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Abstract. Reconstructing the spatio-temporal dynamics of glaciations and permafrost largely relies on surface deposits and
is therefore a challenge for every glacial period older than the last due to erosion. Consequently, glaciations and permafrost
remain poorly constrained worldwide before c. 30 ka. Since speleothems (carbonate cave deposits) form from drip water and
generally indicate the absence of an ice sheet and permafrost, we evaluate how speleothem growth phases defined by U-
series dates align with past glacial-interglacial cycles. Further, we make the first systematic comparison of the spatial
distribution of speleothem dates with independent reconstructions of the history of the British-Irish Ice Sheet (BIIS) to test
how well geomorphologic ice reconstructions are replicated in the cave record. The frequency distribution of 1,020 U-series
dates based on three different dating methods between 300 and 5 ka shows statistically significant periods of speleothem
growth during the last interglacial and several interstadials during the last glacial. A pronounced decline in speleothem
growth coincides with the Last Glacial Maximum before broad reactivation during deglaciation and into the Holocene.
Spatio-temporal patterns in speleothem growth between 31 and 15 ka agree well with the surface-deposit-based
reconstruction of the last BIIS. In data-rich regions, such as northern England, ice dynamics are well-replicated in the cave
record, which provide additional evidence about the spatio-temporal distribution of permafrost dynamics. Beyond the Last
Glacial Maximum, the distribution of speleothem dates across the British Isles offers the opportunity to improve
chronological constraints on past ice sheet variability, with evidence for a highly dynamic Scottish ice sheet during the last
glacial. The results provide independent evidence of ice distribution complementary to studies of surface geomorphology
and geology, and the potential to extend reconstructions into permafrost and earlier glacial cycles. Whilst undersampling is
currently the main limitation for speleothem-based ice and permafrost reconstruction even in relatively well-sampled parts of

the British Isles, we show that speleothem dates obtained using modern mass spectrometry techniques reveal a higher spatio-
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temporal resolution of glacial-interglacial cycles and glacial extent than previously possible. Further study of leads and lags
in speleothem growth compared to surface deposition may provide new insights into landscape-scale dynamics during ice

sheet growth and retreat.

1 Introduction

The maximum extent and retreat dynamics of the British-Irish Ice Sheet (BIIS) during Marine Isotope Stage (MIS) 2 are well
constrained by the BRITICE-CHRONO reconstruction (Clark et al.,, 2022a). However, geomorphological and
sedimentological evidence of the growth dynamics of this ice sheet is much sparser, as it has been lost to erosion (Gibbard
and Clark 2011; Clark et al., 2022a). Ongoing erosion becomes even more problematic for attempts to establish the history
of glaciations and permafrost distribution older than the last. A detailed understanding of spatio-temporal variability of
British-Irish glaciation and permafrost is crucial for refining model reconstructions of glacial climate variability in maritime
NW Europe. This knowledge enhances our ability to better forecast changes in retreating ice sheets, such as on the Antarctic
Peninsula (Hughes et al., 2014), making these reconstructions particularly invaluable for predicting future ice sheet
behaviour. Improving the chronological framework of both the BIIS and permafrost dynamics is equally important for
regional palaeoecology and archaeology focussed on potential human habitation of Britain and Ireland. Consequently, the

reconstruction of this highly dynamic glacial system remains a priority for regional Quaternary research.

Speleothems (secondary cave carbonates) are high-fidelity palaeoenvironmental archives capable of providing long,
unaltered, and precisely dateable records of environmental changes (Wong and Breecker, 2015; Baldini et al., 2021). The
presence of speleothems is an unambiguous sign for the absence of an ice sheet and/or continuous permafrost, as speleothem
formation requires the inflow of fluid water. Vadose speleothem growth, which occurs within air-filled caves, is driven by
the supply of liquid water, saturated with dissolved inorganic carbon that precipitates in the cave environment. Infiltrating
water is enriched in CO, that originates from microbial activity in the soil and dissolved carbon from the soil and host rock
(Fairchild and Baker, 2012). Therefore, the growth of vadose speleothems implies the presence of both liquid water and (at
least rudimentary) soil, and the absence of continuous ice. Vadose speleothems cannot form beneath ice sheets if the glacier
base is frozen to their beds, thereby limiting the availability of liquid water, or if meltwater has filled the underlying caves
with ice or water (Dreybrodt, 1982). Thus, in polar and alpine climates zones, growth hiatuses can be linked to (peri-)glacial
conditions and the formation of continuous permafrost (Baker et al., 1993; Vaks et al., 2020; Biller-Celander et al., 2021).
Failure of water infiltration into caves could also arise from drought but given the precipitation pattern in the mid-latitudes of
the British Isles the complete lack of infiltration on multi-annual to decadal timescale due to drought is unlikely, whereas
continuous permafrost and/or ice cover during glacial periods are known to have repeatedly occurred (Clark et al. 2022).
However, speleothems can form subglacially in air-filled ventilated caves beneath warm-based glaciers where liquid water is

available and an alternative source of acidity, such as pyrite oxidation provides a means for carbonate dissolution (Atkinson
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et al. 1983; Skiba et al., 2023; Spoetl et al., 2024). Equally, while vadose speleothems are unable to form in the presence of
continuous permafrost above and/or around the cave (Atkinson et al., 1986; Vaks et al. 2020), growth is possible, albeit
starkly limited by temperature and water supply in case of discontinuous permafrost (Biller-Celander et al., 2021). The
confounding processes of alternative sources of acidity or discontinuous permafrost could potentially alter the spatio-

temporal links between the presence of permafrost and/or ice sheets and regional speleothem hiatuses.

Previous research has shown that British Isles speleothem growth aligns with the expected temporal pattern for the last
glacial cycle (Atkinson et al., 1978, 1986; Gordon et al., 1989; Kashiwaya et al., 1991; Baker et al., 1993), with more
abundant growth during warmer phases (interglacials and interstadials). This implies that in the temperate climate of Britain
and Ireland, the presence of dated speleothems reflects the presence of soil and vegetation above the cave and the absence of
either an ice sheet or continuous permafrost at that time and place. Since the early compilations of speleothem-based U-
series dates, a vast number of additional dates have become available that improve the spatial and temporal coverage across
the British-Irish Isles (e.g., Lundberg and McFarlane, 2007; Fankhauser et al., 2016). Moreover, major advances in uranium-
series (U-Th) dating techniques offer more precise age control (Wendt et al., 2021) and thus a higher temporal resolution of
past speleothem growth phases. For example, new speleothem dates from Scotland have revealed previously unrecorded
interstadials in the British Isles that correlate with Greenland interstadials 14 and 12 and suggest a highly dynamic glacial
system (Lawson et al., 2023). Consequently, it is timely to re-evaluate previous compilations of U-series dates, which were
obtained using now discontinued dating methods that were once considered state-of-the-art (Li et al., 1989). This re-
evaluation should incorporate new data and uncertainties regarding the assumption that speleothem growth is incompatible
with permanent ice at the surface. Equally significant, the recent BRITICE-CHRONO (Clark et al., 2022a) reconstruction
provides a fully independent dataset against which to test the ability of speleothems to reconstruct the spatio-temporal

pattern of ice presence and absence.

Here, we collate all available U-Th dates of British and Irish speleothems with the aim of (1) assessing the timing of
speleothem growth phases and glacial-interglacial cycles based on the different dating methods, and (2) integrating the new
synthesis with independent evidence for late Quaternary glaciations from the BRITICE-CHRONO project to determine
whether the spatial distribution of speleothem growth can further constrain the extent of the BIIS and older glaciations. This
is the first time the spatio-temporal distribution of speleothems is compared in detail with the growth and decay of a former

ice sheet.

2 Methods

We compiled 1,237 speleothem U-Th dates with finite uncertainties from 108 sites across Britain and Ireland from the

literature. The dates were obtained by three radiometric dating methods: 699 using alpha spectrometry uranium series (ASU)
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dating, 246 using thermal-ionisation mass spectrometry (TIMS) and 290 using multi-collector inductively coupled plasma
mass spectrometry (MC-ICP-MS). Here we separately analyse the speleothem growth phases obtained using the older and
largely discontinued ASU dating method from the newer, more precise TIMS and MC-ICP-MS methods (Wendt et al.,
2021). Published U-Th ages are used instead of recalculating ages from their measured 23°Th/?3*U/%8U ratios (e.g., Gordon et
al., 1989), because the isotopic ratios are not always published and age uncertainties approach a Gaussian distribution for
younger (<300-350 ka) ages (Weij et al., 2020). We are also aware that the calculation and correction of ages has changed in
the past 30 years, but recalculation for many ages is not possible, and we prefer to maximise the data density for this work.
When published, the age corrected for initial 2°Th was used, and any samples without dates, with infinite dates or infinite
uncertainties were removed from the analysis. For ASU and TIMS speleothem dates that were published without
uncertainties, we estimate 2c errors based on the average uncertainty of the dating methods using the remainder of our
dataset up to 500 ka (average uncertainties: ASU: £17.65 %; TIMS: £4.26 %). The average 2c age uncertainty for MC-ICP-
MS dates is +5.75 %.

The number of available U-Th dates declines exponentially with age, whilst dating uncertainties increase. We limit our in-
depth analysis to the last 300 ka as a consequence (see also Gordon et al., 1989; Scroxton et al., 2016). We also remove ages
where the sum of the age and upper age uncertainty exceeds 300 ka. This removes 48 ASU, and 28 TIMS and 41 MC-ICP-
MS dates. In addition, 28 ASU, 51 TIMS and 19 MC-ICP-MS dates with ages <5 ka were excluded from further analysis to
reduce sampling bias as historically, active speleothems were generally not collected for conservation reasons and sampling
is often done with the intention of collecting older material, resulting in a reduced number of samples available towards
present (Gordon et al., 1989). This leaves a total of 1,020 dates (623 ASU, and 167 TIMS and 230 MC-ICP-MS dates) from
99 sites that cover the period 300 to 5 ka across Britain and Ireland (Fig. 1). In the TIMS and MC-ICP-MS dataset, Crag
Cave, SW lreland, is overrepresented with a total of 104 dates that represent 26% of all measurements in this dataset
(McDermott et al., 1999; Fankhauser et al., 2016). To remove this oversampling effect, we adjusted the total of 84 dates
from Fankhauser et al. (2016) to 37 by removing ages with uncertainties overlapping older ages to ensure that the oldest
available speleothem age of any time period is retained. Both the dataset including all dates available from Crag Cave and

the bias-adjusted dataset are considered in the analysis, so our findings can be considered with and without this step.
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In addition to the visual inspection of the temporal distribution,
speleothem growth phases were statistically analysed via
construction of a probability density function (PDF). The PDF
analysis was conducted on the full dataset, including the dates
from all three methods, and separately on the ASU dates only
(ASU dataset), and the combined TIMS & MC-ICP-MS dates
only (MS dataset) (Fig. 2A-C). For the MS dataset, the PDF was
calculated twice, first including all dates from Crag Cave and then
with the reduced Crag Cave dataset (Fig. 2C). Relative age
distributions were binned at 5-kyr resolution (Scroxton et al.,
2016). The significance of the PDF peaks is dependent on
increment size, with larger increments increasing the peak height,
but reducing the certainty of the peak age, and smaller increments
reducing the significance, but providing a more accurate age. As
smaller increment bins (e.g., 0.5 ka) result in a very high inter-bin

variability towards younger ages, they were not applied here.

To allow for better comparison of relative peak heights in the
PDF, we removed the first-order exponential relationship seen in

speleothem preservation and normalised the distribution using z-

scores following Scroxton et al. (2016), but without the synthetic

Figure 1: Cave sites with dated speleothem samples in the

British Isles dated using three different methods.
Distribution of carbonate rocks from World Karst Aquifer
Mapping project (Chen et al., 2017; note: this does not
show Cambro-Ordovician dolostones or  Jurassic
carbonate outcrops in the Highlands of Scotland, and
includes Cretaceous chalk).

ages. For this, we fit an exponential function to the dataset of age
versus frequency (y = 13.388e090%), Then, for each point in time
we subtracted the expected value (i.e if the function fitted the data
perfectly) from the observed value, thereby removing the
underlying ‘natural attrition’ trend that reduces the height (depth)

of peaks (troughs) with time to allow for better comparison of relative peak heights. These values are then converted to

standard scores (z-scores) to allow for the variability to be more easily visualised. This approach is based on the assumption

that 1) the rate of decay of speleothems remains relatively constant over time periods longer than 105 years and 2) random
155 sampling will over-represent the youngest (and uppermost) periods of growth. In the boreal to temperate climate of the
British Isles, caves have been subject to periods of enhanced erosion, particularly during deglaciations, such that the

‘constant’ decay observed by Scroxton et al. (2016) in the more temperate to tropical zones may not apply. However, when
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observed over numerous deglaciations, even this variability will not remove the underlying exponential ‘attrition rate’ (Fig.
Al).
160



Age [ka]

0 40 80 120 160 200 240 280
e b g B g g [ o W § g 4. F [ o i, [ 4 =
L =By
All dates A | Sc
ao
L =
______________________ wo---] 35
AN +lo F B
A~ e — gL
c A -io - S o
2% {1-— U —————————————————————— 26 — — — S8
"5 c u'c?
8 0 T - o 0
s 1 ASU dates B L u
0 < -
aw ]
o8 ™ Y =y e P S +20— — —
g 8 i /\/‘\ +1"
2® —
T
[ b e N e cm e e e e e e e e £ T B e S (e R 6 == . sh O
- 5 c
TIMS & MC-ICPMS and c -g 'E
dataset - e
auw
]
~ - = o o
= . 23
K, 1) o o= = e s i e Sl o o e mm el e e S e T A e T e [« 2
> o0
&° [
% 5 core MD04-2822
2 £
w 3
[a) (o]
€ o 2 o
A o
E 3 - m
e core MD04-2822 E g o
5 - tE>
" 32 5 58
< o esterhold et al. 2020 6
Qo 4
L2 "-'>L
% & 48
o MIS
56 I N I ' I ' ) % 1 ' 1 ' I ' 1] 1 ) ' I M ] S; 1 ' 1 N I M 1
0 40 80 120 160 200 240 280
Age [ka]

Figure 2: (A-C) Normalised frequency distributions of speleothem growth between 300 and 5 ka based on the different datasets in
comparison to regional and global climate records: (D) ice-rafted debris (IRD) flux and (E) benthic 880 from site MD04-2822 in
the NE Atlantic off the west coast of Scotland (Hibbert et al., 2010), and (F) benthic 8'80 from Westerhold et al. (2020) with

165 numbers and letters denoting marine isotope stages and substages, respectively. (A-C) Grey horizontal lines mark zero (solid line),
1o (dotted line) and 20 (dashed line) standard deviations.
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For comparison of age uncertainties between the two datasets (ASU and MS dates), dates were binned at 5-kyr resolution
(i.e., the same as the PDF resolution) and the average uncertainty calculated in each bin (Fig. 3). Generally, age uncertainties

increase with age for both methods, which is reflected in the estimates.

To prepare spatial time slices and for comparison to the empirical BIIS reconstruction at 1000-year intervals (Clark et al.,
2022a), the speleothem dates were binned at 1-ka intervals, with 0.5 ka used as cut-off for bins. For example, speleothem
dates between 14.50 to 15.49 were allocated to the 15 ka timeslice. The spatial distribution of pre-last glacial (>31 ka)
growth periods is presented over longer time periods, grouping 1-ka time intervals based on notable changes in the

distribution of speleothem growth across the British Isles.

30 100 o — 100

Average age uncertainty for
[per 5-kyr bin]

ASU (¢) and MS () dates [per 5-kyr bin, ka]

Number of ASU (|) and MS (|) dates

Figure 3: Comparison of average uncertainties by method within 5-kyr bins and the number of dates for each method per 5-kyr
bin. Mass spectrometry (MS) dates include TIMS and MC-ICP-MS) dates.

3 Results

The PDF distributions of speleothem dates from the British Isles over the last 300 ka are shown in Fig. 2. The composite
PDF speleothem growth curve based on all ASU, TIMS and MC-ICP-MS dates shows no discernable, statistically significant
structure prior to 125 ka (Fig. 2A). A peak at 125-120 ka exceeds one standard deviation above the exponential baseline, a

peak at 10 ka exceeds two standard deviations above the baseline, and one period at 25-20 ka exceeds two standard
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deviations below the baseline. To the first order, peaks are indicative of enhanced speleothem growth in caves in the British

Isles under interglacial conditions, and the troughs of reduced speleothem growth during glacial conditions.

In the PDF of the separate ASU dataset, only the peak at 10 ka surpasses two standard deviations above the baseline, and a
longer trough is found between 30 and 20 ka, with another minimum at 40 ka exceeding one standard deviation below
baseline. A prolonged peak from 120 to 80 ka remains below one standard deviation as does a trough between 70 and 45 ka.
Whilst these maxima and minima suggest enhanced and reduced speleothem growth, respectively, they are not statistically

significant (Fig. 2B).

We find a higher speleothem growth variability in the MS dataset (Fig. 2B,C). Minor and statistically insignificant peaks are
recorded prior to 125 ka, with one notable peak at c. 240 ka. A clear and significant (>1c) peak at 125 ka in the MS dataset
shows that the ASU dates lack precision to resolve variability, with the average 20 uncertainty being an order of magnitude
higher in the ASU than the MS dataset in this time period (Fig. 3). Two other peaks at 85 and 55 ka almost reach one
standard deviation above the exponential baseline. with two peaks at 35 and 10 ka exceeding two standard deviations.
However, the peak at 35 ka can be ascribed to an overrepresentation of dates from Crag Cave. In the adjusted dataset (i.e.,
excluding selected Crag Cave dates) the peaks at 125 and 55 ka, and between 25-20 ka exceed one standard deviation above

the baseline, and the peak at 10 ka surpasses two standard deviations above it (Fig. 2C).

4 Discussion

The presence of a single accurate and reliable speleothem date at any given time and place is indicative of the absence of an
ice sheet (unless subglacial growth can be ascertained) or continuous permafrost above the cave. Individual dates allow a
much higher degree of detail when estimating local to regional (peri)glacial conditions while a frequency curve (PDF record)
only indicates the relative probability that a given date falls within an increment. Thus, PDF reconstructions are useful tools
to highlight regional glaciation dynamics that can be compared to hemispheric or global climatic changes, or global climate

model results, whereas individual dates give insights into local conditions.

4.1 Temporal distribution of speleothem growth
4.1.1 Long-term speleothem growth variability

As the number of available dates decreases with age, the relative magnitude of peaks and troughs in the PDF record also
declines, thereby losing significance. In the case of the British Isles, speleothem data covers a relatively large geographical
area, spanning eight degrees latitude, and thus spatial and temporal variations in speleothem growth phases. This means that
the transitions between and the magnitudes of peaks and troughs are smoothed as compared to analysing speleothem age

distributions from a single cave system or a confined geographical area (e.g., Ayliffe et al., 1998; Jo, et al., 2014; Scroxton et
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al., 2016). To mitigate this effect on the reconstructions, here, PDF peaks are considered significant at the >1c level. Despite
the applied correction for speleothem preservation (Scroxton et al., 2016), we retain a clearer signal in the younger section of

the composite records.

The speleothem growth curves reconstructed using the two MS and ASU sub-sets exhibit a common structure. In all PDF
records, speleothem growth phases reflect the last glacial-interglacial cycle (Fig. 2A-C), which supports the interpretation
that the presence/absence of speleothem growth is related to large-scale Quaternary glacial cycles in Britain and Ireland.
However, compared to the ASU dataset, the PDF based on the MS dataset exhibits a higher temporal resolution, arising from
the higher precision of mass spectrometry dating techniques as a result of dramatic analytical improvements over the last few
decades (Wendt et al., 2021). Consequently, the MS dates are able to resolve a clearer structure of glacial-interglacial cycles
further into the past than the ASU dates. In both cases, however, the magnitudes of peaks and troughs are much lower prior
to the last interglacial (MIS 5e).

The lack of statistically significant peaks in our speleothem growth curves before 130 ka almost certainly reflects
undersampling as a result of the natural attrition of speleothems as well as the relatively large age uncertainties associated
with the available dates (Fig. A2). The period is covered by 187 ASU dates, and 63 TIMS and 80 MC-ICP-MS dates (27%
of each dataset). However, a minor peak at 240 ka in the MS dataset is likely associated with interglacial MIS 7.5 and a
prolonged minimum between 160 and 130 ka can probably be linked to the latter half of glacial MIS 6 (Fig. 2C; Lisiecki and
Raymo, 2005). These two examples show the potential of constraining the timing of older glacial-interglacial cycles on the
British Isles using speleothem growth phases once more data becomes available. As each dated speleothem indicates
favourable growth conditions at the cave site, the absence of ice and continuous permafrost at a location can still be inferred
from dates from an individual site even when regional reconstruction is restricted by small datasets. Therefore, speleothem
ages provide the opportunity to expand the reconstruction of ice and permafrost in the future. For both PDF and individual
age approaches, increasing the number of MS dates for the period 300-130 ka is a priority for future investigation of past

glacial/interglacial climate variability.

4.1.2 The last glacial-interglacial cycle

During the last interglacial (MIS 5e), peaks in both the ASU (115 ka) and MS (125 ka) datasets indicate enhanced
speleothem growth and warm climatic conditions across the British Isles (Fig. 2B,C). This is in line palaeontological
evidence of warmer-than-present climatic conditions during MIS 5e (Candy et al., 2016). In the combined and ASU datasets,
speleothem growth remains relatively high until c. 85 ka before declining into glacial MIS 4 (Fig. 2A,B). In the MS dataset,
a higher climate variability is observed, with two troughs (at 110 and 90 ka) and peaks (at 100 and 85-75 ka) coinciding with
stadials MIS 5d and MIS 5b, and interstadials MIS 5c¢ and MIS 5a, respectively (Fig. 2C), reflecting the higher precision of

the MS dates. The addition of further data will likely allow further structure to emerge.
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At c. 70 ka, the ASU dataset indicates a shift from sustained speleothem growth to a period of reduced growth, culminating
with a minimum during the Last Glacial Maximum (MIS 2; Fig. 2B). Growth phases indicated in the MS dataset show a
similar structure, but with more pronounced peaks at 85 and 55 ka, which possibly reflect interstadials. With the inclusion of
the large number of dates from Crag Cave, the low-growth period is further restricted to the Last Glacial Maximum, but this
is unlikely to be representative of the whole region. The difference between the PDF curves with all MS dates and the

reduced Crag Cave dataset illustrates the impact the number of available dates has on this kind of analysis.

The interpretation that speleothem growth dynamics follow ice sheet variability is further supported by the main pattern in
the Ice Rafted Debris (IRD) record from the Atlantic just west of the BIIS (Hibbert et al. 2010). The record shows minimal
IRD supply at times of significant speleothem growth (MIS 5e and Holocene), whilst maximal IRD supply aligns with a

minimum in speleothem deposition during the Last Glacial Maximum (Fig. 2C,D).

4.2 Spatial distribution of speleothem growth
4.2.1 Speleothem growth and ice sheet coverage

To test the hypothesis that the distribution of speleothem growth can be used to constrain the extent of past glaciations, we
compare the spatial distribution of speleothem dates to the empirical BIIS reconstruction in 1-ka intervals from 31 to 15 ka
(Fig. 4-5; Clark et al., 2022a). The empirical BIIS reconstruction based on surface deposits is presented as three possible ice
sheet extents: minimum, optimum and maximum. The ice sheet model was nudged to try to fit the optimum ice sheet extent,

but failing that, constrained by the minimum and maximum limits (Clark et al., 2022a).

In the ASU dataset, ten speleothem dates are recorded at eight sites across the British Isles between 31-29 ka and 27-25 ka,
partly overlapping with different ice sheet limits as indicated by the BIIS reconstruction (Fig. 4). The dates marginally
overlapping with the minimum and optimum ice sheet limit may reflect a higher degree of ice sheet variability, but age

uncertainties exceed 1 ka and hamper interpretation (Fig. 3).

In the MS dataset, the only site for which speleothem dates are available during early MIS 2 (31-25 ka) is Crag Cave in SW
Ireland (Fig. 4A-D). The majority of the available dates from this site have uncertainties of +0.3 ka (Frankhauser et al.,
2016), and very little evidence for detrital thorium contamination, which allows for direct comparison with the 1-ka BIIS
reconstruction (Clarke et al., 2022). A short break in deposition at the site between 27 and 24 ka is consistent with ice
coverage during maximum BIIS extent (Fig 4E-H). However, the BIIS reconstruction also suggests the presence of an ice

sheet in SW Ireland at 29-28 ka as indicated by the optimum ice sheet limit, overlapping with speleothem growth at Crag

11



280 Cave. The Crag Cave record is interpreted as showing growth phases during Greenland Interstadials and not Greenland

Stadials (Fankhauser et al., 2016), therefore suggesting a

12



31 ka
L
g
MD04-28225 3
] i S @
b of
L] S5
¢ Pl RS
, - \
e
il
d_~w & 50°N
{> ASU dates

® TIMS + MC-ICP-MS dates
[T Carbonate rocks

BIIS reconstructions:

[ maximal extent

optimal extent

> minimum extent

4| — Palaeocoastline

Figure 4: Speleothem growth in the British Isles during the last glacial period and location of site MD04-2822 (Hibbert et al.,
2010). Empirical British-Irish Ice Sheet reconstruction (BIIS) (minimal, optimal and maximum extent) and modelled position of
285 palaeo-coastline from Clark et al. (2022b). Distribution of carbonate rocks from World Karst Aquifer Mapping project (Chen et

al., 2017).
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Figure 5: Speleothem growth in the British Isles during the last glacial period and Holocene, and location of site MD04-2822
(Hibbert et al., 2010). (A-G) Empirical British-Irish Ice Sheet reconstruction (BIIS) (minimal, optimal and maximum extent) and

290 modelled position of palaeo-coastline from Clark et al. (2022b). Distribution of carbonate rocks from World Karst Aquifer
Mapping project (Chen et al., 2017).
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more dynamic ice-sheet margin during millennial-scale climate variability than can be captured in the 1-ka time steps of the

largely luminescence-date constrained BIIS reconstruction (Fig. 4C,D; Clark et al., 2022a).

Following the maximum ice extent at 26 ka (Clark et al., 2022a), ice-marginal ASU-dates at 24-23 ka in northern England
may be indicative of the absence of continuous permafrost in these periglacial environments (Fig 4H-I), but age uncertainties
(20 error = +2-3 ka) must be reduced for a clearer interpretation. The first, more precise MS-dates are recorded at Crag Cave
at 23 ka (20 error = £0.1-0.17 ka), indicating active infiltration at the site. Another MS date, but with high age uncertainties
(20 error = £5.9 ka), available from the Isle of Portland, southern England (Fig. 41). The Crag Cave date overlaps with the
proposed optimum extent of the BIIS, reflecting a highly variable ice margin or simply dating offsets. The onset of
speleothem growth at Portland, which was not glaciated during the last glacial period (Clarke et al., 2022a), likely records
the thawing of permafrost. An ASU date in northern England at 22 ka overlaps with the optimum BIIS reconstruction (Fig.
5A) but considering the relatively large age uncertainty (26 error = £2.4 ka), it could easily fall into a different time slice and
is not in conflict with the BIIS reconstruction. After 20 ka, most dates are located in BIIS reconstructed ice-free regions of
the British Isles (Fig. 5). One apparent exception is an ASU date within the minimum ice sheet limits in western Scotland at
17 ka (20 error = £5.8 ka; Fig. 5E). A noticeable increase in the number of dates after 15 ka supports an ice-sheet confined to

parts of Scotland and Northern Ireland as indicated by the BIIS reconstruction (Fig. 5).

In summary, the spatial comparison of speleothem growth and the BIIS reconstruction indicates that both the ASU and MS
datasets are generally in strong agreement with the ice sheet reconstruction based on surface deposits (Clarke et al., 2022).
The majority of ASU dates align with the more precisely resolved picture gleaned from the MS dataset. The few dates that
conflict with the BIIS reconstruction are likely due to analytical uncertainties, and in the case of ASU dates, should be
assessed by re-dating the samples using MC-ICP-MS dating techniques before concluding that the ice sheet reconstructions
contradict speleothem growth in these regions. In case of misalignments between the very thoroughly sampled Crag Cave
site and the BIIS reconstruction, the apparent conflicts potentially reveal variability at the dynamic ice sheet margins not

captured by surface geology as suggested by Fankhauser et al. (2016).

4.2.2 Lags in the onset of speleothem growth following ice sheet retreat

Whereas minimal conflicts between speleothem growth and the BIIS reconstruction exist, we do find a considerable lag
between reconstructed ice loss and speleothem growth initiation. The best characterised site, Crag Cave, suggests a lag of
>0.11 ka (Fankhauser et al., 2016), but in central Ireland, northern England and Scotland, the lag between ice decay and
speleothem growth initiation is generally 5-7 ka (Fig. 5). At Crag Cave, the rapid restart of speleothem growth during the
Last Glacial Maximum may be explained by a fast re-establishment of vegetation or the storage of organic materials in

frozen soils and possibly the epikarst zone of the cave (Fankhauser et al., 2016), in combination with basal ice melting at this
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high-precipitation site (Alexander et al., 2011). Longer lags further to the north may be because of differences in the

persistence of permafrost or in the initiation of soil formation after deglaciation, or simply the result of undersampling.

In NW Scotland, a pollen record with a basal age of c. 15 ka (2c error = c. 0.7 ka) is reported from an area exposed since 18
ka (Ranner et al., 2005; Clark at el., 2022a). This direct dating indicates that slow recovery of soil in regions experiencing
deeper glacial weathering than southwest Ireland is a reasonable explanation for the larger lag. However, the onset of pollen
deposition within c. 3 ka after ice retreat is still inconsistent with the 5-7 ka lag observed in the speleothem dataset.
Persistence of permafrost for a period after glacial withdrawal is a likely environmental cause for this additional delay, but
some speleothems activated earlier after ice sheet retreat may not have been sampled. This is supported by new MS dates
from NW Scotland, which record short-lived Greenland Interstadials 14 (c. 53 ka) and 12 (c. 46 ka) (Lawson et al., 2023),
suggesting that ice variability was very dynamic, with a relatively quick response in speleothem growth. This rapid response
would be analogous to the way speleothem growth at Crag Cave behaved during the Last Glacial Maximum (Fankhauser et
al., 2016). Consequently, we find it likely that some of the apparent lag arises from undersampling of regions outside of the

exceptionally well investigated Crag Cave.

4.2.3 Regional case study: Northern England

A weakness of the regional PDF compilations is the eight degrees latitude difference between the northern and southern
sites, and the consequent conflation of changes in the non-glaciated and highly glaciated parts of Britain and Ireland. Further
insight can be gained by investigating one sub-region in detail for the Last Glacial Maximum and deglaciation. Northern
England has a relatively high density of speleothem dates following ice sheet retreat and is thus suitable for deeper
investigation at this stage.

Across this sub-region there is a prominent minimum of speleothem dates between c¢. 35 and 15 ka at 54°N and before c. 20
ka at 53°N. Dates within this minimum are from the ASU method, with MS dates absent between c. 36 and 14 ka at 54°N
and c. 36 and 19 ka at 53°N (Fig. 6). The BIIS reconstruction suggests that ice was present from c¢. 28 to 19 ka in the
northern part of the sub-region, but never reached the southern part except for the lower altitudes to the west between 27 and
22ka (Fig. 7; Clark et al., 2022a). This leaves five ASU dates in conflict with the ice sheet reconstruction, but a much wider
gap in speleothem growth across the sub-region, which may be explained directly by the presence of permafrost around the
ice sheet. Based on the available MS dates, there is a maximum lead of 7 ka between cessation of speleothem growth due to

permafrost formation prior to ice sheet advance at 54°N, likely reflecting sampling bias (Fig. 6).
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Following the retreat of the BIIS between 20 and 18 ka in northern England, the rapid return to speleothem growth at 53°N
suggests continuous permafrost was lost in that region quickly. The first post-glacial speleothem MS date around 19 ka at
53°N suggests that growth may have recommenced in this region only centuries after ice retreat (Fig. 6). By 17-16 ka only
isolated ice sheets are proposed to remain in northern England according to the BIIS reconstruction, which is in agreement
with an increased number of speleothem dates recorded following deglaciation and the establishment of more favourable
climatic conditions (Fig. 7). However, as with other glaciated regions across the Isles (discussed above), a considerable lag
exists between ice retreat at 54°N and return to abundant speleothem growth (c. 3 ka for ASU dates and 5 ka for MC-ICP-
MS dates), possibly reflecting the presence of continuous permafrost following deglaciation (Fig. 6). A lag of max. 5 ka
between permafrost thaw and the initiation of speleothem growth (Fig. 6). However, further dating of speleothems should
refine the timing and nature of this permafrost-induced lead and lag between speleothem growth and ice advance and retreat,

which is a component currently missing from the BIIS reconstruction.

4.2.4 Reconstructing glacial extent in periods older than the BRITICE-CHRONO reconstructions (130-31 ka)

The good agreement between the spatial distribution of speleothem dates and the empirical BIIS reconstruction for the

period 31-15 ka suggests that the spatial pattern of speleothem growth may be used to reconstruct glacial dynamics beyond
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the Last Glacial Maximum. Here, we use the speleothem compilation to constrain glacial variability across the British Isles
between 130 and 31 ka.
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Between 130 and 120 ka, which covers interglacial MIS 5e, speleothem growth across England and northern Scotland

indicates widespread favourable climatic conditions for speleothem deposition (i.e., absence of glacier ice or continuous

permafrost). The absence of MS dates from Ireland can likely be ascribed to sampling bias (Fig. 8). After MIS5e, speleothem
growth is restricted to England and Wales between 119 and 111 ka, with the northernmost dated speleothems located in
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385 northern England (54°N; Fig. 8). The absence of speleothem growth in Scotland at this time may be indicative of cooling
towards stadial MIS 5d as reflected in vegetation records from Europe (Helmens, 2014), but could also be the result of

undersampling in this relatively karst-poor region.
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395

During MIS 5d, speleothem growth occurred sporadically from 110 to 104 ka in SW England based on the MS dataset.

However, according to the ASU dataset speleothem growth was possible across Britain, with one date in northern Scotland at

105 ka (20 error = £3.7 ka), suggesting an extensive ice sheet did not establish in Scotland during MIS 5d (Fig. 8C). In the
subsequent interstadial (MIS 5c¢, ~100 ka) and stadial (MIS 5b, ~95 ka), speleothem growth occurred in England and Wales
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between 103 and 86 ka based on the MS dates (Fig. 8), and in Scotland at 100, 95 and 89-88 ka based on ASU dates,
suggesting relatively mild climatic conditions (Fig. 8D,E). Between 85 and 71 ka (MIS 5a), speleothem growth is more
abundant across England, Wales and SW Ireland, but some dates are recorded in Scotland (Fig. 8F). Overall, the presence of
22 ASU dates from NW Scotland between 130 and 71 ka suggests continued or at least repeated speleothem growth
throughout MIS 5. The geographic difference between MS and ASU dates likely reflects the timing of speleothem studies
(Lawson and Atkinson, 1995), rather than inherent differences in the techniques, but reassessment of ASU dates with MS

techniques would allow confirmation of these dates and reduce associated age uncertainties.

Based on the speleothem data, an extensive ice sheet did not cover the British Isles between 70 and 60 ka, a conclusion
supported by the reporting of oak pollen in speleothems from the Yorkshire Dales at this time (Caseldine et al., 2008)
However, these pollen grains may have been reworked from older peat soils in the region deposited during the last
interglacial. Our data suggest regional ice sheets may have been present in Scotland and northern Ireland (Fig. 9A) However,
marine evidence suggests full glacial conditions across Europe and the North Atlantic (Helmens et al. 2014, and references
therein) and an extensive grounded ice sheet across the North Sea, merging the British and Scandinavian ice sheets (Carr et
al. 2006; Graham et al. 2011). Because the timing and extent of glaciations during MIS 4 remain poorly constrained by
surface studies, the speleothems may provide the best direct evidence of the (lack of) ice cover at this time. This apparent

conflict merits further investigation.

At the beginning of MIS 3 (c. 60 ka), ASU dates are recorded in Scotland between 59 and 53 ka, while MS dates continue to
53 and 46 ka (Fig. 9; Lawson et al 2023). These two growth phases may be linked to Greenland Interstadials 14 and 12,
highlighting a rapid response of a Scottish ice sheet margin to warming (Lawson et al., 2023), analogous to Crag Cave
(Fankhauser et al., 2016).

The absence of Scottish speleothem dates after 46 ka (Fig. 9) is consistent with surface deposits that suggest the expansion of
a major Scottish ice sheet, a precursor to the last BIIS, between 44 and 38 ka (Bradwell et al., 2021), However, surface
deposits suggest a return to milder climatic conditions and Scotland-wide ice-free conditions by 38-37 ka (Whittington and
Hall, 2002; Bradwell et al., 2021), which is not yet reflected in the speleothem growth data. Whilst organic sediments from
the Isle of Lewis off NW Scotland suggest ice-free conditions until c. 32 ka (Whittington and Hall, 2002), Bradwell et al.
(2021) suggest that ice masses probably existed in mainland Scotland from c. 35 ka onwards. This is supported by evidence
of tundra and discontinuous permafrost in southern Scotland around 36 ka (Brown et al., 2007). Therefore, the absence of
speleothem dates in NW Scotland since c. 36-35 ka likely reflects the expanding last glacial BIIS which was well established
by 31 ka (Bradwell et al., 2021; Clark et al., 2022a).
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5 Implications for glacial reconstructions

The presented compilation of speleothem dates demonstrates that speleothem growth in the British Isles can be used to
reconstruct the presence and absence of ice sheets and continued permafrost for past glaciations. MS dates offer a more
temporally constrained view of speleothem growth phases compared to ASU dates. But at present, undersampling in time
and space using modern MS techniques is a key limitation for the spatial reconstruction in the British Isles, and this sampling
bias likely causes apparent discontinuous growth and inconsistencies between the ASU and MS datasets. Discrepancies
between ASU-dated speleothem growth phases and ice sheet limits likely result from the lower accuracy of this dating
method compared to mass spectrometric dating techniques. However, the large number of ASU-dated samples available

across the British Isles highlights the opportunity for re-analysis of archived material using more precise dating approaches.

Furthermore, the Crag Cave and Assynt datasets highlight the potential of speleothem U-series dating at ice-marginal sites to
reconstruct millennial-scale stadials and interstadials for fine-tuning the BIIS reconstruction. With a higher sampling density
of speleothem dates this capability can be extended to regional ice sheet growth and help constrain the dynamics of the BIIS.
Considering the uncertainties inherent within both the speleothem and BIIS reconstruction will be key to synthesising

surface and subsurface data.

In addition, determining the lead and lag times between the speleothem growth and ice advance/retreat at the surface can
provide critical insights into the dynamics of permafrost formation/thaw, soil interactions, and hydroclimate. Re-evaluation
of existing samples and expansion of the dataset within key regions are priorities for future research, with the reconstruction
of glacial dynamics in the British Isles during MIS 4 and MIS 3 being a clear target. Another priority for further sampling is

material older than the last interglacial, which is currently underrepresented in the dataset.
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Figure Al: Frequency distributions of speleothem growth between 300 and 5 ka based on the different datasets. (A, C, E)
Probability density function with exponential trendline. (B, D, F) Frequency distribution following the subtraction of the
exponential baseline and normalisation using z-score (see Methods).
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Figure A2: Distribution of speleothem ages in the British Isles between 300 and 130 ka, covering Marine Isotope Stages MIS 8 to 6.
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