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Abstract 

The research presented in this thesis utilises available near and far-field sea-

level records to provide constraints on the major rapid sea-level rise events that 

occurred during the most recent period of déglaciation (Termination 1). 

The far-field modelling results show that previous, large discrepancies between 

predictions and observations of sea-level at Barbados, Huon, Tahiti and Sunda Shelf 

can be resolved by utilising a model of glacial isostatic adjustment characterised by a 

high viscosity lower mantle (4 X lO 2 2 Pa ร) and a major Antarctic contribution (-15 

m) to meitwater pulse lA (-14.5-13.5 cal. kyr BP). The latter constraint is contrary 

to previous suggestions that this event was sourced from northern hemisphere ice 

sheets, and adds further to the hypothesis that an Antarctic source for mwp-IA is a 

possible mechanism to explain the progression of millennial scale climatic events 

that occurred during Termination 1. Furthermore, the far-field sea-level records 

preclude the existence of the smaller meitwater pulse IB event (-11 cal. kyr BP) and 

can not conclusively rule out a meitwater pulse event at 19 cal. kyr BP. 

Modelling of all available near-field sea-level data from the coast of Antarctica 

supports the far-field results in that the data do not preclude a dominant Antarctic 

source to mwp-IA and indicate that this event may have been caused by rapid 

melting of the Weddell and Ross Şea regions. 
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Chapter 1 Introduction 

1 -1 Ice Age Climate Change 

Recent Earth history has been defined by the existence of large continental ice 

sheets that have grown and melted in a quasi-periodic fashion (see Figure 1.1). The 

most recent of these glacial cycles began around 120,000 years ago, following a 

relatively warm interglacial period during which northern hemisphere ice cover was 

thought to be limited to Greenland and a small number of mountain glaciers. Global 

ice volume reached its maximum around 21,000 years ago: this event is referred to as 

the Last Glacial Maximum (LGM). During this period there was extensive glaciation 

of many high latitude northern hemisphere locations (e.g. North America, Greenland 

and North West Europe) and there was also increased glacial coverage of the 

southern hemisphere although this was limited mainly to the Antarctic continent due 

to the lack of land coverage at high latitudes. The causes of the Late Pleistocene 

glacial cycles and the triggers for moving from glaciated periods to interglacial 

periods are governed by a number of factors. In order to determine the effect on 

future climate change of these glaciation cycles, past events must be studied. 

The Mi lanko vi tch theory partly explains the long period cycles of glaciation 

and déglaciation by the variation of solar radiation received by the Earth as a result 

of changes in the Earth-Sun orbit. There are, however, a number of more rapid 

events that cannot be explained by the Milankovitch theory. These events include 
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so-called "terminations" (see Figure 1.1), which mark the rapid transition between 

full glacial and interglacial conditions within -10 kyr as well as more rapid events 

that occur in ~1 kyr or less, so-called "millennial-scale" events. 
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Figure 1.1: Marine (delta) oxygen isotope record from ocean drilling programme 
(ODP) site 849 as a proxy for global ice volume over the last 0,7 Myr. 
Terminations I-VII are labelled. From [1]. 

In this thesis I look at the Termination 1 event (Figure 1.1 and Figure 1.2) 

which is the period of rapid déglaciation following the LGM (~21,000 calibrated 

years BP to -7,000 yrs BP). Although this period shows an overall warming 

resulting in the déglaciation of the ice sheets, there occurred a number of more rapid 

and short-lived millennial-scale temperature variations: for example, those associated 

with the Bølling Allerød warm interval (〜14 calibrated kyr before present (cal. kyr 

BP)) and the Younger Dryas cold interval (֊11 cal. kyr BP) (Figure 1,2), The 

Earth's climate and the growth and melting of ice sheets are linked through a number 

of processes including, for example, surface albedo, topographic effects, melt water 

discharge, and iceberg calving (e.g. [1, 2]). Constraining the history of the major ice 

reservoirs is therefore a key step towards inteφreting differenl climate records and 

advancing our understanding of forcings and feedbacks within the climate system. In 

this thesis I aim to apply this philosophy to the primary climatic events that occurred 

during Termination 1. 

2 
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Figure 1.2: Ice core determined oxygen isotope records (a proxy for ancient air 

temperature) and sea-level variations during Termination 1. (A) Greenland ice 

sheet project 2 (GISP2) oxygen isotope record where OD is the Oldest Dryas cold 

interval, YD is the Younger Dryas cold interval and B-A is the Bølling Allerød 

warm interval. (B) The combined relative sea-level data from far-field locations 

(Bonaparte Gulf, Sunda Shelf, Barbados, Tahiti and Huon (see Sections 2.2 and 

3.3 for detailed descriptions of these data). (C) The Byrd oxygen isotope record. 

ACR is Antarctic cold reversal. From [3]. 

Figure 1.2 shows that the northern and southern hemispheres have exhibited 

very different temperature profiles during Termination 1. The southern hemisphere 

has been marked by a gradual wanning followed by a sudden cooling (the Antarctic 

Cold Reversal) (Frame C). The northern hemisphere, however, shows a rapid 

3 
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warming event (the Bølling Allerød warm interval) followed by a cold period 
(Younger Dryas) (Frame A). The relative sea-level record (Frame B) shows a rapid 
sea-level rise event (mwp-IA) occurring at about the time of the Bølling Allerød 
warm interval and preceding the Antarctic Cold Reversal and the Younger Dryas 
event. The freshwater influx to the oceans associated with a rapid sea-level rise 
event such as mwp-IA would have a dramatic influence on the global climate. 

Previous melt source scenarios for mwp-IA which contain a dominant North 

American contribution have been unable to adequately explain the effect of a large 

freshwater forcing in the North Atlantic coincident with the Bølling Allerød warm 

interval and an active thermohaline circulation [4]. A large freshwater influx to the 

North Atlantic would weaken the thermohaline circulation in the Atlantic and cause 

an associated cooling in the northern hemisphere (Figure 1.3, Frame B) which is 

contrary to the dramatic warming associated with the onset of the Bølling Allerød 

interval [4]. 

Recently, however, work by Weaver et al. [3] has suggested that prolonged 

warming of the southern hemisphere (Frame C) resulted in the partial collapse of the 

Antarctic ice sheet. Using a climate model, Weaver et al. [3] showed that a 

freshwater influx to the southern oceans results in a strengthening of the 

thermohaline circulation causing a warming of the northern hemisphere (Figure 1.3, 

Frame A) (the Bølling Allerød) and an associated cooling in the southern hemisphere 

(the Antarctic Cold Reversal). The warming of the northern hemisphere may then 

have resulted in the melting of the northern hemisphere ice sheets and a freshwater 

forcing in the North Atlantic resulting in a weakening of the thermohaline circulation 

and an associated cooling in the northern hemisphere (the Younger Dryas) (Figure 

4 
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Figure 1.3: The effect of meltwater influx on the thermohaline circulation. (A) 

Strong Atlantic circulation results in a warm northern hemisphere and a cool 

southern hemisphere. (B) Weakening the circulation causes the opposing effect. 

From [5]. 

1.2 Ice Sheets and Sea-level Change 

Observations of sea-level change are one of the principal data sets used to 

constrain the space-time history of past ice sheets. The surface ice-water mass 

redistribution associated with glaciation and déglaciation acts to perturb both the 

solid surface of the Earth and the gravity field, leading to a distinct spatial pattern in 
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sea-level change ([6， 7 ] ) . Sea-level records in regions close to areas o f previous 

glaciat ion (so cal led near- f ie ld sites) are sensit ive to variat ions in the local ice history 

and the associated isostatic response o f the so l id Earth. These observations have, 

therefore, been employed to infer in fo rmat ion relat ing to both local ice and earth 

parameters, and, to a lesser extent, the g lobal mel twater i n f l ux , (e.g. [8 -14 ] ) . In 

regions distant f r o m major glaciat ion centres (so-cal led " f a r - f i e l d " locat ions), the 

i n f l ux o f glacial mel twater is the dominant component o f the signal p roduc ing an 

overal l sea-level rise. A s a result, fa r - f ie ld observations have p rov ided the most 

useful constraints on the net vo lume and rates o f change o f g lobal ice f r o m the L G M 

to the present (e.g. [13， 15-19]) . The w o r k described in this thesis is concerned w i t h 

u t i l i s ing avai lable near and fa r - f ie ld sea-level records to constrain details o f g lobal 

ice h is tory dur ing Terminat ion 1 and in fo rmat ion about deep earth structure. The 

p r imary focus o f the w o r k presented here is to examine three rap id sea-level rise 

events or mel twater pulses that have been ident i f ied in fa r - f ie ld data records. 

Far - f ie ld observations f r o m Barbados [20 ] , Bonaparte G u l f [21] and the Sunda 

Shel f [22 ] show a sea-level rise o f ֊120-130m f r o m the L G M to present (see Figure 

1.4). The sea-level records f r o m t w o o f these far f i e l d sites, Barbados and Sunda 

Shelf [20 , 22 ] , resolve a rap id rise in sea level o f - 2 0 - 3 0 m around 14.5 cal . k y r B P 

(Figure 1.4, Frames A and B ) . Th is event, termed mel twater pulse l A ( m w p - I A ) , 

accounts for 20 - 2 5 % o f the total sea-level rise since the L G M . A fur ther mel twater 

event termed mel twater pulse I B ( m w p - I B ) has also been ident i f ied in the Barbados 

record [20 ] . M w p - Ш is smaller in magni tude than m w p - I A and occurs at ֊11 cal. 

ky r B P (Figure 1.4, Frame A ) . A l t hough c lear ly v is ib le in the Barbados sea-level 

reconstruct ion there is no evidence for this event in the other fa r - f ie ld sea-level 
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records at th is t ime (e.g. Huon and Tah i t i [23, 24] ) . There is also evidence f r o m 
near- f ie ld sea-level records in Scot land that does not support the existence o f this 
event [25 ] . The existence o f mwp֊ffi , therefore, remains h igh ly disputed. A rapid 
sea-level rise o f between 10-15 m has also been observed in the Bonaparte sea-level 
record at 〜19 cal . k y r B P [21] (Figure 1.4, Frame C) . The existence o f this has been 
disputed [26 ] and there is no clear evidence fo r such an event in either the Barbados 
or Sunda She l f records. There is, however , fur ther evidence fo r a rap id sea-level rise 
at this t ime f r o m sediment records f r o m the I r ish Sea [27] . 

I t is bel ieved that rapid and large magni tude mel t ing events such as mwp֊IA, 

mwp֊IB and the 19 cal . ky r event w o u l d have had major impacts on the c l imate 

system. F o r example, as discussed in Sect ion 1.1， recent research has shown that a 

s igni f icant southern hemisphere source fo r mwp֊IA may exp la in the onset o f the 

Bø l l i ng -A l l e rød w a r m interval [ 3 ] . However , this result remains controversia l g iven 

the current debate on whether the mwp֊IA event was sourced p r imar i l y f r o m the 

northern o r southern hemispheres [4 , 19, 28， 29 ] . 
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Figure 1.4: Sea level observations f r o m three far - f ie ld locat ions tr iangles and 

squares represent บ - T h and cal ibrated " c dated samples, respect ively. Detai ls 
on the data and errors are given in Sections 2.2 and 3.3՛ 

The Fennoscandian and Barents ice sheets were un l i ke l y to have made 

s igni f icant contr ibut ions to m w p - I A since the oxygen isotope record in the 

Norweg ian and Greenland Seas show no single anomaly l i nked to a large freshwater 

input at this t ime. The Laurent ide Ice Sheet has been general ly v i ewed as the most 

8 
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plausible contr ibutor to m w p - I A due to its large vo lume. Fur thermore, oxygen 
isotope records f r o m the G u l f o f M e x i c o and the Bermuda rise record ing freshwater 
discharge f r o m the southern Laurent ide region contain an anomaly that is consistent 
w i t h an increase in me l t ing at the t ime o f m w p - I A . However , several l ines o f 
evidence suggest this ice sheet was not the dominant source f o r the mel t event [4 ] : 
(1) g lac io log ica l data indicate that me l t i ng the vo lume o f ice contained in this 
southern Laurent ide region corresponds to on ly 〜2 m o f sea-level; (2) geological 
f i e l dwork suggests no sigฑificant retreat o f the southern component o f the Laurent ide 
ice sheet du r ing m w p - I A ; (3) geochemical records show no increase o f freshwater 
flux through other major drainage basins such as the G u l f o f Saint Lawrence and the 
Hudson Strai t ; (4) c l imate mode l l i ng results demonstrate that a freshwater i n f l ux o f 
〜20 m in to the G u l f o f M e x i c o w o u l d produce a dramatic c l imat ic coo l ing , through a 
d isrupt ion o f the thermohal ine c i rcu la t ion , wh i ch is not observed. The Antarct ic ice 
sheet has also been proposed as a s igni f icant contr ibutor to m w p - I A , ma in ly due to 
its re la t ive ly large marine based component , but there is no strong geomoφho log i ca l 
or geochemical evidence to support th is scenario. 
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F igure 1.5: Norma l i sed (dimensionless) sea-level change associated w i t h me l t i ng 
frö^ ( A ) the southern one- th i rd o f the Laurent ide Ice Sheet and ( B ) West 
Antarc t ica , as they existed at the onset o f the m w p - I A event. The predict ions are 
normal ised b y the eustatic sea-level change; the co lour scale refers to fractions o f 
this change. The smal l tr iangles denote the locat ions o f six far - f ie ld sites: ( f r o m 
lef t to right) Tah i t i , Argent ine Shelf, Barbados, Sunda Shelf , Bonaparte Gu l f , and 
H u o n Peninsula. F r o m [28 ] . 

A recent study has argued that fa r - f ie ld sea-level observat ions spanning the 

short l i ved m w p - I A can be used to constrain the source geometry o f this event [ 28 ] . 

The proposed method is based on the result that rapid me l t i ng o f a specif ic ice 

reservoir produces a spat ia l ly d ist inct geographic pattern, or fingerprint, o f sea-level 

change [30 ] . The spatial var ia t ion is dominated b y the per turbat ion to the 

10 
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geopotenti al and the elastic response of the sol id Earth produced by the change in ice 
mass d is t r ibut ion. Th is approach is par t icu lar ly robust since the predict ions o f rap id 
sea-level var iat ion over short t ime intervals are independent o f the viscosi ty structure 
o f the Earth 's mant le, w h i c h is not we l l constrained. A previous study, [28 ] , used the 
observed sea-level rise associated w i th m w p - I A at Barbados and the Sunda Shel f to 
test a number o f mel t scenarios. For example, their results demonstrate that the data 
are not consistent w i t h a sole Laurent ide source fo r m w p - I A (Frame A , Figure 1.5); 
these data are, however , consistent w i t h several other scenarios, inc lud ing a 
s igni f icant Antarct ic source (Frame B, F igure 1.5). I n order to be consistent w i t h the 
observations at Sunda and Barbados, these sites should both fa l l on or near the same 
contour i.e. exh ib i t a s imi lar sized sea-level change. Due to the lack o f fa r - f ie ld data 
that capture the magni tude o f m w p - I A and the d i f f i cu l t y associated w i t h accurately 
est imat ing the magni tude o f the rise at these t w o sites, i t has been argued that the 
observational error permits a sole northern hemisphere source scenario that is 
dominated by the Laurent ide ice sheet [29] and so there remains considerable debate 
on this topic. 

1.3 Outline of Thesis 

The pr incipal focus o f this thesis is to investigate the mel twater pulses 

described above to determine what conclusions can be drawn about the source, 

magni tude and existence o f these events. Th is is achieved by compar ing sea-level 

predict ions based on a number o f d i f ferent ice and earth models to both far and near 

f ie ld sea-level observations. 

In Chapter 2 I focus on m w p - I A and consider the in f luence o f mel t source and 
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earth structure on the sea-level predict ions at fou r fa r - f ie ld locat ions. The effect o f 
vary ing the Antarc t ic cont r ibut ion and the lower mant le v iscosi ty structure is 
explored in detail i n order to examine the in f luence o f these parameters on the 
Lateglacial (13-10 cal . ky r BP) changes in predict ions. The p r imary a im o f Chapter 
2 is to ascertain i f the mis f i t to the fa r - f ie ld sea-level records observed in a number o f 
previous studies [13, 29， 3 1 , 32] can be reduced by consider ing a di f ferent ice/earth 

model combina t ion . 

In Chapter 3 I extend the w o r k f r o m Chapter 2 to consider the t w o smaller 

more controversial mel twater pulses at 〜19 ca l . ky r B P and 〜11 cal . k y r B P ( m w p -

Ю ) . I investigate the inf luence o f inc lud ing these events on the f i t to the fa r - f ie ld 

sea-level records. The pr imary aims o f Chapter 3 are to ascertain i f there is any 

evidence in the sea-level records to support these events and to explore what 

constraints can be placed on their source geometry. 

In Chapter 4 I return to the m w p - I A source p rob lem by consider ing near- f ie ld 

sea-level records f r o m the Antarct ic coast. In part icular, I adopt a h igh resolut ion, 

g lac io log ica l , ice model [33] for the Antarct ic ice complex to determine i f the near-

f i e ld data can preclude the existence of a dominant Antarc t ic source for m w p - I A and 

i f not go on to consider i f any constraints can be placed on the déglaciat ion o f the ice 

complex dur ing m w p - I A . 

F ina l l y , in Chapter 5 the main points o f Chapters 2 through 4 are summarised 

and the pr imary impl ica t ions o f the results are discussed in more detai l . 

12 
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1.4 Theory 

In this section some key concepts related to pred ic t ing sea-level change that are 

used in the f o l l o w i n g chapters are discussed. 

The sea-level mode l accounts for changes dr iven by the process o f g lacial 

isostatic adjustment ( G I A ) . A number o f previous publ icat ions have described the 

physical pr inciples and computat ional techniques іпсофога їес і into G I A models o f 

sea-level change (e.g. [17 , 34-37] ) . Changes in sea-level associated w i t h earth 

glaciat ion can be def ined as [ 6 ] , 

>SG(^^ Equation 1.1 
g 

where Տը {θ,ψ,է) describes the sea-level change at a part icular t ime, t, and locat ion 

given by the co- la t i tude,θ , and east long i tude ,ψ. The funct ions φ[θ,ψ,ί) and 

Ν{Θ, ψ,է) are the perturbat ions to the geopotential and the so l id surface produced as 

a result o f surface ice and ocean mass redist r ibut ion and changes in the rotat ional 

potent ial associated w i t h this mass redistr ibut ion [38 ] . The geopotential te rm is 

normal ised by the surface gravi tat ional accelerat ion, g, in order to convert the 

geopotential perturbat ion in to a height shif t o f the ocean surface. The perturbat ion to 

the geopotential is c o m m o n l y separated into changes produced di rect ly by the 

surface ice-ocean mass redis t r ibut ion and the changing rotat ional potent ial (the so-

cal led "d i rect e f fec t " ) and those produced ind i rec t ly b y the so l id earth deformat ion 

dr iven by the surface load ing and rotat ional potent ial (the so-cal led " ind i rec t e f fec t " ) . 

The th i rd term on the r ight-hand-side o f Equat ion 1.1 describes a spat ial ly 

un i fo rm height shi f t o f the geoid. Th is term is added to ensure the conservat ion o f 

13 
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surface ice/water mass w i th in the cryosphere-hydrosphere system. There are a 

number o f processes that contr ibute to this te rm ( [6 , 17, 35， 39] ) . For convenience o f 

discussion in the f o l l o w i n g sections, we shall class these processes into two groups: 

eustatic and non-eustatic. The eustatic cont r ibu t ion can be wr i t ten , 

G^^SJ (0 = ― " ― ^^^^^dt Equation 1.2 

Pw 0 A)(0 

in wh ich M j { t ) is the rate o f mass increase in grounded ice since the beg inn ing o f 

the load ing event, is the density o f the water and Д з ( / ) is the area o f the ocean 

basins (wh i ch changes in t ime as sea levels rise and fa l l and marine based ice 

margins advance and retreat). The processes that contr ibute to the non-eustatic 

component are associated w i t h G I A - i n d u c e d vert ical perturbations o f the geoid and 

the ocean floor and the collapse o f marine-based components o f cont inental ice 

sheets, a l l o f w h i c h affect the vo lume o f the ocean basins through t ime. 

The so l id earth isostatic component o f the sea-level signal is computed 

numer ica l ly us ing an impulse response f o rma l i sm [40] wh ich yields the response o f a 

spherical ly symmetr ic , sel f -gravi tat ing, and compressible M a x w e l l viscoelastic earth 

model to an impulse fo rc ing . The radial elastic and density structure o f the earth 

model is based on the seismical ly in ferred P R E M [41] and is depth parameterised 

into 25 k m th ick shells. The radial v iscosi ty structure is more crudely parameterised 

into an upper region o f e f fect ive ly in f in i te v iscosi ty to simulate an elastic l i thosphère, 

and t w o deeper regions, each w i t h a un i f o rm viscosi ty, that correspond to the sub" 

l i thospheric upper mant le and the lower mant le (be low 670 k m depth). These three 

parameters are var ied in the mode l l i ng analysis. 

Sea-level predict ions are computed by so lv ing the revised sea-level equat ion 
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described in [42 , 43 ] . Recent advances in sea-level mode l l i ng , such as perturbat ions 
to the rotat ion vector, t ime-vary ing shorelines, and an accurate treatment o f sea-level 
change in regions o f ablat ing marine-based ice are, therefore, іпсофога їес і i n the 
predict ions described in f o l l o w i n g chapters. 
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Chapter 2 Far Field Sea-Level Modelling of 

Mwp-IA 

2-1 Introduction 

I n this chapter the w o r k o f C la rk et a l . (2002) [28] is extended to consider the 

sea-level response both dur ing and after the occurrence o f m w p - I A . The mot i va t ion 

fo r this extension is t w o f o l d . First , the quant i ty o f data that can be used to constrain 

model parameters is s ign i f icant ly expanded. Speci f ica l ly , data f r o m the H u o n 

Peninsula and Tah i t i in addi t ion to those f r o m Barbados and the Sunda Shelf are 

employed to examine the f i t to the predicted sea-level response over the entire post-

L G M per iod. Second, studies have shown that models tuned to f i t the Barbados 

record produce a poor f i t to the data f r o m H u o n , Tah i t i and the Sunda Shel f dur ing 

the Lateglacia l per iod [13， 17, 31， 32， 44 ] (see Section 2.3.1). However , these 

studies assumed that the m w p - I A event was sourced p r imar i l y f r o m the Laurent ide 

ice sheet. The a im is to determine i f this discrepancy can be reconci led by va ry ing 

the source d is t r ibut ion o f this major mel t event. Since a substantial (〜：20 ky r ) t ime 

w i n d o w is considered, the predict ions w i l l also be sensit ive to the adopted pro f i le o f 

mantle viscosity. Acco rd ing l y this pro f i le is also treated as a set o f free parameters 

in the mode l l i ng . 

In Sect ion 2.2 the various sea-level indicators that are used in the mode l l i ng 

analysis and the dat ing procedures and errors associated w i t h these are discussed. 
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The sea-level equat ion ut i l ised in th is study has been previously described i n Chapter 
1. The key mode l inputs used to predict the sea-level signal at the fa r - f ie ld locat ions 
are described in Section 2.3. A number o f d i f ferent mel t scenarios and earth models 
are in t roduced in Sections 2.3.1 and 2.3.5 and the performance of these models in 
s imultaneously f i t t i ng sea-level constraints at the four far - f ie ld sites is assessed. 

2.2 Observational Data 

The sea-level data sets ut i l ised cover d i f ferent periods o f t ime f r o m the L G M to 

present w i t h va ry ing degrees o f accuracy and precis ion. The model predict ions are 

generated in cal ibrated ky r before present (ca l . k y r BP) and so al l the observations 

based on the Carbon-14 t imescale have been cal ibrated using the C A L I B 4.3 

program w i t h a 2-sigma range [45 ] . A l l data sets are corrected fo r the effect o f 

local ised tectonic act iv i ty using prev ious ly calculated up l i f t rates (see be low) . 

F ina l l y , the depth used to mark a specif ic sea-level index point is a mean depth when 

tak ing in to account the depth o f fo rmat ion o f the part icular sea-level indicator . The 

various data sets are described in detai l be low and i l lustrated in Figure 2 . 1 . 

2.2.1 Barbados 

The Barbados coral data is one o f the most complete records o f sea-level 

change, w i t h data cover ing the t ime per iod f r o m the L G M to the early Ho locene [20, 

46 -48 ] . Th is data set was col lected f r o m several c losely spaced cores so, a l though 

the var iab i l i ty i n sea level between cor ing sites can be considered to be neg l ig ib le , 

the record may not represent a per iod o f cont inuous reef g rowth . 
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Figure 2 . 1 : Sea-level observations at four sites based on the indicators described 

in detai l i n the text. The tr iangles represent บ - T h dated samples and the squares 
are cal ibrated carbon samples. 

The pr imary sea-level indicator at th is locat ion is the reef-crest coral Acropora 

Palmata. Th is species o f coral is a rel iable source o f sea-level in fo rmat ion due to its 

restr icted depth o f habitat ion (く〜5m) and its resistance to post-deposit ional transport 

and compact ion due to its rigid f ramework [49 ] . Mean sea level is therefore assumed 

to be at an al t i tude 2.5 m shal lower than the recovery depth o f a g iven coral sample, 

w i t h an associated error o f 土 2.5 m to match the range o f possible habi tat ion depth. 
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Some o f the points in the Barbados record relate to the coral species Pontes 
Asteroides w h i c h can l ive to depths o f up to 20 m be low the sea surface. For this 
species, sea level is, therefore, def ined to be 10 m shal lower than the recovery depth 
o f a g iven coral sample, w i th an associated error o f ±10 i n . The Barbados sea-level 
data shown in F ig . 1 includes index points dated using both radiocarbon [20] and 
U r a n i u m - T h o r i u m [46-48] techniques. 

Under the assumption that the up l i f t o f the Barbados reg ion occurred at a 

re lat ive ly constant rate since L G M , this rate can be calculated using the last 

interglacia l reef posi t ion relat ive to present sea level . Observations o f the height o f 

the last interglacia l reef relative to the core sites g ive a record o f the overa l l up l i f t 

and a consequent average up l i f t rate o f 〜0.25 m m / y r [50 ] . The observations have 

been corrected fo r this rate to remove the ef fect o f local tectonics. 

The second, re lat ively rap id , sea-level rise evident in the Barbados data 

between 12 and u ca l . ky r BP has been termed mel twater pulse ш ( m w p - Ш ) [20 ] . 

There is no evidence fo r this event in other fa r - f ie ld records, however. 

2.2.2 Sunda Shelf 

Th is data set [22] is der ived f r o m a number o f cores taken across the Sunda 

Shel f f r o m of fshore V ie tnam to the Ka l imantan region. L i ke the Barbados record, 

these data also prov ide a relat ively long t ime series o f sea-level change, cover ing the 

t ime interval f r o m L G M to just before the Holocene. 

U n l i k e the records at the other fa r - f ie ld sites considered in the analysis 

(Barbados, H u o n and Tah i t i ) , the sea-level indicators f r o m the Sunda Shel f are w o o d 

fragments, macrof ibres o f mangrove and leached residues o f bu l k sediments. 
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Mangroves are known to be good sea-level indicators as present-day mangrove 
swamps exist on ly in the t idal range between mean sea-level and mean h igh water. 
In the region around Sunda Shel f the t idal range throughout the t ime per iod under 
considerat ion was less than ~2 m; therefore, sea levels based on mangrove 
macrof ibres are def ined to be at the same alt i tude as the recovery depth fo r the 
mater ial w i t h an associated error o f ±3 m [51 ] . I t is possible that some o f the 
mater ial dated and used to construct the sea-level data set shown in F igure 2 .1D may 
not have been discovered in si tu. Th is cou ld have a s igni f icant impact on the 
accuracy o f both the date and height in fo rmat ion associated w i t h certain samples. 

A l l the samples have been dated us ing accelerator mass spectrometry 

radiocarbon techniques and the resul t ing '"'c dates were then cal ibrated to calendar 

years. The age errors p lo t ted on the Sunda Shel f graph are those associated w i t h the 

cal ibrat ion programme on ly . The dat ing o f the older samples in F igure 2 .1D (age > 

18 cal . ky r B P ) was based on leached residue f r o m the bu lk sediment samples 

avai lable at this depth. Th is bu lk sediment analysis has a greater l i ke l i hood o f 

suf fer ing f r o m contaminat ion o f more recent b io log ica l material and older reworked 

organic and inorganic substances. Dates obtained by app ly ing the leaching process 

may also be less accurate because this process may not have removed the more 

mob i le humic acids f r o m the sample pr ior to dat ing [52-55] . F ina l l y , age 

uncertainties m igh t also be introduced due to r iver ine exports wh i ch w o u l d result in 

the samples be ing s ign i f icant ly younger than the ages g iven here [56 ] . 

The Sunda region is bel ieved to have been tectonical ly stable f r o m the t ime o f 

the L G M to the present and therefore no correct ions have been appl ied to the data for 

this effect. However , comparisons o f the data to model predict ions are compl icated 
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by the fact that the core sites are d ist r ibuted over a re lat ive ly large area. Figure 2.2 
(inset) shows the locations where the cores were taken (so l id grey and black circles) 
as w e l l as contours o f sea level predicted at 15 cal . ky r B P (based on the reference 
v iscosi ty mode l and a dominant Laurent ide source cont r ibut ion to m w p - I A - see 
Section 2.3.1). These predict ions show that there is a large spatial gradient in sea 
level and so i t w o u l d be inaccurate to compare the entire data set to a predict ion 
based at a single locat ion [16 ] . 

The data set is spl i t in to t w o subsets, label led ' A ' and ' B ' . The data f r o m of f ­

shore V ie tnam are f r o m t w o core locat ions, w i t h a larger number o f index points 

be ing der ived f r o m the more wester ly located core. These data compr ise the bu lk o f 

subset В (shown as so l id b lack circles i n Figure 2.2 ( inset)). The black tr iangle 

represents the weighted mean pos i t ion o f these two cores (weighted to account for 

the number o f index points der ived f r o m each core). The most southerly located core 

was also grouped into subset в since i t is predicted to l ie close to the sea-level values 

at locat ion B. (This result was obtained regardless o f the adopted ice and earth 

model . ) Index points der ived f r o m these cores are shown as black squares on the 

ma in f rame o f Figure 2.2. These data can be compared to the dashed l ine in Figure 

2.2 w h i c h is a predict ion o f sea-level change at the locat ion ' B ' (marked by a so l id 

b lack t r iangle) . 

The weighted mean posi t ion o f the cores compr is ing subset A (shown by so l id 

grey circles) is also indicated by a b lack t r iangle. Data f r o m these cores are shown 

by grey shaded squares on the ma in f rame o f Figure 2.2. These data can be 

compared to the sol id black l ine, wh i ch represents a pred ic t ion o f sea level at 

locat ion A . In Section 2.3, al l data-model comparisons fo r the Sunda region w i l l be 
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separated in to the t w o local i t ies, A and B. 

сซ -60 

v einam 

Ka mantan 

-21 -18 "^Timê(cal. kyr B P ) 

Figure 2.2: The inset map shows the locat ions o f cores (so l id grey and black 
circles) in the Sunda Shel f region f r o m wh ich sea-level index points in Figure 
2 . I E were der ived. The contours on this map show a predict ion o f sea level at 15 
cal . k y r B P based on the reference viscosi ty mode l and an ice model w i t h a 
dominant Laurent ide source contr ibut ion to m w p - I A (see Section 2.3.1 for 
detai ls). The predict ion shown in the inset i l lustrates that there is a large spatial 
gradient in sea level across the region and so compar ing the data to a model 
predict ion va l i d f o r a single locat ion w o u l d result i n a s igni f icant systematic error 
( [16 ] ) . For this reason, the core locations have been grouped into t w o subsets, A 
(grey circles) and в (b lack c i rc les), and a mean locat ion ( indicated by black 

tnangles) has been determined fo r each subset - see text f o r details. In the main 

f rame, data der ived f r o m cores in subset A (grey squares) can be compared w i th 

the pred ic t ion fo r locat ion A (so l id l ine) , whereas data der ived f r o m cores i n 

subset В (black squares), can be compared w i t h the predic t ion fo r locat ion в 

(dashed l ine) . 
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2.2.3 Huon Peninsula 

The H u o n Peninsula record is f r om a single core through a cont inuous coral 

reef f ramework on an emerged barrier [23 ] . Compared to the data f r o m Barbados 

and the Sunda Shelf, the samples cover the relat ively short per iod f r o m 〜13 cal . k y r 

B P to 〜8 cal . ky r BP . The core comprised several coral species: Porites, Acropora, 

Montipora, Pocillopora and Favia Goniopora, w i t h the dominant species at this site 

be ing Poriteร. The depth to w h i c h each o f these species can surv ive at this locat ion 

is not we l l k n o w n since they have been observed to l i ve at a var iety o f depths in the 

current envi ronment at H u o n [23 ] . For this study, mean sea level is assumed to be 5 

m shal lower than the recovery depth o f a given coral sample, and attach a re lat ively 

large error o f ± 5 m this value ( f o l l ow ing [16 ] ) . B o t h the U r a n i u m series and 

Carbon-14 dates obta ined f r o m the corals at this locat ion are ut i l ised [57 ] . 

The H u o n Peninsula is an area undergoing rap id up l i f t . The height o f the last 

interglacial coral terrace above present sea level suggests an average up l i f t rate o f 0.7 

m m / y r in the northwest compared to 3.5 mm/y r up l i f t in the east. These values have 

been used to estimate an average up l i f t rate at the data site o f 1.76 mm/y r [58 ] . 

There is also evidence to suggest that the rate at this locat ion has var ied through 

t ime , w i th values as h igh as 〜2.16 m m / y r dur ing the Ho locene [59 ] . T o part ly 

account for the uncertainty associated w i t h the average up l i f t rate in this region, an 

addi t ional vert ical uncerta inty o f ± 1.5 m to the observations is inc luded. 

2.2.4 Tahiti 

The Tah i t i data set is f r o m two cores separated by 700 m [24 ] . The cores 

sample di f ferent coral species and cover the per iod f r o m 〜14 ca l . k y r B P to ~3 cal . 
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ky r BP. The coral species used to determine sea-level var iat ion at this site are 
Acropora gr. robusta-danai, Pocillopora cf. verrucosa, domai Porites and 
Pocillopora and tabular Acropora [60 ] . These species al l exist w i t h i n di f ferent depth 
ranges at present and tend to have s igni f icant ly d i f ferent g rowth forms depending on 
their g rowth depth (e.g. Acropora). The branching corals (e.g. Acropora gr. robusta-
danai and Pocillopora cf. verrucosa) are assumed to grow at a re lat ive ly shal low 
depth o f ~4 ^ whereas the tabular fo rms (e.g. Acropora) and the domai varieties 
(e.g. Porites) tend to g row at ~10 ± 5 m respect ively. These values 

have been adopted, i n the same manner as fo r Barbados and H u o n , to reconstruct the 

sea-level record fo r this locat ion (see F igure 2.1). The d i f ferent depth error bars 

evident in the Tah i t i data set ref lects the d i f ferent habi tat ion depth ranges o f these 

coral species. Bo th U r a n i u m - T h o r i u m dates and, where these are unavai lable, 

cal ibrated radiocarbon dates are adopted. Tah i t i is expected to be undergoing s low 

subsidence due to the isostatic response to volcanic loading and hence a posi t ive 

correct ion o f 0.1 ± 0.05 m m / y r has been made to the data shown in Figure 2.1 [61 ] . 

2.3 Modelling 

Sea-level predict ions are computed by so lv ing the revised sea-level equat ion 

described in Section 1.3. Recent advances in sea-level mode l l i ng , such as 

perturbations to the rotat ion vector, t ime-vary ing shorelines, and an accurate 

treatment o f sea-level change in regions o f ablat ing marine-based ice are therefore 

іпсофогаІЄ(1 in the predict ions described be low. The t w o var iable inputs to the sea-

level a lgor i thm are the earth and the ice history models. 

The so l id earth isostatic component o f the sea-level signal is computed using 
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the impulse response fo rma l i sm [40] wh ich yields the response of a spher ical ly 
symmetr ic , self grav i ta t ing and compressible M a x w e l l viscoelastic earth model to an 
impulse fo rc ing . The radial elastic and density structure o f the earth model is based 
on the seismical ly in fer red P R E M [41] and is depth parameten sed into 25 k m th ick 
shells. The radial v iscosi ty structure is more crudely parameten sed into an upper 
region o f e f fec t ive ly i n f i n i te viscosity to simulate an elastic l i thosphère, and t w o 
deeper regions, each w i t h a un i f o rm viscosi ty, that correspond to the sub-l i thospheric 
upper mant le and the l ower mant le (below 670 k m ) . These three parameters are 
var ied in the mode l l i ng analysis. I t is convenient to def ine a preferred, or reference, 
v iscosi ty mode l . For this purpose a 96 k m th ick elastic l i thosphère and viscosit ies o f 
0.5 X 10 21 Pa ร fo r the upper mant le and l O 2 2 Pa ร fo r the lower mantle region was 
chosen. These parameters are broadly consistent w i t h the results o f a number o f 
recent v iscosi ty inferences (e.g. [10, 11， 59, 62-66] ) . 

The in i t ia l ice mode l ut i l ised in this study was der ived by rev is ing the I C E - 3 G 

déglaciat ion h is tory [14 ] to include a chronology based on the cal ibrated carbon scale 

as recorded by Bard et a l . (1990) [47] and a glaciat ion phase. The glaciat ion phase 

consists o f the same ice increments as the déglaciat ion phase, reversed in sign and 

extended over t ime so that the loading episodes occur every 7 ca l . ky r (compared to 

every 1 cal . ky r du r ing déglaciat ion). Glaciat ion begins at 123 ca l . ky r BP , at w h i c h 

t ime the ice extent is assumed to be the same as at present. M a x i m u m ice extent 

( L G M ) occurs between 25 and 20 cal . ky r BP . The déglaciat ion model was also 

іп іефо іа іес і to inc lude ice geometries at 0.5 ca l . k y r intervals dur ing m w p " I A (at 

14.5 and 13.5 cal . k y r B P ) and m w p - I B (at 11.5 cal . ky r B P ) , so that these rap id 

events are better captured by the mode l . 
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2.3。1 Sensitivity of Predictions to Source of Mwp-IA 

The Barbados sea-level record [20， 47 ] was chosen as the 'reference data set' 

since i t is based on a relat ively consistent set o f sea-level indicators (the coral species 

Acropora palmata) f r o m a single loca l i ty and i t provides the most complete temporal 

record o f relat ive sea level change at any fa r - f ie ld site. Since the ice model w i l l be 

tuned to f i t the Barbados data, the qua l i ty o f f i t at the remain ing three sites provides a 

measure o f the success o f a specif ic mode l run . 

Sea-level predict ions based on the in i t ia l ice mode l and the reference earth 

model do not prov ide a good f i t to the Barbados record. I n part icular, the net rise 

f r o m the L G M to present is under-predicted by --15 m and there is no rap id rise at the 

t ime o f m w p - I A . In order to produce a good f i t to these data the Laurent ide 

component o f the ice model on l y is altered. In part icular, the total vo lume is 

increased by 〜30% (equivalent to 〜15 m eustatic sea-level rise) and the t i m i n g o f 

melt is adjusted unt i l a reasonable f i t to the Barbados data was achieved. The tun ing 

method used was re lat ive ly crude since the thickness o f the entire ice sheet is s imp ly 

scaled; however, this approach is adequate for the present study since there is 

mode l l i ng o f fa r - f ie ld data on ly , and these are not par t icu lar ly sensit ive to the spatial 

details w i t h i n ind iv idua l ice sheets. 

Increasing the total vo lume o f the Laurent ide ice sheet by - 3 0 % may seem 

unreal ist ic; however , this scal ing is consistent w i t h recent mode l l i ng and 

observational results. A large suite o f g lac io logicai s imulat ions o f Nor th Amer ican 

ice extent produced a range o f L G M volumes equivalent to 69 to 94 m o f eustatic 

sea-level rise [67 ] . The scaled version o f the Laurent ide ice sheet represents - 6 5 m 

o f eustatic sea-level rise, wh ich f i ts into this range when the contr ibut ions o f the 
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Inui t ian and Cord i l le ran ice sheets are considered. Note , however, that the pre-scaled 
version o f the Laurent ide ice sheet (equivalent to about 50 m eustatic sea-level rise) 
is not consistent w i t h these g lac io logicai results. Furthermore, observations o f 
changes in the g rav i ty f i e l d in central Canada suggest a signi f icant increase in ice 
vo lume over this region [13 ] . 

2.3.2 Increasing the Antarctic Contribution to Mwp-IA 

The sensi t iv i ty o f the predict ions to the source o f m w p - I A is exp lored f i rs t . 

The o p t i m u m mode l f i t assuming a dominant Laurent ide source fo r m w p - I A is 

shown as the b lack l ine in Figure 2.3. Th i s scenario assumes no cont r ibu t ion to 

m w p - I A f r o m the Antarc t ic ice sheet but includes m ino r contr ibut ions f r o m other 

reservoirs (speci f ica l ly , - 2 6 m f r o m Laurent ide and ~2 m f r o m sources other than 

Laurent ide) . A t H u o n , Tah i t i and Sunda Shel f this model is shown to result in 

predicted sea levels that are s igni f icant ly too h igh f o l l o w i n g m w p - I A . Th is f i rst 

order m is f i t has been noted in recent w o r k (e.g. [13, 17, 32, 44 ] ) but no attempt has 

been made to explore this discrepancy by va ry ing the input model parameters. 

27 



s. E. Bassett Chapter 2 

(A) Barbados 

:3 -140-

(D) Sunda (С) Tahiti 

2 0 4 

I I I I I I I I I I • I I 曜 I I I I I I I Ļ I I I I I I I I I I I I I M I I I I I I I I I 
-21 -18 -15 -12 - 9 _ -6 -3 0 -21 -18 -15 -12 -9 -6 -3 0 

Time (cal. kyr BP) 
Figure 2.3: Sea-level predic t ions based on the reference earth mode l and a range 
o f me l t scenarios to i l lustrate the sensi t iv i ty to changes i n the relat ive 
contr ibut ions o f the Laurent ide and Antarc t ic ice sheets to m w p - I A . The key i n 
Frame A ident i f ies the cont r ibu t ion , i n eustatic sea leve l , from the Antarc t ic ice 
sheet for each mode l r un . Each mode l was tuned to fit the Barbados record and so 
the success o f each me l t scenario can be gauged b y the qua l i t y o f the fit at the 
three southern hemisphere sites (Frames в to D ) . The inset i n Frame D shows the 

fit o f the mode l predict ions to the data f r o m locat ion в shown i n F igure 2.2. The 

tr iangles and squares indicate the sea-level observat ions described in the text and 

shown i n F igure 2 . 1 . No te that data error bars are not shown to improve the 

c la r i t y o f the figure. 
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F igure 2.3 shows the ef fect o f progressively increasing the Antarc t ic 
component o f m w p - I A on the sea-level signal predicted at these four sites. In order 
to examine the effect o f an increasing cont r ibu t ion f r o m Antarct ica, the eustatic 
cont r ibut ion f r o m this ice sheet was increased in 5 m increments f r o m 0 m to 20 ทใ 
(Figure 2.3). No te that the net cont r ibut ion f r o m the Laurent ide ice sheet to m w p - I A 
was systemat ical ly reduced in this process to ensure that the model remained fa i th fu l 
to the Barbados record. I n the or ig ina l I C E - 3 G mode l the Antarct ic ice sheet does 
not begin to me l t unt i l 11 cal . ky r B P and produces a re lat ive ly un i f o rm sea-level rise 
f r o m 11 to 5 ca l . ky r B P . In order to int roduce a contr ibut ion to m w p - I A , the 
beginn ing o f the Antarc t ic déglaciat ion phase is brought f o rward to 14.5 ca l . k y r BP . 
In contrast to the adjustments to the Laurent ide ice sheet, the total vo lume o f ice mel t 
f r o m the Antarc t ic ice sheet was not increased in this suite o f predict ions since recent 
estimates put the vo lume o f ice contained i n this ice sheet at the L G M compared to 
present in the range 〜10-^^ m (e.g. [33， 68 ] ) . (The Antarc t ic component in the I C E -
3G mode l already exceeds the upper l i m i t o f this range by 〜8 m.). Consequent ly, the 
larger the cont r ibut ion o f the Antarct ic component to m w p - I A , the less this ice sheet 
is assumed to contr ibute to eustatic sea level f o l l o w i n g m w p - I A . 
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F igure 2.4: F l o w chart to i l lustrate the scal ing process employed to f i t the models 

to the Barbados sea-level record. 

In order to tune the predict ions to the Barbados record an i terat ive procedure 

was used to scale the Nor th Amer ican ice sheet. T o f i t the Barbados record the total 

sea-level rise f r o m L G M to present day and the sea-level change increments must be 

kept the same in the new model as in the or ig ina l model . When increasing the 

Antarct ic component to m w p - I A the total eustatic signal f r o m Antarct ica is altered in 

order to prov ide the required sea-level rise across the pulse (e.g. 0， 5 10, 15， 20 m ) , 
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once this has been obtained the cont r ibu t ion f r o m the Antarct ic ice complex is 
assumed to be l inear f r o m the end o f the pulse (13.5 cal . ky r B P ) to 5 ca l . ky r BP . 
Once the new Antarct ic component has been added to the Nor th Amer i can and 
European components the new mode l is compared to the or ig ina l mode l f i t to 
Barbados. First the new model L G M is tested against the L G M o f the reference 
mode l , i f necessary the Nor th Amer i can ice sheet is scaled up or d o w n at L G M to 
compensate for any differences in sea-level rise f r o m L G M to present. Once the 
L G M value o f the new model is the same as the or ig ina l model the d i f ference in sea-
level at each t ime step (0.5 or 1 ky r in tervals) in the new mode l is compared to the 
or ig ina l (0 m Antarc t ic model ) . Fo r the purpose o f determin ing an in i t ia l scal ing 
factor to apply to the Nor th Amer ican ice change f i le the relat ionship between sea-
level and ice change was assumed to be l inear. Th is scal ing is appl ied and the new 
rate o f ice change is calculated. T h e model is then re-run to produce new 
predict ions. Th is process is repeated un t i l the sea-level change in each Barbados 
predic t ion is approximately the same. Th i s scal ing is appl ied on l y to the f i rst part o f 
the record, after 11 cal. ky r B P to cessation o f Nor th Amer ican ice me l t a l inear 
change is used. Th i s scaling process is i l lustrated in Figure 2.4. 

I t is evident f r o m inspection o f F igure 2.3 that increasing the Antarc t ic 

cont r ibu t ion lowers the predicted p o s t - m w p - I A sea-level signal at H u o n , Tah i t i and 

Sunda and therefore s igni f icant ly improves the qual i ty o f the f i t . A 15 m Antarc t ic 

cont r ibu t ion is adopted as opt imal in terms o f improv ing the f i t to the fa r - f ie ld data 

(g iv ing some considerat ion to the suggested l im i ted vo lume avai lable f r o m this ice 

sheet). I n the f o l l o w i n g discussion, the focus is, thus, on scenarios in wh i ch the 

Antarc t ic ice sheet contributes either 0 m or 15 m to m w p - I A (the b lack and red l ines 
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i n F igure 2.3 respect ively) . 

F igure 2.5: Predicted sea-level change, i n metres, over the past 13 ca l . k y r 
re lat ive to the predicted change at Barbados ( i .e. , predic t ions o f the raw sea-level 
change across this t ime interval are shi f ted b y the specif ic p red ic t ion at Barbados, 
and thus the Barbados pred ic t ion fa l ls on the zero contour i n each panel) . ( A ) 
The scenario i n w h i c h N o r t h Amer i can ice is the sole source for the m w p - I A 
event (as i n the b lack l ine i n F igure 2.3; ULM = 1 X I O 2 2 Pa ร). ( В ) The scenario 

fo r assuming that the Antarc t ic ice sheet contr ibutes an equivalent eustatic sea-

leve l rise o f 15 m to the event (as i n the pred ic t ion shown b y the red l ine i n 

F igure 2.3). 
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The improvement in f i t is due to a number o f factors w h i c h are discussed in 
more detail be low. Maps o f the predicted sea-level change over the past 13 cal . ky r 
( i .e. , relat ive sea-level change since Lateglacial t ime) for the scenarios in wh ich the 
Antarc t ic ice complex contr ibutes either 0 or 15 m to m w p - I A (F igure 2.5) indicate a 
s igni f icant change in the geometry o f the associated G I A effects. Each map is 
p lo t ted relat ive to the predic t ion at Barbados. The observed relat ive sea-level o f 
markers o f age ~13 cal . ky r B P at Barbados, Tah i t i , Huon Peninsula, and Sunda Shel f 
are al l at a depth o f ~60 m (Figure 2.1 and Figure 2.3). In the scenario where 
Antarc t ic mass flux dominates the m w p - I A event (Figure 2 .5B) , the predicted zero 
contour passes close to each o f these sites and thus the 13 ca l . k y r B P sea-level 
markers are f i t more closely by this scenario. In contrast, the dominant No r th 
Amer ican source fo r m w p - I A yie lds s igni f icant ly more discrepant predict ions at 
these fou r sites (Figure 2.5). 

2.3.3 Exploring other Source Scenarios 

The analysis by Clark et al . [28] h ighl ighted several possible m w p " I A scenarios 

w h i c h w o u l d be consistent w i t h the relat ive size o f the sea-level j u m p observed in the 

Barbados and Sunda Shel f records. The f o l l o w i n g f reshwater sources were 

consistent w i t h the study by C la rk et a l . [28 ] : the Barents Sea plus Fennoscandian ice 

complexes, and mel t ing d is t r ibuted over al l ice sheets in the ICE֊3G déglaciat ion 

mode l [14] (A11֊ICE3G), the entire Antarct ic ice complex, or ei ther the east or west 

por t ions. As discussed in the in t roduct ion there are independent constraints (e.g. 

oxygen isotope records [4 ] ) w h i c h suggest that the Barents and Fennoscandian model 

is un l ike ly . Other models wh i ch per formed less we l l in the study by C la rk et al . [28] 

inc luded the "North֊ICE֊3G" mode l .which has s imi lar contr ibut ions to m w p - I A as 
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those in the I C E - 5 G mode l o f Pelt ier [69] . 
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Figure 2.6: Sea-level predict ions for Tah i t i , Huon Peninsula and Sunda Shelf 
w i t h i n the Lateglacia l t ime w i n d o w fo r four d i f ferent source scenarios fo r the 
m w p - I A event. The so l id and dashed lines represent the 0 ทา and 15 m 
contr ibut ions f o r m the Antarct ic ice complex ( in units o f equivalent eustatic sea-
level rise) considered in F igure 2.3 and Figure 2.5. The dot ted l ine shows the 
predict ion fo r a global mel t source d is t r ibut ion based on the A11-ICE3G model o f 
C la rk et al . [ 2 8 ] ; in this case the relat ive contr ibut ions to m w p - I A f r o m Nor th 
Amer i can , Antarc t ic and European ice sheets are 16, 5 and 5 m (eustatic). The 
dashed-dotted l ine shows the predict ion for a northern hemisphere source 
d is t r ibut ion based on the mode l proposed by Pelt ier [ 69 ] ; in this case the relat ive 
contr ibut ions f r o m Nor th A m e n c a n and European ice sheets are 22 and 5 m 
(eustatic), respect ively. 

In Figure 2.6 two o f these addi t ional m w p " I A source scenarios are considered: 

a g lobal d is t r ibut ion o f sources based on the *'A11-ICE֊3G" scenario described in [28] 

and a northern hemisphere source d is t r ibut ion based on the " N o r t h - I C E - 3 G " scenario 

described in [28] and [69 ] . The northern hemisphere model produces a f i t very 

s imi lar to that generated for the case o f a dominant No r th Amer i can source. In 

compar ison, the global source mode l provides an improved f i t but there remain 
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systematic discrepancies at H u o n , Tah i t i and Sunda Shel f wh ich are improved when 

a larger (15 m) Antarc t ic source is considered. 

2.3.4 Understanding the Results 

> -120 

-21 -18 -15 -12 -9 -6 • 
Time (cal. kyr BP) 

3 0 

Figure 2.7: ( A ) The total sea-level predict ion at Barbados fo r a model run in 
wh ich a 0 m cont r ibu t ion to m w p - I A f r o m Antarct ica (so l id l ine) is assumed. 
The dashed, dot ted and dashed-dotted lines show the contr ibut ions f r o m , 
respectively, the eustatic and non-eustatic spat ial ly un i f o rm and the spat ial ly 
vary ing sea-level s ignal (see text fo r detai ls). (B ) The spat ial ly vary ing signal at 
Barbados (so l id l ine) spl i t in to components associated w i t h ice-(dotted), ocean-
(dashed) and rotat ion- induced (dot-dashed) perturbat ions to sea level . 
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There are a number o f processes that contr ibute to an improved f i t to the far-
f i e ld data set when an Antarct ic source is assumed. T o i l lustrate these, the predicted 
R S L signal is separated in to contr ibut ions that are spat ial ly vary ing (f i rst t w o terms 
in Equat ion 1.1) and spat ial ly un i f o rm ( th i rd te rm in Equat ion 1.1). In F igure 2.7A， 

the predicted signal at Barbados for the model that assumes a dominant Laurent ide 

cont r ibut ion to m w p - I A is decomposed. The total sea-level signal (so l id l ine) is 

compr ised o f a site dependent component (dash-dotted l ine) and a spatial ly u n i f o r m 

component (sum o f dashed and dot ted l ines). Bo th the eustatic (dashed) and non -

eustatic (dotted) spat ial ly un i f o rm components are shown. The spatial ly va ry ing 

signal can also be separated into components associated w i t h the three G I A forc ings: 

ice loading, ocean loading and the perturbations to the rotat ional potent ial [ 37 ] . Th i s 

decomposi t ion is i l lustrated in F igure 2.7B. 

The spat ia l ly u n i f o r m , non-eustatic fa l l i n sea level since the L G M (dot ted l ine, 

Frame A ) is d r i ven , ma in ly , by equatorial ocean s iphoning [35， 39] and the retreat o f 

marine-based ice [37， 70 ] . Note that this signal is s imi lar in magni tude but opposite 

in sign to the spat ial ly variable component o f the signal (dash-dotted l ine, F igure 

2 .7A) . As a consequence, the total signal (so l id l ine) never deviates more than 〜10 

m f r o m the eustatic curve at this site. Th is result is, o f course, sensitive to the input 

ice and earth mode l . F igure 2.7B i l lustrates that the spat ial ly variable sea-level 

signal at Barbados is dominated by the ice load ing (dotted l ine) . Th is ice- induced 

signal is largely due to the peripheral bulge subsidence associated w i t h ablat ing 

Nor th Amer ican ice. The ocean-induced signal (dashed l ine) produces a rise o f ֊10 

m due, main ly , to the response o f the so l id Earth to the addi t ion o f 〜120 m o f water 

at this locat ion. The rotat ion- induced signal (dash—dotted l ine) has the smallest 
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magni tude and contr ibutes a more complex sea-level fa l l from the L G M to the Late 

Glac ia l f o l l owed b y a sea-level rise du r i ng the Holocene [38 ] . 

Sunda 
Huon 
Tahiti 
Barbados 

-21 -18 І5 - І2 -9 -6 -3 0 -21 -18 -15 -12 -9 -6 -3 0 
I I ՛ I I I M I I I I I I I I I 
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Figure 2.8: ( A ) The spat ia l ly va ry i ng components o f the sea-level s ignal at al l 
four far - f ie ld sites (see key Frame D ) for 0 m eustatic (sol id) and 15 m eustatic 
(dashed) contr ibut ions to m w p - I A from Antarc t ica. Frames ( B ) to ( D ) show the 
contr ibut ions to the signals i n ( A ) from ice- (B)， ocean- (C ) , and rotat ion- induced 

( D ) G I A forcings. The predict ions for the Sunda She l f are calculated for locat ion 

A shown i n F igure 2.2. 

Di f ferences i n the spat ia l ly va ry ing signal between the four fa r - f ie ld sites w i l l 

govern h o w w e l l a speci f ic mode l can s imul taneously fit the observat ions. I n 

part icular, the data require a mode l that s ign i f i cant ly reduces the predicted sea-level 

rise across m w p - I A at Sunda, Tah i t i and H u o n relat ive to Barbados. F igure 2 .8A 
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shows the spat ial ly vary ing signal at a l l four sites fo r the case o f a dominant 
Laurent ide source (sol id l ines) and a dominant (15 m eustatic) Antarct ic source 
(dashed l ines). The contr ibut ion o f the ice- , ocean- and rotat ion- induced signals to 
the predict ions in Figure 2 ,8A are shown in Figure 2 .8 (B-D) , respectively. 

The predict ions based on a dominant Laurent ide source in Figure 2 .8A (so l id 

l ines) i l lustrate w h y this model does not produce a good f i t at al l four sites. The 

predict ions for Sunda, Huon and Tah i t i a l l show a rapid and large magni tude rise 

across both m w p - I A and m w p - f f i . I n contrast, at Barbados, the signal over the t ime 

w i n d o w 14.5 一 11 cal . ky r B P shows a re lat ive ly smal l net rise w i t h a smal l 

magn i tude /a / / i n sea level across m w p - I A and m w p - Ш . The largest sea-level rise at 

Barbados occurs between 11 cal . k y r B P and the present, dur ing wh i ch t ime the 

signal at the other sites is much less pronounced. Th is spatial d i f ference i n the 

signals results in the predict ions for Sunda, Tah i t i and H u o n becoming too shal low 

too early. 

Inspect ion o f the results in Frames B—D shows that the spatial var iat ion 

described above is dominated by the ice- and ocean- induced signals. The ice-

induced signal at Barbados (so l id l ine, F igure 2.8B) is anomalous compared to the 

analogous predict ion at the other three sites. The three southern hemisphere (Sunda, 

H u o n , and Tah i t i ) sites show a sharp sea-level rise at the t imes o f m w p - I A and m w p -

IB， whereas this is not the case at Barbados. Th is di f ference relates to the geometry 

(or f ingerpr in t ) o f sea-level change in response to a rap id ly ablat ing ice reservoir. As 

discussed by C la rk et al. [28]， this shows a sea-level fa l l i n the immediate v i c in i t y o f 

the ice mass and an increasing sea-level rise w i t h distance f r o m the ice sheet beyond 

this region. The pr inc ipa l cause o f this var iat ion is the direct gravi tat ional ef fect o f 
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the ablat ing ice sheet as we l l as the up l i f t o f the sol id surface in the near- f ie ld o f 
ablat ion. 

The so l id l ines in F igure 2.8A are computed under the assumption that the 

Laurent ide ice sheet is the pr imary source fo r m w p - I A and m w p - I B . In this case, 

Barbados is s ign i f icant ly closer to the source than the other three sites and so the 

spatial ly va ry ing component o f the sea-level change is d ist inct ly d i f ferent at this site 

compared to the three sites located in the southern hemisphere. The ice- induced 

signal at Barbados (Figure 2.8B, sol id l ine) shows no sign o f either m w p - I B or m w p -

I A due to the sea-level fa l l associated w i t h the direct gravi tat ional ef fect be ing 

cancel led by a rise produced by rapid subsidence o f the so l id surface in the Barbados 

region. 

The spatial var iat ions associated w i t h the ocean-induced signals are related to 

the contrast ing coast l ine geometry at the d i f fe rent sites. For example, Tah i t i is an 

is land surrounded by ocean and so is par t icu lar ly sensitive to the local sea-level 

change and the corresponding ocean loading. In contrast, the Sunda Shel f was 

exposed cont inental shelf for a s igni f icant por t ion o f the déglaciat ion per iod and so 

the net impact o f sea-level change in terms o f local ocean loading is re lat ive ly smal l . 

The rotat ion- induced signal , a l though smal ler in magnitude than the other t w o , 

contr ibutes to the spatial var iat ion shown in F igure 2.8A. Th is cont r ibut ion is 

associated w i t h the posi t ion o f each site w i t h respect to the four-quadrant "beach 

b a l l " pattern associated w i th this signal (e.g. [38 ] ) . 

The analogous results for a dominant cont r ibut ion (15 m eustatic) to m w p - I A 

f r o m the Antarc t ic ice sheet are now considered. The dashed l ines in F igure 2.8 

show the total spat ial ly vary ing signal (F igure 2 .8A ) and the respective contr ibut ions 
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to this signal f r o m the three G I A forc ings (Figure 2 .8B-D) for this case. The results 
in Figure 2.8A i l lustrate w h y the data prefer a dominant Antarct ic source. A t al l 
southern hemisphere sites, the ef fect o f increasing the Antarct ic cont r ibut ion is to 
moderately reduce the size o f the sea-level rise across m w p - I A . In contrast, the 
spatial ly va ry ing component o f sea-level change at Barbados is s ign i f icant ly 
increased f r o m a fa l l to a rise across m w p - I A for this scenario. Th is d i f ference 
originates p r imar i l y f r o m the i ce - induced sea-level fingerpńnt described above. 
Barbados is the most s igni f icant ly af fected due to its re lat ive ly close p r o x i m i t y to the 
Laurent ide ice sheet. 

The ice- induced signal at Barbados shows a clear sea-level rise across m w p - I A 

fo r the Antarc t ic dominant scenario (Figure 2.8B) since the direct and deformat ional 

effects do not cancel out i n this case. In contrast the change in the ocean- induced 

signal is less dramatic f o r the t w o m w p - I A source scenarios (Figure 2.8C). The 

gradient i n the rotat ion- induced signal across m w p - I A is s igni f icant ly reduced when 

a dominant Antarc t ic source is adopted. Th i s is because high- lat i tude ice mass 

changes do not e f f i c ien t ly excite wander o f the rotat ion pole (e.g. [71 ] ) . 

2.3.5 Sensitivity of Predictions to Earth Model Viscosity 

Structure 

I n the f o l l o w i n g , the results o f the previous section are extended to consider the 

inf luence o f changing the mantle v iscosi ty structure on sea-level predict ions for the 

two m w p - I A scenarios: a dominant Laurent ide source (w i th no cont r ibut ion f r o m the 

Antarc t ic ) and a dominant Antarct ic source (a cont r ibut ion equivalent to 15 m 

eustatic sea-level rise). For each earth v iscosi ty model considered, the Nor th 
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Amer ican ice h is tory was scaled to mainta in an accurate f i t to the Barbados sea-level 

history. The f o l l o w i n g parameter ranges are considered: l i thospheric thickness (71 一 

120 k m ) , upper mant le viscosi ty (1 - 10 X 10 2 ° Pa ร) and lower mant le v iscosi ty (1 一 

50 X 1๙1 Pa ร ) . 

(A) Barbados 

140 4 

(c) Tahiti (D) Sunda 

Ûะ -40 

- 4 0 -

-21 -18 -15 -12 —9 
I I I I I I ļ ļ Į I r I I I 1 I I I I 1 ! I I I I 1 I I I 

6 -3 0 -21 -18 -15 -12 -9 -6 -3 

Time (cal. kyr BP) 
Figure 2.9: Sea-level predict ions based on a dominant Laurent ide cont r ibu t ion (0 
m eustatic cont r ibut ion f r om Antarct ica) to m w p - I A for the reference earth mode l 
(so l id l ine) and t w o other earth models that are the same as the reference mode l 
except that the l i thospheric thickness is reduced to 71 k m (dashed) or increased to 
120 k m (dotted). The inset in Frame D shows the f i t o f the model predict ions to 
the data f r o m locat ion в shown in F igure 2.2. 
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Figure 2.10: Sea-level predict ions based on a dominant Laurent ide cont r ibu t ion 
(0 m eustatic cont r ibut ion f r o m Antarct ica) to m w p - I A fo r the reference earth 
mode l (so l id l ine) and two other earth models that are the same as the reference 
model except that the upper mantle v iscosi ty is reduced to 1 X 10^" Pa ร (dashed) 
or increased to 10 X 10^ Pa ร (dotted). The inset in Frame D shows the f i t o f the 
model predict ions to the data f r o m locat ion в shown in Figure 2.2. 
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F igure 2 . 1 1 : Sea-level predict ions based on a dominant Laurent ide cont r ibut ion 

(0 m eustatic contr ibut ion f r o m Antarct ica) to m w p - I A fo r the reference earth 

mode l (so l id l ine) and two other earth models that are the same as the reference 

mode l except that the lower mant le viscosi ty is reduced to 1 X lo2i Pa ร (dashed) 
o r increased to 50 X 10 շ ւ Pa ร (dotted). The inset in Frame D shows the f i t o f the 
mode l predict ions to the data f r o m locat ion в shown in Figure 2.2 

First , the scenario o f a dominant Laurent ide source to m w p - I A is considered. 

F igure 2.9 and Figure 2.10 show the predict ions based on the reference mode l and 

models that are the same as this mode l except the l i thospheric thickness (Figure 2.9) 

or upper mant le viscosity (Figure 2.10) is altered. A l te r i ng the upper mant le and 
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l i thospheric thickness parameters has an ins igni f icant ef fect on the predicted sea-
level change at these locat ions. The most s igni f icant var iat ion i n predict ions is seen 
when the lower mantle v iscosi ty is increased or decreased as i l lustrated in Figure 
2 .11 . 

F igure 2.11 shows predict ions based on the reference v iscosi ty model (so l id 

l ines) as w e l l as viscosi ty models that are the same as this mode l except that the 

viscosity in the lower mantle is reduced to 10^' Pa ร (dashed lines) or increased to 5 X 

lo22 Pa ร (dotted l ines). These predict ions show that reasonable var iat ions in the 

lower mant le v iscosi ty can s ign i f icant ly alter the f i t to the observations. For each 

viscosi ty p ro f i l e , the ice history was tuned to f i t the Barbados sea-level record 

(Section 2.3.2). Therefore, the change in the predicted sea-level curves at the 

southern sites is a consequence o f both changes in the viscosi ty model and changes 

in the ice mode l . The p o s t - m w p - I A f i t at the three southern hemisphere sites is 

improved fo r the t w o bound ing values o f lower mant le v iscosi ty, w i t h the high 

viscosi ty model y ie ld ing the best results. However , both bound ing models result in a 

s igni f icant mis f i t f r o m the L G M to the t ime o f m w p - I A at the Sunda Shelf . 

2.3.6 Understanding the Results 

In F igure 2.12 the spat ial ly va ry ing component o f the total signal for each 

predict ion shown in Figure 2.11 is shown. F r o m Figure 2 .12A, i t is clear that the 

spatial ly vary ing signal at Barbados is dramat ica l ly altered when the lower mant le 

v iscosi ty is changed. Th is result is not surpr is ing since Barbados is situated w i t h i n 

the per ipheral bulge region o f the Nor th Amer ican ice sheets (e.g., [17 ] ) . The 

spat ial ly vary ing signal at the other sites is less sensitive to changes in mantle 
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v iscosi ty structure since they are located further f r o m major g lac iat ion centres. 
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Figure 2.12: The spatial ly va ry ing component o f the total sea-level signal at the 
four data sites fo r the scenario o f a 0 m eustatic cont r ibut ion to m w p - I A f r o m 
Antarct ica. The so l id l ine corresponds to a predict ion based on the reference earth 
mode l . The dashed and dot ted l ines correspond to earth models that are the same 
as the reference model except that the lower mant le v iscosi ty is 10)21 Pa ร and 
xlo22 Pa ร, respectively. The predict ions fo r the Sunda Shel f are calculated for 
locat ion A shown in F igure 2.2. 

The sensi t iv i ty o f the predict ions to viscosi ty, shown in F igure 2.12, can be 

used to gain insight into the results shown in Figure 2 .11 . For example, the 

improved f i t fo r the model w i t h a reduced lower mantle v iscosi ty (dashed l ine) is due 

to the increased rise produced between 14 and 11 cal . k y r B P at Barbados compared 

to that f o r the reference v iscosi ty mode l . The lower v iscosi ty permits the earth 
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model to respond faster to the rap id déglaciat ion o f the Laurent ide ice sheet dur ing 
m w p - I A . The more rap id sea-level rise due to so l id earth deformat ion dur ing this 
per iod is compensated fo r by reduc ing the mel t signal to mainta in a good f i t to the 
Barbados data set. Th i s decrease in the mel t input is the dominant effect on 
predicted sea-level change at the southern hemisphere sites in F igure 2.11 and results 
in an improved f i t f o l l o w i n g m w p - I A . Note , however , that the sea-level rise across 
m w p - I A remains too large at a l l the southern hemisphere sites for this source 
scenario. 

For the case o f a high lower mant le v iscosi ty (dotted l ine) , the isostatic 

response is much slower and so the magni tude o f sea-level rise due to crustal 

subsidence at Barbados f r o m L G M to present is s ign i f icant ly reduced compared to 

the reference viscosi ty mode l . T o compensate for th is, and thus mainta in a good f i t 

to the Barbados data, a greater amount o f mel t is required f r o m the Laurent ide ice 

sheet dur ing the déglaciat ion per iod. Th is change in the ice mode l produces an 

addi t ional and re lat ive ly steady increment sea-level rise at the southern hemisphere 

sites and an improved f i t to the data f o l l o w i n g m w p - I A . 

F igure 2.13 shows normal ised χ2 values for the post L G M f i t to far - f ie ld data 

and the dominant Laurent ide and Antarc t ic mel t scenarios. Results are shown for 

f i ve earth models w i t h d i f ferent l ower mant le viscosit ies. The normal ised χ2 values 

(Figure 2.13) are consistent w i t h the discussion o f Figure 2 . 1 1 ; the reference model 

y ie lds the worst overal l f i t and models w i t h re lat ive ly s t i f f lower mant le regions 

produce the lowest chi-squared values. ( A normal ised chi-squared value o f one or 

less indicates a model predict ion that f i ts al l the data to w i t h i n the specif ied error). 

The preference o f the data fo r a re lat ive ly h igh value o f l ower mant le v iscosi ty is 
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consistent w i t h the results in a recent study [16] w h i c h considered fa r - f ie ld sea-level 

data both pr ior to and f o l l o w i n g the L G M . 

๐ 2 0 -

0 10 2 0 30 4 0 50 

Lower Mantle Viscosity(x10^''Pas) 

Figure 2.13: Norma l i sed χ2 m is f i t between predict ions generated using G I A 

models tuned to the Barbados sea-level record and p o s t - L G M observations as a 

funct ion o f lower mant le viscosity. The models assume either a dominant No r t h 

Amer ican source fo r the mel twater event m w p - I A (dashed l ine) , or a contr ibut ion 

f r o m the Antarct ic ice complex equivalent to 15 m o f eustatic sea-level rise (so l id 

l ine) . 

In contrast to the monoton ie improvement in f i t at Huon and Tah i t i as the lower 

mant le viscosi ty is increased f r o m 2 - 5 X l O 2 2 Pa ร, the f i t at Sunda is re lat ive ly 

constant. Th is is because the improvement to the post m w p - I A f i t at this site is 

counteracted by degradation o f the f i t to the older data as the v iscosi ty is increased. 
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Figure 2.14: Sea-level predict ions based on a dominant Antarc t ic cont r ibut ion (15 

m eustatic) to m w p - I A fo r the reference earth mode l (so l id l ine) and two other 

earth models that are the same as the reference mode l except that the lower 

mant le viscosi ty is reduced to lo2i Pa ร (dashed) and increased to 5 xlo22pa ร 
(dotted). The inset in Frame D shows the f i t o f the model predict ions to the data 
f r o m locat ion в shown in Figure 2.2. 

In Figure 2.14, the effect o f changing lower mant le v iscosi ty for the scenario o f 

a dominant Antarct ic source to m w p - I A is considered. In th is case, reducing the 

mant le v iscosi ty does not produce a s igni f icant change compared to the reference 

mode l . Th is is largely because the mass removal f r o m the Laurent ide ice sheet is 
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less in the Antarc t ic dominant scenario and so the magni tude o f crustal subsidence at 
Barbados dur ing and short ly after the mel t water pulse is s igni f icant ly reduced. A s a 
consequence, sea-level predict ions immedia te ly f o l l o w i n g m w p - I A w i l l be less 
sensitive to changes in viscosity. The effect o f increasing the lower mant le v iscosi ty 
is, in contrast, s imi lar to the dominant Laurent ide cont r ibut ion. A s before, a st i f fer 
mantle leads to a reduct ion in the magnitude o f the so l id earth response at Barbados 
over the entire p o s t - L G M per iod; this is compensated for by an increase in mass 
vo lume to mainta in a good f i t to the Barbados record, and thus an increased sea-level 
rise at the southern sites. 

The o p t i m u m overal l f i t is produced by the combinat ion o f a dominant 

Antarct ic melt scenario and a lower mantle v iscosi ty o f 5 X l O 2 2 Pa ร. As can be seen 

f r om Figure 2.14, this model provides an excel lent f i t to the data at H u o n , Sunda and 

Tahi t i post m w p - I A and before the occurrence o f m w p - Ш . The chi-squared value 

for this opt imal mode l is 18.8, compared to 34.6 fo r the opt imal predict ion based on 

a dominant Laurent ide source (see Figure 2.13; this chi-squared reduct ion is 

signif icant to greater than the 9 9 % conf idence level ) . The re lat ive ly h igh chi-squared 

value for the best f i t mode l reflects the s igni f icant mis f i ts to the earlier data f r o m 

Sunda and the data f r o m H u o n , Tah i t i and, to a lesser extent, Sunda in the per iod - 1 1 

to 9 cal . ky r BP . 

2.4 Discussion and Summary 

The mel t scenario characterised by a dominant (15 m ) Antarct ic source fo r 

mwp-IA, combined with the 5 X 10^^ Pa ร lower mantle viscosity model produces the 

best f i t to the suite o f fa r - f ie ld observations. However , as described above, there 
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remain s igni f icant mis f i ts between the data and this mode l . Here, t w o further issues 
in relat ion to this residual signal are discussed br ie f ly . 

First, the poor f i t du r ing the per iod 〜 l l - 9 cal . ky r B P , wh i ch coincides w i t h the 

occurrence o f m w p - Ш at the Barbados site is considered. The existence o f this event 

was proposed f o l l o w i n g the reconstruct ion o f the Barbados sea-level record [20 ] . 

M o r e recent fa r - f ie ld records (e.g., H u o n and Tah i t i ) do not support the existence o f 

this event. The occurrence o f m w p - I B has also been quest ioned on the basis a h igh 

qual i ty near- f ie ld sea-level record f r o m Scot land that w o u l d mark such an event by a 

change in sign o f the t rend in sea level at that t ime [25 ] . The mode l l ing o f this 

mel twater event and the ef fect on the f i t to the data dur ing the per iod ֊11-9 cal . k y r 

B P is considered in more detai l i n Chapter 3. 

The over pred ic t ion , by the opt imal model (F igure 2.14), o f L G M sea levels at 

the Sunda Shelf is n o w considered. The nature o f the dat ing constraints fo r the 

oldest data f r o m this region ( index points older than 18 cal . ky r BP) has led to 

suggestions that the dates may be biased too o ld (see Section 2.2.2). I f this is the 

case, then it is possible that the mis f i t in Figure 2.14 may be at least part ly due to 

problems w i t h the data. Th is m is f i t is discussed fur ther i n Chapter 3. 

I f the oldest observations f r o m the Sunda Shel f are biased too o ld , then the 

model compr is ing a dominant (15 m eustatic) Antarc t ic cont r ibut ion to m w p - I A and 

Earth structure characterised by a 96 k m th ick (elastic) l i thosphère, a 5 X 10 շ 0 Pa ร 

upper mant le v iscosi ty and a 5 X 10^՜^ Pa ร l ower mant le v iscosi ty s imul taneously 

provides an improved f i t to the observations at al l four sites considered compared to 

a Laurent ide source mode l . The preferred v iscosi ty mode l is broadly consistent w i t h 

recent inferences o f this parameter that suggest re lat ive ly h igh values o f l ower 
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mant le v iscosi ty compared to earlier studies ([11， 72 ] ) . The opt imal ice h is tory is 
somewhat more controversial given the magni tude o f mel t required f r o m the 
Antarct ic ice sheet over a short t ime per iod (< 1 ky r ) . Though recent f i e ld w o r k has 
prov ided evidence fo r ice retreat in some regions around the t ime o f m w p - I A (e.g. 
[73 ] ) , a vo lume reduct ion equivalent to 15 m eustatic sea-level rise between 14.5 and 
13.5 cal. k y r B P is large relat ive to geological and g lac io logical evidence that suggest 
the excess ice conta ined in this ice sheet at L G M was less than 〜20 m. The ice 
history mode l proposed on the basis o f this study requires further, independent 
testing. In Chapter 4 sea-level mode l l ing o f data f r o m Antarct ica is used to test the 
p laus ib i l i ty o f d i f fe rent déglaciat ion scenarios. 

The pr inc ipa l l im i ta t ion o f the mode l appl ied in this analysis is the assumpt ion 

o f 1-D earth structure. In future analyses the above analysis should be extended to 3֊ 

D earth models (e.g., [74 ] ) in order to assess the robustness o f the conclusions 

reached above. There are a var iety o f ways in w h i c h observational constraints can be 

improved. There is a compe l l i ng need fo r more sea-level records w i t h temporal 

coverage s im i la r to the Barbados and Sunda Shel f data set; part icular ly at locat ions 

that are not s ign i f icant ly af fected by crustal mot ions due to either G I A or plate 

tectonics. A l s o , i t is important to consider direct evidence f r o m near- f ie ld records. 

A large and rap id me l t ing event f r o m Antarc t ica w o u l d most l i ke ly leave a 

geomoφho log i ca l , geochemical and b io log ica l signal in local terrestrial and mar ine 

records. I t is impor tant to focus future in i t iat ives on records o f these types in order to 

further test the hypothesis o f a dominant Antarc t ic source to m w p - I A . 
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Chapter З Far-Field Sea-Level Modelling of 

Mwp-IB and the 19 kyr Pulse 

3.1 Introduction 

The fa r - f ie ld sea-level mode l l i ng per formed in Chapter 2 resolved some o f the 

key misf i ts to the fa r - f i e ld observations dur ing the per iod f r o m the L G M to present 

day, par t icu lar ly du r ing and short ly after the occurrence o f m w p - I A . A s stated in 

Section 2.4, however , there are st i l l some unresolved discrepancies in the o p t i m u m 

f i t model f r o m the previous chapter. The w o r k presented in this chapter addresses 

these misf i ts fur ther. 

F i rs t ly , the m is f i t observed dur ing the per iod 11-9 cal . ky r B P is considered. 

The reconstruct ions o f the previous chapter al l inc luded two pulses at 14.5-13.5 cal . 

ky r B P and 11.5-11 ca l . ky r B P ( m w p - I A and m w p - I B respect ively) . These 

meltwater events were f i rs t ident i f ied in the reconstruct ion o f the Barbados sea-level 

curve [20 ] . Whereas m w p - I A has been observed in the Sunda Shelf record [22] (and 

indi rect ly in the Tah i t i record) there is no evidence fo r m w p - I B in either the Huon or 

Tah i t i records (see F igure 2.1) [23, 24] . There is also evidence f r o m h igh qua l i ty 

near f ie ld data in Scot land wh ich does not support the existence o f m w p - I B [25 ] . 

Therefore, in the f o l l o w i n g section, we extend the mode l l i ng o f Section 2.3 to fur ther 

test the existence o f m w p - Ш . 

The m is f i t to the L G M data at Sunda Shel f noted in Section 2.4 is also 
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discussed in more detail i n this chapter. As prev iously suggested, this cou ld be a 

result o f the older data at this site be ing biased too o ld (see Section 2.2.2). In Sect ion 

3.3 we explore the L G M mis f i t fur ther by extending our data set to inc lude those 

recently obtained f r o m the Bonaparte Gu l f , north-western Austra l ia [21 ] . These data 

prov ide some o f the most accurate constraints on L G M sea level and so present a 

useful addi t ional test o f our sea-level mode l . 

The sea-level record f r o m Bonaparte G u l f has been used to argue fo r a rap id 

sea-level rise o f between 10 and 15 m at around 19 cal . ky r B P [21 ] . The existence 

o f a mel twater pulse at this t ime has been disputed because the proposed pulse event 

is not captured by data der ived f r o m a single core but f r o m a reconstruct ion o f data 

f r o m a number o f d i f ferent cores [26 ] . Recent ly , further evidence fo r the existence 

o f a rap id sea-level rise o f at least 10 m at 19 cal. ky r B P comes f r o m sediment 

records f r o m the I r ish Sea [27 ] . C l imate records f r om the t ime o f this pulse indicate 

that the source o f mel twater fo r this event most l i ke ly or ig inated f r o m one or more o f 

the northern hemisphere ice sheets [ 27 ] . I n Sect ion 3.4, we incorporate a 19 cal . ky r 

event in to the sea-level model to determine whether the data f r o m Barbados and 

Sunda Shel f are consistent w i t h such an event. W e also consider a smal l number o f 

d i f ferent source scenarios to test i f the avai lable data can be used to constrain the 

source geometry. 

3.2 Modelling of Mwp-IB 

A revised mel t model that includes a 15 m Antarct ic cont r ibut ion to m w p - I A 

but does not inc lude a dist inct m w p - I B event was constructed. The dashed l ine in 

Figure 3.1 shows the total predicted sea-level signal at four far - f ie ld data locat ions 
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for а 15 m Antarctic contribution to mwp-IA and an earth model with a lower mantle 
viscosity of 5 X lO 2 2 Pa ร. This model combination provides the best fit to the data 
set for ice histories that include the mwp-IB event. The solid line demonstrates the 
improvement to the fit that is produced by not including mwp-Ш in the ice history. 

Of course, this revision results in a diminished quality of fit to the Barbados record 

post -11 cal. kyr BP; however, the data are still fit to within the observational error. 

The slightly poorer fit at Barbados is more than compensated for by the dramatic 

improvement to the fit at the other three sites (see Figure 3.1). 

This "no-mwp-Ш" melt model was then adapted to consider a variety of lower 

mantle viscosity models where the model is refined until a similar fit to the Barbados 

record is obtained. The results of this exercise are summarised in Table 3.1 where 

the given total χ2 values are based on the model fit at Huon, Tahiti and Sunda (since 

all models are tuned to fit the Barbados record the fit at this site was not considered). 

As expected, for a given viscosity model, the χ2 values at Barbados for the "no-mwp-

Ш" case are slightly larger than those for the ice model that includes this event; 

however, this is more than compensated for by the dramatic reduction in the χ2 

values at the other three sites. For example, consider the results for the intemiediate 

lower mantle viscosity of 3 X lO 2 2 Pa ร. The χ2 misfit at Barbados is increased by 23 

%, compared to a decrease in this value of 89%, 59% and 81% at Huon, Sunda and 

Tahiti, respectively. 
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Μ gure 3.1: Sea-level predictions based on a dominant Antarctic contribution (15 

m eustatic) to mwp-IA for an earth model with lower mantle viscosity of 5 X lO 2 2 

Pa ร. The dashed line corresponds to the optimum fit for an ice model that 
includes the mwp-Ш event (see Chapter 2). The solid line demonstrates the 
change in the predictions for a model with no distinct mwp-IB in the ice history. 
The inset in rrame D shows the fit of these two models to the data from location 
В (see Figure 2.1, Section 2.2.2). 
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Lower 

mantle 

viscosity (X 

IO 2 ' Pa ร) 

Barbados Huon Sunda Tahiti TOTAL 

1 

With IB 3.86 6.23 16.22 19.44 41.89 

1 
Without 

IB 3.92 1.85 12.24 5.96 20.05 

10 

With IB 3.67 7.67 10.76 21.14 51.33 

10 Without 
IB 4.21 1.92 6.01 5.27 13.20 

20 

With IB 3.77 2.63 6.22 18.40 27.25 

20 Without 
IB 4.22 0.424 2.73 4.17 7.32 

ЗО 

With IB 3.52 3.81 5.91 15.64 25.36 

ЗО 
Without 

IB 
4.29 0.44 2.41 3.02 5.87 

40 

With IB 3.57 3.13 6.60 10.35 20.08 

40 
Without 

IB 
4.07 0.37 4.04 1.92 6.33 

50 

With IB 3.52 2.41 8.15 8.28 18.84 

50 
Without 

IB 
3.92 0.43 6.06 2.06 8.56 

Table 3.1: χ values for a number of different viscosity and ice models as 

discussed in the text. Note all models are tuned to fit the Barbados record and 

therefore the "total" value is a sum of the chi squared values at the remaining 

sites and gives a measure of the goodness of fit. 

The optimum fit to the entire data set, based on this "without mwp—IB" melt 

model, is achieved with a lower mantle viscosity of 3 X lO 2 2 Pa s. This particular 

model yields a normalised χ2 value of 5.87, which is a 69% reduction compared to 
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the optimal model that included mwp-IB described in Chapter 2. This improvement 
in fit is significant at greater than the 99% confidence level. The model with lower 
mantle viscosity of 4 X lo22 Pa ร and no mwp-Ш also shows significant improvement 
of fit compared to the optimal fit of Chapter 2. Note that the difference in fit 
produced by the two best fit lower mantle viscosity models (3 X lO 2 2 and 4 X lO 2 2 Pa 
ร) is not statistically significant. These two models are shown in Figure 3.2. 

(A) Barbados В Huon 

Ф-100 

^-120 

1-140 

(D) Sunda (С) Tahiti 
Ф -20 

і J 
À» 

JI , 
-14 -12 -1 

-21 -18 -15 -12 -9 -6 -З Ó -21 -18 -15 -12 -9 -6 -З о 

Time (cal. kyr BP) 

Figure 3.2: Sea-level predictions based on a dominant Antarctic contribution (15 

m eustatic) to mwp-IA and no distinct mwp-Ш event for earth models with lower 

mantle viscosity of 3 X 10 2 2 Pa s ( s o l i d line) a n d 4 X lO 2 2 Pa s (dashed line). 

Frame D shows the fit of these two models to the data from location в (see 

Figure 2.2， Section 2.2.2). 
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Figure 3.2 demonstrates the trade off that occurs between the fit to the oldest 
and youngest data in the Sunda record. By increasing the lower mantle viscosity, the 
fit to the post mwp-IA data is improved whereas the fit to the LGM data is degraded. 
These results demonstrate that the oldest Sunda data are driving the overall 
preference for the 3 X lo22 Pa ร viscosity model compared to the 4 X 10)22 Pa ร model, 
which significantly over predicts the depth of LGM sea level at this site. This LGM 
misfit is considered in more detail in the following section. 

3.3 Exploring the LGM misfit 

In order to explore the misfit of the optimal models obtained in Section 3.2 to 

the LGM data at Sunda Shelf, and to test the plausibility of this being a result of 

problems with the data, we extend our data set to include observations of LGM sea 

level from Bonaparte Gulf. The data from this region are based, largely, on the 

analysis of organic material found in sediment cores [21]. Samples indicating 

brackish or marginal marine conditions are used to reconstmct past sea levels in this 

area. These data were corrected for formation depth and the vertical errors are those 

associated with formation depth and tidal range. This area is believed to have been 

tectonically stable and so no correction has been applied to the observations. The 

dates are calibrated carbon dates from the CALff i program [45]. 

Figure 3.3 compares the two best fit earth/ice models from Section 3.2 to the 

observations at Bonaparte Gulf. Figure 3.3 shows that the Bonaparte Gulf data are 

more closely fit by the model with lower mantle viscosity of 4 X 10 22 Pa ร (dashed 

line). The success of this model at Bonaparte Gulf supports the argument that the 

age of the oldest data at the Sunda Shelf may be biased too old by 2-3 kyr (see 
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Section 2.4). 

-100 

f ime (cal. kyr ВР)^ 

Figure 3.3: Comparison of observed and predicted sea levels at Bonaparte Gulf 
for the two best fitting earth models of Section 3.2 which include a 15 m eustatic 
Antarctic contribution to mwp-IA and no distinct mwp-IB event. The two earth 
models considered have lower mantle viscosities of 3 X lO 2 2 Pa ร (solid line) and 
4 X lO 2 2 Pa ร (dashed line). 

In order to examine this "best fit" earth model a number of ice melt scenarios 

have been developed that do not include a distinct mwp-Ш event but consider 

different contributions from the Antarctic ice complex. The modelling performed 

here is similar to that carried out in Section 2.3.2 with the contribution from the 

Antarctic ice sheet to mwp-IA being scaled to provide 0， 5， 10, 15 and 20 m of 

eustatic sea-level contribution to the pulse. As before, all models are scaled to give a 

similar fit to the Barbados record and the fit at the remaining sites provides a 

measure of the success of the model run. The results are shown in Figure 3.4. 
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Time (cal. kyr BP) Figure 3.4: Sea-level predictions based on an earth model with lower mantle 

viscosity of 4 X lO 2 2 Pa ร and a range of melt scenarios to illustrate the sensitivity 
to changes in the relative contributions of the Laurentide and Antarctic ice sheets 
to mwp-IA. The key in Frame A identifies the contribution, in eustatic sea level, 
from the Antarctic ice sheet for each model run. Each model was tuned to fit the 
Barbados record and include no distinct mwp-Ю event. The inset in Frame E 
shows the fit of the model predictions to the data from location в shown in 
Figure 2.2, Section 2.2.2. From [19] 
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Figure 3.5 shows the χ2 values for the separate sites over the entire time period 

(A) and just the period following the pulse, -14-9 cal. kyr BP (В). Increasing the 

Antarctic component of mwp-IA up to 15 m decreases the misfit to all the records by 

48 %. A further increase in the Antarctic component serves to increase the misfit as 

a result of pushing the sea level at Tahiti too low after the pulse. This is evident in 

the χ2 values shown in Figure 3.5B, in which the deterioration in the goodness of fit 

is seen for the Lateglacial period at Tahiti (red line). Altering the contribution from 

Antarctica to mwp-IA has little effect on the fit to the Bonaparte Gulf data (green 

line in Figure 3.5A) as this data set only samples the period at and shortly after 

LGM. 

Due to the uncertainty in the accuracy of the Sunda Shelf LGM data the 

discussion here focuses mainly on the Lateglacial fit (Figure 3.5B). Figure 3.5B 

shows that by increasing the Antarctic contribution from 0 m to 5 m (black and blue 

lines Figure 3.4) there is a significant improvement in fit at all sites for the 

Lateglacial period. There is little improvement when the Antarctic contribution is 

increased to 10 m and then a further significant jump between 10 and 15 m (green 

and red lines Figure 3.4) most notably at Sunda (blue line Figure 3.5B). 
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Figure 3.5: (A) Normalised χ2 misfit between predictions and post-LGM 

observations at four locations: Huon (black line), Tahiti (red line), Sunda (blue 

line) and Bonaparte Gulf (green line). Model predictions were generated using a 

GIA model tuned to the Barbados sea-level record for an earth model with a 

lower mantle viscosity of 4 X lO 2 2 Pa ร and a range of Antarctic contributions to 
mwp-IA (in units of equivalent eustatic sea-level change; see X-axis). (B) Same 
as (A) but χ2 is calculated over the Lateglacial period only (-14-9 cal. кут BP). 

3.4 Modelling the 19 cal. kyr pulse 

In this section, the misfit of the best fit model obtained in Section 3.3 to the 

Sunda Shelf LGM data is investigated further. As discussed in Section 2.4 this misfit 

might be the result of the data being biased too old due to the dating methods used; 

this possibility is supported by the high-quality fit of the 40 X 10շւ Pa s viscosity 
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model at Bonaparte Gulf (see previous section). However, on examination of the 
Bonaparte Gulf data set (Figure 3.3), it is evident that an ice melt model which 
includes a rapid melting event at -19 cal. kyr BP would improve the fit to the 
observations at this location [21, 27]. We examine, in the following, whether the 
data at Barbados and Sunda Shelf preclude the occurrence of a rapid sea-level rise at 
this time. 

New models that are based on the best fit model of Section 3.3 have been 

developed which include a -10 m eustatic sea-level rise between 19.5 and 19 cal. kyr 

BP with four dominant melt source regions: North American, European, Antarctic 

and northern hemisphere. The results for these models are shown in Figure 3.6 along 

with the optimum model from Section 3.3 which does not include a melt water pulse 

at this time. 
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Figure 3,6: Sea-leyel predictions based on an earth model with lower mantle 
viscosity o f 4 X l o 2 2 Pa ร and a range o f melt scenarios to illustrate the sensitivity 
to changes in the relative contributions of the N. American, European and 
Antarctic ice sheets to the 19 cal. kyr BP event (see key in Frame A). Each 
model was tuned to fit the Barbados record and include no distinct mwp-IB event. 
The inset in Frame E shows the fit of the model predictions to the data from 
location В shown in Figure 2.2. 
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The contribution from the North American ice sheet was altered so the total 
eustatic sea-level rise between 19.5-19 cal. kyr BP was 10 m ( 〜8 m North American 
and 2 m European) while still providing a reasonable fit to the Barbados record. This 
model is shown as the blue line in Figure 3.6. The other models were generated by 
increasing the eustatic components of each of the other ice sheets to the required 
contribution and then tuning the North American component in the resulting model 
to obtain the same fit to the Barbados record (see Section 2.3.2). The eustatic 
contribution from each ice sheet for each of the models shown in Figure 3.6 is given 
in Table 3.2. Notice that the total eustatic contribution is different in each case as a 
result of tuning to the Barbados record. 

North 

American 

Ice Sheet 

Antarctic 

Ice Sheet 

European 

Ice Sheet 
Total 

No 19 kyr pulse 

(NO PULSE) 
Om Om 2.4 m 2.4 m 

N. American 

(N. AM) 
7.6 m Om 2.4 m 10 m 

Northern 

hemisphere 

(N. HEM) 

4.5 m Om 4.5 m 9 m 

European 

(EUR) 
0.8 m Om 8.0 m 8.8 m 

Antarctic 

(A) 
0.8 m 5 m 2.4 m 8.2m 

Table 3.2: Table to show the eustatic contributions from each ice sheet in the 

various ice models used to generate the results in Figure 3.6. 

As can be seen from Figure 3.6 the 19 cal. kyr BP event has little effect on the 
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fit to the late glacial sea-level record except in the case where there is a dominant 

contribution to this event from the Antarctic ice complex (red line. Figure 3.6). In 

this case, increasing the Antarctic contribution to this pulse reduces the total eustatic 

contribution required to produce the modelled sea-level rise at Barbados and thus 

causes a lowering of the curves predicted at the remaining locations. This result is a 

consequence of different effects, including, for example, the subsidence effects of the 

peripheral bulge of the North American ice sheet at Barbados and the distinct sea-

level pattern (or fingerprint) associated with Antarctic melting (see Section 2.3.4 for 

more detail). The implications of this can be seen in the χ2 values shown in Table 

3.3. 

Barbados Huon Sunda Tahiti Bonaparte Total 

No 19 kyr 

pulse 

(NO PULSE) 

4.07 0.37 4.04 1.92 0.8 7.13 

N. American 

(N. AM) 
4.13 0.37 3.36 1.92 0.81 6.46 

Northern 

hemisphere 

(N. HEM) 

4.1 0.37 3.48 1.92 0.58 5.99 

European 

(EUR) 
4.19 0.37 3.44 1.94 0.54 5.94 

Antarctic 

(A) 
4.00 0.45 5.56 2.28 0.43 8.50 

Table 3.3: χ2 values for the period from LGM to present day for a number of 

different source models for 19 cal. kyr BP event as discussed in the text. Note all 

models are tuned to fit the Barbados record and therefore the "total" value is a 

sum of the chi squared values at the remaining sites and gives a measure of the 

goodness of fit. 

The χ2 values shown in Table 3.3 show that the inclusion of the 19 cal. kyr BP 
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pulse in the Barbados record does not prove detrimental to the fit to this sea-level 

record but does improve the fit to the Bonaparte Gulf and Sunda Shelf data. The χ2 

values (Table 3.3) show that a 19 cal. kyr BP pulse sourced from northern 

hemisphere ice sheets would improve the fit to the complete set of far-field data 

considered, whereas a dominant Antarctic source produces a fit that is poorer than 

that achieved with a model that does not include the 19 cal. kyr event. The 

deterioration in fit is driven mainly by the lowering of the relative sea-level curve 

after the 19 cal. kyr BP event at all sites. The above results show that including a 

melt event at 19 cal. kyr BP produces an improvement in the model fit to the data but 

only for the case in which the meltwater is sourced from the northern hemisphere. In 

particular, the optimum fit is achieved when the melt is sourced from a combination 

of northern hemisphere ice sheets (N. HEM. model) or the Eurasian ice sheets (EUR 

model). These models show a 16-17 % improvement to the data model fit compared 

to the optimum model obtained in Section 3.3; however, this variance reduction is 

not statistically significant. The reduction in the χ2 values is driven by the 

improvement of fit to the Bonaparte Gulf and Sunda Shelf data for the earliest part of 

these sea-level records (Figure 3.7). 

Figure 3.7 shows only the period from 23 to 16 cal. kyr BP for the three 

locations which have data that sample this time period (Barbados, Bonaparte Gulf 

and Sunda Shelf). The χ2 values associated with the predictions for this time period 

are shown in Figure 3.7 are shown in Table 3.4. 
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Figure 3.7: Same as Figure 3.6 except only the LGM data and predictions for 

B a b a d o s , Bonaparte Gulf and Sunda Shelf have been shown. The predictions 

are described in detail in the text and are: No Pulse=black, N. Amencan=blue, 

Europe=green, Antarctic=red and N. hemisphere=orange. 

The results in Figure 3.7 and Table 3.4 show that including a pulse at 19 cal. 

kyr BP causes a relatively minor deterioration of fit to the Barbados sea-level 

observations over this time period compared to an improvement of fit to the sea-level 

data at both Bonaparte Gulf and Sunda Shelf. The total χ 2 values (Table 3.4) indicate 

that the best fit is obtained when a North American source for the 19 cal. kyr BP 

event is considered (blue line). This is supported by the χ2 values for the Sunda Shelf 

data-model fit (Table 3.4) which shows a 36 % reduction compared to the "no pulse" 

case. In contrast, the χ2 value for the data-model fit at Bonaparte Gulf is highest for 
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the North American scenario and lowest for the Antarctic scenario. The χ2 results for 

Bonaparte Gulf are not consistent with the results shown in Figure 3.7, which 

indicates that the North American model would produce the lowest χ2 value. 

Barbados Sunda Bonaparte Total 

No 19 kyr 

pulse 

(NO PULSE) 

0.75 11.35 0.8 12.15 

N. American 

(N. AM) 
0.90 7.24 0.81 8.05 

Northern 

hemisphere 

(N. HEM) 

0.83 8.12 0.58 8.7 

European 

(EUR) 
0.96 8.66 0.54 9.2 

Antarctic 

(A) 
0.87 10.28 0.43 10.71 

Table 3.4: Same as Table 3.3 except the χ values are calculated for the time 

period shown in Figure 3.7 only. Note all models are tuned to the Barbados sea-

level record and therefore the "total" value is a sum of the χ2 values at Bonaparte 

and Sunda. 

This anomalous result is due to the spatial variation of the sea-level prediction 

across the Bonaparte Gulf data set. As mentioned in Section 3.1 the data that 

compose the sea-level curve in this region are from a number of cores, specifically 

the data following the 19 cal. kyr BP event are from a different site to those that 

precede it. Although there is only a small variation in the predictions across these 

sites (-1.5 m) this causes a significant effect when plotting the effect of a pulse is at 

19 cal. kyr BP on the sea-level curve. The predictions for Bonaparte Gulf considered 

so far correspond to those for the pre 19 cal, kyr BP data; the predictions 
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corresponding to the data f o l l o w i n g the pulse are shal lower. The χ 2 values i n Table 

3.3 already account for the spatial var ia t ion. The correct predict ions for the younger 

data at Bonaparte G u l f are shown i n the inset i n F igure 3.8. 
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Figure 3.8: The Bonaparte G u l f data and predict ions for the 19 cal . k y r B P pulse 
me l t scenarios. The inset shows the younger data and predict ions account ing for 
the spatial var ia t ion across the data. The predict ions are: N o Pulse=black;, N . 
Amer ican=b lue , Europe=green, An ta rc t i c= red and N . hemisphere=orange. 

3.5 Discussion and Summary 

The results described i n this chapter prov ide good evidence against the 

existence o f m w p - Ю : ice models w h i c h do not have any discernable m w p - Ю event 

p rov ide s ign i f i cant ly improved fits to the fa r - f ie ld sea-level records. B y extending 

the data to inc lude those f r o m the Bonaparte G u l f data, an o p t i m u m fit earth mode l 

o f 4 X l O 2 2 Pa ร is obtained. The fit to the oldest data i n this record supports the 

suggestion that the oldest Sunda She l f data may be biased too o l d . Further analysis, 
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however, shows that an improved f i t to the Bonaparte G u l f and Sunda Shelf records 

over the earliest part o f the record can be obtained by inc lud ing a pulse ( -9 -10 m 

eustatic sea-level equivalent) between 19.5 and 19 cal . k y r BP. 

O f the four mel t source models considered for the 19 cal . ky r B P event (Nor th 

Amer ican , Eurasian, Nor thern hemisphere or Antarc t ic ) , p r imary sources f r o m the 

northern hemisphere or Eurasia produced the best f i t to the data. Th is improvement , 

however, is not stat ist ical ly s igni f icant compared to the mode l wh i ch does not 

include a 19 ca l . ky r B P event. A n Antarc t ic source fo r the 19 cal . k y r B P event 

results in an overal l deter iorat ion o f f i t to the data over the who le sea-level record 

compared to a mode l w i t h no pulse at this t ime. A l though this deter iorat ion in f i t is 

not s igni f icant compared to a mode l w i t h no pulse i t is s ign i f icant ly worse than the 

best f i t models (northern hemisphere or Eurasian source) to greater than 90 % 

conf idence level . In contrast, i f on ly the L G M data at Barbados, Sunda Shel f and 

Bonaparte G u l f are considered, an Antarct ic source fo r the 19 cal . ky r B P event 

provides almost 50 % improvement o f f i t to the data at Bonaparte Gu l f . Th is , 

however, is not stat ist ical ly s igni f icant as there is a lack o f data points. There can, 

therefore, be no conclusions drawn about the source geometry fo r this event based on 

the avai lable data. 

The l imi ta t ions associated w i t h this study inc lude the lack o f fa r - f ie ld sea-level 

records that can conclus ive ly capture the magni tude and t i m i n g o f either o f the two 

mel twater pulses considered in this chapter. The mode l l ing per fo rmed in Sect ion 3.4 

indicates that a number o f mel t scenarios are viable fo r the sea-level records at 

Barbados for the L G M per iod and demonstrates the requirement fo r more data over 

this t ime per iod to constrain the 19 cal . ky r B P event. Sect ion 3.4 also demonstrates 
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the need to consider the spatial var iat ion in the Bonaparte G u l f data when est imat ing 

the size o f the 19 cal . k y r B P event and the f i t o f sea-level predict ions to these 

observations. 
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Chapter 4 Near Field Sea-level Modelling of 

the Antarctic 

4.1 Introduction 

The far - f ie ld sea-level mode l l i ng carr ied out i n Chapter 2 and Chapter 3 has 

been ut i l ised to constrain the source geometry o f m w p - I A showing that in order to f i t 

the fa r - f ie ld observations w i t h a single ice history and earth mode l a dominant , 15 m 

(eustatic sea-level equivalent) cont r ibut ion f r o m the Antarct ic Ice sheet is required 

[19 ] . I n this chapter the near- f ie ld Antarct ic sea-level records are compared to a suite 

o f predict ions to test the p laus ib i l i t y o f a 15 m Antarc t ic cont r ibut ion to m w p - I A . 

I f the hypothesis o f a dominant Antarc t ic cont r ibut ion to m w p - I A is to be 

accepted, i t must be shown to be consistent w i t h observations and mode l l i ng that 

relate to the déglaciat ion history o f the Antarc t ic ice sheet. The vo lume of ice in the 

Antarct ic ice sheet at the L G M and the subsequent mel t h istory has been discussed 

extensively in the l i terature (e.g. summar ized in [75] and [76 ] ) . Mode ls o f the 

Antarct ic ice sheet f r o m g lac io log ica l , glacioisostatic and geological reconstructions 

have suggested contr ibut ions to the total eustatic sea-level rise o f between 1—38 m 

f rom L G M to present (e.g.[12, 14， 33， 68, 75, 77-79] ) . W i t h more recent research 

favour ing the more t igh t ly constrained range o f 13-21 m (e.g. [33, 68 ] ) . 

W i t h regard to the Antarct ic déglaciat ion history, several recent studies suggest 

that the East and Wes t Antarct ic components d id not advance and retreat 
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concurrent ly (e.g. [12, 75， 76 ] ) . Results f r o m Antarct ic model reconstruct ions 

suggest that the major phase o f Antarct ic déglaciat ion occurred dur ing the Holocene 

(e.g. [12, 14, 33] ) . Reconstruct ions f r o m mar ine geological and geological data 

suggest, however, that this may have occurred earl ier beginn ing at around 15 cal . k y r 

B P (e.g. [75, 76 ] ) . I t is important to note, however, that none o f these studies 

considered the possib i l i ty o f a large cont r ibut ion f r o m Antarct ica to m w p - I A . 

F igure 4.1 shows the main regions o f the Antarc t ic ice complex . The East 

Antarct ic ice sheet is p r imar i l y co ld based and is thought to have made a re lat ive ly 

m ino r cont r ibut ion to p o s t - L G M eustatic sea-level change (e.g. [33， 75 ] ) . There are 

components o f the East Antarct ic ice sheet that are less stable, such as the Lamber t 

Glacier reg ion, wh i ch cou ld have made a non-neg l ig ib le cont r ibut ion to m w p - I A . 

Th is suggestion is supported by f i e ld evidence f r o m this region that indicates a rap id 

ice retreat between 15,370-13,440 cal . yr B P [73 ] . In contrast, the West Antarct ic ice 

sheet is p r imar i l y marine-based and so can respond qu ick l y to changing c l imate or 

sea levels. M u c h o f the mass lost f r o m Antarc t ica f o l l o w i n g the L G M was sourced 

f r o m the West Antarct ic Ice Sheet (e.g. [33， 75 ] ) . 
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Figure 4 . 1 : Locat ion map for data sites used i n this chapter. These are label led as 

fo l l ows . F = Fi ldes, в ะ= Byers, M = Marguer i te Bay , ร - Soya, L = Larsemann, v 
ะะ Ves t fo ld , R A = Ross A and R B = Ross B. Th is map also indicates and labe lร 
the d i f fe rent regions o f the Antarct ic ice sheet referrea to in the text. Each region 
is also label led w i t h the m a x i m u m eustatic sea-level cont r ibut ion contained in the 
mode l . (Note that each region d i d not attain m a x i m u m extent at the t ime o f the 
last g lacia l m a x i m u m . ) 

O f the fou r components o f the West Antarc t ic ice sheet shown in F igure 4.1 

(Wedde l l , Peninsula, Amundsen and Ross), the Ross and Wedde l l components are 

bel ieved to have lost the most mass since the L G M and so are most l i ke ly to be the 

pr imary m w p - I A source regions. The examinat ion o f g lacio-geological data i n the 

Ross Sea, however , suggests a gradual ice retreat largely dur ing the Holocene, w i t h 
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l i t t le ind icat ion o f a s igni f icant cont r ibut ion ( < 1 m ) to m w p - I A [80， 81 ] . G lac io -

geological data fo r the Wedde l l Sea region remain inconclusive as to the vo lume and 

melt h istory o f this region (e.g. [76， 82]) . 

In this study, our main a im is to determine whether the available near- f ie ld 

Antarct ic sea-level data preclude the possib i l i ty o f a s igni f icant southern cont r ibu t ion 

to m w p - I A . I f this is found not to be the case, a secondary a im is to determine 

whether the data can be used to infer the components o f the ice sheet that were the 

most l i ke ly contr ibutors to m w p - I A . In Sect ion 4.2 the sea-level data emp loyed in 

the mode l l i ng analysis are rev iewed and in Sect ion 4.3 the abi l i ty o f the data to test 

the veraci ty o f a number o f d i f ferent déglaciat ion scenarios and Earth mode l 

parameters is considered. 

4.2 Observational Data 

The sea-level data sets used are f r o m eight locat ions on the Antarct ic cont inent 

(Figure 4.1) and cover the per iod 12-0 cal ibrated ky r before present (cal . k y r BP ) . 

The data have been der ived f r o m the Antarc t ic Glac io log ica l Geological Database 

[83] along w i t h a number o f addi t ional , recent ly publ ished papers not w i t h i n the 

database. The mode l predict ions are generated in cal . k y r B P and so wherever 

necessary radiocarbon dates have been conver ted to cal ibrated dates us ing the 

C A L I B 5.0.1 p rogram [45， 84] . The various data sets are described in detai l be low 

and i l lustrated in F igure 4.2. 
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Figure 4.2: Sea-level observations at the eight sites shown in F igure 4.1 and 

discussed in detai l in Sect ion 4.2. The key in the Ross A f rame describes the type 

o f sea-level ind icator used. Isolat ion basin indicators are label led as either 

lacustr ine to mar ine ( L - M ) or marine to lacustr ine ( M - L ) . 

The sea-level reconstruct ions have been der ived f r o m radiocarbon dat ing o f 

samples o f penguin guano and remains, shells, seaweed, seal skin and isolat ion 

basins. Isolat ion basins are coastal inlets or basins that become cut o f f f r o m the sea 

as relat ive sea-level ( R S L ) fa l ls , or are flooded by seawater as R S L rises. I f these 
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basins have freshwater input , the sedimentary record w i l l show a change f r o m marine 
to lacustr ine envi ronments for R S L f a l l ; the reverse occurs dur ing R S L rise. Da t ing 
the transi t ion f r o m marine to lacustrine sediments and measuring the height o f the s i l l 
that f o rmer l y connected the lake to the ocean enables an accurate determinat ion o f 
mean sea-level at the t ime the basin became isolated. Ver t ica l errors associated w i t h 
determin ing s i l l heights are usually w i t h i n 土 0.05 m. The Ross Sea R S L curves are 
re lat ive ly unusual in be ing compi led par t ly f r o m dates on seal sk in : f o l l o w i n g H a l l 
and Denton [ 8 5 ] , the seal skin f ragments preserved under beach cobbles are 
іп іефгеїес і as p rov i d i ng close dates for the age o f the beach. M o d e m storm beaches 
can reach about 4 m above mean sea-level i n the Ross Sea region [85， 86 ] . T o a l low 
for s torm beach var ia t ion w i th t ime the al t i tude o f beach ages are p lot ted w i t h an 
error o f 士 2m . 

A l l other sample types prov ide either m i n i m u m or m a x i m u m sea-level 

in fo rmat ion . For example, past sea level is іпЇЄфгеїе<1 to have been above shells 

such as Latemula elliptica and Adamussium colbecki f ound in situ w i t h i n mar ine 

sediment and so they are іпїефгеїес і as m i n i m u m sea level constraints. For shells, 

the vert ical errors on Figure 4.2 ref lect the uncertainties associated w i t h depth o f 

habitat ion re lat ive to mean sea level and t idal ranges: both o f the species used are 

found at a range o f depths today and the errors i n Figure 4.2 represent the m i n i m u m 

sea level error (depth o f 1-2 m required fo r these species to exist) . 

M a x i m u m sea-level constraints come f r o m seal hairs, penguin guano and 

remains in omi thogenic soils and w i n d b l o w n deposits resting on top o f mar ine 

deposits. A l l o f these are interpreted to have been deposited above sea level . 

E levat ion errors associated w i t h penguin remains ref lect the fact that penguins 
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colonies occur at some height (usual ly > 2m) above contemporary sea level . 

The errors in the date o f the index points are der ived f r o m radiocarbon 

analyses, correct ion fo r mar ine reservoirs, and the cal ibrat ion o f these data. 

Radiocarbon data f r o m carbonate shells have been corrected fo r a general mar ine 

reservoir ef fect o f 1300±100 yr [87， 88 ] . 

The data for the Ross Sea have been obtained f r o m the Terra N o v a Bay (Ross 

A in Figure 4.2) and Southern V i c to r i a L a n d Coast (Ross в in F igure 4.2) regions o f 

the Ross Sea [89， 90 ] . M o s t sea level data here derive f r o m penguin remains 

(max ima) , shells (m in ima) and seal รюп (close ages). These t w o datasets arguably 

compr ise the best-constrained R S L data in Antarct ica. [85, 89 ] . 

The data f r o m the South Shet land Islands have been spl i t in to t w o groups to 

account fo r the spatial var iat ion in the sea-level predict ions that occurs across this 

reg ion: Fi ldes Peninsula ( K i n g George Is land) and Byers Peninsula (L iv ings ton 

Island) (Figure 4.1) . The data are f r o m organic remains (e.g. penguin, whale and seal 

bones) that prov ide sea-level max ima and f r o m isolat ion basins wh i ch prov ide 

accurate height constraints on past sea levels ( [91] and references therein). 

Marguer i te Bay sea-level index points were determined f r o m isolat ion basins 

on Horseshoe Is land [92] and Pourquoi Pas Is land [91 ] . Dates f r o m penguin remains 

and guano prov ide m a x i m u m constraints on sea-level [91， 93] wh i l s t other dates 

came f r o m seal hair and a penguin feather bur ied in beaches. 

The data f r o m the Soya coast are almost e x ฝ ^ der ived f r o m mar ine shells 

wh i ch prov ide sea-level m i n i m a (these species require at least 1-2 m o f water to 

exist ) . The data plot ted here come f r o m a series o f Japanese expedi t ions to the 

L ü t z o พ - H o l m Bay region o f Enderby L a n d , and are f r om the youngest (Holocene) 
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group w i t h i n a set o f several hundred ages ranging up to >40 ka. G iven some 
w i d e l y - k n o w n but poor ly understood problems w i t h radiocarbon dat ing o f mar ine 
fossi ls [87, 88] there have been some independent tests o f these shel l dates using 
E lect ron Spin Resonance [94 ] . These have shown that some o f the radiocarbon ages 
for shells may be problematic a l though i t is not clear i f this p rob lem applies equal ly 
to the younger (Holocene) dates as i t does to the older dates in the Soya reg ion. 

The data points f r o m the Larsemann H i l l s are der ived f r o m three isolat ion 

basins in the Lamber t G lac ie r -Amery Ice Shel f system [73 ] . A l t hough 

geographical ly close to the Larsemann H i l l s , the sea-level observat ions f r o m the 

Ves t fo ld H i l l s are s igni f icant ly d isplaced to those obtained f r o m the Larsemann H i l l s 

area and so have been plotted on a separate sea-level curve for the риф08е of this 

study. The data are f r o m sediment cores f r o m isolat ion basins [95] and sea-level 

m i n i m a are p rov ided by shells f o u n d in situ w i t h i n mar ine sediments [ 96 ] . 

4.3 Modelling 

Sea-level predict ions are computed by so lv ing the revised sea-level equat ion 

described i n Section 0. Recent advances in sea-level mode l l i ng , such as 

perturbat ions to the rotat ion vector, t ime-vary ing shorelines, and an accurate 

treatment o f sea-level change in regions o f ablat ing marine-based ice are therefore 

іпсофога їес і i n the predict ions descr ibed be low. The two variable inputs to the sea-

level a lgor i thm are the earth and the ice h is tory models. 

As in previous chapters the radial elastic and density structure o f the earth 

mode l is based on the seismical ly in fer red P R E M [41] and is depth parameten sed 
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in to 25 k m th ick shells. The radial v iscosi ty structure is more c m d e l y parameten sed 
in to an upper region o f e f fec t ive ly in f in i te v iscosi ty to simulate an elastic l i thosphère, 
and t w o deeper regions, each w i th a un i f o rm viscosi ty, that correspond to the sub-
l i thospheric upper mant le and the lower mant le (be low 670 k m ) . These three 
parameters are var ied in the mode l l i ng analysis. I t is convenient to define a 
preferred, or reference, v iscosi ty mode l . The results o f the previous t w o chapters on 
fa r - f ie ld sea-level mode l l i ng indicate a h igh v iscosi ty lower mant le model is 
preferred, however in order to per fo rm a complete sensit iv i ty analysis on the near-
f i e ld observations this is not assumed to be the case. The reference mode l is chosen 
as a 96 k m th ick elastic l i thosphère and viscosit ies o f 0.5 X 10 21 Pa ร fo r the upper 
mant le and 10 շ 2 Pa ร fo r the lower mant le reg ion. These parameters are broadly 
consistent w i t h the results o f a number o f recent v iscosi ty inferences (e.g. [10， 11， 59， 

62-66] ) . 

4.3.1 Input Ice Histories 

The ice histories ut i l ised in this study were der ived by comb in ing the northern 

hemisphere model based on the I C E - 3 G reconstruct ion (see Section 2.3 and [14, 19]) 

w i t h a model o f Antarct ic ice sheet evo lu t ion output f r o m a real ist ic, 

thermomechanical g lac io logical model (e.g. [33 ] ) . As described be low, these two 

components o f the ice model were altered in order to test a range o f m w p - I A source 

geometries. For each combinat ion considered, the No r t h Amer ican component o f the 

northern hemisphere mode l was altered to prov ide a good f i t to the Barbados sea一 

level record in order to ensure that the eustatic component o f the h y b r i d ice model 

was accurate (as described in Sect ion 2.3.2). 
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The Antarct ic component o f the global model used was der ived f r o m a realistic 
g lac io log ica l s imulat ion using the three-dimensional thermomechanical model 
developed by Huybrechts [33 ] . The s imulat ion, wh ich was run on a h igh resolut ion 
(20 k m ) g r id , computes the evo lu t ion o f the Antarct ic ice sheet in response to a series 
o f f o rc ing factors. These factors inc lude c l imat ic condi t ions such as sea-level, 
surface temperature, snow accumulat ion and ice ablat ion. A s described be low, the 
or ig ina l s imulat ion is altered to examine a smal l range o f m w p - I A source scenarios. 
I n the or ig ina l s imula t ion , the m a x i m u m extent o f the Antarc t i c ice sheet is attained 
around 10 cal . ky r B P and the p r imary component o f déglaciat ion occurs re lat ively 
late between 6 and 4 cal . ky r B P cont r ibu t ing - 1 7 m to eustatic sea level . Th is total 
cont r ibut ion is compr ised o f 〜7.2 m f r o m the Ross Sea reg ion , ~9.3 m f r o m Wedde l l 
Sea, 〜0,3 m f r o m the Peninsula, 〜0.15 m f r o m each o f the Lamber t Glacier and 
Amundsen Sea regions. The cont r ibu t ion o f this model to p o s t - L G M eustatic sea-
level rise is 〜22 m. 

4.3.2 Sensitivity of Predictions to Antarctic versus North 

American Source 

In order to test the hypothesis o f an early and rap id déglaciat ion o f the 

Antarc t ic ice sheet, predict ions based on t w o end member m w p - I A source scenarios 

to the sea-level observations described in Section 4.2 are compared. One scenario 

assumes that the m w p - I A event was sourced ent i rely f r o m the northern hemisphere 

and p r imar i l y f r o m the Nor th Amer ican ice complex (eustatic components o f 〜26 ทา 

f r o m Nor th Amer ican ice and 〜2 m f r o m other ice sheets). In order to f i t the 

Barbados record, i t was necessary to revise the Antarct ic component o f the ice model 

82 



ร . E. Bassett Chapter 4 

so that the p r imary component o f déglaciat ion occurred at the same rate as in the 
or ig ina l s imulat ion but 4 ky r earl ier (i.e. between 10 and 8 cal . k y r BP) . 

The second scenario assumes a dominant cont r ibut ion f r o m the Antarct ic ice 

sheet to mwp֊IA. In this case, the main per iod o f Antarct ic déglaciat ion was 

advanced by 8.5 ky r compared to the or ig ina l s imula t ion and increased the rate o f 

this event to prov ide - 1 7 m o f eustatic sea-level cont r ibut ion f r o m the Antarct ic 

between 14.5 and 13.5 ca l , ky r B P (the regional mel twater source d is t r ibut ion w i t h i n 

the Antarct ic ice sheet model is g iven above), w i t h 〜4 m eustatic sea-level del ivered 

pos t -mwp- IA . Th is magni tude o f m w p " I A cont r ibu t ion is compat ib le w i t h the value 

o f 15 m inferred f r o m observations o f fa r - f ie ld sea-level changes dur ing the 

Lateglacia l per iod (Chapter 2 and [19] ) . The sea-level predict ions associated w i t h 

these t w o contrast ing m w p - I A scenarios are shown in F igure 4.3. Note that 

predict ions are shown on ly fo r the past 12 k y r since none o f the data predate this 

t ime. 

In order to understand the predict ions i t is he lp fu l to refer to 6 dist inct regions 

o f the Antarc t ic ice complex : Wedde l l Sea, East Antarc t ic , Lamber t Glacier, Ross 

Sea, Amundsen Sea and the Antarct ic Peninsula (Figure 4.1). A t each data site, the 

predicted sea-level changes w i l l show most sensi t iv i ty to local variat ions in the ice 

mode l ; fo r example, the Ross sites w i l l be very sensit ive to any change in the Ross 

ice sheet déglaciat ion. In the ice model ut i l ised here, the Ross Sea and the Wedde l l 

Sea components are the largest contr ibutors to the Antarct ic por t ion o f eustatic sea-

level change and so sites close to these regions should exh ib i t the greatest sensit iv i ty 

to the contrast ing source scenarios described above. 
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Figure 4.3: Sea-level predict ions based on the reference earth mode l and t w o end 

member m w p - I A source scenarios: a sole northern hemisphere contr ibut ion (26 m 

Nor th A m e n c a n ice and 2 m f r om other sources; dashed l ine) and a dominant 

Antarct ic cont r ibut ion (17 m f r o m Antarct ic ice, 2 m f r o m Nor th Amer ican ice 

and 2 m f r o m other sources; so l id l ine) . Bo th scenarios were tuned to f i t the 

Barbados sea-level record. The di f ference in the total eustatic cont r ibut ion for 

each scenario is a result o f the dist inct spatial var ia t ion, or sea-level "fingerpńnt", 
associated w i t h the model [28 ] . 

Mos t regions show a s igni f icant change in the predict ions depending on 

whether a Nor th Amer i can (dashed l ine) or Antarc t ic (so l id l ine) dominant source for 
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m w p - I A is considered. In both sets o f predict ions there is a dist inct change in the 
f o r m o f the curves at 6 cal . kyr BP. This is exh ib i ted either as a highstand (e.g. the 
sol id b lack l ine at Marguer i te , Larsemann and Vest fo ld ) or as a change in gradient or 
leve l l ing o f f (e.g. Fi ldes and Byers) . Th is is a result o f the cessation o f northern 
hemisphere déglaciat ion in the adopted ice model at this t ime. 

In the dominant Antarct ic source model the Ross Sea deglaciates earlier and 

more rap id ly than in the northern hemisphere source mode l . A t the Ross Sea sites, 

there is a sea-level rise associated w i t h the northern hemisphere me l t ing unt i l this 

region deglaciates, after wh i ch there is a sea-level fa l l resul t ing f r o m the isostatic 

up l i f t . The combined ef fect o f these t w o processes is a sea-level h ighstand, w h i c h 

occurs earl ier i n the Antarc t ic source model (around 15 cal . ky r B P ) and thus results 

in a shal lower sea-level fa l l fo r this model over the t ime per iod covered by the data. 

A t the site Ross A , the Antarc t ic source m ฟ s h ^ ^ a dist inct sea-level rise at I l ­

io cal . kyr BP . This corresponds to an increase in the eustatic component o f the 

Nor th Amer ican ice h is tory in order to f i t the Barbados record. 

There is l i t t le d i f ference between the t w o predict ions at the Fi ldes and Byers 

sites after 6 ca l . ky r BP . The di f ference in the predict ions pr ior to this t ime is 

p r imar i l y associated w i t h ice mel t in the Peninsula reg ion. In the Antarct ic source 

model this occurs around the t ime o f the pulse wh ich results in a smal l sea-level fa l l 

around 14 cal . k y r B P associated w i t h the isostatic up l i f t o f the region. In the Nor th 

Amer ican source model this occurs much later, around 10 cal . ky r BP , and is 

i l lustrated by the def lect ion in the dashed l ine at these sites. The effect is much less 

noticeable in the Nor th Amer ican model due to the un loading occurr ing over a longer 

t ime and dur ing a per iod o f more rapid eustatic rise. B o t h sets o f model predict ions 
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for the South Shetland Islands data (Fildes and Byers) fall significantly below the 
observations. This suggests that the modelled ice unloading in this area is too small 
to create the signal required by the data. 

The Soya Coast data indicate that the sea-level should fall at this site for the 

past 7 kyr from around 20 m. This is clearly not captured by either model prediction. 

In both of the adopted source models, there is relatively little ice volume change in 

the East Antarctic and so the dominant component of the signal at this site is the 

eustatic sea-level rise. The difference between the two predictions is predominantly 

related to the difference in the eustatic sea-level curves between the two ice models. 

The Marguerite Bay predictions are more complex, reflecting the proximity of 

this site to both the Antarctic Peninsula and Weddell Sea ice masses. The model 

predictions are vastly different prior to 8 cal. kyr BP. In the northern hemisphere 

source model the Peninsula and Weddell Sea regions begin to deglaciate around 12 

cal. kyr BP and 10 cal. kyr BP, respectively. The result of this is an extended fall in 

sea-level, from 12 to 8 cal. kyr BP, fol lowing a rise associated with northern 

hemisphere melting. In the Antarctic source model, this period of sea- level fall is 

subsequent to the mwp-IA event and so the rate of uplift reduces significantly by 

around 10 cal. kyr BP, leading to a eustatic-dominated sea-level rise during the early 

Holocene. 

Although only a small contributor to the eustatic sea-level signal, the timing of 

déglaciation in the Lambert glacier region has a dramatic effect on the sea-level 

predictions at Larsemann and Vestfold. In the northern source model, this occurs at 

-10 cal. kyr BP and results in a sea-level highstand (around 25-30 m) at this time. 

This highstand marks the transition from a eustatic-dominated sea-level rise to an 
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isostatic-dominated (local) sea-level fal l . In the Antarctic source model, most of this 
region deglaciates at the time of mwp-IA and so pushes the isostatic-induced sea-
level fall much earlier. The isostatic component of the signal has sufficiently relaxed 
by -10 cal. kyr BP so that the eustatic rise dominates the predicted signal until the 
cessation of rapid melting in our northern hemisphere ice model. Note that there is a 
slightly greater isostatic response to the modelled déglaciation of this region at the 
Larsemann site. 

In summary, the Antarctic source model (solid line) provides a better f i t to the 

sea-level observations at most localities and so, based on these preliminary 

comparisons, the observations do not rule out a dominant Antarctic source to mwp-

IA. Furthermore, the largest data-model discrepancies, at Soya, Fildes and Byers, 

appear to be associated with an underestimate in the model of the L G M ice volume 

in these regions. 

4.3.3 Sensitivity of Predictions to Earth Viscosity Structure 

In the fol lowing we extend the above results to further test the validity of the 

Antarctic source hypothesis by exploring the influence of changing the mantle 

viscosity structure on the predictions shown in Figure 4.3. For each earth viscosity 

model considered, the North American ice history was scaled to maintain an accurate 

fit to the Barbados sea-level history. We considered the fol lowing parameter ranges 

in Figure 4.4-Figure 4.6: lithospheric thickness (71 ― 120 km) (Figure 4.4), upper 

mantle viscosity (1 ֊ 10 X 10 շ0 Pa ร) (Figure 4.5) and lower mantle viscosity (1 - 40 

X 10^' Pa ร) (Figure 4.6). These ranges are quite broad and so most likely include the 

values that reflect the true volume averaged viscosity structure of the Antarctic 
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region (e.g. [79, 97]). 

Chapter 4 

Marguerite 

Vestfod าann 

- г — 1 ֊ r - = ł - 4 ~ I ~ I ~ і ' l ' ' 1 ֊ г -

Time (cal. kyr BP) 

Figure 4.4: Sea-level predictions based on the sole northern hemisphere (blue 

lines) and dominant Antarctic (black lines) mwp- IA scenarios shown in Figure 

4.3 for the reference earth model (solid line) and two other earth models that are 

the same as the reference earth model except that the lithospheric thickness is 

increased to 120 km (dotted line) or decreased to 71 km (dashed line). 
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Figure 4.5: The same as Figure 4.4 except that the upper mantle viscosity is 

increased to 10 Pa ร (dotted line) or decreased to ւօ ՛̂՛ Pa ร (dashed line) relative 
to the reference model (solid line). 
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Figure 4.6: The same as Figure 4.4 except that the lower mantle viscosity is 
increased to 4 X lO 2 2 Pa ร (dotted line) or decreased to lo2' Pa ร (dashed line) 
compared to the reference model (solid line). 

O f the eight sites considered, the predictions at Fildes, Byers and Soya are least 

sensitive to variations in the viscosity structure. This is directly related to the 

adopted ice model, which exhibits relatively little déglaciation at these localities. 

The increased sensitivity at these sites to variations in deeper structure (as opposed to 

lithospheric thickness variations) is driven by ice sheet changes in other regions. In 
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contrast, the greatest sensitivity is found at the remaining five sites which are in close 
proximity to components of the ice model that show larger changes during 
déglaciation. 

At most sites, increasing or decreasing the lithospheric thickness acts to, 

respectively, decrease or increase the magnitude of the isostatic response (compare 

dashed and dotted lines in Figure 4.4). For the range of lithospheric thickness values 

explored in Figure 4.4, the predictions based on the Antarctic source model (black 

lines) are more compatible with the observations. 

The greatest sensitivity to earth model structure is shown for the range of upper 

mantle viscosity values considered (Figure 4.5). This is particularly noticeable at 

Larsemann and Vestfold where the earth model with the lowest upper mantle 

viscosity (dashed lines) responds very rapidly to the unloading and so produces a 

รһаф sea-level fal l . This is only visible for the northern hemisphere source model 

due to the time range chosen. For the Antarctic source model, the rapidity of the 

solid earth response results in the predictions remaining below present day sea-level 

for the entire period illustrated in Figure 4.5. The relative insensitivity of the 

predictions at Larsemann and Vestfold to the range of lower mantle viscosities 

considered (Figure 4.6) indicates that the spatial scale of the ice sheet changes in this 

region are not large enough to induce any significant deformation within the model 

lower mantle. 

Inspection of the predictions in Figure 4.5 and Figure 4.6 shows that, of the 

two ice models considered, the Antarctic source model more consistently results in a 

better f i t to the data for the range of earth models considered. We can conclude, 

therefore, that the Antarctic sea-level data are more compatible with the dominant 
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Antarctic scenario for a range of plausible 1-D earth models. 

Regardless of the adopted earth model or ice model, the quality of data-model 

f i t at the sites Fildes, Byers and Sôya remained poor. This is further evidence to 

suggest that the adopted Antarctic ice model underestimates the L G M ice volume in 

these regions. 

4.3.4 Sensitivity of Predictions to Geometry of Antarctic Source 

Of the two mwp-IA source models considered above, the dominant Antarctic 

source scenario is clearly preferred by the observations for the range of earth models 

considered. Based on this result, our aim in this section is to test the sensitivity of 

the predictions to changing the geometry of the source within the Antarctic ice 

complex to determine whether it is possible to constrain the source geometry at a 

regional scale using the available observations. There are two components within 

our adopted Antarctic model which contain sufficient volume to contribute 

significantly to mwp-IA: the Ross Sea and Weddell Sea. The eustatic contributions 

from different regions of the ice model are shown in Figure 4 .1 . These values 

correspond to the eustatic sea-level contribution associated with the maximum 

glacial extent of each region considered in the figure, which, for most regions, does 

not coincide with the ice extent at the time of the global glacial maximum (-20 cal. 

kyr BP). 

The Ross Sea and Weddell Sea components of the ice model contain, 

respectively, - 11 m and ֊13 m of eustatic sea level. We have tested three different 

mwp-IA scenarios for this preliminary study: a sole Ross or Weddel] source and a 

combined Ross and Weddeil source (~5 m and ~9 m, respectively). A l l of the 
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predictions shown are based on the reference Earth viscosity model, which provided 
the best fits to the data for a dominant Antarctic source model. The results of these 
computations are shown in Figure 4.7. As discussed above, for each ice model 
considered, the volume of North American ice was altered to ensure that a good fit 
was maintained at Barbados. Although a large Ross component to mwp-IA has been 
argued against on the basis of geological evidence (e.g. [81]), it has been included 
here to be compatible with the model adopted in the previous two sections and to 
make our sensitivity analysis more complete. 

As expected, the sole Ross Sea model significantly alters the predictions at 

Ross A and Ross B. There is however litt le difference between the scenario in which 

the Ross Sea is the main contributor (dashed line) compared to that in which it is 

only a partial contributor (black line), indicating that the predictions are relatively 

unaffected by the activity in the Weddell Sea for this time period. In both models 

that consider a proportion of Ross melt, the isostatic uplift occurs sufficiently early to 

result in a shallower sea-level fall compared to the predictions based on the northern 

hemisphere source model (see Figure 4.3), in which this region deglaciates much 

later (10-8 cal. kyr BP). The Weddell Sea model produces a f i t which is similar to 

our northern hemisphere source model, indicating that the predicted sea-level 

response in the Ross Sea region is relatively insensitive to the t iming and magnitude 

of déglaciation in the Weddell Sea. These results for the Ross Sea region suggest 

that: (i) either the adopted Antarctic ice model overestimates the ice volume in this 

region (particularly Ross B); ( і і) that this region must have deglaciated early (as in 

the Antarctic source model) or ( і і і ) a combination of (i) and (і і). 
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Figure 4.7: Sea-level predictions based on the reference earth model and three 

different models of Antarctic mwp-IA melt scenarios: Ross Sea source (dashed 

line), Weddell Sea source (dotted line), combination of Weddell Sea and Ross 

Sea (solid line). See main text for more details. 

The Marguerite Bay observations clearly prefer the scenarios that include 

either a dominant or partial Weddell contribution to mwp-IA. The Ross Sea 

dominant scenario falls significantly below the data as a result of a large sea-level 

fall caused by the relatively late déglaciation of the Peninsula and the Weddell Sea in 

this model. In the Weddell sea-models, this sea-level fall is predicted earlier and 
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occurs concurrently with the rapid rise in the eustatic signal. The net effect is to push 
the predictions higher in the Holocene, which is more consistent with the 
observations. Although a reasonable fit is found to the more recent data at this 
location, the oldest sea-level indicator is still not captured by any ice-earth model 
combination considered thus far. This suggests that the cause of the misfit is an 
inaccuracy in the eustatic component of the northern hemisphere model, which has 
not been calibrated to f i t data in the mid to late Holocene (the latest sea-level 
constraint at Barbados is at 7 cal. kyr BP). This issue is explored below. 

A l l of the regional melt models considered in this section perform badly at 

Larsemann and Vestfold. The f i t at these sites was improved by the dominant 

Antarctic source scenario considered in Section 4.3.2, in which this region 

deglaciated at the time of mwp-IA. As for the case of the Ross Sea region, the cause 

of the over prediction of Holocene uplift in this region is ambiguous - it could be 

related to the t iming of déglaciation (i.e. too late in the models considered in this 

section) or the magnitude of ice removal in the adopted model. 

In Figure 4.8, we conclude this analysis by revising the combined 

RossAVeddell scenario to include a rapid déglaciation of the Lambert Glacier region 

(-0.15 m eustatic equivalent) at the time of mwp-IA as well as a Northern 

hemisphere model in which the rate of melting dramatically reduces at 7 cal. kyr BP. 

Of the ice models considered in this analysis, the predictions based on this model are 

the most consistent with the observations. The predictions (solid lines) show a 

marked improvement compared to the combined RossAVeddell model (dashed lines) 

at the Marguerite, Larsemann and Vestfold sites without causing a significant change 

at the other sites considered. 
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Ross В 

Marguerite 

Vestfold Larseman 

Time (cal. kyr BP) 

Figure 4.8: Sea-level predictions based on a revised version of the combined 

(RossAVeddell) model of Figure 4.7 (dashed line). The model has been revised 

to include a rapid déglaciation of the Lambert Glacier region (-0.15 m eustatic) at 

the time of mwp-IA as well as a northern hemisphere ice history in which rapid 

melting is 1 kyr earlier than in our standard model. The predictions for this 

model are shown by the solid line. 
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4.4 Discussion and Summary 

The above results indicate that the available sea-level data are unable to 

preclude the existence of a significant contribution from the Antarctic Ice Sheet to 

mwp-IA. The conclusion from this preliminary analysis is that, for the case of a 

dominant Antarctic source, most of the melt water was derived from the Weddell Sea 

(9 m) and the Ross Sea (5 m). This result is clearly not compatible with the f ield 

evidence that suggests the Ross Sea component of the ice sheet made a contribution 

of less than 1 m to mwp —lA (e.g.[81]). The total excess ice mass in the Ross Sea 

region of the adopted ice model is 10 m equivalent (eustatic) sea-level rise. The "best 

f i t " model described above includes a 50% contribution from this region during 

mwp-IA with the remaining 50% being melted in a more gradual fashion until the 

mid-Holocene. 

In the dominant North American source model considered in Figure 4.1 

(dashed line), there is a rapid déglaciation of the Ross Sea region between 10 and 8 

cal. kyr BP (this rapid change is a feature of the adopted ice model); which results in 

a poorer fit to the observations compared to the best f i t model. The f i t to the Ross 

Sea data may also be improved by reducing the magnitude of ice volume in this 

region (e.g. [12, 75, 81]). More modelling work is clearly required to investigate the 

sea-level response of a larger suite of Ross Sea déglaciation scenarios to determine 

which are consistent with the sea-level observations. Such an in-depth study of this 

region is beyond the scope of the present analysis. 

Although a number of Earth models were investigated, the reference earth 

model (lithospheric thickness = 96 km, upper mantle and lower mantle viscosity = 5 
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\ 10 շ0 and 10 x 10 շւ Pa s (respectively)) provided the best f i t to the data. However, 
as described above, regardless of the ice or Earth model adopted, there remain 
significant misfits to the observations from the South Shetland Islands and the Soya 
coast. These discrepancies indicate that the adopted ice model, which has not been 
calibrated to f i t any sea-level data, contains insufficient ice melt in these regions. 
These results are consistent with those of Nakada et al. [12], who found that the ice 
models they considered also under-predicted the isostatic component of the sea-level 
response in the Soya Coast and Antarctic Peninsula regions. The requirement of the 
observations for more extensive ice in East Antarctic and the Peninsula clearly needs 
further exploration. Ice model changes in the Peninsula region are of particular 
interest given the proximity of the Marguerite Bay site and the fact that data from 
this site provided some of the most powerful constraints in this study. 

The relatively poor spatial extent of the data and the lack of any constraints on 

sea-level prior to 〜12 cal. kyr BP imply that there are likely to be a number of 

possible ice melt scenarios that could provide adequate fits to the data. The primary 

aim of this study was to test whether or not the available data rule out a dominant 

Antarctic contribution to mwp-IA, and so the issue of non-uniqueness was not 

explored in any depth. The analysis was based on a single Antarctic ice model and 

so is clearly l imited in this respect. The recent Antarctic déglaciation model 

proposed by Ivins and James [79], which is based on field constraints and does not 

include an Antarctic component to mwp-IA, represents a useful alternative model 

that should be tested against the available sea-level observations. 

The non-uniqueness problem can clearly be improved by obtaining, or 

improving, data from regions that are in proximity to the most likely mwp-IA source 
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areas. For example, new observations obtained from or closer to the Weddell Sea 

region would help better constrain the Weddell Sea contribution to mwp-IA. The 

results presented here indicate that sea-level observations prior to 7 cal. kyr BP from 

Marguerite Bay would provide powerful constraints with which to test déglaciation 

models of the Weddell Sea and Peninsula regions. 

Preliminary findings from research into sediment analysis in order to determine 

i f rapid melting events are preserved in the sediment record as peaks of ice rafted 

debris around the Antarctic Peninsula may provide further support for an Antarctic 

source for mwp-IA [98]. 

This study has provided useful insight into the plausibility of an Antarctic 

source for mwp-IA. By exploring a number of melt scenarios based on a 

glaciologically realistic Antarctic ice model, we have found that the data do not rule 

out a dominant Antarctic contribution to mwp-IA. The preliminary analysis 

indicates that the Weddell Sea region is the most l ikely source for a large Antarctic 

contribution to mwp-IA. The Ross Sea is also plausible as a significant contributor 

from a sea-level perspective, although the glaciological f ield evidence can be used to 

argue against this. The above results also show that the adopted ice model 

ип0ефге<1ісІ8 the isostatic component of the sea֊level response in the Antarctic 

Peninsula and the Soya Coast region of the East Antarctic ice sheet. It is plausible 

that ice melt from regions such as these, the Peninsula in particular, could have made 

a significant contribution to mwp-IA. 
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Chapter 5 Discussion and Summary 

5.1 Summary of Key Results 

The main results of each of Chapters 2, 3 and 4 have been summarised at the 

end of the respective chapters. This chapter w i l l draw together these results and 

discuss them more generally in the context of their relevance to ongoing research. 

As discussed in Section 2.3, predicting the sea-level change associated with 

glacio-isostatic modelling requires three primary inputs: models of global ice history 

and earth structure (rheology and density) and a sea-level algorithm which computes 

the global meltwater distribution. This thesis has utilised up-to-date methods in 

order to explore what conclusions can be drawn about global ice history and deep 

earth structure from both near and far-field sea-level records. 

In Chapter 2, the Lateglacial far-field sea-level records are shown to provide a 

powerful constraint on the source distribution for mwp-IA and show that a 

substantial Antarctic contribution is a requirement of the data. The modelling results 

discussed show that long debated discrepancies between predictions and observations 

of Lateglacial sea levels at Tahiti, Huon Peninsula and Sunda Shelf can be reconciled 

by adopting a relatively high lower mantle viscosity and a large (-15 m eustatic sea-

level equivalent) contribution to mwp-IA from the Antarctic ice sheet with the 

remainder of the eustatic rise across mwp-IA partitioned into ֊6 m from North 

America and ~2 m from Eurasia. This conclusion is contrary to previous suggestions 
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that the discrepancy in f i t is due to uncertainties in the habitation depth of coral 
species or errors in the tectonic corrections applied to the raw sea-level markers [13, 
29， 32]. 

Chapter 3 refers again to the far-field sea-level records in order to ascertain i f 

any constraints can be placed on the mwp-f f i and 19 cal. kyr BP events. The most 

striking results shown in Section 3.2 demonstrate that a revised ice model where the 

mwp-f f i event is not included produces a significantly improved f i t to the 

observations at Huon and Tahiti. Thus the analysis presented here does not support 

the existence of mwp-Ш. Incoφorating a further data set from Bonaparte Gulf (see 

Section 3.3), in order to test the hypothesis that the L G M data from Sunda Shelf may 

be biased too old (see Section 2.4), provides constraints on the optimum viscosity 

model and also introduces a further rapid sea-level rise event, at 19 cal. kyr BP, to 

explore. Preliminary modelling of this 19 cal. kyr event shows that including rapid 

melting from a northern hemisphere source (with a significant Eurasian component) 

improves the overall f i t . The improvement observed when this pulse is included is, 

however, not statistically significant and therefore no conclusions about the source of 

this event can be drawn until further data that capture this event become available. 

Having concluded in Chapters 2 and 3 that a 15 m contribution to mwp-IA 

from the Antarctic is required to fit the far-field records, the focus is switched in 

Chapter 4 to the near-field data available from the Antarctic. By utilising a high 

resolution ice model [33], the results show that an Antarctic source for this event 

cannot be ruled out. In addition, a more detailed analysis of possible melt histories 

during mwp-IA suggest a dominant Weddell Sea source for this event with a 

component of melt f rom the Ross Sea. Although the far-field data prefer a high 
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v iscosi ty lower mant le no such conclusions can be drawn f r o m the results in Chapter 

4 due to the more complex nature o f the near- f ie ld responses to variat ions i n earth 

structure (see Section 4.3.3). These results should be fur ther tested u t i l i s ing 

alternative ice models (e.g. [68, 79 ] ) in order to test the robustness o f these 

conclusions. 

The w o r k presented here c lear ly supports the hypothesis o f Weaver et a l . [ 3 ] , 

that a part ia l col lapse o f the Antarct ic ice sheet is a possible mechanism to expla in 

both the B ø l l i n g A l l e rød and Younger Dryas intervals through the inf luence o f 

f reshwater fo rc ing o f the thermohal ine c i rcu la t ion (see Section 1.1). M o r e w o r k is 

required to test this hypothesis fur ther (see Section 5.2); however , i f i t is proven 

correct i t represents a major advance i n our understanding o f the progression o f 

events that occurred dur ing Terminat ion 1 and, fur thermore, indicates that c l imat ic 

events in the southern hemisphere acted as the tr igger f o r northern hemisphere 

déglaciat ion. 

5.2 Future Work 

A pr imary l im i ta t ion o f the w o r k presented here is the appl icat ion o f earth 

models that іпсофога їе structure in one d imension on ly (depth; i.e. no lateral 

variat ions are inc luded). Th is w o r k should, therefore, be extended to encompass a 3-

D earth mode l (e.g. [74 ] ) to explore the signi f icance o f any lateral var iat ions in the 

viscosi ty structure (e.g. [97 ] ) . 

Future fa r - f ie ld mode l l i ng studies to test the existence o f m w p - I B and the 19 

cal . k y r event as we l l as p rov id ing further constraints on the exact t i m i n g , magni tude 
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and source geometry o f mwp֊IA require fur ther data sets wh i ch sample the t ime 

per iod when these events occur. Results f r o m a recent l O D P (Integrated Ocean 

D r i l l i n g Programme) cruise to gather cores f r o m Tah i t i w i l l , hopefu l ly , prov ide an 

extended record o f sea-level change in this reg ion. Th is record can then be compared 

to predict ions produced in Chapter 2 in order to test the robustness o f the conclusions 

stated therein. 

N e w sea-level records f r o m locations around the Antarct ic cont inent are o f 

great impor tance in test ing the reconstruct ions o f the spatial and temporal evo lu t ion 

o f the Antarc t ic ice sheet. The w o r k presented in Chapter 4 gives locat ions where 

new sea-level records w o u l d prov ide useful in fo rmat ion w i t h respect to the mwp֊IA 

source issue. In addi t ion, space geodetic data f r o m GPS studies and various satell i te 

missions (e.g. G R A C E and IceSat) cou ld be combined w i t h the relat ive sea-level 

curves to enable better constraints to be placed on the Antarct ic ice h is tory (e.g. [79, 

99-101] ) . 

F ina l l y , i t is c lear ly important to explore the possible mechanisms that cou ld 

have t r iggered a large and rapid mel t o f the Antarc t ic ice sheet at the t ime o f m w p -

l A . Th i s cou ld be done by runn ing var ious sensi t iv i ty experiments w i t h real ist ic 

thermo-mechanical ice models. 
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