, the samples are characterised by a high degree 

of variability in measured δ13COP values, as indicated by a high sample standard deviation 

(0.52‰ to 1.11‰).   

9.3.3.3. Swanscombe Isotope Zone 3 (LMG, Dierden’s Pit, samples DP-VP7 to DP-VP10 and DP-

OP8 to DP-OP10). 

SWIZ-3 encompasses stratigraphic horizons 7 to 10 from the LMG, Dierden’s Pit.  This zone is 

characterised by variation in the δ18O values of both V. piscinalis shells (DP-VP7 to DP-VP10) 

and B. tentaculata opercula (DP-OP8, DP-OP9, and DP-OP10). Mean δ18OVP values of V. 

piscinalis shells in this zone are lower than those observed in SWIZ-2 and SWIZ-4, ranging 

between -5.91±0.52‰ (DP-VP10) and -6.20±0.49‰ (DP-VP9).  In this zone, mean δ18OVP 

values of V. piscinalis shells are characterised by a relatively low degree of variability, with 

sample standard deviations (1s) ranging between 0.08-0.52‰.  Mean δ18OOP values of B. 

tentaculata opercula in this zone range between -3.76±1.21‰ (DP-OP8) to -4.96±0.67 (DP-

OP10) and are generally higher than the LMG B. tentaculata dataset mean (-4.61±0.80‰).  In 

this zone, the excursions in mean δ18OOP values of B. tentaculata opercula are opposite to those 
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observed in the V. piscinalis record, with mean δ18OOP values exhibiting generally higher values 

than SWIZ-2 and SWIZ-3.  It is, however, important to note that the mean values of measured 

samples of B. tentaculata opercula in these zones are characterised by high standard deviations, 

with one sample standard deviation ranging from 0.67‰ to 1.21‰.  

Mean δ13CVP values of V. piscinalis shell in this zone range between -10.80±1.24‰ (DP-VP9) 

and -12.09±0.92‰ (DP-VP10).  There is no observable trend in mean δ13CVP values through this 

zone; however, within each sample, there is a high degree of variability, with sample standard 

deviations ranging between 0.87‰ to 1.01‰. Mean δ13COP values of B. tentaculata opercula are 

higher than those from V. piscinalis shells, and range between -8.19±0.80‰ (DP-OP9) and -

9.00±0.71‰ (DP-OP10). There is a small increase in mean δ13COP values through this zone (ca. 

1‰); however within each sample, there is a high degree of variability, with sample standard 

deviations ranging from 0.52‰ to 1.01‰.  

9.3.3.4. Swanscombe Isotope Zone 4 (LMG, Dierden’s Pit, Samples DP-VP 11 to DP-VP 18 and 

DP-OP 12 to DP-OP 17) 

SWIZ-4 encompasses samples 11 to 18 from the LMG, Dierden’s Pit. In this zone, isotope values 

have been generated for both V. piscinalis shells (DP-VP11 to DP-VP18) and B. tentaculata 

opercula (DP-OP12, 14 and 17). Mean δ18OVP values of V. piscinalis  shells in this zone range 

between -5.25±0.59‰(DP-VP15) and -5.73±0.37‰ (DP-VP16), with mean values comparable 

to the dataset mean (-5.66±0.46‰).  There is no observable trend in mean δ18OVP values through 

this zone, and within each sample, there is a generally low degree of variability, with sample 

standard deviations (1s) ranging from 0.15‰ to 0.48‰. Mean δ18OOP values of B. tentaculata 

opercula in this zone range between -4.75±0.78‰ (DP-OP12) and -5.19±0.42‰ (DP-OP17), 

and are slightly higher than the LMG B. tentaculata dataset mean (-4.61±0.80‰).  Through this 

zone, there is a slight decrease in mean δ18OOP values (0.5‰); however, within each sample, 

there is a generally high degree of variability, with one sample standard deviations ranging from 

0.42‰ to 0.78‰. 

Mean δ13CVP values of V. piscinalis shell in this zone range between -11.40±0.98‰ (DP-VP13) to 

-12.87±1.08‰ (DP-VP17), and are generally higher than the LMG V. piscinalis δ13CVP dataset 

mean (-11.73±1.16‰).  There is no observable trend in mean δ13CVP values through this zone; 

however, within each sample there is a high degree of variability, with sample standard 

deviations ranging between 0.60‰ to 1.66‰. Mean δ13COP values of B. tentaculata opercula in 

this zone range between -8.35±0.85‰ (DP-OP14) and -9.41±1.17‰ (DP-OP17), and are 

comparable to the LMG B. tentaculata δ13COP dataset mean (-8.51±0.95‰).  There is no 

observable trend in mean δ13COP values through this zone; however, there is a high degree of 

variability within each sample, with one-sample standard deviations ranging 0.85‰ to 1.17‰.   
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Figure 9.7. Raw δ18O and δ13C (grey data points) and calculated mean δ18O and δ13C values (±1s) though the LL and LMG of V. piscinalis shell (diamonds) and B. tentaculata opercula (circles) plotted 
against sequence stratigraphy, mollusc biozones (MBIZ) and isotope zones (SWIZ).  
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9.4. Interpretation of measured δ18O and δ13C values of gastropod carbonate 

9.4.1. Observed differences between isotope zones 

The results described above indicate that, for a large part of the Barnfield Pit and Dierden’s Pit 

sequence measured values of δ18O of both V. piscinalis shells and B. tentaculata opercula are 

relatively constant. The exception to this pattern is SWIZ-3, in which there is a decrease in mean 

δ18O values of V. piscinalis shell and a concomitant increase in mean δ18O values of B. 

tentaculata opercula, in comparison to the δ18O values observed in SWIZ-2 and SWIZ-4.  In 

order to test whether these variations are significant, and as such could potentially be used to 

invoke a shift in environmental conditions associated with the deposition of the LMG, measured 

δ18O values were compared both graphically (Figure 9.8.) and statistically (see description 

below). 

Figure 9.8. Comparison on calculated mean δ18O values of A) V. piscinalis shell and B) B, tentaculata opercula from 
SWIZ-1 to SWIZ-4. Mean and 1s standard deviation for each stratigraphic levels presented (black marker) alongside 
dataset means (purple marker).  Also presented in the calculated mean (red line) δ18O value (±1s standard deviation, 
grey shading) for SWIZ-1 to SWIZ-4).  

A comparison of mean δ18O values of V. piscinalis shell from SWIZ-2, SWIZ-3 and SWIZ-4 

using an one-way ANOVA for equal means, indicates a statistically significant difference 

between mean δ18O values of V. piscinalis shells in SWIZ-2, SWIZ-3 and SWIZ-4 (F(2,81) = 9.886, 

p<0.05), with a Tukey’s pairwise post-hoc comparison indicating that the mean δ18OVP values of 

V. piscinalis  shell in SWIZ-3 are significantly different to those of SWIZ-2 and SWIZ-4. 

Although this suggests that the mean δ18OVP values are significantly different, it is important to 

consider the degree of variance associated with these calculated mean values (as recorded by the 

one sample standard deviations of these three isotope zones).  Although the difference in mean 
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δ18OVP values in SWIZ-3 compared to SWIZ-2 and SWIZ-4 is -0.52‰ and -0.45‰ respectively, 

the sample standard deviations of these three zones range between 0.4‰ and 0.5‰. 

Consequently, there is a considerable degree of overlap between the ranges of δ18OVP values 

observed in these three isotope zones.  It is therefore apparent that the differences in measured 

δ18OVP values of V. piscinalis shells observed in the LMG are an artefact of the relatively high 

degree of variability associated with δ18OVP values within these zones. 

The same is also true of measured δ18O values of B. tentaculata opercula. Comparison of mean 

δ18OOP values of B. tentaculata  in SWIZ-1, SWIZ-2, SWIZ-3 and SWIZ-4 also using a one-way 

ANOVA for equal means indicates no statistically significant difference between mean δ18OOP 

values in all four isotope zones (calculated using a Welch F test for unequal variances, F(3,41) = 

2.902, p>0.05). Therefore, it can be suggested that the increase in B. tentaculata opercula δ18OOP 

values associated with SWIZ-3 is also likely an artefact of a high variability of measured δ18OOP 

values within the isotope zones, and not a significant increase in measured δ18OOP values. 

Therefore, it can be argued that the shifts observed in both the V. piscinalis and B. tentaculata 

opercula δ18O records are not significant, and instead are recording relatively stable 

environmental conditions values throughout the LL and LMG.  

The more apparent difference observed in the δ18O record is the variance of measured δ18O 

values of B. tentaculata opercula in the LMG compared to the LL.  There is a greater degree of 

variability associated with measured δ18O values within single stratigraphic levels in the LMG, as 

demonstrated by the high sample standard deviation (0.42‰ to 1.21‰), in comparison to the 

LL levels (1 sample standard deviation = 0.16‰ to 0.44‰). This difference can be explained by 

the differences in the sample resolution of each of the sequences.  The duration of deposition of 

the LL at Barnfield Pit and the LMG at Dierden’s Pit is not currently known, so the time interval 

covered by each stratigraphic level cannot be estimated.  However, the thickness of both of these 

deposits is comparable (ca. 1.8m at Dierden’s Pit, and ca. 2 m at Barnfield Pit (Kerney, 1971; 

White et al., 2013), and whilst the Dierden’s Pit sequence is characterised by 18 samples (at 

approximately 10 cm intervals), the Barnfield Pit sequence is characterised by 40 samples (taken 

at approximately 5 cm intervals).   

As demonstrated in the modern subfossil gastropod assemblages in Chapter 6, δ18O values from 

a single assemblage or stratigraphic level will be representative of the range of environmental 

conditions experienced during the period of sediment accumulation.  The higher resolution of 

the LL, Barnfield Pit samples means that a single stratigraphic level may cover a shorter time 

and consequently reflect less variation in environmental conditions.  As a result, the measured 

δ18O values within a single stratigraphic level will have less associated variability, and a lower 

sample standard deviation. Conversely, the LMG samples from Dierden’s Pit are of a lower 

resolution; therefore it is likely that each stratigraphic level represents a longer interval of time.  
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Consequently, the δ18O values of gastropod shell/opercula from a single stratigraphic level 

within the LMG should record variability in environmental conditions over a longer period, and 

thus inherently have a greater degree of variability.  

9.4.2.  Factors controlling the δ18O values of gastropod carbonate in the Swanscombe sequence 

As established in Chapter 6, the δ18O value of gastropod carbonate in modern freshwater 

systems is a function of the δ18O value of the water (Fritz and Poplawski, 1974; Leng and 

Marshall, 2004, and the water temperature during the period of carbonate mineralisation (Craig, 

1965; Anderson and Arthur, 1983; Hays and Grossman, 1991; Leng and Marshall, 2004), with 

differences between gastropod taxa largely a function of differences in timing of carbonate 

mineralisation across the year. The results from Chapter 6 suggest that modern V. piscinalis 

shell carbonate is mineralised in isotopic equilibrium with δ18Owater at water temperatures 

experienced between spring and autumn months, whilst the operculum of B. tentaculata is 

mineralised in isotope equilibrium with δ18Owater values at water temperatures experienced 

across the entire year.  Therefore, based on the assumption that the physiology and ecological 

preferences of V. piscinalis and B. tentaculata are consistent between MIS 11 and the present 

day, it can be suggested that the variations observed in the gastropod carbonate δ18O record are 

a function of both variations in δ18Owater values and water temperature during the period of 

carbonate mineralisation. As outlined in Chapter 4, δ18Owater values in fluvial systems are a 

reflection of the mean annual δ18O of rainfall (White et al., 1999; Darling et al., 2003).  This has 

been demonstrated in a number of modern fluvial sites in southeast England in Chapter 6, with 

measured δ18O water values of the Thames, Wey and Colne exhibiting relatively consistent 

values across the year, comparable to long-term mean annual δ18O rainfall values in southern 

Britain.  In temperate mid-latitudes, the δ18O of rainfall is strongly controlled by mean annual 

air temperature at a magnitude of +0.58‰/1°C  (Dansgaard, 1964;Rozanski et al., 1992; Darling, 

2004). This effect is modulated by the fractionation of 18O during carbonate precipitation (-

0.24‰/1°C, Craig, 1965; Hays and Grossman, 1991; Kim and O’Neil, 1997; Leng and Marshall, 

2004); consequently, an increase of 1°C in air temperature will equate to a 0.3‰ increase in δ18O 

values.   Assuming this relationship applies to MIS 11, and if the δ18O record from Swanscombe 

is interpreted based purely on air temperature shifts, it can t be suggested that the measured 

δ18O values of V. piscinalis shells and B. tentaculata opercula reflect a stable temperature regime 

throughout the deposition of the LL and LMG.  Based on the correlation of the Swanscombe 

sequence with the Hoxnian pollen stratigraphy, it can therefore be suggested that a stable 

temperature regime existed throughout a large part of the Hoxnian Interglacial (HoII-HoIIIb), 

with no significant variation in prevailing temperature.   
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As outlined in Chapter 4, there are a number of other processes, unrelated to temperature, such 

as changes in continentality, air mass trajectory, and the δ18O value of source water, that can 

influence δ18Orainfall values and that have potential to complicate this interpretation.  However, 

the Swanscombe sequence is recording deposition during HoII-HoIIIb, which represents fully 

interglacial conditions during the Hoxnian Interglacial (Turner, 1970; Coxon, 1985: Candy et 

al., 2010; Candy et al., 2014).  Consequently, it is unlikely that these processes will be exerting a 

significant influence on gastropod δ18O values.  One of the key features of the LMG sedimentary 

sequence at Dierden’s Pit, however, is the ostracod and aquatic vertebrate evidence for the onset 

of weakly brackish conditions in the Thames at Swanscombe during HoIIIb (White et al., 2013). 

Therefore, the influence of marine waters, which have a δ18O value of approximately 0‰, may 

potentially be modifying δ18Owater values, unrelated to the prevailing temperature regime (Mook, 

1970).  There are, however, a number of lines of evidence to suggest that this has a negligible 

effect on the gastropod carbonate δ18O values.  First, there is no evidence for an increase in δ13C 

values of gastropod carbonate associated with the appearance of the brackish water ostracod 

species, Cyprideis torosa  (Figure 9.10.), which would be expected to increase towards 0‰ if 

there were a sustained influence of marine waters (Mook, 1970).  Second, although there is 

evidence for brackish conditions, the suggested salinity based on the ostracod fauna is less than 

5‰ (Meisch, 2000; van Harten, 2000) and there is no evidence in the molluscan record for 

assemblage changes associated with more saline conditions. Although many freshwater taxa can 

tolerate some increase in salinity (Kerney, 1999), there is no evidence for the presence of any 

brackish water taxa in the LMG sequence (White et al., 2013).  It can therefore be suggested that 

the onset of weakly brackish conditions in the Thames at Swanscombe during HoIIIb had a 

negligible effect on the measured δ18O values of gastropod carbonate in this sequence.  On this 

basis, it can be proposed that the δ18O record of gastropod carbonate in the Swanscombe 

sequence is largely a reflection of prevailing air temperature, with evidence for warm and stable 

temperatures throughout the deposition of the LL and LMG.    

9.4.3. Comparison to modern and fossil gastropod carbonate δ18O values 

In order to understand the prevailing temperature regime associated with the deposition of the 

LL and LMG, measured δ18O values of V. piscinalis shell and B. tentaculata opercula can be 

compared to measured δ18O values of modern gastropod carbonate, which are described in 

detail in Chapter 6.  Mean δ18O values of modern V. piscinalis shell carbonate from the Thames 

and its associated tributaries (Wey and Colne) of between -5.39±0.51‰ and -4.65±0.81‰ are 

consistent with shell mineralisation occurring in isotopic equilibrium with δ18Owater under the 

range of water temperatures experienced between March and November.  For V. piscinalis shells 

from the modern Thames, this reflects a mean temperature during mineralisation of ca. 

12.7±2.0 °C. Mean δ18O values of modern B. tentaculata operculum carbonate from the Thames 
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are -4.47±0.46‰, and are consistent with opercula mineralisation occurring in isotopic 

equilibrium with δ18Owater values experienced throughout the year, reflecting a mean 

temperature during mineralisation of 7.0±2.1°C.   Modern δ18O values for both B. tentaculata 

operculum and V. piscinalis shell are compared to the mean δ18O values from the LL and LMG 

in Figure 9.9.  It is apparent from this comparison that measured δ18O values of B. tentaculata 

opercula from the LL and LMG have a similar range to those recorded in the modern Thames. 

However, measured δ18O values of V. piscinalis shell from the LMG exhibit slightly lower values 

then those recorded in the modern Thames.  

The differences between these two datasets are likely to be a result of differences in the 

seasonality of the thermal regime associated with the deposition of the LMG during HoIII in 

comparison to that experienced in present day southeast England.  If summer temperatures are 

higher and winter temperatures are lower than the present day under a more seasonal 

temperature regime, δ18Owater values will remains relatively constant.  This is because a decrease 

in δ18O values of winter rainfall under lower temperatures will be offset by an increase in the 

δ18O values of summer rainfall under increased summer temperatures. Consequently, the δ18O 

value of carbonate that mineralises across the entire year, for example from B. tentaculata 

opercula, will not show an obvious response to enhanced seasonality.   However, the δ18O value 

of carbonate that mineralises in the warmer months, for example from V. piscinalis shells, will 

exhibit lower values.  This is because carbonate mineralisation will occur in water with a 

relatively constant δ18O value, but under increased water temperatures.  This will lead to a lower 

δ18O value to the effect of decreased fractionation under warmer temperatures during 

mineralisation (Hays and Grossman, 1991; White et al., 1999; Leng and Marshal, 2004; Leng and 

Lewis, 2014).  It is therefore possible that in a deposit like the LMG, which has B. tentaculata 

opercula values that are the same as the modern day Thames, but with V. piscinalis shell values 

that are lower than the modern day Thames, may reflect a temperature regime broadly 

comparable to the present day, but with higher summer and lower winter temperatures.  That is 

to say, that that mean annual temperature would have been similar to the present day but 

summers would have been warmer and winters would have been cooler.  This suggests a 

temperature regime during Hoxnian Interglacial pollen zones HoII comparable to that observed 

in southeast England at the present day, albeit, with a potentially more seasonal temperature 

regime.  Mean annual temperatures comparable to the present day are evident during HoIII.  

Figure 9.9 (overleaf). A) XY plot of modern, LL and LMG measured δ18O and δ13C values of individual V. piscinalis 
shell and B. tentaculata opercula. B-C) Comparison of calculated mean δ18O (B) and mean δ13C values (C) of freshwater 
gastropod carbonate from the LL and LMG to mean values of modern gastropod carbonate (red data points). Horizontal 
lines indicate mean values for the modern Thames, Wey and Colne for comparison.  
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9.4.4. Environmental significance of measured δ13C values 

As described in Chapter 4, δ13C values of freshwater gastropod carbonate are controlled 

primarily by the δ13C signature of the DIC in the river water, and the δ13C signature of metabolic 

carbon from the direct ingestion of organic matter and assimilation of atmospheric CO2. The 

measured V. piscinalis shell and B. tentaculata opercula δ13C values in this study are both low, 

consistent with freshwater molluscs that source their carbon from the river water DIC pool, in 

temperate perennial river systems where vegetation is dominated by species utilising the C3 

photosynthetic pathway, and where the river flows perennially and undergoes routine recharge 

via groundwater processes (Andrews et al., 1993; Cerling and Quade, 1993; Darling et al., 2002; 

Leng and Marshall, 2004; Candy et al., 2011).  In the Swanscombe sequence, measured δ13C 

values of V. piscinalis shell are routinely lower than those observed in the B. tentaculata 

opercula.  This is consistent with the pattern observed in δ13C values of modern V. piscinalis 

shell and B. tentaculata opercula values in southeast England (see Chapter 6), and is likely 

reflecting the differences in the incorporation of the amount of metabolically-derived carbon 

during carbonate mineralisation.  Based on this suggestion, the lower values of δ13C recorded in 

V. piscinalis shells are likely reflecting the incorporation of more organic carbon relative to DIC, 

which has a very low δ13C value reflecting the C3 photosynthetic pathway of the vegetation, 

during mineralisation in comparison to B. tentaculata operculum (Cerling et al., 1989; Andrews, 

2006; McConnaghuey and Gillikin, 2008). 

Through the Swanscombe sequence, there is little variation in measured δ13C values of B. 

tentaculata opercula or V. piscinalis shell, suggesting no significant variations in catchment 

hydrology or vegetation structure during this period.  One noticeable trend, however, is the 

increase in δ13C values of B. tentaculata opercula through the upper part of SWIZ-1. The 

magnitude of this shift is relatively small (ca. 2‰) in comparison to the high degree of 

variability associated with calculated mean δ13COP values for each stratigraphic level (ranging 

from 0.8 to 1.1‰), and likely reflects a change in the isotopic signature of river water DIC. It is 

unlikely that a change in river hydrology or catchment vegetation was the cause of this trend, as 

the molluscan assemblages in this interval are consistent with a deep-low energy fluvial system 

with adjacent mixed-deciduous woodland with some open areas (Kerney, 1971).  Therefore, the 

increasing trend from lower δ13COP values may indicate an increase in the amount of 

geologically-derived carbon, which has a δ13C signature of around 0‰ (Leng and Marshall, 

2004; Andrews, 2006), or an increase in the amount of aquatic respiration and decay, increasing 

δ13CDIC values (Eastwood et al., 2007) in relation to lower the lower part of the LL sequence.   

Although there is a high degree of variability associated with measured δ13CVP and δ13COP values 

in both the modern and MIS 11 deposits, which is typical for freshwater gastropods assemblages 
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(Aucour et al., 2003), both δ13CVP and δ18OOP values are ca. 2‰ higher than those in the modern 

systems.  This strongly suggests that the DIC of river water during the deposition of the LL and 

LMG had a significantly different δ13C signature to the present day.  As a range of factors control 

δ13CDIC values, it is difficult to determine what was driving this difference.  As suggested by 

palaeoecological proxies in the LL and LMG, the local vegetation at Swanscombe would have 

been characterised by mixed-deciduous temperate forest with some open grassland areas, 

accordingly the contribution of soil-derived CO2 into the DIC pool would have been high, 

similar to the present day.  Therefore, is it likely that these differences were caused by variations 

in the amount of geological carbon contributing to the δ13CDIC  signature. This is likely a function 

of differences in bedrock geology in the Lower Thames compared to the Middle Thames, and 

the carbonate content of erodible superficial deposits in MIS 11 (for example, the chalk rich 

Lowestoft Till, which covers large part of Eastern England) in comparison to the present day.   

9.5. Palaeoenvironmental significance of the Swanscombe δ18O and δ13C record 

The persistence of warm and stable environmental conditions throughout the deposition of the 

LL at Barnfield Pit and the LMG at Dierden’s Pit, as suggested by measured δ18O and δ13C values 

(Figure 9.10.), is supported by the other palaeoecological proxies from both localities. The 

molluscan assemblage from the LL, Barnfield Pit, is indicative of fully temperate and stable 

conditions (Kerney, 1971, White et al., 2013), in particular the presence of Lauria sp. and 

Potomides sp., which indicate January temperatures of greater than -1°C (Kerney, 1971).   The 

mammalian assemblage is also consistent with a fully temperate climate and the development of 

regional mixed-deciduous woodland (Schreve, 1997), with the presence of species such as the 

‘Clacton’ subspecies of fallow deer (Dama dama clactoniana), straight tusked elephant 

(Palaeoloxodon antiquus) and aurochs (Bos primigenius), as well as areas of more open 

grassland, with species such as horse (Equus ferus) and narrow-nosed rhinoceros 

(Stephanorhinus hemitoechus). Quantitative evidence for the temperature regime associated 

with the deposition of the LL is derived from ostracod MOTR (White et al., 2013), which has 

yielded estimates of mean July air temperatures of between +15°C and +19°C and mean January 

air temperatures of between −3 °C and +4 °C for the LL, consistent with modern day 

temperatures recorded in southeast England.  This evidence suggests that the deposition of the 

LL was associated with the development of a large river system associated with fully temperate 

climatic conditions comparable to the present day.  

Figure 9.10 (overleaf). Calculated mean δ18O values of V. piscinalis shell and B. tentaculata opercula plotted against the 
LL and LMG mollusc stratigraphy. Cyprideis torosa (blue dashed line) indicates onset of weakly brackish conditions. 
Also illustrated is the suggested correlation of the LL and LMG to the Hoxnian Interglacial pollen stratigraphy. 

                               287



Chapter 9 - The δ18O and δ13C record of freshwater gastropod carbonate, Swanscombe, Kent 

288



Chapter 9 - The δ18O and δ13C record of freshwater gastropod carbonate, Swanscombe, Kent 

The upper part of the LL is characterised by the development of a stable land surface and 

pedogenesis (Kemp, 1985), associated with a hiatus in fluvial deposition. The 

micromorphological properties of this soil are consistent with the development over a relatively 

short duration (Kemp, 1985), with no evidence for features associated with very warm, or a 

more seasonal climatic regime (e.g, calcrete development).  Isotopic analysis of carbonate 

nodules formed within this horizon has yielded mean δ18O values of -5.16±0.10‰, which have 

been suggested to indicate slightly warmer climatic conditions than the present day (Candy, 

2009). This further supports the idea of a warm and stable climatic regime throughout the 

period of the deposition of the LL and LMG at Swanscombe. 

Ecological evidence associated with the resumption of fluvial deposition, as recorded by the 

LMG at both Barnfield Pit and Dierden’s Pit, is also suggestive of fully stable, temperate climatic 

conditions. Variations in the abundance of freshwater molluscan taxa such as V. piscinalis, are 

considered to reflect subtle variations in the depositional environment (White et al., 2013). 

Furthermore, there is little significant change in the general character of the depositional 

environment, as reflected by the terrestrial mollusc species Platyla polita and Helicodonta 

obvoluta, which indicate the development of closed-forested conditions. Mammalian fauna 

from the LMG, Dierden’s Pit, are also suggestive of mixed woodland, with the presence of fallow 

deer (Dama dama ssp. indet.), wild boar (Sus scrofa), wood mouse (Apodemus sylvaticus) and 

beaver (Castor fiber). Occasional specimens of larger herbivores indicate there were also some 

open areas locally present.  The occurrence of fully temperate climatic conditions is further 

supported by the MOTR reconstruction for the LMG sequence, with estimated mean July air 

temperatures of between  +15 °C and +21 °C, and mean January air temperatures of between 

−3 °C and +4 °C for the LMG (White et al., 2013).  The occurrence of European pond terrapin 

(Emys orbicularis) at Dierden's Pit, denotes summer temperatures greater than 18 °C to enable 

hatching of its eggs (Stuart, 1979; Schneeweiß, 2004).  This indicates that summer temperatures 

were slightly warmer than the present day, supporting the evidence from the measured δ18O 

values of B. tentaculata opercula and V. piscinalis shell in the LMG for a more seasonal 

temperature regime during HoIII.  

9.6. Chapter Summary 

• The δ18O and δ13C values of V. piscinalis shells and B. tentaculata opercula have been

measured from the LL. Barnfield Pit and the LMG, Dierden’s Pit, Swanscombe Kent.

• The measured δ18O values of all gastropod carbonate from Swanscombe are typical of

those in which carbonate mineralisation occurred in isotopic equilibrium with δ18Owater

values and at range of water temperatures.  The absence of co-variation of δ18O and δ13C

values, and of any significant relationship between measured isotope values and shell
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size, indicates that molluscan physiological effects or micro-environmental effects are 

not influencing the δ18O and δ13C signature of gastropod carbonate in the Swanscombe 

sequence.   

• The measured δ18O values in this study can therefore be linked to changes in δ18Owater,

which is strongly linked to air temperature, and the water temperature at which shell

mineralisation occurs.  On the basis of a lack of significant variation in measured δ18O

values of V. piscinalis shell or B. tentaculata opercula through the sequence, it can be

suggested that the measured δ18O values from Swanscombe indicate a stable

temperature regime throughout the deposition of the LL and the LMG during HoII-

HoIIIb. This is corroborated by the palaeoecological evidence from both Barnfield Pit

and Dierden’s Pit, which suggests a fully temperate environment with mixed-deciduous

woodland.

• Based on the comparison of measured δ18O values from the Swanscombe to those from

the modern Thames, it can be strongly suggested that gastropod carbonate

mineralisation during deposition of the LL occurred under a comparable temperature

regime to that of present day southeast England, and the deposition of the LMG

occurred under a slightly more seasonal temperature regime.

• The measured δ13C values of gastropod carbonate from Swanscombe are typical of those

of freshwater molluscs that utilise carbon from the water DIC pool, in regions where

vegetation is dominated by C3 species and where the river system is perennial with

consistent recharge via groundwater.  The slightly elevated δ13C values at Swanscombe

in relation to the modern Thames values are likely a reflection of increased geological

carbon in the catchment during this period, most likely sourced from the readily

erodible Anglian till.
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Chapter 10 - The palaeoenvironmental significance of the δ18O values of
freshwater carbonates: developing an isotope-based temperature 

record of MIS 11 in the British Isles 
10.1. Introduction 

The British terrestrial record of MIS 11 is significant for two reasons.  First, MIS 11 is a key 

interglacial for understanding early hominin occupation in western Europe after a major 

glaciation, with the British Lower Palaeolithic record suggesting variations in the nature and 

timing of occupation during this period (Wymer, 1974; White, 1998; White and Schreve, 2000). 

Second, MIS 11 is considered one of the most appropriate climatic analogues for the current 

interglacial (Droxler et al., 2003; Loutre and Berger, 2003); therefore, it is important to 

understand how the climatic complexity observed in global records is expressed in terrestrial 

sequences.  In Britain, there are a number of sequences that can be correlated to MIS 11, 

enabling the climatic regime of this period in the British Isles to be studied in more detail than 

any other Middle Pleistocene interglacial. Consequently, there is a range of palaeoecological 

proxy evidence for the temperature regime of MIS 11 (Candy et al., 2010, 2014). By comparison, 

the use of stable isotopic analysis has been relatively underutilised, despite the fact that a 

number of MIS 11 sites in the British Isles contain a range of abigoenic and biogenic carbonate 

material (Kerney 1959, 1971; Turner, 1970; White et al., 2013).  The δ18O value of freshwater 

carbonates as a palaeoclimatic proxy is based on the observation that in northwest Europe δ18O 

values are strongly controlled by temperature (i.e. Marshall et al., 2002, Garnett et al., 2004; 

Andrews, 2006; Candy et al., 2010). Consequently, the re-investigation of a number of MIS 11 

sequences containing freshwater carbonates provides the opportunity to understand how the 

climatic evolution of this interglacial is recorded in the British terrestrial record. 

This Chapter synthesises the results of isotopic analysis of three key MIS 11 sequences in the 

British Isles (Marks Tey, Oughtonhead Lane, Hitchin and Barnfield Pit and Dierden’s Pit, 

Swanscombe) with the aim of improving our understanding of how the climate evolved through 

MIS 11 in the British Isles, and how the prevailing temperature regime compares to the present 

day and other Middle Pleistocene interglacials.  This is achieved through the comparison of δ18O 

data from modern freshwater systems as described in this thesis (Chapter 6), and measured δ18O 

values of modern and fossil freshwater carbonates from the British Isles described in the 

published literature.   

The Chapter firstly describes the controls on the δ18O values of freshwater carbonates and the 

significance of measured δ18O values of modern meteoric water in southeast England, as 

identified in Chapter 4.  It then goes on to summarise the controls on measured δ18O values 

from the MIS 11 sites of Marks Tey, Oughtonhead Lane, Hitchin, and Barnfield Pit and 
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Dierden’s Pit, Swanscombe and describes the environmental significance of the measured δ18O 

values.  The use of these records for developing a δ18O climate record for MIS 11 in the British 

Isles is then discussed, and the key trends in the δ18O record of MIS 11 identified.  The Chapter 

concludes by discussing the climatic significance of this in the context of biologically derived 

temperature estimates for MIS 11 in the British Isles, and North Atlantic SST records. 

10.2. Controls on the δ18O value of MIS 11 freshwater carbonates 

As described in Chapter 4, the δ18O value of carbonate in freshwater systems that is precipitating 

or mineralising in isotopic equilibrium with meteoric waters is controlled principally by the 

δ18Owater, and the temperature at which precipitation or mineralisation occurs (Leng and 

Marshall, 2004; Andrews, 2006). In modern freshwater systems, the δ18Owater value of surface 

waters has been demonstrated to be a reflection of mean annual δ18O of rainfall (Darling et al., 

2003; Darling, 2004; Andrews, 2006).  In temperate mid-latitudes, the δ18O of rainfall is strongly 

correlated with air temperature (Dansgaard, 1964), therefore, variations observed in δ18O values 

of freshwater carbonates can be linked to prevailing changes in air temperature. 

Figure 10.1. Measured δ18O values of modern water from the Thames, Wey, Colne and Silent Pool for the period 
December 2011-November 2012. Blue horizontal line is the long-term mean annual δ18O of rainfall at Wallingford, 
Oxfordshire (-6.77‰ (IAEA/WMO, 2015).  All values expressed as ‰ V-SMOW. 

As established in the modern element of this thesis (Chapter 6), this relationship can be 

demonstrated in modern fluvial and spring-fed lacustrine systems in southeast England (Figure 

10.1.).   Measured δ18Owater values from all four freshwater sites (Thames, Wey, Colne and Silent 

Pool) yielded comparable values (with mean δ18O values ranging between -6.99‰ to -6.54‰), 

with measured δ18O values relatively consistent across the year in line, with the long-term mean 
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annual δ18O value of rainfall in southern Britain (-6.77‰ (IAEA/WMO, 2015).  These 

observations indicate there is a regional consistency in the δ18O value of modern surface waters 

in southeast England, and that they are a representation of mean annual δ18O of rainfall.  This is 

largely due to the process of infiltration and percolation of rainfall in groundwater, causing the 

homogenisation of seasonal variation in δ18O rainfall values (Clark and Fritz, 1997). 

Consequently, it can be suggested that in modern fluvial and lacustrine systems in southeast 

England, the δ18O value of carbonate precipitating or mineralising in these waters will be a 

reflection of the δ18O value of water, which is a function of mean annual δ18O rainfall, which in 

turn can be positively correlated with mean annual air temperature (Dansgaard, 1964; Leng and 

Marshall, 2004).  

The relationship between δ18O values of carbonate in freshwater systems and prevailing air 

temperature has been demonstrated in a number of freshwater carbonate records from 

northwest Europe from the Late Pleistocene and Holocene (Marshall et al., 2002; Garnett et al., 

2004; Candy et al., 2015). If this relationship holds true for Middle Pleistocene interglacials, it 

can therefore be suggested that the δ18O values of freshwater carbonates from MIS 11 can be 

linked to prevailing temperature.  However, it is important to note whilst air temperature exerts 

the strongest influence on δ18O values of rainfall, the proximity to moisture source and season of 

rainfall also can impart an effect on δ18O values of rainfall. Furthermore, hydrological processes 

can act to modify the δ18O value of surface water and, consequently the δ18O values of freshwater 

carbonate (Rozanski et al., 2003; Darling, 2004).  As such, these factors also need to be 

considered when interpreting δ18O values of freshwater carbonates from fossil deposits. 

Nevertheless, on the basis of the observed relationship between δ18O value and temperature, this 

will mean that shifts observed in δ18O values through a sedimentary sequence can be linked to 

changes in the prevailing temperature regime, with higher δ18O values consistent with warmer 

temperatures, and lower δ18O values consistent with cooler temperatures. On this basis, the 

significance of the δ18O record from Marks Tey, Oughtonhead Lane and Swanscombe are 

summarised below.  

10.2.1. Marks Tey 

A summary of the δ18O record of the upper part of the Marks Tey sequence is presented in 

Figure 10.2., against core stratigraphy, lithofacies and Hoxnian Interglacial pollen stratigraphy.  

As discussed in Chapter 7, the measured δ18O values of authigenic lacustrine carbonate from the 

Marks Tey sequence are consistent with carbonate precipitation in a hydrologically-open lake 

basin with minimal influence of detrital contamination.   Consequently, it can be suggested that 

δ18Owater and the water temperature at which carbonate precipitation occurs control the δ18O 

value of lacustrine carbonate.  If this record is interpreted purely on the basis of air temperature 
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changes, then three key features of the upper Marks Tey sequence can be identified:  1) warm 

and stable temperatures associated with the deposition of laminated sediments during HoIIIb, 

prior to brecciation, 2) a cold-warm oscillation in the immediate Post-Hoxnian sediments that 

directly overlie the brecciated sediments, and 3) the subsequent onset of cooler temperatures 

and gradual cessation of carbonate precipitation towards the upper part of the Marks Tey 

sequence.  

In order to fully understand the δ18O record of the MT-Upper sequence, it is important to place 

it in the context of the full MT-2010 δ18O record.  δ18O analysis of authigenic carbonate 

associated with the laminated sediments of LFa-1 (MTIZ-1) and varved sediments of LFa-2 

(MTIZ-2) undertaken by Tye (2015; Tye et al., in review) are also plotted in Figure 10.2. 

Measured δ18O values from this part of the sequence exhibit a pattern of: 1) Relatively high 

mean δ18O values (-3.13±0.32‰) associated with HoI-HoIIb (MTIZ-1), which exhibit a 

decreasing trend from -2.65‰ to -3.40‰ throughout the interval, and 2) lower mean δ18O 

values (-3.68±0.82‰) in HoIIc-HoIIIa (MTIZ-2), including an interval of persistently low 

(mean = -4.06‰) values in the interval between 15.02-14.71 mbs, occurring in association with 

the NAP phase.  On the basis of the trends observable in the lower part of the MT-2010 

sequence and those identified in this study, a number a patterns in the δ18O stratigraphy of 

Marks Tey can be identified.  This consists of two zones (MTIZ-1, HoI-HoIIb, and MTIZ-3, 

HoIIIb) of relatively high δ18O values, separated by a zone (MTIZ-2, HoIIc-HoIIIa) of slightly 

lower mean values.  These relatively stable values are overlain by sediments representative of a 

period subsequent to the Hoxnian Interglacial, which exhibit a decrease to values as low as -

6.49‰ (MTIZ-4) followed by an increase to much higher values (-2.49‰, early MTIZ-5), 

followed by a return to lower values (-5.63‰, late MTIZ-5). 

Figure 10.2. (overleaf)  A) Summary of measured δ18O values of authigenic lacustrine carbonate from MT-2010, Marks 
Tey, Essex, plotted against core stratigraphy, lithofacies, isotope zones and pollen stratigraphy.  .B) δ18O record of the full 
MT-2010 sequence, Marks Tey (data from HoI-HoIIIa courtesy of G. Tye).  Horizontal red lines indicate isotope zone 
mean δ18O value, with dashed lines indicating ±1s standard deviation of calculated mean. Note the low values that 
characterise HoIIc are within the varved sediments that characterise LFa-2, as a result they are reflecting variation in a 
single year of carbonate precipitation rather than long-term trends.  
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These observations can be used to identify a number of features in the temperature regime of the 

Hoxnian and Post-Hoxnian Interglacial in eastern England.  This record suggests that HoI to 

HoIIIb was characterised by a long-term climatic stability, with only subdued temperature 

variations recorded from HoI through to HoIII. The higher mean δ18O values in MTIZ-1 and 

MTIZ-3, relative to MTIZ-2, suggest that two temperature peaks may have occurred during the 

Hoxnian, one early in the interglacial and one in the mid-late part of the interglacial.  On the 

basis of the relative stability associated with HoI to HoIIIb, it can therefore be suggested that the 

isotopic excursions in MTIZ-4 and MTIZ-5 represents a more significant climatic oscillation. 

The magnitude of variation in δ18O values in these zones (ca. 2‰) are representative of a 

significant change in air temperature (ca. 6°C); this is coupled with a shift in the nature of 

sediment delivery into the Marks Tey basin in this period, associated with an increase in 

allogenic inputs (see Chapter 7 for a full discussion).  This is the first event of its sort identified 

in the Marks Tey sequence, and adds to the evidence for post-Hoxnian climatic instability 

identified in a number of other British sites (Coope and Kenward, 2007; Ashton et al., 2008), the 

implications of which are discussed in Section 10.5.  

10.2.2. Oughtonhead Lane, Hitchin 

A summary of the δ18O record of the Oughtonhead Lane tufa sequence is presented in Figure 

10.3., against tufa stratigraphy and the suggested correlation to the Hoxnian Interglacial pollen 

stratigraphy. On the basis of the presence of the ‘Lyrodiscus’ in the Oughtonhead Lane tufa 

deposit, the sequence can be correlated to HoIIIa and potentially the early part of HoIIIb 

(Kerney, 1959; Preece et al., 2007).   As discussed in Chapter 8, the measured δ18O values of the 

Oughtonhead Lane tufa carbonate are consistent with carbonate precipitating in a lowland, 

ambient water tufa systems with minimal influence of detrital contamination or evaporative 

processes (Andrews et al., 1993, 1997; Garnett et al., 2004; Andrews, 2006). Consequently, as 

with the Marks Tey record, it can be suggested that the δ18Owater and water temperature at which 

carbonate precipitation occurs controls the δ18O values of tufa carbonate from Oughtonhead 

Lane.  δ18O values of the Oughtonhead Lane tufa sequence indicate: 1) relatively higher values 

(mean = -4.33±0.18‰) associated with LFa-1 and LFa-2, and 2) a decrease to lower values 

(mean = -4.96±0.33‰) associated with LFa-3 to LFa-5. The magnitude of this shift is in the 

range of -0.6‰, and, rather than recording a decrease in mean annual temperature, this has 

been interpreted as a change in the seasonal temperature regime (see Chapter 8 for a full 

discussion).  On this basis, the shift to lower δ18O values is representing a change to a more 

seasonal temperature regime in comparison to the present day (that is to say, summer 

temperatures would have been higher) leading to increased fractionation in the summer months 

and lower δ18O values; however, winter temperatures may have been lower or remained the 
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same. Therefore, the variation in the Oughtonhead Lane tufa δ18O record is suggestive of the 

shift to higher summer temperatures during HoIIIa.  

Figure 10.3. Summary of measured δ18O values of tufa carbonate from Oughtonhead Lane tufa, Hitchin, Hertfordshire, 
plotted against tufa lithofacies and suggestion correlation to Hoxnian pollen zones and Marine Isotope Stratigraphy. Red 
vertical lines on δ18O curve represent mean δ18O values, with grey dashed lines representing ±1s standard deviation of 
calculated mean.  Purple dashed line represents dataset mean. 

10.2.3. Barnfield Pit and Dierden’s Pit, Swanscombe. 

In order to interpret fully the Swanscombe gastropod carbonate δ18O record, it is important to 

summarise the main controls on δ18O values of modern freshwater gastropod carbonate, based 

on the findings from this thesis, as outlined in Chapter 6.  Based on the results of isotopic 

analysis of B. tentaculata shell and opercula, V. piscinalis shell and R. balthica from the Thames, 

Wey and Colne in southeast England, a number of observations on the controls on gastropod 

carbonate δ18O values can be made. The measured δ18O values of all four types of gastropod 

carbonate are consistent with mineralisation occurring in isotopic equilibrium with δ18Owater 

values in all three modern fluvial systems.  However, apparent from the measured δ18O values of 
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these taxa are a number of species-specific differences.  It is suggested that these differences are a 

function of differences in the growth patterns of the individual taxa, and consequently the 

seasonal differences in the thermal regime of the water in which mineralisation occurs. B. 

tentaculata and V. piscinalis shell δ18O values reflect mean water temperatures in the warmer 

months, whilst B. tentaculata operculum and R. balthica shell values represent mean annual 

water temperatures. These results indicate that there is a strong relationship between gastropod 

carbonate δ18O values and the prevailing temperature regime, as such δ18O values of gastropod 

carbonates from fossil deposits can be used to reconstruct past climatic regimes, under the 

assumption that physiological processes and ecological niches of these taxa have remained 

consistent throughout the Quaternary period. 

Figure 10.4. Summary of measured δ18O values of V. piscinalis  shell (diamonds) and B. tentaculata opercula (circles) 
from the LL, Barnfield Pit and LMG, Dierden’s Pit, plotted against site stratigraphy, molluscan biozones and isotope 
zones.  Also illustrated are suggested correlation to Hoxnian pollen stratigraphy and Marine Isotope Stratigraphy.   
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A summary of the δ18O record from the Lower Loam, Barnfield Pit and the Lower Middle 

Gravel, Dierden’s Pit is presented in Figure 10.4. against stratigraphy. By means of correlation of 

the Swanscombe sequence to the Hoxnian pollen stratigraphy, it is suggested that the deposition 

of the Lower Loam occurred during the early part of the Hoxnian, most likely during HoII and 

the Lower Middle Gravel represents deposition during HoIIIa and the early part of HoIIIb 

(Turner and Kerney, 1971; Schreve, 1997; Ashton et al., 2008; White et al., 2013). As discussed 

in Chapter 9, the measured δ18O values of B. tentaculata opercula and V. piscinalis shells from 

this sequence are consistent with carbonate mineralisation occurring in isotopic equilibrium 

with δ18Owater values.   Consequently, it can be suggested that the variations in the δ18O record 

from Swanscombe are reflecting variations in prevailing air temperature or δ18O values of the 

water in which mineralisation took place.  On this basis of a lack of significant variation in 

measured δ18O values of V. piscinalis shell or B. tentaculata opercula through the sequence, it 

can be suggested that the measured δ18O values from the Swanscombe indicate a stable 

temperature regime throughout the deposition of the LL and the LMG during HoII to early 

HoIIIb. 

Although there is no evidence for significant variation in measured δ18O values of gastropod 

carbonate through the Swanscombe sequence, comparison of the measured δ18O values of V. 

piscinalis shell and B. tentaculata opercula from the LMG (HoIIIa- early HoIIIb) to modern 

values from the Thames suggests that this period may have been characterised by a more 

seasonal temperature regime in comparison to the present day.   This is suggested by the 

measured δ18O values of B. tentaculata opercula, which are comparable wtih those observed in 

the modern Thames, whilst measured V. piscinalis shell δ18O values are lower than those in the 

modern Thames. This difference is a function of increased summer water temperatures, leading 

to reduced fractionation during shell mineralisation, resulting in lower values of V. piscinalis, 

the shells of which grow predominantly in the warmer months.  The absence of variation in the 

measured δ18O values of B. tentaculata opercula therefore suggests that this increase in summer 

temperatures was also associated with a decrease in winter temperatures, leading to the mean 

annual temperature comparable to the present day.  This therefore suggests that HoIIIa- early 

HoIIIb may have been characterised by a more seasonal temperature regime in comparison to 

the present day (see Chapter 9 for a full discussion).  Although this interpretation is heavily 

reliant on the measured δ18O values of B. tentaculata opercula in the LMG, which are 

characterised by a high degree of variation, there is evidence in the ecological record from LMG 

to suggest higher summer temperatures than the present day (White et al., 2013), to lend 

support to this.  
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10.2.4. Environmental significance of the δ18O values of MIS 11 freshwater carbonates 

 Summary of the MIS 11 δ18O dataset 10.2.4.1.

Based on the summary of the δ18O values of the MIS 11 sequences described above, it can be 

suggested that temperature is the primary control on the δ18O sequences.  This interpretation is 

further supported by the comparison of measured δ18O values from all three sites, which show 

comparatively consistent values (Figure 10.5.). Also plotted in Figure 10.5. are measured δ18O 

values of pedogenic and groundwater carbonates from Swanscombe, Clacton-on-Sea, Beeches 

Pit, and Elveden. All of these sites are suggested to have formed during HoII and early HoIIIa 

(Candy, 2009), and have mean δ18O values ranging between -5.16±0.10‰ and -4.32±0.17‰, in 

line with the δ18O values measured in this thesis.  Although these MIS 11 sites come from a 

number of locations in southeast England, the consistency between them suggests a regional 

control on the measured δ18O values. This is likely to be temperature, as this controls both the 

δ18Owater values and the degree of fractionation during carbonate precipitation and 

mineralisation.  

Figure 10.5. Measured δ18O and δ13C values of freshwater carbonate from MIS 11 sites in the British Isles.  δ18O and 
δ13C values of gastropod carbonate represent calculated mean values for each sample horizon in the Swanscombe 
sequence (raw values are presented in Figure 10.5).  Marks Tey δ18O values are separated into those representing HoIIIb 
(grey diamonds) and those representing the immediate post-Hoxnian (white diamonds).  Also presented are mean δ18O 
and δ13C values of pedogenic and groundwater carbonates from Swanscombe, Clacton-on-Sea, Beeches Pit (West Stow) 
and Elveden, from Candy (2009).  
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Apparent from this comparison however, are differences in the amount of scatter in the 

measured δ18O values within each dataset. This, in part, is a reflection of shifts in temperature 

(for example, the Post-Hoxnian values from Marks Tey, Figure 10.5.), however this also reflects 

the nature of carbonate formation in each of these archives.  This is best observed in the Marks 

Tey δ18O record, with the measured δ18O values that span HoIIIb characterised by a one-sample 

standard deviation of 0.53‰. This is higher than that observed in the Oughtonhead Lane δ18O 

record (0.17‰ to 0.32‰), both the V. piscinalis shell and B. tentaculata opercula δ18O values 

from the Swanscombe record (0.46‰ and 0.34‰) and the pedogenic and groundwater 

carbonates from Beeches Pit, Swanscombe, Clacton-on-Sea and Elveden (1 sample standard 

deviations ranging between 0.07‰ to 0.20‰).  

In the Marks Tey δ18O record, a single isotopic value is derived from a discrete carbonate 

lamination within the core profile. Each of these laminations represents a single summer of 

carbonate precipitation (Kelts and Hsü, 1978); consequently the scatter observable in the δ18O 

dataset represents the variation in temperature and δ18Owater  values that occurs between those 

years.  A high degree of scatter also characterises the raw δ18O values of the freshwater gastropod 

carbonate from Swanscombe (Figures 10.4 and 10.5.); this is due to the fact that each individual 

measurement is from a whole shell or operculum in which mineralisation takes place over a 

single year. Consequently, within a single stratigraphic horizon, there will be variability in 

measured δ18O values between individual shells/opercula representing the variation in 

temperature and water δ18O values reflecting the differences in environmental conditions 

associated with the growth of each individual specimen.  The calculated mean value for each of 

these horizons essentially smoothes out this variability, meaning that the mean value for each 

stratigraphic horizon represents a number of years of deposition and has a lower degree of 

variability in δ18O values. Tufa, groundwater and pedogenic carbonates conversely, form 

progressively over hundreds of years (Budd et al., 2006); consequently, the measured δ18O value 

will smooth out variations in temperature and δ18Owater values that occur between years and 

essentially average out the δ18O value carbonate over the period of tufa accumulation and nodule 

development.   Therefore, it can be argued that the consistency between measured δ18O values of 

freshwater carbonate from different MIS 11 sequences suggests that temperature is the primary 

driver of measured δ18O values, and the differences in variability within these datasets is largely 

the function of the differences in carbonate formation in each of these archives.   

 Validation of measured δ18O values as a temperature proxy 10.2.4.2.

The assertion that the δ18O values of Hoxnian freshwater carbonates in this thesis are reflecting 

temperatures can be further tested through the comparison with modern carbonates or 

carbonates formed in other interglacials and interstadials for which the climatic conditions are 
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well understood and are in a comparable geographic location.  This cannot be undertaken for 

the Marks Tey δ18O record, as there are currently no isotopic records from lacustrine carbonates 

in southeast Britain that are either from the present day, or either Holocene or Middle-Late 

Pleistocene in age, thus no appropriate analogue exists.  

Figure 10.6. Measured δ18O and δ13C of tufa carbonate from the British Isles.  Presented are measured δ18O and δ13C 
values for Oughtonhead Lane tufa (black diamonds) and calculated mean (±1σ) δ18O and δ13C for the full dataset (black 
circle). Also presented are mean δ18O and δ13C values for modern tufa (Andrews et al., 1993; Garnett et al., 2004; 
Waghorne et al., 2012), Holocene tufa (Garnett et al., 2004) and groundwater carbonates from West Stow (Preece et al., 
2007’ Candy, 2009). 

Figure 10.6. plots the Oughtonhead Lane tufa δ18O record against; 1) actively or recently formed 

tufa δ18O values (Andrews et al., 1993, 1997; Garnett et al., 2004), 2) recent fluvial stromatolite 

δ18O values from the Gipping (Waghorne et al., 2012), 3) Holocene tufa δ18O values from the 

fossil tufa at Wateringbury, Kent (Garnett et al., 2004), and 4) groundwater carbonates MIS 11 

in age formed in association with tufa deposit in Bed 4, Beeches Pit, during HoIII (Preece et al., 

2007; Candy, 2009). As outlined above, the δ18O values of freshwater carbonate in northwest 

Europe are predominantly controlled by temperature; consequently, higher δ18O values of tufa 

carbonates will be the result of warmer temperatures.   Measured δ18O values from the modern 

and Holocene tufa carbonates have mean δ18O values which range between -5.4‰ and -5.6‰; 

these values are 1.2‰ to 1.4‰ lower than those measured in Oughtonhead Lane.  On this basis, 

it can be suggested that the tufa carbonate at Oughtonhead Lane was forming under warmer air 
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temperatures than the in Holocene or at the present day.  Based on the magnitude of this 

difference, this equates to ca. +4 to+ 5°C temperature difference, however, geographical effects 

on air temperature, rainout, and δ18Owater values, mean that this temperature difference is only a 

tentative approximation.  The measured δ18O values of groundwater carbonates from Beeches 

Pit (mean δ18O = -4.67‰) are in agreement with those from Oughtonhead Lane, which lends 

support to the suggestion that HoIIIa may have been warmer than the present day. Currently 

however, there are no δ18O records from tufa sequences with independent temperature estimates 

to test this further. 

Figure 10.7.  Measured δ18O values of freshwater gastropod from LL, Barnfield Pit and LMG, Dierden’s Pit, 
Swanscombe compared to modern δ18O values from the Thames, Colne, Wey and Gipping, LGIT values from 
Sproughton (Waghorne et al., 2012), MIS 5e values from Shropham (Candy unpub.) and Cromerian Complex values, 
West Runton (Davies, 2000).  

A more robust comparison can be undertaken for freshwater gastropod carbonate from 

Barnfield Pit and Dierden’s Pit, using 1) modern gastropod carbonate analysed in this thesis, 2) 

gastropod carbonate from LGIT stadial and interstadial deposits at Sproughton (Waghorne, 

2012), 3) gastropod carbonate from Shropham MIS 5e (Candy, unpublished), and 4) gastropod 

carbonate from the freshwater beds at West Runton, MIS 15 or the Cromerian Complex (Davies 

et al., 2000), the climate of which is suggested to be comparable to the present day.  Independent 

temperature estimates from these sites suggest that MIS 5e was 1 to 2°C warmer than the 

Holocene thermal maximum (Walkling, 1996; Coope, 2001) and during the deposition the 

freshwater bed at West Runton, the temperature regime was comparable to the present day 

(Rose et al., 1999).  The gastropod carbonate analysed at these sites comes from V. piscinalis and 
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B. tentaculata shells, however there are no currently published B. tentaculata operculum δ18O 

values from any British fossil sites. Consequently, the δ18O values of B. tentaculata opercula 

from Swanscombe can only be directly compared to modern values.   

Measured δ18O values of V. piscinalis shells from Dierden’s Pit are comparable to modern values 

from the Thames, Wey, Colne and Gipping (Figure 10.7, mean δ18O values ranging between -

4.65±0.81‰ to -5.39±0.51‰) and also the measured δ18O values from West Runton (mean δ18O 

values of -5.82±0.55‰ and -5.54±0.45‰). These values, however are slightly lower than those 

recorded from Shropham (mean δ18O = -4.4±0.80‰ ). This suggests that V. piscinalis shells 

mineralising during HoIIIa and early HoIIIb at Dierden’s Pit were doing so under a temperature 

regime comparable to the present day however, potentially lower temperatures than those 

suggested during MIS 5e.  

However, in light of the finding of the modern analogue component of this thesis, this 

suggestion is rather simplistic.  Modern gastropod carbonate exhibits variation in measured 

δ18O values under the same prevailing temperature regime, linked to small differences in 

δ18Owater values between fluvial systems in the same region, individual growth regimes of 

different taxa and micro-environmental effects.  As a consequence, measured δ18O values of 

gastropod carbonate from different fluvial systems, or the same fluvial system at different time 

intervals, cannot be directly compared without a full understanding of the hydrological regime 

and the δ18Owater values of these systems at the time of carbonate mineralisation. On this basis, 

the use of δ18O values of gastropod carbonate to compare the temperature regime of different 

interglacials must be undertaken with caution, and the comparisons described above should be 

considered tentative.  

10.3. Developing a δ18O climate record for MIS 11 

The stable isotopic evidence from the MIS 11 sites in this study suggests that during this warm 

stage, δ18O values of freshwater carbonates were strongly controlled by prevailing temperature 

and can be used to give an indication of how the climate evolved in the British Isles during MIS 

11. In order to construct an isotope record for MIS 11 using the δ18O records presented here, it

is necessary to correlate the study sites in this thesis.  Due to the lack of independent 

chronologies for these sites, the timing and duration of sediment deposition at each site cannot 

be readily resolved.  This is a fundamental issue with the majority of Middle Pleistocene sites in 

Britain, the age of which lie outside or near the limits of traditional radiometric techniques.  As 

demonstrated at the MIS 7 site of Marsworth, there is potential to date sequences to sub-stage 

level (Candy and Schreve, 2007); however this is heavily reliant on the site in question 

containing appropriate material for dating.  Currently, due to the lack of high-resolution 

radiometric dates, or the presence of isochronous markers, it is only possible to correlate the 
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sites to the Hoxnian pollen stratigraphy, by means of mammalian, molluscan and pollen 

biostratigraphy (West, 1956; Turner, 1970; Keen, 2001, Schreve, 1997, 20001b).   The correlation 

of the MIS 11 sequences investigated in this study to the Hoxnian Interglacial pollen 

stratigraphy is presented in Figure 10.8. and indicates that the δ18O records produced in this 

thesis span pollen zones HoII-HoIIIb, and the immediate post-Hoxnian period.  This is 

supplemented by the measured δ18O values from the lower part of the Marks Tey sequence (Tye, 

2015; Tye et al., in review), meaning that a δ18O based climate record from the Hoxnian 

Interglacial can be constructed for HoI to HoIIIb. 

There are however, a number of caveats associated with the correlation of these δ18O records. In 

discontinuous sequences, such as at Swanscombe, even where sediments that are representative 

of a specific pollen zone are present, there is no reason to assume that deposits spanning the 

entirety of the pollen zone are preserved. This is also the case for short sequences that contain 

only one pollen zone, for example the Oughtonhead Lane tufa.  This means that even though 

two sites may contain sediments that correlate to a specific pollen zone, for example HoIIIa, 

there is no basis to assume that the sediments are exactly contemporaneous.  The correlation of 

these records to more continuous sequences, such as at Marks Tey, is also problematic, due to 

the fact that the duration of these pollen zones is uncertain. Estimates of the duration of these 

zones has been produced based on the varve record of Marks Tey from the ‘GG borehole’ by 

Shackleton and Turner (1967; Turner, 1970, 1975), based on macroscale counting of the varve 

sediments in the lower part of the sequence, and interpolation through the non-varved sediment 

sections.  On this basis, it was suggested that HoI-HoIIb lasted between 5,000-10,000 years, 

HoIIc, ca. 2,700 years, HoIIIa ca. 2,000 years, and late HoIIIa-HoIV ca.15,000 years, suggesting a 

duration of the Hoxnian Interglacial of ca. 30,000 years.  A more recent study of the varved 

sediments in the lower part of the Marks Tey sequence, based on microscale sedimentology of 

the MT-2010 borehole by Tye (2015) has indicated that HoIIc is the only reliable interval in 

which the duration of deposition can be determined, suggesting a duration of 2,700 years, with 

the duration of the other pollen zones in the sequence less certain, due to gaps in the 

stratigraphy and intervals of non-varved sediments.  Furthermore, the Marks Tey sequence is 

characterised by the brecciation of HoIIIa-HoIIIb sediments, consequently, an estimation of 

duration of this pollen zone, based on unit thickness, is erroneous. This means that there is still 

a large amount of uncertainty based on the duration of individual pollen zones. As such the 

correlation of sequences to the Marks Tey stratigraphy should be undertaken with caution.  
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Figure 10.8 (previous page). A) Suggested correlation of MIS 11 sites investigated in this study. Blue shading represents 
the sites or parts of sequences in which a δ18O record has been produced in this thesis.  The correlation of sites to the 
Hoxnian pollen stratigraphy and suggested correlation to the Marine Isotope Stratigraphy are shown. Black star 
indicates onset of weakly brackish conditions in the Dierden’s Pit, Swanscombe, sequence, Rh = ‘Rhenish’ fauna 
(correlation of sites described in detail in Chapter 3 and adapted from Pettitt and White (2010) and White et al., 2013). 
B) Hoxnian Interglacial pollen stratigraphy based on Marks Tey composite sequence. Shaded areas indicate the part
period of the Hoxnian, based on the correlation to the pollen stratigraphy the measured δ18O values cover (adapted from 
Turner, 1970). 

Figure 10.9. Correlation of measured δ18O values from; A) the fully MT-2010 sequence, Marks Tey, Essex, b) 
Oughtonhead Lane, Hitchin, C) Lower Middle Gravel, Dierden’s Pit, Swanscombe (black diamonds = B. tentaculata 
opercula, white diamonds = V. piscinalis   shell) and D) Lower Loam Barnfield Pit, Swanscombe.  Records are aligned 
based on the correlation of the sequences to Hoxnian pollen stratigraphy.  Red horizontal line indicate datasets/isotope 
zone mean, with dashed lines indicates 1σ standard deviation.  Mean values for B. tentaculata opercula from Dierden’s 
Pit are omitted for clarity.  
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Measured δ18O values from Marks Tey, Oughtonhead Lane, and Swanscombe are presented 

against Hoxnian pollen stratigraphy in Figure 10.9. It is important to note that, as discussed 

above, there are a number of uncertainties associated with correlating individual sites to pollen 

zones and estimating the duration of deposition of each of these sequences. Consequently, 

during HoIIIa-b, in which variations in the δ18O record are observed in the in situ sediment 

sequences at Oughtonhead Lane and the Lower Middle Gravel, Dierden’s Pit, cannot be directly 

compared.  However, two key observations can be made about the climatic evolution of the 

Hoxnian Interglacial in the British Isles: 1) the measured δ18O values from all of the sequences 

that span the interval HoII-HoIIIb show low and relatively consistent values, indicating that a 

large part of the Hoxnian Interglacial was characterised by relative temperature stability, and 2) 

the measured δ18O values in lacustrine sediments overlying the brecciated interval at Marks Tey 

show evidence for a cold-warm oscillation, indicating a period of climatic instability following 

the Hoxnian Interglacial.   These are discussed in turn below, in reference to the previously 

published climate records of MIS 11 in the British Isles, and regional climate records of MIS 11. 

10.4. The climatic significance of the MIS 11 British terrestrial δ18O record 

10.4.1. Evidence for prolonged climatic stability during the Hoxnian Interglacial (MIS 11c) 

Evidence for long-term climatic stability through a large part of the Hoxnian Interglacial comes 

from the δ18O records from both the in situ and brecciated sediments from Marks Tey and the 

more fragmentary sequences from Swanscombe and Oughtonhead Lane, in which relatively low 

and stable measured δ18O values are evident throughout.  The idea of the Hoxnian Interglacial as 

period of climatic stability is consistent with the palaeoecological evidence from a range of 

British sequences.  Although these records act as ‘snapshots’ and give little indication of however 

the temperature evolved through these sequences, the consistency of measured temperatures 

from deposits correlated to different pollen zones supports the idea that the Hoxnian 

Interglacial was characterised by little variation in reconstructed temperatures (Figure 10.10.). 

The suggestion, based on the δ18O records in this study, that MIS 11 is characterised by 

prolonged climatic stability with warm, but not exceptional temperatures is supported by a 

number of North Atlantic SST records (McManus et al., 1999; Martrat et al., 2007; Stein et al., 

2009), which record the persistence of relatively stable sea surface temperatures throughout MIS 

11c.  
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Figure 10.10. Comparison of MIS11 δ18O record with palaeoecological temperature proxies. A) measured δ18O values of 
Marks Tey, Oughtonhead Lane tufa and Swanscombe from this thesis and Tye (2015) B) Reconstructed summer and 
winter temperatures based on a combination of floral, faunal, coleopteran MCR and ostracod MOTR (these are 
positioned at the centre of each pollen zone they are correlated to based on the fact that the exact position in the 
Hoxnian is not known) for a number of sites correlated to MIS 11 (see Candy et al., 2014).  Also presented are the 
suggested Hoxnian pollen zone for each site and suggested correlation to Marine Isotope Stratigraphy. 

However, imposed on this long-term stability is evidence for minor cooling, with the occurrence 

in the Marks Tey sequence of an early (HoI-HoIIb) and a late (HoIIIa-b) peak in δ18O values. 

This suggests two temperatures peaks during the Hoxnian Interglacial, separated by an interval 

of minor cooling. It is important to note that there is no evidence for a decline in measured δ18O

values of B. tentaculata opercula in the upper interval of the LL, Barnfield Pit, which is suggested 

to represent, HoIIc, the interval in which this cooling occurred. There are a number of reasons 

to explain this. First, that the measured δ18O values in the Marks Tey record are reflecting local 

hydrological changes rather than regional temperature changes. Second, and the preferred 
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option is that the relatively low magnitude temperature decrease in this interval means that it 

cannot be identified in the B. tentaculata opercula record. In the Marks Tey δ18O record, this 

cooling is characterised by a decline in mean δ18O values of 0.6‰. This is comparable to the 

degree of scatter associated with measured δ18O values of B. tentaculata from a single sample 

horizon. Consequently, a lower magnitude-cooling event may not be readily identifiable in the 

gastropod carbonate record. 

Figure 10.11. Comparison of the Marks Tey δ18O record (A) with U1313 (B) and MD03-2699 (C) SST reconstructions 
from the North Atlantic.  Also highlighted are the temperature peaks and cooling interval during the Hoxnian 
Interglacial and MIS 11c.  

Evidence for two temperature peaks within MIS11c is also apparent in a number of the North 

Atlantic SST records (Figure 10.11.), with the presence of an early (centred on ca. 425 kyr BP) 

and a late (centred on ca. 405 kyr BP) temperature peak, separated by a short-lived and relatively 

minor cooling interval (McManus et al., 1999; Martrat et al., 2007; Stein et al., 2009; Voelker et 

al., 2010). Based on this comparison, it can be suggested that the Marks Tey δ18O sequence 
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shows a comparable pattern to that observed in the North Atlantic records, with two 

temperature peaks, separated by an interval of short-lived and relative minor cooling. However, 

this is based on the alignment of Hoxnian pollen zones with the onset of MIS 11c, using the 

suggested varve chronology of Marks Tey by Shackleton and Turner (1979), suggesting the 

Hoxnian was ca. 30,000 years in duration.  As described above, the duration of the Hoxnian 

Interglacial based on this chronology is likely an over-estimation.  Central European varved 

records from Dethlingen and Ossówka suggest the Holsteinian (Sarnthein et al., 1986), the 

European equivalent of the Hoxnian, was ca. 15,000 years in length. In this instance, the 

Holstenian (or the Hoxnian) can either be aligned with the onset of, or the second half of, MIS 

11c (see Koutsodendris et al., 2010 for a full discussion).  On this basis of either correlations, it 

would be less clear where the cooling interval in the mid-Hoxnian lies within MIS 11c and how 

it would relate to the trends observed in the SST records.  Only with a more robust correlation of 

the terrestrial record of MIS 11 to marine records can this be fully elucidated.  

10.4.2. The climatic optimum of the Hoxnian Interglacial (MIS 11c) 

The Marks Tey δ18O record also provides tentative evidence to suggest that that later 

temperature peak may represent the thermal maximum of the Hoxnian Interglacial, with the 

highest δ18O values recorded through this interval. This observation is consistent with the 

palaeoecological- derived temperature estimates from HoIIIa sediments, which show tentative 

evidence for higher temperatures in comparison to HoI and HoII (Candy et al., 2014).  In 

particular, the thermophilous plant species, Trapa natans, which indicate summer temperatures 

of greater than 20oC (Candy et al., 2010), is only found in sediments of Hoxnian age associated 

with HoIII, (Gibbard and Aalto, 1977; Coxon, 1985; Gibbard et al., 1986). The presence of vine 

(Vitis vinifera) in HoIII sediments from Marks Tey (Turner, 1970), plus a number of other 

lacustrine sites (e.g, Coxon, 1980), which has a lowermost thermal limit of 0 °C in January and 

18 °C in July (Zagwijn (1996) also supports warmer temperatures in HoIII in comparison to the 

rest of the Hoxnian Interglacial. This observation is also consistent with North Atlantic SST 

records (Martrat et al., 2007; Stein et al., 2009; Voelker et al., 2010), which typically indicate that 

the later temperature peak in MIS 11c is characterised by the highest SSTs, therefore 

representing the MIS 11c thermal maximum (Candy et al., 2014).    

Furthermore, the δ18O record provides evidence to suggest that HoIIIa and the early part of 

HoIIIb may have also been characterised by a more seasonal temperature regime, based on the 

decrease in measured δ18O values observed in the Oughtonhead Lane tufa record, and the 

difference between measured δ18O values of V. piscinalis shells and B. tentaculata opercula from 

the LMG, Dierden’s Pit. Based on the variation in δ18O values in these sequences, it can be 

suggested that this enhanced seasonality was characterised by warmer summer temperatures 
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than the present day, however, by slightly lower winter temperatures.  This isotopic evidence is 

corroborated by a range of biological proxy evidence from a number of sites correlated to HoIIIa 

and b. The presence of the thermophilous floating water chestnut Trapa natans, which requires 

summer temperature of greater than 20°C and is only found in HoIII deposits (Coxon, 1985; 

Gibbard, 1997) indicates that summer temperatures during HoIII were slighter warmer than the 

Holocene thermal maximum (Davies et al., 2003.)   Evidence for enhanced seasonality during 

HoIIIa and early HoIIIb comes also from summer and winter temperatures reconstructed from 

coleopteran MCR and ostracod MOTR from the LMG,  Dierden’s Pit and  Stratum D, Hoxne 

(Ashton et al., 2008; White et al., 2013). These indicate that summer temperatures were 

comparable to the present day, with Tmax values of +15 to +21 °C and +16 to +19 °C from 

Dierden’s Pit and Stratum D at Hoxne respectively. However, winter temperatures may have 

been slightly cooler, with Tmin values of –7 to +3°C and -10 to +6°C respectively. It is 

nevertheless important to note that the presence of Hedera and llex in HoIII pollen assemblages 

(West, 1956; Turner, 1970; Coxon, 1985) constrains winter temperatures, on the basis of 

thermal limits for minimum temperatures, to 0 °C and 1.5 to 2 °C, respectively (Iverson, 1944). 

The combined δ18O and ecological evidence therefore strongly indicates that HoIIIa and 

potentially HoIIIb were characterised by a more seasonal climatic regime that the present day 

with warmer summer temperatures and comparable, if not slightly lower winter temperatures.   

The δ18O record of MIS 11 allows for the levels of warmth achieved during the interglacial peak 

of MIS 11 in relation to other Middle Pleistocene interglacial periods to be assessed. This can be 

achieved through comparison of measured δ18O values of carbonates derived from British 

sequences correlated to different interglacial periods. This has been undertaken on a site-by-site 

basis in Section 10.2.4 in order to validate the measured δ18O values from each MIS 11 sequence, 

however it is also summarised in Figure 10.12.  

This comparison indicates that the measured δ18O values from freshwater carbonates in MIS 11 

sequences are consistent with those from other Middle Pleistocene interglacials (MIS 15, MIS 9 

and MIS 7), however slightly lower than those from deposits correlated to MIS 5e.   On the basis 

of the relationship with the δ18O value of freshwater carbonate and air temperature outlined 

above, this suggests that the climatic regime associated with the Hoxnian Interglacial was 

comparable to that experienced in a number of other Middle Pleistocene interglacials.  This 

suggestion is supported by the palaeoecological temperature reconstructions derived from the 

same stratigraphic horizons as the freshwater carbonates used for isotopic analysis; in which 

slightly higher summer temperatures are recorded in MIS 5e, whereas temperatures in MIS 11c 

are comparable to those from MIS 15, MIS 9 and MIS 7 (Figure 10.12.).  
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Figure 10.12. A) Measured δ18O values of gastropod carbonate and tufa carbonate from Middle and early Middle 
Pleistocene sites compared to modern values (this thesis, Garnett et al., 2004) and MIS 11 values (this thesis, Preece et 
al., 2007).  Data taken from Davies, 1999; Rose et al., 2000; Murton et al., 2001;Candy et al., 2014; Candy, unpub.). B) 
Reconstructed summer temperatures based of palaeoecological evidence from the same horizons as the carbonates (no 
data available from Wateringbury), Note, the temperature estimates from Marsworth are derived from the channel fill 
directly overlying the tufa, therefore may not represent the same interval of MIS 7. Data from Holman, 1990; Roe et al., 
2009; Candy et al., 2010; Coope et al., 2010). 

Palaeoecological temperature reconstructions from other sequences from the Middle 

Pleistocene in which there is no isotopic data available (Coope et al., 2010; Candy et al., 2010), , 

suggests a slightly different picture, with sites correlated to both MIS 5e and MIS 11c containing 

Trapa natans, which indicate summer temperatures greater than the Holocene thermal 

maximum (Candy et al., 2010).  In both cases, the presence of this species is limited to deposits 

that correlate with the temperature peak in MIS 5e and MIS 11.  Consequently, it could be 

suggested that the Hoxnian Interglacial as a whole had a temperature regime comparable to MIS 

7, MIS 9 and the ‘Cromerian Complex’, however peak summer temperatures associated with the 
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climatic optimum of MIS 11c were more comparable to those observed during MIS 5e.  There 

are, however, no biological indicators or measured δ18O values from this study to suggest that 

the Hoxnian Interglacial was a period of exceptional warmth in comparison to other Middle 

Pleistocene interglacials.  This is also evident in a number of North Atlantic SST records, in 

which the reconstructed temperature for the thermal maximum of MIS 11c are comparable to 

those from other Middle and Late Pleistocene interglacials, and comparable to maximum 

temperatures recorded during the Holocene (McManus et al., 1999, 2000; Hodell et al., 2003; 

Lawrence et al., 2009).  In the majority of these records, reconstructed temperatures from MIS 

5e are routinely the highest of the last 450 kyr, corroborating the evidence from the British 

terrestrial record.   There is however, a small number of sites in which MIS 11c is characterised 

by relatively higher temperatures in comparison to other interglacial (Ruddiman et al., 1989; 

Medina-Elizabeth and Lea, 2006).  This is most clearly observed in the pollen record of Lake 

El'gygytgyn (Melles et al., 2012), in which pollen based temperature reconstructions indicate 

that maximum temperatures during this interglacial were 4 to 5 °C warmer than both MIS 1 and 

5e.  It is however, important note that a number of SST temperature records from the Arctic 

suggest MIS 11 to be significantly cooler than the Holocene (Bauch et al., 2000), implying that 

during MIS 11 the climatic regime in the Arcticwas clearly complex.   

Therefore, the measured δ18O values in this thesis, supported by palaeoecological evidence from 

a number of sites, adds to the increasing evidence to suggest that the thermal regime of MIS 11c 

in the North Atlantic region was not anomalously warm in the context of other Middle and Late 

Pleistocene interglacials, and likely characterised by a thermal regime that was comparable to 

the Holocene thermal maximum.  Consequently, the idea of MIS 11 being a ‘super-interglacial’ 

is not a view supported by this study.  

10.4.3. Post-Hoxnian climatic instability 

The cold-warm oscillation identifiable in the upper part of the Marks Tey sequence suggests the 

presence of at least one post-Hoxnian stadial-interstadial event.  As described in Chapter 7, the 

magnitude of this isotopic oscillation is in the range of ca. 2‰ suggesting, based on the 

relationship between temperature and carbonate δ18O values outlined in Chapter 4, an 

oscillation in temperatures in the magnitude of ca. 6°C.   This cold warm-oscillation adds to the 

growing body of evidence for the existence of at least one short-lived cold-warm climatic 

episode after the end of the Hoxnian Interglacial in the British terrestrial record. This is best 

recorded in the sequences at Hoxne and Quinton, where coleopteran MCR temperature 

reconstructions and floral evidence indicates at both sites, post-HoIII, a cold interlude occurred, 

followed by a return to warm but not fully interglacial conditions (Coope and Kenward, 2007; 

Ashton et al., 2008). The magnitude of this cold-warm event at Hoxne and Quinton is a decrease 
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in summer temperatures of between 6 to 9°C and winter temperature by 9 to 16°C, followed by 

an increase in summer and winter temperatures of 7°C and 14°C respectively (Figure 10.13.), 

comparable to the suggested variation in temperature as evident in the isotopic excursions 

recorded in the Marks Tey sequence. 

The events at Hoxne and Quinton have been suggested by Ashton et al. (2008) to both be 

correlated to MIS 11b and MIS 11a.  However, the absence of direct radiometric dating of these 

events precludes a direct correlation with the benthic δ18O record. Furthermore, due the 

uncertainties with the correlation of terrestrial sequences within the same warm episode (there 

is no evidence to suggest that the post-Hoxnian climatic oscillations recorded in these sequences 

are the same event. On the basis that there is increasing evidence from marine (Stein et al., 2009; 

Voelker et al., 2010), ice core (Jouzel et al., 2007) and long lake records (Tzedakis et al., 2003; 

Propokenko et al., 2006) for multiple stadial-interstadial events of comparable magnitude 

during the later stages of MIS 11, the suggestion that the events recorded in Hoxne, Quinton 

and now Marks Tey represent the same climatic event seems unlikely. 

Figure 10.13 (overleaf). Comparison of measured δ18O values of HoIIIb and Post-Hoxnian sediments from Marks Tey 
(A) to coleopteran MCR temperature reconstructions from Hoxne (Ashton et al., 2008) and Quinton (Coope and 
Kenward, 2007) (B), and the North Atlantic SST records, U1313 (Stein et al., 2009) and MD03-2699 (Voelker et al., 
2010). In (B),  Blue diamonds indicate mid-point of the range of January temperatures, red diamonds indicate the mid-
point of the range of July temperatures.  Suggested correlation of Hoxne and Quinton to the Marine Isotope Stratigraphy 
as suggested by Ashton et al. (2008) is also presented. Orange and blue arrows in (C) represent suggested warm and cold 
events post MIS 11c.   
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In the North Atlantic region, the post- MIS 11c interval is characterised by multiple abrupt cold-

warm oscillations in SSTs (Stein et al., 2009; Voelker et al., 2010), a series of peaks in IRD 

(McManus et al., 1999; Desprat et al., 2005), and shift in the predominance of cold and warm 

water foraminferal and coccolithophore assemblages (Palumbo et al., 2013). In the SST records 

of U1313 (Stein et al., 2009), MD03-2699 and MD01-2243, characterised by four abrupt cooling 

events (Figure 10.13.).  The first of these is suggested to equate to MIS11b and characterised by a 

cooling of 3 to 5°C, with the event lasting approximately 5,000 years (Voelker et al., 2010).  The 

three subsequent events are much shorter in duration, ca. 2,000-3,000 years, and characterised 

by a cooling of 2 to 3°C.  Although not directly correlated, these are contemporaneous with 

intervals of increased IRD and increased percentage of the cold-water foraminiferal species, N. 

pachyderma in ODP-980 (McManus et al., 1999). These events have been classified as ‘Heinrich 

type’ events, associated with the increase in fresh water inputs and ice-rafting in the North 

Atlantic (Bard et al., 2000; Rodrigues et al., 2010), which resulted in the reduction in SSTs, the 

weakening of the North Atlantic Meridional Overturning circulation (AMOC), and the 

southward displacement of the Polar front to the mid-latitudes (Lopez-Martinez, 2006; 

Naughton et al., 2009; Voelker et al., 2006; Fynaud et al., 2009), leading to cooler temperatures 

in northwest Europe. These events are separated by a return to higher SSTs in the North 

Atlantic, related to the short term strengthening of the AMOC, and warmer, but more 

continental conditions, in northwest Europe.   

Although it is not possible to correlate the Marks Tey δ18O record to records from the North 

Atlantic, the variation of δ18O values observed in the Post-Hoxnian sediments is of a comparable 

magnitude of the events observed in the North Atlantic records (Figure 10.13.). Therefore, it can 

be tentatively suggested that the fluctuation in temperatures observed in the post-Hoxnian 

sequence is likely the response to changing oceanographic and atmospheric conditions in the 

North Atlantic related to the build-up of continental ice subsequent to MIS 11c. Consequently, 

it is proposed that the cold-warm oscillation recorded in the Marks Tey δ18O record supplies 

further evidence for post-Hoxnian climatic complexity in the British terrestrial record. 

However, it cannot be used to aid the stratigraphic correlation of these events in the British 

terrestrial record, or provide further understanding of the number of events that characterise the 

post-Hoxnian in the British Isles 

10.4.4. Wider significance of the MIS 11 δ18O record 

The interest in MIS 11 comes from the fact that it is one of the most appropriate analogues for 

the Holocene (Droxler and Farrell, 2000; Droxler et al., 2003; Loutre and Berger, 2003).  It has 

previously been suggested that MIS 11 is a long interglacial, characterised by exceptional 

warmth, and a stable climate regime (Imbrie et al., 1984; Droxler et al., 2003; Loutre and Berger, 
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2003).  The results of isotopic analysis in this study, however, cannot yield any information 

regarding the duration of MIS 11. It does however suggest two things.  First, a large part of the 

main interglacial phase (MIS 11c/the Hoxnian) was characterised by climatic stability. Second, 

this period was characterised by temperatures comparable to the Holocene thermal maximum 

and not extreme warm conditions.  These two findings build into the increasing body of 

evidence from terrestrial (Propokenko et al., 2006), marine (McManus et al., 1999, Hodell et al., 

2000, 2003; Lawrence et al., 2009), and ice core records (Jouzel et al., 2007) that indicate that 

MIS 11c was characterised by stable, but not exceptionally warm climatic conditions. Post-MIS 

11c, the identification of a stadial-interstadial event in the Marks Tey sequence adds to the 

evidence in the British terrestrial record for climatic instability during the later stages of MIS 11 

(Coope and Kenward, 2007; Ashton et al., 2008), in line with that observed in North Atlantic 

marine records.  Although the correlation and number of these events in the British record is 

still uncertain, it does indicate that mainland Britain was sensitive to such events. 

10.5. Chapter Summary 

• This study presents δ18O records from a number of Hoxnian sites from the British Isles.

Based on the current Hoxnian stratigraphy, these span from HoII to HoIII and the

immediate post-Hoxnian Interglacial period. The δ18O values from these sites are

controlled largely by air temperature, on this basis these record can provide an

indication of the climatic structure and evidence for climatic instability during MIS 11

in the British Isles.

• These records suggest the following concerning the climatic structure of MIS 11 in the

British terrestrial record. First, that a large part of the Hoxnian Interglacial

wascharacterised by long-term relative climatic stability, with only minor variations in

air temperature observable in the δ18O record. Second, there is evidence for at least one

stadial-interstadial event within the δ18O records.

• These records corroborate the biologically-derived temperature estimates of the

Hoxnian and post-Hoxnian from the British terrestrial record and in comparison to

other interglacials, indicates that air temperatures during the Hoxnian Interglacial

would have been warmer than the present day and potentially the Holocene thermal

maximum; however the Hoxnian Interglacial was not characterised by exceptional

warmth.

• The structure of the Hoxnian as suggested by these records is largely consistent with

North Atlantic records.  However, uncertainty still lies in the correlation of the post-

Hoxnian stadial-interstadial event with regional climatic records, based on the current

stratigraphy of MIS 11 in the British Isles.
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11.1. Introduction 

As discussed in Chapter 10, the δ18O-based climate records produced in this thesis allow the 

climatic evolution of MIS 11 in the British Isles to be understood in much greater detail than 

before. This is because most previous discussions of MIS 11 climates in the British Isles have 

been largely based on palynological data (West, 1956; Turner, 1970; Ashton et al., 2008). 

Although pollen as a proxy has greatly increased the understanding of interglacial vegetation 

regimes during the Hoxnian Interglacial (Kelly, 1964; Turner, 1970: Horton, 1989), it is not 

sensitive enough to record short-term or subtle variations in temperature change.  Critically, 

where variations are observed in pollen records, these may in fact be a reflection of ecological 

succession (Turner, 1970: Coxon, 1985), herbivore impact (Gibbard and Stuart, 1975; Schreve, 

2001b) and local microenvironment effects, as well as long-term climatic changes. Where 

quantitative temperature reconstructions have been produced, for example, at sites such as 

Hoxne (Singer et al., 1993; Ashton et al., 2008), Barnham (Ashton et al., 1994a, 1998) and 

Quinton (Coope and Kenward, 2007), these have been based on palaeoecological datasets 

derived from single stratigraphic horizons within a sequence (Ashton et al., 2005, 2008) and as a 

result, do not allow for long-term variations in the temperature regime to be understood.  

The advantages of the application of stable isotopes over biological proxies are two-fold. First, 

the technique can be carried out on very small samples of carbonates and therefore can be 

readily utilised to provide high-resolution records from boreholes (e.g. Marks Tey) and 

assemblages of mollusc shells or opercula (e.g. Swanscombe). Second, as demonstrated in this 

study, the δ18O value of freshwater carbonates is strongly controlled by temperature, thereby 

providing a direct climate record for MIS 11 in the British Isles. Consequently, the data 

presented in this study increase our understanding of climatic variability for a large part of the 

Hoxnian Interglacial and the immediate post-Hoxnian period. This is strengthened by taking a 

multi-proxy approach, using the allied sedimentological, geochemical and biological techniques 

to provide further evidence of landscape and ecological change during MIS 11. 

 As well as elucidating the climatic history of an important interglacial in greater depth, this 

study also permits the diverse archaeological record of MIS 11 to be placed into a palaeoclimatic 

context. Whilst this thesis does not seek to address the cultural and technological behaviour of 

hominin populations in MIS 11, it aims to place the archaeological record into a climatic context 

in such a way that hominin responses to climatic variability may be better evaluated. 
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The results presented in this thesis allow three main aspects of MIS 11 climate to be discussed in 

the context of hominin occupation. First, it is now apparent that the Hoxnian Interglacial was 

characterised by long-term temperature stability. Second, imposed on this relative stability is 

evidence for changing precipitation patterns and seasonal temperature regimes during the 

Hoxnian. Third, there is evidence for at least one high-magnitude stadial-interstadial event in 

the post-Hoxnian period. This Chapter will discuss these findings in turn, in light of the MIS 11 

archaeological record and the ecological evidence for environmental conditions during both the 

Hoxnian Interglacial and the immediate post-Hoxnian period (a summary of which is presented 

in Figure 11.1.).  The Chapter will conclude by outlining the significance of this study in 

providing a palaeoenvironmental framework for hominin occupation during MIS 11. 

11.2. The Hoxnian Interglacial as a period of relative temperature stability 

The relative consistency of measured δ18O values from Marks Tey, Swanscombe and 

Oughtonhead Lane, as described in Chapter 10, indicates that for a large part of the Hoxnian 

Interglacial (HoI-HoIIIb), the prevailing temperature regime showed little variation, suggesting 

that the period was characterised by relative long-term climatic stability.  It is however, 

important to note that imposed on this long-term stability is evidence for gradual minor cooling 

during HoIIb-HoIII, and at least one abrupt cooling climatic event during HoIIc, both of  which 

can now be considered in light of the MIS 11 archaeological record.  

The chronological succession of archaeological industries during the Hoxnian Interglacial is 

based on the stratigraphic superposition of the Clactonian and Acheulian assemblages observed 

at Barnfield Pit, Swanscombe (Wymer, 1964; Waechter, 1970; 1971; Bridgland, 1994; Conway et 

al., 1996). Based on the correlation of these deposits to the Hoxnian pollen stratigraphy, this 

suggests that Clactonian populations were present during the early Hoxnian (between HoI and 

HoIIc, Kerney, 1971; Turner and Kerney, 1971; Schreve, 1997; Bridgland et al., 1999), with 

Acheulian populations present during the later Hoxnian (from HoIII onwards, Bridgland, 1994; 

Conway et al., 1996; Bridgland et al., 1999; White et al., 2013).  It is important to note however 

that at Beeches Pit, the earliest Acheulian artefacts have been recovered from stratigraphic 

horizons correlated to HoII (Preece et al., 2007).  This implies a period of overlap between the 

Clactonian and Acheulian during HoII. However due to the coarse chronological resolution of 

these deposits, contemporaneity or separation of these industries cannot be unequivocally 

established.   

Figure 11.1 (next page). The palaeoenvironmental framework of hominin occupation during MIS 11 based on evidence 
presented in this thesis and previous environmental reconstructions.  Also illustrated are suggested intervals in which 
Britain was isolated from mainland Europe (based on the model of White and Schreve, 2000 and Pettitt and White, 
2010) and the chronological succession of archaeological industries (based on Wymer, 1964. Conway et al., 1996; White, 
1998b; Ashton et al., 1998, 2008).  Star indicates the location of the hominin remains identified in the UMG, Barnfield 
Pit, based on correlation with Hoxnian pollen stratigraphy.  

320



Chapter 11 – The palaeoenvironmental context of hominin occupation during MIS 11 

321



Chapter 11 – The palaeoenvironmental context of hominin occupation during MIS 11 

The suggested chronology of these industries based on the Barnfield Pit archaeological record is 

presented against the Marks Tey and Swanscombe δ18O record in Figure 11.2. Clactonian and 

Acheulian populations were therefore both present in the British Isles under relatively stable 

climatic conditions, with the temperature regime for Clactonian occupation in HoI-HoIIc 

broadly comparable to that for Acheulian occupation during HoIII. It is important to note that, 

as discussed in Chapter 2, MIS 11c is characterised by a relatively long duration in comparison 

to other Middle Pleistocene interglacials (Shackleton and Turner, 1967), with the temperate 

peak occurring late in the interglacial (Jouzel et al., 2007), and a relatively late sea level high 

stand (Rohling et al., 2010). The temperature stability of the Hoxnian Interglacial presented in 

this study reinforces the fact that MIS 11c would have been a period in which there was ample 

opportunity for migration and agreeable climatic conditions, thereby allowing the colonisation 

of these two different populations into the British Isles prior to the isolation of Britain during 

sea level highstand (White and Schreve, 2000).  This temperature stability, may in part be a 

contributing factor in the clear expression of different industries in the MIS 11 archaeological 

record.  The idea that Clactonian and Acheulian occupation occurred under broadly similar 

conditions has been suggested previously (Ashton et al., 1998, 2005, 2008). This is based 

primarily on the fact that the majority of temperature reconstructions are derived from deposits 

that are correlated to the earlier (HoI-HoII) stages of the Hoxnian Interglacial (Candy et al., 

2010; Candy et al., 2014).  However, there are few independent temperature reconstructions 

from later in the Hoxnian to support this.  Therefore, the δ18O record presented in this thesis 

provides the first independent evidence that for a large part of the Hoxnian Interglacial, when 

hominin populations were present in Britain, the temperature regime was relatively stable.  

Palynological evidence from HoI-HoII and HoIIIa, the intervals in which Clactonian and 

Acheulian populations were present in Britain, indicates that mixed-oak deciduous forest was 

predominant (Turner, 1970), suggesting that both of these populations were likely occupying in 

part, the same broad ecological niches during HoI- early HoIIIb.  It is important to note that the 

pollen assemblages associated with the later stages of HoIIIb and HoIV are characterised by the 

opening up of the landscape (Figure 11.1.), with the UMG at Barnfield Pit, correlated to this 

interval, containing mammalian fauna consistent with open grassland (Schreve, 2001a).   The 

δ18O record produced for the Swanscombe sequence does not yield information regarding the 

climatic regime that characterises HoIV, it does however provide key evidence for the climatic 

regime that persisted through a large part of HoIII, although whether the entire duration of 

HoIIIb is recorded remains to be seen.  Based on the evidence presented in this thesis however, 

there is no evidence to suggest that fluctuations in the prevailing climatic conditions were 

associated with the opening up of the landscape in the later stages of HoIIIb.  Instead, it is likely 

that this environmental change was been driven by another factor, potentially by the action of 
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large herbivores (Owen-Smith, 1988), which would have significantly modified the landscape, 

and enabled the expansion of grassland species (Schreve, 2001a).  This highlights that although 

the Hoxnian Interglacial was largely characterised by stable temperatures, there is evidence for 

landscape change unrelated to climatic conditions. Furthermore, site-specific factors unrelated 

to ecology and climatic conditions, such as the availability of raw material for stone tool 

production (White, 1998a), are also important, and both of these factors would have also played 

a key role in the occupational patterns observed in MIS 11. 

Figure 11.2. Marks Tey and Swanscombe δ18O record of the Hoxnian Interglacial plotted against suggested presence of 
hominin populations.  Note the earliest presence of Acheulian populations is suggested to be during HoIII based on the 
stratigraphic superposition of the Acheulian and Clactonian in Barnfield Pit (Wymer, 1968: Conway et al., 1996; White 
et al., 2103). However, in Beeches Pit, West Stow, Acheulian artefacts are recovered from deposits correlated to HoII 
(Preece et al., 2007).  

One of the key findings emerging from this study is that, although the Hoxnian Interglacial was 

characterised by relative climatic stability, there is evidence to suggest that part of the 

interglacial was characterised by enhanced seasonality relative to the present day.  Seasonality is 

suggested to be one of the key environmental factors driving the pattern of hominin 

colonisation and occupation observed in the Lower Palaeolithic record (Kahlke et al., 2010).   

This is largely due to the effect that a more seasonal temperature regime has on resources (Kelly, 
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1983; Goebel, 1999), the length of the plant growing season and adaptive strategies of these early 

hominin populations (Pettitt and White, 2012).  In particular, lower winter temperatures 

associated with enhanced seasonality would have likely posed a large challenge to populations 

lacking adaptive strategies to cope (White, 2006; Rolland, 2010), based on that fact that 

minimum temperature tolerances of early hominin populations have been suggested to be 

between 0 to +6°C (Leroy et al., 2010).    However, reconstructions of changes in seasonality 

based on ecological evidence are problematic, since few proxies record both summer and winter 

temperatures. When they do, for example, coleopteran MCR and ostracod MOTR (Atkinson et 

al., 1987; Horne, 2007), the uncertainties associated with calculating the range of winter 

temperatures make it difficult to quantify seasonal temperatures. 

The clearest evidence for a more seasonal temperature regime is observed in the δ18O records 

from the LMG, Dierden’s Pit (HoIIIa to early HoIIIb) and Oughtonhead Lane (HoIIIa), both of 

which indicate that HoIII was characterised by a more seasonal temperature regime that the 

present day. Summer temperatures were likely warmer than the present day, although winter 

temperatures may have been slightly cooler, with mean annual temperatures remaining 

relatively consistent.  This is supported by palaeobotanical and vertebrate evidence from a series 

of deposits correlated to both HoIIIa and HoIIIb (Candy et al., 2010), as described in Chapter 

10. However, there is no evidence to suggest that this interval of enhanced seasonality had

significant impact on the landscape. For example, there is no pollen or mammalian evidence to 

suggest a significant landscape change throughout a large part of HoIII (West, 1956; Turner, 

1970; Coxon, 1985; Kerney, 1971: Schreve, 1997; White et al., 2013).  Consequently, it is unlikely 

this period of enhanced seasonality would have had large effects on populations during HoIIIa- 

early HoIIIb.  Most significantly, although winter temperatures would have been lower, the 

magnitude of this decrease would have not been great enough to cause significant perturbations 

to hominin populations in Britain during this period.  

Imposed on this long-term relative stability is evidence for an interval of minor cooling during 

the Hoxnian Interglacial. This is most clearly expressed in the Marks Tey δ18O record (this 

thesis, Tye, 2015).   This record implies that the Hoxnian Interglacial may have been 

characterised by two temperature peaks (Figure 11.2.), one early in the Hoxnian (HoI-HoIIb), 

and one late in the Hoxnian (HoIII onwards), separated by an interval of minor cooling during 

HoIIc-HoIIIa. On the basis of the correlation of this cooling interval with the chronology of 

occupation of Britain as suggested by the pollen stratigraphy, this is coincident with the earliest 

appearance of Acheulian industries in MIS11 and the apparent disappearance or assimilation of 

the Clactonian. However, it is important to note that the presence of even one handaxe thinning 

flake within an assemblage means that de facto the assemblage is Acheulian, since the cores and 

flakes that characterise the Clactonian are not diagnostic by themselves. Therefore, the 
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possibility remains that the apparent absence of the Clactonian after HoII may be an artefact of 

mixed assemblages, although this is unlikely given the repetition of the archaeological 

succession in different sites.  If the absence of Clactonian industries after HoIIc is a real 

phenomenon, the data from this study strongly suggest that cooling was unlikely to have been a 

significant factor in their decline.  The decrease in δ18O values in the Marks Tey record during 

this interval indicates that this cooling was minimal (with a decrease in mean δ18O values in this 

interval equating to a ca. 1-2°C decrease in mean annual air temperatures). Furthermore, the 

presence of deciduous woodland throughout HoIIc and HoIIIa (Turner, 1970; Horton, 1993; 

Ashton et al., 2008), when this cooling is thought to have occurred, indicates that this climatic 

deterioration was insufficient to cause a large perturbation to the Hoxnian ecological systems.  

Superimposed on these relatively subdued temperature variations, nonetheless, is evidence 

indicating that there was at least one abrupt climatic event that did have a significant effect on 

ecological systems and landscape during the Hoxnian Interglacial.  This is evident in the Marks 

Tey δ18O record, in which a number of significant oscillations in δ18O values occur during the 

NAP phase in HoIIc (Figure 11.2.).  If it is assumed that changing δ18O values reflect 

temperature variability, the NAP phase therefore occurred in association with a significant 

cooling event, in which a number of cold-warm oscillations occurred (Tye et al., 2015). 

Consequently, it can be suggested that the phase of grassland expansion that marks the NAP is 

the response to this cooling event.  Furthermore, the presence of charcoal fragments identified 

in the sediments at Marks Tey during the NAP phase (Turner, 1970; Tye, 2015) suggests that 

this period was likely characterised by widespread wildfire as a consequence of the die-back of 

vegetation as the result of climatic cooling, leaving dead wood accumulations that acted as fuel 

for wildfire (Tye, 2015). The abrupt nature of this event (the estimated duration of the NAP 

being ca. 300 years based on varve counts from Marks Tey (Turner, 1970; Tye, 2015)) means 

that this period would have been characterised by a great deal of both climatic and landscape 

instability.  

 Whilst it is apparent from the Lower Palaeolithic archaeological record that hominins were 

present in Britain under a range of climatic conditions (Parfitt et al., 2005; 2010) and regional 

vegetation regimes (Ashton and Lewis, 2012), there is no evidence to indicate how populations 

were able to adapt to the rapidity and magnitude of cooling suggested to occur during HoIIc.  

The MIS 11 record provides a window into how these abrupt events may have impacted 

populations, however, understanding the response of hominins to abrupt cooling is 

problematic. This is due to the coarse resolution of deposits containing archaeology compared 

to the short duration of this event, which means that this event cannot easily be identified in 

sequences yielding artefactual evidence. It is therefore likely that the rapidity and magnitude of 

cooling events associated with this interval would have caused perturbations to populations 
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living in Britain during this period, however the response of populations to this event cannot 

currently be elucidated. 

One of the key features emerging from the archaeological record of MIS 11, however, is the 

potential evidence for the early controlled use of fire in northwest Europe, based on the 

occurrence of burning horizons in association with the greatest concentration of artefacts and 

features interpreted as hearths, in Beds 3b, 5 and 6 at Beeches Pit (Gowlett et al., 2005; Gowlett, 

2006; Preece et al., 2006).  The use of fire is suggested to be tool, allowing for survival in cooler 

conditions, protection, a source of light, and as a cooking aid (Dennell, 1983; Gowlett, 2006; 

Preece et al., 2006), that would have been utilised within these hominin populations.  Using the 

δ18O framework for the Hoxnian Interglacial presented in this thesis, the evidence for fire use at 

Beeches Pit can be placed into a climatic context (Figure 11.2.). On the basis of the molluscan 

record, Beeches Pit can be linked to the Barnfield Pit sequence, with the dominance of D. 

ruderatus in Bed 3b correlated with the LL, suggesting deposition from HoIIb onwards. The 

dominance of D. rotundatus in Bed 4 at Beeches Pit can be correlated with the LMG, suggesting 

deposition in HoIIIa onwards.  Using this correlation, the evidence of burning in Bed 3b can be 

correlated to HoIIb-c, and the evidence of fire in Beds 5 and 6 correlated to HoIV and the 

subsequent onset of cooler conditions  after the Hoxnian Interglacial (Preece et al., 2007; Pettitt 

and White, 2012; White et al., 2013).   

From this correlation, it is apparent the that earliest evidence suggesting the controlled use of 

fire in the Beeches Pit sequence is coincidental with the climatic cooling that is observed during 

HoIIb-HoIIc in the Marks Tey δ18O record.  As discussed above, HoIIb-HoIIc is characterised 

by: 1) an interval of minor cooling that spans from HoIIb to early HoIIIa, and 2) abrupt cooling 

during HoIIc in association with the NAP phase.  Based on the low chronological resolution of 

the Beeches Pit sequence in comparison to Marks Tey, it cannot be established whether this use 

of fire is contemporaneous with the abrupt climatic event and associated wildfire that causes the 

onset of the NAP phase. However this comparison strongly suggests that the clearest evidence 

for the first controlled use of fire in northwest Europe occurred in association with climatic 

cooling during fully interglacial conditions, either during the minor cooling observed during 

this period, or the abrupt climatic cooling in HoIIc. Whether the use of fire in Beeches Pit is 

occurring in response to this cooling, remains to be seen, however, it does seem likely that fire 

would have been one of the key adaptive responses to cooler conditions, rather than seasonal 

migration (Ashton and Lewis, 2012) or physiological adaptions (Chu, 2009).  It is important to 

note that the later evidence for fire in Beeches Pit (Beds 5 and 6), also potentially occurs in 

association with the onset of cooler conditions at the end of the Hoxnian Interglacial (Figure 

11.1). Consequently, it can be tentatively suggested that the initiation of fire use during MIS 11 

in the British Isles is a response to climatic cooling observed during the interglacial period.  
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11.3. Changing precipitation regimes during the Hoxnian Interglacial 

In addition to the observations of temperature variability during the Hoxnian Interglacial, there 

is also evidence for changing precipitation patterns. The enhanced seasonality observed in HoIII 

is associated with new evidence generated by this study to suggest that this period was 

characterised by an increase in the amount of precipitation relative to HoII and HoIV.  This is 

clearly observed in the sedimentological and geochemical evidence from Oughtonhead Lane 

tufa, which is correlated to HoIIIa (Preece, et al., 2007).  The combined Mg/Ca, Sr/Ca and δ13C 

record from this sequence indicates relatively drier conditions associated with the onset of tufa 

deposition, followed by a shift to wetter conditions. This occurs in association with sedimentary 

evidence for a switch from a low-energy paludal environment to a higher energy fluvial 

environment. The evidence for wetter conditions supported by the ‘Lyrodiscus’ fauna in 

particular species such as Carychium tridentatum and Clausilia sp., which favour moist 

environments (Rousseau et al., 1992).   Additionally, more tentative evidence comes from the 

sedimentary record of Marks Tey.  The laminated sediments associated with HoIII (LFa-3), 

although not in situ, are characterised by an increase in particle size and minerogenic content 

relative to those correlated to HoI-HoII.  This potentially indicates an increase in energy of 

sediment supply from allochthonous sources associated with HoIII, potentially in response to 

increasing runoff as a result of increased precipitation (Zolitschka, 2007). 

Although both of these lines of evidence cannot provide quantitative reconstructions of 

precipitation change, they can be used to suggest strongly that HoIIIa was characterised by 

increased rainfall in relation to the rest of the Hoxnian Interglacial, potentially in association 

with the increased seasonality observed during this period. This adds to the growing evidence 

for changing precipitation regimes in the British Isles during the Hoxnian Interglacial (Figure 

11.3). In a number of lacustrine sequences in the British Isles, sedimentary hiatuses have been 

identified, suggested to indicate a fall in lake level.  Based on pollen stratigraphy, these lake level 

changes occurred during HoII (Gibbard and Aalto, 1977; Gibbard et al., 1986; Boreham and 

Gibbard, 1995)) and HoIIIb-IV (Turner, 1970; Ashton et al., 2008). It is important to note that 

the changes in depositional environments in these sequences may be the result of autogenic 

controls on sedimentation such as basin infilling (Ashton et al., 2006), however, the fact that a 

number of these fluctuations can be traced across a region, strongly indicates that there may 

have been regionally lower levels of precipitation during the early and late part of the Hoxnian 

relative to the interval characterised by HoIIIa.  
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In terms of hominin populations in Britain during this period, changing precipitation levels 

would have had important implications.  The increase in precipitation observed during HoIIIa 

would have resulted in the increase in flow regimes of fluvial systems, which were being utilised 

by Acheulian populations during this period (Ashton et al., 2006), likely leading to increased 

erosion, and greater availability of raw materials for tool production.  At a number of Hoxnian 

sites (e.g. Barnham, Elveden, Hitchin lake beds), the onset of the fluvial activity is suggested to 

have occurred in the later stages of HoII (Ashton et al., 1998; 2005, Boreham and Gibbard, 

1995); associated with this is the first evidence of hominin presence at these sites.  It is 

nevertheless uncertain whether the onset of fluvial activity at these sites occurred as a result of 

autogenic processes, such as basin infilling, and, if increased fluvial activity at these sites was the 

result of wetter conditions, how this correlates with the evidence for increased precipitation in 

this study.  However, it could be tentatively suggested that increased precipitation during the 

middle of the Hoxnian may have led to increased fluvial activity, leading to the development of 

riparian areas (Ashton et al., 2006) and allowing for the expansion of Acheulian populations 

into these areas.   

Figure 11.3.	Biological, geochemical, sedimentary and lake level evidence during the Hoxnian Interglacial, presented 
alongside Hoxnian Interglacial pollen stratigraphy.  Orange (drier) and blue (wetter) is used to denote periods of wet 
and dry conditions evident in the biological, geochemical and sedimentological proxy records.  For lake level change, 
solid green line indicates lake sedimentation, with gaps indicating sedimentary hiatuses. Dashed lines indicate periods of 
fluctuating water level or reduced sedimentation.   
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Changing precipitation patterns during MIS11 are also evident in European sequences 

(Rousseau et al., 1992, Antoine and Limondin-Lozouet, 2004, Limondin-Lozouet and Antoine, 

2006 and Limondin-Lozouet et al., 2006).  The clearest evidence comes from the tufa sequence 

at La Celle (Dabkowski et al., 2012). Geochemical and malacological evidence from this 

sequence indicates a warm and wet climatic optimum, followed by cooler and drier conditions 

associated with the later part of the interglacial. The climatic optimum is characterised by the 

‘Lyrodiscus’ fauna, suggesting that this part of the sequence may be contemporaneous with 

HoIII and the deposition of the Oughtonhead Lane tufa. On the basis of this tentative 

correlation, it could be suggested that enhanced precipitation during HoIII could potentially be 

traced across Western Europe. This is supported by the presence of ‘Lyrodiscus’ fauna in a series 

of sites across France, (Antoine and Limondin-Lozouet, 2004, Limondin-Lozouet and Antoine, 

2006 and Limondin-Lozouet et al., 2006) and central Germany (Rousseau et al., 1992).  

11.4. Post-Hoxnian climatic instability 

Whilst the Hoxnian Interglacial was characterised by relatively subdued climatic variations, the 

immediate post-Hoxnian period was characterised by much higher-magnitude climatic 

oscillations, at which time there is artefactual evidence for hominin occupation (Figure 11.4.).  

The high magnitude of these oscillations is clearly observed in the Marks Tey δ18O record, in 

which there is a decline in δ18O values, suggesting a decrease in mean annual air temperature of 

ca. 6 to 9°C in the post-Hoxnian sediments. This is followed by an increase in δ18O values, which 

suggests a return to temperatures comparable to those experienced in the Hoxnian Interglacial. 

This oscillation occurs in association with an increase in allogenic sediment delivery and a 

reduction in measured δ13C values and P(wax) values, indicating reduced vegetation cover in the 

catchment and a more open landscape (see Chapter 7 for a full dicussion). Furthermore, there is 

evidence for the reworking of sub-aerially exposed lacustrine sediments, potentially indicating a 

reduction in vegetation cover at the lake margins and leading to the prevalence of high energy 

transport processes, suggesting that the landscape was inherently unstable. It is important to 

stress however, that the lack of archaeological evidence from Marks Tey and the absence of 

chronological techniques that would allow the environmental record of this site to be directly 

tied to Hoxnian occupation sites means that the evidence for climate forcing seen here cannot 

be linked to human activity. This record is important, however, because it provides a detailed 

record of the magnitude of temperature change and the landscape response that hominin 

populations occupying northwest Europe during the immediate post-Hoxnian interval would 

have experienced. 

The cooling observed at Marks Tey is comparable to the decline in temperatures recorded in the 

coleopteran MCR reconstructions from Faunal Unit 3, Quinton (Tmax between +9 to +11°C 

and Tmin -27 to -10°C) and Stratum C, Hoxne (Tmax of  +10°C, Tmin of -15°C), both of which 
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are correlated with a post-Hoxnian stadial event (Ashton, et al., 2008), although as discussed in 

Chapter 10, whether the stadial events recorded in these sequences are actually 

contemporaneous cannot be determined.. However, these cooling events in the immediate post-

Hoxnian would have had profound effects on populations inhabiting Britain at this time, as the 

magnitude of temperature decrease resulted in a shift to a much more open landscape, with a 

reduction in vegetation cover, forested areas and most likely the duration the growing season 

(Goebel, 1999).  Furthermore, these lower temperatures would have likely resulted in the 

migration of temperate-adapted large mammals to southern European refugia, substantially 

decreasing the density of prey available as a resource for these populations (Roebroeks, 2001). 

Instead, as observed in cold-climate deposits from the Late Pleistocene (Currant and Jacobi, 

2001), more open-ground and migratory taxa such as horse or reindeer may have been more 

predominant (currently, there are no records of these taxa from post-Hoxnian stadial deposits, 

although largely because of taphonomic issues such as decalcification). In order to deal with 

these challenges, populations present in Britain during this period must have had adaptive 

strategies in place. These may have included the adoption of more strategic hunting regimes and 

potentially the development of food storage.  Furthermore, these populations would have 

already had the use of fire in their toolkit (Gowlett, 2006), but may have also developed 

rudimentary clothing (White, 2006) and shelters (Chu, 2009) to cope with the colder conditions.  

However, there is no artefactual evidence suggesting the presence of hominin populations 

during any post-Hoxnian stadial event at sites where such an oscillation is recorded (Coope and 

Kenward, 2007; Ashton et al., 2008).  This may be due to the paucity of sites in which this event 

is noted, and the fact that these sequences represent lacustrine settings, in which archaeological 

visibility is low (Ashton et al., 2006).  Consequently, it cannot be determined whether 

populations were still present in the British Isles during this period, which would indicate that 

they have had the necessary adaptive strategies to cope with this magnitude of cooling. Equally, 

hominin populations may have been locally extinct in Britain. This raises the further question 

regarding sea levels during this period; were they low enough to enable migration to warmer 

refugia in mainland Europe (Ashton and Lewis, 2012), or did a higher sea level pose a barrier to 

this exodus? On the basis of the Island Model (White and Schreve, 2000; Pettitt and White, 

2012) described in Chapter 3, sea level during Middle Pleistocene stadial events would have 

likely been low enough allowing for movement in mainland Europe (Figure 11.1.).  However, 

current sea level reconstructions for post-MIS 11c are ambiguous (Waelbroeck et al., 2002; 

Shackleton, 2000; Rohling et al., 2010), and the exact relationship between sea level during these 

events and Britain’s island status is not clear.  
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Figure 11.4. Marks Tey δ18O stratigraphy of HoIII and Post-Hoxnian (A), compared against; B) coleopteran MCR 
records from Hoxne and Quinton (Coope and Kenward, 2007; Ashton et al., 2008), and suggested correlation to MIS 
stratigraphy and Acheulian assemblages recovered from Strata B and A, Hoxne (Ashton et al., 2008).

It is, however, important to note that there are a number of sites with evidence for hominin 

occupation during cold climate conditions attributed to the end of MIS11 or early MIS10, 

tentatively supporting the notion that hominin populations may have persisted (Preece et al., 

2007). Such hypotheses are hampered by the general paucity of artefacts and a lack of evidence 

for base camps or shelters, which might indicate cultural adaptations to environmental stress, as 

well as by a lack of molecular data from hominin fossils that might reveal genetic bottlenecks or 

local extinctions in response to abrupt cooling. Sites with evidence for cold-climate occupation 

include the sedimentary sequence at Beeches Pit (Preece et al., 2007), in which an Acheulian 

assemblage has been recovered in association with faunal evidence for fluvial deposition under a 

cold, and potentially more continental climatic regime. These deposits have been tentatively 

correlated with a later sub-stage within MIS 11 (White et al., 2013: Bernadout, 2014).  However, 
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precisely where these deposits lie within the British MIS 11 stratigraphy is uncertain; further 

work may be able to provide a better stratigraphic understanding of these deposits. 

Hominin occupation in Britain during a post-Hoxnian interstadial is less equivocal, with the 

presence of stone tools in the upper horizons of both the Hoxne and Swanscombe sequence.  At 

Hoxne, in situ Acheulian assemblages have been recovered from Strata B1 and A2(iii), which 

mark the establishment of a fluvial system subsequent to the deposition of Hoxnian lacustrine 

sediments (Strata F-D), and the overlying cold climate lacustrine sediments (Stratum C), all of 

which can been correlated to MIS 11 (Ashton et al., 2008: Penkman et al., 2013). Associated with 

this assemblage is evidence for more continental conditions with warm summers indicated by 

the presence of rudd (Scardinius erythropthalmus) and Norway lemming (Lemmus sp.) 

indicating more continental, and potentially cooler conditions (Ashton et al., 2008).  This is 

supported by the palynological evidence from Stratum B, with the dominance of birch and pine, 

leading Ashton et al. (2008) to suggest that this later interstadial event was characterised by cool 

temperate conditions, dominated by boreal forest. However, it is important to note that pollen 

from fluvial contexts is often reworked (Moore et al., 1991), and may not reflect the prevailing 

vegetation regime at the time of sediment deposition. Furthermore, the mammalian fauna is 

more consistent with fully temperate conditions, with the presence of fallow deer (Dama dama), 

beaver (Castor fiber), and macaque (Macaca sylvanus) indicating areas of temperate woodland 

(Stuart et al., 1993; Schreve, 1997: Ashton et al., 2008), and horse (Equus ferus) indicating some 

areas of open grassland. 

In contrast to the environmental conditions reconstructed for the post-Hoxnian stadial, the 

open and warm conditions that characterise this post-Hoxnian interstadial would have been 

favourable for occupation (Leroy et al., 2010). A less vegetated landscape may have exposed 

areas that would have been fully covered by forest during full interglacial conditions (e.g. river 

gravels and chalk outcrops), in which raw material for tool production would have been readily 

available. Furthermore, associated with this more open landscape would have been abundant 

large herbivores, providing an important food resource. The use of these mammals during 

interstadials is attested by the presence of cutmarks on a large number of the horse and red deer 

bones recovered from Hoxne (Stopp, 1993). 

It is important to note that one of the key archaeological patterns emerging from the later stages 

of MIS11 is the presence of twisted ovate handaxes. The deposits in which significant numbers 

of these artefacts have been recovered are correlated to late MIS11/early MIS 10, with this 

handaxe form suggested to represent a cultural change in knapping practices (White, 1998b). 

More recently, the presence of these handaxes in the upper parts of the Swanscombe sequence 

has led White et al. (2013) to tentatively suggest that these assemblages may be associated with a 
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later MIS11 interstadial event (potentially MIS 11a). If this is the case, then based on the 

evidence presented above, it can be hypothesised that these twisted ovate handaxes may 

represent a form of cultural change in response to the environmental conditions associated with 

this period. However, this idea would need further validation through improvements in the 

understanding of the chronology and environmental contexts of twisted-ovate bearing deposits 

in Britain. 

11.5. The palaeoenvironmental context of hominin occupation during MIS 11 

The discussion presented above indicates that hominin populations were present in the British 

Isles in MIS 11 during periods of climatic variability within both the Hoxnian Interglacial and 

immediate post-Hoxnian period.  Traditionally, the understanding of hominin occupation 

during MIS 11 was based on the assumption that this interval was characterised by long-term 

climatic stability, and that patterns observed in the archaeological record within this interglacial 

were likely the result of palaeogeographic changes in the British Isles and endemic cultural 

changes within hominin populations. As outlined previously, this assumption has been based 

primarily on pollen evidence and biologically-derived temperature reconstructions from single 

stratigraphic horizons, which yield little information about how the climate evolved during an 

interglacial. These findings demonstrate that Lower Palaeolithic populations during  MIS 11 

were able to survive in a range of environmental conditions associated with a relatively stable 

temperature regimes during MIS 11c, and high magnitude climatic oscillations during the later 

stages of MIS 11. This indicates that populations were more resilient to a wide range of 

environmental conditions during MIS 11 than previously suggested (Antoine, 2003; Ashton et 

al., 2006). More significantly, this study shows that during the period when Britain was isolated 

from Europe during MIS 11 (following Phase 4 of the Island Model (White and Schreve, 2000; 

Pettitt and White, 2012)), Acheulian populations were present during intervals of fluctuating 

precipitation patterns and landscape changes. This strongly suggests that these populations 

would have developed the necessary adaptive strategies to cope with environmental 

perturbations during periods of insularity as early as MIS11. 

The results from this thesis therefore indicate the occurrence of climatic variability during 

interglacial periods such as MIS 11. In some instances, this variability may not have been of a 

sufficient magnitude to cause ecological or landscape changes, for example the minor cooling 

that characterises the mid-Hoxnian. Conversely, these variations may have been of a greater 

magnitude, for example the NAP phase or the stadial-interstadial event that characterises the 

immediate post-Hoxnian, resulting in large scale ecological or landscape perturbations. 

Whether these events had significant effects on the hominin populations during this period 

remains to be seen, however, this study does indicate that the archaeological record of MIS 11, 
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and other Middle Pleistocene interglacials, may need to be reconsidered in light of this 

complexity.   

11.6. Chapter Summary 

• This Chapter presents a discussion of the evidence for environmental and landscape

change in the British Isles during MIS 11 as suggested by the sedimentary sequences

investigated in this study and its implications for understanding the record of hominin

occupation during this period.

• Alongside the δ18O evidence for the climatic structure of MIS 11 as presented in Chapter

10, this study provides evidence for variation in precipitation regimes, seasonality and

landscape change during MIS 11.

• The long-term temperature stability of the Hoxnian Interglacial indicates that both

Clactonian and Acheulian populations were inhabiting Britain under broadly the same

thermal regime.  Superimposed on this stability is, however, evidence for minor cooling

during HoII-HoIIIa and abrupt cooling associated with the NAP phase.  It is suggested

that the former event was unlikely to have significant impacts on populations, however

the latter, which caused significant perturbations to ecosystems, would likely have been

more detrimental.  Directly examining these effects remains difficult, due to the coarse

resolution of artefact-bearing deposits in comparison to the abrupt nature of these

events. However, it is important to note that the earliest use of fire in northwest Europe

corresponds to the cooling observed during HoII, and may represent an adaptive

response.

• The evidence for periods of enhanced seasonality and changing precipitation regimes

during the Hoxnian Interglacial indicates that although populations inhabited Britain

under a stable temperature regime, they would have been subjected to fluctuating

environmental conditions.

• The presence of Acheulian populations during at least one post-Hoxnian interstadial

was likely to have been under environmental conditions characterised by a temperate-

continental climatic regime and a more open landscape.  This may have led to the

evolution of a number of adaptive strategies, with the appearance of new technologies

such as the twisted ovate handaxes tentatively suggested to be one of these.

• This study has demonstrated further complexity in the MIS 11 environmental record

than previously suggested.  As discussed throughout this Chapter, the findings allow the

archaeological record to be re-evaluated in the light of these complexities, thereby

raising further questions regarding the chronology of occupation, adaptive strategies

and the relationship between hominin populations and the environment during the

Lower Palaeolithic.
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Chapter 12 - Conclusions

12.1. Key findings 

This study has, through the novel application of stable isotopic (δ18O and δ13C) analysis of 

freshwater carbonates, produced a climatic framework for the Hoxnian Interglacial and the 

immediate post-Hoxnian period, the British terrestrial correlative of MIS 11.  Using the 

evidence for palaeoclimatic change produced through this approach and allied geochemical and 

sedimentological techniques on a number of MIS 11 sequences, this study has improved the 

understanding of the palaeoenvironmental context of hominin occupation in the British Isles 

during MIS 11.  The principal findings of this study are listed below: 

• The δ18O value of modern freshwater gastropod carbonate records the prevailing

temperature regime, and therefore, can be used as a palaeotemperature proxy when it is

applied to fossil mollusc assemblages.  This is readily demonstrated in modern fluvial

systems in southeast England, in which water temperatures vary systematically across

the year in line with air temperature, whereas δ18Owater values remains constant.

Measured δ18Owater values are comparable to long-term δ18Orainfall values, which in turn,

are strongly controlled by air temperature.  Measured δ18O values of B. tentaculata shell

and operculum, V. piscinalis shell and R. balthica shell from three fluvial systems are all

consistent with mineralisation in isotopic equilibrium with δ18Owater values, indicating

that there is a strong relationship between gastropod carbonate δ18O values and

prevailing air temperatures in modern lowland fluvial systems in southeast England.

Furthermore, differences between δ18O values of gastropod carbonate are a function of

differences in the period of shell or operculum mineralisation of different taxa.

Consequently, the use of a multi-species approach within Quaternary stratigraphic

sequences enables inferences to be made about changes in seasonality of air temperature

regimes.  This has been readily demonstrated in the Swanscombe sequence as part of

this study.

• Measured δ18O values of freshwater carbonate from three MIS 11 sequences, Marks Tey,

Oughtonhead Lane tufa, and Barnfield Pit and Dierden’s Pit, Swanscombe, can all be

used as proxies for air temperature.  Based on the variations in δ18O values observed in

these records, three aspects of the climatic regime of MIS 11 in the British Isles can be

identified.  First, it is now apparent that the Hoxnian Interglacial was characterised by

long-term temperature stability.  Second, imposed on this relative stability is evidence

for seasonal temperature regimes during the Hoxnian.  Third, there is evidence for at

least one high-magnitude stadial-interstadial event in the post-Hoxnian period.
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• Measured δ18O values from the Hoxnian Interglacial corroborate previously published

biologically-derived temperature estimates, and indicate that that Hoxnian Interglacial

was characterised by temperatures that were warmer than the present day (particularly

during the late temperate phase – HoIII), but not exceptionally warm, as previously

suggested.  Furthermore, the climatic structure of the Hoxnian Interglacial in Britain as

presented here is largely consistent with that seen in North Atlantic SST records.

• The identification of a stadial-interstadial event in the post-Hoxnian sediments at

Marks Tey supplies further evidence for post-Hoxnian climatic complexity in the British

Isles.  However, uncertainties still lie in the stratigraphic correlation of these events in

the British terrestrial record and how they relate to the complexity observed in the

North Atlantic SST records.

• Combined sedimentological, geochemical, and biological evidence from the

Oughtonhead Lane tufa adds to the increasing evidence for changing precipitation

patterns during the Hoxnian Interglacial.  This indicates that the period was

characterised by enhanced precipitation associated with the climatic optimum of MIS

11c (HoIII) with potentially two intervals of relatively drier conditions, one during HoII

and one in the later stages of the Hoxnian, possibly during HoIV.

• The climatic framework of MIS 11 presented in this thesis provides a backdrop against

which the patterns of hominin occupation during this period can be explored.  This

indicates that during the Hoxnian Interglacial, both Clactonian and Acheulian

populations inhabited Britain under broadly the same thermal regime.  The evidence for

periods of enhanced seasonality and changing precipitation regimes during the Hoxnian

Interglacial indicates that although populations inhabited Britain under a relatively

stable temperature regime, they would have been subjected to fluctuating environmental

conditions.

• The presence of Acheulian populations during at least one post-Hoxnian interstadial

was likely to have been under environmental conditions characterised by a temperate-

continental climatic regime and a more open landscape.  This may have led to the

evolution of a number of adaptive strategies, with the appearance of new technologies

such as the twisted ovate handaxes tentatively suggested being one of these.

12.2. Wider significance 

The significance of this study for understanding Quaternary Interglacials is two-fold.  First, MIS 

11c is widely regarded to be one of the most appropriate climatic analogues for the current 

interglacial, and has long suggested to be characterised by exceptional warmth, and a stable 

climate regime (Imbrie et al., 1984, Loutre and Berger, 2003; Droxler et al., 2003).  The results of 
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this study confirm that a large part of the interglacial was characterised by climatic stability, with 

temperatures comparable to the Holocene thermal maximum.  These two findings add to the 

increasing body of evidence from long, continuous records indicating that MIS 11c was 

characterised by stable, but not exceptionally warm climatic conditions (Prokopenko et al., 

2006: Jouzel et al., 2007; Stein et al., 2009; Voelker et al., 2010).  Post MIS 11c, the identification 

of a stadial-interstadial event in the Marks Tey sequence adds to the evidence in the British 

terrestrial record for climatic instability during the later stages of MIS 11 (Coope and Kenward, 

2007; Ashton et al., 2008), in line with that observed in North Atlantic marine records. 

Although the correlation and number of these events in the British record is still uncertain, it 

serves to underline the fact that mainland Britain was sensitive to such events. 

Second, in terms of the understanding the climatic backdrop to Lower Palaeolithic occupation 

in Northwest Europe, this study has demonstrated additional complexity in the MIS 11 

environmental record than previously suggested.  Whether these events had large-scale effects 

on the hominin populations during this period remains to be seen, however the study provides a 

fresh perspective on the chronology of occupation, adaptive strategies and the relationship 

between hominin populations and the environment during the Lower Palaeolithic.  This 

strongly indicates that the archaeological record of Middle Pleistocene interglacials may need to 

be reconsidered in light of complexity associated with interglacial periods, as demonstrated in 

this study. 

12.3.  Future directions 

The sequences investigated in this study are only a few of the large number of terrestrial 

sequences in the British Isles that can be correlated to MIS 11, many of which contain either 

freshwater abiogenic or biogenic carbonate, ripe for application of stable isotopic analysis. 

Further work on these sequences should focus on the validation of the pattern of climatic 

evolution during HoI-HoIII that has been identified in this study.  Furthermore, uncertainties 

remain regarding the late stages of the Hoxnian Interglacial (HoIV), which could not be 

investigated in this study as none of the sequences contained sediments of this age.  Ecological 

evidence from this period indicates that these later stages of the Hoxnian were characterised by 

the development of boreal forest (Turner, 1970) and the opening up of the landscape (Schreve, 

2001a), therefore it is important to understand the climatic regime of this interval.  The use of 

stable isotopes in freshwater carbonates could also increase the understanding of changes in 

seasonality through the Hoxnian Interglacial.  This could be achieved through the analysis of 

seasonal growth bands in freshwater bivalve shells (Dettman et al., 1999) and has the potential 

to be applied to a number of sequences in which these fossils are found (White et al., 2013).  

Furthermore, a number of studies have demonstrated that isotopic composition of laminae 
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within stromatolitic material also has the potential to record seasonal variation in water 

temperatures in temperate tufa systems (Andrews and Braiser, 2005).  Consequently, this 

technique could be applied to the stromatolitic material derived from Oughtonhead Lane to 

understand further the seasonal temperature regime during HoIIIa.  In terms of validating the 

δ18O record produced in this thesis, it may be possible in future to produce chironomid-based 

summer temperature reconstructions from some of the shallower lake systems where these 

fossils might be preserved and to test the application of ostracod-based δ18O records as a 

temperature proxy in Middle Pleistocene sequences. 

One of the key areas of research that this thesis has developed is the application of freshwater 

mollusc carbonate as a palaeoclimatic proxy, specifically, the use of multiple species and the 

coupling of shell and opercula records, within a sequence to reconstruct seasonal temperature 

regimes.  This proxy now has the potential to be applied not just to other MIS 11 sequences (e.g. 

East Hyde; Roe, 2001), but also to sequences from other interglacials, such as Sidestrand (Meijer 

and Preece, 2006) and Purfleet (Schreve et al., 2002).  This will enable changes in 

palaeotemperature and seasonality to be understood in a number of early Middle and Middle 

Pleistocene interglacial periods. 
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Appendices	

 Appendices 
The attached data CD includes the appendices for this thesis.  These are as follows: 

A. Procedure for screening air and water temperature data (Chapter 5). 

B. Modern air and water temperature data (Chapters 5 and 6). 

C. Raw δ18Owater values for modern freshwater systems, and raw δ18O and δ13C values of 

modern freshwater gastropod carbonate from living and subfossil specimens (Chapter 

6). 

D. Marks Tey Particle Size Analysis curves for different lamination types observed in the 

MT-Upper sequence (Chapter 7). 

E. Marks Tey MT-Upper Microstratigraphic Logs (Chapter 7). 

F. Marks Tey MT-2010 Lamination Types (Chapter 7). 

G. Marks Tey, Oughtonhead Lane, and Barnfield Pit and Dierden’s Pit, Swancombe raw 

δ18O and δ13C data (Chapters 7, 8, and 9). 

H. Oughtonhead Lane tufa trace element (Sr/Mg/Ca) raw values and macroscopic and 

microscopic charcoal counts (Chapter 8). 

If missing, please contact: 
Jennifer Sherriff 
Department of Geography 
Royal Holloway, University of London 
Egham 
Surrey 
TW20 OEX 
Jennifer.sherriff.2011@live.rhul.ac.uk 
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