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ABSTRACT: Complex relative sea-level (RSL) changes are associated with the deglaciation of the British and Irish
Ice Sheet (BIIS). Sediment archives from Loch Bad na h-Achlaise, an isolation basin in NW Scotland, UK, span Late
Glacial to Holocene time and record sea-level change and ice proximity via a geochemical and biostratigraphic
multiproxy approach. Osmium and carbon isotope, carbon and nitrogen content, and X-ray fluorescence (XRF) data
suggest that the basal sedimentary unit reflects a glaciomarine depositional setting, a finding previously unresolved
due to an inadequate biostratigraphic framework. The '®Os/'#80s record from the basin captures the RSL history of
this site and illustrates the interplay between the local signal of glacial isostatic adjustment and the non-local signal of
glacio-eustatic sea-level rise. By coupling the '®0s/'®0Os data with a detailed age—depth model, our study
demonstrates a period of RSL fall between 16.2 and 15.9 cal ka BP, which culminates in basin isolation. The close
agreement between the biostratigraphy, where available, and the '®”Os/'®®Os record confirms the viability of this
isotope system as an RSL proxy not reliant on microfossil preservation and thus a potentially effective approach when

poor microfossil preservation hampers palaeoenvironmental reconstruction.
© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction

The complex deglacial history of the British and Irish Ice Sheet
(BIIS), which was present over much of the British Isles during the
Last Glacial Maximum (LGM), provides insight into the relative
contributions of glacial isostatic adjustment (GIA) and glacio-
eustatic sea-level change on local relative sea-level (RSL) records
(Flemming, 1982; Shennan et al, 2006a, 2006b; Smith
et al., 2019). Recent studies have focused on defining the history
of the BIIS and have documented the rapid retreat of several of
the former ice streams draining its margins (Bradwell
et al., 2019, 2021; Scourse et al., 2019; Clark et al., 2022). The
study of the BIIS is of particular importance, as it may be useful as
an analogue for the deglaciation of marine-influenced ice sheets
(Clark et al., 2012). Northwest Scotland is well suited to RSL
reconstructions due to the abundance of sedimentary archives,
some of which are from isolation basins, which provide detailed
palaeoenvironmental records and RSL index points (Shennan
et al., 2000, 2006b; Bradley et al., 2011; Kuchar et al., 2012;
Hamilton et al., 2015; Long et al., 2016; Best et al., 2022;
Huffman et al., 2025). The longest and most complete RSL record
for the British Isles is from Arisaig, NW Scotland (Shennan
et al., 2005; Best and Shennan, 2024); RSL histories in this region
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reflect varied patterns of GIA, and data can be used to test GIA
models. By refining models of land uplift and sea-level trends,
such studies can improve global sea-level models and therefore
projections of future sea-level rise.

Reconstruction of the palaeoenvironmental histories of such
sites has traditionally relied on microfossil archives such as diatom
and foraminiferal assemblages (e.g., Lloyd, 2000; Lloyd and
Evans, 2002; Shennan et al., 2005; Hamilton et al., 2015).
However, poor preservation can hamper such reconstructions,
highlighting the need for palaeoenvironmental reconstructive
methods not reliant on microfossil preservation. Together with
traditional geochemical proxies ®'3C, C, N, and XRF data), this
study uses the Os isotope system as a proxy to reconstruct the
palaeoenvironmental history of an isolation basin, Loch Bad na
h-Achlaise. The Os isotope system is attractive when studying
palaeoceanographic changes, as its short residence time in
seawater (10°~10* years: Peucker-Ehrenbrink and Ravizza, 2000)
allows temporally short fluctuations to be identified. The osmium
isotope signature of the water column is captured in organic
carbon-bearing sediments at the time of deposition (e.g., Ravizza
and Turekian, 1989; Cohen et al., 1999; Kuroda et al., 2016;
Peucker-Ehrenbrink  and  Ravizza, 2000; Paquay and
Ravizza, 2012; Rooney et al., 2016). The ratio of '%’Os/'#Os in
modern oceans is ~1.04-1.06, reflecting the balance of two
sources (e.g., Sharma et al., 1997; Levasseur et al., 1998; Peucker-
Ehrenbrink and Ravizza, 2000; Gannoun and Burton, 2014;
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Rooney et al., 2016). The first source includes submarine
volcanism, hydrothermal vents and cosmic dust, which vyield
unradiogenic sources of Os with '"¥Os/'®®0s ratios of 0.12
(Peucker-Ehrenbrink and Ravizza, 2000). The second source is
riverine input, with the weathering of the upper continental crust
yielding radiogenic sources of Os with '¥Os/'®0s values
averaging ~1.4 and old crystalline rocks recording ratios of >2
(Peucker-Ehrenbrink and Ravizza, 2000; Peucker-Ehrenbrink and
Jahn, 2001). As a result of these two distinct sources, the signature
of marine water is distinct from that of freshwater. While the
bedrock composition of the catchment of rivers strongly influences
riverine compositions of Os, estimates of modern rivers suggest
average '%0s/'®0s values of ~1.2-1.5, more radiogenic than the
modern ocean (Levasseur et al., 1999; Peucker-Ehrenbrink and
Ravizza, 2000; Peucker-Ehrenbrink, 2002; Lu et al., 2017). There-
fore, this isotope system is potentially useful in understanding the
palaeoenvironmental history of isolation basins and has been
successfully applied to Loch Duart, an isolation basin in NW
Scotland (Taylor et al., 2024).

This multiproxy investigation from Loch Bad na h-Achlaise,
Scotland, integrating C/N, 813Corg, 18705/1880s  and X-ray
fluorescence (XRF), adds significant detail to the palaeoenvir-
onmental reconstruction, and the relative sea-level history of
the region based on the microfossil framework of Simms et al.
(2022). We demonstrate that the '30s/'%80s record aligns
closely with biostratigraphic reconstructions and provides a
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refined understanding of the glaciological setting that captures
the interplay between glacial isostatic adjustment and gla-
cioeustatic sea-level change. This multiproxy geochemical
approach enhances our capacity to resolve past environmental
and RSL variability and represents a powerful strategy for
application at other sites lacking robust biostratigraphic
constraints.

Geographical and geological setting

Loch Bad na h-Achlaise is an isolation basin located in the
Gairloch region of NW Scotland, UK (Fig. 1). The Applecross
Formation of the Torridon Group comprises much of the
bedrock of this locale, with the northeastern edge of the
region dominated by Late Archean Lewisian Gneiss (Jonk
et al., 2004). Glacial cycles have reworked the coastal
regions of NW Scotland into characteristic ‘knock- and
lochan’ topography, producing a setting ideal for isolation
basin/lake development (Krabbendam and Bradwell, 2014).
Such isolation basins preserve changes in RSL by recording
periods of connection to and isolation from the open sea;
basins located above the highest astronomical tide (HAT)
accumulate freshwater sediments, while lower lying basins
periodically inundated during the tidal cycle preserve
brackish to marine sediments (Lloyd, 2000; Lloyd and
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Figure 1. (A) Regional map of the area surrounding the study site, with key locations marked. The approximate extent of the Loch Lomond Stadial
(LLS) glaciation (Younger Dryas) is marked in blue from Bickerdike et al. (2018). (B) Aerial image of the Loch Bad na h-Achlaise study site. The
orange circle encompasses the sites of both cores: LBA18-11R and LBA23-11Q. (C) Geological map showing Loch Bad na h-Achlaise and its
surrounding geology created using BGS Scotland map sheet 91. (D) Topographic profile through the study area showing the position of Loch Bad na
h-Achlaise, the Wester Ross Readvance moraines and shorelines marking the marine limit (adapted from Simms et al., 2022). [Color figure can be

viewed at wileyonlinelibrary.com]
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Evans, 2002). At the present day, Loch Bad na h-Achlaise is
an ~0.2 km” lochan (small lake) situated ~13.5 m above sea
level. The lochan is connected to the ocean through a
500-m-long east-flowing outlet stream that runs into a small
cove within Loch Gairloch (Fig. 1).

Materials and methods

This study utilises core LBA18-11R, which was obtained along
the southwestern shore of Loch Bad na h-Achlaise (Simms
et al,, 2022; Fig. 1). An additional nearby core (<20m),
LBA23-11Q), was utilised for XRF scanning of selected sections
(Section 3.3). Both cores were collected using a Russian corer.
The elevation of the sill separating Loch Bad na h-Achlaise
from the ocean is 12.65+0.05m ordnance datum (Simms
et al., 2022). The altitude and elevation of the basin’s sill 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) (Simms et al., 2022). The sedimentary succession at
Loch Bad na h-Achlaise spans from the Late Glacial through
the Holocene and records glacial, marine and lacustrine
deposition associated with a dynamic glacial and RSL history
(Simms et al., 2022).

Sampling

Core LBA18-11R, spanning from subsurface depths of 225 to
630cm, comprises 11 overlapping Russian core sections
collected from the southern shore of Loch Bad na h-Achlaise
(Simms et al., 2022; Fig. 1; Table S1). 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 sea (Simms et al., 2022).

Age—depth model

An age-depth model for the LBA18-11R core was created
using the BACON age-depth modelling software package
(version 3.3.0) in R (version 4.4.1) (Blaauw and Christen 2011)
from seven AMS '*C ages obtained by Simms et al. (2022)
using the IntCal20 calibration curve (Fig. 2; Table S2).

X-ray fluorescence (XRF)

XRF core scanning requires a flat, undisturbed surface for
accurate analysis. Therefore, as core LBA18-11R had been
previously sampled (Simms et al., 2022), the four core sections
that comprise the nearby core (<20m) LBA23-11Q were
utilised for XRF scanning. The two cores were stratigraphically
correlated using the key lithological contacts and units of each
core (Fig. 3). Core sections from subsurface depths of 250-300,
350-400, 500-550 and 550-600cm were scanned using
the Geotek X-ray fluorescence (MSCL-XRF) spectrometer in
the Department of Geography at Durham University. The
500-550 and 550-600 cm core sections were chosen, as they
contain the previously identified isolation contact based on
diatoms and the variations in clastic material towards the base
of the core. The 250-300 and 350-400cm core sections
were utilised to investigate the variability between organic
and clastic units identified from the stratigraphy within the
freshwater section of the core.

The instrument provided high-resolution elemental abun-
dance data from sediment core surfaces, achieving down- and
across-core resolutions of 1 and 5 mm, respectively. The XRF
spectrometer operates by bombarding the samples with high-
energy X-rays generated in the rhodium X-ray tube. Elements

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

ranging from Mg to U were detectable at ppm levels, with most
achieving detection limits better than 20 ppm. To improve the
sensitivity of light element measurements such as magnesium,
aluminium and silicon, a silicon drift detector combined with a
helium-flushed measurement cell was used. Data processing
was carried out using the MSCLXYZ Core Workstation.

Carbon and nitrogen analyses

Regularly spaced core sediment samples (n=21) were
analysed for the stable isotope ratio of organic carbon
(3'?Corg) alongside the overall carbon and nitrogen content
(Wt% C and N; see Table 1 for data synopsis). An aliquot of
sample powder was acidified with 10% HCI to remove any
carbonate. All samples were analysed using a Costech 4010
Elemental Analyser coupled to a Thermo Delta V+ mass
spectrometer via a Conflo IV interface at the Northwestern
Stable Isotope Biogeochemistry Laboratory (NUSIBL) at
Northwestern University, USA. Samples were combusted
over a column of Cr203 held at 980°C and a Cu reduction
column held at 705°C. Elemental information was estimated
via cross-calibration with acetanilide organic standards, and
isotopic data 8'*C, was determined via repeated analyses
of Indiana University acetanilide (3'*C=-29.52%o)
and urea standards (3'°C=-8.01%) (Schimmelmann
et al., 2009). Carbon isotopes are reported with respect to
Vienna Pee Dee Belemnite (VPDB), with an overall
uncertainty of 0.12%o.

Re and Os analysis

The Re-Os analysis was conducted at the Durham University
(UK) Geochemistry Centre (Laboratory for Sulphide and
Source Rock Geochronology and Geochemistry and Arthur
Holmes Laboratory) on core LBA18-11R (n=31). Agate
powdered samples (1g) were placed in Carius tubes and
spiked with a known quantity of mixed '°°Os and '®°Re
tracer solution along with 8 mL of CrV'-H,S0, solution and
heated at 220°C for 48 h (Selby and Creaser 2003). The
Os was purified using solvent extraction (CHCIs)
with back extraction into HBr, and CrO;-H,SO,~HBr
micro-distillation. The Re fraction was purified using
NaOH-C3HqO solvent extraction and anion chromatogra-
phy. The Re and Os fractions were loaded onto Ni and Pt
filaments, respectively. Isotopic measurements were per-
formed using a ThermoScientific TRITON mass spectrometer
via static Faraday collection for Re, and ion counting was
conducted using a secondary electron multiplier in peak-
hopping mode for Os. The total analytical protocol blanks
are 12.73 +£2 ppt for Re and 0.1 £0.02 ppt for Os, with a
18705/'880s ratio of 0.24 +0.03; 1SD (n=7). A synopsis of
the Re—Os data is presented in Table 1. To monitor the long-
term reproducibility of the Re-Os isotope composition
determinations, Re and Os solution standards are routinely
analysed. At the time of analysis completion (June 2024), the
Durham Romil Osmium Standard (DROsS: 50 pg solution)
yielded a running average of 0.16084 +0.00059 (1 SD,
N=1043) for '¥0s/'®0s values and the rhenium standard
solution (Restd: 125 pg solution) yielded a running average
of 0.59861 +0.0015 (1 SD, N=859) for '**Re/'*Re values.

Results
Core sedimentology

Detailed descriptions of the lithofacies have been previously
presented (Simms et al., 2022; Table S1). In brief, core LBAT18-11R
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Figure 2. Age—depth model for the LBA18 T1R core using the BACON (Blaauw and Christen, 2011) package (version 3.3.0) in R (version 4.4.1).
The age—depth model shows calibrated '*C ages depicted in blue, with the most accurate age model presented by a red dotted line (see text for
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is 630 cm in length; pink silty clay is recorded from the core’s
base to 599 cm before a transition to blue—grey silty clay until
537 cm (Fig. 3). Between 537 and 477 cm, the sequence records
slightly laminated grey silty clay with traces of sand. From 477 to
441 cm, limus with herbaceous fragments lies below an overlying
laminated grey silty clay (441-398 cm). A 4 cm bed of red-brown
silt overlies this unit (398-402 cm). Upsection, alternating units
of limus and grey silty clay are preserved. Finally, above
this, herbaceous peat is recorded (Fig. 3). The contacts
between lithofacies appear gradational, with no clear
erosive contacts identified within the stratigraphy.

Age modelling

The age—depth model developed here extrapolates a basal age of
~16.7 ka, suggesting that core LBA18-11R records sedimentation
from the Late Glacial, with the age model spanning ~7500 years
(Fig. 2). The sedimentation covers several significant events,
including the Late Glacial, the Bolling-Allerad, the Older and
Younger Dryas and the transition to the Holocene. Here, we use
the traditional nomenclature for the time period since deglaciation
common in the literature, noting that the Younger Dryas is

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

equivalent to Greenland Stadial 1 (GS-1) and the Bglling-Allerad
is equivalent to Greenland Interstadial 1 (GI-1) (Bjorck et al., 1998).

Character of wt% C, wt% N, 673C0,g and C/N

The abundance of both carbon and nitrogen increases gradually
between 630 and 480 cm from 0.05 to 2.02% and from 0.01 to
0.2%, respectively (Fig. 4; Table 1). Overall, concentrations
vary broadly, with shifts coinciding with changes in lithology.
Generally, the limnic units record higher carbon and nitrogen
concentrations with peaks in both at 450 cm of 6.40 and 0.51%,
respectively, whilst the silty clay units record lower values with
dips in both recorded at 430cm of 1.48 and 0.13%,
respectively. Between 310 and 270 cm, a decrease in carbon
concentration is observed, with values decreasing to 1.63% at
300 cm before increasing to 3.96% at 270 cm. The concentra-
tion of nitrogen follows a similar pattern, with a peak of 0.39%
at 320 cm before a decrease to 0.10% at 290 cm.

Between 630 and 610cm, 3'°Co values remain constant
between —27.30%0 and —27.15%. (Fig. 4; Table 1). Upsection,
there is a broad peak between 590 and 530 cm, with values
reaching —20.05%o at 560 cm before decreasing to —24.02%. at

J. Quaternary Sci., 1-13 (2026)
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Figure 3. XRF scans for Ti/Ca and Si/Al with adjacent line scan images presented for LBA23-11Q core sections 250-300, 350-400, 500-550 and
550-600 cm. A stratigraphic log of LBA23-11Q is shown, with inferred lithologies denoted by paler colours. Adjacent is a stratigraphic log of core
LBA18-11R. Correlations between the core sections and the stratigraphy are denoted by dashed lines. Core lithostratigraphy of LBA18-11R, median
radiocarbon ages and magnetic susceptibility from Simms et al. (2022) are also presented. [Color figure can be viewed at wileyonlinelibrary.com]

530cm and remaining similar until 450 cm. A second broad
peak in 8'C,, values is recorded between 410 and 370 cm, up
to —20.76%o, before a subsequent broad decrease in values
reaching —28.35%. at 320 cm. The C/N values increase steadily
upsection from 3.87 at the core’s base to 17.14 at 270 cm, with a
peak in values observed at 320 cm of 25.43 (Fig. 4; Table 1).

Re and Os abundance and Os-isotope
composition

Rhenium abundance is similar between the core base and
610cm (0.19-0.24 ppb), then rises sharply to 1.15 ppb at
590 cm, before declining to 0.25 ppb at 540 cm. Above this,

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

values remain constant, with a broad peak of up to 0.60 ppb
between 480 and 350 cm and a brief peak at 320 cm (0.48 ppb).
The remainder of the core shows relatively consistent values
(0.17 to 0.30 ppb). The total Os abundance ranges from 17.23
to 66.84 ppt, increasing from 19.28 ppt at the base to 33.01 ppt
at 490 cm, with a broad maximum (up to 66.84 ppt) between
480 and 380cm and two smaller peaks at 320 to 300 cm and
260 cm (Fig. 4; Table 1).

Given the age of the analysed sediment (ca. <17 kyrs) and
relatively low Re abundance, any age correction for the post-
depositional radiogenic '¥Os ingrowth from '®Re decay
would be less than that of the individual sample '¥Os/'®*0s
2SE uncertainty (Table 1); therefore, age-corrected '%0s/'#0s

J. Quaternary Sci., 1-13 (2026)
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values are not presented. Throughout the core, the '870s/'#80s
values range from 1.24 to 2.32 (Fig. 4; Table 1). Between 630
and 600 cm, '870s/'80s values range between 1.32 and 1.36,
before decreasing slightly to 1.24 at 575cm. Upsection, a
significant increase in '¥0s/'®%0s values is observed, with
values reaching 2.07 at 540cm (Fig. 4; Table 1). The
'8705/'880s values remain elevated until 320 cm, ranging from
1.75 to 2.32. Between 320 and 260 cm, there is a significant
decrease in '"¥70s/'®0s values to 1.28 at 300 cm. Finally, a
subsequent peak in '80s/'%80s values is recorded at 260 cm
(2.10), before a gradual decrease to 1.28 at 230 cm.

XRF

We focus on Ti/Ca (Fig. 3), a proxy for sediment sources:
Ti reflects terrigenous siliciclastic input, whilst Ca indicates
marine biogenic carbonate. This ratio is widely used to
reconstruct terrigenous input (Nace et al., 2014; Gregory
et al., 2015; Rothwell and Croudace, 2015; Hou et al., 2020).
We also examine Si/Al, which reflects the relative contribu-
tions of quartz, which contains abundant Si, to clay, which is
rich in Al (Tisserand et al., 2009; Sano et al., 2013; Clift
et al., 2014). The XRF results will be described with respect to
each section of core LBA23-11Q.

500-600 cm: Between 600 and 580 cm, Ti/Ca values are
elevated (~1.2), whilst upsection values decrease to ~0.5
(Fig. 3; Table S3.1). Si/Al values are relatively stable, averaging
~15 between 600 and 548 cm, before increasing slightly to
~25 on average between 548 and 500 cm.

350-400 cm: Ti/Ca values remain relatively stable (~0.8)
between 400 and 370 cm, before decreasing marginally to 0.5
upsection (Fig. 3; Table $3.2). Similarly, Si/Al values remain
relatively stable, averaging ~25 throughout this core section.

250-300 cm: Ti/Ca values remain relatively stable at ~1
between 300 and 262 cm, before a slight decrease to ~0.4
(Fig. 3; Table S3.3). Between 300 and 262 cm, Si/Al values
remain stable at ~20; upsection values increase gradually, with

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

a brief peak in values in the uppermost 3 cm of the core with
values of up to ~60.

Discussion

The discussion of the proxy data of this study to understand
the palaeoenvironment of this site will be presented from the
basal section upwards. We then review the usefulness of
osmium isotopes for palaeoenvironmental reconstruction
and the implications of our new data for the RSL changes in
this region.

Glacial (16.7-16.5 cal ka BP)

Samples from this period plot close to the freshwater
particulate organic carbon (POC) field of the 8'’Cq,q versus
C/N ratio biplot, suggesting that freshwater inputs dominated
the carbon pool (Fig. 5; Lamb et al., 2006). The high magnetic
susceptibility values and elevated Ti/Ca values (Figs. 3 and 4;
Table S3.1) recorded between 16.7 and 16.5 cal ka BP indicate
increased terrestrial input (e.g., Diekmann et al., 2000; Bahr
et al., 2005; Van Hoang et al., 2010; Kim et al., 2022) into the
basin. These data are supportive of a glacial environment at
this time, as suggested by the sedimentology (Simms
etal., 2022), with the freshwater being derived from meltwater
supplied to the basin from the local retreating BIIS.

While these traditional methods reconstruct a glacial
setting, this period lacks any biostratigraphic framework,
which hampers palaeoenvironmental reconstruction. Here,
the '#0s/'%0s record is particularly suited to further
investigate the nature of the depositional environment.
The '%70s/'%®0s data from Late Glacial marine sediments at
Loch Duart (70 km north of Gairloch) provide the best estimate
of the '®70s/'®0s composition of seawater in this region at
approximately this time (Taylor et al., 2024). That study
yielded ~1.06 during marine deposition, which agrees with the
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18705/'880s signature of open seawater ~1.04-1.06 (e.g.,
Sharma et al., 1997; Levasseur et al., 1998; Peucker-
Ehrenbrink and Ravizza, 2000; Gannoun and Burton, 2014;
Rooney et al., 2016). Therefore, the elevated 18705/'880s
values (1.32-1.36) of the basal pink silty clay at Loch Bad na
h-Achlaise above marine values suggest an increased input of
radiogenic sources of Os. This is interpreted to represent
increased weathering of the surrounding bedrock and en-
hanced delivery of weathered material to the basin through
meltwater associated with the retreat of the BIIS. Although the
'870s/'®80s values over this section are higher than that of
present-day seawater, they are relatively low compared to
other sections in the core (Section 5.3), suggesting that the
basin was not fully isolated from marine influence. Thus, the
'870s/'®80s record supports the palaeoenvironmental inter-
pretation of the traditional proxy data set, indicating that
between 16.7 and 16.5 cal ka BP, the basin was dominated by
glacial meltwater delivering glacially eroded terrestrial materi-
al from a proximal retreating glacier.

Marine (16.5-15.9 cal ka BP)

Throughout this section, carbon and nitrogen concentrations
are similar to those of the underlying unit, indicating continued

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

low productivity. The increase in C/N and 8'>C,, values over
this period means that samples plot within the marine algae
and marine POC fields in 3'°C,, versus C/N space, which is in
agreement with the diatom interpretation of brackish and
marine conditions (Fig. 5; Simms et al., 2022). The marginal
increase in Si/Al suggests a potential reduction in the
contribution of clay within this section. A slight decrease in
Ti/Ca values is also recorded within this section (Fig. 3;
Table S3.1). This is likely due to a combination of dilution from
the marine water column and a reduction in terrestrial input to
the basin as glacial meltwater flux was reduced by retreating
glaciers in the catchment.

Once more, the traditional proxies applied here concur and
broadly imply a marine depositional setting; however, the
application of the '%70s/'®8Os system reveals further insights
into the dynamics of the basin and RSL over this period.
The slight decrease in '8 0s/'%80s values compared with the
underlying glacial unit may suggests a marginal reduction in
the input of radiogenic Os. This reduction is likely due to a
decrease in the input of glacially eroded catchment bedrock
because the retreat of the local ice sheet allowed a relative
increase in the input of marine sourced Os through connection
to the open ocean (Fig. 6). Upsection, the increase in
1870s/'®80s values (up to 1.63 at 543 cm) coincides with the
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increase in freshwater diatom species (Simms et al., 2022); it
thus records the gradual isolation of the basin and therefore the
increased influence of terrestrially derived Os. This interpreta-
tion is further supported by a significant increase in Re
abundance, before it subsequently decreases upsection as the
basin gradually becomes isolated (Fig. 4; Table 1). Rhenium is

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

known to covary with salinity and displays conservative
behaviour in oxic waters (Anbar et al., 1992; Colodner
et al.,, 1993). The increase—decrease trend in Re over this
period suggests a similar increase—decrease trend in the
salinity of the basin, which is consistent with the transition
from a glaciomarine to a marine depositional setting, followed
by basin isolation. The Os and Re records here reveal a more
complex palaeoenvironmental history of the basin and RSL
than implied by traditional proxies alone, highlighting the
utility of applying more novel techniques to sedimentary
archives.

Lacustrine (15.9—12.9 cal ka BP)

The pattern of carbon and nitrogen concentrations over this
period is most likely due to greater productivity within and
around the basin during relatively warm organic-rich limnic
deposition and a reduction in basin productivity during the
deposition of the grey silty clay during the cooler Older Dryas.
Most of the samples from this section fall between the ranges of
marine POC, marine dissolved organic carbon (DOC) and C3
terrestrial plants, which reflects a mixed organic carbon pool
(Fig. 5). Whilst the samples vary within &'*Cq,, versus C/N
space over this period, the general shift to higher C/N ratios
indicates a larger relative input of higher order plant material,
suggesting a reduction in marine influence.

The most notable geochemical feature of this period is the
increase in '#0s/'%0s values towards the most radiogenic
values within the core (2.32 at 480 cm), reflecting increased
input of terrestrially derived osmium sourced from radiogenic
bedrock and a relative decrease in unradiogenic contributions
(Fig. 6). This shift is linked to the isolation of the basin isolation
due to a fall in RSL. This is supported by microfossil evidence,
as the most radiogenic '#0s/'®80s values coincide with the
appearance and increase in freshwater salt-intolerant diatom
species (Simms et al., 2022), suggesting that by this time, the
basin was fully isolated from tidal influence and dilution from
less radiogenic osmium inputs from seawater. Concurrently,
Re abundance declines to 0.25 ppb at 540 cm (Fig. 4; Table 1),
which is consistent with the reduced salinity as the basin
became isolated, given the generally conservative behaviour
of rhenium with salinity.

Lacustrine-Younger Dryas to Holocene
(12.9-9.2 cal ka BP)

At the beginning of this period, decreases in carbon and
nitrogen concentrations are coincident with a lithological
change from limus to silty clay, suggesting a reduction in basin
productivity. This is most likely linked to the cooler climate
conditions of the Younger Dryas. The increase in Si/Al values
over the transition from Younger Dryas to Holocene likely
also reflects a lithological change from slightly laminated grey
silty clay and overlying limus and therefore a reduction in
aluminosilicates (Fig. 3). The samples from this period plot
largely within the freshwater DOC, C3 terrestrial plant and
marine DOC fields, suggesting that the organic carbon pool is
dominated by freshwater and terrestrial plant inputs (Fig. 5).
The shift to the highest C/N ratios recorded in the core
indicates a larger relative input of higher order plant material,
typically terrestrial vegetation in the organic fraction.

While the traditional proxies applied here suggest a period
of freshwater deposition, they do not resolve the nuanced
changes in climate. This is further resolved in the '87Os/'8%0s
record. The most notable geochemical feature of this period is
the broad decrease in '®0s/'®®Os values coinciding with the
cooler Younger Dryas. Whilst marine inundation into the basin
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is one explanation for such a reduction in '#0s/'%80s values,
this is unlikely, based on the other proxies recorded and our
knowledge of the regional sea-level history. Previous sea-level
index points and GIA modelling at this site and the nearby sites
of Assynt and Fearnbeg indicate that RSL was at or below
present-day sea level (approximately -5 m; Shennan
et al., 2018; Simms et al., 2022) at this time. Second, the
other proxies presented here do not provide evidence of
marine influence at this time. The abundance of Re remains
very similar throughout the Younger Dryas and Early Holo-
cene, suggesting no significant change in the salinity of the
basin. Additionally, samples from this period plot in the
freshwater rather than marine fields in '3C versus C/N space,
also arguing against marine input (Fig. 5). We instead postulate
that a reduction in the delivery of radiogenic osmium into the
basin associated with a cooling climate allowed the
1870s/'%8 s signature of precipitation to dominate the signal,
resulting in reduced '’0s/'®0Os values. Although modern
precipitation '#0s/'®0s values are affected by human-
induced pollution, resulting in unradiogenic values of
0.16-0.48, with samples from Europe yielding 0.275, it is
assumed that before significant anthropogenic influence,
precipitation showed a '8”0s/'#0s signature of ~1.0, similar
to that of the ocean (Chen et al., 2009). Additionally, studies
have suggested that the southward shift of the oceanic polar
front resulted in increased precipitation across western Scot-
land during the early Younger Dryas (Ruddiman and Mcln-
tyre, 1981; Bard et al., 1987; lIsarin and Renssen, 1999;
Ballantyne, 2002). Therefore, due to the lack of other evidence
of a marine intrusion, we suggest that the reduction in
'8705/'%80s values over this period is due to a reduction in
the delivery of terrestrially sourced radiogenic osmium into the
basin associated with the cooling climate of the onset of the
Younger Dryas, with the Os isotope signature of the basin more
likely recording increasing dominance of Os inputs through
precipitation (Fig. 6). An increase in precipitation could also
explain the subtle decrease in '8”Os/'%80s values from 2.15 to
1.79 between 14.2 cal ka BP and the onset of the Younger
Dryas.

A brief return to more radiogenic '®0s/'#0s values (2.10) is
coincident with the end of the Younger Dryas before a decrease
to 1.28 (230 cm). Based on mapped limits, the glaciers that
advanced during the Younger Dryas do not appear to have
advanced to Loch Bad na h-Achlaise but reached their limit
nearby (Fig. 1; Bickerdike et al., 2018). Therefore, increased
glacial meltwater input into the nearby catchment following
the Younger Dryas may have delivered more radiogenic Os
to the basin. Additionally, a reduction in vegetation cover
during the Younger Dryas, coupled with greater precipitation,
may have led to the temporary mobilisation of soils across the
transition between the Younger Dryas and the Holocene. This
could have also contributed to the more radiogenic '8”Os/'#80s
values. Following this, increased vegetation cover as the climate
warmed would act to protect terrestrial sediment from erosion,
leading to a reduction in the delivery of radiogenic material and
a corresponding decrease in '®’0s/'®Os values (~1.28) once
more. This suggests that the Os isotope system could be used as
an indirect measure of catchment erosion linked to climate and
vegetation cover shifts.

New insights from the '%”Os/'**Os record

The application of the '®0s/'®®0s isotope system in an
isolation basin setting has demonstrated the proxy to be a
robust tracer of marine inundation and basin isolation. The
870s/'%80s record shows remarkable agreement with the

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

traditional proxies applied and is sensitive to more nuanced
changes in palaeoenvironment.

The basal pink silty clay shows elevated '®”Os/'®®Os values
(1.32-1.36), slightly higher than the marine seawater signa-
ture, reflecting glaciomarine deposition with enhanced input
of radiogenic, glacially derived Os. The base of the overlying
blue-grey marine silty clay records slightly lower values
(1.24-1.29), indicating reduced radiogenic input and greater
marine influence. The '®70s/'®0s values subsequently
increase to 1.63, signalling increased terrestrial Os input and
diminished marine influence during RSL fall. This trend
continues in the laminated grey silty clay, where values reach
up to 2.32, marking a relative increase in continentally derived
radiogenic osmium inputs and a reduction in the marine
supply of unradiogenic sources of Os as the basin became
isolated from the sea.

The subsequent reduction in '¥Os/'%0s values coincident
with the Younger Dryas is interpreted to be due to a reduction
in the delivery of terrestrially sourced radiogenic osmium
associated with the cooling climate. The Os isotope signature
of the basin therefore likely recorded the increasing dom-
inance of Os inputs through increased precipitation across
western Scotland during the early Younger Dryas (Ruddiman
and Mclintyre, 1981; Bard et al., 1987; Isarin and Re-
nssen, 1999; Ballantyne, 2002).

A similar ¥ 0s/'®0s profile is observed over this period at
Loch Sunart, with a reduction in values (1.12-1.16) between
12.9 and 11.7 cal ka BP (Taylor et al., 2025). Loch Sunart is a
fjord, rather than an isolation basin, and as such, the inflow of
saline waters from offshore as the local ice sheet retreated may
have contributed to the lowering of '8”0s/'®0Os values at this
site. However, a reduction in the delivery of radiogenic osmium
into the basin associated with BIIS readvance and an increase in
the relative influence of precipitation on the osmium isotope
signature have been postulated as a possible additional
mechanism, as suggested here for Loch Bad na h-Achlaise.

This reduction in '80s/'®0s values during the Younger
Dryas has been identified at another isolation basin (Loch Duart,
Taylor et al., 2024). As with the Loch Bad na h-Achlaise site of
this study, Loch Duart has been shown to be isolated through the
Younger Dryas (Hamilton et al., 2015; Taylor et al., 2024;
Podrecca et al., 2025); hence, the less radiogenic Os signal most
likely reflects the increased influence of precipitation. Further
work at a greater number of sites is needed to investigate this
trend. However, the presence of a decrease in ' Os/'%0s
values at a similar time at Loch Duart, Loch Sunart and in this
study during the Younger Dryas suggests that the '®”Os/'8%0s
isotope system has the potential for use for identification of
changes in climatic conditions as well as RSL history.

This history of basin isolation is clearly recorded in the
18705/880s record, from glaciomarine to marine deposition,
with the subsequent freshwater phase possessing a markedly
more radiogenic signature. This record highlights the utility of
this novel method, which is not reliant on microfossil
preservation, as a tracer of RSL fall and subsequent basin
isolation. Additionally, this study’s multiproxy approach
highlights the merit of applying a varied geochemical
toolkit to a sedimentary archive, as it allows more nuanced
and robust interpretations and increases the overall reliability
of palaeoenvironmental reconstructions.

New insights into relative sea-level change at Loch
Bad na h-Achlaise

Comparison of this '®0s/'®80s record with the established
biostratigraphic framework based on diatom species shows
that the Os isotope system can reliably track the transition from
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marine inundation to basin isolation associated with relative
sea-level change. The '870s/'®0Os record can also be utilised
to identify changes in basin and catchment processes linked to
erosion and delivery of radiogenic material to the basin.
Additionally, the isotope system can be used to assess RSL
changes in sections with poor or no diatom preservation, for
example, the basal pink silt at Loch Bad na h-Achlaise. The
relatively unradiogenic Os values through the lower pink silt
indicate that this is glaciomarine in origin. This indicates a
significant period of marine inundation of the basin following
deglaciation, initially in a glaciomarine environment, then
over the transition to blue—grey silty clay in a marine
environment as ice retreated from the basin catchment. The
initiation of isolation is then identified by the gradual increase
in Os isotopic values.

The marine limit at Gairloch has not been directly dated but
was previously estimated to be 16.3 +£0.2 ka by Simms et al.
(2022) using the rate of RSL fall from the Kuchar et al. (2012)
GIA model in conjunction with the difference in elevation
between the Loch Bad na h-Achlaise RSL indicators and the
elevation of the local marine limit. The '®Os/'®Os record
presented here shows consistent values across the marine
interval until 560 cm, where values begin to increase, implying
greater input of radiogenic material and therefore RSL fall.
This, combined with the robust age model, provides a
minimum age of the marine limit at this site and constrains
the initiation of RSL fall to 16.2 cal ka BP. This age is in close
agreement and within uncertainty of the previous age estimate
of the marine limit at this site. Using the 16.2-ka age estimate
of this study for the marine limiting point, alongside the RSL
observations of Simms et al. (2022), we calculate a rate of
RSL change of ~22 mm/yr, which is comparable to the rates
estimated from the Kuchar et al. (2012) model at this time. This
indicates that the Os isotope system can not only identify RSL
changes, but when combined with an age-depth model, can
also be used to determine the rates of such changes and the
minimum ages of marine limits.

Implications and Conclusions

® The osmium isotope record highlights glaciomarine conditions
during deposition of a basal glacial unit with elevated
18705/'®0s values, suggesting enhanced ice-sheet weathering
of the surrounding bedrock. The glaciomarine setting was
previously unresolved due to the absence of a biostratigraphic
framework. This demonstrates the merit of the Os isotope
system for sites with limited or no preservation of microfossils
during deglacial periods, which often hampers palaeoenviron-
mental reconstructions (e.g., Shemesh et al., 1989; Bradbury
et al., 1994; Fang et al., 2024).

Distinct '87Os/'%80s values at this site effectively differentiate
periods of marine influence (~1.2) from isolated conditions
(>2.0), allowing the reconstruction of a complex RSL history.
e The '®70s/'%0s record, combined with the robust age
model, provides a minimum age of the marine limit and the
onset of RSL fall (16.2 cal ka BP). Using this age, we calculate
a rate of RSL fall of ~22 mm/yr, which is comparable to GIA
model estimates for the region (e.g., Kuchar et al., 2012).
During the Younger Dryas, the osmium isotope profile at
Loch Bad na h-Achlaise shows a decline in '®70s/'%%0s
values that is unlikely to reflect a marine intrusion, given
regional sea level at this time and the elevation of the basin’s
sill. Instead, colder conditions likely reduced erosion and
therefore radiogenic osmium input, allowing the osmium
isotope composition of precipitation to dominate rather than
radiogenic weathered bedrock. This trend parallels records

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

from Loch Duart and Loch Sunart, indicating that lower
'870s/'®80s values over this period record the regional
effect of the Younger Dryas. Thus, the Os isotope profiles of
isolation basins and fjord settings could serve as an indirect
measure of catchment erosion linked to changes in climate
and vegetation cover.

Future applications of Os isotopes could address broader
questions regarding the spatial variability of RSL change and
the timing of glacial retreat. By extending this approach
across multiple basins, future work could test the regional
coherence of the Younger Dryas signature and refine
GIA models with independent RSL constraints. Moreover,
integration of Os isotopes with traditional proxies may
further elucidate the relative roles of climate, vegetation and
hydrology in shaping erosion and sediment delivery. This
method offers new opportunities to reconstruct palaeoenvir-
onments in settings and over time periods where conven-
tional microfossil records are incomplete or absent.
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