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i

’We then passed over Newgale sands at which place a very remarkable circumstance occurred.
The sandy shores of south Wales laid bare by the extraordinary violence of a storm, the surface
of the earth, which had been covered for many ages, reappeared, and discovered the trunk of
trees cut off, standing in the very sea itself, the strokes of the hatchet appearing as if made only
yesterday. The soil was very black and the wood like ebony. This looked like a grove cut down,
perhaps at the time of the deluge, or not long after.’

Giraldus Cambrensis 1188AD



UNIVERSITY OF YORK

Abstract
Department of Environment and Geography

Doctor of Philosophy

Using Holocene sea-level data to improve sea-level predictions for the United Kingdom: a
combined empirical and model-based approach

by Geoffrey Richards

The thesis presents new sea-level data for north Wales and western Pembrokeshire. These data
are used alongside the existing British sea-level database to assess current GIA models. The
suitability of enclosed coastal back-barrier freshwater marshes as archives for Holocene sea level
more generally is also evaluated.

This work expands on the work by Gehrels and Anderson (2014) who first demonstrated the
suitability of peat deposits in coastal freshwater peat-gravel back-barrier marshes for sea-level
reconstructions. The suitability of the method is expanded to include peat-sandy gravel and
peat-sand systems.

Groundwater monitoring was used to show that the back-barrier water table is controlled by tide
levels. Groundwater modelling experiments were conducted to test the controls of stratigraphy,
peat permeability and marsh recharge on the link between groundwater and sea level.

Hand-drilled coring was used to establish the stratigraphy of these sites. Sea-level index points
were collected from basal Holocene peat that was dated by radiocarbon methods and is immune
to sediment compaction.

Presented here are two new compaction-free sea-level index points for north Wales and six for
west Pembrokeshire. The new data show a c.5.2m sea-level rise in north Wales, between c.7400
and 1900 cal years BP. Whilst a mid Holocene highstand can not be ruled out, this data leaves
little room for one to have occurred. In western Pembrokeshire sea level rose c.8.2m between
c.7000 and 2900 cal years BP.

Current GIA models are shown to over-predict sea level at both sites, possibly due to the under
prediction of isostatic rebound. These misfits need to be addressed to improve future predictions
of sea-level change for the UK.
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Chapter 1

Introduction

1.1 General Introduction

The United Kingdom Climate Impact Programme (UKCIP) has provided predictions of future

sea-level change, the most recent report being the UK Climate Projections Science Report:

Marine and Coastal Projections (UKCP09) [Lowe et al., 2009]. UKCP09 predictions of future

relative sea-level (RSL) change demonstrate that change in mean sea level will not be uniform

around the United Kingdom (Figure 1.1) and that signi�cant regional variations are expected

due to di�erential vertical land movements. It is essential that predictions of these variations are

reliable and this depends, in part, on an accurate model of Holocene relative sea-level change.

As such, understanding the pattern of past relative sea-level change around the United Kingdom

is of great importance to society [Gehrels, 2010].

Quaternary sea-level change has been predominantly controlled by the cyclical growth and

decay of continental ice. Since the Last Glacial Maximum (LGM), deglaciation has resulted in

a transfer of mass from continental ice sheets to oceanic basins [Milne, 2015]. The result of this

transfer is that global mean sea level has increased during the Holocene. This increase is often

termedeustaticsea-level rise [Peltier et al., 2002]. The response of the solid Earth to the loading

and unloading of the continental crust and the resulting deformation of the lithosphere is termed

isostasy. It is the interplay between rising sea level, due to the addition of water to the ocean

basins, and the isostatic adjustment of the solid Earth which results in relative sea-level (RSL)

change with variations across regions. As these changes are relative, then the terms relative

sea-level change and relative land uplift are interchangeable and are used as such in the literature

[i.e Shennan et al. [2012]]. Shennan et al. [2012] use geological evidence to produce a map

of ongoing relative land uplift for the British Isles (Figure 1.2). Examination of the maps in

Figures 1.1 and 1.2 shows similar trends of relative land uplift to those of the predictions of future

1
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Figure 1.1: Predicted regional variation in relative sea-level change around the United
Kingdom for 2095. The predicted change is a result of absolute sea-level change averaged for
the UK and regional vertical land changes [Lowe et al., 2009].
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sea-level change, highlighting that relative land movements play a critical role in the prediction

of future sea levels.

Wales is a critical area for models of Holocene sea-level change, because of an isostatic gradient

running north to south as a result of Holocene subsidence of the south relative to the north. The

models covering these regions are poorly constrained, so further data allows for the improvement

of the �t between models and observations. Suitable sites in Wales for Holocene sea-level

reconstructions are rare, because Wales contains a limited number of salt marshes and estuaries

[Boorman, 2003] due to the rocky geomorphology of the coastline. Barrier systems, on the other

hand, are plentiful. Therefore, this work builds on the previous investigation by Gehrels and

Anderson [2014], which proposes the necessary conditions for past sea-level data to be archived

in a back-barrier freshwater marsh. In this thesis the methods of Gehrels and Anderson are

applied to two sites in Wales to test the hypothesis that freshwater peat deposits can have a direct

relationship to sea level and as such be suitable archives for past sea level.

1.2 Sea-level Index Points

The geological sea-level data used by Shennan et al. [2012] to construct the map in Figure 1.2

are called sea-level index points (SLIPs). SLIP attributes includes location, age, altitude and

a sea-level tendency. The age of the majority of the SLIPs in the British sea-level database is

determined by radiocarbon dating, with calibrated ages and some supporting evidence [Shennan

et al., 2006]. Constraining the altitude of SLIPs is achieved by assessing the indicative meaning

of the sea-level indicator. Indicative meaning include the reference water level and the indicative

range of the indicator. The indicative range is the vertical spread over which the indicator could

have existed during formation and the reference water level is the midpoint of the indicative

range [Milne, 2015]. The indicative meaning is measured relative to contemporary tidal heights

(Figure 1.3). The tendency of an index point relates to the increase or decrease of marine

in�uence in stratigraphic context [Shennan et al., 2006].

SLIPs can be categorised into three types. Basal SLIPs are located at the base of the Holocene

sequence and as such are not considered to be signi�cantly a�ected by compaction. These are

the preferred SLIPs to use. Intercalated SLIPs are collected from within the Holocene sequence

and as such can be displaced downwards by the weight of overlying sediments. Limiting SLIPs

give an upper or lower limit of sea level, with samples occurring either in freshwater or fully

marine environments. They can only be used to provide the maximum or minimum position of

former sea levels [Shennan et al., 2015].
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Figure 1.2: Rate of relative land change around the British Isles (mm a� 1) between 1 ka and
the present day. Positive values represent land uplift and negative values subsidence [Shennan
et al., 2012].
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Figure 1.3: The indicative range of a SLIP is the potential vertical range of the sample during
formation. The reference water level is taken as the mid-point of the indicative range [Milne,
2015].

1.3 Glacial isostatic adjustment modelling

Glacial isostatic adjustment (GIA) numerical models are used to simulate the response of the

solid Earth to mass transfer between the oceans and the cryosphere. The change in sea level

brought about by this interaction is described by the sea-level equation, such as the simpli�ed

version presented by Milne [2015]:

S¹�; � ; tº = C¹�; � º»G¹�; � ; tº � R¹�; � ; tº + H¹tº¼ (1.1)

whereS(� ,� ,t) represents the change in sea level for a particular location. Changes in the geoid

are represented by the termG(� ,� ,t) and changes in the solid Earth byR(� ,� ,t). Conservation

of mass is controlled by the termH(t) to ensure that all of the water mass is accounted for when

transferred from or to the ocean andC(� ,� ) is the ocean function [Milne, 2015].

There are two main elements to a GIA model, a forcing and a deformation response to the forcing

(Figure 1.4). The forcing component is the combination of the rotational changes of the Earth

and mass exchange between land and oceans. The deformation response is the change in the

solid Earth brought about by the forcing components [Milne, 2015].

GIA models work by solving the generalised sea-level equation [Peltier et al., 2002] and the latest

models account for shoreline migration over time, the advance/retreat of ice sheets, ablating

marine based ice and the changes in Earth's rotation vector caused by the in�uence of GIA

[Bradley et al., 2011, Milne et al., 2006, Shennan et al., 2006]. GIA models can produce
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Figure 1.4: The key elements that comprise the Earth forcing and Earth model components of
GIA models. Earth forcing and earth properties (determined by the earth model) control how
the earth deforms due to variations in ice and ocean loading [Milne, 2015].

predictions of vertical land uplift and subsidence (Figure 1.5), such as those re�ected in the

sea-level predictions produced by UKCIP (Figure 1.1).

The prediction of vertical land movements by GIA models is reliant upon an Earth model which

simulates the response of the mantle to loading and unloading. The small size of the British Ice

Sheet means that the upper mantle is primarily responsible for the degree of rebound observed

around the British Isles, with the impact of the lower mantle being negligible [Lambeck, 1993a].

The more recent models use a three layer model as in Milne et al. [2006], Shennan et al. [2006]

and Bradley et al. [2011]. The �rst two layers represent the lithosphere and upper mantle,

extending to a depth of 670m [Bradley et al., 2011, Milne et al., 2006] and the deepest layer

represents the lower mantle. The thickness of the lithosphere varies between models, typically a

96km or 71km thick lithosphere is used [Bradley et al., 2011, Shennan et al., 2006]. The viscosity

of the lithosphere is typically 1043 Pa s [Bradley et al., 2011, Milne et al., 2006, Shennan et al.,

2006]. Viscosity ranges for the upper and lower mantle are typically 1020-1021 and 1021-1022

respectively.

Typically, GIA models for the British Isles use a nested ice model based on low resolution global

ice models such as those presented by Bassett et al. [2005], and high resolution British-Irish

ice sheet models such as Peltier et al. [2002]. Shennan et al. [2000] highlighted that by not

accounting for topography under the ice sheet, in areas such as Scotland, the ice thickness would

be overestimated. As such, more recent ice models make adaptations to correct for this issue,

such as Bradley et al. [2011].

GIA models predict past sea levels from SLIPs and the predictions are typically presented as

curves (Figure 1.6). Each SLIP includes a range of possible ages and heights, which are usually

represented as crosses. The horizontal axis of a cross shows the range in age of the SLIP. The

vertical axis shows the indicative range and the combined estimations of height error, which

includes errors introduced by a variety of factors which include surveying, autocompaction,

angle of borehole, datum errors and uncertainties in paleotides [Gehrels et al., 1996]. The GIA

modelled curves presented by Shennan et al. [2012] clearly show the non-uniform nature of

Holocene sea-level change around the United Kingdom (Figure 1.6).
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Figure 1.5: Glacial Isostatic Adjustment model prediction of present day vertical land uplift
in the British Isles in mm/yr. Predictions include relevant ocean loading and rotational
components [Bradley et al., 2011].
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