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The last British Ice Sheet: growth, maximum extent 
and deglaciation

Lindsay J. Wilson, William E. N. Austin 
& Eystein Jansen

The growth, maximum lateral extent and deglaciation of the last British 
Ice Sheet (BIS) has been reconstructed using sediment, faunal and 
stable isotope methods from a sedimentary record recovered from the 
Barra Fan, north-west Scotland. During a phase of ice sheet expansion 
postdating the early �warmth� of Marine Isotope Stage 3 (MIS 3), ice 
rafting events, operating with a cyclicity of approximately 1500 years, 
are inter spersed between warm, carbonate-rich interstadials operating 
with a strong Dansgaard�Oeschger (D�O) cyclicity. The data suggest 
that the BIS expanded westwards to the outer continental shelf break 
shortly after 30 Ky BP (before present) and remained there until about 
15 Ky BP. Within MIS 2, as the ice sheet grew to its maximum extent, 
the pronounced periodicities which charac terize MIS 3 are lost from 
the record. The exact timing of the Last Glac ial Maximum is difÞ cult 
to deÞ ne in this record; but maxima in Neoglob oquadrina pachyderma 
(sinistral) δ18O are observed between 21 - 17 Ky BP. A massive discharge 
of ice-rafted detritus, coincident with Hein rich event 1, is observed at 
about 16 Ky BP. Deglaciation of the margin is complete by about 15 Ky 
BP and surface waters warm rapidly after this date.
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The growth and decay of Northern Hemisphere 
ice sheets is a persistent feature of the late Pleisto-
cene and glacier-inß uenced sedimentation is 
therefore a characteristic depositional feature of 
the North East Atlantic margins (e.g. Andrews et 
al. 1996). Continental margin sediments which 
predate the Last Glacial Maximum (LGM) have 
the potential to provide millennial-scale records 
of ice sheet dynamics (Bond & Lotti 1995; Knutz 
et al. 2001). These regional records highlight 
the signiÞ cance of local ice sheet variability, set 
in the wider context of north-east Atlantic ice 
rafting and palaeoclimate changes.

Rapid warm�to�cold climate transitions (Dans-
gaard�Oeschger [D�O] events), occurring with 
periodicities of 500 - 2000 years (e.g. Dans gaard 

et al. 1993; Bond et al. 1999), charac terize the 
last glacial period. These persistent cycles of 
the North Atlantic�s climate system, coupled to 
freshwater forcing mechanisms, may explain 
the global signiÞ cance of such ice rafting events 
(Broecker et al. 1990; Bond et al. 1999).

The contribution of the last British Ice Sheet 
(BIS) to North Atlantic ice-rafted debris (IRD) 
and freshwater forcing mechanisms is unlikely 
to be large, yet the BIS may serve as a sensitive 
indicator of climate forcing upon northern 
hemisphere glacier response (e.g. Boulton 1990). 
Richter et al. (2001), in a review of the BIS 
contribution to North Atlantic IRD, have shown 
how IRD records can be related to late Devensian 
(~30 Ky BP) ice advances from the south-west 
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sector of the BIS. In a detailed investigation of 
Heinrich event 2 at the Goban Spur, Scourse et al. 
(2000) demonstrated a precursor event of British 
origin, predating the main Laurentide IRD sig-
nature. This dynamic response of the last BIS has 
also been documented by Knutz et al. (2001), who 
suggested a strong regional IRD signature closely 
coupled to the D�O climate cycle.

The aim of this paper is to present evidence for 
the dynamic nature of the BIS during the last glac-
ial period. In addition the chronology of the main 
MIS transitions and the related growth, maxi mum 
extent and collapse of the ice sheet is evaluated 
from marine sediment core MD95-2006.

Giant piston core MD95-2006

Giant piston core MD95-2006 (57° 01.82� N, 
10° 03.48� W, water depth 2120 m) was recovered 
in 1995 by the RV Marion Dufresne from the 
northern limits of the Barra Fan, north-west 
Scotland, as part of the International Marine Past 
Global Changes Project (IMAGES) programme 
(Fig. 1). Evidence of late Pleistocene glacial activ-
ity is present on the shelf margin in the form 
of mor ainal banks (Selby 1989; Stoker 1995; 
Austin & Kroon 1996) and iceberg plough marks 
(Kenyon 1987).

Two vibrocores from the St. Kilda Basin of 

the Hebridean Shelf (57/-09/89 and 57/-09/46) 
document the timing of the Þ nal deglaciation 
of the shelf from this region of north-west 
Scotland and provide an unprecedented record 
of the Younger Dryas cold phase (Austin 1991; 
Peacock et al. 1992; Austin et al. 1995; Austin & 
Kroon 1996). The detailed record of deglaciation 
from two short cores on the Barra Fan (56/-
10/36 and 57/-11/59) which postdate 15 Ky BP 
are documented by Kroon et al. (1997) and the 
associated deep-water circulation changes by 
Austin & Kroon (2001). Piston core MD95-2006 
recovered 30 m of distal glacimarine sediments 
with average accumulation rates of greater than 
0.5 m/Ky (Kroon et al. 2000; Knutz et al. 2001). It 
therefore exhibits the potential for high resolution 
marine sediment studies over MIS 2 and 3 from 
a continental margin setting which is known to 
record the major ß uctuations of the last BIS. This 
paper presents new planktonic foraminiferal stable 
isotope data from core MD95-2006 and a reÞ ned 
interpretation of BIS dynamics within the context 
of north-east Atlantic palaeoceanography.

Methods

Calcium carbonate

Calcium carbonate content was determined down-

Fig. 1. Location of marine core 
MD95-2006 (57° 01.82� N, 
10° 03.48� W, water depth 
2120 m) from the Barra Fan, 
north-west Scotland (based 
on Kroon et al. 1997 and 
used with permission of 
Paleoceanography / American 
Geophysical Union). British 
Geological Survey cores 56/-10/
36 and 57/-11/59 are also shown.
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 core at 10 cm intervals using a modiÞ ed back tit-
ration method (Grimaldi et al. 1966), as described 
in Austin & Kroon (1996) and Austin & Evans 
(2000). 0.5 g of dry sediment was accurately 
weighed and treated with an excess of acid (25 
ml of 0.5M HCl solution). 0.5 ml of bromophenol 
blue indicator was added and the solution was 
back-titrated against 0.35M NaOH solution until 
the yellow to violet end-point was reached. The 
calcium carbonate content was calculated (weight 
in grams, volume in litres) by:

% CaCO3 =
100 [(vol. HCl × molarity HCl × 1.007225) �

(vol. NaOH × molarity NaOH)]
× (2 × sample weight)-1 × 100

Magnetic susceptibility

The volumetric magnetic susceptibility was meas-
ured down-core in SI units in 1 cm incre ments 
using a Bartington Instruments magnetic suscep-
tibility meter (Model MS2, adapted with a MS2F 
probe with an operating frequency of 0.58Hz). 
The results are reported as 1 × 10-6 SI units.

Stable isotopes

Stable isotope measurements were performed 
on a Finnigan MAT 251 mass spectrometer at 
the University of Bergen, Norway. The δ18O iso-
tope results were obtained from the analysis of 
the planktonic foraminifera Neogloboquadrina 
pachyderma (sinistral) and Globigerina bulloi-

 

Fig. 2. Lithological log with additional radiocarbon ages (Ky) indicated (Þ gure modiÞ ed from Kroon et al. 2000 and printed with 
permission of the Journal of the Geological Society). Calcium carbon ate is weight %.
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des. The foraminifera were processed from the 
> 63 µm washed residues and picked from the 
size range > 150 µm from the dry sieved residues. 
Sample weights, typically 10 specimens, were in 
the range 0.090 - 0.105 mg. Results are report-
ed with respect to Vienna Pee Dee Belemnite 
(VPDB) standard through calibration with the 
National Institute of Standards and Technology 
(NIST) 19 standard. The reproducibility of the 
system for δ18O is ± 0.07 � based on replicate 
measurements of an internal carbonate standard 
(0.1 ± 0.05 mg).

Results

Lithostratigraphy

The lithostratigraphy of core MD95-2006 is 
summarized in Fig. 2 (see Kroon et al. 2000; 
Knutz et al. 2001; Wilson & Austin 2002).

Down-core variability is highlighted by mag-
netic susceptibility measurements. Below 5 m, 
the Þ rst in a series of marked peaks in magnetic 
susceptibility are observed, many of these 
coinciding with silty to sandy muds, containing 
drop stones and previously interpreted as IRD 
events (Knutz et al. 2001). The most pronounced 
magnetic susceptibility events are recorded at 
approx imately 10 m, 15 m, 17 - 19 m, 21 m and 
24.5 m. Between 14 and 24 m core depth, the 
silty to sandy muds are interspersed with num-
erous sandy turbidites and occasional gravel 
layers. Calcium carbonate values in MD95-2006 
are generally low (< 15 %) between 6 - 19 m, coin-
ciding with an interval of prominent magnetic 
susceptibility peaks and increased clay content. 
Below 19 m, values exhibit a pronounced cyclic-
ity, ranging between 10 and 25 % calcium car-
bonate content (Fig. 2). These carbonate-rich 
intervals are observed to contain increased 
abundances of G. bulloides and other temperate 
planktonic foraminifera.

Chronostratigraphy

Seventeen 14C accelerator mass spectrometry 
(AMS) radiocarbon dates were obtained from 
core MD95-2006 (Fig. 3), based upon mono-
speciÞ c foraminiferal samples of sub-polar G. 
bulloides and polar N. pachyderma (sin.). Sam-
ples were prepared to graphite at the Natural 
Environ ment Research Council (NERC) Radio-

carbon Laboratory, East Kilbride, and 14C meas-
ure ments were made at the University of Ari zona 
NSF-AMS facility. One tephra layer (1 Thol. 
2 Ash) was identiÞ ed to further constrain the 
Younger Dryas period. This is a constituent of 
North Atlantic Ash Zone 1 (Kvamme et al. 1989) 
and provides a useful chronostratigraphic marker 
within an interval of signiÞ cant radiocarbon 
dating uncertainty (e.g. Austin et al. 1995).

Five 14C ages were calibrated into calendar 
ages using the Calib4.2 programme (Stuiver & 
Reimer 1993; Stuiver et al. 1998) which incor-
porates a 400 year correction for the modern 
surface ocean reservoir effect at this lat itude. 
This calibration of 14C ages was only applied to 
radiocarbon dates younger than 21 000 14C years; 
the calibration data set available beyond this 
age is limited and has signiÞ cantly decreased 
reliability. The nine remaining 14C dates were 
cal ibrated using the U/Th ages and second-
order polynomial equation of Bard et al. (1998) 
which statistically extends the current coral 
cal ibration set of Stuiver et al. (1998). Full 
chronostratigraphic details of this record are 
included in Wilson & Austin (2002).

Fig. 3. Age�depth model of core MD95-2006.

Fig. 4 (opposite page). Summary Þ gures of magnetic 
suscep tibility, calcium carbonate content and uncorrected 
planktonic foraminiferal δ18O from core MD95-2006 with 
Greenland Ice Sheet Project (GISP2) ice core δ18O (Grootes 
et al. 1993). Interstadials are numbered after Dansgaard et al. 
(1993). Shading represents the Heinrich events as deÞ ned by 
Bond et al. (1999). MIS1-4 are indicated, after Martinson et al. 
(1997). Ages for MD95-2006 are calibrated (Ky BP).
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Stable isotopes

The δ18O stratigraphy of core MD95-2006 is 
presented in Fig. 4. A marked decrease in δ18O, 
with a mid-point at about 52 Ky BP is interpreted 
to represent the MIS 4/3 transition. This transition 
is also characterized by a prominent minimum in 
δ13C (Wilson, unpubl. data). The early part of MIS 
3 is characterized by a series of cycles in δ18O, 
cor responding to marked changes in planktonic 
for aminiferal assemblage composition. The 
trans ition to MIS 2 is not prominent in the δ18O 
record at this site, but can be deÞ ned from other 
proxies, such as the increase in IRD at about 
30 Ky BP (Wilson & Austin 2002). Planktonic 
foraminiferal δ18O reach their most positive 
values within the latter part of MIS2, between 
20.5 - 17.5 Ky BP, which is consistent with other 
North Atlantic records (e.g. V29-204, Curry et 
al. 1999). The Þ rst in a series of marked shifts 
towards lighter δ18O occur shortly after 17 Ky 
BP and herald the onset of Termination 1. The 
deglacial δ18O record of MD95-2006 agrees well 
with previously published records postdating 
15 Ky BP from this margin (e.g. Kroon et al. 
1997; Austin & Kroon 2001). Whilst the MIS 
stage boundaries are not used as control points 
in the age�depth model of core MD95-2006, they 
do provide a valuable check on the calendar ages 
derived from the corrected and calibrated AMS 
14C dating.

Discussion

Despite recent speculation on BIS variability 
through the last glacial period (e.g. Bowen et al. 
2002), there remains considerable un cert ainty 
regard ing the dynamics of the last ice sheet prior to 
the LGM (Clapperton 1995). The offshore record 
of core MD95-2006 provides an opportunity to 
investi gate the distal sedimentological response 
of glaci marine processes at this margin over 
the last 55 000 years. The lithostratigraphy of 
core MD95-2006 has been published previ ously 
by Kroon et al. (2000), Knutz et al. (2001), 
and Wil son & Austin (2002). These invest iga-
tions demonstrate the signiÞ cance of the IRD 
signature, interpreted from clast counts, mag netic 
susceptibility and spectrophotometry, and high-
light the dynamic nature of the last BIS. Here, 
the growth, maximum extent and deglaciation 
of the BIS are discussed within the context of a 

complete planktonic foraminiferal δ18O record.
In general, δ18O exhibits an overall cooling 

trend through MIS 3, from an initial warm 
phase above the MIS 4/3 transition (Fig. 4). How-
ever, because of major planktonic foramini feral 
assemblage changes, the δ18O signal alternates 
between two species, N. pachyderma (sin.) and 
G. bulloides. These assemblage changes reß ect 
surface water mass transitions above the core 
site, comparable to those described for the last 
deglaciation (Kroon et al. 1997). Ten well-deÞ ned 
concentration peaks in calcium carbonate content 
are observed within MIS 3, with an average 
periodicity of 2000 years. These inter stadial 
events were assigned to Greenland interstadial 
events 5 - 14 (Dansgaard et al. 1993) by Wilson & 
Austin (2002). Sediment accumulation rates are 
reduced during the MIS 3 interstadials because 
glacier retreat would have led to sediment 
entrapment on the continental shelf and shelf 
break. There is some evidence in the literature 
which suggests enhanced ventilation during the 
interstadials of MIS 3 (e.g. Curry et al. 1999), 
which would also act to increase bottom current 
strength, reduce clay contents, and therefore 
increase relative carbonate content.

The stadials of MIS 3 are characterized by 
clearly deÞ ned IRD events, which carry a BIS sig-
nal (Knutz et al. 2001). This record, con strained 
by planktonic δ18O, demonstrates the dyn-
amic nature of the BIS within MIS 3. This stad-
ial / interstadial pattern of IRD-rich /carbon ate-
rich deposits illustrates the nature of the North 
Atlantic �Bond cycle� (Bond et al. 1993; Bond & 
Lotti 1995). In addition, Heinrich events H1 to 
H5 are identiÞ ed at this site (Fig. 4) and clearly 
correspond to low planktonic δ18O values. These 
IRD events and low δ18O excursions sug gest 
signiÞ cant meltwater inß uence.

A transition, at approximately 30 Ky BP, 
from silty�muddy contourites to hemipelagite 
to muddy contourite sediments marks the tran-
si tion from MIS 3 to MIS2 (Knutz et al. 2001). 
The timing of the transition in MD95-2006 
agrees with the age estimate from GISP2 and 
VM19-30 reported by Bond et al. (1997, 1999). 
Interestingly, Bond et al. (1999) note a dis con-
tinuous record of Icelandic glass below 400 cm 
(about 32 Kya) in core VM23-81, which they 
interpret as being outside (�downstream�) the 
main Ruddiman IRD belt (Ruddiman 1977). It 
is also likely that the quantity of IRD from the 
smaller north-east Atlantic ice sheets (e.g. BIS, 
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Iceland) was considerably less prior to regional 
ice sheet expansion after 30 Ky BP.

Sejrup et al. (1994) identiÞ ed the maximum 
Weich selian glaciation in the northern North Sea 
between 29.4 and 22 Ky BP. Bowen et al. (2002) 
follow the recommendation of the EPILOG 
project, which deÞ nes the LGM between 19 and 
23 Ky BP. The precise timing of the LGM is dif-
Þ cult to deÞ ne in core MD95-2006. At this loc-
ation the advance of the last BIS ice margin can 
be seen approaching the shelf break at 30 Ky 
BP. Delivery of IRD to the core site is greatly 
enhanced as the ice sheet reaches its maximum 
extent. The N. pachyderma (sin.) δ18O show max-
ima (cold, polar water) between 21 - 17 Ky BP.

At its maximum extent, lying on deformable 
sediments, the last BIS had the potential to 
respond rapidly to both internal and external forc-
ing mechanisms. Factors such as sea level rise, 
coupled with glacier dynamics, would have gen-
erated a very unstable response at the ice margin. 
This instability is convincingly illus trated by two 
major MIS 2 IRD events (Fig. 4), which coincide 
with pronounced δ18O min ima (H2 at 24 Ky BP; 
H1 at 16.5 Ky BP).

Deglaciation, following H1, is rapid, but is punc-
tuated by a clear return to polar conditions, before 
the incursion of North Atlantic Current waters at 
15 Ky BP. After this time, surface waters warm 
rapidly and our records are generally con sistent 
with those of Kroon et al. (1997) which describe 
the Late glacial period in greater detail. A Þ nal, 
minor phase of ice rafting is resolved during the 
Younger Dryas stadial, but this is unlikely to 
derive from the BIS, which at this time is believed 
to have been restricted to the mountain valleys of 
north-west Scotland (Benn 1997).

Summary and conclusions

The records obtained from MD95-2006 reveal 
how ice sheet extent inß uences sediment delivery 
rates across the shelf-slope break. The response 
of the BIS across the MIS 3-2 transition is clearly 
deÞ ned in a large number of sediment ological 
prox ies and illustrates the highly responsive 
nature of this ice sheet to external climate 
forcing and climate cooling at about 30 Ky BP. 
Major ice rafting events indicative of Scot tish 
IRD provenance, coincident with the North 
Atlantic Heinrich events, are clearly deÞ ned in 
this record and are synchronized with low δ18O 

events. The LGM is not clearly resolved, but can 
be inferred from δ18O maxima between 21 - 17 Ky 
BP. Deglaciation of the margin is largely achieved 
through H1, but climate remains cold until about 
15 Ky BP, when a transition from polar to North 
Atlantic Current assemblages is identiÞ ed.
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