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a b s t r a c t

The record of ice-sheet demise since the last glacial maximum (LGM) provides an opportunity to test the
relative importance of instability mechanisms, including relative sea-level (RSL) change, controlling ice-
sheet retreat. Here we examine the record of RSL changes accompanying the retreat of the Minch Ice
Stream (MnIS) of northwest Scotland during the deglaciation following the LGM as well as use the record
to provide additional age constraints on a local late-glacial readvance known as the Wester Ross Read-
vance. We use new and existing records of RSL change obtained from isolation basins in Wester Ross
along the flanks of the former MnIS to test available glacial-isostatic adjustment (GIA) predictions of the
deglacial RSL history for the region. Using these GIA model predictions we examine the nature of RSL
change across the retreating front of the MnIS through the early deglaciation. Our new radiocarbon ages
from these basins confirm the timing of deglaciation within the inner trough of the former MnIS as well
as refines the age of the Wester Ross Readvance, both established by earlier cosmogenic-based studies.
We find that the Wester Ross Readvance culminated around 15.8 ± 0.1 ka, slightly earlier than recent
suggestions. Near Gairloch, Wester Ross, RSL fell from a marine limit ~20 m above present at ~16.1e16.5
ka. Three isolation basins record RSL fall over the following ~0.8 ka allowing a comparison between GIA
predictions and RSL observations. Our new analyses suggest that the rate of RSL rise increased at the ice
front, in concert with the MnIS encountering a landward sloping bed potentially aiding the rapid retreat
of the MnIS from 17.6 to 16.4 ka BP. This observation suggests that GIA during deglaciation does not
necessarily induce a stabilizing RSL change to marine-based ice streams as some models have suggested.
Along indented ice margins, the RSL field at the front of individual ice streams may be governed by the
regional GIA signal driven by the ice sheet as a whole, rather than the local ice front. In addition, the
stabilizing impact of post-glacial rebound is dependent on an Earth rheology weak enough to respond
quickly to the ice-sheet retreat. In the case of the MnIS, the RSL experienced at the front of the ice stream
was likely governed by the earlier ice mass extent, the larger ice masses lying to the east and south of the
highly indented ice front, and the relatively strong Earth rheology beneath the British Isles. Thus, the
geometry of the ice sheet margins, such as those in Greenland and Antarctica today, and the Earth
rheology beneath them need to be taken into account when considering the stabilizing impact of post-
glacial rebound on marine ice sheet retreat.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Rapid ice-sheet retreat provides amechanism for large increases
in the rate of sea-level rise (Mercer, 1978). One common mecha-
nism for rapid retreat is the collapse of ice streams (Dowdeswell
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et al., 2008). Understanding the controls on ice-stream collapse
may thus provide clues about potential warning signs within the
existing ice sheets and their fate with respect to ongoing warming.
Numerical models used to predict the behavior of ice sheets and ice
streams during retreat point to differences in their rates of retreat
based on both internal and external drivers including relative sea-
level (RSL) rise and glacial isostatic adjustment (GIA) feedbacks (e.g.
Weertman, 1974; Gomez et al., 2010; Gandy et al., 2018; Kachuck
et al., 2020). However, like any numerical model, their real test
relies on observations of ice-sheet behavior at the temporal and
spatial scales of extant ice sheets. One way to perform such a test is
to compare model predictions to empirical reconstructions of the
past behavior of ice sheets (e.g. Gandy et al., 2018; Bradwell et al.,
2019).
Fig. 1. (A) Sequence of events used in our OxCal modeling alongside (BeC) maps showing th
(D) the locations of our new and existing RSL (red stars) and TCN (blue diamonds; Bradwe
moraines (solid orange line; Robinson and Ballantyne, 1979) and other locations discussed
relationship between the shorelines marking the marine limits of Wester Ross, the Weste
Letters refer to the approximate locations of the MnIS through time (from Bradwell et al., 2
III ¼ Loch Bad na h-Achlaise, and IV ¼ Glac a’ Chaochain (see the See Fig. S3 for more detail
used in the OxCal Model (Fig. S1). (For interpretation of the references to color in this figu

2

Ice streams were common features developed along the mar-
gins of the Last Glacial Maximum (LGM) ice sheets (e.g. Bradwell
et al., 2019; Bart and Tulaczyk, 2020; Greenwood et al., 2021).
Recent efforts (e.g. BRITICE-CHRONO project; Clark et al., 2017) to
better define the history of the British-Irish Ice Sheet (BIIS) have
documented the rapid retreat of many of the former ice streams
draining its margin (Bradwell et al., 2008b, 2019; Small et al., 2018;
Davies et al., 2019; Scourse et al., 2019). One of these large ice
streams e the Minch Ice Stream (MnIS; Bradwell and Stoker, 2015;
Bradwell et al., 2019) e underwent a prolonged retreat, punctuated
by a period of accelerated retreat (>60 m/yr) around 17.9e15.0 ka
between the Outer Hebrides and the mainland of northwest Scot-
land (Fig. 1). The nature of the retreat appears to be largely gov-
erned by the geomorphology of its trough, where the timing and
e location of the Minch Ice Stream (MnIS) front (dashed purple line) through time and
ll et al., 2019; Ballantyne and Stone, 2012) data as well as the Wester Ross Readvance
in the text. (E) Topographic profile through the Gairloch Peninsula showing the spatial
r Ross Readvance moraines, and the isolation basins used in our RSL reconstructions.
019) while roman numerals refer to the RSL locations. I ¼ Fearnbeg, II ¼ Glac Bhuidhe,
s as to their locations). Arabic numbers refer to the locations of the TCN and other ages
re legend, the reader is referred to the Web version of this article.)
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location of rapid demise corresponds to its retreat into a bedrock-
dominated region of reverse gradient (Gandy et al., 2018;
Bradwell et al., 2019). Bradwell et al. (2019) pointed out that the
MnIS underwent changes in retreat style independent of pro-
nounced external perturbations (e.g. known climate events or
global meltwater pulses). However, they did not examine what role
GIA-driven RSL changemay have played in the retreat history of the
ice stream; a particularly difficult problem to address given the
heterogeneous nature of RSL histories within the near-field region
of the former BIIS (Shennan et al., 2018).

In this study we produce a new record of RSL change along the
margins of the MnIS during its period of rapid retreat. We compare
this new record, in addition to previously published records, to
existing records of deglaciation and competing GIA model pre-
dictions of RSL change along the margins of the MnIS. Then, we use
these GIA models to examine the record of RSL changes at the MnIS
ice front during its retreat to determine what role RSL may have
played in the ice stream's retreat.

2. Background

2.1. Last glacial maximum deglacial history and configuration of the
NW BIIS

During the LGM, the BIIS merged with the Fennoscandian Ice
Sheet to the east, covering the North Sea. To the west the BIIS
extended to the shelf edge along its western and northern margins
(Bradwell et al., 2008b, 2021; Hughes et al., 2016; Ballantyne and
Small, 2018). During this maximum extent and through most of
the early deglacial period the margins of the combined ice sheets
were host to large ice streams (Bradwell et al., 2008b; Ballantyne
and Small, 2018, Fig. 1). One of these ice streams flowed through
what today is the Minch, the channel between the Outer Hebrides
and the mainland of Western Scotland (Fig. 1).

At its maximum extent, the MnIS extended north over 260 km
from the Isle of Skye to the shelf edge west of the modern island of
North Rona (Stoker et al., 2009; Bradwell and Stoker, 2015;
Bradwell et al., 2019) (Fig. 1). Its detailed retreat history was
documented by a combined marine and terrestrial campaign of
mapping its subglacial features and dating its retreat history
(Bradwell et al., 2019). Sustained retreat of the MnIS commenced
around 30 ka and continued to about 18.5 ka at which time its
western fork experienced two periods of frontal collapse from 18.5
ka to 16.9 ka and a more pronounced retreat from 16.9 ka to 15.9 ka
when the ice front encountered a bedrock dominated landward
sloping seafloor (Gandy et al., 2018; Bradwell et al., 2019). This
latter collapse was marked by a seven fold increase in retreat rates.
Bradwell et al. (2019) concluded that the ice retreat behavior was
governed more by the geometry and substrate of the trough than
external forcing mechanisms such as climate events or meltwater
pulses. They noted that the collapse of the ice stream coincided
with the ice front retreating into a regionwith a retrograde bed and
from a soft deformable substrate to a hard substrate. In addition,
the ice stream encountered a bifurcation in the trough itself and
may have pinned on a bedrock high at the junction point prior to its
rapid retreat. However, they were unable to determine the role of
RSL in MnIS retreat.

2.2. Wester Ross Readvance

The Wester Ross Readvance (WRR) is recorded by a series of
moraines on the eastern shore of the Minch in northwestern
Scotland and was initially thought to record a pre- Loch Lomond
(Younger Dryas; 12.9e11.7 ka), post LGM, advance of the western
Scottish mainland glaciers (Robinson and Ballantyne, 1979; Sissons
3

and Dawson, 1981). Moraines assigned to this readvance span
>60 km from the Coigach in the north to Applecross in the south
(Fig. 1). The first cosmogenic ages fromWRRmoraines ranged from
23.1 ± 4.0 ka to 11.0 ± 3.0 ka with a mean age of 16.3 ± 1.6 ka
(Everest et al., 2006). Based on these ages, Everest et al. (2006)
argued for a Heinrich event 1 (H1) climate driver for the WRR.
Subsequent dating (Bradwell et al., 2008a; Ballantyne et al., 2009)
revised the timing of theWRR to between 13.5 ± 1.2 ka to 14.0 ± 1.7
ka suggesting that the WRR represented a period of rapid short-
lived cooling during the Older Dryas (13.9e14.1 ka). The most
recent compilations of the Quaternary history of Scotland updated
these ages using a revised production rate to place the age of the
WRR at around 15.2 ka but with notably large error bars (Ballantyne
and Small, 2018; Bradwell et al., 2019). Further independent dating
evidence related to the timing of the WRR is critical to improve
understanding of its potential climatic significance.

2.3. Scottish sea levels

Scotland, Great Britain and Ireland experienced a diverse range
of RSL histories through the Late Pleistocene and into the Holocene
(e.g. Shennan et al., 2018) due in part to the presence of the BIIS as
well as the early deglacial persistence of ice caps (Small and Fabel.,
2016; MacLeod et al., 2011; Palmer et al., 2020). Over NW Scotland,
RSL generally fell from a few 10's of meters above present during
the Late Pleistocene to below present sea level in the early Holo-
cene (~8e11.7 ka; Selby and Smith, 2007; Hamilton et al., 2015;
Smith et al., 2019; Shennan et al., 2000, 2018; Best et al., in press).
This lowstand was followed by a rise in sea levels to 5e7 m above
present during the mid-Holocene (~6e7 ka). Since the mid-
Holocene, sea levels have steadily fallen (Hamilton et al., 2015;
Shennan et al., 2018). The details of the Late Pleistocene fall in RSL
across western Scotland including its magnitude and rate are still a
work in progress as is the ability of current GIA models to replicate
these RSL observations (Shennan et al., 2018). One difficulty in
working out the RSL history of western Scotland is the inability of
most GIA models to correctly match observations for both eastern
and western Scotland. The models of Bradley et al. (2011) appear to
fit the sea-level observations of eastern Scotland but fail to produce
RSLs high enough to match the marine limits and other RSL in-
dicators of western Scotland (Bradley et al., 2011; Shennan et al.,
2018). Similarly, the models of Kuchar et al. (2012) match the
available RSL constraints from portions of western Scotland but are
generally regarded as too thick and produce RSL predictions that
are too high for eastern Scotland (Shennan et al., 2018).

2.4. Study areas

We provide new data from three bogs and shallow lake basins
across NW Scotland: two isolation basins approximately 5 km
southwest of Gairloch, and a third basin approximately 10 km north
of Poolewe (Fig. 1; Table S1). The coastal regions of NW Scotland are
marked by low-relief (<125 m) glacially-carved hills and de-
pressions: cnoc and lochan terrain. Several small lakes fill some of
these depressions including Loch Bad na h-Achlaise, while other
depressions are filled with peat-bogs such as Glac Bhuidhe and Glac
a’ Chaochain. All three lie within the moraine limits of the WRR
(Robinson and Ballantyne, 1979) (Fig. 1).

Loch Bad na h-Achlaise is a small lake (~0.2 km2) lying at an
elevation of ~13.5 m above sea level. It is connected to the ocean by
a 500 m long east-flowing outlet stream that runs into a small cove
within Loch Gairloch (Fig. S1). Glac Bhuidhe is an ~1 km long NeS
oriented valley that runs from the larger valley filled with Loch Bad
na h-Achlaise to Loch Gairloch. Glac Bhuidhe has an internal
drainage divide located ~150 m north of Loch Bad na h-Achlaise.
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The peat bog sampled lies immediately beneath a step in the
topography north of the drainage divide at an elevation of ~19.5 m
(Fig. S1). Glac a Chaochain lies at an elevation of ~8 m within a
shallow valley ending in the ocean at the confluence of Loch Ewe
and the Minch (Fig. 1).

3. Methods

3.1. Sediment cores and RSL reconstruction

Fourteen Russian cores were collected along the southern shore
of Loch Bad na h-Achlaise (Fig. S1). These cores were photographed
and described in the field. The most complete and longest core
(LBA18-11R) was taken back to the laboratory for analysis at
Durham University. An additional 13 gouge cores were taken near
the outlet stream of Loch Bad na h-Achlaise to survey the elevation
of the sill separating it from the ocean. Thirty two gouge cores were
collected within Glac Bhuidhe to define the shape of the basin and
elevation of the sill. These 32 cores guided the collection of 10
additional Russian cores used to map the stratigraphy within the
basin. The Russian cores were photographed and described in the
field and the longest and most complete core (GB17-3) was kept for
laboratory analysis at DurhamUniversity. We also obtained another
core from a third basin, Glac a‘ Chaochain (IAN19-07), whose
stratigraphy was similar to that of the other basins. However, the
core showed signs of deformation within the lacustrine portions of
the core and its sill height was not adequately determined, thus
ages from it were only used to establish a minimum time of
deglaciation of the region.

Samples were prepared for diatom and foraminifera analysis
following standard procedures (e.g. Shennan et al., 2000). Magnetic
susceptibility (MS) was collected at 2 mm spacing for the lower
~4 m of core LBA18-11R and ~2 m of core GB17-3 using a Geotek
Multi Sensor Core Logger (MSCLe S). All cores and sill heights were
surveyed with a Leica 1200 differential GPS and Leica Automatic
Optical Level in reference to Ordnance Survey benchmarks, giving
elevations to Ordnance Datum Newlyn (m OD). We estimate the
indicative meanings of dated samples from the biostratigraphy and
use these to give RSL reconstructions as the basins became isolated
from the sea (Table 1). For raised shorelines we assume their
indicative meaning approximates mean high water springs
(MHWS).

Seven samples from core LBA18-11, five samples from core
GB17-3, and two samples from IAN19-07 were collected for
radiocarbon analysis (Table 1). Material for dating was obtained by
sieving approximately 0.5 cm3 of core sediments with a 63 mm
mesh and picking under a binocular microscope either large plant
fragments (1e2 cm), individual Charophyte oogonia seeds
(~1.0e0.5 mm), or masses of small plant fibers and fragments
(length <1 cm; diameter <50 mm) isolated physically via flotation
(“plant fibers” in Table 1). The organic material was graphitized and
measured for 14C concentrations via accelerated mass spectroscopy
at the University of California Irvine Keck Carbon Cycle AMS Facility.
Radiocarbon ages were calibrated using the OxCal 4.4 online pro-
gram and the standard Northern Hemisphere atmospheric curve
(Reimer et al., 2020).

3.2. Existing age constraints and MnIS retreat model

We recalibrated existing radiocarbon ages from previous studies
of isolation basins near Fearnbeg on the Applecross Peninsula
(Shennan et al., 2000) and the Assynt region (Hamilton et al., 2015)
(Fig. 1). We also included a minimum deglacial age of 14.19e14.00
4

ka based on the presence of the Borropol Ash within Loch Ashik on
the Isle of Skye (Brooks et al., 2012; Bronk Ramsey et al., 2015).
Terrestrial cosmogenic-nuclide (TCN) ages from Bradwell et al.
(2019) along the margins of the MnIS as well as those collected
on WRR moraines (Bradwell et al., 2008a; Ballantyne et al., 2009)
were recalculated using the v3 of the online calculator previously
known as the CRONUS-Earth online exposure age calculator (Balco
et al., 2008) using the nuclide-dependent scaling scheme of Lifton
et al. (2014) and the local production rate of Fabel et al. (2012).
Given the relatively large uncertainties associated with TCN ages vis
a vis radiocarbon ages it is the latter that dominate the Bayesian age
models, and thus our results and conclusions are not sensitive to
the choice of production rate or scaling scheme.

Upon compilation of existing TCN and radiocarbon ages as well
as our new radiocarbon ages, we explored a number of priormodel
setups within a Bayesian sequence model in OxCal 4.4 (Bronk
Ramsey, 2009). We used the sequence of events within the MnIS
as reported by Bradwell et al. (2019) as a starting point. We then
added our new ages to the end of their sequence in addition to the
recalculated TCN ages from the WRR moraines (Fig. S2). We
assumed that the MnIS retreated to near the location of the Isle of
Skye followed by the synchronous retreat of the ice within its
tributaries along the eastern coast of the Minch. All the WRR TCN
ages were considered a single “phase” (cf. Ballantyne and Small,
2018) within the Oxcal program followed by our new radiocarbon
ages. Our other prior OxCal age model scenarios included a set of
models in which the WRR TCN ages and our new 14C ages were
divided up geographically and only included the Bradwell et al.
(2019) TCN ages outboard of those geographic areas.

In addition, we also added temporal constraints to the OxCal
model based on the marine limits at Fearnbeg and Gairloch.
Although these marine limits within Wester Ross have been sur-
veyed by Sissons and Dawson (1981) and Dawson (2009), they have
yet to be dated directly. We approximated the age of these features
(AgeML) by extrapolating the elevation (ESL) of our RSL indicators to
the elevation of the marine limits (EML) using the RSL rate of change
(RateRSL) from the Kuchar et al. (2012) GIA model predictions at
Loch Bad na h-Achlaise and Fearnbeg with the following equation:

AgeML ¼AgeSL þ ðEML � ESLÞ =RateRSL (1)

Where AgeSL is the age of the RSL indicators. Although uncer-
tainty remains in the GIA predictions for this portion of Scotland,
the rates of change are very similar among the available GIAmodels
during this time period with most of their differences occurring
among their timing and maximum height rather than rates of RSL
change. The uncertainty for this estimate was determined by using
equation (1) on both the upper and lower error limits of AgeSL.

3.3. GIA predictions

In order to estimate RSL changes at the MnIS ice front, we
considered three GIA models, Kuchar et al. (2012) (Kuchar model),
Bradley et al., 2011 (B2011model) and the new reconstruction from
the BRITICE-CHRONO project (Clark et al., 2017; BC2020 model).
The key difference in these three models is in the development of
the input BIIS reconstructions. The Kuchar model incorporates the
output from a dynamic ice sheet model (Hubbard et al., 2009); both
the B2011 and BC2020 have ice sheet loading histories produced
using geomorphological data, with the latter adopting the output
from a simple plastic ice sheet model (Gowan et al., 2016) con-
strained to the larger landform dataset from the BRITICE-CHRONO
project (i.e Bradwell et al., 2019; Clark et al., 2017). Each GIA model
is combined with a specific optimum Earth model determined by



Table 1
New radiocarbon ages obtained for this study.

Source Location UCIAMS Core, Depth
(cm)

Material 14C age
(BP)

Error
(Yr)

Calendar
Agea

Error Error Bayesian Error Error Sill
(m)

Error
(m)

Indicative
Meaning

Error
(m)

RSL
(m)

Error
(m)

# Median
(Yr)

Range
(þ)

Range
(�)

Age
(Yr)b

Range
(þ)

Range
(�)

This Study Loch Bad na h-
Achlaise

208,389 LBA18-11R, 233 Plant fibers 8385 25 9400 9490 9310 9400 9490 9310

This Study Loch Bad na h-
Achlaise

208,390 LBA18-11R, 268 Plant fibers 9885 30 11,310 11,400 11,220 11,310 11,400 11,220

This Study Loch Bad na h-
Achlaise

208,391 LBA18-11R, 310 Plant fibers 10,900 30 12,820 12,890 12,750 12,820 12,890 12,750

This Study Loch Bad na h-
Achlaise

208,393 LBA18-11R, 337 Plant fibers 11,165 30 13,090 13,170 13,010 13,090 13,170 13,010

This Study Loch Bad na h-
Achlaise

208,394 LBA18-11R, 400 Plant fibers 12,280 35 14,430 14,790 14,080 14,200 14,340 14,070

This Study Loch Bad na h-
Achlaise

208,396 LBA18-11R, 530 Plant fibers 13,185 45 15,830 15,990 15,670 15,840 15,980 15,710 12.65 0.05 MHW - Spring 0.4 10.15 0.4

This Study Loch Bad na h-
Achlaise

208,397 LBA18-11R, 536 Plant fibers 13,240 50 15,900 16,080 15,720 15,880 16,020 15,750 12.65 0.05 MHW - Neap 0.4 11.35 0.4

This Study Glac Buidhle 208,395 GB17-3, 489 Plant fibers 12,885 40 15,410 15,580 12,250
This Study Glac Buidhle 208,354 GB17-3, 491 C. oogonia

seeds
13,040 35 15,620 15,780 15,470

This Study Glac Buidhle 208,353 GB17-3, 496 Plant Frag. 12,690 35 15,130 15,260 15,000
This Study Glac Buidhle 200,636 GB17-3, 498 C. oogonia

seeds
12,975 35 15,500 15,670 15,340

This Study Glac Buidhle 200,637 GB17-3, 513 Plant Frag. 11,880 170 13,750 14,150 13,360 17.26 0.1 HAT 0.4 14.15 0.4
This Study Glac a' Chaochain 230,394 IAN19-07, 514 Plant Frag. 12,130 40 13,960 14,110 13,810
This Study Glac a' Chaochain 230,395 IAN19-07, 530 Plant Frag. 12,750 35 15,210 15,330 15,080
Shennan et al.

(2000)
Fearnbeg AA28102 FB93e1.1 Plant Frag. 11,980 80 13,830 14,060 13,610 5.7 0.19 MHW - Spring 0.4 4.47 0.4

Shennan et al.
(2000)

Fearnbeg AA28101 FB93e1.2 Plant Frag. 12,280 75 14,440 14,830 14,040 5.7 0.19 MTL 0.4 5.95 0.4

Hamilton et al.
(2015)

Assynt Beta-
390,107

Loch Duart
Marsh (2)

Organics 12,670 80 14,980 15,360 14,610 1.95 0.1 MHW - Spring 0.4 0.35 0.4

This Study Gairloch Marine
Limit

16,300c 16,500 16,100 22 0.1 MHW - Spring 0.5 19.5 0.5

This Study Applecross
Marine Limit

15,800c 16,000 15,600 29.6 0.1 MHW - Spring 0.5 27.2 0.5

MHW ¼ Mean High Water.
MTL ¼ Mean Tide Level.
HAT ¼ Highest Astronomical Tide.

a OxCal 4.4 (Reimer et al., 2020).
b Depositional model (Bronk Ramsey, 2009)
c Age using Equation (1).
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Fig. 2. Conceptual model showing how rates of sea-level by the Minch Ice Stream ice
front were determined. Top row panels illustrate GIA predicted rates of RSL change
from 27-10 ka at three locations of the Minch Ice Stream ice front, a, b, and c. The
bottom row shows how RSLMnIS is calculated from the GIA predictions at t0, tn, and tnþ1.
See text for details.
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comparisons to the British Isles sea-level database (Shennan et al.,
2018).

Rates of RSL change experienced at the front of the MnIS
(MnISRSL) were calculated in the following manner:

MnISRSL ¼ðRSLGIAtn �RSLGIAtnþ1Þ = tn � tnþ1 (2)

Where RSLGIAtn is the GIA-predicted RSL at the front of the MnIS
at time tn and RSLGIAtnþ1 is the GIA-predicted RSL at the MnIS front
at the next time step, tnþ1 (Fig. 2; Table 2). We used a linear
interpolation between time steps within the GIA model for our RSL
calculations.
4. Results

4.1. Basin stratigraphy

4.1.1. Loch Bad na h-Achlaise, sill elevation: 12.65 ± 0.05 m OD
The cores obtained along the southwestern shore of Loch Bad na

h-Achlaise contain pink silt at their bases, which in one core
overlies bedrock (Figs. 3, 4, S3). This pink silt gradually transitions
into a blue-grey laminated silt bed up to 65 cm thick (Figs. 3e5).
This blue-grey silt bed contains occasional plant fragments, marine
Table 2
OxCal age model results and comparison to the age assignments of Bradwell et al. (2019

Location Bradwell et al. (2019)

Mean (ka) Uncer. (95%, ka) Retreat Rate (m/yr)

A 27.1 1.0
B 24.8 1.0 10.0
C 23.3 0.7 11.3
D 22.2 0.7 19.2
E 20.7 1.0 11.3
F 18.5 0.9 9.8
G 16.9 0.6 9.3
H 15.9 0.4 69.7
I 15.4 0.4 17.7
J 14.7 0.6 15.4
WRR moraine ages
WRR Retreat
LBA isolation age
GB limiting age

a Pooled standard deviation.
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diatoms, as well as very fine sand (Fig. 5). The grey laminated silt
gradationally transitions up core to green-brown laminated organic
mud at 536 cm (Figs. 3e5). The laminations within the organic mud
are generally composed of larger, often darker colored plant frag-
ments. The organic mud is also interrupted by more sandy or silty
laminations or beds. A prominent shift back to more grey silt is
encountered at ~440 cm (Figs. 3e5). This shift is marked by a spike
in MS (Fig. 5). Both the grey color and high MS gradationally shift
back to themore organic-rich mud over several tens of centimeters.
However, that gradual change is abruptly broken by a prominent
thin bed of silty organic mud with a distinct red coloration at a
depth of 403 cm (Fig. 3). The red silty organic mud bed attains a
thickness of 2e3 cm and correlates to a peak in MS (Fig. 5). Another
prominent bed of grey-colored silt is found above the organic mud
bed overlying the “red silt” and attains a thickness of nearly 50 cm
in cores LBA18-12 and LBA18-11 (Figs. 3, 4, S2). In at least one of the
cores the upper contact of the upper grey-silt bed is inclined
indicating erosion. Above the organic mud interbedded with silt is
2e3 m of herbaceous dark brown peat (Figs. 3 and S3).
4.1.2. Glac Bhuidhe, sill elevation: 17.26 ± 0.10 m OD
The basin fill within Glac Bhuidhe is composed of 3e6 m of late

Pleistocene through Holocene sediments (Figs. 3 and S4). Similar to
Loch Bad na h-Achlaise, it generally contains a basal unit of pink silt
gradationally overlain by an ~50 cm thick bed of blue-grey weakly
laminated silt (Figs. 3 and 5). This silt bed has 1e2 thin lamina of
sandy silt and contains marine diatoms (Fig. 5). The upper-most of
these sandy silt laminations may represent an erosional surface.
The blue-grey silt is abruptly overlain by up to ~125 cm of well-
laminated brown-green organic mud with a prominent
~10e20 cm bed of grey more silty organic mud with a few lami-
nations of sand (Fig. 5). In core GB17-3, this upper grey silty bed also
contains clay rip-up clasts. The organic mud is overlain by 2e3m of
herbaceous dark brown peat (Figs. 3 and S4).
4.2. Chronology

4.2.1. New ages
The seven radiocarbon ages obtained from core LBA18-11 from

Loch Bad na h-Achlaise are in stratigraphic order (Figs. 4 and 5). The
calibrated ages span from 15.90 cal ka BP (16.08e15.72 cal ka BP) at
the contact between the marine and lacustrine units at a depth of
).

This study Difference (ka)

Mean (ka) Uncer. (95%, ka) Retreat Rate (m/yr)

27.2 1.5 0.1
25.2 1.6 11.4 0.4
24.2 1.2 16.0 0.8
22.9 1.1 16.1 0.6
21.1 1.7 9.8 0.4
19.3 1.6 12.3 0.8
17.6 0.9 8.7 0.7
16.9 0.6 94.1 0.9
16.6 0.4 34.3 1.2
16.4 0.4 60.1 1.7
15.8 0.2a

15.8 0.1
15.8 0.1
15.6 0.1



Fig. 3. Schematic figure showing the general stratigraphy found within northwestern Scotland isolation basins. For cores and stratigraphy from the isolation basins cored for this
study see Supplementary Figs. S3 and S4.
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536 cm to 9.40 cal ka BP (9.49e9.31 cal ka BP) at a depth of 233 cm
(Table 1).

The radiocarbon ages from Glac Bhuidhe are not in stratigraphic
order and suggest the isolation of Glac Bhuidhe occurred later than
the lower-elevation Loch Bad na h-Achlaise (Table 1, Fig. 5). How-
ever, the ages from LBA18-11 are all in stratigraphic order while
those from GB17-3 are not. Based on their out-of sequence and
younger than anticipated ages, we interpret the material dated
from GB17-3 to have been reworked, possibly as a result of the
shallow water depth behind the sill, no more than ~2m (Fig. 5), at
the time of isolation, and facilitated by the steep slopes surround-
ing the small basin. Therefore, the ages from Glac Bhuidhe are
regarded as minimum ages for isolation and terrestrial limiting
constraints on RSL. The two radiocarbon ages obtained from core
IAN19-07 from Glac a’ Chaochain at depths of 514 cm and 530 cm
date to 13.96 cal ka BP (14.11e13.81 cal ka BP) and 15.21 cal ka BP
(15.33e15.08 cal ka BP), respectively (Table 1, Fig. S6).
4.2.2. Recalibrated and RSL-extrapolated ages
The recalibrated radiocarbon ages were largely unchanged from

previous calibrations. The recalibrated TCN ages of Bradwell et al.
(2019) were older than the previous age estimates by 500e1000
years, but still within error of those originally calibrated by
Bradwell et al. (2019) (Table S2). This difference is largely due to
using the local Scottish scaling and production rates rather than an
average of multiple models. Extrapolation of the RSL changes using
the GIA model of Kuchar et al. (2012) at Fearnbeg and Gairloch
suggest that the marine limits within the region date to 15.7e16.0
ka for the Applecross Peninsula and 16.1e16.5 ka for the Gairloch
Peninsula. The B2011 and BC2020 models were not used in this
analysis as they did not predict RSLs as high as the two observed
marine limits corrected for the RSL indicative meaning (19.5 and
7

27.2 m for Gairloch and Applecross, respectively) during a time of
ice-free conditions.
4.2.3. OxCal modeling
Our new OxCal model suggests generally older ages for the

deglaciation of the MnIS compared to the original age model of
Bradwell et al. (2019); although ages for sites A-G are within error
(Table 2; S7). The age difference is greater for sites H-J and increases
to the south (Table 2). The increasing difference with younger ages
is driven largely by the addition of our new ages within Wester
Ross. However, the pattern of MnIS retreat is generally unchanged,
although we do find that the period of rapid retreat commenced
about 700 years earlier at 17.6 ± 0.9 ka (versus 16.9 ± 0.6 ka) and at
a rate ~35% faster within the inner MnIS (Table 2).
5. Discussion

5.1. Age of the Wester Ross Readvance

Suggested ages for the WRR have ranged from as old as 16.1 ka
(Everest et al., 2006) to as young as 13.5 ka (Ballantyne et al., 2009).
This range has made it difficult to correlate theWRRmoraines with
other deglacial moraines across the British Isles as well as regional
and global climate proxies. Our new data favor older ages for the
WRR. The oldest radiocarbon ages from both basins are
15.9 ± 0.2 cal ka BP (Loch Bad na h-Achlaise) and 15.5 ± 0.2 cal ka BP
(Glac Bhuidhe), 500e1600 years older than the range reported by
Ballantyne and Stone (2012) but within the range of individual ages
reported for the nearest moraine e the Redpoint Moraine, with
dates of 14.99 ± 0.75 ka to 15.93 ± 0.79 ka (Ballantyne and Stone,
2012). The WRR postdates 16.9 ± 0.6 ka when the MnIS retreated
south of Wester Ross (location H; Fig. 1). Oxcal modelling



Fig. 4. Photographs of core LBA18-11 taken in the field overlain by the ages obtained
from the core. See Table 1 for details on the radiocarbon ages including their errors.
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incorporating the WRR TCN ages and our new radiocarbon con-
straints from the isolation basins indicate the area became ice free
15.8 ± 0.1 ka (Table 2). One issue with radiocarbon ages is the
possibility of erroneously old ages due to contamination from old
organic carbon (often released during deglaciation) as well as
hardwater effects within the isolated waters (e.g. Turney et al.,
2000). Although we cannot rule out such effects within Loch Bad
na h-Achlaise, we tried to avoid the most common source of such
hardwater effects (e.g. aquatic algae, fine organic detritus, etc.) by
dating only macro- and micro-plant fragments and not the bulk
sediment, which tends to be the source of much larger reservoir
offsets (Turney et al., 2000). Although our analyses push back the
Ballantyne and Stone (2012) timing of the WRR by 500 years, it is
important to note that all the modelled probability distribution
functions are still well within the relatively large error bars of the
recalibrated TCN ages (Fig. 6).

Records of Northern Hemisphere climate recorded within the
Greenland ice cores as well as ice-rafted debris records from the
region (e.g. Stuiver and Grootes, 2000; Knutz et al., 2007) show
centennial-scale variability in both the climate and ice sheet re-
sponses between 15 and 20 ka. The WRR may represent the ice-
sheet response to one of these climatic oscillations, although local
ice-sheet dynamics cannot be discounted. One such climatic
oscillation is that associated with Heinrich Event H-1 (16e17.5 ka)
as suggested by Everest et al. (2006) with evidence for advance
during this time in other locations across the British Isles and
8

Europe (e.g. McCabe et al., 1998; Knies et al., 2007; Ivy-Ochs et al.,
2006). Alternatively, the WRR moraines could simply record the
relaxation of the former tributary glaciers to the disappearance of
the MnIS. More work is needed to determine the spatial extent of
the WRR and whether it correlates with other similar-aged read-
vances across the former margins of the BIIS or regional climate
events.

5.2. Relative sea-level changes

5.2.1. GIA predictions versus RSL observations
A comparison of the GIA model predictions with RSL observa-

tions and the timing of ice-free conditions at Fearnbeg, Gairloch,
and Assynt reveals that in general the Kuchar et al. (2012) model
works best for the Minch region (Fig. 7). For Fearnbeg and Assynt,
the observations lie directly ontop of the Kuchar et al. (2012) GIA
predictions, while for our new data at Gairloch, the observations lie
between the Kuchar et al. (2012) GIA predictions and the other two
GIA predictions. The other two models either predict RSLs that are
too low or RSLs that are at the correct elevations but occur when
the region is still covered in ice (Fig. 7). One criticism of the Kuchar
et al. (2012)model has been over prediction of RSLs in other parts of
Scotland (e.g. Shennan et al., 2018). Testing the maximum high-
stand elevations for theMinch around 19e20 ka remains difficult as
the region was covered in ice at the time. However, for more pe-
ripheral regions of the ice sheet that deglaciated earlier (e.g. the
Outer Hebrides, North Rona, etc.), no elevated shorelines at the
elevations predicted by the Kuchar et al. (2012) model (80e100þ
m) have been described (e.g. Shennan et al., 2018). The highest
marine features described on North Lewis and North Rona are less
than ~20 m in elevation (Baden-Powell, 1938; Stewart, 1932);
although, neither have been dated and are usually attributed to
earlier interglacials (Smith et al., 2019). Thus, for the outer shelf
through the Outer Hebrides, predictions using the other two GIA
models may be more representative of the RSL history experienced
during the early retreat of theMnIS. These regional variations in the
preferred model highlight the need for more RSL data and
continued refinement of the ice-sheet and GIA models for the BIIS.

5.2.2. RSL controls on ice retreat
Although a landward dipping slope, the potential loss of an ice

shelf “buttressing” the ice stream, and bed strength were likely
important controls on back stepping of the MnIS (Bradwell et al.,
2019; Gandy et al., 2018), the large increase in the rate of MnIS
retreat between 17.6 and 16.4 ka corresponds to the region where
the ice front switched from experiencing RSL fall to RSL rise (Figs. 8
and 9). RSL was also rising during the earliest stages of MnIS retreat
(e.g. prior to location E; Fig. 8; Fig. 9 inset), but GIA model pre-
dictions diverge greatly at these times and no RSL data are available
to test these predictions. In addition, Earth was experiencing a full
glacial climate regime at that time. Furthermore, rates of RSL rise
experienced during this time from 17.6 ka to 16.4 ka were 5.5 mm/
yr, 21.4 mm/yr, and 24.6 mm/yr for the Kuchar, B2011, and BC2020
models, respectively, with a total amount of RSL rise experienced
over the ~1200-year time period of 6.6 m, 25.6 m, and 29.5 m,
respectively. Thus, RSL rise cannot be excluded as a potential driver
of the rapid retreat of the MnIS and may have contributed to its
rapid retreat. This behavior highlights the role that RSL could play
in driving marine ice sheet instability and retreat.

5.3. Implications regarding marine ice sheet instability

Marine ice sheet instability is thought to be dampened by
negative feedbacks related to post-glacial rebound as an ice sheet
retreats (Gomez et al., 2010). In this model scenario, the magnitude



Fig. 5. Core description, magnetic susceptibility, and diatom summary for cores LBA18-11 (A) and GB17-13 (B). Numbers next to each core description indicate median radiocarbon
ages (See Table 1 for radiocarbon error ranges) while letters left of the column represent interpreted depositional environments (G ¼ Glacial, Mar ¼ Marine, Lac ¼ Lacustrine) and
climate phase in italics (B ¼ Bølling Warm Period, OD? ¼ potential Older Dryas, A ¼ Allerod Warm Period, and YD ¼ Younger Dryas). Within the diatom summary, green represent
freshwater species while blues represent marine/brackish species. For full diatom counts see Fig. S5. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 6. Probability distribution functions of the recalibrated WRR TCN ages as well as our new age from Loch Bad na h-Achlaise as produced by our OxCal model (see Fig. S7 for the
full model output).
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of rebound due to GIA is significant enough to overcome the fore-
deepening the ice sheet encounters as it retreats (Gomez et al.,
2010), thus stabilizing the marine ice stream. Such a process does
not appear to have operated to slow the retreat of the MnIS (Fig. 8).
One possibility for not seeing a response is that the water depths in
which the MnIS was retreating into were too great for the rebound
to overcome. (We note that the water depths within the Minch
(<300 m; Fig. 2) are similar to those beneath many of the ice
streams in Antarctica as well as Greenland e i.e. Patton et al., 2016).
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However, our RSL predictions suggest it is not simply amatter of too
little rebound, but of RSL rise rather than rebound (e.g. Fig. 8). Why
was the retreat of the MnIS not accompanied by post-glacial
rebound? First, the local ice margins and Earth rheology beneath
the MnIS may have played a role in hindering post-glacial rebound.
Numerical models predicting the stabilizing effect of post-glacial
rebound generally consider a radially symmetric ice sheet
(Gomez et al., 2010) or aweak Earth rheology (Kachuck et al., 2020),
neither of which apply to the MnIS. For the MnIS, its retreat was



Fig. 7. Comparison of RSL observations to three GIA model predictions for A.) Fearn-
beg, B.) Gairloch (including both Loch Bad na h-Achlaise and Glac Bhudhe), and C.)
Assynt. See Fig. 1 for geographic locations. RSL observations for A and C are from
(Shennan et al., 2000) and Hamilton et al. (2015), respectively, while those for B are
from this study. The marine limits for A are from Sissons (1977) and Dawson (2009),
while those from B are from Sissons and Dawson (1981) and those from C are from
Shennan et al. (2000) and Hamilton et al. (2015).

Fig. 8. Glacial isostatic adjustment model predictions of RSL experienced at the MnIS
ice front through time using the models of A.) Kuchar et al. (2012), B.) B2011, Bradley
et al. (2011), and C.) BC 2020, Clark et al. (2017). Letters represent the ice front locations
shown in Fig. 1. The grey box outlines the timing of the rapid retreat of the MnIS from
17.6-16.4 ka.
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along an indented part of the BIIS with significant remnant ice
masses remaining to the east, west, and south (Bradwell et al.,
2008a; b, 2021; Ballantyne and Small, 2018). These larger remain-
ing ice masses are the more dominant control over the regional
rebound signal such that it may have overprinted/counteracted the
local rebound signal from the MnIS retreat.

Second, unlike the weak Earth rheology present under portions
10
of West Antarctica (e.g. Simms et al., 2018; Barletta et al., 2018) to
whichmodels such as Gomez et al. (2010) and Kachuck et al. (2020)
are parameterized, Scotland is underlain by an “average” Earth
structure (Lambeck and Purcell, 2001; Bradley et al., 2011) and thus
is less likely to be responsive to smaller ice load changes. For
example, recent GIA models for West Antarctica utilize upper
mantle viscosities of ~1018 Pa s (Simms et al., 2012; Nield et al.,
2014; Kachuck et al., 2020; Wan et al., 2021) while most for Scot-
land use upper-mantle viscosities of ~1020e1021 Pa s (Lambeck
et al., 1996; Bradley et al., 2011). Furthermore, the width of the



Fig. 9. Comparison between rates of RSL rise and retreat of the MnIS ice front for the
time period from 20-15 ka. Inset is the same but for the time period from 27-20 ka.
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load (~50 km within the inner Minch) is on the same order as the
lithospheric thickness beneath Scotland (e.g. 71 km for the model
of Bradley et al., 2011). Thus, the geologic setting of the ice stream
must be taken into account when considering the stabilizing
impact of post-glacial rebound. A third factor that may have
contributed to instability of the MnIS is the speed of retreat. In a
model stability analysis, Kachuck et al. (2020) point out that if the
ice stream retreats faster than the Earth can respond, such a sta-
bilizing influence will not be felt. That may have been the case for
the MnIS.

If the stabilizing impact of post-glacial rebound is dependent on
setting, it has important implications for the ongoing retreat of ice
streams in polar regions. Unlike West Antarctic, but similar to the
MnIS, the ice streams of Greenland (e.g. Wake et al., 2016) and the
marine-based portions of East Antarctica such as the Wilkes sub-
glacial basin (Mengel and Levermann, 2014) are not underlain by a
weak rheology and thus may be less influenced by the stabilizing
effect of post-glacial rebound during their retreat. Although the
stabilizing mechanism of post-glacial rebound provides some
grounds for optimism regarding the fate of West Antarctica, the
same may not be true for much of Greenland and East Antarctica.
6. Conclusions

We provide new constraints on the sea-level and deglacial his-
tory of western Scotland. Our new RSL record suggests that RSL fell
along the eastern Minch by more than 14.2 ± 0.4 m since deglaci-
ation reaching 11.4 ± 0.4 m as early as 15.9 ± 0.2 cal ka BP. Our new
ages also further refine the age of the Wester Ross Readvance,
suggesting it culminated around 15.8 ± 0.1 ka, 500 years earlier
than some suggestions. The WRR may represent a response of the
Scottish glaciers to Heinrich Event 1 or simply a de-buttressing of
themainland Scottish glaciers following the retreat of theMinch Ice
Stream. Our new RSL constraints fit better with GIA models with
thicker ice over western Scotland. However, such models over-
estimate the magnitude of RSL fall for other regions of Scotland
highlighting the need for continued refinement of ice-sheet and
GIA models for the region.

In conjunction with three different GIA models we use our new
RSL data to reconstruct the RSL changes experienced by the Minch
Ice Stream during its retreat. We find that a previously documented
11
period of accelerated ice stream retreat not only corresponds to a
landward deepening slope and change in trough substrate but also
the region inwhich RSL changes fromRSL fall to RSL rise, suggesting
RSL rise may have played a joint role in driving the rapid retreat of
the MnIS at ~17.6 ka. Unlike some conceptual models, we find that
post-glacial rebound did not provide a stabilizing mechanism
during the retreat of the MnIS. The absence of this feedback
mechanism to develop was likely due to the relatively strong
rheology beneath Scotland and the indented ice front that marked
the NW margin of the ice sheet over Scotland during retreat of the
MnIS. This finding highlights the need to consider the local con-
ditions of the ice stream and its setting on the ability of post-glacial
rebound to stop runaway ice sheet retreat.
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