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Abstract

Understanding the response of the East Asian Monsoon to rising temperatures is
crucial in light of recent anthropogenic climate change and the vulnerability of
East Asia to future climatic hazards. However, East Asian Monsoon dynamics
during warming periods in the late Quaternary are poorly understood,
particularly on decadal to millennial timescales. Significant sources of this
uncertainty are the spatially and temporally heterogeneous responses of the East
Asian Monsoon to submillennial temperature fluctuations. The conflicting
patterns observed in available reconstructions of East Asian Monsoon strength
suggest that the teleconnections acting during these intervals were complex.
Understanding the behaviours of the East Asian Monsoon by accounting for links
to remote climatic perturbations allows for a more holistic understanding of

deglacial climate changes.

A means of tackling this ambiguity is by contributing well-dated, high-resolution
records of East Asian Monsoon evolution spanning Glacial Terminations | and Il
(which typify accessible, contrasting examples of rapid global warming) to the
growing network of reconstructions from across the region. The aim of this thesis
is to deconvolve East Asian Monsoon evolution during the last two glacial
terminations by utilising the unique hydrological distribution of East Asian
Monsoon precipitation over Japan to reconstruct both seasonal modes of the
system (i.e., the East Asian Winter Monsoon and East Asian Summer Monsoon).
This aim is met by the construction of isotope-based, season-specific East Asian
Monsoon records across Glacial Terminations | and Il using materials from the

Lake Suigetsu sediment cores.

This thesis is comprised of four interconnected research papers, preceded by an
introduction and succeeded by a summary of findings, discussion of relevance,
suggestions for future work and conclusions. In the first research paper, we
utilise extended contemporary monitoring of the stable isotope composition of
precipitation, river water and lake water in the Lake Suigetsu catchment to
understand the factors affecting these variables and aid robust interpretation of
isotope-based proxy reconstructions from the Lake Suigetsu sediment cores. Our
results show that the composition of precipitation was influenced by the dual

East Asian Monsoon system, and that these signals were then transferred to the
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lake system where they were combined with secondary local influences on lake
water composition. Based on our knowledge of late Quaternary catchment

dynamics, these observations suggest that the palaeo-isotope composition of

Lake Suigetsu was closely related to the East Asian Monsoon.

In the second research paper, we examine the influence of remote climatic
processes on the East Asian Winter Monsoon and East Asian Summer Monsoon in
Japan during Glacial Termination | by reconstructing trends in the strength of
each seasonal mode. This is achieved using oxygen isotope analysis of diatom
silica and compound-specific hydrogen isotope analysis of n-alkanoic acids from
the Lake Suigetsu sediment cores. Our results support distinctive seasonal
behaviours of the East Asian Monsoon during Glacial Termination I, with evidence
for East Asian Winter Monsoon weakening and East Asian Summer Monsoon
strengthening. The East Asian Summer Monsoon also exhibited variations in
strength which were synchronous with Antarctic temperature fluctuations after
16,000 years ago, which supports a temporally restricted climatic link between

Japan and the Southern Hemisphere at this time.

In the third research paper, we reconstruct the East Asian Summer Monsoon in
Japan during Glacial Termination Il, and contrast the findings to those from
Glacial Termination |. The reconstruction presented in this chapter, which is
based on compound-specific hydrogen isotope analysis of n-alkanoic acids,
provides evidence for early East Asian Summer Monsoon strengthening followed
by a gradual weakening phase with submillennial-scale variability. Comparison
of this record to others derived from mainland China supports the assertion that
East Asian Summer Monsoon behaviours during Glacial Termination Il were
spatially heterogenous. Additionally, the different evolutions of the East Asian
Summer Monsoon during Glacial Terminations | and Il indicate that the system
operated distinctively under contrasting boundary conditions, although the new
reconstructions from Japan were consistently more closely linked with Southern
Hemisphere (Antarctic) temperatures than Northern Hemisphere (Greenlandic)

temperatures during both intervals.

The fourth research paper was motivated by a lack of an absolute chronology for
the oldest (pre-50,000 years ago) parts of the Lake Suigetsu sediment cores

(which includes Glacial Termination Il). In this paper, we appraise the
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luminescence characteristics of the cores using rapid profiling techniques. These
are employed across four key time periods in order to assess the application of
these methods for the detection of local and environmental shifts, and to assess
the suitability of the core materials for luminescence dating. We show that the
luminescence characteristics of the cores were susceptible to a range of
environmental perturbations, best illustrating local changes by using
high-resolution contiguous sampling. The feasibility of future luminescence
dating is supported by quantifiable luminescence signals, and first order
approximate ages suggest that blue light optically stimulated luminescence
dating of feldspar provides the most accurate and most practical assessment of
burial age. This technique should be the subject of dating efforts in pursuit of

refinements to the Suigetsu core chronology before 50,000 years ago.

The findings of this thesis contribute to our collective knowledge of East Asian
Monsoon behaviours during glacial terminations. Critically, they represent a
geographical expansion of the regional high-resolution record network to include
Japan. The value of this process is demonstrated by the decoupled evolutions of
each seasonal mode during Glacial Termination |, and a remote link between
Antarctic temperatures and East Asian Summer Monsoon evolution in Japan
during Glacial Terminations | and Il, which were hitherto unconstrained by high
resolution analysis. These findings acknowledge and begin to rationalise spatial
and temporal heterogeneities in East Asian Monsoon behaviours by comparison to
other records. This work highlights the complexity of the East Asian Monsoon,
and the value of long records from contrasting deglacial periods for a better

comprehension of this system in the context of anthropogenic climate change.
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Definitions and Abbreviations

Common definitions and abbreviations used throughout this thesis are given

below and defined at first usage in Chapters 1-5. Sl units, element symbols and

chemical names are not included here but standard nomenclature is used

throughout (e.g., “Gy yr

acid).
%o
1-¢
Ar-Ar

A(N)O1-1cm

ACL

ACR

AD

AMOC

AO

BA

BECS

BFC

cal BP
Composite Depth

CPI

CWProxy
Cxx
De

d-excess

—19

Grays per year; “Ti” titanium; “HCL” hydrochloric

per mille; parts per thousand

Relative (radiation dose) attenuation fraction; proportion of
external dose absorbed by a matrix

Argon-argon dating; used for determining the age of a
variety of geological materials, including tephra

Depth code for the Suigetsu core, whereby “A” denotes the
borehole, “01” denotes the core section, “(N)” denotes the
half of the longitudinally cut core and “1cm” denotes the
depth down-core (as identified in the core photographs
taken immediately after core extraction)

Average Chain Length (of n-alkanes); subscripts denote
specific chain lengths, e.g., ACL5_33 is the
concentration-weighted ACL of n-alkanes containing
between 15 and 33 carbon atoms

Antarctic Cold Reversal; late glacial stade in Antarctica
Anno Domini (where AD 1 = 1949 yr BP)

Atlantic Meridional Overturning Circulation

Arctic Oscillation

Bolling-Allerad Interstade; late glacial interstade in the
North Atlantic

Biomarkers for Environmental and Climate Science;
University of Glasgow laboratory facility

Diatomite standard from Shastra County California; isotope
standard for diatoms

Calibrated radiocarbon years before AD 1950

Depth from bottom of the lake for the Suigetsu sediment
cores as defined by the “master core”; created from aligning
core sections from different boreholes

Carbon Preference Index (of n-alkanes); indicator of the
concentration dominance of odd or even chain lengths within
a sample of n-alkanes; subscripts denote specific chain
lengths, e.g., CPl,7_3; includes n-alkanes containing between
27 and 32 carbon atoms

Continuous Wave Proxy; measurement scheme used in POSL
analysis

Alkyl lipid homologue with XX carbon atoms; e.g., the Csg
n-alkanoic acid contains 30 carbon atoms

Equivalent dose; a quantification of the total dose received
by a sample since the last bleaching event

Second order stable isotope parameter derived from 380
and 6%H



DFO-2006 timescale

Dr

EAM

EASM

EAWM

EDC3 timescale
EDe

EDr
El

ENSO
EPICA Dome C

Event Free Depth

FAMEs
Fuw

GC

GC-FID

GC-IRMS

GC-MS

GICCO5 timescale
GISP

GMWL

GRIP

GS/Gl
GSSP

H1/H11
ICP-MS
ICP-OES
IntCal

IntCal20 yr BP

XiX

Dome Fuji ice core timescale (2006 version)
Dose rate; a quantification of the amounts of naturally
occurring ionizing radiation at a site
East Asian Monsoon
East Asian Summer Monsoon
East Asian Winter Monsoon
EPICA Dome C timescale (2007 version)
Estimated Equivalent Dose; sensitivity-corrected net
luminescence signal
Estimated Dose Rate
Electron Impact; method used to ionise and fragment
substances in GC-MS
El Nino/Southern Oscillation
European Project for Ice Coring in Antarctica Dome C;
extraction location of the EPICA Dome C ice core
Composite depth of the Suigetsu cores with all instantaneous
events >5mm removed; used for age-depth modelling
Fatty Acid Methyl Esters
Water absorption factor; proportion of external radiation
dose absorbed by water in a matrix
Gas chromatography; used for separating substances in a
mixture
Gas chromatography - flame ionisation detector; used for
the separation and detection of organic substances in a
mixture
Gas chromatography - isotope ratio mass spectrometer (also
known as GC-py-IRMS or GC-TE-IRMS when connected via a
furnace); used to measure the isotope composition of
components in a mixture
Gas chromatography - mass spectrometer; used for the
separation, detection and identification of substances in a
mixture
Greenland Ice Core Chronology timescale (2005 version)
Greenland Ice Sheet Precipitation; isotope standard for
water
Global Meteoric Water Line; describes the global annual
average relationship between 380 and 3%H
Greenland Ice Core Project
Greenland Stade/Greenland Interstade
Global Boundary Stratotype Section and Point; international
stratigraphic boundary denoting an interval of geological
time
Heinrich Event 1/Heinrich Event 11
Inductively Coupled Plasma - Mass Spectrometry; used for
elemental analysis
Inductively Coupled Plasma - Optical Emission Spectrometry;
used for elemental analysis
International radiocarbon calibration curve; iterations
include IntCal13 (2013 version) and IntCal20 (2020 version)
Years before AD 1950, calibrated using the IntCal20
radiocarbon calibration curve; used interchangeably with
“cal BP” unless specified



Interstade

IR
IRMS

IRSL
ITCZ
ITRAX
J

ka BP

ka
LGM
LL-channel

MAAT
Marine20

MCS
Survey
MIS X
MS
MSD
MTCO

MTWA
OSL

PDO
PIRSL
PIRSLnet

PMF
PMF-blue

PMF-IR

POSL
POSLnet

QF
QF-blue

RSL

SEM

Sens

SG timescale
SG06_2012

SGXX

XX

Short term (millennial-scale) period of warmer temperatures
(also known as “interstadial conditions”)

Infrared

Isotope Ratio Mass Spectrometer; used to determine the
isotope composition of a sample

Infrared Stimulated Luminescence

Inter-Tropical Convergence Zone

XRF core scanner

Natural remanent magnetisation

Thousand years before AD 1950; generally referring to a
non-radiocarbon-derived age, but calculated relative to the
radiocarbon chronological datum of AD 1950

Thousand years

Last Glacial Maximum

Sediment core subsampling equipment; similar to a
U-channel

Mean Annual Air Temperature

International marine radiocarbon calibration curve, 2020
version

In-house carbonate standard for the British Geological

Marine Isotope Stage X; e.g., Marine Isotope Stage 1, MIS1
Mass Spectrometer

Mass Spectrometer Detector

Mean Temperature of the Coldest month; typically derived
from pollen analysis

Mean Temperature of the Warmest month; typically derived
from pollen analysis

Optically Stimulated Luminescence

Pacific Decadal Oscillation

Portable Infrared Stimulated Luminescence

Net Portable Infrared Stimulated Luminescence signal (total
minus background)

Polymineral Fine fraction of a sediment sample

Blue light stimulated luminescence signal from the fine
grained polymineral fraction of a sediment sample

Infrared stimulated luminescence signal from the fine
grained polymineral fraction of a sediment sample

Portable Optically Stimulated Luminescence

Net Portable Optically Stimulated Luminescence signal (total
minus background)

Quartz Fine fraction of a sediment sample

Blue light stimulated luminescence signal from the fine
grained quartz-dominated fraction of a sediment sample
Relative Sea Level

Scanning Electron Microscope

Dose sensitivity of a sediment sample

Current (2023) version of the pre-50 ka BP (i.e.,
non-radiocarbon) Suigetsu core age-depth model timescale
Preliminary timescale associated with the SG06 core, 2012
version; subsequently updated to the IntCal20 timescale
Specific Suigetsu sediment core; e.g., SG06; extracted in
2006



SLAP(2)
Stade

SST
TAF

TAR
Tl
Tl
TL
TLE

TN
TNF

TOC
U-Th

U-Th timescale
Varve

VPDB

VSMOW (2)

WAIS Divide

WD2014 timescale

XGT
*H
o)
XRF
YD

yr BP

013C
613Cdiatom
613Corg
0N

615Ndiatom

Xxi

Standard Light Antarctic Precipitation; “2” denotes second
standard version; isotope standard for water

Short term (millennial-scale) period of colder temperatures
(also known as “stadial conditions”)

Sea Surface Temperature

Total Acid Fraction (of lipids), consisting of A1 and A2
(n-alkanoic acid) fractions

Terrestrial to Aquatic Ratio (of n-alkanes); measure of the
concentration of long-chained (terrestrial) to short-chained
(aquatic) n-alkanes

Glacial Termination I; the transition from MIS 2 to MIS 1
Glacial Termination Il; the transition from MIS 6 to MIS 5e
Thermoluminescence

Total Lipid Extract; isolated from a sample by accelerated
solvent extraction

Total Nitrogen content

Total Neutral Fraction (of lipids), consisting of N1
(n-alkanes), N2, N3 and N4 fractions

Total Organic Carbon content

Uranium-thorium dating; used for determining the age of
carbonates

Timescale based on uranium-thorium dating; common
timescale for speleothem records

A deposit of sediment which has accumulated during the
course of a year; annual sediment layer; may be comprised
of seasonal sub-layers

Vienna Pee Dee Belemnite; isotope standard for carbonates
Vienna Standard Mean Ocean Water; “2” denotes second
standard version; isotope standard for water

West Antarctic Ice Sheet Divide; extraction location of the
WAIS Divide ice core

WAIS Divide ice core timescale (2014 version)

X-ray fluorescence analytical microscope; used for
elemental analysis

Isotope of hydrogen (x = 1 or 2 in the context of this thesis)
Isotope of oxygen (x = 16 or 18 in the content of this thesis)
X-Ray Fluorescence; used for elemental analysis

Younger Dryas Stade; late glacial stadial in the North
Atlantic

Years before AD 1950; generally referring to a
non-radiocarbon-derived age, but calculated relative to the
radiocarbon chronological datum of AD 1950

Delta notation; used when stable isotope compositions are
presented relative to the composition of a standard material
(0 = ((sample - standard)/standard)*1000); units %o
Measure of the ratio of stable carbon isotopes '*C and 2C in
a sample

Carbon isotope composition of diatom silica

Carbon isotope composition of organic matter

Measure of the ratio of stable nitrogen isotopes >N and “N
in a sample

Nitrogen isotope composition of diatom silica
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(o} 80diatom

61 80ice

61 80lake

61 8Oprecipitation

61 80speleothem
5°H

62Hacid
02 Hexxacid

62Hlake
2
0 Hprecipitation

0%0Si

63051d1at0m
6lake

6precipitation

6river

AT
©

XXii

Measure of the ratio of stable oxygen isotopes 80 and "0 in
a sample

Oxygen isotope composition of aquatic diatom silica

Oxygen isotope composition of ice

Oxygen isotope composition of lake water

Oxygen isotope composition of precipitation

Oxygen isotope composition of speleothem calcite

Measure of the ratio of stable hydrogen isotopes 2H and 'H in
a sample

Compound-specific hydrogen isotope composition of
n-alkanoic acids

Compound-specific hydrogen isotope composition of
n-alkanoic acids with XX carbon atoms; e.g., 6?Hc3oacid
Hydrogen isotope composition of lake water

Hydrogen isotope composition of precipitation

Measure of the ratio of stable silicon isotopes 3°Si and 28Si in
a sample

Silicon isotope composition of diatom silica

Isotope composition of lake water; collective term for §'20,
0%H and d-excess of lake water

Isotope composition of precipitation; collective term for
0'80, 62H and d-excess of precipitation

Isotope composition of river water; collective term for 320,
0%H and d-excess of river water

Temperature change

Absorbed dose fraction; proportion of internal dose absorbed
by the grains in a matrix

Low-field magnetic susceptibility



Chapter 1  Introduction

This chapter provides context for the research presented in this thesis, the focus
of which is reconstructing East Asian Monsoon behaviours in Japan across Glacial
Terminations | and Il using isotope-based proxies derived from the Lake Suigetsu
sediment cores. Section 1.1 introduces monsoon systems, their characteristics
and locations. The East Asian Monsoon is then highlighted in Section 1.2, which
describes the seasonal configurations of this system, the range of drivers acting
on different timescales, and the significance of the East Asian Monsoon for the
vast population living under its influence. Section 1.3 provides the rationale for
this thesis by highlighting the value of palaeo-East Asian Monsoon
reconstructions, the limitations of current records and the potential of records
from Japan, before introducing the specific aim and objectives of this research.
Key contextual information regarding Lake Suigetsu and its surrounding
catchment is provided in Section 1.4, including a description of the geographical
setting, local climate, previous coring campaigns, core chronological control and
existing palaeoenvironmental studies. The structure of the thesis, including a
summary of each of the chapters, is given in Section 1.5. Section 1.6 introduces
stable isotopes and the techniques employed in this thesis, providing background

information for non-specialists.

1.1 Monsoon Systems

Monsoons are highly dynamic energetic systems associated with semi-annually
reversing prevailing winds and form a key component of the global climate
system (Webster et al., 1998; Wang et al., 2012; Chen et al., 2019). Earth’s
major monsoon systems (Figure 1.1) can be thought of as both regionally
confined with individual features, and components of a unified “global
monsoon”, which operates under the influence of common drivers (Mohtadi et
al., 2016; Geen et al., 2020). A traditional view of monsoon systems posits that
they are large scale “sea-breezes”, driven by the thermal contrast between land
and ocean, which generates a strong low-level atmospheric pressure gradient
and surface-propagating winds (Kitoh, 2017). During summer the direction of
monsoonal winds is from ocean to land before reversing during winter and
flowing from land to ocean (Overpeck et al., 1996; Sanyal and Sinha, 2010).

More recently, this perspective has been challenged, and some tropical
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monsoons are now sometimes thought of as operationally closer to convergence
zones (eddy driven) then sea-breezes (thermally driven) (Geen et al., 2020).
Regardless of their ultimate driver, the strong seasonality of each monsoon
system is underpinned by semi-annually reversing regional pressure gradients,
and it is this behaviour which defines the summer and winter modes of each
monsoon system (Webster et al., 1998). Monsoon systems are highly complex,
because they exist at the interface of atmospheric and oceanic processes and
interact with regional topographic features (Berkelhammer et al., 2010; Geen et
al., 2020). Hence, their behaviours are difficult to predict and attract a

significant amount of research.
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Figure 1.1 Key monsoon regions across the globe. Figure adapted from Dominguez et al.,
2020. Basemap is World Imagery from Esri (2023a) with a Robinson projection (scale
1:81,435,618).

Monsoons are fundamentally the propagation of winds across the surface, but
such winds can interact with water sources and topography to generate
precipitation; these processes are unique to the geographic setting of each
specific monsoon system, however the direction of the prevailing winds normally
results in a precipitation-bearing summer monsoon which originates in the
oceanic domain and a dry winter monsoon which originates in the terrestrial
domain (Wang et al., 1999; Sanyal and Sinha, 2010). Indeed, in many monsoon
regions, this summer precipitation is intense and forms a significant proportion
of annual freshwater delivery (Sandeep et al., 2017). The heavy precipitation

which accompanies summer monsoon regimes across the globe is perhaps the
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defining characteristic of a monsoonal climate, and hence descriptions of the
monsoon are increasingly becoming focussed on evolving precipitation patterns
(both in terms of temporal and spatial distribution), rather than the underlying

behaviour of the prevailing winds (Kitoh, 2017).

1.2 The East Asian Monsoon

1.2.1 Overview

The East Asian Monsoon (EAM) is an eminent example of a highly seasonal
monsoon system, consisting of East Asian Summer Monsoon (EASM) and East Asian
Winter Monsoon (EAWM) modes (Figure 1.2). Both the EASM and EAWM are
distinctive components of climate across vast areas of China, Korea and Japan
(He et al., 2017b; Chen et al., 2019). The EAM is unusual because it is at least
partially subtropical, in contrast to most monsoon systems which exist within the
confines of the tropics (Figure 1.1; Liu et al., 2013; Geen et al., 2020). As such,
the region can exhibit four seasons within a single year, although the EASM and
EAWM are still highly dominant features (Yihui and Chan, 2005). Some authors
consider the EAM a hybrid of tropical and subtropical monsoons (Yihui and Chan,
2005), meaning that the behaviour of the EAM system is driven by a combination
of processes within and outside of the tropics. Indeed, the EAM is demonstrably
controlled by the behaviours of pressure and frontal systems acting in East Asia
at different times of the year, but predominantly by the pressure gradient

between Continental Asia and the Pacific Ocean.

During boreal summer (June to August), south-easterly EASM winds operate
across East Asia, accompanied by high temperatures and heavy precipitation
(Lau and Li, 1984; Xu et al., 2013; Chowdary et al., 2019). These winds are
brought about by low pressure over south Asia (the Asiatic Low) to the west and
high pressure over the mid-latitude Pacific Ocean (the Western Pacific
Subtropical High) to the east, which determine the precipitation characteristics
of the EASM by channelling moisture-rich air northwards from the Western
Pacific Warm Pool (Figure 1.2; Kurita et al., 2015; Xu et al., 2020; Yang et al.,
2022). In this region the evaporation rates are high due to elevated sea surface
temperatures (Yang et al., 2022). As it propagates across south China, Japan and

Korea, EASM precipitation forms a band, known as the EASM front, or “Meiyu” in
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China, “Baiu” in Japan and “Changma” in Korea, which delivers intense
precipitation between late May and early July (Yang et al., 2022) and weakens
as it moves northwards (Geen et al., 2020). The EASM precipitation front
dissipates in northern China, but downstream influences of the EASM can be
observed up to 55 °N, which includes Mongolia and parts of Russia (Liepe et al.,
2015). During the summer months, when the EASM front has propagated
northwards, the climate of East Asia can be thought of as dominantly controlled

by the Pacific air mass (Nakagawa et al., 2006).
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Figure 1.2 The seasonal modes of the East Asian Monsoon system. Schematic diagrams
showing both EASM and EAWM behaviours across the East Asian Monsoon region. The upper
panel shows the key pressure and frontal systems for the EASM, and the lower panel for the
EAWM. Arrows show the direction of the prevailing winds. Basemap is a composite World Imagery
satellite image from Esri (2023b) with a Mercator projection (scale 1:45,567,224).
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During the boreal winter (December to February), the north-westerly EAWM
winds dominate East Asia, accompanied by low temperatures and little to no
precipitation (Xu et al., 2013; Chowdary et al., 2019; Ma et al., 2020). These
winds are directed by high pressure over Siberian Russia (the Siberian-Mongolia
High) to the west and low pressure over the north Pacific Ocean (the Aleutian
Low) to the east (Figure 1.2; Wang et al., 2012; Ma et al., 2020). Cold and dry
conditions are characteristic of much of East Asia during the EAWM, but an
exception to this pattern is Japan, which receives heavy snowfall between
December and February due to the interaction of EAWM winds with warm
surface waters delivered to the Sea of Japan by the Tsushima Current (Gallagher
et al., 2015; Amekawa et al., 2021). The maximum extent of EAWM influence is
commonly thought of as the South China Sea, however the effect of the EAWM
can propagate downstream across the Pacific region and towards the southern
hemisphere via interconnected climate systems (Ma et al., 2020). During the
winter months, when the EAWM front has propagated southwards, the climate of
East Asia can be thought of as dominantly controlled by the continental/Siberian

air mass (Nakagawa et al., 2006).

1.2.2 Drivers

The EAM is highly dynamic and is controlled by the interconnected behaviour of
tropical and extratropical components of the global climate system (Yihui and
Chan, 2005; Mohtadi et al., 2016). This results in a vast array of EAM drivers,
each of which can influence monsoon winds or precipitation on different
timescales. Many of these drivers are related and the propagation of feedbacks
can act to amplify or diminish monsoonal change (Webster et al., 1998; Jin et
al., 2014; Mohtadi et al., 2016). In many ways, the EAM region can be considered
a critical intersection for other regional systems and is demonstrably sensitive to
both proximal and remote climatic perturbations, either via common drivers or
the propagation of inter-regional teleconnections. As such, it is important to not
underestimate the complexity of EAM system behaviour. Drivers act by
perturbing one or more elements of the EAM system climate configuration. This
includes the pressure and frontal systems described above, as well as
components such as Western Pacific Warm Pool evaporation, which contributes
to moisture delivery to East Asia during the EASM. Drivers which affect an

element common to both the EASM and EAWM will affect both seasonal modes
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and drivers which alter an element unique to either summer or winter will only
affect one mode. The drivers discussed subsequently are considered in order of
the timescales at which they have greatest effect on EAM strength, however
some drivers could theoretically act across different timescales if they triggered
conditions which persisted for longer or shorter intervals than conventionally

observed or reconstructed.

On orbital timescales, EAM strengthening and weakening (both in terms of wind
strength and precipitation quantity) is dominantly controlled by fluctuations in
Northern Hemisphere insolation which affect the intensity of the land-ocean
pressure gradient (Mohtadi et al., 2016; Shi, 2016). This is predominately
controlled by the precession of the Earth’s axis with a cyclical period of 23 ka;
intervals where the Northern Hemisphere is closer to the Sun increase the
amount of insolation reaching the low latitudes and are associated with a
stronger EASM (Wang et al., 2008; Thomas et al., 2015). Obliquity cycles (with a
cyclical period of 41 ka) also impact on the EAM system but this effect is indirect
and predominately driven by changes in cryosphere behaviour; the expansion of
Northern Hemisphere ice sheets causes EASM strengthening via strengthening of
the Western Pacific Subtropical High and a positional shift of the jet stream
(Mohtadi et al., 2016) and EAWM strengthening by decreasing continental
temperatures (Chen et al., 2019). Clemens et al. (2018) suggested that these
effects could be more dominant than precession cycles and that the direct
response of monsoon strength to insolation was instead an artefact of
speleothem reconstructions, but this is still debated. It is possible that a
relationship between EAM strength and atmospheric CO; concentration also
exists on orbital timescales, however isolation of these effects is difficult to
achieve because they coincide with significant changes to insolation and ice
cover (Zhang et al., 2013; Mohtadi et al., 2016).

It is on millennial timescales that the coherency of orbital forcing is lost. Under
these circumstances EAM strength can become decoupled from insolation and
instead the dominant drivers become disturbances in Earth’s atmosphere and
ocean circulations (which are often coupled themselves). A key component of
these shifts is the expansion and contraction of the meridional (Hadley and
Ferrell) and polar atmospheric circulation cells and repositioning of the ITCZ
(Wang et al., 2005; Wang et al., 2010; Liang et al., 2020). As such, EAM
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behaviour on millennial timescales is affected by the interhemispheric
temperature gradient, which controls ITCZ movement (Han et al., 2016; Liang et
al., 2020). This rearrangement is further associated with shifting upper
tropospheric westerly and polar jets, as well as movement of the lower
tropospheric westerlies and trade winds (Chowdary et al., 2019; Ma and Chen,
2021). There is also evidence to support the influence of remote climatic change
on EAM strength (teleconnections) via such mechanisms; most notably, changes
in the North Atlantic region (relating to the behaviour of the Atlantic Meridional
Overturning Circulation (AMOC)) have been suggested to affect the EASM by
impacting on both the ITCZ and the westerly jet (e.g., Chiang et al., 2015;
Zhang et al., 2019). It has been posited that the westerly jet shifts southwards
during periods of AMOC slow-down, which weakens the Western Pacific
Subtropical High and reduces EASM strength (Kubota et al., 2019).

On shorter timescales (annual to multidecadal), other atmospheric and oceanic
phenomena can also influence EAM strength. This includes both tropical and
extratropical oceanic oscillations, such as El Nifo/Southern Oscillation (ENSO)
and the Pacific Decadal Oscillation (PDO), which affect EASM strength by altering
the position and strength of the Western Pacific Subtropical High (Cai and Tian,
2016; Zhang et al., 2019; Xu et al., 2020; Yang et al., 2022), and the Arctic
Oscillation (AO), which affects EAWM strength by altering the strength of
Siberian High and the polar and subtropical jets (He et al., 2017b). It follows
that ENSO can further affect EASM strength by altering sea surface temperatures
(and hence the amount of evaporation) in the Western Pacific Warm Pool. The
interconnected nature of the Earth’s climate system causes other short-term
climatic disturbances to affect EAM strength (albeit to different extents). This
includes sunspot activity and ejection of sulphates into the atmosphere by

volcanic eruptions (Mohtadi et al., 2016).

1.2.3 Significance

The EAM influences the hydrology of a vast area (~10 million km?2) and affects
over 1.6 billion people across the region who rely on monsoonal freshwater
delivery for agricultural, industrial and domestic purposes (Kitoh, 2017).
Understanding the monsoon system is critical because changes to the behaviour

of this system can spatially and temporally redistribute this precipitation and
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bring about natural hazards such as floods and droughts (Chen et al., 2019), the
impact of which is enhanced by the presence of large, densely populated areas
within the EAM regime (Webster et al., 1998; Wang et al., 2005; Park et al.,
2019). Additionally, this can have adverse effects on regional economies and
social development (Lau and Li, 1984; Vuille et al., 2005; Chowdary et al.,
2019). Not only this, but the monsoon has important cultural and religious
associations (Li et al., 2014), inspires artistic interpretation, and has been
associated with social stability on historical timescales (Zhang et al., 2008; Tan
et al., 2011). This highlights the multifaceted importance of the EAM and
reiterates the necessity of understanding EAM behaviour for future monsoon

prediction in a changing climate (Mohtadi et al., 2016; Chen et al., 2019).

1.3 Thesis Rationale

1.3.1 The Palaeo—-East Asian Monsoon

Contemporary climate records lack observational data from the breadth of
conditions and duration of time required to fully understand the behaviours of
climate systems. As a result, the development of extended palaeoclimate
records is an international scientific priority (Mohtadi et al., 2016). Due to the
dynamism, complexity, and significance of the EAM, it follows that a network of
high-resolution records of EAM behaviour are important for better
comprehension of this system. The highest calibre examples of such records
(which exemplify the resolution, duration and age control required to thoroughly
study EAM behaviours) are from speleothems in China, which provide indications
of EASM evolution on orbital and suborbital timescales. Indeed, for many years
the “model” EASM record was derived from an oxygen isotope (6'80) record from
Hulu Cave, eastern China (Wang et al., 2001). This has subsequently been
supplemented by other renowned stalagmite 380 records from across the
country, including Sanbao Cave (Wang et al., 2008), Dongge Cave (Yuan et al.,
2004) and Linzhu Cave (Zhang et al., 2019), which are often employed in
regional composite records of EASM behaviour (e.g., Cheng et al., 2016). Other
palaeoclimate archives have also contributed to the regional network of records,
including Lake Huguang Maar (Yancheva et al., 2007), the Dahu Peat (Zhong et
al., 2011) and ocean cores from the South China and East China Seas (e.g., Wang

et al., 1999). Conflicting interpretations from these records have formed the
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basis of the evidence for the EAM drivers discussed above in Section 1.2.2,
predominantly supporting Northern Hemisphere insolation as the dominant driver
on orbital timescales (Wang et al., 2008), with varying influences of atmospheric
and oceanic drivers on suborbital timescales. The considerable complexity of the
EAM system means that a common approach is to rationalise observations of the
system by evoking mechanisms based on evidence, thereby contributing to the

collective knowledge of EAM behaviour.

1.3.2 Challenges and Uncertainties

Considering the impacts of recent anthropogenically-driven climate change,
understanding EAM behaviour during periods of warming is critical. However,
East Asian climate variability during such periods remains poorly understood,
especially compared to better-constrained climate systems such as the North
Atlantic (Duan et al., 2019; Xue et al., 2019). This is the case for the two most
recent major warming periods of the Late Pleistocene: the last and penultimate
glacial terminations (Termination | (Tl), from Marine Isotope Stage 2 (MIS 2) to
MIS 1, and Termination Il (TIl), from MIS 6 to MIS 5e). Glacial terminations are
key features of Quaternary climate change which are characterised by the rapid
global transition from glacial to interglacial conditions and associated with
increasing Northern Hemisphere summer insolation, heightening atmospheric
greenhouse gas concentrations, rising sea levels and the decay of northern
hemisphere ice sheets (Denton et al., 2010; He et al., 2017b; Duan et al., 2019).
Tl and TII are ideal intervals for studying EAM evolution with rising global
temperatures because they are accessible (in terms of archive preservation) and
exemplify contrasting deglacial climate sequences with distinct end member
conditions, allowing for consideration of how the EAM behaves under different

circumstances.

Generally, EASM strengthening and EAWM weakening are associated with the
transition from glacial to interglacial conditions (Gallagher et al., 2018; Zhang et
al., 2019); due to the close relationship between EASM strength and Northern
Hemisphere summer insolation, some of the most significant and rapid late
Quaternary changes in EAM strength occurred during glacial terminations (Yuan
et al., 2004; Wang et al., 2008; Cheng et al., 2016). However finer resolution

(millennial, centennial and decadal) fluctuations across Tl and Tl are
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inadequately constrained, and mechanisms are largely undefined. Indeed,
monsoonal responses to stade-interstade fluctuations during deglacial periods
are spatially and temporally heterogeneous, likely resulting from the complex
drivers of the EAM and the transient and/or spatially restricted teleconnections
operating across the region. For example, there is conflicting evidence for the
presence of “Younger Dryas”-type cold reversals (which are typified by North
Atlantic climate records) during both transitions (Yoshida and Takeuti, 2009;
Hayashi et al., 2010; Shen et al., 2010; Duan et al., 2019; Xue et al., 2019).
Current evidence suggests that these North Atlantic-style inversions only occur
in EAM records from regions and/or time periods where there was a
teleconnection to propagate this signal between the North Atlantic and the EAM
region (Yoshida and Takeuti, 2009; Gallagher et al., 2018; Nakagawa et al.,
2021).

The uncertainty associated with deglacial EAM behaviours from during Tl and TII
is largely due to the lack of long, high resolution, well-dated palaeo-EAM
records. As is often the case with palaeoclimate records, there are considerably
more records from recent intervals, such as the Holocene, where archive
materials are better preserved. Records which span the full transition from
glacial to interglacial conditions are relatively rare (Liepe et al., 2015).
Furthermore, producing well-constrained age models for many archives is
difficult, due to the availability of chronometers (e.g., plant macrofossils for
radiocarbon dating, carbonates for uranium-thorium dating, quartz/feldspar for
optically stimulated luminescence dating) and the limitations of dating
techniques; this is particularly relevant to Tll, which is beyond the limit of
radiocarbon dating. It is for these reasons that there is a substantial bias towards
speleothem records in the EAM region. These are undoubtedly useful; however,
they only provide a single EAM proxy (6'80), with 6'3C interpreted as a proxy for
temperature, and 3'%0 is widely interpreted as a proxy for EASM strength, which
results in the other mode, the EAWM, remaining poorly researched. Moreover, it
is worth noting that there is conflicting evidence for the drivers of speleothem
0'80, which adds additional uncertainty to our comprehension of EAM dynamics.
The limited spatial coverage of speleothem records means that peripheral areas
of the EAM region, which are arguably more sensitive to externally-forced

change, are critically understudied (Liepe et al., 2015).
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1.3.3 East Asian Monsoon Reconstructions from Japan

The unique location of Japan within the EAM region results in a rare expression
of EAM precipitation as the monsoon front progresses over the country during
both summer and winter (Gallagher et al., 2018). The Japanese archipelago is
located between two large water bodies; the Sea of Japan to the northwest and
the Pacific Ocean to the southeast, and as a result the wind trajectories of both
EAM modes pass over a moisture source, become water saturated, and liberate
precipitation over Japan (Hayashi et al., 2010). As a result, a semi-annual
(winter and summer) precipitation pattern is typical of central Japan,
particularly for areas on the Sea of Japan coast, where the balance of EASM and
EAWM influences is more equal (Yoshida and Takeuti, 2009; Shen et al., 2010;
Sone et al., 2013). More specifically, it is the interaction of cold EAWM winds
with warm surface waters from the Tsushima Current in the Sea of Japan which
results in heavy snowfall in Japan between December and February, and the
interaction of EASM winds with warm surface waters between the Western
Pacific Warm Pool and the Pacific coast of Japan which causes heavy rainfall to
propagate northwards across the country across June and July (Schmidt et al.,
2019). Precipitation is generally reduced in the intervening seasons (spring and
autumn) aside from short-term intense rainfall associated with cyclonic typhoon
events between August and October (Schlolaut et al., 2014). It is this unique
hydrological distribution which makes studying past EAM evolution in Japan
valuable for our comprehension of both EASM and EAWM modes in isolation,

because both are detectable in their own right.

Despite this capacity for valuable EAM reconstructions from Japan, there are
significantly fewer available than for the continental EAM region. Indeed, a large
proportion of records from the Japanese Islands are derived from either
pollen-based reconstructions of climate (Yoshida and Takeuti, 2009; Hayashi et
al., 2010; Liepe et al., 2015; Nakagawa et al., 2021) or reconstructions of lake
productivity via biological proxies (Ishiwatari et al., 2009; Urabe et al., 2014).
Whilst stalagmite reconstructions of EAM behaviour across Tl in Japan exist (Sone
et al., 2015; Mori et al., 2018; Amekawa et al., 2021), they are in the minority
and seldom extend across a full glacial termination. The reconstruction of
temperature from pollen data via a modern analogue technique is well
established for Japan (Nakagawa et al., 2002; Nakagawa et al., 2021), but the
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reconstruction of precipitation is associated with much greater uncertainty,
making it harder to accurately obtain an indication of EAM behaviour (Schlolaut
et al., 2017). EAM reconstructions based on measures of lake productivity are
also inherently flawed, because they commonly make assumptions that lake
changes are related to large scale climatic processes, rather than
local/catchment behaviours. Furthermore, they assume that this behaviour can
be ascribed to a single season, which, given the expression of the EASM and
EAWM precipitation in Japan, is highly unlikely. It is for these reasons that
efforts to synthesise records of EAM intensity often also omit Japan and the
Korean Peninsula, despite the region’s potential to offer a wealth of information
relating to large scale reorganisation of the monsoon system and its influences
(e.g., Wang et al., 2010).

1.3.4 Thesis Aims

This thesis is motivated by significant uncertainty surrounding the behaviour of
the EASM and EAWM during periods of warming and the response of EAM strength
to rising temperatures. This manifests as spatially and temporally heterogeneous
EAM behaviours across glacial terminations as reconstructed by palaeoclimate
records, particularly in terms of a monsoonal response to stade-interstade
fluctuations. Understanding deglacial monsoon dynamics is critical, given the
significant impact of the EAM on East Asia and the vulnerability of this region to
extreme weather events related to changes to EAM behaviour in light of
anthropogenic climate change. Additionally, the positioning of the EAM and close
relationship with other regional climate systems means that an improved
comprehension of the dynamics and drivers of the EAM with rising temperatures
can contribute to a better understanding of the global climate system as a
whole. In many ways, tackling the complexity of the EAM system and its
relationship to processes across the globe is crucial for progressing our
knowledge of climate behaviours worldwide. A means to achieving this is via a
more widespread network of palaeo-EAM records which can probe EAM evolution
across a breadth of conditions on long timescales. Of particular interest is EAM
behaviour across the last two glacial terminations (Tl and TIl) because they
typify accessible, contrasting examples of rapid global warming. However,
besides a small number of records (which are dominantly derived from Chinese

speleothems), the vast majority are lacking the temporal coverage, sampling
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resolution and high-quality chronological control required to effectively examine
deglacial monsoon dynamics across these intervals. An exciting, yet currently
untapped, prospect is the development of palaeo-EAM records from Japan,
which has a unique hydroclimate that is both dominated by EAM precipitation

but also exhibits tangible seasonal expressions of EASM and EAWM behaviour.

The overall aim of this thesis is to deconvolve East Asian Monsoon evolution in

Japan during the last two glacial terminations.
Subsidiary objectives are:

1. To contribute new records of palaeo-EAM behaviour to the growing
regional record network,

2. To consider the response of the EAM to warming temperatures,

3. To deconvolve the different behaviours of the two seasonal modes of the
EAM,

4. To determine the persistence of teleconnections and signal transfer into
the EAM region,

5. And to rationalise spatial heterogeneities in these behaviours across the

region.

This aim and these objectives are met by the construction of EAM records across
TI and TIl using materials from the Lake Suigetsu sediment cores, a
palaeoclimate archive of exceptional quality located in central Japan. The Lake
Suigetsu sediment cores are optimised for this research because they comprise
materials from both Tl and TIl in the same archive, are constrained by
high-quality chronological control, have significant potential for
seasonal-specific multiproxy analysis and preserve conditions within an area
which receives a balanced amount of contemporary EASM and EAWM

precipitation annually.

1.4 Lake Suigetsu, Japan

1.4.1 Setting

The Five Lakes of Mikata (35°35’ N, 135°53’E) are a collection of tectonic lakes

located near the towns of Wakasa and Mihama on the Sea of Japan coast of
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Fukui Prefecture, Honshu Island, Central Japan (Figure 1.3; Shigematsu et al.,
1961; Albert et al., 2019; Nakagawa et al., 2021). The lakes are located less
than 2 km from the active Mikata fault line, running north-south to the side of
the lakes, and have formed via the subsidence of the western side of the fault
through time (Schlolaut et al., 2018). The five-lake system consists of Lake
Suigetsu, Lake Mikata, Lake Suga, Lake Kugushi and Lake Hiruga. Lake Suigetsu
and Lake Suga are closely interconnected by a wide channel with a gentle slope,
making Lake Suga effectively a side-basin of Lake Suigetsu (Schlolaut et al.,
2014). In the early stages of the lake system, (prior to ~130,000 yr BP), the area
was fluvial-lacustrine, and as accommodation space was created by movement
of the Mikata fault, the lakes have developed into their current configuration.
Lake Suigetsu is surrounded by steep Palaeozoic hillsides for much of its
perimeter and has a relatively small direct catchment area (8.3 km?) relative to
its surface area (4.2 km?) (Suzuki et al., 2016; Albert et al., 2019). As a result of
anthropogenic activity (discussed further below), the lakes are situated at

modern day sea level (McLean et al., 2019).

The main source of freshwater to the lakes is via the Hasu River (-10 km length)
to the south (Schlolaut et al., 2014; McLean et al., 2018). In the past, the Hasu
River entered Lake Suigetsu via low ground to the east of Lake Suga, but at
39,200 cal BP this channel was shifted in a westerly direction (possibly by
tectonic activity) and from this point onwards, freshwater has flowed into Lake
Suigetsu via Lake Mikata (Schlolaut et al., 2014). A shallow (< 4 m) sill between
the two lakes (the Seto Channel) prevents coarse detrital material from Lake
Mikata entering Lake Suigetsu and only fine allochthonous and authigenic
material is found in Lake Suigetsu post-39,200 cal BP (Shigematsu et al., 1961;
Nakagawa et al., 2012; Schlolaut et al., 2014).

Previously, Lake Suigetsu was persistently freshwater, with an outflow to Wakasa
Bay via the Kiyama River, aside from during the Eemian and mid-Holocene global
sea level highstands, when evidence from diatom assemblage counts supports
saline conditions (Nakagawa et al., 2021). Additionally, saline water incursion
into Lake Suigetsu has occurred annually since AD 1664, when the Urami Canal
was opened to connect Lake Suigetsu with Lake Kugushi (and thus Wakasa Bay).
This was devised to create an outlet for excess water following the AD 1662

Kanbun earthquake, when the bed of the Kiyama River was raised and the
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surrounding area flooded (Kawakami et al., 1996; Suzuki et al., 2016). As a
result, Lake Suigetsu has been meromictic since AD 1664; the upper mixolimnion
(to ~ 8 m depth) is oxic and brackish and the lower monimolimnion is anoxic and
saline. In the present day, the lakes have all been artificially connected to each
other and all show some degree of salinity (Table 1.1; Section 2.4.1); Lake
Mikata is connected to Lake Suga by the Horikiri Channel and Lake Suigetsu is
connected to Lake Hiruga by the subterranean Saga Tunnel. Lake Hiruga and
Lake Kugushi are then connected directly to Wakasa Bay by the Hiruga Waterway
and Hayase River, respectively (Staff, 2011).

1.4.2 Climate

The modern-day climate at the Five Lakes of Mikata is temperate and
monsoonal, being situated extra-tropically and beneath the seasonally migrating
EAM front (Nakagawa et al., 2006). This climate is typical of areas situated on
the Sea of Japan coast of Honshu Island. The region experiences four distinct
seasons each year (Figure 1.4; Japanese Meteorological Agency). During winter,
temperatures are low (January mean = 4.3 °C) and the area experiences large
quantities of precipitation in the form of both snowfall and rainfall, delivered to
the catchment by the EAWM (winter mean = 233 mm per month). Spring is the
driest season of the year, commonly associated with mild temperatures (April
mean = 12.6 °C). During the summer months, temperatures are high (July mean
= 25.6 °C) and there are significant amounts of rainfall, predominately supplied
by the propagation of the Baiu (EASM) front across Japan during July (July mean
= 184 mm per month). Autumn is mild once again (October mean = 17.6 °C), and
often associated with large quantities of rainfall brought by typhoons, which can
pass over the region between August and early October (typhoon season mean =
185 mm per month) (Schlolaut et al., 2014). The dominance of EAWM and EASM
precipitation in the region annually suggests that the location of Lake Suigetsu is
optimised for reconstructing the behaviour of both seasonal modes of the EAM
(Nakagawa et al., 2006; Nakagawa et al., 2012). This quality is enhanced by the
relative seasonal balance between summer and winter precipitation, which is
improved by the location of the lake on the Sea of Japan coast, which
experiences a more direct influence of EAWM precipitation relative to other

parts of Japan (Nakagawa et al., 2006; Sone et al., 2013).



Chapter 1

Five Lakes of

Mikata
® Tokyo

Kyoto

Q i Tsuruga

Five Lakes of
Mikata

B

f Lake Biwa .| Palaeo-Hasu /
Kyoto, / PSR~ T River —~

:
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Honshu Island (Basemap is World Imagery from Esri (2023c) with a Compact Miller projection (scale 1.7,851,046)). Panel B shows the location of the lakes relative to

Kyoto and Lake Biwa (Basemap is World Imagery from Esri (2023d) with a Compact Miller projection (scale 1:439,079)). Panel C is an aerial photo taken from the
southeast (provided by T. Nakagawa) and shows the setting of the lakes, key features of the surrounding area, channels and tunnels connecting the lakes to one

another, and the location of the palaeo Hasu and Kiyama rivers.
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Table 1.1 Physical characteristics of the modern Five Lakes of Mikata. Data from Shigematsu
et al. (1961). Freshwater is defined as having a salinity of <0.5 g kg™, brackish water as having a
salinity of 0.5 to 10 g kg™, and saline water as having a salinity of >10 g kg™.

Maximum Depth
Lake Area (km?) Salinity
(m)
Mikata 3.61 5.8 Fresh to brackish
Suigetsu 4.20 34.0 Meromictic - brackish/saline
Suga 0.82 12.5 Meromictic - brackish/saline
Kugushi 1.45 2.5 Saline
Hiruga 4.16 38.5 Saline
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Figure 1.4 Climate at the Five Lakes of Mikata. Monthly average temperature (line graph) and
precipitation data (bar chart) from the Japanese Meteorological Association Mihama weather
station. Observation interval: January 1990 to February 2022.

1.4.3 Coring Campaigns

Research relating to Lake Suigetsu has been driven partially by the unique
characteristics of Lake Suigetsu in the modern day as a meromictic lake with

distinctive chemical profiles (e.g., Matsuyama, 1974; Masuzawa and Kitano,
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1982b; Kondo et al., 2014) but principally by the rare characteristics of the
sediment underlying the lake itself. Initial deep coring of Lake Suigetsu in 1993
(producing the “SG93” core) revealed the presence of annual laminations
(varves) persisting across large sections of sediment depth, caused by pale and
dark layers relating to mineral-rich and diatom-rich materials, respectively
(Figure 1.5; Kitagawa and Van der Plicht, 1998). This was the first example of
varved sediments in Japan and has subsequently inspired over 30 years of
Suigetsu-related research across different facets of Quaternary Science.
Motivated by this discovery, subsequent deep coring campaigns (Figure 1.6) took
place in 2006 (“SG06” core), 2012 (“SG12” core) and 2014 (“SG14” core). Each
of these cores consists of overlapping sections (usually between 1-2 m in length)
from four parallel boreholes situated ~20 m apart; a “master core” for each was
constructed by aligning these overlapping sections via distinctive marker layers
(Figure 1.7; Albert et al., 2019). This approach was taken to avoid interruptions
in the sedimentation due to material lost during the coring process (between
successive core sections; Staff et al., 2010). The most recent (2014) campaign
extracted sediments extending as far as the basal gravel layer beneath Lake
Suigetsu (McLean et al., 2018).

Figure 1.5 Core image showing presence of annual laminations (varves). Image shows
excellent sediment structure preservation and continuous varving within the SG06 core. Sediments
are from core section A(N)17 (~41,000 yr BP) (provided by T. Nakagawa).

The result of these coring campaigns is a palaeoclimate archive of exceptional
quality which spans the history of sedimentation at Lake Suigetsu (i.e., from the
present day to in excess of 150,000 yr BP (MIS 6)) (Nakagawa et al., 2012;
McLean et al., 2018). The preserved sequence, covering >98 m of composite
sediment depth, encapsulates two glacial and two full interglacial periods of

continuous sedimentation, i.e., there are no stratigraphic gaps (Nakagawa et al.,
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2021). Within this temporal coverage, the Suigetsu cores contain continuous,
countable varves between ~50,000 and ~10,000 yr BP, providing the longest
continuously varved record from the Quaternary, and discontinuous varves
between ~71,000 and ~50,000 yr BP (Schlolaut et al., 2012; Nakagawa et al.,
2012; Schlolaut et al., 2018). The presence of these varves strongly supports
excellent preservation of material from Lake Suigetsu by means of bottom-water
anoxia (which prevents bioturbation of sediment), the interception of
high-energy hydrological processes by Lake Mikata (Nakagawa et al., 2021), and
physical protection by the deep water column and the steep-sided hills that
surround the lake (Staff, 2011). A full description of the sedimentary structure
of the cores from a microscopic (individual varve; Figure 1.8) to facies level is
provided by Schlolaut et al. (2012) and Schlolaut et al. (2018).

Figure 1.6 Photograph of the coring rig during the SG12 campaign. Image shows the
hydro—pressure piston sampler mounted on a floating coring rig (provided by T. Nakagawa).
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Figure 1.7 Core photographs of the SG06 archive. Overlapping core sections showing 73.4 m of
continuous sedimentation (i.e., no stratigraphic gaps). Provided by T. Nakagawa and adapted from
Nakagawa et al. (2012).
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Figure 1.8 The idealised varve structure. Seasonal layers expressed in a singular annual layer
(varve) within the Suigetsu sediment cores. Adapted from Schlolaut et al. (2012).
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1.4.4 Chronological Control

The current age model for the Suigetsu sediment cores employs Bayesian
age-depth modelling using the OxCal software package (Bronk Ramsey, 2009;
Bronk Ramsey and Lee, 2013). The age model was constructed using a variety of
chronological techniques for different sections of the cores; radiocarbon dating
of plant macrofossils, varve counting, use of tephra tie points, and “climatic
wiggle matching”. This current iteration was produced based on the SG06 core,
because this was the material utilised for the most recent varve count and was a
significant focus for radiocarbon dating. However, the chronology can be
transferred between cores due to robust sedimentological description of all core
sections and alignment of each master core using distinctive marker horizons
(McLean et al., 2018). The excellent preservation of material in Lake Suigetsu
aids this correlation because there are extremely limited differences between
the four deep cores and hence, they are almost identical replicates of each
other. Between the base of the core and 50,300 yr BP, age control is given by
wiggle matching of the relative abundance of Cryptomeria pollen grains in SG06
to the same quantity in Pacific Ocean core MD01-2421, offshore Japan (Oba et
al., 2006; Franke et al., in prep). A singular absolute tie point provided by Ar-Ar
dating of the Aso-4 volcanic eruption at 86,400 yr BP was incorporated into this
wiggle matching process (Albert et al., 2019). MD01-2421 was previously aligned
to the Pacific regional benthic stack (Lisiecki and Stern, 2016), which facilitates

alignment of the Suigetsu cores to other palaeoclimate archives.

Between 50,300 yr BP and 13,900 yr BP, age control is provided by radiocarbon
dating and varve counting. First, a preliminary age scale was generated by
combining uncalibrated radiocarbon dates (Bronk Ramsey et al., 2020) with a
varve chronology constructed via thin section microscopic varve counts
(Schlolaut et al., 2012; Schlolaut et al., 2018) and interpolation of sections of
poor lamination quality (Schlolaut, 2018). The radiocarbon dates consist of those
directly determined from the SGO6 cores (Staff et al., 2011; Bronk Ramsey et
al., 2012) and those determined from the SG93 cores and subsequently updated
onto the SGO6 depth scale (Kitagawa and Van Der Plicht, 2000; Staff et al.,
2013). This preliminary age scale was then modelled onto the Hulu Cave
radiocarbon dataset to reduce the cumulative varve count uncertainty by taking

advantage of the shared structure between the Suigetsu and Hulu datasets
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(Bronk Ramsey et al., 2020). The resulting age scale forms the Lake Suigetsu
contribution to the IntCal20 radiocarbon calibration curve (Heaton et al., 2020;
Reimer et al., 2020). IntCal20 modelling subsequently generated IntCal20 ages
for each Suigetsu radiocarbon date. Hence, ages for this interval of the Suigetsu

cores are given on the IntCal20 timescale (i.e., IntCal20 yr BP, or cal BP).

Between 13,900 yr BP and the top of the cores, age control is provided by
radiocarbon dating, varve counting and dated event layers. An age model was
generated by combining uncalibrated radiocarbon dates with four tie points: the
Iz-Kt tephra originating from the AD 838 eruption of Kozushima (McLean et al.,
2018), the KGP tephra from the ~BC 1200 eruption Kawagodaira (McLean et al.,
2018), the B-Tm tephra from the “Millennium Eruption” of Changbaishan
(McLean et al., 2016) and the connection of Lake Suigetsu with the Sea of Japan
in AD 1664 (Saito-Kato et al., 2013). For the varved sections of this interval,
varve counting was used as the depth unit in the OxCal model, and for
non-varved sections, “event-free” depth was used as the depth unit. Event-free
depth was defined as composite depth with all instantaneous events greater
than 5 mm removed (Schlolaut et al., 2014; Staff et al., in prep). This
construction was then modelled onto the portion of the IntCal20 radiocarbon
calibration curve covered by tree ring datasets to generate an age model on the
IntCal20 timescale (Staff et al., in prep). The older (>13,900 yr BP) and younger
(<13,900 yr BP) radiocarbon-based age models were modelled with equivalent
rigidity (linearity) and tied at the depth corresponding to 13,900 yr BP to avoid
inconsistencies (Staff et al., in prep). Across the interval 50,300 to 0 yr BP, over
800 radiocarbon dates contribute to the Suigetsu sediment core age model. This
high dating density, combined with the contribution of the Suigetsu sediment
cores to the IntCal13 and IntCal20 calibration curves (as the only solely
atmospheric record beyond the limit of tree rings; Reimer et al., 2014; Reimer
et al., 2020), is why the Suigetsu chronology is widely thought of as world

leading.

Previous iterations of the age model utilised uXRF (ITRAX) core scanning for
varve counting (Marshall et al., 2012), however these results no longer
contribute due to varve counting errors across periods of low sedimentation rate
(e.g., the last glacial maximum) (Schlolaut et al., 2018). Current research is

investigating radiocarbon dating of pollen grains from the cores to provide an
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even higher density of radiocarbon ages within the 50,300 to 0 yr BP interval
(Yamada et al., 2021). High resolution tephra analysis has been conducted for
the core, including geochemical identification of numerous eruptions (e.g.,
Smith et al., 2013; McLean et al., 2016; McLean et al., 2018; Albert et al.,
2019), but aside from the ones noted above, these do not contribute to the age
model because they do not reduce uncertainty in the radiocarbon dataset. The
Suigetsu age model has, however, been utilised to date eruptions from across
the region preserved within the cores, e.g., the eruptive history of Aso, Sambe,
Changbaishan and Ulleungdo volcanoes (Albert et al., 2018; McLean et al., 2019;
McLean et al., 2020).

1.4.5 Palaeoenvironmental Investigation

The composition of the Lake Suigetsu sediment cores makes it ideal for
multiproxy analysis, and the potential of the cores for reconstructing past
environmental change (both locally to the catchment and regionally to East Asia)
has been previously identified (Nakagawa et al., 2012). Of particular note is the
extensive high-resolution palynological investigation which has been conducted
on the Suigetsu cores (e.g., Nakagawa et al., 2003; Yasuda et al., 2004;
Nakagawa et al., 2006; Nakagawa et al., 2021). Much of this has focussed on
applying a modern analogue technique (Nakagawa et al., 2002) to raw pollen
counts to reconstruct both annually-averaged and seasonally-weighted
temperature and precipitation, with particular focus on the transition from
glacial to interglacial transitions across Tl (Nakagawa et al., 2021). It was found
that temperatures at Lake Suigetsu exhibited a similar structure to records from
the North Atlantic during this interval, including a “late glacial interstade”
(“Balling-Allerad”-type event) and “late glacial stade” (“Younger Dryas”-type
event) superimposed on an overall increase in temperature between the Last
Glacial Maximum (LGM) and the Holocene (Nakagawa et al., 2021). Whilst the
onset of the late glacial stade and the Holocene were synchronous between
Japan and the North Atlantic, the transition into the late glacial interstade in
Japan occurred ~200 years earlier than the Boalling-Allerad in the North Atlantic,
attributed to a sudden northwards movement of the westerly jet occurring
asynchronously with AMOC behaviours (Nakagawa et al., 2021). This
determination of temperature structure established by pollen species change at

Lake Suigetsu was also utilised by Walker et al. (2009) in defining the Holocene
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onset, and the site was designated as an auxiliary Global Boundary Stratotype
Section and Point (GSSP). Precipitation reconstructions based on the pollen
dataset, alongside diatom assemblage counts and the aforementioned pXRF
elemental composition dataset, were also used to demonstrate a bi-partite
structure to the late glacial stade at Lake Suigetsu, with cooling and increasingly
wet conditions in the first half, followed by cold and wet conditions in the
second (Schlolaut et al., 2017). Extension of the high-resolution pollen climate

reconstruction for Lake Suigetsu continues to be a priority.

On a more local scale, analysis has been focussed on changes to lake
productivity and geochemistry across climatic transitions, including
reconstructions of total organic carbon (Pearson et al., 2014), chlorin-specific
carbon and nitrogen isotopes (Tyler et al., 2010) and diatom assemblage counts
(Kossler et al., 2011). The location of Lake Suigetsu within a region affected by
typhoons and adjacent to the Sea of Japan and the Mikata fault line also ideally
positions the archive for reconstructions of earthquake, flood and tsunami
behaviours (Kawakami et al., 1996; Saito-Kato et al., 2013; Schlolaut et al.,
2014; Suzuki et al., 2016). More recently, research (including this thesis) has
begun to focus on the potential of the Lake Suigetsu sediment cores for
reconstruction of EAM behaviour, in light of its location within the climate
regime and motivated by the uncertainty associated with precipitation
reconstructions generated from the pollen dataset. These studies are utilising
isotope-based reconstructions from authigenic sedimentary organic compounds,
minerals and fossils to reconstruct EAM evolution. This includes diatoms, pollen
grains, alkyl lipids, cellulose, and siderite. Isotope-based reconstructions are of
particular interest because they have the potential to provide robust links to

hydrological change on a regional scale.

1.5 Thesis Structure

This thesis realises the aim and objectives of this work through four

interconnected research papers which either have undergone, or are intended
for, publication in peer-reviewed journals (presented in Chapters 2-5; Figure
1.9). These research papers are supplemented by a summary and discussion of

future work (Chapter 6) and the thesis conclusions (Chapter 7).
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Figure 1.9 Summary of the structure of this thesis.

1.5.1 The Contemporary Stable Isotope Hydrology of Lake
Suigetsu and Surrounding Catchment (Japan) and its
Implications for Sediment Derived Palaeoclimate Records
(Chapter 2)

Chapter 2 presents the results of contemporary monitoring of the stable isotope
composition (6'80, 6?H and d-excess) of precipitation, river and lake waters
within the Five Lakes of Mikata catchment, with a view to evaluating the factors
affecting these quantities. This research paper examines signal transfer through
the catchment to resolve the influence of precipitation isotope composition on
the composition of Lake Suigetsu relative to local effects, and thus determine
how isotope signals relating to regional-scale hydrological (i.e., climatic) change
are propagated to the isotope composition of sedimentary organic compounds,
minerals and fossils. The findings of this chapter facilitate the interpretation of
isotope-based proxy reconstructions of past climate from the Lake Suigetsu
sediment cores within the context of changes to the EAM. As a result, the

outcomes of this research critically underpin Chapter 3 and Chapter 4. This
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research paper has been published in Quaternary Science Advances (Rex et al.,
2024).

1.5.2 Insights into Deglacial East Asian Monsoon Seasonality and
Inter—-Regional Teleconnections from Lake Suigetsu, Japan
(Chapter 3)

Chapter 3 uses materials from the Lake Suigetsu sediment cores to reconstruct
the seasonal behaviours of the EAM across the last glacial termination (Tl) using
two isotope proxy systems: bulk oxygen isotope ratio analysis of diatom silica
(6"804iatom) @and compound-specific hydrogen isotope ratio analysis of n-alkanoic
acids (0%Haciq). EAWM and EASM evolution are examined separately, facilitated by
the distinctive seasonality of each proxy. The behaviours of these proxies
describe how EAM behaviour relates to increasing global temperatures and how
the EAWM and EASM were affected by stade-interstade fluctuations in both the
Northern and Southern Hemisphere. These reconstructions also offer the
opportunity to study the remote climatic teleconnections acting on each
seasonal EAM mode during this interval. These results are supported by
observations in Chapter 2 and contribute to the comparison between deglacial
monsoon behaviours during Terminations | and Il presented in Chapter 4. This

research paper has been submitted for publication in Nature Communications.

1.5.3 Novel Observations of East Asian Summer Monsoon
Evolution During Glacial Termination Il from Lake Suigetsu,
Japan (Chapter 4)

Chapter 4 reconstructs EASM behaviours across the penultimate glacial
termination (TIl) using compound-specific hydrogen isotope ratio analysis of
n-alkanoic acids (0?Haciq) from the Suigetsu cores. Additional analyses (of
n-alkanoic acid and n-alkane concentrations) are used to characterise
environmental change at Lake Suigetsu and pinpoint shifts in catchment
evolution across this hitherto poorly constrained interval of lake development.
The behaviour of 3%H,q is compared to other EASM records from across the
region to examine the spatial heterogeneities of this system across Termination
Il. These results are also contrasted with equivalent measures (3*Haciq and
pollen-derived temperature) from Chapter 3 in order to analyse EASM behaviours

across Termination | and Termination Il in the context of their distinctive
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climatic conditions. Like the results of Chapter 3, the results of this chapter are
also strengthened by the findings of Chapter 2. This research paper has been

submitted for publication in Quaternary Science Reviews.

1.5.4 Controls on Luminescence Signals in Lake Sediment Cores:
a Study from Lake Suigetsu, Japan (Chapter 5)

Chapter 5 examines the luminescence characteristics of four intervals within the
Lake Suigetsu sediment cores across the past 140,000 years to investigate the
use of luminescence techniques for detecting environmental change. The
selected intervals encompass a range of environmental contexts and are all
significant on either a local or global scale. Rapid down-core profiling
techniques (portable optically stimulated luminescence and laboratory profiling)
are used to determine the versatility of such methods for examining
environmental change using sediment cores. A secondary aim of this chapter is
to assess the potential of the Lake Suigetsu sediments for age determination
using Optically Stimulated Luminescence dating. Dating is not performed as part
of this thesis, but these results will support future dating efforts and the
extension of the existing high-resolution chronology past ~50,000 yr BP, which
has particular relevance for EAM reconstructions from Termination Il (e.g.,
Chapter 4). This research paper has been published in Quaternary Geochronology
(Rex et al., 2022).

1.5.5 Summary and Future Work (Chapter 6)

Chapter 6 provides a summary of the findings of Chapters 2 - 5, examines the
results in the context of the aim and objectives of the thesis, evaluates the
relevance and impact of the conclusions, and presents suggestions for further

research.

1.5.6 Conclusions (Chapter 7)

Chapter 7 provides the conclusions of this thesis.
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1.6 Introduction to Principal Thesis Techniques

1.6.1 Stable Isotopes

Stable isotopes are forms of an element with different numbers of neutrons and
thus atomic masses. Unlike radioisotopes, stable isotopes do not undergo decay,
making them useful for a variety of applications, including tracing the origin,
history and interactions of substances (Tiwari et al., 2015; IAEA, 2023). Both
hydrogen and oxygen stable isotopes are widely utilised for the investigation and
reconstruction of meteorological processes because these are the elements
which comprise water (H;0). In a single water molecule, it is possible to have
different combinations (known as isotopologues) of the naturally occurring
hydrogen and oxygen stable isotopes: 'H (hydrogen), 2H (deuterium), 0
(oxygen-16), 70 (oxygen-17) and "0 (oxygen-18) (Yoshimura, 2015). 'H and 0
are the most abundant, with 'H accounting for 99.99 % of all hydrogen atoms and
160 accounting for 99.76 % of all oxygen atoms (Rosman and Taylor, 1998).
Absolute measurements of single isotope concentrations within a sample are
difficult; hence, isotope compositions are most commonly expressed as a ratio of
the rarer to the more abundant isotope in each pair (e.g., 2H/'H) (Tiwari et al.,
2015). This ratio is reported relative to a standard of known composition
(specific to the type of material being measured) in delta (6) notation with units
of per mille (per mil, parts per thousand, %.) (Yoshimura, 2015). This allows for
comparisons between datasets. For hydrogen and oxygen isotope compositions,
the most common international reference materials (standards) are Vienna
Standard Mean Ocean Water (VSMOW; for water samples) and Vienna Pee Dee
Belemnite (VPDB; for carbonates). Others, such as Standard Light Antarctic

Precipitation (SLAP), are sometimes used (Brand et al., 2014).

Using a isotope ratio mass spectrometer (IRMS), the stable hydrogen isotope

composition, &%H, of a sample can be calculated by employing Equation 1.1.

1
201 /0 H sample
8*H (%o) = 2H—-1 x1000
T
\< H>standard /

Equation 1.1
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Due to the relatively low abundance of 70, the 80/'%0 ratio is the most
commonly measured of the oxygen isotope ratios (Delaygue, 2009). Similarly to
0%H, the stable oxygen isotope composition, 6'80, of a sample can be calculated

using Equation 1.2.

16
0 sample

8'°0 (%) = | e
(%0) (”_o)

16
0 standard

-1 [x 1000

Equation 1.2

Stable isotope compositions are most useful in their ability to indicate processes
which show mass-dependent fractionation, or the preferential inclusion or
exclusion of one isotope or isotopologue over another due to differences in
atomic mass (Dansgaard, 1964; Sauer et al., 2001). Fractionation can occur as a
result of equilibrium exchange reactions, which redistribute isotopes with equal
rates of forward and reverse transfers, and kinetic exchange reactions, where
the rates of each transfer are unequal (Tiwari et al., 2015). Equilibrium
fractionation occurs when the substitution of a heavier isotope for a lighter
isotope is favourable (Chacko et al., 2001), for example during the condensation
of water vapour in rain clouds, whereby the heavier water isotopes (80 and ?H)
become enriched in the liquid phase whilst the lighter isotopes (®0 and 'H)
remain in the gas phase (Bowen et al., 2019). Some precipitation reactions can
also occur in isotopic equilibrium at low temperatures (Tiwari et al., 2015). In
addition to equilibrium fractionation, many processes can be affected by kinetic
fractionation (Kendall and Caldwell, 1998). Kinetic fractionation occurs when
the rate of a chemical or physical process is different for different isotopes
(Tiwari et al., 2015). The evaporation of liquid water to form water vapour is
associated with kinetic fractionation when the humidity is less than 100 %;
during this process, the lighter isotopes become enriched in the gas phase and
the heavier isotopes remain in the liquid phase, enhancing the degree of
fractionation which would be expected under equilibrium conditions (Kendall
and Caldwell, 1998; Bowen et al., 2019). Biological processes are also often

associated with kinetic fractionation (Kendall and Caldwell, 1998).
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If the isotope composition of a sample of water derived from precipitation is
controlled by equilibrium fractionation processes alone, a clear relationship
between 3%H and 60 is observed. This is defined by the Global Meteoric Water
Line (GMWL) (Craig, 1961) which refers to the global average relationship of
these isotope ratios in precipitation (Equation 1.3; Voelker et al., 2014). The
exact composition of a sample along this line can be controlled by factors such
as temperature, latitude and continentality; seasonality is often a notable
feature (Jouzel, 2003). Due to the GMWL representing a global average of the
02H-0"80 relationship, it is possible to see different meteoric water lines (with
different relationships between 62H and §'80) for different regions (Putman et
al., 2019). A meteoric water line calculated for a given area is known as a Local
Meteoric Water Line (LWML) and can have a different slope and/or intercept to
the GMWL, normally resulting from a difference in temperature and isotope
composition range, or kinetic effects (Putman et al., 2019; Lécuyer et al.,

2021). LMWLs are typically calculated using linear regression analysis.

5%H = (8 x 8'20) + 10
Equation 1.3

If a kinetic fractionation process occurs, such as evaporation, compositions will
no longer conform to the GMWL relationship. It is for this reason that areas with
a dominant evaporation control (a kinetic process) will be associated with water
isotope compositions which lie away from the GMWL (Voelker et al., 2014). Due
to the heavier masses of its isotopes, kinetic fractionation has a greater effect
on the oxygen isotope composition of water than the hydrogen isotope
composition (Bershaw, 2018). Hence, greater enrichment of 2H relative to 80
often results from kinetic fractionation processes. This is known as the
“deuterium excess” (“d-excess”, expressed in per mille (%.); Dansgaard, 1964)
and represents the offset between the isotope composition of a water sample
and the GMWL. D-excess is considered a secondary stable isotope parameter

because it is derived from 3?H and 6'80 (Equation 1.4; Bershaw, 2018).

d-excess (%o) = &%H - (8 x 6180)
Equation 1.4
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1.6.2 Water Isotope Analysis

Isotope analysis of water samples from a range of sources (including, but not
limited to, precipitation, river water, lake water and groundwater) within a
catchment can provide critical local and regional hydrological information
(Wassenaar et al., 2011). This technique is relatively straightforward: samples
are obtained and sealed to prevent further fractionation with the air, before the
ratio of heavy (80 and 2H) to light (®0O and 'H) oxygen and hydrogen is measured
using an isotope ratio mass spectrometer (IRMS) and compared to a standard to
yield the stable oxygen (6'80) and hydrogen (62H) isotope composition (Lacey
and Jones, 2018). Secondary isotope parameters, such as deuterium excess
(d-excess), can then be derived from these measurements (Machavaram and
Krishnamurthy, 1995). The complexity of this method is more notable in the
interpretation of the resulting dataset, which can be reflective of a range of
processes which are unique to the specific study location. For example, the
isotope composition of environmental waters can be influenced by both regional
climatic processes (such as water source, fractionation along the air mass
trajectory and seasonality) and local hydrologic processes (such as evaporation,
mixing, and human influences), each of which must be considered during
interpretation (Darling, 2004). However, when signals can be identified, this can
provide indispensable information regarding how a catchment operates (Benson
and White, 1994; Russell and Johnson, 2006; Gibson et al., 2016). By considering
any differences between contemporary and past catchment configurations and
processes, these findings can provide essential evidence to support the
interpretation of palaeo-isotope reconstructions of climatic and environmental

change (e.g., Lacey and Jones, 2018).

1.6.3 Diatom Isotope Analysis

Diatoms are microscopic single-celled photosynthetic algae with a shell (also
known as a frustule) composed of amorphous biogenic silica (SiO; - nH;0). In
lakes, they grow rapidly (and authigenically) during bloom season(s) each year
(Leng and Barker, 2006). They are abundant across a range of lake types (even in
low pH waters when carbonate preservation is poor) limited by nutrients, but
also other factors including light, temperature and internal competition for

resources, and the interactions between all of these (Leng and Barker, 2006;
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Smith et al., 2016). It has been estimated that there are over 30,000 species of
diatoms globally (Mann and Vanormelingen, 2013), each with a unique, intricate
frustule morphology. Different diatom species are adapted to different
environmental conditions (e.g., salinity, pH and depth) which designates their
classification (Fu et al., 2022). After each diatom bloom, typically between 5
and 20 % of frustules settle out and are preserved in lake sediments (Leng and
Barker, 2006), facilitating their use in studies of the past. Not only do species
adaptions allow for the reconstruction of environmental conditions based on
relative abundances (e.g., Saito-Kato et al., 2013), but isotope analysis of the
frustules can be an important tool in understanding palaeoenvironmental and
palaeoclimatic change (e.g., Dean et al. 2018; Cartier et al., 2019). Elemental
isotope compositions, including 63%Sigiatom, 0'*Ciatom and 0"°Ngiatom, are all used to
varying degrees for the reconstruction of nutrient availability and productivity,
but the most common analysis performed on diatom frustules is the
determination of the oxygen isotope composition (6'80giatom), Which reflects a
combination of lake water temperature and composition during the bloom
season (van Hardenbroek et al., 2018) and hence has the strongest links to past

climatic change.

In order to determine 6'®0giatom, Samples of near-pure diatom material must first
be prepared using a multi-step process of chemical treatment, density
separations and filtering (e.g., Morley et al., 2004; Swann and Snelling, 2023). If
close to 100 % purification cannot be achieved, then a mass-balance approach
must be taken to correct 3'®0giatom, because the measurement process liberates
all oxygen from the sample (including that of contaminants; Brewer et al.,
2008). Samples are commonly checked for contamination using a combination of
light microscopy, scanning electron microscopy, x-ray fluorescence and
Fourier-transform infrared spectroscopy. Measurement is usually performed
using step-wise fluorination, which removes the outer hydrous layer of each
frustule with a stoichiometric deficiency of bromine pentafluoride (BrFs) before
liberation of the remaining structural diatom oxygen with the same reagent,
conversion to CO, using graphite, measurement of the ratio of 80 to 'O using an
IRMS and then comparison to standard materials to yield 3'8Qgiatom (SWann et al.,
2007; Leng and Sloane, 2008). The interpretation of 3'80giatom records relies on a

good understanding of lake seasonality (in order to derive the bloom season(s),
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and hence any seasonal weighting of the preserved signals) and can be aided by
complementary temperature and/or precipitation reconstructions to deconvolve
the major drivers (Leng and Barker, 2006). Often, 3'®Qgiatom more closely reflects
changes to lake and precipitation composition rather than temperature (van
Hardenbroek et al., 2018), and there is little to no evidence for disequilibrium
effects beyond analytical error (Swann et al., 2007; van Hardenbroek et al.,
2018). 0'80giatom analysis has been employed in a growing number of studies for
the reconstruction of hydroclimatic change (e.g., Rozanski et al., 2010; Mackay

et al., 2011; Dean et al., 2018; Mesiter et al., in review).

1.6.4 Alkyl Lipid Concentration and Isotope Analysis

Lipids are a broad group of organic compounds which, in the environment, are
often derived from a specific source or process and hence are routinely used as
“biomarkers” (Sauer et al., 2001; Sachse et al., 2012). Alkyl lipids are the key
hydrophobic components of organic tissue and include n-alkanes, n-alcohols,
saturated and unsaturated n-alkanoic acids, hydroxy n-alkanoic acids and
alkenones (Holtvoeth et al., 2019). A common feature of all of these compound
classes are extended alkyl chains. Typically, long chain compounds (containing
26 or more carbon atoms) are a key component of terrestrial plant leaf waxes
and short chain compounds (containing 21 or fewer carbon atoms) are derived
from aquatic algae, whilst mid-length chain compounds come from submerged
macrophytes (Castafeda and Schouten, 2011; Holtvoeth et al., 2019), however
the exact source of each homologue can vary on a site-by-site basis. N-alkanes
and n-alkanoic acids are generally well preserved in lake sediments; aquatic
lipids are preserved following migration through the water column after
authigenic formation, and terrestrial lipids are delivered to the lake via wind or
water erosion (Castaneda and Schouten, 2011). Lipid preservation, like with all
organic matter, is enhanced in lakes with either permanent or seasonal bottom
water anoxia (Castaneda and Schouten, 2011). Analysis of the lipid concentration
variations (and indices derived from these, such as the Terrestrial to Aquatic
Ratio (TAR), Carbon Preference Index (CPI) and Average Chain Length (ACL))
down-core can provide information on productivity, preservation and
environmental changes occurring within a lake catchment (Section 4.6.3 and
equations therein, Aichner et al., 2018; Zhang et al., 2020). Additionally, an

emerging technique is the determination of the hydrogen isotope composition of
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specific n-alkane and n-alkanoic acid homologues (i.e., “compound-specific
hydrogen isotope analysis”; 3%H) for palaeoclimate reconstructions (Holtvoeth et

al., 2019). This variable has close links to climatic change.

In order to measure the d2H value of a specific alkyl lipid, the total lipid extract
(TLE) is initially isolated from the bulk sediment using an accelerated solvent
extractor. Each compound class must then be isolated via column
chromatography, which exploits the differential adsorption of each type of lipid
to a stationary phase in order to separate the mixture into fractions (Plancq et
al., 2018). Subsequent columns can then be utilized to perform further
clean-ups on each fraction. N-alkanoic acids are methylated (to form fatty acid
methyl esters; FAMEs) prior to the cleanup column so they can be analysed in
this form (Tierney et al., 2022). A gas chromatography - mass spectrometer
(GC-MS) is used to identify the compounds present in each fraction, and a gas
chromatography - flame ionisation detector (GC-FID) is used to quantify the
concentration of each compound (Plancq et al., 2018; Garcia-Alix et al., 2021).
A gas chromatography - isotope ratio mass spectrometer (GC-IRMS) connected
via a furnace (also known as GC-py-IRMS or GC-TC-IRMS) is used to separate
each homologue of the compound class of interest and measure its *H value
(Chivall et al., 2012; Tierney et al., 2022). Interpretation of reconstructions
based on 62H is not always straightforward; the composition of alkyl lipids is
highly correlated with the water that the source plant or algae uses during
growth, however there are other factors which can disrupt this relationship,
including water and air temperature and vegetative change (Sachse et al., 2012;
Holtvoeth et al., 2019). Employing complementary proxies, such as pollen
analysis, can assist in deconvolving these influences (Holtvoeth et al., 2019).
However, both terrestrial- and algal-derived lipids are heavily weighted towards
the summer growth season, making signal seasonality less complex than other
proxies (Sachse et al., 2012). In particular, hydrogen isotope analysis of
n-alkanoic acids (0?Haciq) is increasingly being utilized for hydroclimatic

reconstructions (e.g., Aichner et al., 2015; Tierney et al., 2022).

1.6.5 Luminescence Dating and Profiling

Luminescence dating is a chronological technique which can be used to

determine the burial age of some of Earth’s most common naturally occurring
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minerals (Smedley, 2018). This method is key for Quaternary geochronologists,
being one of a suite of dating tools which can be employed to produce archive
age control (Lian and Roberts, 2006). The technique works following the
fundamental principle that upon excitation by ionising radiation (from
radioactive minerals, or cosmogenic rays), electrons become trapped in defects
in the crystal lattice of a mineral, where they accumulate over time (Wintle,
2008). These electrons can be released (bleached) by stimulation with light,
heat or pressure (or a combination of these processes; Smedley, 2018).
Bleaching events effectively “reset” the mineral by emptying the electron traps,
so it is possible to determine how much time has elapsed since the last natural
bleaching event (i.e., the burial age) by bleaching artificially in the laboratory
(Lian and Roberts, 2006; Smedley, 2018). When electrons are released from their
traps, they return to a recombination centre, which results in the emission of a
photon (with equivalent energy to the difference between the energy of the
recombination centre and the trap); i.e., this process causes the mineral to
luminesce (Wintle and Adamiec, 2017). This phenomenon is commonly observed
in a variety of materials, but luminescence dating principally focusses on quartz
and some feldspars (Duller, 2008) because these have stable traps and
quantifiable signals. If this process is triggered by light exposure, it is known as
Optically Stimulated Luminescence (OSL), and if it is triggered by heat exposure,
it is known as Thermoluminescence (TL). A special case of OSL which stimulates
the sample with infrared light is known as Infrared Stimulated Luminescence
(IRSL) (Lian and Roberts, 2006). Burial age can be determined from a sample of
purified minerals by comparing the measured luminescence signal (i.e., photon
count) to the signals emitted following known quantities of radiation to produce
an equivalent dose (D, in grays; Wintle, 2008; Wintle and Adamiec, 2017). This
is then divided by a measure of in-situ environmental alpha, beta, gamma and
cosmogenic radiation (collectively known as the dose rate, Dg, in grays per year)
to yield an age (Duller, 2008; Wintle and Adamiec, 2017). This process is
time-intensive and samples can take on the order of weeks to be fully prepared

and measured.

The larger uncertainties sometimes associated with luminescence dating means
that other chronological techniques are preferable in some settings, however the

abundance of quartz and feldspar globally (Lian and Roberts, 2006), as well as
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the potential of the technique to provide accurate measurements of age across
the full Quaternary period (0 to 2 million years; Smedley, 2018), makes it a
powerful tool, especially in the absence of alternative methods. The application
of luminescence dating to beaches and dunes is well established (e.g., Fuchs et
al., 2012; Bateman et al., 2020), and recent work has been pushing the frontiers
of the technique in order to apply it to more complex settings, including lakes
and glacial sediments (Fuchs and Owen, 2008; Gao et al., 2017; Cong et al.,
2021). Careful consideration of bleaching histories, sediment re-working and
variable palaeo-water contents is required for application of luminescence
dating to these environments. In addition to expanding the facility of
luminescence dating for providing absolute age control, there has been
increasing utilization of luminescence profiling techniques across a range of
settings (e.g., Stone et al., 2019; Munyikwa et al., 2021). Profiling techniques
employ bulk sediments, or those which have undergone limited preparation, and
measure the luminescence signals from that material to identify changes in the
local environment and accumulation rate, sometimes by linking absolutely dated
tie points (e.g., Kinnaird et al., 2011; Bateman et al., 2015). Common profiling
methods are portable OSL (POSL), which measures the luminescence signal via a
simple photon count (Sanderson and Murphy, 2010), and laboratory profiling,
which calibrates the raw photon counts to those following known doses to
provide estimated D, (ED) values (Burbidge et al., 2007).
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2.1 Abstract

The Lake Suigetsu sediment cores exemplify a high-quality archive of
palaeoclimatic change in East Asia during the past 150 ka. Robust interpretation
of stable isotope-based proxy reconstructions from the Suigetsu cores can be
aided by a greater understanding of the factors affecting the isotope
composition of the lake and how it relates to that of precipitation. Here we use
extended contemporary monitoring to establish the factors affecting the stable
isotope composition (6'80, 62H and d-excess) of precipitation, river water and
lake water in the catchment surrounding Lake Suigetsu, central Japan. We show
that the composition of precipitation is influenced by the dual East Asian
Monsoon system, producing minima in 6'®0 and &?H and semi-annually varying
d-excess values across the year. These signals are then transferred to the lake
system, where they are combined with secondary local influences on lake water
composition: homogenisation with existing catchment waters, a catchment
transit lag, the interaction with saline water from the nearby Sea of Japan, and
evaporative enrichment during summer. Our observations suggest that the
palaeo-isotope composition of Lake Suigetsu was closely related to the
behaviour of the East Asian Monsoon. We highlight lake stratification and proxy

seasonality as critical components of signal interpretation.

2.2 Keywords

Stable Isotopes; Precipitation Isotopes; Lake Water Isotopes; East Asian Monsoon;

Sediment Cores

2.3 Introduction

The Five Lakes of Mikata are a collection of tectonic lakes located in Fukui
Prefecture, central Japan, and comprise Lake Mikata, Lake Suigetsu, Lake Suga,
Lake Kugushi and Lake Hiruga (Figure 2.1). To-date, much of the Quaternary
research undertaken on the lakes has focussed on Lake Suigetsu, the central lake
of the system, by virtue of its unique underlying sedimentary sequence. This
sequence is exceptionally well-preserved by a deep water column (34 m) and
surrounding hills, which hinder wind turbation; bottom water anoxia, which

prevents bioturbation; and a shallow connection (the Seto Channel) between
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Lake Suigetsu and Lake Mikata (upstream of Lake Suigetsu, Figure 2.1C), which
prevents disturbances by high energy events (Nakagawa et al., 2021). A series of
previous deep coring campaigns have extracted sediment from Lake Suigetsu to
generate a high-quality archive of environmental change (“the Lake Suigetsu
sediment cores”) spanning >98 m from the present day to in excess of 150 ka BP
(Nakagawa et al., 2012). A distinctive characteristic of the Suigetsu cores is that
they contain annual laminations (varves) between ~50 and 10 ka BP, comprising
the longest continuously varved record from the Quaternary (Schlolaut et al.,
2012). The youngest sediments (up to 50.3 ka BP) have been dated to high
precision using radiocarbon dating of >800 macrofossils (Staff et al., 2011; Bronk
Ramsey et al., 2012; Bronk Ramsey et al., 2020), varve counting using optical
microscopy (Schlolaut et al., 2012; Schlolaut et al., 2018), and analysis of
volcanic tephra deposits with independent ages (e.g., Smith et al., 2011; McLean
et al., 2016). Between 50.3 ka BP and 13.9 ka BP, Lake Suigetsu contributes the
only non-reservoir corrected dataset within the international consensus

radiocarbon calibration curve, “IntCal”.

It is this excellent archive preservation and world-leading chronological control
which makes multiproxy palaeoenvironmental analyses of the Suigetsu cores an
exciting prospect. Indeed, the location of Lake Suigetsu at a lower latitude than
other global benchmark records (e.g., the Greenland and Antarctic Ice Cores)
makes this archive an avenue for establishing a more holistic global perspective
on past climatic change. Additionally, the Japanese archipelago is situated
within the East Asian Monsoon (EAM) regime, a critical, yet complex, component
of the global climate system for which palaeoclimate reconstructions offer a
means to greater understanding. Not only is Japan situated directly beneath the
seasonally migrating EAM front, making it sensitive to changes in the EAM system
(Jun-Mei et al., 2013; Nakagawa et al., 2012; Gallagher et al., 2018), but unlike
continental areas, Japan experiences EAM precipitation semi-annually (twice a
year), because both the winter (EAWM) and summer (EASM) prevailing monsoon
winds pass over large bodies of water before reaching the Japanese Islands.
Therefore, both seasonal modes have tangible hydrological influence over
precipitation in Japan, and reconstructions from here have the unique potential
to determine the behaviours of both the EAWM and the EASM. In light of this, the

Suigetsu cores continue to be the subject of an ever-growing collection of
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investigations into climatic change over the last glacial-interglacial cycle (e.g.,
Schlolaut et al., 2017; Nakagawa et al., 2021), including contributing to the
definition of the Holocene onset as an auxiliary stratotype (Walker et al., 2009).
An ongoing avenue of research is the development of palaeoclimate
reconstructions derived from oxygen and hydrogen isotope compositions of
pollen grains, biogenic silica and siderite (all of which are abundant components
of the cores), because these offer a means to infer past hydrological change

(including links to EAM behaviour).

Robust interpretation of such sedimentary proxies is predicated on a strong
understanding of the controls acting on lake isotope composition (Oiake), Which,
in the absence of historical datasets, can be achieved by extended contemporary
monitoring. Of particular interest is the extent to which variability in the isotope
composition of precipitation (Oprecipitation, Which provides a link to regional-scale
hydrological change) is reflected in the isotope composition of river water (Oriver)
and O.ake and, in turn, lake sedimentary components; however, this depends
strongly on catchment and lake hydrology. Variability in groundwater, river, and
in rare cases, marine contributions to the lake water balance can act to dampen
and sometimes conceal the isotope composition of recent precipitation (e.g.,
Seal and Shanks, 1998; Lacey and Jones, 2018). In addition, evaporation of lake
waters can strongly modify 0,.«e cOmpared to inflowing water (Gonfiantini, 1986;
Russell and Johnson, 2006; Wassenaar et al., 2011). These concepts are
commonly used in modern hydrology (Gibson et al., 2016); for example, during
mass balance modelling to determine the surface versus groundwater
contribution to Lake Ohrid, south-eastern Europe (Lacey and Jones, 2018) or to
consider mass losses due to evaporation, such as for Lake Edward, East Africa
(Russell and Johnson, 2006). Monitoring for an extended period (on the order of
years) is required in order to fully understand the evolution of 0., particularly
in regions where the climate is so seasonal. This approach allows for both local
influences (such as changing inputs and evaporation) to be identified alongside

regional scale climatic shifts.
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Figure 2.1 Map of the Five Lakes of Mikata catchment. Yellow outlines show the extent of
subsequent panels in the sequence. Panel A shows the location of the region in relation to major
Japanese cities. Panel B shows the catchment area of each lake. Panel C shows the sampling
locations for this study, including precipitation sampling, river and lake sampling, and sampling of
the Lake Suigetsu water column, as well as the location of the weather station. Full details of
locations shown here are available in Table 2.1. Basemaps: custom World Dark Grey Base and
World Hillshade from Esri (2022a; 2022b) (scale 1:10,000,000 (A), 1:400,000 (B), 1:67,946 (C)).
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In this study we aimed to better understand the controls acting on the isotope
composition of water within Lake Suigetsu and its surrounding catchment, in
order to facilitate interpretation of isotope-based proxy reconstructions of past
climate from the Lake Suigetsu sediment cores. By monitoring Oprecipitations Oriver
and O.ke OVer a total observation period of two years and ten months across
2011-2012 and 2020-2022, we assessed the factors affecting the relationships
between these variables. Conceptualising d,.ke Of Lake Suigetsu is particularly
important because whilst the lake and catchment receive high volumes of
precipitation annually, there are other controls which could act to alter or
obscure this precipitation signal; namely, that expected evaporation rates are
high due to a warm summer climate, and in the present day there is some
interaction between the lake and the Sea of Japan. Consequently, resolving the
relative influence of Oprecipitation (@Nd the propagation of Oprecipitation Signals to Ojake)
is crucial to understanding the major controls over long term Jke Within the

context of regional scale hydrological (and thus climatic) change.

2.4 Study Site

2.4.1 Hydrology

The Five Lakes of Mikata are located adjacent to the towns of Wakasa and
Mihama in Fukui Prefecture, Honshu Island, central Japan. The lakes lie to the
west of the active Mikata fault line and were formed as the western side of the
fault subsided over time (Figure 2.1C; Nakagawa et al., 2012). Over the last
~400 years, the Five Lakes of Mikata catchment has been anthropogenically
influenced by the construction of channels and tunnels to connect the lakes. In
the present day, the lakes form a route between the freshwater Hasu River and
the saline Sea of Japan (Figure 2.1C). Lake Mikata, the southernmost lake, is fed
by the Hasu River to the south, has an area of ~3.61 km? and a maximum depth
of 5.8 m and has the largest discrete catchment area (~50 km?; Figure 2.1B).
Lake Mikata is connected to Lake Suigetsu via the shallow (~2 m deep) Seto
Channel, and to the adjacent Lake Suga via the artificial (<0.5 m deep) Horikiri
Channel. Lake Suigetsu, which has an area of ~4.2 km? and a maximum depth of
34.0 m, then feeds Lake Hiruga (via the subterranean Saga Tunnel, which was
sealed during the observation period) and Lake Kugushi (via the surficial Urami

Canal), which both flow directly into the Sea of Japan (Shigematsu et al., 1961;
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Figure 2.1C). In the past, prior to the construction of the Horikiri Channel, Saga
Tunnel and Urami Canal, Lake Kugushi was a coastal lagoon (part of Wakasa
Bay), and Lake Hiruga was not connected to the sea (except during flooding), so
four of the five lakes were freshwater (Shigematsu et al., 1961; Masuzawa and
Kitano, 1982a). At this time, the outflow from Lake Suigetsu was via Lake Suga
(effectively a side basin of Lake Suigetsu), which was connected to Lake Kugushi

via a channel (the Kiyama River) through low ground to the east of the lakes.

Principally, water flows in a south-to-north direction through the catchment,
driven by the large quantities of precipitation in the region. However, in the
present-day, seawater washes back into Lake Suga, Lake Suigetsu and Lake
Mikata during high tide in autumn (Kondo and Butani, 2007). As a result, all five
lakes now have some degree of marine-derived salinity and observations show
that salinity in the lakes increases during the autumnal high tide and then
decreases due to continued freshwater input via precipitation and surface runoff
during winter. Lake Hiruga and Lake Kugushi are saline, and Lake Mikata is fresh
to brackish (0-3 g kg™"). Lake Suigetsu and Lake Suga are both meromictic
(permanently stratified), with an upper mixolimnion (aerobic, brackish to saline
water; 2-8 g kg™') separated from a lower monimolimnion (anaerobic, saline
water; ~13 g kg') by a chemocline at ~8 m depth (Matsuyama, 1974; Kondo et
al., 2000; Kondo and Butani 2007). The mixolimnion exhibits a salinity gradient
between the surface (fresh) and the chemocline (saline) (Matsuyama, 1974;
Kondo et al., 2000). Mixing in the mixolimnion occurs once each year, during the
autumn, resulting in an increase in surface water salinity, a chemocline raised in
depth and a steepening of the salinity gradient (Kondo et al., 2000). The
chemocline then lowers in depth and a more gradual salinity gradient is
re-established during winter. The monimolimnion is a persistent
seawater-derived saline layer, confirmed by geochemical analysis (Shigematsu
et al., 1961), and has a limited freshwater influence (Matsuyama, 1973). This
layer is replenished annually at the autumnal high tide (Kondo and Butani,
2007). It is not known whether this autumn seawater incursion drives mixing in
the upper ~8 m of the water column, or if these two processes are merely
coincident, although the latter is suspected. No major long-term increases in
salinity have been observed in the monimolimnion in the past 70 years; salinity

remained approximately 12 to 16 g kg™'in the intervals 1951-1966 and 2008-10
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(Matsuyama, 1973, Kondo et al., 2014). Complete lake water vertical mixing

events are unusual but have been detected (in 1997; Kondo et al., 2000).

The residence time of Lake Suigetsu was calculated to be on the order of ~ 1
year, assuming a total annual precipitation of ~2.3 m (Japan Meteorological
Agency, 2022) across a ~60 km? catchment (~0.14 km?3 precipitation annually)
and then applying this to a simple single box model (surface area of ~4.3 km?
and ~34 m depth equating to a ~0.15 km? volume). However, when considering
the evidence for a stable monimolimnion in Lake Suigetsu with a very long
residence time (Shigematsu et al., 1961), a two-box model is more appropriate,
with water effectively flushing solely through the top ~8 m of the lake
(Matsuyama, 1973). In this case, the residence time of the mixolimnion is on the

order of ~3 months.

2.4.2 Climate

The climate of the Five Lakes of Mikata catchment is temperate with high levels
of precipitation. The temperature profile is typical of Japan, with low
temperatures in winter (reaching a minimum in January with a mean
temperature of 4.3 °C) and high in summer (reaching a maximum in August with
a mean temperature of 27.0 °C). The annual distribution of precipitation is more
unusual, because a large proportion of the total annual precipitation falls during
winter (Figure 2.2). This is unlike much of Japan, where summer is the wettest
season. The large quantities of precipitation received in winter are a result of
the catchment being located on the Sea of Japan coast, where it receives a
significant input of EAWM precipitation annually. This EAWM precipitation falls
as both rain and snow and is concentrated in December and January. Spring
(March to May) is the driest season of the year, which precedes a second rainy
period in early summer which accompanies the EASM. The EASM rainy season is
known as the Tsuyu or Baiu, which occurs at Lake Suigetsu around late June into
July, immediately prior to the period of maximum temperature. This is followed
by typhoon season from August to September, during which a series of
low-pressure systems pass over Japan from the Pacific Ocean to the south,
resulting in a third annual period of rain. Winter (EAWM) and summer (EASM)

precipitation are the most significant extended (persistent) freshwater inputs to
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the catchment; typhoon season precipitation comprises a series of intense

isolated precipitation events.
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Figure 2.2 Climate at the Five Lakes of Mikata. Monthly variations in mean daily temperature
(pink curve) and mean total monthly precipitation (bars) at Mihama, adjacent to Lake Kugushi
(35°36'00"N 135°55'00"E). Data from the Japan Meteorological Agency, 15t January 1990 to 28™
February 2022.

2.5 Materials and Methods

2.5.1 Sampling Methods

Samples of lake and river waters (n = 463) were taken from the Hasu River, Lake
Mikata and Lake Suigetsu (Figure 2.1C) on a weekly basis between 15t March 2011
and 3" January 2012 (by H. Kojima and T. Tanabe), and again between 15t July
2020 and 29t July 2022 (by K. Nagaya). Water was collected by submerging a
collection vessel in the top ~50 cm of water before subsampling using a vial
leaving no or minimal head space. Precise sampling locations were altered
between the 2011/12 and 2020/22 sampling intervals, and during periods of
inaccessibility (e.g., due to bridge repairs, snowfall, lake freezing and flooding;
Table 2.1). The slight changes in sampling location are unlikely to affect the
isotope composition recorded, being within the same water depth range and

situated away from lake inputs. If visible algae were present in the water, the
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samples were filtered using a 50 um polyethylene terephthalate (PET) mesh

filter. Surface water data from the 2011-2012 observation period do not have

the accompanying (precipitation and water column) data described below

because this was an extended pilot study focussed on the river and lake waters;

however, we have nevertheless included these 2011-2012 data in our analysis

because there are subtle differences in these data that contribute to a more

comprehensive view of isotope variations in the catchment.

Table 2.1 Sampling locations. Details of sampling locations noted in the text and on Figure 2.1,
with notes relating to when each location was used.

Sampling Location Coordinates Location Code Notes
Hasu River (2011-12) | 32 3307'N HASU11
135°54'03"E
. 35°34'18"N
Mikata (2011-12) 135°52'05"E MIKATA11
. 35°34'59"N SUIGETSU11
Suigetsu (2011-12) 135°52'08"E
0 qq1a" (Unless inaccessible - usually due
Mikata (2020-22) 35 033 ‘.)’3 N MIKATAZ0A to heavy rain and high lake
135°52'58"E
levels)
. 35°33'38"N MIKATA20B . . .
Mikata 2 (2020-22) 135°52'49"F (When Mikata was inaccessible)
. _ 35°3401"N (When Mikata and Mikata 2 were
Mikata 3 (2020-22) 135°52'10°E MIKATA20C inaccessible)
Hasu River Tana 35°32'40"N .
Bridge (2020-22) 135°5404°E HASUTANA20 (Unless blocked for renovations)
Hasu River Sako 35°32'10"N (When Hasu Tana Bridge was
Bridge (2020-22) 135°53'59"E HASUSAKO20 blocked for renovations)
Suigetsu Peninsula 35°3517°N (Until 18 Aug 2020 - moved due
(2020-22) 135°5234'f | ~J/GETSUPENZ0A to algal growth)
Suigetsu Peninsula | 35°3522'N | SUIGETSUPEN208 |  (BInce 26 Aug 2020, uless
(2020-22) 135°52'40"E cnow) y
Suigetsu Bay 35°3525"N SUIGETSUBAY20 (When Suigetsu Peninsula was
(2020-22) 135°52'02"E inaccessible)
Suigetsu Roadside 35°35'04"N SUIGETSUROAD20
(2020-22) 135°52'05E (Not used as of 05/01/22)
Suigetsu Column 35°35'05"N SUIGETSUCOL20 (approx. - better described as
(2020-22) 135°53'01"E the centre of the lake)
Netatmo Weather 35°3332°N WEATHER20
Station 135°53'48"E
Precipitation 35°33'43"N RAINFALL20
(2020-22) 135°53'25"E

Precipitation samples (n = 120) were captured between 13t July 2020 and 29t

July 2022 using a purpose built (3D printed) funnel and glass bottle holder

(designed by M. Ankor) in Wakasa (at the location indicated in Figure 2.1C).

Silicone oil was added to the collection bottle to prevent evaporation. Water

subsamples were taken from the bottle using a Teflon pipette (by K. Nagaya).
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Subsamples were taken on an event basis; every day during periods of frequent
precipitation, but less often during periods of reduced precipitation. The water
was allowed to overflow the sample vial in order to remove the floating silicone
oil. Fresh snowfall samples were collected from pristine areas of snow after
deposition and melted with silicone oil in a lidded container before being
transferred to the collection vial. An automated Netatmo weather station
(location also shown in Figure 2.1C) was deployed to provide temperature,
humidity, precipitation amount and wind data to accompany the isotope data.
Backwards air parcel trajectory analysis was performed for four precipitation
events (one representative of each season) using the NOAA Air Resources
Laboratory HYSPLIT model (Stein et al., 2015, Rolph et al., 2017). The selected
events ended on 27% December 2020, 16t September 2021, 2" May 2022 and 7t
July 2022, respectively. Back trajectories were generated for air parcels arriving
at the catchment every 12 hours at 1500 m.a.s.l. across a 72-hour window prior

to the end of each event.

Water column profiling was conducted ~quarterly on 22" December 2020, 8t
April 2021, 5% August 2021, 17t November 2021, 23" April 2022 and 215t July
2022 at the approximate centre of Lake Suigetsu (Figure 2.1C) (by K. Nagaya and
colleagues). Samples were taken every 2 m between the surface and 10 m
depth, every 5 m between 10 m and 30 m depth, and then every 2 m between 30
m and 34 m (n = 70). A sealable van Dorn water sampler was used to prevent
mixing of the sample with water at different depths during transit to the
surface. A Hydrolab DS5 water quality meter was also used to measure
temperature and salinity profiles on each sampling date; higher resolution
geochemical data were collected for the December 2020, April 2021, November
2021, April 2022 and July 2022 dates (by Y. Miyamoto). The low-resolution data
collected for the August 2021 date (using a TOA-DKK WQC-24 meter) are also

shown in Section 2.6.

2.5.2 Analytical Methods

Oxygen isotope (3'80) measurements were made using an Isoprime 100 mass
spectrometer with an Aquaprep dual-inlet system using the CO, equilibration
method (by C. Arrowsmith). Subsamples (totalling 200 ul) were placed in a

heated sample tray at 40 °C before the air was evacuated and each exetainer
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was flushed with CO,. The samples were then left to equilibrate for between 12
(first sample) and 37 (last sample) hours. Any remaining water vapour was then
removed on a sample-by-sample basis using a cryogenic water trap, before each
sample was expanded into the dual inlet isotope ratio mass spectrometer (IRMS)
for analysis. The samples were measured in alternate pulses alongside a
reference CO; gas, and the integrated values of the sample were compared to
the reference gas values to determine the '80/'¢0 ratio. Two internal laboratory
standards (CA-HI and CA-LO) were analysed in each run. The value of these
standards has been determined accurately by comparison with international
calibration and reference materials (VSMOW2, SLAP2 and GISP). This facilitated
the calculation of the '80/'%0 ratio of each sample versus VSMOW2, and
subsequent expression of the oxygen isotope ratio in delta (8) units (3'80) in

parts per mille (%.). The typical standard deviation is <0.05 %o.

Hydrogen isotope (3?H) measurements were made in duplicate using a
continuous flow, high temperature conversion elemental analyser - IRMS
(TC-EA-IRMS) (EuropyrOH-Isoprime) with liquid autosampler (by C. Arrowsmith).
Subsamples (0.5 pl) were injected into a heated septa-sealed port at 160 °C and
converted to water vapour. The vapourised sample was then flushed through a
chromium-packed reactor at 980 °C by the helium carrier gas, which reduced
the water to hydrogen gas. A reference hydrogen gas pulse was introduced to
the IRMS prior to the gas pulse from each sample. The sample peaks were then
integrated and corrected for the Hs* contribution before comparison to the
reference gas to yield the 2H/'H ratio. Each sample was measured five times. As
with the oxygen isotope measurements, the samples were then compared to
measurements of CA-HI and CA-LO to calculate the ?H/'H ratio of each sample
versus VSMOW2, and expression of the hydrogen isotope ratio in delta units as

for the oxygen isotopes. The typical standard deviation is <0.5 %o.

The aforementioned 380 and 62H measurements were then used to calculate
deuterium excess (d-excess; Equation 2.1), a second-order parameter which can
be considered as a measure of deviation from the Global Meteoric Water Line
(GMWL, which has a gradient of 8). This occurs when there is a greater amount
of 2H relative to "0, caused by diffusive fractionation during evaporation of

water molecules (Bershaw, 2018).
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d-excess = 6°H — (8 x 6180)
Equation 2.1

2.6 Results and Interpretation

2.6.1 Precipitation §'®0 and &°H

Values of 6'80 for the precipitation at Wakasa (July 2020 to July 2022) ranged
from -13.2 %o to -2.4 %o, with a mean value of -7.0 %, and standard deviation of
1.6 %o (Figure 2.3A). 6?H values ranged from -96.4 %o to 2.3 %0, with a mean of
-39.1 %o and standard deviation of 11.9 %.. Figure 2.3A shows only small seasonal
differences in §'80 and 6?H because there was considerable intra-seasonal
variability and overlap. Throughout the study period, 6'80 and &*H were
associated with rapid high amplitude fluctuations with time (Figure 2.4);
however, winter and summer minima were observed when the data were
considered on a monthly basis; likely due to greater quantities of precipitation
(Figure 2.2) during these seasons (discussed in Section 2.6.4). This trend was
clearest in the 6'80 values, but a summer minimum was also observed in the &2H
values (Figure 2.4); the winter minimum likely obscured by high d-excess values
(described in Section 542.6.2). Back trajectory analysis of four precipitation
events from across our sampling period indicates that air parcels arriving at the
catchment predominately originated over Continental Asia during the winter, in
the oceanic domain (Pacific Ocean, Philippine Sea and East China Sea) during

summer, and a mixture of the two during the spring and autumn (Figure 2.5).

These trajectories, which ultimately reflect the operation of the EAM as dual
EAWM and EASM modes, highlight the influence of the EAM on the climate of
Japan, and can explain the lack of distinctive seasonal precipitation 380 and
0%H trends at Wakasa. EAWM and EASM precipitation over Japan generally have
very similar compositions (Taniguchi et al., 2000; Uemura et al., 2012) in direct
contrast to Continental Asia, where EAWM and EASM precipitation exhibit
distinct compositions due to continental (3'80precipitation ~ =4 %o) Versus oceanic
sources (0'"80precipitation ~ =10 %0), and hence vary seasonally (Araguas-Araguas et
al., 1998). EAWM air masses originate in central Asia and Siberia and are

predominately cold and dry, and hence whilst distillation and moisture recycling
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earlier in the trajectory is possible, the isotope signal of EAWM precipitation
over Japan is dominated by the interaction of this air mass with the Sea of
Japan. The evaporation from the Sea of Japan in winter has a light isotope signal
(6'80 ~ -8 %o; Uemura et al., 2012) and the transport distance is short (on the
order of <1000 km), so this signal is retained in winter precipitation '80 and &%H
(i.e., little further depletion of the heavier isotopes occurs during transport).
Conversely, EASM air masses originate over the Pacific Ocean and track towards
the Japanese archipelago via the Philippine Sea and East China Sea (the
trajectory ultimately determined by the positioning of the Western Pacific
Subtropical High (Xu et al., 2020; Figure 2.5). Evaporation from this oceanic
domain has a range of isotope compositions (from 680 ~ —4 %o in the Western
Pacific Warm Pool to 6'80 ~ -8 %o in the East China Sea; Uemura et al., 2012);
however, the distance from the sources with a heavier isotope signal to Japan is
greater, such that overall depletion of the heavier isotopes during transport acts
to minimise differences between proximal and distal sources. As such, EASM &80
and 6%H is low, as with the EAWM.

A Wakasa Precipitation 2020-22 B Tokyo Precipitation 1960-79
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Spring 8.5 13.9 7.0 5.1

Summer 7.8 8.1 7.3 1.6

Autumn 8.1 18.5 7.1 8.5

Winter 8.2 32.2 7.2 12.7

Figure 2.3 Precipitation 880 and &°H at Wakasa and Tokyo. A comparison of isotopes in
precipitation at (A) Wakasa 2020—-22 (event basis, Sea of Japan Coast) and (B) Tokyo 1960-79
(monthly averages, Pacific Ocean Coast). Linear regression local meteoric water lines for each
season are shown and numerically described in the table. Black diagonal lines represent the Global
Meteoric Water Line (GMWL). The points plotted for the composition of Wakasa are scaled by
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quantity of precipitation (as calculated from the Wakasa weather station; WEATHERZ20 in Figure
2.1). Seasons are defined as: Spring (Mar—May), Summer (Jun-Aug), Autumn (Sep-Nov), Winter
(Dec-Feb). d-excess is higher for points above the GMWL. Samples were collected by K. Nagaya
and analysed by C. Arrowsmith.

Wakasa Precipitation
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§2H VSMOW?2 (%.) &80 VSMOW2 (%o)
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Figure 2.4 Variations in Sprecipitation With time. 880, 8?H and d-excess values from precipitation at
Wakasa from across the study period (colour lines). Black lines represent monthly averages of
each dataset. Samples were collected by K. Nagaya and analysed by C. Arrowsmith.
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This similarity in the isotope composition of precipitation from each end member
trajectory likely results in the limited seasonality that we observed at Wakasa.
The air parcel trajectories during spring and autumn exhibited mixed behaviour,
and we suggest that this lack of strong prevailing wind direction and a mixture of
vapour sources during these intermediate seasons produced precipitation with a
similar composition to the EAM months, although we suspect that the spring and
autumn values were slightly higher due to relatively reduced quantities of
precipitation during these seasons (discussed further in Section 2.6.4).
Intra-seasonal variability was likely due to subtle differences in the airmass

trajectories associated with each precipitation event.
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Figure 2.5 HYSPLIT back trajectory model results. HYSPLIT back trajectory model results for
four rainfall events across the 2020-22 rainfall study period. Events were selected to cover a range
of d—excess values which are typical of each of the four seasons. Dates and times indicate the end
of each sampling interval. Red stars indicate the position of the catchment; backtrack analysis was
performed to the exact position of the precipitation sampler (RAINFALL20 in Figure 2.1).
Surrounding seas and oceans are labelled as follows: SoJ = Sea of Japan, ECS = East China Sea,
PS = Philippine Sea, PO = Pacific Ocean.

Very low 0'80 and 62H values (in the 6'80 range of -13.2 %o to -11.0 %.) were

uncommon at Wakasa; however, a minor cluster of precipitation events was
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nevertheless associated with such values (Figure 2.3A). The majority of these
datapoints represent precipitation from August to October (Figure 2.4) and
include rains from Tropical Storm Dolphin (2020). Given the seasonality of such
events, a simple explanation could be that this precipitation was derived from
tropical storms (typhoons), which are associated with 6'80 values up to 6 %o
lower than other summer precipitation events, driven by strong fractionation
processes in heavy cyclonic precipitation (Lawrence and Gedzelman, 1996;
Fudeyasu et al., 2008; Li et al., 2010; Jackisch et al., 2022). However, it is
worth noting that precipitation from earlier months of the year also occasionally
exhibited these values, and other typhoon events did not. Instead, we posit that
these compositions were associated more generally with intense precipitation
events. Whilst they do not universally correspond to periods with large
quantities of precipitation, this does not preclude a relationship with intense
precipitation events because our analysis considered only the total amount of
precipitation which fell in the collection period, not the intensity. Not all
typhoon events result in intense precipitation at Wakasa due to its location, and
many typhoons are associated with high wind speeds alone; hence, some were

not associated with very low isotope values during the study period.

2.6.2 Precipitation d—excess

In contrast to the "0 and 3?H datasets, we observed very clear high-amplitude
seasonal patterns in precipitation d-excess, which exhibited an average value of
17.1 %0 and range of 35.6 %. across the entire dataset (Figure 2.3A). The values
for summer precipitation fell broadly along the GMWL, whereas winter
precipitation consistently expressed higher d-excess values, offset yet parallel
to the GMWL (Figure 2.3A). The autumn and spring d-excess values exhibited
intermediate values with some overlap with summer and winter, particularly so
for the autumn. Regression lines between 6'80 and 6?H applied to each season
had similar gradients (~8), with minor differences due to the relatively limited
amount of data across a narrow range. The difference in intercept between the
summer and winter regression lines was 24.1 %. (equating to a difference in

seasonally averaged d-excess of 23.5 %o).

Collective observations of d-excess at sites across Japan suggest that this

variable shows this distinct pattern regardless of location (Uemura et al., 2012;
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Hasegawa et al., 2014; Ichiyanagi and Tanoue, 2016). High values of d-excess in
winter precipitation and low values in summer precipitation can be attributed to
contrasting relative humidity values in the precipitation source regions, which
overprints the d-excess of the source water itself (Xia et al., 2018; Uemura et
al., 2012). Due to cooler sea surface temperatures (and thus low relative
humidity) over the Sea of Japan during the winter, we suggest that winter
(EAWM) precipitation exhibits higher d-excess values relative to summer (EASM)
precipitation, which originates from the oceanic domain during the summer
where relative humidity is high (Araguas-Araguas et al., 1998; Kurita et al.,
2015). Relative humidity can affect d-excess via multiple mechanisms, but in
the low latitudes the dominant control is the amount of raindrop
re-evaporation, and in the mid latitudes oceanic evaporation conditions show
greater significance (Xia et al., 2022). The gradual transition of influence
between these contrasting extremes suggests that there were no abrupt shifts or
interfaces between systems at play in this region during spring or autumn and
instead, hydrologically, Japan transitioned gradually between the influence of
the EAWM and EASM operational modes; supported by the back trajectory
analysis (Figure 2.5).

2.6.3 Quantity-Weighted Composition

The largest precipitation events during our study interval occurred during winter
and, to a lesser extent, during the late summer and early autumn (Figure 2.3A),
which is in line with the long-term climate data from nearby Mihama (Figure
2.2). The largest winter events exhibited higher d-excess values, whilst the
largest late summer/early autumn events showed low 6'80 and &%H values (as
discussed above). This has important implications for the introduction of
precipitation to the catchment; most notably, this indicates that the largest
contribution to the catchment on an annual basis is that of a mid-range isotope
composition (with high d-excess), with a secondary component having low §'80
and 62H values (with low d-excess). When weighted by precipitation amount,
the annual mean 6'80 was -7.4 %o, the annual mean 62H was -39.7 %. and the
annual mean d-excess was 19.8 %o, which lies between the winter and autumn
regression lines. A caveat to this is that the values used to calculate
precipitation amount for this analysis were measured by the Netatmo weather

station, which did not contain a heating element, so the quantity of
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precipitation may be underestimated for snowfall events and hence the
precipitation-weighted annual mean 680 and 3%H values may lie closer to the
winter average. Snowfall events are likely to be amongst the smallest winter
precipitation events in Figure 2.3A, however, the relatively tight grouping of
winter values suggests that the difference between snowfall and rainfall isotope

values was not particularly marked across the observation period.

2.6.4 Temperature and Amount Effects

Least-squares linear regression was performed using the precipitation 380 and
02H values to provide an indication of the influence of a “temperature effect” or
precipitation “amount effect”. The isotope data were compared to the average
temperature and the total precipitation amount (square root transformed)
during each collection period, as measured by the Netatmo weather station
(position indicated in Figure 2.1C). These analyses were conducted using
monthly average 0'80 and 62H values (to reduce the influence of noise) and then
repeated using datapoints from each season in isolation, and the full results are
presented in Table 2.2. All of the calculated R? values were low (0.00 - 0.34),
suggesting that neither temperature nor precipitation amount explained a large
proportion of variability in precipitation 3'80 or 62H. Our findings are in line with
other studies, which have suggested that local meteorological parameters are
not as prominent as source region and transport effects on precipitation isotopes
in Japan (e.g., Hasegawa et al., 2014; Ichiyanagi et al., 2016); however, others
have found that they can retain moderate influence on a local scale (Ichiyanagi
and Tanoue, 2016). Our R? values are similar to those presented by Ichiyanagi
and Tanoue (2016), who found that the 380 of precipitation in Fukui City, ~60
km from Lake Suigetsu, showed weak to no correlation with either temperature
(R%Z = 0.02) or precipitation amount (R = 0.14).

Analysing the data by season allows for changes in more dominant influences
(e.g., opposing precipitation sources) to be minimised, and thus any obscured
temperature and amount effects to be more easily identified. Indeed, this
method reveals a stronger relationship between precipitation amount and
isotope composition in spring, summer and autumn (but no relationship to
temperature during those seasons). This suggests that there was a small amount

effect acting on isotopes in precipitation at Wakasa, but no observable
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temperature effect on event-based timescales. Conversely, winter precipitation
isotopes were very weakly correlated with temperature (R%(6'30) = 0.18) and not
correlated with precipitation amount (R%(6'80) = 0.00). However, as previously
mentioned, the Netatmo weather station did not contain a heating element and
hence snowfall amount was underestimated. Hence, we posit that there may
have been a small amount effect influencing precipitation isotopes during
winter, in line with other seasons, but this was not accounted for by our
methods. This analysis suggests that the amount effect was a second-order
control on isotopes in precipitation at Wakasa but was obscured by seasonality.
Indeed, our dataset provides further qualitative evidence for such an amount
effect because we observed minima in precipitation 6'80 and §%H coinciding with
the periods of greatest precipitation amount (excluding the winter 6?H
minimum, observed by high d-excess values) and attributed very low 680 and
02H values to intense precipitation events. It might be expected that a clearer
relationship would be observed between precipitation 6'80 and 6?H and the
integrated amount of precipitation from across the entire transport pathway (as
proposed by Uemura et al. (2012)). A lack of any temperature effect was not
unexpected, because it has been posited that temperature effects merely
explain spatial, not temporal, differences in precipitation isotope composition

(Ichiyanagi et al., 2016).

Table 2.2 Results of the precipitation isotope regression analysis. Coefficients of
determination (R?) between 880 and 82H in precipitation, square root transformed total
precipitation during the collection period, and average temperature during the collection period.
Least-squares linear regression slopes and intercepts are also provided.

Total Precipitation (square root Average Temperature
transformed)
R? Slope Intercept R? Slope Intercept
6'%0 (all data) 0.18 -0.38 -4.94 0.01 0.03 -7.39
62H (all data) 0.06 -2.06 -25.45 0.09 -0.81 -25.73
680 (spring only) 0.18 -0.47 -3.91 0.07 -0.15 -4.32
&2H (spring only) 0.19 -4.31 -17.64 0.23 -2.37 -9.17
6'80 (summer only) 0.34 -0.45 -5.31 0.07 0.20 -12.71
62H (summer only) 0.26 -3.3 -37.55 0.12 2.18 -109.30
6'80 (autumn only) 0.30 -0.64 -3.44 0.06 0.12 -8.89
62H (autumn only) 0.20 -4.49 -12.54 0.00 -0.24 -30.32
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6'80 (winter only) 0.00 -0.04 -7.33 0.18 0.26 -8.97

3?H (winter only) 0.00 1.13 -35.72 0.04 1.13 35.72

2.6.5 Comparison to Tokyo

The isotope composition of precipitation at Wakasa and the nearest GNIP station
at Tokyo (350 km to the east) was very similar, albeit with some key disparities
(Figure 2.3B). The same seasonal patterns in d-excess were observed at both
locations, with the summer and winter values acting as end members, and
intermediate spring and autumn values. However, compared to Wakasa, the
seasonal difference at Tokyo was much less distinct, and the difference between
the summer and winter regression line intercept was only 11.1 %o (reflecting a
difference in seasonally averaged d-excess of 13.0 %o). This is most likely due to
a smaller relative influence of EAWM precipitation (which is associated with the
highest d-excess values); Wakasa is located on the Sea of Japan coast, where
there is a strong EAWM (and thus Sea of Japan) influence, and Tokyo is located
on the Pacific coast, where these influences are significantly weaker. Instead,
winter precipitation at Tokyo generally falls in short duration events that result
from recycled local water. The local meteoric water line gradients were also
shallower and more consistent at Tokyo across the seasons; however, this is
likely to be the result of a larger dataset from Tokyo which captured values over
a longer timescale. It is important to note that these datasets do not have the
same resolution or cover the same period (the Wakasa precipitation dataset is on
an event-basis over 2020-22, and the Tokyo precipitation dataset is monthly
from 1961-79); however, the same trends are observed when the Wakasa
precipitation data is considered at a monthly resolution, and also in comparison
to event-based data from Tokyo from 2013 (Figure 2.6; Ichiyanagi and Tanoue,
2016). The similarities between these data and the longer term monthly GNIP
data (Figure 2.3) show that the differences observed between precipitation
isotopes in Wakasa and Tokyo cannot be attributed to differences in climate
between 1960-79 and the present day. The data presented from 2013 are more
scattered than the Tokyo GNIP data (likely a result of a short sampling period)
but retain the same summer and winter end members which closely overlap due

to similar d-excess values (Figure 2.6). Furthermore, these data demonstrate



Chapter 2 59

that considering monthly averages, rather than shorter-term (event based)
values simply removes excess scatter from the dataset and does not eliminate
seasonal patterns. Hence, the comparisons made between the Wakasa

precipitation data and the Tokyo GNIP data are reasonable.
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Figure 2.6 Precipitation 80 and &?H at Tokyo, 2013. Isotopes in precipitation for Tokyo, 2013,
based on event-based sampling in Arakawa and Meguro districts, Tokyo Prefecture (Ichiyanagi
and Tanoue, 2016). Similarities between this dataset and the equivalent Tokyo dataset in Figure
2.3B demonstrate the robustness of comparison between the Tokyo GNIP dataset and the isotopes
in precipitation at Wakasa (this study).

2.6.6 Catchment Effects

The seasonal patterns in Hasu River yer and Lake Mikata and Lake Suigetsu
surface Ouke paralleled those of Oprecipitation, Showing that the precipitation signals
were transferred to the catchment, although there is evidence for some internal
modification (Figure 2.7). All three locations (the Hasu River, Lake Mikata and
Lake Suigetsu) exhibit a smaller range of 3'0 and &H values than precipitation,
and hence plot as a tighter grouping of points (range(6'80) = -9.5 to -4.5 %o,
16(0'80) = 1.0 %o for river and lake water (Figure 2.7A) versus -13.0 to -2.5 %o
and 2.3 %o respectively for precipitation (Figure 2.3A)), which indicates
homogenisation of precipitation inputs with existing catchment waters (likely
both surficial water and groundwater). Whilst the isotope composition of

groundwater was not quantified as part of this study, and hence remains an
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unknown input to the lake system, we posit that groundwater composition was
merely a slower average of precipitation composition; otherwise, lake water
0'80 and 3%H would be offset to that of precipitation. We also observed that
in-catchment homogenisation attenuated the effect of peripheral values and
thus there was a limited influence of isolated events (including the
aforementioned intense precipitation events with very low 3'80 and 6?H values)
on the lake system. Instead, prolonged precipitation modes were the more
dominant control. Despite annually averaged precipitation being strongly
weighted to winter, signals from all four seasons were detectable in the river

and lakes (discussed further in Section 2.6.7).
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Figure 2.7 Surface water 880 and &°H. The isotope composition of surface waters from the Hasu
River, Lake Mikata and Lake Suigetsu. Panel A shows differences in composition between parts of
the catchment, with colour corresponding to location. Subsequent panels show seasonal variations
in composition at (B) the Hasu River, (C) Lake Mikata and (D) Lake Suigetsu. In B-D, monthly
averages are shown as opaque symbols and labelled, whilst underlying data points are shown as
transparent symbols. Points in B-D are colour—-coded by season as in Figure 2.3. Samples were
collected by K. Nagaya and analysed by C. Arrowsmith.



Chapter 2

-10

880 VSMOW?2 (%o)

Hasu River

Lake Mikata

\
Elevated
values

Lake Suigetsu

Elevated
values

May |
Jun |
Jul

o a
S o
< 0

Jan |
Feb |
Mar |
Apr

Oct |

Nov |
Dec

5°H VSMOW?2 (%o)

-60

-50

2011
2020
2021
2022

d-excess (%o)

N
o

L]
(=}

-
(&)]
L

-
o
L

o

25

—

>
©
=

61

Figure 2.8 Variations in &iver and Sjake With time. 580, 82H and d-excess values from the Hasu River, Lake Mikata and Lake Suigetsu from across the study period

(colour lines). Black lines represent monthly averages of each dataset. Vertical scales are non—-equivalent to best represent the shape of the data for each location.

Samples were collected by K. Nagaya and analysed by C. Arrowsmith
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The evolution of 680 and 6%H as water moves through the catchment from the
Hasu River to Lake Mikata and then to Lake Suigetsu, also reveals some
interesting patterns (Figure 2.7A). The Hasu River exhibits a very tight grouping
(10(0'80) = 0.36 %o) of low isotope ratios (mean(6'80) = -7.98 %o.). Isotope values
then increased, parallel to the GMWL, as the water moved through to Lake
Mikata (mean(0'80) = -7.13 %0, 16(0'80) = 0.83 %0) and then to Lake Suigetsu
(mean(6'0) = -6.32 %o, 16(0'80) = 0.85 %o). This suggests some mixing with
seawater (which has higher 6'80 and 62H) in the lakes, with a greater departure
in values for Lake Suigetsu, which is the most saline of the three locations (2 to
14 g kg™'; discussed further in Section 2.6.9). Comparatively, the compositions of
Lake Mikata and Lake Suigetsu also covered a greater range than the Hasu River.
Prior to this study, it was assumed that the Hasu River was the primary input to
the lakes, however the differences in the range of their isotope compositions
suggests that there was an additional overland (responsive) flow component
feeding the lake system and that the river received a substantial groundwater
input, producing a more homogenised isotope signal (Figure 2.7B). Despite this,
the river still reflected the seasonality of precipitation composition, and whilst
monthly average composition values for the Hasu River exhibited smaller
variations than Lake Mikata and Lake Suigetsu, the signals from the river
maintained coincident timing with these parts of the catchment (Figure 2.8).
These observations suggest that the Hasu River had both direct and groundwater
influences on its isotope composition, but we cannot rule out the possibility that
weekly sampling of the river did not fully capture the most extreme isotope
values here, due to the rate of river flow relative to the sampling resolution and

the large catchment area.

2.6.7 River and Lake Water d—excess

Despite the signal homogenisation, seasonal variations in river and lake water
d-excess were very similar to precipitation d-excess, with clear differences
observed across the year (Figure 2.7B, Figure 2.7C and Figure 2.7D) which can be
interpreted in line with the precipitation signals. This offers the most convincing
evidence that Oprecipitation Signals are detectable in d..e. However, the difference
between lake water (Figure 2.8) and precipitation d-excess seasonality (Figure
2.4) highlights a major modification of the precipitation signals delivered to the

catchment. The seasonal extremes observed in the lakes fell during spring (high



Chapter 2 63

d-excess) and autumn (low d-excess; Figure 2.8), in contrast to the winter and
summer extremes observed in precipitation d-excess (Figure 2.4). This indicates
a lag of ~1-3 months between an input of precipitation and detection of this
signal in lake water composition, which we attribute to the average time taken
for the water to transit through the catchment. Incidentally, this interval is
equivalent to the residence time of the mixolimnion, providing support for our
estimation that that every three months the upper ~8m of the water column is
replaced with precipitation from three months previously, A comparison of Lake
Suigetsu d-excess to Wakasa precipitation d-excess suggests that the transit lag
was proportional to the amount of precipitation and was longer (two to three
months) for the drier summer months and shorter (one to two months) during
the wetter winter months. A shorter winter lag compared to summer contrasts
with what might be expected for a season associated with the accumulation of
snow in the catchment (which can persist on high ground for weeks at a time)
and the delayed release of snowmelt to the lakes. This appears to suggest that
either the snowmelt lag was negligible compared to catchment transit time,
possibly because only precipitation falling on the highest ground in the
catchment was delayed, or that there was still sufficient winter rainfall or
rapidly melting snow to cause a response in the lake and river water within one

to two months.

2.6.8 River and Lake Water %0 and 8%H

The river and lake water 6'80 and 6?H values were also very similar to
precipitation, exhibiting intra-seasonal variability with major overlap (Figure
2.7B, Figure 2.7C and Figure 2.7D). The Hasu River showed 6'80 minima in spring
and late summer, a 6’H minimum in late summer and slight downward inflection
in 62H during spring, which were reflected in both the raw datasets and in the
monthly averages (Figure 2.8). Lake Mikata and Lake Suigetsu showed greater
inter- and intra-annual differences than the Hasu River, but monthly averaged
data from these parts of the catchment also exhibited minima in '80 in the
spring and 02H in the late summer, as well as a downward inflection in 62H
during the spring (Figure 2.8). We relate these minima to winter (EAWM)
precipitation and summer (EASM) precipitation, as detailed above in relation to
precipitation §'0 and 62H; importantly, accounting for the aforementioned

transit lag. However, unlike precipitation 6'80, lake 6'80 lacked a minimum
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coinciding with summer (EASM) water entering the lake; instead, there were
elevated 080 values in the autumn in Lake Suigetsu (and to a lesser extent, Lake
Mikata). The autumnal 6'80 peak (based on monthly averages) in Lake Suigetsu
was approximately 3 %o greater than the 6'80 of summer precipitation. We
attribute this trend to a combination of lake water mixing and saline water
incursion, which brings saline water with high §'80 and 6?H values to the
surface, causing elevated lake isotope values in autumn (discussed in Section
2.6.9) and a small amount of summer evaporative enrichment. We might also
expect to see this trend in 62H, given our proposed mechanisms, however this
was not observed, likely as an artefact of a relatively small spring %H inflection

(due to high d-excess values).

Besides these elevated values of lake water 6'80 in summer and autumn, there is
very limited evidence for an evaporation effect on the composition of lake
water; a subset of summer values in each lake expressed a 6'80 versus 6%H
relationship with a reduced slope (similar to a local evaporation line), however
this was restricted to the data collected in 2011 and was not present in the
2020-2022 data (Figure 2.7C and Figure 2.7D). Additionally, the 6'80 versus 62H
slope for other seasons did not suggest evaporation effects. This highlights the
potential for inter-annual variability in the influence of evaporation on lake
water isotopes, but demonstrates that this effect was a secondary one and
affected summer 380 and 62H alone. We posit that the enhanced evaporation in
summer 2011 was due to lower relative humidity. Relative humidity data was not
available from the local Mihama weather station, but the nearest data from
Tsuruga, 14 km to the northeast shows that relative humidity in 2011 was on
average 5 % lower than summer 2021 (Japanese Meteorological Agency, 2023).
Whilst Tsuruga experiences subtly different weather conditions, it is reasonable

to compare these locations on seasonal timescales.

As well as this evaporation trend, 0. in 2011 showed some discrepancies
relative to the 2020-2022 interval (the data from which were broadly
consistent). The data from 2011 showed a distinctive trend (a minimum in 680
and 6%H in May, and an earlier increase in d-excess in the autumn). Because
these trends were not observed for the Hasu River, they can be attributed to
within-lake processes; however, there is no comparable precipitation isotope

data available for this period in order to further interrogate this interpretation.
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Data from the local Mihama weather station shows intense precipitation during
May 2011 (448 mm), which could have resulted in a significant direct input of
low 6'80 and 0%H water into Lake Mikata and Lake Suigetsu during this month;
however, with available data this remains speculative. Overall high precipitation
amounts in 2011, and hence a shorter residence time, might also explain the
earlier increase in lake d-excess in autumn 2011 compared to the 2020-2022

observation period.

2.6.9 Vertical Profiles of Lake Water Isotopes in Lake Suigetsu

The ~quarterly depth profiling of Lake Suigetsu shows seasonal variations in the
mixolimnion (above the chemocline), but compositions were consistent and
homogenous in the monimolimnion year-round (Figure 2.9). In the
monimolimnion, temperature and salinity were consistently at ~16 °C and ~14 g
kg™, respectively. Above the chemocline, the water temperature was highest in
the summer and lowest in the winter. A salinity minimum was observed during
the spring and maximum during the autumn, with summer and winter exhibiting
intermediate values. These observations are in agreement with the findings of
Kondo et al. (2000), which presented long term monitoring of changes in
temperature and salinity with depth at Lake Suigetsu. Throughout the sampling
period the monimolimnion waters had higher 3'80 and 62H values relative to the
mixolimnion and showed no variation with depth between ~-8 m and the lake
bottom at 34 m. The d-excess values in the monimolimnion were also invariant
and generally lower than the mixolimnion. In the mixolimnion, the 6'80, 6?H and
d-excess values showed smooth gradients between the chemocline and the
surface, which suggests that the shape of each depth profile was driven by the
difference between deepwater and surficial d.ke. The d-excess depth profiles in
Figure 2.9 matched the seasonal fluctuations discussed above, with the highest

values in spring and lowest values in autumn.

The 6'80, 6H and d-excess profiles did not show any correlation with
temperature and hence lake water temperature is unlikely to have been a
controlling factor. However, there was an increase in salinity, '®0 and &?H
through summer and autumn which suggests common drivers. We theorise that
this trend was a result of saline water incursion and mixolimnion mixing during

autumn (evidenced by Kondo et al., 2020). Summer evaporation could have
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enhanced this effect via the enrichment of heavier isotopes at the surface and
by increasing the relative concentration of dissolved ions. There is evidence for
a combination of these effects at play, because both the summer (August) and
winter (November) profiles exhibited raised surface 6'80 and 6?H values (Figure
2.9); however, the evidence for evaporation trends in the surface water samples
(discussed above) was limited to 2011, so we suggest that in most years
evaporation was less influential than mixing. These effects explain the absence
of a late summer 8'80 minimum in Lake Mikata and Lake Suigetsu (in contrast to
precipitation '0) and elevated autumn values (discussed above; Figure 2.8).
D-excess did not appear to change majorly in autumn; possibly due to the
overwhelming influence of seasonality, but most likely because the d-excess
values at the surface and in the saline deep water were similar during the
autumn. Hence, any amount of incursion or mixing would not result in a change

in d-excess at the surface.
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Figure 2.9 Variations in Suigetsu &ae With depth. d—excess, 820, &°H, temperature and salinity
profiles across the study interval. Data were collected (approximately quarterly) on 22" December
2020, 8™ April 2021, 5" August 2021, 17" November 2021, 23™ April 2022, and 215t July 2022.
Samples were collected by K. Nagaya and analysed by C. Arrowsmith. Temperature and salinity
data were provided by Y. Miyamoto.

The combined influence of saline water incursion, mixing and evaporation did
not persist through the entirety of the year; evidence from the surface water

isotopes indicates that evaporation was limited to the summer, and extended
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monitoring by Kondo et al. (2000) suggested that mixolimnion mixing was
temporally constrained to autumn. Our observations suggest that heavy winter
precipitation delivered to the catchment regenerated the freshwater
mixolimnion in Lake Suigetsu and effectively “reset” the effects described
above, producing the minima in '80 and &2H in the surface waters (Figure 2.8)
and reinstating the relationship between precipitation and lake 680 and &2H.
However, since the surface waters of Lake Suigetsu retain some salinity
year-round, the influence of saline water is never zero, merely diminished in
relation to the effect of precipitation inputs. We observed an increase in 680
and 02H of the surface waters from the freshwater Hasu River to the
fresh-brackish Lake Mikata and then to the brackish-saline Lake Suigetsu (Figure
2.7), which was likely due to increasing quantities of Sea of Japan-derived
waters (with higher isotope compositions). The composition of Lake Suigetsu
showed the greatest departure from the Hasu River composition during autumn,
but there was still ~1 %o difference in §'80 during spring between the locations
which can be attributed to this non-zero salinity. Lake Mikata existed between
the compositions of Lake Suigetsu and the Hasu River because it is a shallower
water body with no persistent saline deepwater but does experience a small
degree of saline water incursion during autumn (Kondo et al., unpublished data)

and possibly some evaporation.

2.7 Discussion

The key motivation of this study was to understand the major controls of Oriver
and d.ke Within the Five Lakes of Mikata catchment and hence direct future
interpretation of isotope-based palaeoclimate proxies from the Lake Suigetsu
sediment cores. Our results show that a dominant control of Lake Suigetsu Oake
(as well as Lake Mikata d.ke) Was the isotope composition of precipitation, and
whilst there were internal catchment processes (homogenisation, a transit lag,
seawater influences and evaporation) that affected the composition of river and
lakes, for the most part (excluding autumn) these did not obscure the Oprecipitation
signals, or prevent their detection in d,ke. INdeed, the predominant effect of the
signal homogenisation was to limit the effect of Oprecipitation dataset noise on Oiake.
In order to better understand the propagation of Oprecipitation Signals to Giake across
the span of the Suigetsu cores, it is important to consider the ways in which the

current lake configuration is non-analogous to the past.
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Our observations also indicate that evaporation effects were not particularly
influential during the study period (with the strongest evidence limited to a
single year) and were limited to the summer months. This would be expected to
be the case for much of the interval covered by the Suigetsu cores, given that,
aside from the Eemian, our monitoring period existed at the upper limit of
temperatures experienced at the Five Lakes of Mikata for the last 150 ka. Whilst
it is important to consider that evaporation is not singularly related to air
temperature, but rather a range of interconnected physical processes, Lake
Suigetsu receives large quantities of precipitation annually which limits the
impact of evaporation on J.ke (Vystavna et al., 2021). It follows that evaporation
is not likely to have been a major driver of . across the history of Lake
Suigetsu sedimentation, as long as the region was not significantly more arid in

the past, but should still be considered when interpreting proxies of summer

6lake-

Marine influences are also negligible from a palaeo-isotope perspective. In the
modern day, saline water incursions and mixing of surface lake water with low
0'80 and 6?H deepwater originating from the Sea of Japan had a demonstrable
effect on lake 6'80 and 6?H in the autumn months. However, the connection
between Lake Suigetsu and the Sea of Japan is anthropogenic and there were no
marine influences on the lakes for most of the late Pleistocene (exceptions being
at ~7 ka during a highstand in the Sea of Japan, and during the Eemian global
highstand) as corroborated by diatom assemblage counts of freshwater versus
brackish-tolerant species (Saito-Kato et al., in prep). Aside from these intervals,
we predict that d,.ke Was not affected by seawater, either via saline water
incursions or mixing. There is evidence for stratification in the past (deepwater
anoxia is supported by varve preservation, and surface water oxygenation is
supported by aquatic productivity); however, we would not expect to see the
same stark difference in isotope compositions above and below the
palaeo-chemocline as the present-day chemocline because the deepwater and
surficial waters would have had the same meteoric source. As a result, there
would be no influence of the Sea of Japan to Lake Suigetsu outside of these
periods and the elevated autumn 680 and 3%H values that partially obscure the
summer precipitation '®0 minima would not be observed. Hence, in the

intervals where Lake Suigetsu was a freshwater lake, we would expect Oprecipitation
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and O.ke to be more closely aligned, and no offset between the Hasu River, Lake

Mikata and Lake Suigetsu.

However, persistence of this stratification regime, evidenced by the
preservation of varves that required basal water anoxia, suggests that the
mechanistic elements of signal homogenisation (muting the seasonal
precipitation signal in the surface water and homogenising the deepwater) and
seasonal lags in the surface water were still active during this time, although
subject to some variability. As a result, on longer timescales, palaeoclimate
proxies that record deepwater conditions (e.g., isotopes of siderite (FeCO3),
abundant in Lake Suigetsu) would record an averaged Oprecipitation Signal, possibly
over a number of years (accounting for other fractionation processes involved in
signal capture by the proxy system). Conversely, palaeoclimate proxies that
record surface water conditions (e.g., diatoms and other algae) will record
seasonally lagged Oprecipitation; 1-€., spring-weighted proxies will capture winter
Oprecipitation, @and so forth. This relationship is of course subject to variations in the
lag time (which, if lengthened, could cause greater overlap of seasonal signals)
and differences in climate, which could alter the timing of delivery to the lakes.
During glacial intervals, pollen reconstructed temperature for the coldest month
is consistently below 0 °C, suggesting that the limited snowmelt lag in the
present day would be more prominent. Additionally, the lakes were likely frozen
on the surface for much of the winter. Overall, this would be expected to have
stalled the movement of water through the catchment and extend the transit lag
between delivery of winter (EAWM) precipitation and detection in the lake into
the spring season. Under these circumstances, palaeoclimate proxies that
capture the spring Oake, such as spring blooming diatoms, would capture winter
(EAWM) Oprecipitation (@rguably with even greater certainty than the present day).
Proxies that capture summer de, such as algal biomarkers would, by contrast,
capture a mix between winter, spring and summer Oprecipitation P€Cause these
would enter the lake in quicker succession (although spring precipitation
quantities are very small in comparison to winter and summer, and hence are
unlikely to have a significant effect). Autumn d«e—Capturing proxies, such as
autumn blooming diatoms, would still predominately capture summer (EASM)
Oprecipitation COMposition. Terrestrial proxies (e.g., 6'80 of pollen grains and &?H of

long-chained n-alkanes and n-alkanoic acids) would be unaffected by changes
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to the transit lag as they capture soil pore water rather than lake water and

would be expected to more closely reflect changing Oprecipitation-

Having established that the dominant driver of Oake 1S Oprecipitation, it 1S prudent to
consider what could affect this quantity in the past. We anticipate that
palaeo-EAM precipitation from both seasonal modes was a dominant influence
on Oprecipitation delivered to the catchment because winter and summer are
associated with large quantities of precipitation (and hence Oprecipitation Will be
weighted towards the composition of the EAWM and EASM). Additionally, whilst
autumn (predominately typhoon) precipitation provides a third period of rain
annually, and we observe the influence of intense precipitation events on §'30
and 8%H of precipitation, these signals were not detected in the lakes. For this
reason, we anticipate that unless typhoon frequency was significantly greater in
the past, the tendency of d.e to reflect only extended seasonal precipitation
events (i.e., the EAM) will limit the influence of typhoon precipitation, even if it
is recorded in Oprecipitation- It iS NOt unreasonable, therefore, to exclude the
typhoon season influence on Oprecipitation, and consider Oprecipitation at Wakasa to be
most closely linked with EAM behaviour. Importantly, the influence of both
EAWM and EASM components were observed at the catchment, establishing that
the area is a sensitive location - even optimised, especially relative to Tokyo -
for studying both components of the EAM. This is particularly useful given the

skew in existing palaeoclimate reconstructions towards the summer months.

However, our findings were consistent with others from central Japan (e.g.,
Taniguchi et al., 2000), which note that for contemporary isotopes there is no
major difference in 6'80 and 6?H between EAWM and EASM precipitation. As
such, it is important to note that unlike Continental Asia, annually integrated
0'80 and 62%H do not reflect the changing relative input of EAWM and EASM
precipitation, because their compositions are so alike. Isotope composition
averaged on multiannual timescales will not reflect the balance between these
systems unless either one of EAWM or EASM changes in strength and the other
remains stable, or one increases in strength and the other decreases
concurrently. These changes in behaviour can be caused by different climatic
regimes (such as glacial periods) or across climatic transitions. Under such
conditions, the changing strength of the EAWM and EASM would be expected to

impact on both the annually averaged deep d.e and the seasonally-lagged
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surface water Oke; the former by affecting the balance between the two
seasonal modes, and the latter by affecting either EAWM or EASM Oprecipitation-
Under these circumstances, EAWM and EASM Oprecipitation Would diverge, and hence
terrestrial and surface water palaeoclimate proxy seasonality becomes
extremely important for interpretation. It is therefore vital to know which
composition (winter-weighted, summer-weighted or mixed) is captured by each
palaeoclimate proxy before interpreting the signal, accounting also for changes

to the lag time.

Our observations are restricted to the study interval, and hence provide limited
contributions to the interpretation of long-term drivers of §'80 and &?H
associated with EAM behaviour, however this remains an important component
of palaeoclimate proxy interpretation. EAM rainfall Oprecipitation t€Nds to respond
inversely to monsoon strength, due to a combination of preferential rainout of
the heavier isotopes, enhanced by increased quantities of precipitation and
increased cloud top height with a stronger monsoonal convection, which is
associated with low condensation temperatures (Cai and Tian, 2016). Our results
show that the amount effect does not have a strong relationship within the
catchment in the modern day; however, that does not preclude a relationship to
monsoon intensity; Uemura et al. (2012) noted a limited influence of local
precipitation amount on 380 in Okinawa (Southern Japan), but that the
precipitation amount integrated over the full transport pathway was significant.
Furthermore, the Fukugaguchi stalagmite record (Itoigawa, central Japan) shows
a strong relationship of 8'80 to EAWM precipitation amount despite modern
Oprecipitation Showing a statistically weak relationship to precipitation amount
(Sone et al., 2013). Other factors which could contribute to the overall signal
are changes at source: composition, temperature and relative humidity (e.g.,
Amekawa et al., 2021), and, in the EASM mode, the positioning of the EAM front
(Kurita et al., 2015). Furthermore, the prevalence of sea ice during glacial
periods, particularly in the relatively isolated Sea of Japan, might be expected
to limit evaporation despite changes to EAWM strength. Hence, it is vital to
consider how EAM Oprecipitation Was controlled by the evolution of the climate of

the region as a whole and how this affected Oprecipitation at Wakasa.

Finally, the clearest seasonal signal derived from the catchment was

undoubtedly that of d-excess, and this was the only isotope parameter which
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demonstrated the ability to distinguish precipitation from different seasons. Not
only this, but the transfer of the d-excess signal from precipitation to lake was
clearer than for 6'80 and 3%H, possibly due to the amplitude of seasonal changes
and the limited influence of other competing controls. However, it is much more
difficult to calculate d-excess using palaeo-isotope reconstructions, because it
requires the combination of temporally and spatially equivalent 6'80 and &%H
values. If compatible palaeoclimate proxy records are produced and d-excess
calculation becomes possible, this should be a consideration for future research
based on the excellent seasonal distinctions observed in this variable and its

potential as a powerful proxy of past monsoon dynamics.

2.8 Conclusions

Understanding the relationship between climate variability, the isotope
composition of precipitation and the transfer of precipitation isotope sighals into
lake waters is essential to support the interpretation of past climates using
isotope-based proxies derived from lake sediments. Using contemporary
monitoring of the isotope composition of precipitation (Oprecipitation), river water
(river) and lake water (diake) across the Five Lakes of Mikata catchment, Japan,
we assessed the factors affecting di.ke, With a particular focus on Lake Suigetsu.
Precipitation 3'80 and 62H exhibited only small seasonal differences across the
year due to the similar compositions of winter (EAWM) and summer (EASM)
precipitation, which act as end members with opposing trajectories.
Precipitation d-excess, by contrast, clearly demarcated the different seasonal
influences due to different evaporation conditions at the moisture sources of the
EAWM (Sea of Japan) and EASM (Pacific Ocean domain), with a gradual shift
between the two during the spring and autumn. The difference between winter
and summer d-excess was enhanced by the location of the catchment. There
was limited statistical evidence to support a temperature effect over
precipitation 3'80 or 62H; however, when considering the data on a seasonal
basis, there was some evidence to support a local amount effect, with minima in

monthly averaged 680 and &%H during the wettest (EAM) seasons of the year.

We found that Oiake and Oprecipitation Were directly related, although the spread of
values of O,k Was more limited due to in-catchment homogenisation. Despite

this, compositional patterns were preserved, and it was still possible to detect
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seasonal trends in Oiake, Which paralleled those of Oprecipitation and were attributed
to the same causes. A two to three-month transit lag between Oprecipitation @and
Oake Was observed and the length of this lag related to the quantity of
precipitation. The influence of isolated precipitation events on sk (including
typhoons) was negligible in comparison to significant extended freshwater inputs
to the catchment from the East Asian Monsoon. The incursion of saline water
from the Sea of Japan and autumnal mixing resulted in elevated 680 and 3%H
values in the lakes during late summer and autumn (obscuring the 680 minimum
equated to the EASM) and caused a greater effect for Lake Suigetsu than Lake
Mikata. This was possibly combined with summer evaporation effects, although
evidence for the influence of evaporation varied between years. The large influx
of winter precipitation to the catchment re-established the relationship
between Oiake aNd Oprecipitation Which extended from winter to early summer. Deep
water composition in Lake Suigetsu was stable and homogenous across the study

period.

These results will facilitate interpretation of palaeoclimate reconstructions
derived from oxygen and hydrogen isotope analysis of the Lake Suigetsu
sediment cores. It is expected that Oprecipitation (@nd thus diake) Will be closely
related to East Asian Summer Monsoon and East Asian Winter Monsoon Oprecipitation
fluctuations across the ~150 ka of the late Quaternary covered by the Suigetsu
cores. The seasonal patterns in .. could be altered under different climatic
regimes by large scale drivers (such as monsoon strength and balance of seasonal
precipitation), along with the influence of local factors, including the transit lag.
However, not all of the factors affecting d.e Observed during this contemporary
monitoring will be significant on longer timescales. The incursion of sea water is
a consequence of anthropogenic catchment alteration and, as such, is not
expected to have affected the lake water isotope hydrology prior to the last
~400 years. Evaporation is also expected to have minimal effects on down-core
Ouke reconstructions which are limited to the summer months. Robust
interpretation is predicated on sound understanding of proxy seasonality and

whether the proxy captures surficial or deepwater Oake-
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3.1 Abstract

The past evolution of the East Asian Monsoon (EAM) was affected by remote
climate processes. However, there is uncertainty surrounding these
teleconnections and their impact on each seasonal EAM mode during periods of
rapid global change. Here we use the unique biannual precipitation patterns of
central Japan to reconstruct winter and summer EAM evolution during the last
glacial termination (22,000 - 10,000 cal BP). Oxygen isotope analysis of diatoms
and hydrogen isotope analysis of n-alkanoic acids from the Lake Suigetsu
sediment cores show that in Japan the winter EAM weakened and the summer
EAM strengthened with deglaciation. Only the summer mode exhibited variations
coeval with stade-interstade fluctuations. A relationship between the summer
EAM and Antarctic temperature post-16,000 cal BP supports a remote link to the
Southern Hemisphere. These trends were different to continental EAM records
and highlight the value of broadening the geographical range of reconstructions

to rationalise system heterogeneities.

3.2 Introduction

The East Asian Monsoon (EAM) region is located at a point of convergence of
multiple, globally interconnected climatic systems, with the palaeo-EAM system
demonstrably affected by remote surface and atmospheric processes on
centennial to millennial timescales. This is most eminently exemplified by the
teleconnection between summer EAM strength and North Atlantic temperature
during the late Pleistocene; first evidenced by the relationship between the Hulu
Cave stalagmite and Greenland ice core oxygen isotope (0'80) records (Wang et
al., 2001; Zhang et al., 2019) and subsequently corroborated by studies from
across the region (Herzschuh, 2006; Liu et al., 2022). This relationship is thought
to have been driven by the influence of Atlantic Meridional Overturning
Circulation (AMOC) on the position of the Intertropical Convergence Zone (ITCZ)
(Zhang et al., 2019). However, other reconstructions of EAM strength have noted
an inverse relationship to Antarctic temperatures in this interval (Han et al.,
2016; Zhang et al., 2016) and, as a result, the view of teleconnections acting on
the EAM region has expanded to consider links to other climate systems,

including Antarctica and the Pacific Ocean.



Chapter 3 77

The behaviour of the EAM during the last glacial termination (Tl; 22,000 to
10,000 cal BP) is an ideal focus for characterising the changing seasonality of this
system and the persistence of these teleconnections. As a global transition, Tl
exemplifies a substantial, detectable change in many palaeoclimate archives
with the climate at the geographic poles (representing two possible “end
member” teleconnection origins) decoupled, with a Southern Hemisphere lead
(Denton et al., 2010; WAIS Divide Project Members, 2013). In the North Atlantic,
Tl was characterised by colder conditions during Greenland Stade 2.1 (GS-2.1;
~22,900 to 14,700 cal BP) and Greenland Stade 1 (GS-1; ~12,800 to 11,700 cal
BP), alternating with warmer conditions during Greenland Interstade 1 (GI-1;
~14,700 to 12,800 cal BP) and the Holocene (~11,700 cal BP onwards)
(Rasmussen et al., 2014). GS-2.1, GI-1 and GS5-1 were equivalent to the Last
Glacial Maximum (LGM), Balling-Allergd (BA) Interstade and Younger Dryas (YD)
Stade of the wider North Atlantic region. In the far Southern Hemisphere,
warming was more gradual and interrupted only by the Antarctic Cold Reversal
(ACR; 14,500 to 12,900 cal BP), which bestrode GI-1 and GS-1 (EPICA Community
Members, 2006; WAIS Divide Project Members, 2013).

Whilst current evidence supports a weakening East Asian Winter Monsoon
(EAWM) and strengthening East Asian Summer Monsoon (EASM) during Tl on an
orbital scale (Wang et al., 1999; Gallagher et al., 2018), centennial- to
millennial-scale fluctuations in EAM strength and the relative seasonal
contributions to annual precipitation are poorly constrained (particularly in the
case of the EAWM; Wen et al., 2016) and appear spatially heterogeneous (Zhang
et al., 2019). It is unsurprising, therefore, that there is uncertainty surrounding
deglacial EAM evolution on submillennial timescales (Yoshida and Takeuti, 2009;
Hayashi et al., 2010; Liu et al., 2022), particularly in terms of conflicting
evidence for teleconnections to other regions. A possible source of this
uncertainty is the limited number of available high-resolution EAM
reconstructions. Consideration of both EAWM and EASM strength in isolation is
vital for deconvolving EAM behaviour during Tl because they do not always show
a perfectly inverse relationship (Wang et al., 2012; Wen et al., 2016; Yan et al.,
2020) and hence have the potential to exhibit unique behaviours (and

teleconnection signals).
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Due to its location, the EAM dominantly controls the climate of Japan; however,
the relationship between the EAM and precipitation in Japan is unique. Japan is
situated directly beneath the seasonally migrating monsoon front (Figure 3.1B),
a critical geoclimatic boundary which moves northwards during summer and
southwards during winter and separates the influence of the EAWM and EASM
modes (Nakagawa et al., 2006, Yoshida and Takeuti, 2009). The Japanese
archipelago lies between two water bodies (the Pacific Ocean and the Sea of
Japan), hence both EAM modes bring heavy precipitation to the country; mixed
rainfall and snowfall concentrated along the Sea of Japan coast during the
EAWM, and rainfall across the entire country during the EASM (Chowdary et al.,
2019; Amekawa et al., 2021). This is in contrast to Continental Asia, where the
EASM brings heavy rainfall from the Pacific Ocean, Philippine Sea and East China
Sea, but the EAWM is predominantly dry because it originates inland (Yancheva
et al., 2007; Yan et al., 2020). As such, the annual distribution of rainfall in
Japan uniquely reflects a balance between both seasonal modes of the EAM. In
light of these distinctive climatic characteristics, EAM records from Japan are
well suited to deconvolve the complexities of EAM evolution during TI. In this
study we present new stable isotope-based proxy records of both EAWM and
EASM evolution in central Japan from the Lake Suigetsu sediment cores and
compare these to a series of global benchmark records of EAM variability and
temperature changes (Figure 3.1A), to better understand the factors affecting

both seasonal modes of the EAM in Japan during this interval.

Lake Suigetsu is a tectonic lake located ~1 km from the Sea of Japan in Fukui
Prefecture, Honshu Island (35° 35’ N, 135° 53’ E; Figure 3.1C; Nakagawa et al.,
2012). Suigetsu was a freshwater lake for the last glacial-interglacial cycle,
except during global sea level highstands in the Eemian and the mid-Holocene,
and post-AD 1664 when the lake was artificially connected to the Sea of Japan
(Nakagawa et al., 2021). Four previous deep coring campaigns carried out in
1993 (SG93 core), 2006 (SG06), 2012 (SG12) and 2014 (5SG14) recovered a series
of overlapping sediment core sections from the present day to >150,000 yr BP
(Nakagawa et al., 2012). The preserved sequence, covering >98 m of composite
sediment depth, provides a palaeoenvironmental archive that captures two
glacial and two full interglacial periods of continuous sedimentation. The

Suigetsu cores contain annual laminations (varves) between ~70,000 yr BP and
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10,000 cal BP, and between ~50,000 and 10,000 cal BP comprise the longest

continuously varve-counted record from the Quaternary (Schlolaut et al., 2018).
Thin-section microscopic analysis showed that the varves comprise a spring layer
of Aulacoseira diatoms with some siderite, a detrital layer containing silt-sized
quartz and feldspar, a summer layer of light amorphous organic material, an
autumn layer of Encyonema diatoms within siderite, and a transitional

autumn-to-winter clay layer (Schlolaut et al., 2012).
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Figure 3.1 Lake Suigetsu and other key sites. A) the key global benchmark record sites
discussed in the main text. B) the sites within the EAM region, alongside the average positions of
the modern monsoon front in January and July (adapted from Nakagawa et al., 2006). C) the
location of Lake Suigetsu in Fukui Prefecture, central Honshu, relative to key cities and
geographical features in Japan. Red boxes show the extent of subsequent panels in the sequence.
Basemap is World Imagery (WGS84) from Esri (2023e) (scale 1:37,314,123 (A), 1:7,851,046 (B),
1:530,430 (C)).
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Previous studies of the Suigetsu sediments from Tl substantiate that this was a
period of significant climatic change at the catchment. Pollen-derived
temperature reconstructions of this interval show a structure which resembles
that of North Atlantic temperature: abrupt warming at the start of a “Late
Glacial Interstade”, a more gradual decrease in temperature into a “Late Glacial
Stade”, and an abrupt warming at the start of the Holocene (Nakagawa et al.,
2021). However, whilst the onset of the Late Glacial Stade and the Holocene at
Lake Suigetsu were synchronous with the Younger Dryas and Holocene periods in
the North Atlantic, the Late Glacial Interstade at Lake Suigetsu commenced ~200
years prior to its North Atlantic counterpart (the Bolling-Allerad) (Nakagawa et
al., 2021). This behaviour was rationalised by a sudden repositioning of the
westerly jet to the north of the Himalayas (a topographical barrier which causes
bimodality in the positioning of the jet) during boreal summer, which allowed
warm air from the Pacific Ocean to propagate northwards and caused the
step-change in summer temperatures in Japan. Conversely, it was an AMOC
switch-on ~200 years later (due to a higher threshold response to insolation
forcing), which resulted in a shift to interstadial conditions in the North Atlantic.
On a subcentennial scale, multiproxy analysis of the Suigetsu cores showed a
bipartite structure to the Late Glacial Stade with a transition that was
synchronous, albeit slower and more muted, to those observed at Lakes
Meerfelder Maar (Germany) and Krakenes (Norway) (Schlolaut et al., 2017). A
shift from Aulacoseira ambigua to Aulacoseira subarctica dominance during
deglaciation was attributed to variations in the EAWM, affecting vegetation
coverage and the water nutrient status (Kossler et al., 2011). Carbon and
nitrogen isotope ratios from chlorins also suggest an increase in aquatic primary
productivity from glacial to interglacial conditions in the lake (Tyler et al.,
2010).

Here we present EAM precipitation reconstructions from Lake Suigetsu based on
two proxy systems: the oxygen isotope composition of aquatic diatom silica
frustules (0'80giatom) and the compound-specific hydrogen isotope composition of
n-alkanoic acids (0%Haciq) produced by aquatic algae (C4¢ and C4s homologues)
and terrestrial plants (C;s and C3p homologues). Analysis was conducted using
100-year contiguous (continuous adjacent) samples. These proxies were selected

based on target material abundances in the Lake Suigetsu cores and the ability
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to reconstruct both autochthonous (aquatic; 3"80giatom, 0*Hc1sacia and 32Hc1gacid)
and allochthonous (terrestrial; 02Hcagacia and 0?Hcsoacia) changes during Tl (Leng
and Barker, 2006; Holtvoeth et al., 2019). Both isotope proxy systems are
versatile tools in palaeolimnological reconstructions of climate and follow the
principle that the isotope composition of palaeo-catchment water was
incorporated (via biosynthetic processes) into target materials by diatoms,
algae, and plants, and preserved in the lake (Leng and Barker, 2006; Holtvoeth
et al., 2019). 3'®0giatom and 02Haciq can be affected by fractionation processes
during the life cycle of their respective source organisms but are dominantly
controlled by the isotope composition of their water source (Leng and Marshall,
2004; Holtvoeth et al., 2019). Hence, broader-scale palaeohydrological
inferences can be made, relating to regional-scale shifts in atmospheric
circulation and water vapour transport (Leng and Marshall, 2004; Garcia-Alix et
al., 2021; Tierney et al., 2022). At Lake Suigetsu, the modern isotope
composition of water within the catchment is closely related to that of
precipitation (with minimal effects of evaporation in summer), which is
dominantly controlled by both the EAWM and EASM (Rex et al., 2024; Chapter 2),
supporting the utilisation of 0"80giatom and &*Hacig for reconstructing past EAM
behaviour. Other potential influencing factors are water temperature in the
aquatic domain, and air temperature and vegetation changes in the terrestrial
domain (Leng and Barker, 2006; Castaneda and Schouten, 2011; Sachse et al.,
2012).

3.3 Materials and Methods

3.3.1 Core Materials

Materials for this study were subsampled from the SG12 core, which was taken
from the centre of Lake Suigetsu (35° 35 08"N, 135° 52" 56"E) and spans a total
composite depth of 41.8 m (from the present day to 56,100 cal BP). The core
consists of a series of overlapping ~90 cm sections from four boreholes. SG12 is a
direct stratigraphic copy of the SG06 core (Nakagawa et al., 2012) due to the
proximity of the SG12 and SG06 coring locations (the first borehole of each
coring campaign was made within 15 m of each other, and both at a water depth
of 34 m). As with the temporally equivalent sediments from the SG06 core, the

SG12 sediment is varved throughout and represents continuous sedimentation
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(Schlolaut et al., 2018). Chronological control for the SG12 cores is given by
correlation to the SGO06 cores via distinct visible marker layers. The SG06
chronology (Bronk Ramsey et al., 2020; Staff et al., in review) is based on >800
radiocarbon dates for the past ~50 ka BP (Staff et al., 2011; Bronk Ramsey et
al., 2020), thin section microscopic varve counts (Schlolaut et al., 2018) and
tephra tie points (McLean et al., 2018); all ages are presented on the IntCal20

timescale (Reimer et al., 2020).

Subsamples of the SG12 core for this study were taken from 1.2 cm-wide
LL-channels (Nakagawa et al., 2012) from the longitudinally cut core across the
composite depth (ver. 27 December 2022) range of 1274.8 - 2119.4 cm (9980 =
30 cal BP to 22,040 + 38 cal BP). This time period was selected to encompass the
maximum range of the existing Lake Suigetsu pollen-derived temperature
reconstruction for Tl. The LL-channels were cut to produce contiguous
subsamples each containing 100 integrated years of sedimentation (based on the
SGO06 2012 timescale). Sample ages were subsequently converted to the IntCal20
timescale. A contiguous integrated sampling approach was taken to avoid
subsampling time periods associated with peaks or troughs of multidecadal
cycles, superimposed on the multicentennial and multimillennial scale
transitions of interest (Nakagawa et al., 2021). The sampling interval of ~100
years was selected to facilitate the detection of finer resolution variability
within the key climatic transitions of the period. The (minimal) core expansion
during storage was linearly modelled and accounted for by comparing the
difference in event layer depth at the time of subsampling to high resolution
photographs taken immediately after core extraction. Event layers (floods,
turbidites and tephra) were removed during sampling to prevent skewing of the
integrated signal by inclusion of a larger quantity of material from a single
event. Particular care was taken to avoid contaminating the 62H,iq samples with
modern organic compounds. Surfaces and instruments were regularly cleaned

with ethanol.

Each subsample was split into two, with each half designated for 6'80giatom (N =
120) and 0%H,ciq (n = 120) analysis, respectively. The exposed surfaces of one half
(for 6%Hacig analysis) were scraped with a clean instrument prior to splitting to
remove the outer sediments containing potential contamination from past

handling. Wet weights ranged from 1.8 - 10.3 g (subsamples for 3'80giatom
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analysis) and 1.1 - 7.1 g (subsamples for 3?H.ciq analysis). The largest samples
were from the younger end of the section, where the sedimentation rate (and
thus depth range equating to ~100 years of integrated time) was high, and the
smallest samples were from the older end of the section, where the
sedimentation rate was relatively low. All subsamples were frozen and then
freeze dried for 24 hours to obtain dry sediment masses before subsequent

preparation steps.

3.3.2 8"®0diatom Analysis

Subsamples for diatom oxygen isotope analysis were prepared following standard
procedures (Swann and Snelling, 2023). Specifically, subsamples were
disaggregated overnight in 30 % H,0, prior to three successive heavy liquid
density separations using sodium polytungstate (SPT) at specific gravities of 2.25
g cm3, 2.20 g cm=3 and 2.15 g cm3, removing the denser material each time.
The subsamples were subsequently treated with 30 % H,0, at 70 °C for one week
to remove any remaining organic material, followed by 5 % HCl for 12 hours to
remove carbonates. Subsamples were then filtered using an 80 pm nylon mesh to
remove large sponge spicules and large diatoms and freeze dried ready for
analysis. As with other studies, further taxa-specific separation was not
performed beyond this sieve stage due to the similar size of many diatom taxa
present in the samples, rendering physical separation techniques impossible.
Qualitative visual purity checks were made using light microscopy at x800
magnification. The %Al,0; for each subsample was quantified using a Malvern
Panalytical Epsilon 3 X-Ray Fluorescence (XRF) spectrometer. Due to elevated
%Al,0; values in the majority of samples, a Zeiss Sigma 300 VP-FEG Scanning
Electron Microscope (SEM) was used to visually identify the source of this
aluminium in five samples of varying %Al,03 (Figure 3.2; image provided by A.
Lacinska). Samples with %Al,03; exceeding 4.2 % (Al/Si = 0.05) showed particulate
Al-bearing contamination (most likely a detrital Al-rich silicate, but
undetermined due to grain size) which was external to the diatom frustules.
These samples (n = 3) were subjected to an additional SPT density separation at
2.15 g cm to remove this contamination. Samples with %Al,03 below 4.2 %
showed only small amounts (on a sub-micron scale) of this Al-bearing
contamination adhered to or trapped within the diatom frustules (Figure 3.2).

Additional density separations would not remove this contamination due to
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electrostatic charges adhering the contamination to the frustule, and air pockets
within the cylindrical frustules preventing chemical treatment of internal
contamination (Brewer et al., 2008), so a mass balancing approach was taken to
correct for the effect of this contamination on the 6'80giatom Values (discussed

below).

Sample 3D Sample 658

Sample 65D

Figure 3.2 Diatom SEM Imagery. SEM images for subsample 3D (left) and sample 65D (right)
showing Al-bearing contamination adhered to frustules and inside cylindrical Aulacoseira spp.,
which are representative of the 120 analysed subsamples for 8'Q0diaom analysis. Scale bars are
indicated on each image. Image provided by A. Lacinska.

The purified diatom material (6 - 7 mg subsamples) was subjected to stepwise
fluorination in nickel reaction vessels to liberate structural oxygen following
Leng and Sloane (2008) at the British Geological Survey (UK). Briefly, this
method involved outgassing samples at 250 °C to remove any water in the
sample, “pre-fluorination” at 250 °C using a stoichiometric deficiency of BrFs to
remove the exchangeable hydrous silica layer from the diatom frustules and
minimise exchange effects, and then fluorination with BrFs overnight at 500 °C.
The resulting oxygen gas was cryogenically purified and then converted to CO;
by exposure to hot platinized graphite (Clayton and Mayeda, 1963). The average
gas yield of this process was between 68 and 75 %. In each batch of diatom

samples, an in-house laboratory diatomite standard, BFC, with a known value of
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0'80 (Chapligin et al., 2011) was also reacted and converted to CO, in the same
manner following the principle of identical treatment. The oxygen isotope ratio
of the diatom subsamples (3'80giatom) and BFC (3'80grc) were measured relative
to a reference CO; gas on a Thermo Finnigan MAT 253 dual inlet isotope ratio
mass spectrometer. Oxygen isotope ratios were calibrated using a single-point
anchoring procedure by analysing CO, prepared from an in-house standard (MCS;
0"3Cypps = -0.7 %o and 0"80yppg = -9.2 %0) Vvia reaction with H3PO, (specific gravity
=1.92) at 25°C. All 6'80yppg values were converted to the VSMOW scale using
Coplen et al. (1983) and normalised such that the 3'80ysyow of the within-run
BFC = +28.9 %.. The oxygen isotope composition of BFC has been calibrated via
inter-laboratory comparison (Chapligin et al., 2011) using the certified
international standard NBS 28 (6'80yswow = +9.57 %0; Hut, 1987; Groning et al.,
2007). All oxygen isotope data are expressed in standard delta (6) notation in
per mille (%0) deviations relative to VSMOW. External analytical error (106) was

+0.13 %0 for BFC and +0.33 %, for replicate analysis of the diatom samples.

The 6'80giatom Values were corrected for the aforementioned Al-bearing silicate
contamination using a geochemical mass balance approach (Mackay et al., 2011;
Swann et al., 2018). End member contamination samples for Lake Suigetsu
contained 19.45 % Al,0; (from XRF, n = 2), a 3'80 composition of 10.36 + 0.68 %o
(1o range, n = 8) and 48.93 wt% oxygen (from XRF, n = 2). These were prepared
from raw materials (n = 2) and the residues of SPT separations from the d'®0giatom
subsamples (n = 6), disaggregated overnight in 30 % H,0; and treated with 30 %
H,0, at 70 °C for one week to remove any remaining organic material, followed
by 5 % HCL for 12 hours to remove carbonates and 8 % NaOH at 70 °C for 48 hours
to remove biogenic silica. Contamination-corrected 6'®0giatom Values were
modelled using the %Al,0; for each sample, the end member quantities above,
and assuming a %Al,0; of pure diatom material of 1.4 % (Al/Si = 0.016), the
minimum value measured across the 120 samples. The uncertainty associated
with mass-balancing was calculated assuming a normal distribution for data
uncertainty and Monte Carlo simulations (10,000 replicates). Errors presented in
Section 3.4 show the 10 range of these simulations (mean = + 0.36 %.). Of the
120 samples prepared, 113 datapoints are included in the final dataset. Five
samples were excluded due to elevated %Al,0; values (>4.2%; Al/Si = 0.05);

these produced anomalously high values during mass balancing, possibly due to
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atypically large quantities of diatom-bound Al which was unaccounted for by our
methods. A further two samples were too small in mass for accurate 3'80giatom

determination via the methods presented above.

3.3.3 8%Hacia Analysis

Subsamples for 6%H,ciq analysis were prepared following the Biomarkers for
Environmental and Climate Science (BECS) group standard protocol at the
University of Glasgow (UK). The total lipid extract (TLE) was extracted by a
Dionex ASE 350 Accelerated Solvent Extractor using dichloromethane and
methanol (9:1, v:v) and the TLE dried and weighed. The TLE was then separated
into neutral and acid fractions using solid phase extraction through a LC-NH,
silica gel column. The neutral fraction was eluted using
dichloromethane:propan-2-ol solution (1:1, v:v) and the acid fraction using 4 %
acetic acid in diethyl ether. The acid fraction was derivatised using 100 pL of 12
% boron trifluoride in methanol in sealed glass vials at 70 °C for 60 minutes. This
converted n-alkanoic acids into fatty acid methyl esters (FAMEs) in preparation
for analysis. These FAMEs were then cleaned through a silica gel column (35 - 75
pum particle size). Non-FAME material was eluted using hexane and the FAMEs
eluted using dichloromethane. Subsamples were prepared in batches of 10 or 11,
each with a procedural blank to check for contamination introduced by the

stages described above.

Identification of the Cy¢, Cqs, C28 and C3o9 n—-alkanoic acids (as FAMEs) was
performed on subsample 96B using an Agilent 7890B Gas Chromatograph
connected to a 5977A mass spectrometer detector (MSD) with an electron impact
(El) ionisation source (GC-MS). A HP1-MS capillary column was used (60 m
length, 0.25 mm internal diameter, 0.25 pm film thickness) with helium carrier
gas at a constant flow rate (1.2 mL min~'). The FAMEs were dissolved in DCM
(200 pL) and a volume of 1 pL used in a splitless injection. The inlet was kept at
315 °C and the following oven programme used: the oven was held for two
minutes at 60 °C and raised to 120 °C at 30 °C min~', then increased to 310 °C at
5 °C min~' and held for 33 minutes. The auxiliary temperature in the transfer
line between the GC and MSD was kept constant at 315 °C. The MS source was
set to 230 and the MS quad set to 160. The detector analysed all compounds

between 12- and 65-minute retention time, except for the period between 34



Chapter 3 87

and 39 minutes where flow was redirected to avoid a large phthalate compound
peak from entering the detector. Data acquisition was performed in full scan
mode at 2.4 scans s~'. Identification of contaminant peaks was also performed
using this method. All large contaminant peaks (retention times: ~24.5, ~33 and
~37 minutes) were shown to be phthalate compounds. The largest of these (at
~33 minutes) was present in > 90 % of subsamples, however the others were only

present in ~ 10 %. No contaminant peaks obscured the FAME peaks of interest.

The concentration of the Cq4, C43, C23 and C3p n-alkanoic acids (as FAMEs) in each
subsample were measured using an Agilent 7890B Gas Chromatograph fitted with
a flame ionisation detector (GC-FID). A Restek Rtx-1 capillary column was used
(60 m length, 0.25 mm internal diameter, 0.25 pm film thickness) with helium
carrier gas at a constant flow rate (1.2 mL min -'). FAMEs were dissolved in DCM
(200 pL - 1250 pL; depending on FAME yield) and a volume of 1 pyL used in a
splitless injection. The inlet was kept at 320 °C and the following oven
programme used: the oven was held for two minutes at 60 °C and raised to 120
°C at 30 °C min™', then increased to 330 °C at 5 °C min~' and held for 15 minutes.
The FID temperature was set to 250 °C. A chromatogram showing a
representative sample with no phthalate peaks is shown in Figure 3.3. Peak
areas were measured, and concentrations calculated from a set of external
calibrations using a standard mix of eleven n-alkanes; ten straight-chained (Cye,
Ci8, Cq9, Ca3, Cy5, Ca6, Cas, C30, C32 and C37 n-alkanes) and one branched
(squalane). Calibration graphs were made using concentrations of 2.5 pg/mL, 5
pg/mL, and 10 pg/mL. A calibration for the 0 - 25 minute, 25 - 35 minute and
35 - 60 minute retention time intervals were made using the C, C29and Csg
homologues in the standard, respectively. An R-squared value of >0.99 was
achieved for each calibration. The n-alkanoic acid (as FAME) concentrations

were then normalised to dry sediment weight.

The compound specific hydrogen isotopic composition (62H) of the Cq¢, Cis, C28
and C;p n-alkanoic acids (as FAMEs) were measured using an Agilent 7890B gas
chromatography (GC) system connected to an Elementar GC5 furnace and IRMS.
The settings of the GC system were identical to those of the GC-FID outlined
above with the difference being that the FAMEs were dissolved in between 30
and 120 pL of hexane and the injection volume set to either 1 or 2 pL depending

on FAME yield. This ensured that FAMEs were measured as a similar response to
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the reference H, gas. Due to the presence of the largest phthalate compound
(retention time ~33 mins) in >90 % of the subsamples, flow was redirected
between 1700 s and 1975 s to prevent entry into the IRMS. In 13 subsamples, this
was extended to the interval 1400 s to 2100 s to remove the second largest
phthalate peak (retention time ~37 minutes). The smallest phthalate peak
(retention time ~24.5 minutes) was not larger than the FAME peaks and hence
did not require redirection of flow. The furnace temperature was set to 1450 °C
with an interface temperature of 350 °C. Subsamples were measured in
duplicate and 3%H values of each homologue were calculated relative to a
calibrated reference H; gas. These values were then converted to the VSMOW
scale by linear regression to an in-house standard (containing Cq4, C49, C23, Cy5,
C2s and Cj3; straight chained n-alkanes in addition to squalane) calibrated to the
standard Indiana n-alkane mixture B5 containing C4¢ to C3o n-alkanes. The
in-house standard was measured four times prior to each batch, after every
eight sample measurements, and in duplicate at the end of each batch. All
hydrogen isotope data are expressed in standard delta (&) notation in per mille
(%0) deviations relative to VSMOW. Instrument precision was +2.53 %. based on
the standard deviation of all standard measurements. The Hs* correction factor
ranged from 4.24 to 4.57.

Representative Uncontaminated Sample

SG12 6B (~10,550 cal BP)
900 C,g n-alkanoic acid
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Figure 3.3 Chromatogram of the n—alkanoic acid fraction of Sample 6B. GC-FID
Chromatogram of a representative uncontaminated sample showing clear, symmetrical peaks of
interest with a flat chromatogram baseline, strong even—over—odd preference, and dominant
terrestrial chain lengths. All n—alkanoic acids were measured as FAMES.
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Reliable &%H values for all chain lengths across all subsamples was not achieved
due to some subsamples exhibiting raised baselines resulting in poorly defined
peak areas and inaccurate determination of 3%H for at least one homologue
(affecting 26 subsamples). Raised baselines in some samples predominantly
precluded accurate measurement of the aquatic chain lengths, though it was
possible to accurately measure the C;s and C3p homologues in many of the
impacted subsamples. Low concentrations affected the repeatability of the
measurements of 0?H,q of at least one homologue in a further 9 subsamples
(most commonly C4¢ or C4g), hence these values were excluded from the final
dataset. The mean precision of the 32H,q measurements was + 2.0 %o (10
range). The resulting dataset has 95 datapoints for the C¢, 86 for the Cqs, 112
for the C;5 and 108 for the C3p n—alkanoic acids. Terrestrial and aquatic
composites were not generated due to insufficiently strong statistical
relationships between the 32Hczgaciq and 02Hc3oacia Values, and the 02Hc1gacia and
02Hc1sacia Values, although there was some visual correlation between the two
pairs. Values were corrected for the methylation process (which removes the
exchangeable carboxylic acid hydrogen from each molecule and replaces it with
a methyl group with three hydrogens) (Chivall et al., 2012). GC-IRMS
measurements of (Z)-hexadec-9-enoic acid (6?H = -154.02 %.) and methyl
(Z)-hexadec-9-enoate (6%H = -143.13 %) were made to calculate the 62H value
of a single methanol-derived methyl hydrogen (6?H = -37.86 %.), and a mass
balance scheme (Chivall et al., 2012) applied to correct the measured FAME 62H
values to n-alkanoic acid values (excluding the exchangeable hydrogen on the

carboxylic acid group).

3.4 Results

3.4.1 Observations at Lake Suigetsu

The 6'80giatom Values increased smoothly during Tl with no abrupt shifts and the
Holocene values were ~2.5 %o higher than in the LGM (Figure 3.4A). Key features
of this profile were high frequency centennial-scale fluctuations and higher
values between 22,000 and 21,000 cal BP. The 82Hc1saciq Values followed a
smooth trend to lower values through the record, except from 22,000 - 21,000
cal BP (when low values were observed), 19,000 - 17,000 cal BP (when values

fluctuated drastically on a centennial scale), and sections of the Late Glacial
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Interstade and Late Glacial Stade (when this proxy exhibited periods of
lower-than-average values; Figure 3.4B). The difference between the 6?Hc1sacid
values at 21,000 cal BP and 10,000 cal BP was ~50 %o. The 62Hc1sacia profile
resembled that of 32Hcieacia, however long-term trends were harder to identify
due to limited data coverage (see Section 3.3.3) and rapid high-amplitude
fluctuations (Figure 3.4C). Many of these coincided with equivalent, lower
amplitude, variations in the 6%Hcieaciq Values, suggesting that these were closely
related. The &?Hczgacia and 0ZHc3oacid profiles also showed very similar behaviour
to one another; decreasing through the LGM and into the Late Glacial Interstade
before initially increasing smoothly for ~2000 years, and then decreasing from
the early Holocene onwards (Figure 3.4D, Figure 3.4E). Like the other 6%Hqcq
proxies, the 6%Hczsacia and ?Hc3oacia records showed a period of lower values
between 22,000 and 21,000 cal BP before a marked shift at 21,000 cal BP to
higher values. The difference between the d?Hcsoacid Values at 21,000 cal BP and
10,000 cal BP was ~35 %o.. The 0%Hcasacia and 0?Hc3oacia profiles were only
decoupled between 19,000 and 17,000 cal BP; within this section both proxies
showed rapid high amplitude changes which were offset by as little as one

sample (100 years).

It appears that the shortest (C4) and longest (C3g) chain lengths exhibited 6%Haciq
profiles with the most unique trends and the most complete data coverage, and
hence we focus on these in subsequent discussions, whereas the ?Hcgaciq Values
were limited in quantity and the 6?Hc;sacid Values showed some features similar
to the 6%Hc1gaciq profile, possibly due to Cyg n—-alkanoic acids originating from a
combination of aquatic and terrestrial sources. Whilst C3p n-alkanoic acids
originate from strictly terrestrial sources, C;s n-alkanoic acids have been known
to originate from aquatic and terrestrial sources (van Bree et al., 2018; Tierney
et al., 2022). None of the trends exhibited by the isotope proxies resembled
those of the pollen-derived temperature reconstructions at Lake Suigetsu (mean
temperature of the warmest month, MTWA or mean temperature of the coldest
month, MTCO; Figure 3.4F, Figure 3.4G; analysed by T. Nakagawa; Nakagawa et
al., 2021).
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Figure 3.4 Proxy changes at Lake Suigetsu during Termination I. A) 8*®Ouiaom (this study), B)
8?Hacia of C16 n—alkanoic acids (this study), C) 8?Hacia of C1s n—alkanoic acids (this study), D) 8?Hacid
of C2g n—alkanoic acids (this study), E) 8?Hacia 0f Ca0 n—alkanoic acids (this study), F) MTWA; mean
temperature of the warmest month (pollen—derived; provided by T. Nakagawa; Nakagawa et al.,
2021), G) MTCO; mean temperature of the coldest month (pollen—derived; provided by T.
Nakagawa; Nakagawa et al., 2021). Panels A to E are displayed inverted, and show data derived
from 100-year integrated contiguous samples. All panels are on the IntCal20 timescale. Vertical
dashed lines indicate the phases of temperature change at Suigetsu as designated by the
pollen—derived temperature reconstructions (Nakagawa et al., 2021).
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The total lipid extract (TLE) exhibited low values in the early part of the section
(-2 mg/g) before increasing gradually from ~15,500 cal BP (Figure 3.5). Values
were then high (-6 mg/g) and fluctuating. This follows the pattern of sediment
total organic carbon (TOC) during this period (analysed by J.J. Tyler; Tyler et
al., 2010). Aquatic n-alkanoic acid concentrations did not show this long-term
increasing trend, and the concentration profiles for the C4¢ and Cqg n-alkanoic
acids showed centennial-scale fluctuations throughout (Figure 3.5). Conversely,
the terrestrial n-alkanoic acid concentrations were higher in the latter part of
the section; the concentration of the C;3 n-alkanoic acid showed a greater
increase than the Csp, but also exhibited larger fluctuations (Figure 3.5).
Throughout, the terrestrial n-alkanoic acid concentrations were generally higher
than those of the aquatic n-alkanoic acids, aside from in a small number of
samples. The close relationship between the terrestrial n-alkanoic acid
concentrations and the TLE concentrations suggests that the terrestrial
component was driving the observed TLE increase (allowing for the un-resolved
non-acid fractions which also contribute but were not measured). The gradual
increase in TLE, TOC and terrestrial n—alkanoic acid concentration was similar in
character to the changes in EAWM and EASM strength and very different from the
temperature reconstruction for the site, suggesting that they were driven by
precipitation changes rather than temperature changes. None of these variables
show ACR-type inversions, however the seasonality of these variables suggests a
relationship to the EASM is more likely than a link to the EAWM, despite the
EAWM showing more gradual changes during this interval. Diatom frustule
concentration also increased through the section (analysed by M. Saito-Kato;
Figure 3.5), but the shift to higher values initiated ~500 cal BP later (~15,000 cal
BP) and more abruptly than the TLE concentration. Hence, whilst an overall
resemblance between frustule concentration and TOC can be argued, there was
some decoupling of these variables between ~16,000 and ~15,000 cal BP. The
sudden increase in diatom frustule concentration at ~15,000 cal BP was likely
driven by temperature changes, in light of the abruptness of this shift and the
coincident timing with the onset of the Late Glacial Interstade. Aulacoseira
dominated the diatom assemblage counts, most notably at 21,500 cal BP, 20,000
cal BP and between 15,000 and 12,000 cal BP (analysed by M. Saito-Kato; Figure
3.5). Spikes of naviculoid and benthic taxa were observed at 21,000 cal BP.

Between 20,000 and 15,000 cal BP there were greater proportions of
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Stephanodiscus, naviculoid and benthic taxa relative to Aulacoseira, and

similarly a period of increased Asterionella between 12,000 and 10,000 cal BP.
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diatom frustule concentration (provided by M. Saito—Kato; Saito—Kato et al., in prep) and diatom
taxon abundance (provided by M. Saito—Kato; Saito—Kato et al., in prep) during Tl in the Lake
Suigetsu sediment cores.

3.4.2 Proxy Drivers

Determination of the dominant isotope proxy drivers is critical for interpreting
the results in the context of EAM behaviour. Whilst multiple factors can affect
the proxy values presented here, valuable insights can be made by identifying
the dominant driver (which can cause the largest amplitude changes) in each
case. There was no identifiable relationship between our isotope proxy values
and the pollen-derived temperature or the primary pollen species
concentrations, which eliminates air temperature (and thus water temperature)
and vegetative change as the main drivers, respectively. There is a temperature
dependent fractionation of 3'8Q4istom relative to precipitation and a
mineral-water fractionation, which have opposing effects, but the impact is
likely to be small. Given the amount of variation, we suggest that changes in
water source composition were most likely the dominant control on the 6'®0giatom
and 02H,ciq values. The isotope composition of modern catchment waters is
principally governed by the composition of EAM-borne precipitation, as shown by
extended monitoring (Rex et al., 2024; Chapter 2). EAM precipitation
composition is determined by a combination of source composition and transport
processes; in general, a “stronger” EAM, associated with strong winds and large
quantities of precipitation integrated across the transport pathway, would act to
lower Oprecipitation, and the reverse qualities (for a “weaker” EAM) would provide
higher Oprecipitation Values (Yuan et al., 2004; Zhang et al., 2018). EAM strength is
ultimately driven by an enhanced land-sea pressure gradient, moisture
availability and conditions favourable for evaporation at source (Mohtadi et al.,
2016). It follows that these were the critical drivers of the isotope proxy systems
during TI. On shorter timescales, other influences (e.g., local summer
evaporation) could have also affected the isotope proxies, although there is a
limited influence of evaporation on catchment isotopes in the modern day (Rex
et al., 2024; Chapter 2), so we expect these to have caused small-amplitude
effects, if any. The marked seasonality of EAM precipitation at Lake Suigetsu,
combined with the short residence time of the lake (on the order of a few
months; Rex et al., 2024; Chapter 2) means that isotope proxy seasonality is

crucial for attribution to one or both seasonal EAM modes. A key element of this
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designation is related to the modern catchment transit lag of approximately
three months (Rex et al., 2024; Chapter 2), which signifies that surface lake
water isotope composition (8.ke) reflects that of the precipitation (Oprecipitation)
delivered in the preceding season, i.e., spring O.e is equivalent to that of
winter Oprecipitation and so on. Consistently, deep water 0. is homogeneous and

reflects annually integrated Oprecipitation-

In a palaeo context, different diatom taxa were associated with each of the
predominant seasonal blooms in the lake (spring and autumn) and consequently,
the 6'®0giatom Values reflect a combination of seasonal signals. Of the most
abundant diatom taxa, mixed planktonic Aulacoseira subarctica and Aulacoseira
ambigua diatoms bloomed in the spring and captured surficial spring 0'80axe
(winter 6'80precipitation), and benthic Encyonema diatoms bloomed during the
autumn and captured surficial autumn 6'80ke (SUMMer 6'80precipitation) from
shallow edges of the lake (bloom season attributions were derived from the
varve structure; Schlolaut et al., 2012). The signals captured by other taxa
would have been dependent on their habitation depths and bloom seasons,
however due to their low abundance relative to Aulacoseira and Encyonema
diatoms, their seasonality was not ascribed as part of the varve structure.
“Bulk” 0"8Qgiatom therefore reflects mixed seasonality, with the relative
weighting of each seasonal signal dependent on the mass contribution of each
taxon (Leng and Barker, 2006). In the absence of quantified taxon-specific
masses within each sample, the abundance (based on frustule counts) of each
taxon can be used to provide an indication of the relative seasonal weighting of
the 6'®0giatom Values; differences in taxon size can introduce uncertainty to this
process, but we believe this to be a reasonable assessment because whilst other
taxa are larger in size, the smallest genus of diatom, Aulacoseira, has thick
valves and hence contributes significantly to the total diatom mass. Due to its
relationship with winter 6"®0precipitation, Aulacoseira 6'80giatom Offers the most
robust links to EAWM behaviour. In theory, this connection may have been
affected by alterations to the transit lag, however we believe that the
relationship was maintained throughout Tl, despite climatic variability, because
the spring diatom bloom in Lake Suigetsu is closely related to the delivery of the
bulk of winter precipitation to the lake (i.e., both are caused by snow and ice

melting). Additionally, winter is the wettest season of the year, minimising the
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effect of the preceding autumnal precipitation on the composition of surface
Owke (an effect amplified by the short residence time of the lake). In light of
this, it is reasonable to utilise the 8'80giatom Values as an indicator of EAWM
behaviour (i.e., strongly weighted towards winter &'80precipitation), When
Aulacoseira was the most abundant genus. This was the case for earlier parts of
the interval (22,000 - 19,800 cal BP) and from 15,000 cal BP onwards, when
%Aulacoseira (Aulacoseira frustules as a percentage of total diatom frustules)
was consistently greater than 60 % (and often greater than 70 %) on a centennial
basis (Figure 3.6). This was likely to have been even greater in our 3'®0giatom
samples, which contained only diatoms which were smaller than 80 pm,
favouring the (smaller) Aulacoseira over other taxa. However, the presence of
other taxa may have contributed to the low amplitude centennial-scale
variability in the 3'®0giatom record throughout, and had greater influence
between 19,800 and 15,000 cal BP. Maturation effects (i.e., post-mortem
isotope exchange) remain an unconstrained influence on 6"®0gjatom (€.8., Van
Hardenbroek et al., 2018), however (as with other studies) we do not expect this
to be a dominant driver because the hydrous (most readily exchangeable) layer
of each diatom was removed prior to measurement (see Section 3.3.2) and only
the more resistant structurally bound oxygen fixed during early sedimentation

was analysed.

The 6%Haciq Values are associated with less complex seasonality than the 3'80giatom
values, because the growth of terrestrial plants occurs predominantly during
spring and summer (Sachse et al., 2012) and lake-based organic matter
production in Lake Suigetsu occurs almost exclusively in summer when the lake
becomes stratified and aquatic productivity is high (Schlolaut et al., 2012).
Indeed, because the terrestrial 32Haciq values would have been unaffected by the
catchment transit lag (the source water of terrestrial plants being soil pore
water not lake water), we expect the 6%Hc3oaciq Values to have been heavily
weighted towards summer (EASM) 6?Hprecipitation- However, not only would the
aquatic 6%Haciq values have been affected by the transit lag (and hence captured
the isotope composition of spring 6?Hprecipitation = SUmmer 6?Hiake), but during
periods of cold winters (which Tl typifies), we might expect extension of the
transit lag time in the first half of the year due to greater longevity of snow on

the surrounding hillsides and hence slower delivery of precipitation to the lake
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system (Rex et al., 2024; Chapter 2). As a result, both winter and summer
precipitation would enter the lake in quicker succession. Under these
circumstances, summer &2H . would have become a greater seasonal mix of
EAWM 0?Hprecipitation (€ntering the lake in late spring) and EASM 6?Hprecipitation
(entering the lake in late summer). Consequently, the 32Hcieacid Values reflect

the weighted average of annual 62Hprecipitation-
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Figure 3.6 Comparison of Lake Suigetsu bulk 8'®0Qgiatom and Lake Suigetsu diatom taxonomic
counts. Diatom taxonomic counts show varying abundances of seasonally assigned genera
(Aulacoseira and Encyonema, a benthic species) versus other taxa (provided by M. Saito—Kato).
Intervals associated with high %Aulacoseira are interpreted as a proxy of EAWM strength. The
data presented here supports EAWM weakening during Termination I.

By considering the numerical difference between the 0?Hc3pacid and 0*Hcieacid
values (Figure 3.7), it is possible to semi-quantify the relative influence of the
EAWM and EASM on the 3%Hceaciq Values. Whilst traditionally used to consider the
effect of evaporation on the aquatic 6%H signal (because the terrestrial 62H is
not affected by lake evaporation, unlike aquatic 6%H), under the circumstances
presented here, we interpret this measure to represent the balance between
EAWM and EASM influence, based on the inference that the 82Hc1gaciq Values

represent a seasonal mix, and the d2Hc3oaciq Values as seasonally constrained to
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summer. Following this logic, the numerical difference between these measures
indicates increasing EASM influence on aquatic &H during Tl (Figure 3.7); larger
values indicate greater EASM influence, and smaller values indicate greater
EAWM influence (based on the assumption that EAWM 6?Hprecipitation iS higher than
EASM 02Hprecipitation)- HOwever, it is inappropriate to apply this interpretation to
the ~19,000 - 18,000 cal BP interval, where there was a major amount of
scatter in the 02Hcsoacia Values. Additionally, a reduction in lag time with
warming temperatures remains a component of this signal, reducing the quantity
of EAWM precipitation in the lake during the summer and thus the influence of
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Figure 3.7 Changing EASM influence on &°Haciq at Lake Suigetsu. Comparison of Lake
Suigetsu 8?Hcisacid, d?Hcsoacia, and the numerical difference between these quantities during Tl in
the Lake Suigetsu sediment cores. 8?Hcsoacid = d?Hcisacid is interpreted as an indicator of EASM
versus EAWM influence, with a component of a reduced lag time with warming temperatures.

3.4.3 EAM Evolution in Japan During TI

By considering the high %Aulacoseira intervals in isolation (Figure 3.6), variations
in the 6'80giatom Values strongly support a reduction in EAWM strength during Tl in
Japan (Figure 3.8D). This aligns with Japanese stalagmite reconstructions of

EAWM behaviour from the LGM and Holocene (Sone et al., 2013; Amekawa et al.,
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2021). It is possible that EAWM weakening caused higher d'®0giatom values both
directly (as discussed above) and indirectly (by reducing EAWM surface runoff
into the Sea of Japan, resulting in a transition from low- to high-salinity
conditions in these EAWM source waters (Amekawa et al., 2021)). The 0"®0giatom
profile does not exhibit stade-interstade-like fluctuations as seen in the North
Atlantic (typified by GRIP 3'80;.; Figure 3.8A; Rasmussen et al., 2014) or
Antarctica (typified by WAIS Divide 6'80;.; Figure 3.8H; WAIS Divide Project
Members, 2013), refuting the dominance of any such teleconnection between
these regions and the EAWM during Tl. Indeed, the 0'80giatom record does not
show long term trends which parallel any of the benchmark records shown in
Figure 3.8 suggesting that, instead, EAWM weakening during Tl followed a more
gradual trend akin to Northern Hemisphere summer insolation (albeit inversely;
Figure 3.8J; Laskar et al., 2004). The trend in the 3'®0gitom Values between
22,000 and 21,000 cal BP inversely aligns with sea surface temperature (SST)
records from the Northwest Pacific (Figure 3.8l; Oba and Murayama, 2004; Oba
et al., 2006), suggesting that EAWM strengthening during this 1000-year interval

was due to the intensification of glacial conditions in the region.

Variations in the 6%Hc3oacia Values support an overall strengthening of the EASM in
Japan during Tl (with lower values in the Holocene than the LGM), however this
was non-linear and occurred in three phases: EASM strengthening from the LGM
into the Late Glacial Interstade, EASM weakening from the Late Glacial
Interstade to the early Holocene, and subsequent EASM strengthening (Figure
3.8F). An overall increase of EASM strength in Japan is also sustained by grain
size variations within the South China Sea core GIK17940-2 (<63 pm fraction;
Figure 3.8G; Wang et al., 1999); although the trend at Lake Suigetsu is not
entirely equivalent to this because the South China Sea record shows a gradual,
rather than tripartite, increase in EASM strength. Our reconstruction indicates
that EASM behaviour in Japan was also characteristically different to EASM
behaviour in Continental Asia (Chinese cave composite 6'®0speieothem; Figure 3.8B;
Cheng et al., 2016) and did not show a response to North Atlantic-style
stade-interstade fluctuations (Figure 3.8A; Rasmussen et al., 2014). However, a
close inverse relationship is observed between EASM strength in Japan and
Antarctic temperatures (illustrated by WAIS Divide 380y, Figure 3.8H; WAIS
Divide Project Members, 2013) between 16,000 and 10,000 cal BP, including
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coincident timing of inflections at ~14,500 cal BP, ~13,000 cal BP and ~12,000

cal BP (i.e., a response to the ACR). This provides compelling evidence for a
teleconnection between the polar southern hemisphere and the EASM during this
interval. Prior to this, the 02Hc3oacia Values were decoupled from WAIS Divide
0"80;ce, suggesting that this teleconnection was only activated at this time.
During the LGM, the 6%Hc3oaciq profile was distinctive and showed large amplitude
fluctuations which did not occur synchronously with changes in the global
benchmark records, but many of these were also observed in the 62Hc1¢acid
values. Interpretation of this time period is complex and is presented in Section
3.5.

The 6%Hcieacia Values display a composite trend (Figure 3.8E) which encapsulates
characteristics of both the 6'®0giatom (Figure 3.8D) and &*Hc3oaciq (Figure 3.8F)
records. The influence of each of these unique behaviours appears to dominate
the 6%Hcieaciq Values at different times during the interval: similarities between
the 0%Hc1sacia and 0%Hc3oaciq profiles are observed during the early part of the ACR
and the Holocene; in the latter stages of the ACR the 0%Hc1¢aciq profile resembles
that of 6'80giatom; and prior to 17,000 cal BP the 0?Hc1eacia profile shows mixed
behaviour. These observations are consistent with our assertions that the
02Hc16acia Values reflect a combined EAWM and EASM signal, weighted to the
season with a greater quantity of precipitation, and these results support a
changing balance between EAWM and EASM dominance in Japan during Tl. The
0?Hc16acia Values show more EAWM character during the later stages of the ACR,
when the EAWM was strong and EASM strength was declining, but shows greater
EASM affinity during the early ACR and the Holocene, when there was a
strengthened EASM and a weakened EAWM. This is consistent with our
observations of the numerical difference between the 2Hc1gacia and 6?Hc3oacid
values, which suggests an increasing EASM influence on Lake Suigetsu through
time (Figure 3.7), and our independent observations of EAWM and EASM strength

from the 6"80giatom and 0%Hc3oacid Values.
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Figure 3.8 EAM evolution at Lake Suigetsu during Termination | with contextual global
benchmark records. A) GRIP 3'80ie (Johnsen et al., 1997; Rasmussen et al., 2014; remodelled
onto U-Th timescale), B) Chinese Cave Composite (Hulu, Dongge, Sanbao) 8'8Ospeicothem (Cheng
et al., 2016; U-Th timescale), C) Lake Suigetsu MTWA; mean temperature of the warmest month
(pollen—derived; provided by T. Nakagawa; Nakagawa et al., 2021; IntCal20 timescale), D) Lake
Suigetsu 5'®O0diatom, loess smoothed (span = 0.1) with 10 confidence bands (this study; IntCal20
timescale), E) 8*Hacia for C16 n—alkanoic acids, loess smoothed (span = 0.1) with 10 confidence
bands (this study; IntCal20 timescale), F) 8?Hacid for C3o n—alkanoic acids, loess smoothed (span =
0.1) with 10 confidence bands (this study; IntCal20 timescale), G) South China Sea (GIK17940-2)
grain size proportion <63 um (Wang et al., 1999; remodelled on to IntCal20 timescale), H) WAIS
5'80ice (WAIS Divide Project Members, 2013; WD2014 timescale), 1) Northwest Pacific
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(MDO01-2421) Sea Surface Temperature reconstruction (Oba et al., 2006; remodelled onto
Marine20 timescale), J) 30°N June Insolation (Laskar et al., 2004). Arrows indicate dataset
interpretation. Dashed lines approximately align climatic transitions. Abbreviations: Hol = Holocene,
YD = Younger Dryas, BA = Bglling—Allergd, H1 = Heinrich Event 1, LGM = Last Glacial Maximum,
EAWM = East Asian Winter Monsoon, EASM = East Asian Summer Monsoon, ACR = Antarctic
Cold Reversal. Alignment of non—IntCal20/Marine20 timescales was performed as follows: the
GRIP 3*0ice dataset was converted from the GICCO5 timescale to the U-Th timescale using the
transfer functions of Adolphi and Muscheler (2015) and Adolphi et al. (2018). The WD2014
timescale and the U-Th timescale are compatible at the resolution presented here, with a minimal
offset at the Holocene onset (Sigl et al., 2016) and an offset of 225 years in the LGM (Sinnl et al.,
2023), which has a negligible effect on alignment due to the gradual nature of the changes
observed in the WAIS 580 record. The U-Th and IntCal20 timescales are compatible because
IntCal20, beyond the tree ring limit (circa 13,900 cal BP) is dominated by the Hulu Cave U-Th
timescale (Reimer et al., 2020).

3.5 Discussion

Our results provide novel insights into the evolution of the EAWM and EASM
during TI, alongside their driving mechanisms and teleconnections to other
regional climate systems. The gradual decrease in EAWM strength and overall
increase in EASM strength in Japan strongly support increasing Northern
Hemisphere insolation (driven by Milankovitch cycles) as the primary drivers of
EAM evolution (Cheng et al., 2016; Mohtadi et al., 2016; Zhang et al., 2019).
However, this common orbital driver breaks down as a result of different
responses of each seasonal mode to submillennial temperature fluctuations in
either hemisphere and it becomes necessary to evoke alternative mechanisms to

rationalise these decoupled (rather than inversely related) seasonal behaviours.

EAWM evolution in Japan appears unaffected by stades in either hemisphere,
however other records from Continental Asia (e.g., Lake Huguang Maar
(Yancheva et al., 2007)) exhibit significant North Atlantic character (i.e., a
BA-YD structure). Despite high quality EAWM records being relatively sparse for
this interval, we do not dispute the evidence for a North Atlantic-EAWM
teleconnection during Tl, and suggest that EAWM wind strength increased
(decreased) during stades (interstades) in the North Atlantic, driven by Northern
Hemisphere cooling (warming) and an intensified (weakened) Siberian High as
previously suggested (Nakagawa et al., 2006). Indeed, the pattern of winter
temperatures at Lake Suigetsu provides evidence for the impact of North
Atlantic temperatures on the Eurasian airmass (Nakagawa et al., 2021).
However, as a consequence of the interaction of the EAWM winds with the Sea of
Japan, the decrease in EAWM strength here was gradual (Figure 3.8D).

Specifically, we suggest that any response to North Atlantic stade-interstade
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fluctuations was obscured from our reconstruction by a smoothed, low amplitude
response of winter Sea of Japan SSTs to insolation (Wu et al., 2020) and greater
inertia in the oceanic domain compared to the terrestrial. Furthermore, we are
able to clarify that the previously evidenced bi-partite Late Glacial Stade at
Lake Suigetsu (Schlolaut et al., 2017) was not associated with any shifts in EAWM
precipitation; whilst there is a 300-year period of lower §'80giatom Values within
this interval (between 12,285 and 12,095 cal BP; Figure 3.8D), this fluctuation is
not substantially different from other multi-centennial oscillations seen in the
profile. However, it remains possible that there was a bipartite pattern in EAWM
wind strength. An Antarctica-EAWM teleconnection was precluded by local
EAWM moisture transport, the isolation of the Sea of Japan, and the blocking of
Pacific Ocean signals by the monsoon front, all of which limited the influence of

interhemispheric teleconnections.

Conversely, evidence from Lake Suigetsu supports a response of the EASM to
stadial conditions in the Southern Hemisphere (specifically the ACR) post-16,000
cal BP (Figure 3.8F). Previous studies which have noted a relationship between
EASM strength and Antarctic temperatures have evoked the bipolar seesaw and
migration of the ITCZ as a mechanism to explain this connection (Han et al.,
2016; Zhang et al., 2016). Whilst this would facilitate an inverse correlation
between EASM strength in Japan and the ACR, it would also suggest that
equivalent shifts in the position of the ITCZ caused by North Atlantic behaviours
could affect EASM strength, and we do not see evidence of such a relationship in
our records. Instead, we suggest that the Antarctic-EASM teleconnection during
Tl resulted from Antarctic cooling (warming), which caused coupled
atmospheric-ocean circulation changes that resulted in warming (cooling) in the
Western Pacific Warm Pool, enhanced (decreased) evaporation and a
strengthened (weakened) Western Pacific Subtropical High, which caused a
stronger (weaker) EASM (Wang and Fan, 2005; Xu et al., 2020). The coexistence
of a North Atlantic teleconnection to summer temperature and an Antarctic
teleconnection to summer (EASM) precipitation at Lake Suigetsu is reconcilable
by noting that temperature is much more likely to exhibit patterns common to
the same hemisphere, whereas the relationship of the EASM to Pacific Ocean
behaviours facilitates the influence of the polar Southern Hemisphere on

precipitation. Indeed, our observations of EASM strength at Lake Suigetsu,
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combined with the pollen-derived summer temperature record, support a
“Southern Hemisphere lead” to stade/interstade fluctuations during Tl; changes
in EASM strength led changes in summer temperature because the former was

driven by Antarctic processes and the latter by North Atlantic behaviours.

Our observations of EASM behaviour in Japan directly contradict those of the
Chinese cave composite, which supports an EASM response to North Atlantic
stade-interstade fluctuations and not Antarctic ones (Figure 3.8B; Cheng et al.,
2016). Because all of the caves included in the composite (Hulu, Sanbao and
Dongge) and Lake Suigetsu are located south of the monsoon front during the
summer (and hence under the influence of the Pacific air mass; Nakagawa et al.,
2006), differences cannot be resolved by the blocking of teleconnections by the
monsoon front, as previously suggested (Yoshida and Takeuti, 2009), and instead
must be determined by a different geoclimatic boundary. One possible
mechanism involves the overprinting of Antarctic signals in Continental Asia by
the partitioning of precipitation between the EASM and post-EASM stages
(jet-transition hypothesis; Zhang et al., 2018). This phenomenon is linked to the
prevailing climatic conditions in the North Atlantic by the timing of the
pre-summer northwards shift of the westerly jet and would have caused drier
(wetter) conditions in central China during stades (interstades) in the North
Atlantic. For this to not impact on EASM evolution in Japan, the effect of this
partitioning must have been spatially restricted to the continent, or limited to
latitudes at, or lower than, the southernmost position of the westerly jet (Lake
Suigetsu is located to the north of this position and Hulu, Dongge and Sanbao
Cave to the south (Nakagawa et al., 2021)). An alternative explanation is that
the speleothem records contain an unresolved temperature-controlled
component (demonstrated by their close relationship to the
pollen-reconstructed temperature at Lake Suigetsu; both show a remote North
Atlantic influence) which obscured the Antarctic signal in favour of a North
Atlantic one. Regardless, we posit that the location of Japan at a higher
latitude, adjacent to the Pacific Ocean and geographically separated from the
rest of East Asia facilitated the preservation of Pacific (and hence Antarctic)
signals in our record of EASM behaviour at Lake Suigetsu. Whilst this
Antarctica-Japan teleconnection has not been observed in other EASM

reconstructions (Wang et al., 1999; Ishiwatari et al., 2009; Hayashi et al., 2010),
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this is likely due to differences in proxy system and a direct relationship

between the isotope composition of precipitation and EAM evolution.

However, prior to ~16,000 cal BP, EASM strength in Japan and Antarctic
temperatures were decoupled. We suggest that the establishment of this
teleconnection was as a consequence of the northwards repositioning of the
westerly jet (relative to the Himalayas), a phenomenon previously used to
explain the onset of the Late Glacial Interstade (BA-equivalent; 15,000 cal BP)
at Lake Suigetsu (Nakagawa et al., 2021). Not only did this northwards shift of
the westerly jet allow warm Pacific air to reach Japan, but it also moved the
EAM front to the north of Lake Suigetsu during boreal summer (because the
position of the westerly jet also modulates the seasonal positioning of the EAM
front), having been situated permanently (year-round) to the south during the
LGM (Chiang et al., 2015; Nakagawa et al., 2021). This would allow the EASM to
propagate to Japan and connect summer precipitation to the aforementioned
components of the Pacific atmosphere-oceanic circulation (and hence the
southern hemisphere). There were no abrupt shifts in the 02Hc3gacid Values at the
onset of the Late Glacial Interstade (15,000 cal BP) to reflect this expansion of
EASM operation to include Japan; however, prior to 16,000 cal BP the 32Hc30acid
values were highly variable and structurally distinctive from WAIS Divide '80jce.
Hence, we suggest that this Antarctic-Japan teleconnection was established at
16,000 cal BP, facilitated in the 16,000-15,000 cal BP period by intermittent
northward migrations of the westerly jet and exposure of Japan to the Pacific
airmass during summer (captured by our centennial sampling resolution), and
then continued post-15,000 cal BP when the EAM front was situated permanently

to the north of Lake Suigetsu during summer.

It follows that prior to the establishment of this teleconnection, precipitation
falling during summer in Japan would not technically be equivalent to the EASM
(because it would originate and transit north of the EASM front), and instead
would reflect local transport of precipitation under the influence of the
continental airmass (possibly following a similar south-east to north-west
trajectory due to pressure gradients, but with a significantly reduced transport
distance). The highly variable behaviour of the 6?Hc3oaciq Values (and hence the
02Hc16acid Values) between 22,000 and 16,000 cal BP may have been caused by

the lack of constant, regional driver of summer precipitation (i.e., the EASM) in
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contrast to the 6'80giatom Values, which were weighted towards the (enduring)
EAWM. These fluctuations in the d?H,ciq values could be driven by a number of
factors, including precipitation amount, changing relative humidity, shifts in
precipitation source and variable SSTs (particularly between 22,000 and 21,000
cal BP (Oba et al., 2006)). Another possible component of this signal is summer
meltwater (which could have caused large negative excursions in the 62Hc3oacid
values, such as those observed between ~19,000 and 18,000 cal BP). The
significant expansion of the EASM system at 16,000 cal BP has critical
implications for other records from the region, particularly those derived from
more northerly latitudes, where the influence of the westerly jet migration is
more pronounced (Nakagawa et al, 2021). Careful consideration of the location
of the monsoon front at this time is vital for robust interpretation of proxy
changes and whether they indeed represent EASM evolution or, rather,

non-monsoonal summer precipitation.

In conclusion, our findings provide centennial-scale reconstructions which
highlight the distinctive seasonal behaviours of the EAM during Tl, as well as
novel insights into the spatially- and temporally- constrained teleconnections
acting on the climate of the EAM region during this interval. Our records are
unique in their reconstruction of both seasonal EAM modes in Japan from a single
archive. These results may begin to explain the observed heterogeneity between

site-specific reconstructions of EAM behaviour during deglaciation.
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4.1 Abstract

Glacial terminations offer a unique opportunity to examine how the East Asian
Summer Monsoon (EASM) responds to rapid increases in global temperature and
accompanying abrupt climatic reorganisation. Reconstructions from contrasting
glacial terminations with differently evolving boundary conditions are of
particular value to our understanding of deglacial EASM behaviours, e.g.,
Termination | (from MIS 2 to MIS 1) and Termination Il (from MIS 6 to MIS 5e).
However, records of EASM evolution across Termination Il are substantially fewer
in number than Termination I, as well as exhibiting a significant bias towards
continental speleothem archives. Japan is a critically understudied, but
demonstrably sensitive area of the EASM region and, during other periods,
records from Japan often display unique trends not captured by continental
records. Here we present a new EASM record derived from the Lake Suigetsu
sediment cores, central Japan, based on compound-specific hydrogen isotope
analysis of C3p n—alkanoic acids (02Hc3oacid), Which constitutes the first stable
isotope-based EASM record from the Japanese archipelago across Termination II.
We also present lipid biomarker (n-alkane and n-alkanoic acid) concentrations
and indices, which we use to reconstruct early lake formation. The catchment
transitioned from a dynamic fluvial environment to a lacustrine one between
131.0 and 129.8 ka BP. The EASM strengthened from 132.5 to 130.0 ka BP
(earlier than in continental China), before weakening toward 125.2 ka BP, with
some evidence for submillennial-scale variability during this weakening phase; a
pattern common to sites across the EASM region which are closer to the
northernmost position of the monsoon front. Whilst our record displays some
similar characteristics to EASM reconstructions from mainland China, our
observations support the assertion that EASM behaviours during Termination Il
were spatially heterogeneous. Additionally, comparison of our Termination Il
02Hc30acid record to an equivalent record from Lake Suigetsu during Termination |
suggests that EASM evolution during the last and penultimate deglaciations were
distinct due to differently evolving climatic conditions (including the extreme
decoupling of polar temperatures during Termination Il). We propose that the
spatial heterogeneities in EASM strength during Termination Il were a result of

competing influences from the Northern and Southern Hemispheres, with Japan
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more closely linked to the latter compared to mainland China due to its

maritime location.

4.2 Highlights

e The first stable isotope-based reconstruction of EASM behaviour from
Japan during TII.

e The EASM in Japan strengthened to 130.0 ka BP before weakening to
125.2 ka BP.

e Evidence for submillennial-scale variability in EASM strength.

e EASM strengthening across Tll occurred earlier in Japan than mainland
China.

e Evidence for competing northern and southern hemisphere influences on
the EASM.

4.3 Keywords

Quaternary; Palaeoclimatology; Palaeolimnology; Eastern Asia; Continental
Biomarkers; Organic Geochemistry; Stable Isotopes; Japan; Glacial Termination;

East Asian Summer Monsoon

4.4 Introduction

The East Asian Summer Monsoon (EASM) system exerts significant influence on
the water resource distribution and climatic hazards of East Asia, making this
densely populated region vulnerable to the spatial and temporal redistribution of
EASM precipitation due to anthropogenic climate change (Chen et al., 2019; Park
et al., 2019). By characterising EASM behaviours across glacial terminations, it is
possible to examine how the system operated under, and during the rapid
transition between, previous extremes of global temperature (He et al., 2017a;
Duan et al., 2019). Critically, glacial terminations exemplify a greater amplitude
of climatic change than is currently covered by contemporary observations of
the EASM system. Furthermore, whilst there are differences between glacial
terminations and present-day anthropogenic warming, the study of the former
provides improved knowledge of how EASM evolution coevolves with abrupt

global climate system reorganisation (He et al., 2017a). In particular, the
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sub-structure of EASM behaviour across deglacial intervals can shed light on the
relationship between the EASM and coupled atmosphere-ocean circulations,
which can be significant drivers of EASM strength on centennial-to-millennial
timescales (Wang et al., 2008; Zhang et al., 2019).

EASM evolution across the last glacial termination (Tl; the transition from MIS 2
to MIS 1) is relatively well-studied (albeit less comprehensively than other
regional climate systems, such as the North Atlantic) with reasonable coverage
provided by a growing network of high-quality palaeoclimate records (e.g.,
Wang et al., 2001; Wang et al., 2010; Zhang et al., 2018). Contrastingly, records
of EASM behaviour across the penultimate glacial termination (TII; the transition
from MIS 6 to MIS 5e) are substantially fewer in number (He et al., 2017a; Duan
et al., 2019), likely due to a combination of poor archive preservation across this
older interval and a preference for studying time periods where high-resolution
chronological control is more easily obtained (i.e., within the limit of
radiocarbon dating). However, our collective knowledge regarding how the EASM
responds to rising temperatures is substantially enriched by reconstructions from
across a range of boundary conditions. The sequences of deglacial climate
change which occurred during Tl and TIl were characteristically different (Figure
4.1; Gorbarenko et al., 2019), meaning that there is inherent value in targeting
EASM reconstructions from Tll to complement the growing compilation of records
covering Tl (He et al., 2017a). Both Tl and TII exhibited asymmetrical
hemispheric warming (whereby the southern hemisphere warmed prior to the
Northern Hemisphere) (Figure 4.1; Broecker and Henderson, 1998;
Masson-Delmotte et al., 2010); however, whilst there is convincing evidence for
the submillennial-scale sub-structure of temperature evolution during Tl (e.g.,
the North Atlantic Balling-Allerad/Younger Dryas, or the Antarctic Cold Reversal
(Rasmussen et al., 2014; WAIS Divide Project Members, 2013), the evidence for
similar variability during TIl is equivocal (Figure 4.1; Cheng et al., 2019; Duan et
al., 2019). Furthermore, there is evidence to suggest that TIl was associated
with more rapid sea surface temperature increases, sea level rise and ice sheet
collapse relative to Tl (Caley et al., 2013), making it a useful interval to study in
order to better understand how the EASM might evolve under future climate

scenarios.
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Current EASM reconstructions from TIl are heavily weighted towards 6'80speleothem
records from China, which provide evidence for a weak EASM in the latter stages
of MIS 6 (posited as temporally equivalent to Heinrich Event 11) (Yuan et al.,
2004; Cheng et al., 2006; Duan et al., 2019), followed by rapid EASM
strengthening across a sub-200-year interval at ~129 ka BP (Kelly et al., 2006;
Duan et al., 2019) and a relatively strong EASM during the early stages of MIS 5e
(Li et al., 2014), persisting to ~121 ka BP (Kelly et al., 2006). The rate of EASM
strengthening at ~129 ka BP has been proposed as evidence for threshold
behaviour (Yuan et al., 2004), with this shift coinciding with increasing Northern
Hemisphere temperatures and Northern Hemisphere ice sheet collapse (Jiang et
al., 2005; Oppo and Sun, 2005; Cheng et al., 2006) but lagging behind Northern
Hemisphere summer insolation, Antarctic temperature, atmospheric CO;
concentration and sea level rise (Yuan et al., 2004; Wang et al., 2008; Xue et
al., 2019).

However, the submillennial-scale structure of EASM strength variations during
this period is highly debated (much like the temperature profiles of the same
interval). Some records (e.g., Hulu Cave) show smooth EASM strengthening with
no evidence for submillennial-scale fluctuations (Cheng et al., 2006), however
others show varying degrees of sub-structure within the overall EASM
strengthening trend. At Dongge Cave and Sanbao Cave, EASM strength exhibited
a post-transition “slowdown” and increased more slowly after a sudden upturn
at 129 ka BP (Jiang et al., 2005; Kelly et al., 2006). At Xinglong Cave, there was
a notable “pause” in EASM strengthening (Duan et al., 2019), attributed to
muted “Younger Dryas”-type stadial conditions in the North Atlantic. It was
proposed that this interval was associated with a smaller amplitude of cooling
than the Tl Younger Dryas due to a severely supressed Atlantic Meridional
Overturning Circulation (AMOC) during TIlI which was not as significantly
perturbed by meltwater pulses. At Shangxiaofeng Cave, a full inversion of EASM
strength was detected, likely in response to short lived (~400 year) stadial
conditions, again attributed to “Younger Dryas”-type conditions (Xue et al.,
2019). These conflicting observations suggest that EASM evolution across TlI

exhibits greater spatial heterogeneity than across Tl (Xue et al., 2019).
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Figure 4.1 The differences between the climatic sequences of Tl and TIl. Adapted from Barker
and Knorr (2021). The reconstructions shown, from top to bottom, are: June Insolation at 30°N
(Laskar et al., 2004); the Global Benthic 580 stack (Lisiecki and Raymo, 2005); Dome Fuji
Antarctic 5'Oice (Kawamura et al., 2007); GRIP (TI; Johnsen et al., 1997; Rasmussen et al., 2014)
and Synthetic (TlI; Barker et al., 2011) Greenland 5'®0ice; WAIS Divide (TI; Marcott et al., 2014)
and Dome Fuiji (TII; Kawamura et al., 2007) atmospheric CO2 concentration; EPICA Dome C
Atmospheric CH4 concentration (Loulergue et al., 2008); and Relative Sea Level (RSL; Grant et al.,
2014 (light blue); Spratt and Lisiecki, 2016 (dark blue)). Abbreviations: MIS = Marine Isotope
Stage, ACR = Antarctic Cold Reversal, YD = Younger Dryas, BA = Bglling—Allergd, H1 = Heinrich
Event 1, H11 = Heinrich Event 11.
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To tackle the uncertainty surrounding EASM evolution across Tl and the
substantial bias towards continental 3'80speleothem re€COrds, we present a new
compound specific stable isotope-based (6?Hc3oacia) EASM record derived from
the Lake Suigetsu sediment cores, central Japan. Japan is situated in a critically
understudied, yet demonstrably sensitive, area of the East Asian Monsoon
region, being situated beneath the seasonally migrating monsoon front (north of
it during winter and south of it during summer) and receives a significant
proportion of its rainfall annually from the EASM (Nakagawa et al., 2006).
Reconstructions of climate (including EASM behaviour) across Tl from Japan have
shown the potential of this area for deconvolving complexities in the responses
of temperature and precipitation to deglaciation (Hayashi et al., 2010; Liepe et
al., 2015; Nakagawa et al., 2021). Our new record constitutes the first
terrestrial stable isotope-based EASM record from Japan across Tll, providing
novel insights into EASM evolution across this interval from a region that is
sensitive to EASM fluctuations. The results of this study are complemented by
equivalent analysis from TI (from Chapter 3), facilitating the direct comparison
of EASM evolution at Lake Suigetsu across the penultimate and last glacial

terminations.

Our approach constitutes two complementary techniques employing lipid
biomarkers preserved within the Lake Suigetsu sediment cores: determination of
the compound-specific hydrogen isotope composition of n-alkanoic acids
(0%Hacig) from terrestrial leaf waxes to reconstruct regional EASM behaviour; and
quantification of terrestrial (leaf wax-derived; long-chained) and aquatic
(algae-derived; short-chained) n-alkane and n-alkanoic acid concentrations to
account for local (catchment) scale changes. The hydrogen isotope composition
of terrestrial leaf waxes preserved within sediments is becoming increasingly
utilised for palaeohydrological reconstructions in light of its close relationship to
the hydrogen isotope composition of past precipitation (62Hprecipitation) Which
would have provided the source water for plant growth (Sachse et al., 2012;
Holtvoeth et al., 2019). As such, 6%Haq can act as a tracer for shifts in
atmospheric circulation and vapour transport (Tierney et al., 2008) which is
stable on geological timescales (Sachse et al., 2006). Within the context of the
Lake Suigetsu catchment, 62Hprecipitation during the growth season is dominantly
controlled by EASM behaviour (Rex et al., 2024; Chapter 2) and hence §?Haciq has
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demonstrable links to the regional EASM system, facilitating reconstructions of
past EASM variability. Owing to the significant catchment evolution which
occurred at Lake Suigetsu during TII, we also make use of terrestrial
(long-chained) and aquatic (short-chained) homologue concentrations alongside
existing diatom taxonomic counts, total organic carbon to total nitrogen ratios
(TOC/TN) and the carbon isotope composition of organic matter (6'*Cqrg) to
examine local environmental change more closely across this hitherto weakly

constrained interval.

4.5 Study Site

Lake Suigetsu is a ~34 m deep tectonic lake located adjacent to the Sea of Japan
in Fukui Prefecture, Honshu Island, central Japan (35°35’08” N, 135°52°57” E)
(Figure 4.2; Nakagawa et al., 2021). The lake is relatively small, with a surface
area of approximately 4.2 km? (Shigematsu et al., 1961), occupying ~50 % of its
total direct catchment area. Suigetsu is one of the “Five Lakes of Mikata”, a lake
system which, in the modern day, forms a series of artificially interconnected
water bodies linking the Hasu River to the south and Wakasa Bay to the north
(Figure 4.2; Shigematsu et al., 1961; Nakagawa et al., 2021). The climate of the
catchment is typical of the Sea of Japan coast of Honshu Island; i.e., temperate
and monsoonal. Between May and July, the climate of the region is dominated
by the moisture-rich south-easterly winds of the EASM (Nakagawa et al., 2006;
Chowdary et al., 2019). During these months the area receives large quantities
of precipitation during the northward propagation of the EASM front, which
usually reaches the catchment in June and delivers water derived from the
Pacific Ocean, Philippine Sea and East China Sea (Nakagawa et al., 2006;
Schlolaut et al., 2014). The region also receives a very large quantity of East
Asian Winter Monsoon (EAWM) precipitation (mixed snowfall and rainfall)
between December and February each year (Nakagawa et al., 2012). The strong
seasonality of precipitation delivered to the catchment means that both East
Asian Monsoon modes are detectable in isolation when sampling is undertaken on

seasonal timescales (Rex et al., 2024; Chapter 2).
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Figure 4.2 The location of Lake Suigetsu and the Five Lakes of Mikata. The upper panel
shows the position of Lake Suigetsu within the EASM region. The lower panel shows the
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A series of deep coring campaigns across the past 30 years have excavated
materials from below the lake to generate a world-leading palaeoenvironmental
archive which spans >98 m of composite depth (from the present day to in
excess of 200 ka BP; Nakagawa et al., 2012; McLean et al., 2018). As such, the
Lake Suigetsu sediment cores are a rare example of a well preserved, continuous
sediment record which extends to the penultimate glacial period (Nakagawa et
al., 2012; Rex et al., 2022 (Chapter 5)). Indeed, the upper ~45 m form the
longest continuously varved record from the Quaternary (Schlolaut et al., 2012;
Schlolaut et al., 2018). The composition and sedimentology of the cores varies
through time, driven by the evolution of the Five Lakes of Mikata system from its
origin to the present-day configuration. This process was principally driven by
subsidence of the western side of the Mikata Fault (which lies <2 km to the east
of the lakes) creating accommodation space for the lakes and causing lake
deepening with time (Suzuki et al., 2016). The area was perhaps at its most
dynamic during TII; the area shifted between fluvial and shallow water
environments during MIS 6 (Nakagawa et al., 2012; Rex et al., 2022 (Chapter 5)),
before evolving into a lake system. As such, the oldest sediments from Lake
Suigetsu are principally a mixture of peats and clays (the latter sometimes finely
laminated; Francke et al., in prep). By MIS 5e, the area was an established lake
system, which became saline during the Eemian global sea level highstand due to
saltwater incursions from the Sea of Japan, as evidenced by the presence of
brackish-tolerant diatom species (Saito-Kato et al., in prep; Nakagawa et al.,
2021). Sediments from this interval are finely laminated and it is inferred from
this that the water column was sufficiently deep to prevent turbation by surface

winds (and possibly had anoxic bottom waters, which hindered bioturbation).

4.6 Materials and Methods

4.6.1 Core Materials

Materials for this study were obtained from the 73.2 m Lake Suigetsu “SG06”
core (Figure 4.2), extracted from the centre of Lake Suigetsu as overlapping core
sections from four parallel boreholes (Nakagawa et al., 2012). Alighment of the
core sections was conducted using visible marker horizons to create a composite

master core. Chronological control for the younger part of the core (upper ~40 m
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of composite depth; ~50 ka BP to the present day) is provided by >800
radiocarbon dates, thin section microscopic varve counting and geochemically
identified volcanic tephra layers (Bronk Ramsey et al., 2020; Staff et al., in
prep). However, the older part of the core (from ~40 - 73 m composite depth) is
beyond the limit of the radiocarbon dating technique and contains only
discontinuous varved sections (to ~45 m composite depth), and hence alternative
chronological techniques must be used to produce an extension of this age depth
model. The most recent iteration of this extension (provided by A. Francke;
Francke et al., in prep) aligns the relative abundance of Cryptomeria pollen in
SGO6 to the same quantity in MD01-2421, a marine core from offshore Japan in
the Pacific Ocean (Oba et al., 2006). This process was supplemented by
cross—-archive alighment of the Aso-4 tephra (86.4 + 1.1 Ar-Ar ka BP) as an
absolute chronological tie point (Albert et al., 2019). The oxygen isotope
stratigraphy of MD01-2421 was updated as part of this procedure by alignment
to the regional benthic isotope stack for the Pacific (Lisiecki and Stern, 2016).
The ages presented in this study are given in thousand years before AD 1950 (“ka
BP”) because the complete (i.e., combined radiocarbon and non-radiocarbon)
Suigetsu core chronology has a datum at AD 1950. This iteration of the
chronology indicates that the oldest sediments within the SG06 core were
deposited ~146 ka BP (i.e., MIS 6). The age-depth model of MD01-2421 is aligned
to other global palaeoclimate archives (e.g., the Greenland ice cores and
Chinese speleothems) via the Pacific regional benthic isotope stack (Lisiecki and
Stern, 2016).

Sediment was extracted from longitudinally cut core sections as ~58-year (n =
56) or ~112-year (n = 4) contiguous (continuous adjacent) subsamples spanning
125.23 +2.26 to 132.62 + 2.20 ka BP (6389.5 to 6908.2 cm composite depth (ver.
06 April 2020)). This interval was selected to bracket the period of most rapid
EASM change during TII (-128 ka BP) as evidenced by the Chinese speleothems
(e.g., Jiang et al., 2005; Cheng et al., 2006), as well as extremes in preliminary,
low-resolution pollen-derived temperature from the Suigetsu cores. Core
expansion during storage was accounted for by linear interpolation (as in
Chapter 3). Care was taken to remove the outer ~3 mm of sediment before
subsampling in order to eliminate the possibility of cross-contamination by

modern organic compounds from handling during core extraction (Chapter 3). In
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the same vein, instruments and surfaces were cleaned with ethanol prior to and
during use. Sample wet weights ranged from 5.4 - 13.6 g. To prevent skewing of
the results to large instantaneous events, event layers (such as tephra and flood
materials) were removed where possible prior to subsampling. It is important to
note that because the target sediments were varied in type and colour, some
event layers may have been overlooked. However, this cautious approach is
preferable to a more stringent one, which could result in accidental omission of
non-event material. Plant macrofossils were also removed following the same
logic (i.e., that a large amount of material from a single organic fossil could
skew the analytical results of that sample). Whilst the sediments extracted as
part of this process were well preserved, it is possible that bioturbation and
discontinuous deposition was undetected on account of the lack of consistent

sedimentary substructure (i.e., varving).

4.6.2 Sample Preparation

Samples were prepared for analysis (in batches of 10 samples, each with a
procedural blank) at the University of Glasgow following an amended version of
the preparation methodology presented in Chapter 3. A Total Neutral Fraction
(TNF) and a Total Acid Fraction (TAF) were extracted from each freeze-dried
sediment sample by an Accelerated Solvent Extractor using dichloromethane and
methanol (9:1, v:v) (to yield the Total Lipid Extract), followed by solid phase
extraction through a LC-NH; silica gel column to separate the TNF and TAF. A
dichloromethane:propan-2-ol solution (1:1, v:v) and 4 % acetic acid in diethyl
ether were used to elute the TNF and TAF, respectively. The TNF was further
separated through a silica gel column; the first neutral fraction (N1, containing
aliphatic hydrocarbons), was eluted with hexane, and the other neutral fractions
(N2: ketones, esters and aromatics, N3: alcohols, N4: polar compounds)
sequentially eluted with dichloromethane, ethyl acetate:hexane (1:3, v:v) and
methanol. The TAF fraction was derivatised in sealed vials using 12 % boron
trifluoride in methanol at 70 °C for 1 hour to convert any n-alkanoic acids to
fatty acid methyl esters (FAMEs). A final clean-up was performed using a silica
gel column to purify the FAMEs; non-FAME compounds (A1 fraction) were eluted
with hexane and FAME compounds (A2 fraction) were eluted with
dichloromethane. The N1 and A2 fractions were prepared for analysis by

dissolving in hexane, and the other fractions archived.
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4.6.3 GC-MS and GC-FID Analysis

Gas Chromatography - Mass Spectrometry (GC-MS) analysis was performed for
compound identification at the University of Glasgow using an Agilent 7890B Gas
Chromatogram connected to a 5977A mass spectrometer detector with an
electron impact ionisation source. Analysis of 10 representative samples
confirmed that the N1 and A2 fractions were dominantly comprised of n-alkanes
and n-alkanoic acids (as FAMEs), respectively (Figure 4.3; Figure 4.4). N-alkane
and FAME concentrations were then determined using an Agilent 7890B Gas
Chromatogram fitted with a flame ionisation detector (GC-FID). For full GC-MS
and GC-FID instrument settings, see Chapter 3. The A2 fraction was analysed in
200 pL of hexane, and the N1 fraction in 100 pL to 200 pL, depending on yield.
For each sample a volume of 1 pL was injected. Peak areas of the Cy5 - C33
n-alkanes and Cq4 - C3; n—-alkanoic acids were converted to concentrations via a
set of external calibrations using a standard mix of eleven n-alkanes (following
Chapter 3) at three concentrations (2.5 pg/mL, 5 pg/mL and 10 pg/mL).
Concentrations for peaks with a 0 - 25 minute, 25 - 35 minute and 35 - 60
minute retention time were respectively calculated from calibrations based on
the Cy6, C29 and the C39 homologues in the standard (R? > 0.99). Finally,
homologue concentrations were normalised to dry sediment mass. The
concentration of the C;; n—-alkanoic acid was not measured for all samples due to
the presence of phthalate compound peaks at a similar retention time (~34.5

minutes) to this homologue in 38 % of samples (Figure 4.3).

The n-alkane concentrations were then used to quantify a range of indices of
environmental change. These were the short-chained Carbon Preference Index
(CPly5-20; Equation 4.1), long-chained Carbon Preference Index (CPl;7-32;
Equation 4.2), Terrestrial to Aquatic Ratio (TAR; Equation 4.3) and the Average
Chain Length (ACL¢s-33; Equation 4.4). CPly5-30 and CPly7-3; are indicators of both
source and preservation, whereas TAR and ACL+5_33 can be used to distinguish
between terrestrial and aquatic sources (Zhang et al., 2020), and hence these
indices can be used to reconstruct lacustrine development. The n-alkane
concentrations were used instead of the n-alkanoic acid concentrations, despite
the latter being higher, because n-alkanoic acids more easily degrade (Meyers
and Ishiwatari, 1993) and hence these indices (particularly the CPI values) could

be affected by preservation as well as environmental changes.
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Figure 4.3 Example GC-FID A2 fraction chromatograms. Key homologue peaks are indicated.

Phthalate compound peaks (lower panel) were detected in some samples but did not interfere with
peaks of interest.
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Figure 4.4 Example GC-FID N1 fraction chromatogram. Key homologue peaks are indicated.
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CPI ) ([C4s]+[Cq7]+[Ce9D)
13207 ([Cy6]+[C1g]+[CooD)

Equation 4.1 (Zhang et al., 2020)

CPlyay - ([C27]+[Ca9]+[C541)
27-32 = ([Cy8]+[C30]+[C32 D)

Equation 4.2

([Cool+[C34]+[C33])
([Cys]#[Cy7]+[Cho])

TAR -

Equation 4.3 (Zhang et al., 2020)

(15[Cy5]+17[Cy7]+19[Cyg]+21[C;1]+23[C3]+25[Cy5]+27[Co7]+29[Coq] +31[C34]+33[C35])

ACL1s33 - (Cos ] o1 [Cral+ [T [Cn *[Cosl+ [Cor T+ [C oo [Cor T+ [Ca] )

Equation 4.4 (Zhang et al., 2020)
4.6.4 GC-IRMS Analysis

The compound-specific hydrogen isotope (6?H) composition of the Cy, Cs and
C30 n-alkanoic acids as FAMEs (6%Hcaeacid, 0*Hc2sacia and 02Hc3oacia) Were measured
at Hokkaido University (by O. Seki). The n-alkanoic acids were selected for this
purpose to be consistent with previous analysis on the Suigetsu cores (Chapter 3)
and because 6?H analysis of the n-alkanes was prohibited by low homologue
concentrations. Similarly, the aquatic n-alkanoic acid homologues were also too
low in concentration to analyse. Section 4.7.4 considers the effect of n-alkanoic
acid degradation on the d2H..iq values. Analysis was performed using an Agilent
GC7890 gas chromatography (GC) system connected to an Elementar Isoprime
vision isotope ratio mass spectrometer (IRMS) via a ceramic tube thermal
conversion furnace. The GC employed a DB5 capillary column (60 m length, 0.25
mm internal diameter, 0.25 pm film thickness). The helium carrier gas flow rate
was 1.1 mL min ~'. Each A2 fraction was dissolved in 25 - 330 pL of hexane and
0.50 - 3.90 pL injected (depending on FAME yield). The inlet was kept at 350 °C
and the following oven programme used: the oven was held for 4 minutes at 50
°C and raised to 120 °C at 20 °C min~', then increased to 310 °C at 5 °C min~" and
held for 30 minutes. The furnace temperature was set to 1450 °C with an
interface temperature of 350 °C. In samples containing a contaminant phthalate
peak, flow was redirected to prevent entry of this contaminant into the IRMS.

Subsamples were measured in duplicate and the 32H values of each homologue
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were calculated relative to a calibrated reference H; gas. These values were
then converted to the VSMOW scale via a calibration to measurements of the
standard n-alkane mixture A6 from Indiana University (containing C¢¢ to C3p
n-alkanes). All hydrogen isotope data are expressed in standard delta ()
notation in per mille (%.) deviations relative to VSMOW. Analytical accuracy of
the standard measurements was within 5 %.. The H;* correction factor ranged
from 4 to 5. Values were corrected for the methylation process using a mass
balance scheme (Chivall et al., 2012) to convert the measured FAME &2H values
to n-alkanoic acid values (excluding the exchangeable hydrogen on the
carboxylic acid group). GC-IRMS measurements of (Z)-hexadec-9-enoic acid
(6%H = -154.02 %0) and methyl (Z)-hexadec-9-enoate (6?H = -143.13 %) were
made at the University of Glasgow to calculate the 32H value of a single
methanol-derived methyl hydrogen (3?H = -37.86 %.), which was used in the
mass balance calculations. Low concentrations affected the repeatability of the
measurements of 02Hcasacid, 0*Hcagacia OF 02 Hesoacia in 11 samples; these were
therefore excluded from the final dataset. In 5 samples it was not possible to
accurately measure 6%Haciq for any of the three homologues. The mean precision
of the 02H,iq measurements was + 2.5 %o (10 range). The final dataset comprises
44 datapoints for the 02Hcaeacid, 49 for 02Hcasacia and 33 for 6?Hc3oacid-

4.7 Results

4.7.1 Lipid Concentration and Index Variations

Down-core fluctuations of measured n-alkane and n-alkanoic acid
concentrations and n-alkane indices provide information on the evolution of the
Lake Suigetsu catchment across Tll and constrain the most major shifts in
catchment development to between ~131.0 ka BP and ~129.8 ka BP (Figure 4.5).
These observations support existing TOC/TN and 8'3C,rg (analysed by A. Francke
and J.J. Tyler; Francke et al., in prep) and diatom taxon variations (analysed by
M. Saito-Kato; Saito-Kato et al., in prep) across the interval. Terrestrial
(long-chained, >C;¢) n-alkane and n-alkanoic acid homologue concentrations
were generally greater and more variable prior to 129.7 ka BP (<22.0 pg g™' for
the n-alkanes, <58.0 pug g™' for the n-alkanoic acids); after this, the
concentrations of both were low and stable (<1.1 pg g~ for the n-alkanes, <20.4

ug g7' for the n-alkanoic acids). N-alkanoic acid concentrations were generally
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greater than the concentration of the n-alkanes for similar chain lengths (e.g., a
mean concentration of 6.7 pg g~ for the Csg n-alkanoic acids, and 2.6 pg g for
the Cy9 n-alkanes), and the concentrations of the C;¢, and C,5 n-alkanoic acid
homologues were consistently the largest. The concentration of the terrestrial
n-alkane homologues decreased abruptly at 130.9 ka BP, whereas the
concentration of the terrestrial n-alkanoic acid homologues decreased later at
129.7 ka BP. Only very small fluctuations (on the order of ~10 pg g7'), limited to
the terrestrial n-alkanoic acid concentrations, were observed later in the profile
(127.2 ka BP onwards). Aquatic (short-chained, <Cq9) n-alkane concentrations
were generally very low; values were slightly elevated prior to 131.0 ka BP,
particularly the C19 homologue, however the difference between these earlier
values and the remainder of the profile was <1.8 pg g™' (i.e., negligible). The
aquatic n-alkanoic acid concentrations were more distinct by comparison; whilst
the concentration of the Cq4 n-alkanoic acid changed minimally across the study
interval, there were peaks with values up to ~8 pg g~" larger than the interval

mean C4¢ and C1g n-alkanoic acid concentration between ~130 and 128 ka BP.

The CPly5-50 values ranged from 0.39 to 2.18 with a mean of 0.88, representing
very minimal fluctuations with time. Contrastingly, the CPl;7_3; values were more
variable, but exhibited consistently higher values (3.14 to 9.39, mean 5.19). The
greatest CPl,7_3; values were observed prior to 131.5 ka BP and post-127.0 ka BP.
The TAR increased from the start of the study interval to 130.0 ka BP (reaching a
maximum of 28.0), before rapidly decreasing over a 300-year interval and
subsequently fluctuating about a mean of 8.2 between 129.7 and 125.2 ka BP.
Across the entire interval, the mean ACL5_33 was 27.0, oscillating minimally from
132.7 to 127.2 ka BP before decreasing slightly and exhibiting greater variability
to 125.2 ka BP. The bulk TOC/TN ratio and 6"'3C,, displayed inverse behaviour,
with the former exhibiting higher values (>20) prior to 131.0 ka BP and
decreasing across a 1.2 ka interval to lower values (~10), and the latter
exhibiting lower values (-30 to -34 %.) before increasing to a mean of 27 %o
(Francke et al., in prep). Incursions of (brackish-tolerant) Cyclotella spp.
occurred at 129.7, 127.5, 126.1 and 125.6 ka BP, coinciding with increases in

diatom frustule concentration (Saito-Kato et al., in prep).



Chapter 4 125

/\

Age (ka BP)

Diatom
[n-alkane] [n-alkane] 13 . Concentration
(Hg/g) (g/g) ol AL 8™ Corg (%) (108 valves mm-3)
0 10 20 0 % c} 24 26 28 -34 -30 -26 0 1 2
126 Q \ ?
CPlys.00
' Y —
128
Lacustrine

130
} :

C28

— Transition
Fluvial/Shallow
Aquatic

182 L/] il c16
C1
caz c3tCrc2e 0 30 60CICI7CI8 g 5 10 0 15 30 10 20 30 0 2 4 6
[n-alkanoic acid] [n-alkanoic acid] TAR TOC/TN Cyclotella spp.
(Mg/9) (Hg/9) (10 counts)

Figure 4.5 Evidence for catchment evolution at Lake Suigetsu during Glacial Termination Il. Panels show mass—normalised n—alkane and n—alkanoic acid
concentrations of key terrestrial (green) and aquatic (blue) chain lengths, short— and long—chained n—alkane Carbon Preference Indices (CPI), n—alkane Terrestrial to
Aquatic Ratio (TAR), n—alkane Average Chain Length (ACL1s-33), ratio of Total Organic Carbon to Total Nitrogen (TOC/TN; provided by A. Francke and J.J. Tyler;
Francke et al., in prep), carbon isotope ratio of organic matter (5**Corg; provided by A. Francke and J.J. Tyler; Francke et al., in prep), counts of brackish-tolerant
Cyclotella spp. diatoms (provided by M. Saito—Kato; Saito—Kato et al., in prep) and diatom frustule concentrations (provided by M. Saito—Kato; Saito—Kato et al., in
prep). See Section 1204.6.3 for concentration and index calculations. The grey horizontal bar indicates the key environmental transition based on the data.
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4.7.2 Catchment Evolution

Our observations align with the interpretation of lake evolution presented by
Francke et al. (in prep); prior to 131.0 ka BP, the area was dominated by a
varying fluvial system interspersed with shallow water and peat bog
environments, which gradually evolved into a productive lacustrine system. This
process occurred over a ~1.2 ka interval. Observations prior to 131.0 ka BP
(higher terrestrial n-alkane and n-alkanoic acid homologue concentrations, TAR
values, TOC/TN ratios and 8'3C,rg values, and lower aquatic n-alkanoic acid
homologue concentrations), further reinforced by the presence of frequent,
thick peat-rich layers, are consistent with a shallow/semi-aquatic setting, with
significant amounts of terrestrially-sourced organic inputs and limited aquatic
productivity. Conversely, after 129.8 ka BP, our analyses indicate lower
terrestrial n-alkane and n-alkanoic acid homologue concentrations, TAR values,
TOC/TN ratios and 0'3Corg values, as well as major peaks in aquatic n-alkanoic
acid homologue and diatom frustule concentrations. These younger sediments
are richer in clays and increasingly laminated, implying that there was an
increase in aquatic influence (and greater aquatic productivity), which likely

resulted from the establishment of a lacustrine system.

Interestingly, some variables exhibited gradual shifts between 131.0 and 129.8
ka BP (including the terrestrial n-alkane and n-alkanoic acid homologue
concentrations), however, the changes in the aquatic n-alkanoic acid
concentrations and TAR values occurred abruptly at ~129.8 ka BP, coinciding
with a major decrease in the TOC/TN ratio and 6'3Corg. This suggests that whilst
terrestrial influence decreased slowly across the transition from a
shallow/semi-aquatic to a lacustrine environment, aquatic productivity may
have exhibited some sort of threshold behaviour because it intensified rapidly
(on the order of a hundred years). This abrupt shift in aquatic productivity could
be due to a water depth threshold being exceeded, likely assisted by tectonic
subsidence (and an increase in precipitation, discussed in Section 4.7.5). Whilst
the gradual decrease in terrestrial influence could indicate a reduction in the
influence of surrounding vegetation, we instead attribute this to decreasing
quantities of peat at the coring site (and hence lower TOC values
post-transition). Indeed, the consistently high CPl,7_3; and ACL4s5_33 values

support the notion that terrestrial influence on the lake system after 129.8 ka BP
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was still much greater than the aquatic. The dominance of the terrestrial
component appears to be an intrinsic characteristic of biomarkers from the Lake
Suigetsu sediment cores, consistent with observations of materials from TI
(Chapter 3). Whilst the CPlys-;5 values were consistently low (indicative of
degradation), we attribute this to very low short-chained n-alkane homologue
concentrations (close to the limit of detection), rather than poor preservation
(Lupien et al., 2022), although this value (~1) could indicate a microorganism
source (Zhang et al., 2020). The CPly7-3; values do not suggest degradation of
the long-chained n-alkane homologues because these values were much larger

than 1. Instead, these values are consistent with a terrestrial source.

Whilst the initial increase in diatom frustule concentration supports the
establishment of a lacustrine environment at Lake Suigetsu, diatoms were not
consistently present in the core across Tll; unlike Tl, where diatoms were found
in exceptionally high concentrations. This could indicate that the lake was only
transiently suitable for diatom bloom development, or that the lake chemistry
was not compatible with good diatom preservation. Slightly lower ACL4s5_33 values
were observed in the latter stages of Tll, when the diatom frustule
concentration was higher, suggesting that aquatic productivity was greater at
this time. The sudden increase in the number of Cyclotella spp. diatoms
post-126 ka BP suggests some seawater incursion during this interval. It is
estimated that Lake Suigetsu was situated a few metres above sea level for the
last glacial-interglacial cycle (the lake is currently at an elevation of 0 m.a.s.l.
and was ~3 m.a.s.l. before the AD 1664 Kanbun Earthquake; Staff, 2011), making
seawater incursions during a global highstand possible. Despite large quantities
(>10,000 counts) of Cyclotella spp. diatoms being observed for only ~100 years,
this likely represents a quasi-continuous occurrence, disguised by spot sampling

and lower levels of diatom preservation (Saito-Kato et al., in prep).

4.7.3 8%Hacia Variations

Profiles of 6%Haciq across TIl derived from the three key terrestrial homologues
(02Hc26acid, 0*Hcasacia and 0ZHczoacid) share many key features (Figure 4.6),
however some differences between homologue compositions are observed. From
132.7 ka BP to 130.1 ka BP, the 62H,.iq values were variable and fluctuated on a

centennial scale; during this interval the 02Hc3oaciq Values were often higher than
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the other homologues (up to as much as -147 %o, akin to later in the study
period). From 130.1 to 129.2 ka BP, all of the 6?H,.iq Values increased (equating
to a change of +93 %o in 3?Hcasacia) and, for the most part, smoothly, aside from a
singular, large, sub-100-year positive excursion observed in 6?Hcgaciqg and
02Hc8acid- The 02Hacig Values then exhibited an interval of stable, intermediate
values (between 129.1 and 128.7 ka BP, with a mean composition of -172 %.).
Between 128.7 and 128.1 ka BP, 0?Hc26acia and 0?Hcasacia rapidly increased and
then slowly decreased. This was an interval not constrained by many reliable
measurements of 6%Haciq, however these observations are based on bracketing
measurements and a measurement of 62Hczgacia mid-transition. Post-128.1 ka BP,
all of the 02H,.q values increased gradually, exhibiting some (multi-)centennial
variability. The largest deviations from the overall trend in this interval were
exhibited by the 3?Hcasacia Values, which displayed generally lower values than

the C,3 and C3p homologues.
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Figure 4.6 8%H derived from the Cus, Czs and Cszo n=alkanoic acid homologues during TIl at
Lake Suigetsu. Error bars show a 10 range. The vertical axis is shown inverted such that the
values reflect increasing depletion of deuterium (i.e., a stronger EASM; see Section 4.7.4 for signal
interpretation). Samples were analysed by O. Seki.
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4.7.4 Signal Interpretation

It is vital to carefully consider the drivers of 6%H,.iq in order to make robust links
between this variable and regional scale hydrological behaviours, particularly
within a catchment under the influence of a highly seasonal climate regime.
0%Hacid, like the hydrogen isotope composition of other lipid biomarkers, is
closely related to the 6%H of soil pore water, which is principally controlled by
the 62H of precipitation (3?Hprecipitation) (Sachse et al., 2012). It is this relationship
which facilitates the use of 3?H,q as a tracer for shifts in atmospheric
circulation and vapour transport (Tierney et al., 2008). Within the context of the
Lake Suigetsu catchment, modern monitoring has demonstrated that extended
modes of precipitation, including the EASM, dominate the delivery of freshwater
(and hence water isotopes) to the area (Rex et al., 2024; Chapter 2). Previous
analysis of 6?H,ciq from the Suigetsu cores found the most robust links between
this variable and EASM behaviour were established using *Hc3oacia (Chapter 3),
due to the strictly terrestrial source of the C3p n-alkanoic acid homologue
(circumventing the influence of the catchment transit lag (Rex et al., 2024;
Chapter 2)) and the weighting of 6?Hcspacia t0 summer 3?Hprecipitation (DeCause leaf
wax production occurs during the summer growth season). Contrastingly,
02Hc26acia and 0%Hcasaciq €xhibited slightly more aquatic character and hence were
influenced by 3?Hprecipitation from other seasons (namely the EAWM) due to the
mixed seasonality of lake water during the summer growth period (Chapter 3).
This highlights the importance of developing a strong understanding of proxy
seasonality to facilitate signal interpretation (Kurita et al., 2015; Rex et al.,
2024; Chapter 2). These findings align with other studies, which found that the
C2s n—alkanoic acid homologue can be produced within the water column in some
lakes (van Bree et al., 2018) and that 0?Hc3oacid is derived only from higher plants

and hence captures a purely terrestrial signal (Tierney et al., 2022).

We apply the same reasoning to our analysis across Tl and posit that the
02Hc30aciq Values from Lake Suigetsu most faithfully represent a terrestrial signal
with the strongest links to EASM 0%Hprecipitation- FUrthermore, the solely terrestrial
source of 02Hc3oacia Makes it possible to assume that the aforementioned
catchment variability and lake development had a negligible effect on this
variable. Hence, we attribute the differences observed between the 8?Hc3pacid

values and those derived from the shorter chained homologues to aquatic
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influences on the latter (either lacustrine development or mixed seasonality, or
a combination of these effects). Hence, subsequent analysis focusses on the
02Hc30aciq Values. The C3o homologue was generally found to be lower in
concentration than the C;¢ and C3 homologues, and hence produced fewer data
points during 02H,ciq analysis, however clear patterns could nevertheless be
observed in %Hc3oaciq (Figure 4.7). Use of the 6%Hc3oaciq Values was not prohibited
by degradation; we calculated the CPl,7_3; for each sample using the n-alkanoic
acid concentrations, rearranging Equation 4.2 for the even-over-odd preference
of n-alkanoic acids, and found that the resulting values indicated good
preservation of the C3p n—-alkanoic acid (mean 6.9; minimum 2.8). Additionally,
least-squares regression analysis of these n-alkanoic acid CPl;7-3; values and
02Hc30acia Values displayed a weak correlation (R? = 0.27), indicating that even
the small variations in the degradation of the n-alkanoic acids did not alter the

02Hc3oacia Values (after Lupien et al., 2022).

Despite the evidence to support a strong link between 0?Hc3oacia and EASM
O%Hprecipitation at Lake Suigetsu, it is also important to consider the influence of
local processes (most crucially temperature and vegetation change) on 6?Hc3gacid
(Holtvoeth et al., 2019). An assessment of the impact of these processes can be
made by using preliminary complementary pollen analyses and pollen-derived
temperature reconstructions from the cores across Tl (albeit at a lower
resolution than the 62Hc3gacid @analyses), which can assist in determining the
magnitude of these alternative influences (analysed by T. Nakagawa). These
pollen analyses were derived following the methods presented by Nakagawa et
al. (2021). The impact of vegetative change, particularly the relative amounts of
C3 versus C4 plants (Tierney et al., 2010), was negligible, because the dominant
species across the Tll interval were trees with similar biosynthetic pathways
(including Alnus, Carpinus, Cryptomeria, Fagus, Quercus and Tsuga, all of which
are classified as C3 vegetation). Conversely, the impact of temperature on
02Hc30acia is more difficult to define. The pollen-reconstructed mean
temperature of the warmest month (MTWA) displays some similarities to the
02Haciq profiles; it increased from 131.6 ka BP to 129.8 ka BP, decreased to 128.0
ka BP, then increased to a maximum at 126.4 ka BP (Figure 4.7). This trend
broadly follows that of d?Hc3pacid in the earlier stages of Tl (pre-130.0 ka BP),

before decoupling. During Tl, higher resolution pollen-derived temperature
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analyses allowed for a confident assertion that climate (and hence vegetation
change) were not major drivers of 6?Hc3oacid (Chapter 3). Whilst ground-truthing
these observations in a more intensely studied climatic interval provides strong
evidence that the effect of temperature on 6?Hc3oacia Was also limited during TII,
it is important to note that the magnitude of change observed in 02Hc3paciq Was
greater in Tll than in Tl (particularly in the pre-130.0 ka BP period), and that a
qualitative relationship to temperature during this period is apparent (albeit
temporally constrained). This suggests that, whilst other drivers are possible,
there could be a temperature component to this signal. Whilst some studies have
attributed this to the effect of regional temperature on 6?Hpecipitation (€-8-,
Thomas et al., 2014), this could also be a local effect (via greater soil
evaporation and transpiration within the catchment; Sachse et al., 2012). In
light of this, it is possible that a combination of decreasing 6?Hprecipitation and
rising temperatures contributed to the initial decrease in 6?Hc3paciq prior to 130.0
ka BP. However, a temperature increase alone cannot account for the 72.3 %o
decrease (maximum to minimum difference) in 3*Hczoacia between the start of
the record and 130.0 ka BP; the 6.7 °C temperature increase (AT) indicated by
the pollen climate reconstruction would yield only a ~14 %o change in 32Hc30acid,
using the AT-AG8'80 relationship presented by Rozanski et al. (1993) (A3'80 =
0.31AT - 0.33) and the global meteoric water line relationship between A3'%0
and A3?H (A62H/AS™0 = 8). Hence, there must also be a change in d?Hprecipitation
during this interval. Additionally, the relationship between 2Hc3pacia and
temperature breaks down post-130.0 ka BP, suggesting that for the remainder of

TIl, the 6®Hc30acia Values were dominantly driven by 3?Hprecipitation alone.

4.7.5 EASM Evolution

The EASM system is driven by a series of interconnected climate features,
centred around the northwards propagation of the EASM front, which is
propagated by the position and intensification of the Western Pacific Subtropical
High (Kurita et al., 2015; Xu et al., 2020). It follows that modifications to this
scheme which alter EASM strength are the dominant controls on &*Hc3gacid across
much of TIl, with an additional temperature component in the pre-130 ka BP
interval. We propose that EASM &?Hprecipitation iS controlled by a combination of
source composition and transport processes during TIl, as during Tl, and that a

“stronger” EASM would have lower 62Hpreciptation (and hence 6?Hcspacia) Values due
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to stronger winds and greater quantities of precipitation integrated across the
transport pathway (as in Chapter 3). Kurita et al. (2015) found a strong inverse
relationship between contemporary EASM strength and 0%Hprecipitation in Tokyo,

Japan, which supports the notion that 6?Hc3gacia is related to EASM evolution.
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Figure 4.7 8°Hcaoacia and pollen-derived temperature evolution during Tl at Lake Suigetsu.
The lower panel shows the evolution of 8?Hacid derived from the Cso n—alkanoic acid homologue
(samples were analysed by O. Seki). Individual data points with 1o error bars are shown, overlying
a loess—smoothed trendline (span = 0.25) with 10 confidence bands. The vertical axis is shown
inverted such that the values reflect increasing depletion of deuterium (i.e., a stronger EASM; see
Section 4.7.4 for signal interpretation). The upper panel shows the pollen—derived mean
temperature of the warmest month (MTWA) with error bars showing minimum/maximum values
inferred for the same interval (analysed by T. Nakagawa). Timescales are equivalent because both
sets of analyses were performed on the SGO06 core.
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Based on these assertions, our record supports EASM strengthening from the start
of Tll in the penultimate glacial period to ~130 ka BP (alongside an increase in
temperature), before rapid weakening to 129.5 ka BP. There is also some
evidence for subsequent strengthening to 129.0 ka BP, albeit more gradual than
indicated by 6?Hczeacia and 0*Hczsacid, followed by continued weakening into the
last interglacial period. Interestingly, the most significant period of EASM
strengthening during TIl occurred immediately prior to, and during, the
transition from shallow/semi-aquatic to lacustrine conditions at the catchment
between 131.0 and 129.8 ka BP. As mentioned above, it is unlikely that this
catchment evolution affected &*Hc3oacid, Which is derived from terrestrial plants,
effectively decoupling this variable from lake behaviours. However, it is possible
that this increase in EASM strength also increased freshwater delivery to the

area, contributing to lake system formation, alongside tectonic subsidence.

4.8 Discussion

4.8.1 A Note on Chronological Alignment

Our results support an initial increase in EASM strength in Japan during MIS 6,
which reached a maximum at ~130 ka BP, followed by overall weakening with
some evidence for submillennial-scale variability (weakening to 129.5 ka BP,
strengthening to 129.0 ka BP and then weakening into MIS 5e). Comparing this
behaviour to other key regional records of temperature and EASM strength is
important for an integrated understanding of EASM evolution across TII.
However, chronological alignment across Tll is more challenging than for more
recent intervals, because many archives (including Lake Suigetsu) lack
independent chronologies and hence age control is often obtained by tuning to
other sites (sometimes via climate parameters). A conservative approach is
therefore required to avoid circular reasoning, and here we present each record
on their own chronology solely for orientation. This is also prudent because many
archive chronologies are associated with large amounts of error (on the order of
a thousand years) and hence distinguishing offsets between shifts in different
regions is not practical. However, this does not prevent worthwhile comparisons

being made between the structure of records from different archives.
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4.8.2 Comparison to Continental EASM Records

Comparison of our 6?Hc3oacia EASM reconstruction to other records from the EASM
region supports the notion of a “Weak Monsoon Interval” during MIS 6, and that
TIl was associated with EASM strengthening, however there are clear differences
between records, which adds credence to previous assertions that EASM
evolution during Tl was extremely spatially heterogenous (Figure 4.8; Xue et
al., 2019). Indeed, none of the records presented in Figure 4.8 show the same
trends across this interval, aside from perhaps Sanbao Cave and Hulu Cave
0"80speleothem, although the latter record does not extend past 128 ka BP (U-Th
timescale). A common feature of some of the Chinese speleothem records is a
rapid increase in EASM strength at ~129 ka BP (U-Th timescale), which was not
observed at Lake Suigetsu. Accounting for chronological uncertainty, the largest
increase in EASM strength observed at Lake Suigetsu (between ~131 and 130 ka
BP, SG timescale) could be equivalent to this rapid shift in 6'0speleothem;
however, the shift in Suigetsu 6?Hc3pacia is more similar in duration to the gradual
decrease in 3'80qpeleothem Observed at Hulu Cave and Shangxiaofeng Cave. This
observation contradicts previous assertions that the rapidity of the transition in
0"804peleothem Was an indicator of EASM threshold behaviour (Yuan et al., 2004;
Kelly et al., 2006), and instead suggests that, in Japan at least, EASM

strengthening was a slow response to climate forcing.

Not only is the trend in EASM strength during Tl at Lake Suigetsu different from
other records from across the region, but so is its apparent relationship with
temperature evolution. EASM strength tracks the increase in temperature at
Lake Suigetsu prior to 130 ka BP, before fully decoupling from temperature,
which continues to rise whilst the EASM exhibits a weakening trend (Figure 4.7,
Figure 4.8). Instead of this behaviour, analysis of sediments from the South
China Sea found that EASM strengthening lagged behind the temperature
increase (He et al., 2017a). Furthermore, EASM strength and temperature were
decoupled at Xinglong Cave during the early stages of Tll before coupling later
on (i.e., the reverse of the trends seen at Lake Suigetsu; Duan et al., 2022).
Interestingly, the temperature evolution at Lake Suigetsu and Xinglong Cave
exhibit similar structural features (accounting for chronological uncertainty;

Figure 4.8). However, whilst our EASM record at Lake Suigetsu indicates
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strengthening with the first rise in temperature, the increase in EASM strength at

Xinglong Cave does not occur until the second temperature rise, 4 ka later.
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Figure 4.8 Records of EASM strength between 134 and 124 ka BP and location indicators.
From top left to bottom right: Shangxiaofeng Cave SD1 §'8Ospeicothem (U-Th timescale; Xue et al.,
2019), Xinglong Cave XL-4 &*®Ospeleothem in black and loess-smoothed mean annual average
temperature (MAAT; span = 0.1) with 10 confidence bands in grey (U-Th timescale; Duan et al.,
2019; Duan et al., 2022), loess-smoothed Lake Suigetsu SG06 d?Hcsoacid (Span = 0.25) with 10
confidence bands in dark green and MTWA with error bars showing minimum/maximum values in
light green (analysed by T. Nakagawa) (SG timescale; this study); Sanbao Cave SB25-2, SB23
and SB11 8'80speleothem (U-Th timescale; Wang et al., 2008), Dongge Cave D4 &'8Ospeicothem (U-Th
timescale; Kelly et al., 2006), Hulu Cave MSX 8'®0spelecthem (U-Th timescale; Cheng et al., 2006).

This suggests that even though quantitative comparison of these records is
prohibited by circular reasoning, by assuming that the temperature variations

occurred synchronously between these two sites (which is not only reasonable
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based on similarities in structure, but also based on observations across Tl which
found that temperature is likely to conform to regional/hemispheric trends), we
can propose that the most major shift in EASM strength at Lake Suigetsu
occurred prior to the largest shift at Xinglong Cave (at ~129 ka BP; a sudden
change common to all of the Chinese speleothem records). However, the
smaller, earlier shift in Xinglong Cave (termed the “Weak Monsoon Interval
Interstadial” by Duan et al. (2019)) could be equivalent to the largest shift at
Lake Suigetsu, because this occurs during the first period of rising temperatures.
This suggests that not only did the EASM strengthen more slowly in Japan than
many parts of continental China (where records exhibit a step-change in EASM
strength), but also that this strengthening occurred earlier; although without
robust independent chronologies this remains tentative. It follows that EASM

strengthening in Japan does not lag regional temperature increases.

Another key aspect of EASM evolution which differs among sites is the presence
(or absence) of submillennial-scale variability during TIl. Comparison of the Lake
Suigetsu record to these other (speleothem) records is difficult due to critical
structural differences (i.e., a lack of rapid strengthening at 128 ka BP (U-Th
timescale). However, much like the Shangxiaofeng Cave 6'80speleothem record, the
Suigetsu &2Hc3oaciq record provides evidence for inversions in EASM strength after
an initial increase. Such features are not universally observed; there are
contrasting observations from across the monsoon region as to their nature (a
true “inversion”, a “pause”, or a “slowdown”; Figure 4.8). Regardless, the
evidence from Suigetsu is that there was indeed some submillennial-scale
variability in EASM strength during TIl, in contrast to observations at Hulu and
Sanbao caves (Cheng et al., 2006; Wang et al., 2008). It is interesting to note
that the amplitude of millennial-scale variability observed is greater in the
reconstructions derived from the most northerly archives (Shangxiaofeng Cave,

Xinglong Cave and Lake Suigetsu; discussed further in Section 4.8.5).

4.8.3 Contrasting EASM Evolution in Japan During Tl and TII

The interpretation of these patterns can be assisted by comparing the findings
presented here to EASM and temperature variations across Tl. This exercise
highlights significant differences between deglacial monsoon behaviours during

these intervals (Figure 4.9); whilst Suigetsu pollen-derived temperature during



Chapter 4 137

Tl and TII shows some similar character, observations of 62Hc3gaciq suggests
unique trends in EASM strength. This is not surprising, given how other records
from across the EASM region exhibit different EASM behaviours during Tl and TlI
(e.g., Cheng et al., 2006; Duan et al., 2019). Not only is the range of Suigetsu
02Hc30acid Values greater across Tl than TI, suggesting higher amplitude changes
in EASM strength (accounting for a contribution to 32Hc3gaciq from rising

temperatures, as mentioned previously), but there are limited similarities in

structure.
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Figure 4.9 Comparison of records from Greenland (Gr), Lake Suigetsu (SG) and Antarctica
(Ant) during Tl and TII. Tl records: GRIP §%0ice (Johnsen et al., 1997; Rasmussen et al., 2014;
remodelled onto the U-Th timescale as per Chapter 3), Suigetsu mean temperature of the warmest
month (MTWA; Nakagawa et al., 2021; IntCal20 timescale), loess—smoothed Suigetsu 8?Hcaoacid
(span = 0.1) with 1o confidence bands (EASM proxy; Chapter 3; IntCal20 timescale), Antarctica
WAIS Divide 5'®0ice (WAIS Divide Project Members, 2013; WD2014 timescale). TlI records:
Synthetic Greenland 5'80ice (Barker et al., 2011; EDC3 timescale), Suigetsu MTWA with error bars
showing minimum/maximum values (this study; SG timescale; analysed by T. Nakagawa),
loess—smoothed Suigetsu 8?Hcsoacid (Span = 0.25) with 1o confidence bands (this study; SG
timescale), Antarctica Dome Fuji 5!80ice (DFO-2006 age) (Kawamura et al., 2007).
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Other reconstructions have suggested that EASM change appears to lag behind
many other significant climatic shifts during Tl (including increasing southern
hemisphere temperature, global carbon dioxide concentration and initial
increases in methane concentration; Yuan et al., 2004). These studies instead
aligned the increase in EASM strength to Northern Hemisphere temperatures
(Masson-Delmotte et al., 2010; Li et al., 2014). Under these circumstances,
EASM strengthening would denote the full inception of global interglacial
conditions (Yuan et al., 2004; Kelly et al., 2006). Wang et al. (2008) suggested
that this delay to EASM strengthening was due to the persistence of cold
conditions during Heinrich Event 11 in the North Atlantic, which suppressed
AMOC and forced the Intertropical Convergence Zone (ITCZ) to the south, a key
component of the argument for an EASM-North Atlantic teleconnection during TlI
(Xue et al., 2019). However, our record from Lake Suigetsu suggests that EASM
strengthening in Japan occurred prior to this, challenging this North
Atlantic-centric viewpoint and allowing for alternative teleconnections and

forcing mechanisms to be explored.

EASM strength in Japan across Tl displayed an inverse response to the ACR
(Chapter 3), whereas pollen-derived temperature was closely related to
Greenland (i.e., North Atlantic) temperature (albeit with an earlier late glacial
interstade onset (Nakagawa et al., 2021)). Chapter 3 proposed that insolation
was the key driver of EASM strengthening across Tl on multi-millennial
timescales but attributed the propagation of an inverse response to the ACR to
Pacific climate variability. It was suggested that the preservation of these
Antarctic signals was enhanced by Japan’s location at a higher latitude, adjacent
to the Pacific regime and isolated from mainland China. Applying these
principles to our interpretation of EASM variability during TII can help to

rationalise our observations from Lake Suigetsu.

4.8.4 Climate Forcing

The most likely driver of EASM variability during Tll is Northern Hemisphere
summer insolation. The relationship between the EASM and insolation is
well-established on orbital timescales (Kelly et al., 2006; Cheng et al 2019) and
was considered a major driver of EASM variability during Tl, and we propose that

this was also the case during TIl. However, insolation is only one component of
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the global deglacial climate sequence, and other elements of the climate system
(in particular, polar temperatures) can help to rationalise our observations.
Across Tl, aside from Southern Hemisphere stade-interstade fluctuations leading
those in the Northern Hemisphere, Antarctic and Greenlandic temperatures
followed similar trends, reaching a peak in the early Holocene. However, during
TIl, the interhemispheric temperature gradient was significantly greater due to a
large (up to 2 ka) temporal offset between peak temperatures in Greenland and
Antarctica (Nilsson-Kerr et al., 2019). During Tl, we observed discrepancies
between records from Japan and continental China when polar temperatures
were decoupled during low amplitude stade-interstade fluctuations (Chapter 3);
aside from these intervals, the EASM system exhibited coherent strengthening
patterns. During Tll, this decoupling is even more significant; stade-interstade
fluctuations were extremely muted (and highly debated), and instead we
observe extremely different hemispheric glacial-interglacial fluctuations. This is
critical for EASM operation because perturbations in the interhemispheric
temperature gradient are intrinsically linked to atmospheric circulation and ITCZ

positioning, and hence have the potential to significantly alter EASM behaviour.

We propose that these different climate behaviours during TIl relative to TI,
combined with greater ice volumes pre-transition (during MIS 6) and more rapid
deglaciation associated with a larger solar insolation change during TII (Caley et
al., 2013), were the cause of the differences in the pattern and magnitude of
EASM change during Tl and Tl at Lake Suigetsu. Furthermore, because tangible
inter-regional links have been made from both Antarctic and North Atlantic
temperatures to EASM behaviour during other intervals, it follows that the
observed spatial heterogeneities in EASM behaviour during Tll could be due to
competing influences from each pole. The Suigetsu pollen-derived temperature
profile shows submillennial-scale variability during Tll which cannot be
explained solely by a Northern Hemisphere influence (because Greenland
temperature lacks substructure), but could be due to a combination of the
temperature profiles of both poles; an earlier peak due to the insolation
increase and Antarctic warming, and a later peak due to Greenlandic warming
(which is also observed in South China Sea temperatures (Clemens et al., 2018).
This implies that when decoupled, polar temperatures can both have a tangible

effect on the mid-latitudes.
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Given the evidence for an Antarctica-Japan EASM teleconnection during Tl, it is
not surprising that we observe the most major shift in EASM strength in Japan
during the earlier stages of Tll (when the largest changes in insolation and
Antarctic temperature occurs) relative to mainland China, which displayed a
strong North Atlantic teleconnection during Tl. Indeed, EASM evolution in Japan
appears to maintain a closer relationship to Antarctic temperatures during TII.
However, it is also arguable that all sites display some degree of mixed
character; for example, the Weak Monsoon Interval Interstadial at Xinglong
Cave, albeit more muted than the main shift, could be representative of a
Pacific influence on EASM strength at this site. Site location may be a key
component of the relative influence of each teleconnection; much like Tl, we
propose that the location of Japan makes precipitation here especially sensitive
to Pacific (and ultimately, Antarctic) changes. Hulu Cave, Shangxiaofeng Cave
and Lake Suigetsu are at similar latitudes and lower elevations than the other
sites, as well as being located closer to the coast, and all exhibit slower
increases in EASM strength. The other sites, situated further inland, display more
rapid increases in EASM strength akin to threshold behaviour, possibly due to
greater influences of Heinrich Event 11 (and a stronger North Atlantic
teleconnection, via the westerly jet) in these areas. The relationship between
the EASM in Japan and Antarctic temperature during Tl was not inverse, like
during the ACR, but instead likely positively related, as with the remainder of TI,
suggesting that this inverse relationship was a feature of Southern Hemisphere
stadial, rather than glacial, conditions. The decrease in Antarctic temperatures
during the latter stages of Tll might also explain EASM weakening in Japan as

indicated by our 6?Hc3paciq record.

4.8.5 Submillennial Variability

Our comparison of EASM evolution during Tl and Tl also highlights that the
observed submillennial-scale variability during Tll was non-analogous to Tl, and
hence it is important to be tentative when suggesting that such fluctuations are
akin to “Younger Dryas”-type cold inversion responses. It is not possible to say
whether such cold inversion responses should be anticipated pre- or post- the
major transition (i.e., whether such transitions share greater character with
EASM strengthening at the onset of a late-glacial interstade

(“Balling-Allerad”-type warm period) or interglacial period (Holocene)).
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Instead, it is more prudent to assess whether there is any substructure to these
transitions, for which the Lake Suigetsu record provides supporting evidence.
However, it is likely that there is still spatial heterogeneity in such variability, as
well as the potential for differences between archive type. One possible
mechanism to explain these fluctuations is perturbations of AMOC, however
Duan et al. (2019) suggested that meltwater pulses would have a reduced effect
on AMOC, which was more strongly suppressed during Tll due to the greater
rapidity of ice sheet collapse (Landais et al., 2013). If these climatic conditions
resulted in more muted hydrological responses to small scale temperature
fluctuations (which are more difficult to preserve and detect), this could explain
the ambiguous evidence for such EASM variability. An alternative explanation is
that more northerly sites, situated towards the edge of the EASM domain
(including Shangxiaofeng Cave, Lake Suigetsu and Xinglong Cave), were more
sensitive to westerly jet repositioning as a result of subtle changes to AMOC than

the more southerly cave sites.

4.8.6 Future Work

Future work should focus on growing the network of EASM records from across
the region, allowing for better clarification of signal heterogeneities during TII.
Of particular value to this is the inclusion of records from alternative
(non-speleothem) archives to generate a more well-rounded analysis of EASM
behaviours by overcoming archive-specific limitations, although the
development of independent age models is challenging in these contexts. The
application of other chronological techniques to non-speleothem archives should
also be a focus for future development. This is especially pertinent for those
archives with the potential to discern submillennial-scale fluctuations and
provide robust evidence to support or refute teleconnections. A greater number
of temperature reconstructions from the region would also be beneficial in order
to better understand the alighment of EASM evolution with temperature and the

potential for temporally-constrained teleconnections to both poles.

4.9 Conclusions

Expanding current observations of deglacial EASM variability to include extremes

of temperature and a variety of boundary conditions is crucial for a more
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comprehensive understanding of this influential climate system. Using lipid
biomarkers and hydrogen isotopes from the Lake Suigetsu sediment cores, we
examined local catchment evolution and EASM behaviour during the penultimate
glacial termination (Termination Il). Prior to 131.0 ka BP, the Lake Suigetsu
catchment consisted of a dynamic fluvial system dominated by shallow water
and peat bog environments. A deep-water lacustrine system then developed in
the area, becoming fully established after ~1.2 ka, possibly driven by a
combination of increased freshwater input and tectonic subsidence. There is
some evidence for threshold behaviour in aquatic productivity, which initiated at
129.8 ka BP. Due to its strictly terrestrial origin, our EASM reconstructions are
based on the compound-specific hydrogen isotope analysis of the C3g n-alkanoic
acid (8%*Hc3oacid), Which provided the strongest connection to the hydrogen
isotope composition of summer (EASM) precipitation and would have been
negligibly affected by lake development. EASM 3?Hprecipitation (and ultimately
EASM strength) was the predominant driver of d?Hcsoacia during TlI, although
there was some evidence to support a temperature contribution before 130.0 ka
BP. Our analysis found that the EASM strengthened from 132.5 to 130.0 ka BP
before weakening to 125.2 ka BP. There is evidence to support
submillennial-scale variability during this weakening phase, with weakening to
129.5 ka BP, strengthening to 129.0 ka BP and then weakening to 125.2 ka BP, in
contrast to some Chinese speleothem reconstructions which exhibit smooth
transitions with no/limited internal structure. Our record shares some common
features with other EASM reconstructions (a “Weak Monsoon Interval” during MIS
6, and strengthening across the transition), however the distinctive character in
our record (and that of other records) supports extreme spatial heterogeneity in
EASM strength during TII. Alignment of temperature reconstructions at Lake
Suigetsu and Xinglong Cave, China, facilitate the assertion that the increase in
EASM strength in Japan was earlier and slower than the largest shift in EASM
strength in continental China, partially overcoming circularity in chronological

alignment.

Comparison of 02Hc3oacia EASM reconstructions from Lake Suigetsu during Tl and
TII suggest characteristically different behaviours during these intervals,
attributed to different climatic sequences, greater ice volumes and more rapid

deglaciation during TIl. A key component of this was the decoupling of peak
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temperatures at the north and south poles during TIl. We propose that insolation
was a major driver of EASM variability during both Tl and TII, but that offset
glacial-interglacial fluctuations at the poles caused the much greater spatial
heterogeneity in EASM evolution during Tl relative to Tl. Much like during TI,
Japan showed greater Antarctic (Pacific) character relative to mainland China,
which displayed more coeval trends with the North Atlantic. Site location
appears to be a key control of whether local EASM strength more closely tracked
insolation and Antarctic temperatures or North Atlantic behaviours. Similarly,
greater submillennial-scale variability was observed for the most northerly sites.
Ambiguity in such trends could be attributed to difficulties in detecting low
amplitude fluctuations (muted as a result of extreme AMOC suppression), or
because sites towards the edge of the EASM domain were more sensitive to
westerly jet repositioning. Our observations of the EASM using 3*Hc3gacid are the
first derived using stable isotope-based climate proxies from the Japanese
archipelago, and future work should continue to contribute records of EASM
strength and temperature from a range of locations and archive types to assist in

unravelling the complexities in deglacial EASM evolution during TII.
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5.1 Abstract

The luminescence characteristics of sediments are driven by a range of
environmental factors and can be used as indicators of both local and regional
environmental shifts. Hence, rapid luminescence profiling techniques are
increasingly employed during multiproxy analysis of sediment cores, overcoming
the practical limitations of traditional (dating) methods. One emerging
application of luminescence profiling is in the palaeoenvironmental investigation
of lake cores. This study demonstrates the versatility of rapid core profiling
using portable optically stimulated luminescence and laboratory profiling
techniques for appraising the luminescence characteristics of the Lake Suigetsu
(Japan) sediment cores. These techniques were employed across four key time
periods, each selected for their unique environmental context and significance
on either a local or global scale, in order to identify relationships between
down-core luminescence and environmental change. We demonstrate that the
luminescence characteristics of the cores are susceptible to a range of
environmental perturbations and can therefore act as proxies of past change.
Additionally, the quantification of these luminescence signals, alongside an
assessment of dose rate variations down-core, supports the notion that future
luminescence dating is feasible. The results of this analysis contribute to the
wider understanding of the application of luminescence techniques - both

profiling and dating - to lake sediment cores.

5.2 Highlights

e Rapid down-core profiling techniques are applied to sediment cores from
Lake Suigetsu, Japan.

e Down-core luminescence signals are sensitive to a range of
catchment-scale environmental changes.

o Estimates of dose rate are made from elemental concentrations and

provide an assessment of chronometric accuracy.

5.3 Keywords

Portable OSL; Laboratory profiling; Luminescence dating; Lake sediment;

Palaeoenvironment
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5.4 Introduction

Optically Stimulated Luminescence (OSL) dating is a versatile chronological tool
which can be applied to both marine and terrestrial sediment cores (e.g.,
Kadereit et al., 2012; Gao et al., 2017). The use of this technique has been
aided by well-defined methodologies for extracting OSL-appropriate
(light-tight) samples from core material (Armitage and Pinder, 2017; Nelson et
al., 2019). OSL dating is often applied to complement other chronological tools,
such as radiocarbon dating, during age-depth model construction (Zhao et al.,
2019; Li et al., 2020). However, where other chronometers cannot be applied
(e.g., if the material is older than the limit of radiocarbon dating), OSL dating
can form a major component of the core chronology (e.g., Long, 2012; Hu et al.,
2018).

However, the value of luminescence techniques to core analysis is not limited to
dating alone (Munyikwa et al., 2021). It has been widely observed that the
luminescence characteristics of sediments are driven by a range of
environmental factors. Hence, down-core luminescence characterisation has the
potential to contribute to our understanding of environmental change through
time. However, most traditional luminescence techniques are both time- and
core material- intensive (Bateman and Catt, 1996; Stone et al., 2015), which
limits the number of samples that it is feasible to analyse and delays the final
output of results until some months after sampling (Porat et al., 2019). As a
result, rapid luminescence profiling techniques are increasingly employed to
characterise the luminescence behaviour of core sediments and elucidate
environmental changes, typically as part of multiproxy analysis (e.g., Ghilardi et
al., 2015; Sanderson and Kinnaird, 2019; Pears et al., 2020).

In this study, we examine the versatility of rapid down-core profiling techniques
(portable OSL (POSL) analysis and laboratory (lab) profiling) for the detection of
luminescence proxies of environmental change in lake sediment cores (from
Lake Suigetsu, Japan). Such luminescence proxies have only recently been
investigated in a lacustrine setting for this purpose (Piskova et al., 2019).
Variations in luminescence characteristics (both natural signals and sensitivities)
are examined and compared to known environmental shifts, supported by

existing proxy data. The Suigetsu cores offer a unique opportunity to probe this
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relationship across a ~140,000-year age range in a lacustrine setting. A
secondary aim of our study was to provide an assessment of the dating potential
of the Suigetsu core material across a range of ages by comparing the quartz and
polymineral fractions as potential chronometers, and to identify complexities
which could hinder future age calculations. The motivation for this aspect of the
work was the extension of the absolute Suigetsu chronology beyond the limit of

radiocarbon dating.

The luminescence characteristics of the Suigetsu cores were appraised during
four key time periods, each selected for their distinctive environmental context
and significance on either a local or global scale. This facilitates the
examination of a range of prominent environmental shifts on the luminescence
characteristics of the cores, following the logic that the most pronounced shifts
would cause changes that are most easily detectable by the chosen methods.
The time periods span almost the full temporal range of the Suigetsu cores,
including sections both covered by the existing radiocarbon chronology (in order
to tether our findings in a chronologically well-constrained period) and older
than the radiocarbon limit (to consider the potential of materials from Lake
Suigetsu for future dating). The youngest of these (Time Period 1, “the Last 500
Years”) spans from ~550 cal BP to the present day; a period comprising a series
of local environmental perturbations, including the artificial connection of the
lake to the Sea of Japan and a number of local flood events. The next (Time
Period 2, “the Laschamp Excursion”) extends from ~45,000 to 35,000 cal BP; a
period of global change containing the Laschamp geomagnetic excursion and
variable average annual temperatures (concomitant with Greenland Interstades
12 to 7; Rasmussen et al., 2014). The third time period (Time Period 3, “the
Varve Limit”) spans from ~73,000 to 69,000 yr BP and is centred on the initiation
of varving, which represents a significant alteration in lake biogeochemistry. The
final time period (Time Period 4, “Termination II”’) extends from ~140,000 to
118,000 yr BP, encapsulating the global transition from MIS 6 to MIS 5e, which is
associated with broadly increasing temperatures and a strengthening Summer

Monsoon in East Asia (Duan et al., 2019).
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5.5 Regional Setting

Lake Suigetsu is a tectonic lake located on the western side of the active Mikata
fault in Fukui Prefecture, Honshu Island, central Japan (35" 35’ N, 135° 53’ E;
Figure 5.1). The western side of the fault is subsiding and hence the lake has
deepened through time. During late-MIS 7/early-MIS 6, Lake Suigetsu was a
transient shallow fluvial-lacustrine environment (Nakagawa et al., 2012), which
became a brackish lake during the MIS 5e global sea level highstand. Diatom
assemblage analysis indicates that the lake experienced freshwater conditions
from MIS 5d to the Holocene. In the present day, the lake is ~34 m deep and
brackish, having been artificially connected to the Sea of Japan via the Urami
Canal (Figure 5.1) in 286 cal BP (AD 1664; Saito-Kato et al., 2013).

135°52'0"E 135°54'0"E

Sea of Japan

Hiruga Kugushi

35°36'0"N 35°36'0"N

Suigetsu

35°34'0"N Mikata 35°34'0"N

135°52'0"E 135°54'0"E

Figure 5.1 Location of Lake Suigetsu. Location of Lake Suigetsu and neighbouring lakes Mikata,
Suga, Hiruga and Kugushi. The location of the Urami Canal, Hasu River and Mikata Fault Line are
also indicated. The location of the SG06 cores are shown with a red star. Adapted from Schlolaut
et al. (2018). Basemaps: World Dark Gray Base, World Hillshade from Esri (2022c; 2022d) (insert
scale 1:40,000,000, main map scale 1:60,000).
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The Suigetsu sediments are continuously, countably varved between ~50,000 and
~10,000 cal BP, providing the longest such record from the Quaternary (Schlolaut
et al., 2018). Varve counting, coupled with a radiocarbon dataset consisting of
over 800 measurements (Staff et al., 2011; Bronk Ramsey et al., 2012) and
tephra tie points (e.g., McLean et al., 2018; Albert et al., 2019) constitute the
robust core chronology to 50,000 cal BP, which is aligned to the IntCal20
timescale (Bronk Ramsey et al., 2020). Beyond 50,000 cal BP, a provisional
chronology is loosely constrained by wiggle matching of Cryptomeria pollen from
Suigetsu to the LR04 benthic stack.

Four previous coring campaigns (5G93, SG06, SG12 and SG14) recovered a series
of overlapping sediment core sections from the present day to >200,000 yr BP
(98 m of composite depth; Nakagawa et al., 2012; McLean et al., 2018). The
preserved sequence encapsulates two glacial and two full interglacial periods of
continuous sedimentation. Any effects of disturbance are minimal; the presence
of laminations during MIS 5e and varves between ~70,000 yr BP and the present
day (indicating bottom water anoxia and good conditions for preservation) and
further sedimentological inspection suggests that the core material does not
contain hiatuses or disturbed sections (Nakagawa et al., 2012). This provides a
palaeoenvironmental archive that comprises well-preserved millennial,
centennial, decadal, annual, and even subannual-scale environmental
oscillations which are the subject of ongoing multiproxy analysis. The Suigetsu
cores are suitable for luminescence analysis because they contain detrital

particles which have remained in-situ within the sequence post-deposition.

5.6 Materials and Methods

5.6.1 Core Materials

Sixty samples were obtained from the SG06 cores for luminescence
characterisation. To mitigate against exposure of samples to light prior to
measurement, the top 1 mm of sediment was removed from longitudinally split
cores under dim red-light conditions to access unexposed material. Beyond this
depth the influence of natural light has been shown to be smaller than the
analytical error, so this material was deemed suitable for analysis (Armitage and

Pinder, 2017). Sampling strategies varied based on availability of material,
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duration of time period, and structure of the event(s) to be studied. Contiguous
(continuous adjacent) sampling was employed for Time Periods 1 and 3, because
these spanned shorter intervals. Spot sampling was employed for Time Periods 2
and 4.

For Time Period 1, 4 cm integrated samples were taken along the length of core
section A(N)O1-upper, starting at 5 cm depth (avoiding the uppermost
sediments, which were disturbed during coring) (n = 24). The 100-year
integrated samples for Time Period 2 were taken every 1,000 years between
45,000 and 35,000 cal BP inclusive (n = 11). For Time Period 3, the sampling
resolution was determined by half the depth of the clay layer separating the
varved and non-varved sections (6.85 cm = 230-330 years). Contiguous samples
were taken at this depth resolution along the length of core section A(S)24 (n =
12). The samples for Time Period 4 were required to span a much longer time
interval, so were taken approximately 2,000 years apart between 139,400 to
118,000 yr BP. Samples constituted 100-year integrated intervals, which were

chosen semi-randomly to give round numbers (to the nearest 100 years) (n = 13).

In addition, six samples were subsequently taken from across the four time
periods for estimated dose rate (EDr) determination. These samples were
analysed to compare the selected mineral fractions as potential chronometers
and identify EDg variations down-core which could affect the POSL and lab
profiling results. These were taken post-luminescence analysis; one sample from
each time period at a depth associated with representative natural
luminescence values, and two additional samples at positions in the stratigraphy
associated with relatively elevated natural luminescence values (within Time
Periods 2 and 3).

5.6.2 Sample Analysis

Each sample was subjected to two sets of analysis. First, measurements of IR-
and blue light- stimulated luminescence were conducted using a Scottish
Universities Environmental Research Centre (SUERC) POSL reader (Sanderson and
Murphy, 2010) in Wakasa, Japan, where the Lake Suigetsu cores are in storage at
the Fukui Prefectural Varve Museum. After the samples were removed from the

relevant core sections, they were spread to cover a clear 5 cm diameter Petri
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dish (ensuring a consistent exposed surface area for all samples) and then
subjected to a Continuous Wave Proxy (“CWproxy”) measurement scheme to
yield a suite of analytical values (Sanderson and Murphy, 2010; Kinnaird et al.,
2015). The applied CWproxy scheme consists of seven periods of photon
counting: a 15 s dark count, two 30 s IR (880 nm) stimulations, another 15 s dark
count, two 30 s blue light (470 nm) stimulations and a final 15 s dark count
(Sanderson and Murphy, 2010). From these seven photon counts, the following
variables were calculated. Two net values (POSLnet and PIRSLnet) were
calculated by summing the photon counts from the relevant pair of stimulations
(blue and IR) and subtracting the bracketing dark counts; these values are a
proxy for age, sensitivity and dose rate. Two depletion indices (Depletion Index
(Blue) and Depletion Index (IR)) were calculated by subtracting the photon count
of the second stimulation from the first (and then subtracting the bracketing
dark counts); these values are a proxy for mineralogical change, bulk properties
and previous bleaching extent. And finally, the PIRSL/POSL ratio was calculated
by taking a ratio of the PIRSLnet and POSLnet values; this value is a proxy for
mineralogical change. Empty chamber measurements were taken every two
samples to check for instrument contamination. A measurement of the POSL
standards (Morar Sand and Granulite) was taken at the start and end of each

~12-sample batch to verify instrument performance.

Second, samples underwent lab profiling at SUERC, UK, which consisted of a
short chemical preparation before measurement in a Risg TL/OSL system
(TL-DA-15; Burbidge et al., 2007; Sanderson and Murphy, 2010). Chemical
pretreatment isolated two fractions: a Polymineral Fine (PMF) fraction,
comprising mixed mineralogy grains ~5 - 50 ym in size; and a Quartz Fine (QF)
fraction, comprising HF etched material (predominantly quartz; although some
samples contained some larger feldspar grains), again 5 - 50 ym in size (as
determined by a scanning electron microscope). The lab profiling methodology
used to isolate these fractions was adapted from Burbidge et al. (2007) to
account for the grain size distribution of the Suigetsu cores. Each sample was
first wet sieved to retain the <90 pm fraction, and then left to settle for ~45
minutes before the finest grains in suspension were poured off. Samples were
covered in 1 mol dm3 HCl for 10 minutes and then rinsed three times with

deionised water, leaving the grains to settle out of suspension for ~2 minutes
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between rinses. This step was then repeated using 10 % HF and then 1 mol dm-3
HCL. Next, the samples were split into two containers: one for each mineralogy
(QF and PMF). The PMF fraction was saturated in acetone and then loaded onto
two 11 mm discs via settling tubes. The QF fraction underwent additional
chemical preparation via a 40 % HF etch and a final 10-minute HCl wash (each
followed by 3 rinses in deionised water), before being dried and loaded onto
discs in the same manner as the PMF. Each set of discs (two PMF and two QF for
each sample) were then measured in a Risg TL/OSL system (TL-DA-15) with a
0Sr source. Both fractions underwent shortened Single Aliquot Regenerative
Dose protocols (Figure 5.2). The Risg outputs were used to determine an
estimated equivalent dose (ED¢) in Gy by using the natural signal and the
response of each aliquot to a 50 Gy dose (5 Gy doses were also included in the
measurement scheme, but the relatively low sensitivity of the material
precluded use of the response to such doses during sensitivity assessment). Each
PMF aliquot was measured under both IR and blue light (yielding PMF-IR and
PMF-blue signals, respectively), and the QF aliquots were measured under blue

light only (to give a QF-blue signal).

PMF Measurement Scheme QF Measurement Scheme
Preheat 200°C/10s Preheat 200°C/10s
IRSL 830 nm/30s @ 50 °C OSL 470 nm/30s @ 125 °C
OSL 470 nm/30s @ 125 °C 1 Gy Test Dose
TL 500 °C @ 5°Cs? Preheat 200°C/10s
OSL 470 nm/30 s @ 125 °C
Dose*
Preheat 200°C/10s Dose*
IRSL 830 nm/30s @ 50 °C Preheat 200°C/10s
OSL 470 nm/30s @ 125 °C OSL 470 nm/30 s @ 125 °C
TL 500°C @ 5°Cst 1 Gy Test Dose
Preheat 200°C/10s
*3 doses were applied sequentially: OSL 470nm/30s @ 125 °C

5 Gy, 50 Gy and 5 Gy
* 3 doses were applied sequentially: 5
Gy, 50 Gy and 5 Gy

Figure 5.2 Lab profiling measurement schemes. Lab profling measurement schemes for the
Polymineral Fine (PMF) and Quartz Fine (QF) aliquots (adapted from Burbidge et al., 2007).

The six samples for EDr determination were dried and homogenised by grinding
prior to measurement of key elemental concentrations following the multi-acid
digestion procedure in Olive et al. (2001). A set of five standards were run
alongside the samples (consisting of incremental ratios of Basalt:Granulite (1:0,

3:1, 1:1, 1:3, 0:1)). Elemental concentrations of uranium (U) and thorium (Th)
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were determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and
potassium (K), iron (Fe) and manganese (Mn) by Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES). This analysis was performed by V.
Olive. To determine EDg values, ICP-MS and ICP-OES elemental concentrations
of uranium, thorium and potassium were first converted to infinite matrix alpha,
beta and gamma dose rates assuming decay series equilibrium. Effective alpha,
beta and gamma dose rates were then calculated for two scenarios: 1) assuming
a 30 ym mean grain size and activity-free grains; and 2) assuming a 30 pm mean
grain size and that the internal contents of the grains were equal to that of the
matrix. For Scenario 1, effective dose rates were calculated using the relevant
alpha or beta relative attenuation fractions (1-¢) and assuming an alpha
efficiency of 0.07 (Mejdahl, 1979; Bell, 1980). Water content corrections were
applied to all terms. For Scenario 2, internal dose rates were scaled by absorbed
dose fractions (¢) and external by relative attenuation fractions (1-¢), and
water content corrections applied to the external dose component. Water
content was calculated by using direct measurements of % wet weight during
drying and then estimating a time integral average water content
post-deposition based on sedimentological understanding of the cores (including
amount of compression and clay content). Corrections were made for alpha,
beta, and gamma dose rates using these values and a factor to reflect absorption
by water (Fy). A small (0.05 mGy yr~') cosmic dose rate component was included
for the two oldest samples, which were deposited when the lake was shallow,
but omitted for the four youngest samples which were deposited when the lake
was deep (quantified by the presence of varves). The alpha, beta, gamma and
cosmic effective dose rates were then combined to give an EDg for each sample
in each scenario. The QF-blue, PMF-IR and PMF-blue ED. values were considered
alongside the EDg values in order to resolve first-order age approximations that

can be compared to the existing Suigetsu chronology.

5.7 Results and Interpretation

5.7.1 Time Period 1, the Last 500 Years

Signals from both the POSL and lab profiling were small in magnitude for the last
500 years, reflecting the young age of the sediments (Figure 5.3). Most samples

contained only small quantities of quartz; hence data collection from the QF
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fraction was limited to a minority of discs and no clear trends were observed.
The transition from fresh to brackish water in Lake Suigetsu had no detectable
influence on the luminescence properties of the sediment, and all variables
remained constant across this boundary. Flood layers (visible as pale layers in
the core photograph and highlighted in orange in Figure 5.3) had the greatest
impact on the luminescence profiles, producing high amplitude peaks at
approximately -30 cal BP (AD 1980) and 120 cal BP (AD 1830) in the POSLnet and
PIRSLnet profiles (Figure 5.3A), which correspond with elevated ED, values from
lab profiling (Figure 5.3C). This suggests that across this section, POSLnet,
PIRSLnet and PMF ED. can be used as an indicator of the presence of
flood-related material. These peaks were not observed in either of the
depletion indices, nor in the PIRSL/POSL ratio (Figure 5.3B), suggesting that they
cannot be attributed to mineralogical variations and are unlikely to have
resulted from different bleaching histories, and instead that these samples
contained residual elevated dose values. The preservation of these elevated
signals could be a result of delivery of this material in a manner that did not
expose it to light, such as slumping of water-saturated hillsides, or large

volumes of suspended sediments in river flow.

One sample (highlighted in yellow in Figure 5.3) that did not visually correlate
with flood layers or produce large POSLnet or PIRSLnet values did nevertheless
exhibit large ED. values (predominately as a result of high natural signals),
however the aliquots were inconsistent. This sample corresponded to a peak in
titanium (Ti) content, as measured by ITRAX X-ray fluorescence (XRF) analysis
(analysed by M.H. Marshall; Marshall et al., 2012; Figure 5.3A). In Suigetsu, Ti
can be interpreted as a proxy for detrital inwash, which suggests that this
sample also contained flood material (despite there being no large visible flood
layer) that resulted in elevated ED. values. The disparity between aliquots may
be attributable to a relatively small volume of flood material within the sample,
which was not exposed during measurement in the POSL reader, and then
unevenly partitioned between aliquots as grains were randomly loaded onto the

discs for measurement, yielding different signal magnitudes during lab profiling.

A relatively high Ti content was also observed at the base of the profile, and
whilst this did not correlate with elevated ED. values, the samples taken from

this period were associated with higher PMF sensitivities under both IR and blue
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light (Figure 5.3D). This suggests that this older material had a distinct source-

possibly the hillsides surrounding the lake as opposed to delivery via Lake Mikata

(which acts to filter large detrital grains)- but that the delivery mechanism into

the lake was more gradual than that of the flood material described above

(encouraging bleaching prior to burial, and thus smaller ED. values).

Figure 5.3 Results of the POSL and lab profiling analysis of Time Period 1. Results of the
POSL (panels A and B) and lab profiling (panels C and D) analysis for the 24 samples in Time
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Period 1. Panel A also shows contextual data (core photograph taken by T. Nakagawa and ITRAX

XRF Ti analysed by M.H. Marshall (Marshall et al., 2012)). Visible flood layers are highlighted in
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orange. An additional posited flood layer is highlighted in yellow. The transition from fresh to
brackish lake water during 286 cal BP (AD 1664) is highlighted in green.

5.7.2 Time Period 2, the Laschamp Excursion

The POSLnet and PIRSLnet profiles across Time Period 2 showed two key
transitions— one to a larger net signal at the Laschamp geomagnetic excursion
itself (~42,000 cal BP) and a second to a smaller net signal at ~39,000 cal BP
(Figure 5.4A). Much like Time Period 1, there were no fluctuations in the
depletion indices or the PIRSL/POSL ratio that corresponded to these transitions
(Figure 5.4B), suggesting that this trend was not driven by mineralogical
variations or bleaching histories. Additionally, there was no clear relationship
between these variables and the pollen-derived temperature reconstruction
(Figure 5.4A). This suggests that there was no obvious connection between
temperature and core luminescence characteristics, despite the variability of

the climate during this period.

The lab profiling-derived ED. profiles (Figure 5.4C) presented similar trends to
the POSLnet and PIRSLnet with some subtle variations in the shape of the
profile. In the ED. profiles, the younger (~39,000 cal BP) shift was greater in
magnitude than the older (~42,000 cal BP) shift, and in the QF-blue profile, only
the younger shift was beyond the margin of error. Unlike the POSLnet and
PIRSLnet, the PMF ED. profiles were not smooth, with the excursion only
consisting of two samples (at 39,500 cal BP and 40,500 cal BP). EDg values
calculated for this material suggest that it was associated with an elevated dose
rate (~0.3 - 0.5 mGy yr' greater than the underlying material), but not
sufficiently elevated to account for the ~100 - 200 Gy difference in the PMF ED.
values. Despite the sensitivities varying significantly between aliquots, the ED.
values were consistent within each aliquot pair. This suggests that these trends
were not reflecting a signal from a very short event within each sample window,
and instead a signal that is common to the bulk of each sample (as statistically,
the likelihood of even loading of aliquots is lower for events which form a

smaller proportion of the sample volume).

Whilst this positive excursion in ED. values does not coincide directly with the
magnetic field reversal during the Laschamp geomagnetic excursion, it aligns

with a ~3,000-year period of higher relative palaeointensity (normalised
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depositional remanent magnetism) (analysed by M. Hyodo; Hyodo et al., 2022;
Figure 5.4A). This apparent correlation is of note at the sampling resolution used
in this study. Confirming this observation with higher resolution luminescence
characterisation and supporting evidence for a mechanism linking these variables

will be the focus of future work.
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Figure 5.4 Results of the POSL and lab profiling analysis of Time Period 2. Results of the
POSL (panels A and B) and lab profiling (panels C and D) analysis for the 11 samples in Time
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Period 2. Panel A also shows contextual data (relative palaeointensity (J200°c/X200°c; analysed by M.
Hyodo; Hyodo et al., 2022) and pollen—-reconstructed mean annual temperature from Suigetsu).
Green horizontal bars highlight the Laschamp geomagnetic excursion. Yellow horizontal bars
highlight the period of higher relative palaeointensity following the Laschamp.

5.7.3 Time Period 3, the Varve Limit

A marked shift in a number of variables was observed across the varve limit
(between 71,500 yr BP and 71,000 yr BP; Figure 5.5), with samples taken from
the varved sediment exhibiting larger POSLnet and PIRSLnet values (Figure
5.5A), ED. values (Figure 5.5C) and sensitivities (Figure 5.5D) than the underlying
non-varved sediment. The two samples taken from within the transitional clay
produced intermediate signals between these end members. The transition from
low to high ED. was most dramatic in the PMF-IR and PMF-blue profiles despite
the younger samples also showing higher sensitivities, however the QF-blue ED.
profile also showed elevated values post-transition. The different luminescence
characteristics observed in each sedimentological regime suggest a major shift in
catchment conditions during this period, however there were no distinct changes
in the depletion indices or PIRSL/POSL ratio, suggesting that changes in
mineralogy and dose history did not contribute to the variations in POSLnet,
PIRSLnet and ED. (Figure 5.5B).

The conflicting presence of higher ED. values in the younger sediment may be
associated with a change in dose rate resulting from abrupt changes to lake
chemistry. It is thought that varve formation was initiated in Lake Suigetsu due
to an abrupt deepening of the lake (possibly due to movement of the adjacent
Mikata fault) which induced bottom water anoxia (Nakagawa et al., 2012), a
process which is associated with incomplete mixing during lake overturning. This
change in oxygenation (and therefore redox conditions) is corroborated by large
differences in Fe and Mn concentrations above and below the onset of varving,
as detected in the ICP-OES measurements (analysed by V. Olive), and an
increase in the MnO/Fe;03 ratio analysed using a Horiba XGT-2700 (by D.
Horiuchi and R. Tada; Figure 5.5A). The varved sediments also contain elevated
U, Th and K concentrations in relation to the underlying non-varved sediment
(analysed by V. Olive; Table 5.1), resulting in a factor of -2 increase in the EDg
which, when applied to the ED. values in Figure 5.5, aligns the first-order age
approximations of the varved and non-varved sediment, supporting the thesis

that the observed variation in ED. is one driven by dose rate. It is possible that
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the change in redox conditions at this transition resulted in this enrichment of

radiogenic elements, however, further assessment of decay series disequilibria

and the time-dependency of chemical alterations (including U-enrichment) is

required to better characterise this transition.
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Figure 5.5 Results of the POSL and lab profiling analysis of Time Period 3. Results of the
POSL (panels A and B) and lab profiling (panels C and D) analysis for the 12 samples in Time
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Period 3. Panel A also shows contextual data (core photograph taken by T. Nakagawa, MnO/Fe20s3
analysed by D. Horiuchi and R. Tada on a Horiba XGT-2700 and Fe and Mn contents from
ICP-OES analysed by V. Olive (yellow boxes)). Green horizontal bars bracket the transitional clay
layer, which separates varved from non-varved sediment.

Table 5.1 Results of the ICP-MS and ICP-OES analysis and water content calculations.
Uranium (U), thorium (Th) and potassium (K) concentrations from ICP-MS/ICP-OES (analysed by
V. Olive) and estimated water content as used in the microdosimetry calculations.

Sample Code u Th K Est. water

P concentration | concentration | concentration | content/

Mean Age ¢ /
/ ppm / ppm / ppm %dry weight

HOL-12

184 cal BP 4.74 + 0.03 8.51 + 0.03 12400 + 63.9 350 + 50

LAS-05

39,583 cal BP 4.59 + 0.02 14.1 + 0.18 18800 + 271 80 +15

LAS-05 (R)

39,583 cal BP 4.67 + 0.05 14.3 £ 0.05 18800 + 269 80 +15

LAS-09

43,010 cal BP 4.03 £ 0.05 11.2 +0.10 15900 + 260 80 +15

VAR-03

70,234 yr BP 3.75 £ 0.02 16.3 + 0.06 21500 + 250 80 +15

VAR-10

72, 541 yr BP 2.29 + 0.02 9.34 + 0.11 13300 + 156 150 + 30

TERM-04

123,450 yr BP 7.76 £ 0.06 8.54 + 0.06 13000 + 107 150 + 30

TERM-04 (R)

123,450 yr BP 7.86 + 0.04 8.68 + 0.09 12700 + 260 150 + 30

5.7.4 Time Period 4, Termination I

The POSLnet and PIRSLnet profiles for Termination Il were broadly similar in
shape, and both measures showed an overall increase with depth (Figure 5.6A).
There were some small anomalies in the blue depletion index and the
PIRSL/POSL ratio (Figure 5.6B) corresponding to some of the more extreme net
values, which suggests that such values could be driven by different bleaching
histories or mineralogical variations (changing quartz contents). It was not
possible to determine sensitivity and ED. values for all samples due to low
mineral abundances and sensitivities. Where it was achievable, the values were
shown to be highly variable between aliquots, between measurement

techniques, and through time (Figure 5.6C and Figure 5.6D).

Termination Il covers the broadest time range in this study and thus variability
was anticipated, given the multiple high-amplitude environmental and
sedimentological variations occurring during this transition from cold to warm
temperatures. Lake Suigetsu itself was non-static during this period, and

sedimentological evidence suggests that it transitioned from fluvio-lacustrine in
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MIS 6 to lacustrine (and brackish) during MIS 5e, representing a dynamic
environment both physically and geochemically. Another possible contributor to
the lack of distinct trends is the implementation of spot sampling at low
resolution over a large age range, which can result in additional noise (as
samples capture extremes of environmental conditions without context from
adjacent material). Despite it being difficult to isolate individual influences
without relevant complementary data from sedimentological analysis, these
observations suggest that the luminescence characteristics of this sediment are
sensitive to a variety of competing environmental factors which could include
lake depth, catchment drainage patterns, lake geochemistry, sediment source,

flood events and climatic factors.

5.7.5 Estimated Dose Rates

The EDgr values showed down-core variations as a result of changing elemental
concentrations, estimated water content and cosmic dose rate (Table 5.1). The
values were on the order of ~1 to 3 mGy yr~' (Table 5.2). When the EDg values
are considered alongside the ED. values from the lab profiling, differences
between chronometers are apparent; both the QF-blue and the PMF-blue ED,
values yield first order approximate ages which are broadly consistent (within an
order of magnitude) with the existing Suigetsu timescale ages across Time
Periods 2, 3 and 4, with the former underestimating age for EDg values
approaching the upper bound (~3 mGy yr™') and the latter typically
overestimating age for the EDg values approaching the lower bound (-1 mGy
yr~1). The ED. values derived from the PMF-IR measurements consistently
overestimate the existing Suigetsu ages, and the signals from all three fractions
overestimate the true age of the sediment from Time Period 1. Constraining
ages beyond these tentative observations would be erroneous, given the
uncertainties in EDr calculation (namely assumptions relating to the estimation
of alpha efficiency, grain size and internal grain activity) and ED. calculation
(given that the samples are not mineralogically pure and only two aliquots were
measured per fraction). However, these estimations do suggest that the PMF-IR
signal is better suited as an environmental tracer, and that the QF-blue and

PMF-blue signals show greater chronometric accuracy.
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Figure 5.6 Results of the POSL and lab profiling analysis of Time Period 4. Results of the
POSL (panels A and B) and lab profiling (panels C and D) analysis for the 13 samples in Time
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Period 4. Panel A also shows contextual data (pollen-reconstructed mean annual temperature and
pollen-reconstructed total annual precipitation from Suigetsu, provided by T. Nakagawa). Green

horizontal bars indicate approximate boundaries between MIS 6, TIl and MIS 5e, based on the

pollen-reconstructed average annual temperature.
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Table 5.2 Results of the microdosimetry calculations. Results of the microdosimetry calculations for scenarios 1 and 2, assuming activity—free grains in the former
and that the internal contents are equal to the matrix in the latter. The cosmic dose rate is inferred from sedimentological information, the remainder are calculated from
the ICP-MS/ICP-OES results in Table 5.1.

Scenario 1 (Activity-Free Grains)

Scenario 2 (Internal Contents Equal to Matrix)

Sample Code Effective Effective Effective . Effective Effective Effective .
Mean Age Alpha/ Beta/ Gamma/ rggsmlf_/1 Tr:tGal E?_':/ Alpha/ Beta/ Gamma/ mGy rggsml;:_ﬂ Trthal E?_':/
mGy yr! mGy yr-! mGy yr! vy Yy mGy yr-! mGy yr-! yr! Yy Yy
1;'2';;;;,, 0.141+0.023 | 0.354+0.001 | 0.262+0.000 | 0.000 | 0.757 +0.023 | 0.621+0.001 | 0.415+0.001 | 0.262+0.000 | 0.000 | 1.299 +0.792
10 '523'315, gp | 0-4830.068 | 1.228+0.004 | 0.902:0.001 | 0.000 | 2.612+0.068 | 1.040%0.002 | 1.355:0.004 | 0.902+0.001 | 0.000 | 3.297+1.932
LAS-05 (R) | ( 492 +0.044 | 1.079+0.004 | 0.914+0.001 | 0.000 | 2.485+0.044 | 1.060 0.002 | 1.365+0.003 | 0.914+0.001 | 0.000 | 3.339+1.955
39,583 Cal BP . + U. . + U. . + U. . . + U. . + U. . + U. . + U. . . + 7.
3 ‘L,?g‘c(z pp | 040650056 | 0.993:0.004 | 0.754:0.001 | 0.000 | 2.153+0.056 | 0.878:0.003 | 1.149:0.004 | 0.7540.001 | 0.000 | 2780+ 1.630
70"2‘}5‘333,, 0.472 + 0.041 | 1.399+0.004 | 0.945+0.001 | 0.000 | 2.816+0.041 | 1.003 £ 0.001 | 1.439 +0.002 | 0.945+0.001 | 0.000 | 3.388 «1.993
" V5A4R1';,? gp | 0.189:0.058 | 0.594:0.003 | 0.399:0.001 | 0050 | 1.233:0.058 | 0.504:0.003 | 0.625+0.004 | 0.399£0.001 | 0.050 | 1.579:0.897
TERM-04
123,450 yr | 0.386+0.055 | 0.856+0.003 | 0.617£0.001 | 0.050 | 1.909 +0.055 | 1.084+0.002 | 0.910+0.003 | 0.617£0.001 | 0.050 | 2.662 +1.544
BP
TERM-04 (R)
123,450 yr | 0.391+0.055 | 0.852+0.005 | 0.621+0.001 | 0.050 | 1.914+0.056 | 1.099 +0.002 | 0.907 0.005 | 0.621+0.001 | 0.050 | 2.677 «1.554
BP
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5.8 Discussion

5.8.1 Luminescence Characteristics and Environmental Change

Throughout all four time periods it was possible to quantify a range of
luminescence characteristics from the Suigetsu sediments. In most cases, the
trends detected by the POSL and lab profiling approaches were very similar, and
both techniques identified the same key environmental shifts in each of the four
periods. The differences between the POSLnet and PIRSLnet profiles and the ED.
profiles can be attributed to variations in sensitivity, and as such, it could be
argued that by removing the sensitivity component, the lab profiling approach
provided a more accurate representation of down-core luminescence
characteristics and should be the principal methodology for future studies.
Moreover, the lab profiling analysis was conducted on chemically treated
fractions with better (albeit not perfect) mineralogical constraint, which, by
virtue, provides more accurate ED. values. However, the POSL approach
provided a more comprehensive suite of measurements (including depletion
indices and PIRSL/POSL) which have the potential to capture a broader range of
environmental shifts (albeit that they did not serve this function within the
context of the present study). Additionally, the trends were clearer when a
more intense, contiguous sampling approach (such as that used for Time Periods
1 and 3) was used, as this provided key contextual information and continuous
data across transitions. The POSL approach is more suited to this type of
sampling because it allows for rapid, non-destructive measurement of samples
without a requirement for chemical preparation. Furthermore, the POSL analysis
was conducted on larger samples (reducing geostatistical scatter). As a result,
using both methods in a paired approach has advantages, as this offers both a
more accurate determination of luminescence characteristics and a breadth of
proxies for consideration. However, if large quantities of samples are necessary
to clearly isolate trends, then the POSL approach is demonstrably sufficient for
this purpose, especially in conjunction with complementary data. Calibrating the
sensitivity of the POSL using an external radiation source could offer a means to
ascertain sensitivity-corrected approximations of ED. whilst minimising
processing time for large sample quantities (Munyikwa and Brown, 2014; Stone
etal., 2015).
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The principal signals seen in the key variables: POSLnet; PIRSLnet and ED. were
interpreted as relating to the different predominant environmental factors in
each of the four time periods, allowing us to well-characterise the effects (and
non-effects) of a range of distinctive perturbations. Hence, any common drivers
between the time periods were masked by high amplitude variations of a single
driver in each case. Differences in sampling approaches also preclude common
interpretation of the variables as a result of different intervals between samples
(and hence probing the variables on different timescales), amounts of integrated
time within each sample (providing different weightings to single event layers)
and the proficiency of contiguous versus spot-sampling approaches to identify
trends on different scales, as discussed above. Not all of the luminescence
variables could be attributed to a specific environmental change, however this
could be due to our incomplete understanding of past catchment changes.
Further “ground-truthing” of these proxies is required in other lacustrine
settings (building on the work of Piskova et al. (2019)) to extend the
applicability of this technique elsewhere. Nonetheless, it is highly promising that
some of the selected variables were sensitive to known catchment changes, and
that drivers could be hypothesised for other variables. This shows that by using
POSL and lab profiling analysis, it was possible to gain further insight into

environmental change at Lake Suigetsu.

5.8.2 Assessment of Dating Potential

Future luminescence dating of the Suigetsu cores is feasible based on the
approximations of ED. and EDr shown above in Section 5.7. All the samples from
Time Periods 3 and 4 (which are older than the limit of radiocarbon dating, and
hence targets for future dating) produced quantifiable natural signals. Responses
were consistently measurable for large doses (50 Gy) but not small (5 Gy),
suggesting that the grains are low in sensitivity, but not insufficiently sensitive
so as to preclude future construction of dose response curves. A comparison of
quartz and polymineral chronometric accuracy tentatively suggested that the
QF-blue and PMF-blue signals were consistent with the existing Suigetsu
chronology. Hence, blue light OSL dating of quartz is one possible future dating
method (because the QF-blue fraction was highly dominated by quartz),
however, the QF-blue fraction showed lower sensitivities and the quantity of

quartz within the sediment was lower than other mineralogies. A key
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consideration for sampling will be how this (alongside the availability of core
material) will direct sampling. Another possible method is blue light OSL dating
of feldspar. The luminescence signal of felspars dominates the PMF-blue signals
(which showed good chronometric accuracy) from the Suigetsu cores because of
the low abundance and sensitivity of quartz within the PMF-blue fraction (which
therefore contributes very small amounts of signal). The PMF-IR signals
consistently overestimated the age of the material and hence will not be
suitable for dating (however, these signals are valuable contributors of

information regarding catchment environmental change).

Additional considerations for dating are a better appraisal of quartz saturation
via the construction of dose response curves, and an assessment of the feldspar
fraction for evidence of incomplete bleaching to avoid an over-estimate of age.
Further to this, it will be important to refine any calculations of dose rate;
particularly by quantifying decay series disequilibrium (through alpha
spectrometry) and developing a model of water content variability in order to
reduce age uncertainty. Additionally, in light of the other key finding of this
study (that luminescence signals from this material are influenced by
environmental change), it would be incorrect to interpret any calculations of age
as if this were not the case. Careful sampling (e.g., by avoiding the sampling of
flood layers) will be vital when looking to determine full OSL ages for the
Suigetsu cores, as will making use of further luminescence profiling to
characterise these effects around target horizons for dating. Despite these
complexities, the evidence suggests that luminescence dating can contribute

accurate, meaningful age information to the current Suigetsu age-depth model.

5.9 Conclusions

A combined approach of POSL analysis and lab profiling provided a
complementary suite of variables which detected a range of environmental
changes at Lake Suigetsu, Japan. Across the four time periods, the luminescence
characteristics of the sediment showed a clear response to flood events (Time
Period 1) and the initiation of varving (Time Period 3), and broad fluctuations
which coincided with variations in magnetic palaeointensity (Time Period 2) and
a complex response to environmental changes during Termination Il (Time Period

4). There was no response of the luminescence proxies to the connection of Lake
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Suigetsu to the Sea of Japan (Time Period 1). Local environmental perturbations
which caused a sedimentological change across decadal to centennial timescales
showed the clearest trends in the luminescence profiles when probed with
contiguous, high-resolution sampling. The value of these techniques in a
lacustrine setting was demonstrated across a ~140,000-year age range. POSL
analysis and lab profiling provide a practical solution to the time- and core
material-constraints of traditional luminescence analysis, whilst allowing the
detection of catchment-sensitive signals. The core material produced
quantifiable luminescence signals and hence future luminescence dating is
feasible. First order approximate ages from the PMF-IR signals suggest that
these produce an overestimation of age, and hence future dating will target the
QF-blue signal (which equates to blue light OSL dating of quartz) and PMF-blue
signal (which equates to blue light OSL dating of feldspar), alongside a more
accurate assessment of dose rate. The contribution of this work to our
understanding of past dynamics at Lake Suigetsu demonstrates the applicability
of rapid luminescence profiling of lake sediment cores for characterising past

environmental change.



Chapter 6 Summary and Future Work

This thesis was motivated by the uncertainty surrounding EAWM and EASM
evolution during periods of global warming. An improved understanding of how
the EAM responds to rising temperatures is vital because the spatial and
temporal redistribution of precipitation as a result of anthropogenic climate
change could increase the vulnerability of this densely populated area in the
coming decades. A means to achieving a better understanding of deglacial EAM
behaviours is provided by palaeo-EAM reconstructions which have the temporal
coverage, resolution, and chronological control to effectually assess EAM
evolution during previous periods of warming. Reconstructing EAWM and EASM
evolution during Tl and TIl (which exemplify accessible, contrasting examples of
deglaciation) in Japan (using the archipelago’s unique hydrological distribution)

is of particular interest in pursuit of this goal.

This chapter firstly provides a summary of the research presented in this thesis
(Section 6.1). These findings are then considered in the context of the thesis aim
and objectives set out in Section 1.3.4 (Section 6.2). This is supplemented by
discussions of the broader relevance of the findings (Section 6.3), and

suggestions for future work (Section 6.4).

6.1 Summary of Findings

6.1.1 The Contemporary Stable Isotope Hydrology of Lake
Suigetsu and Surrounding Catchment (Japan) and its
Implications for Sediment-Derived Palaeoclimate Records
(Chapter 2)

The relationship between contemporary Gake and Oprecipitation at the Five Lakes of
Mikata catchment was explored in Chapter 2. The first key finding of this
monitoring study was that the behaviour of Oprecipitation Was closely linked to the

duality of the EAM and its operation as two contrasting seasonal modes.

e There were limited seasonal differences in 6'80 and 62H due to the similar
compositions of EAWM and EASM precipitation, aside from subtle minima
in winter and summer attributed to greater quantities of precipitation in

these seasons.
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e Contrastingly, d-excess showed very strong seasonality due to contrasting
evaporation conditions in the source regions of EAWM and EASM
precipitation. Relative to Tokyo, this seasonal contrast in d-excess values
was enhanced by the location of the Five Lakes of Mikata adjacent to the
Sea of Japan; this area experiences more balanced EAWM and EASM
influences than other parts of Japan.

e Temperature effects on Oprecipitation Were not supported statistically,
however there was some qualitative evidence to suggest a local amount
effect, albeit dwarfed by the seasonality of precipitation. This was
reinforced by qualitative observations of minima during the wettest
seasons of the year.

¢ Short-term high intensity precipitation events, including typhoons, were

also detected at the catchment.

The second key finding of Chapter 2 was that the compositional patterns
observed in the precipitation delivered to the catchment were detectable in the
surface waters of the lake system, strongly supporting isotope signal propagation

from precipitation to Lake Suigetsu.

e The seasonal trends observed in Oiake paralleled Oprecipitation and were
attributed to the same causes. Hence, we concluded that surface 0.k Was
closely related to fluctuations in the composition of EAWM and EASM
precipitation across the ~150 ka covered by the Lake Suigetsu sediment
cores,

e The influence of isolated events (including typhoons) was negligible
relative to the extended seasons of precipitation associated with both
EAM modes.

e The effects of local processes on O,k Varied in magnitude, and included
in-catchment homogenisation, a two- to three-month transit lag, summer
evaporative enrichment and the influence of saline water from the Sea of
Japan.

¢ We inferred that, of these, only the homogenisation and transit lag
effects were influential in a palaeo context, because Lake Suigetsu was
isolated from the Sea of Japan until AD 1664 (aside from known intervals

assigned by diatom assemblage counts) and evaporation would have been
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reduced under the influence of the cooler climate which typified much of
the period covered by the cores.

In contrast to the seasonal fluctuations in surface Ok, the deep water at
Lake Suigetsu was stable and exhibited a homogenous, annually
integrated composition.

These observations (alongside the transit lag) highlighted the importance
of understanding proxy seasonality during palaeoclimate reconstructions
(especially for generating reconstructions of EAWM and EASM Oprecipitation
based on 6'80 and 6?H, and not d-excess) and knowing whether a proxy
captured surficial Oiake, deepwater Oake, OF Oprecipitation-

The findings presented in this chapter were limited to contemporary
observations on an event or weekly basis, and hence it was not possible to
make concrete inferences about long-term drivers of EAM Oprecipitation at a
(sub)centennial resolution, however, possible controls, including monsoon
strength (supported by observations at the Suigetsu catchment and across
Japan), were explored.

It was, nonetheless, possible to infer that changes to EAM Jprecipitation
would have been detectable in d,.e and thus captured by the §'80 and 6%H

proxy systems described in subsequent chapters.

6.1.2 Insights into Deglacial East Asian Monsoon Seasonality and

Inter—-Regional Teleconnections from Lake Suigetsu, Japan
(Chapter 3)

Now able to support proxy interpretation with the contemporary dataset

presented in Chapter 2, the seasonal behaviours of the EAM during Glacial

Termination | were explored in Chapter 3. The first key finding of this study was

based on oxygen isotope analysis of aquatic diatom silica during high

%Aulacoseira intervals, which was used to reconstruct EAWM strength between
22,000 and 10,000 cal BP.

The EAWM in Japan showed a gradual weakening trend across this period.
The evolution of the EAWM during this interval exhibited no fluctuations
coeval with stade-interstade shifts in either hemisphere, nor any
similarities to winter temperatures at Lake Suigetsu (derived from pollen

analysis of the cores).
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e These observations suggested that EAWM weakening was driven by a
gradual increase in northern hemisphere summer insolation across this
transition, and that North Atlantic-style variations (typified by BA-YD
fluctuations) did not affect the evolution of precipitation at Lake Suigetsu
because this was principally driven by a smooth response of winter SSTs in
the Sea of Japan to insolation.

e The unique nature of the trend observed at Lake Suigetsu relative to
continental EAWM records, which exhibit clearer North Atlantic
teleconnection signals during Tl, can be explained by the location of

Japan as geographically separate from Continental Asia.

The second key finding of Chapter 3 was based on compound-specific hydrogen
isotope analysis of C3p n-alkanoic acids (from terrestrial plants), which was used

to reconstruct EASM evolution during TI.

e The EASM in Japan showed overall strengthening from the LGM to
Holocene (driven by insolation), superimposed by an inverse relationship
with Antarctic temperatures during the ACR (i.e., evidence for a
Japan-Antarctica teleconnection post-16,000 cal BP).

e Reconstructions of EAWM versus EASM dominance reinforced this
observation by noting a greater influence of the EASM on the Lake
Suigetsu catchment during the early stages of the ACR and during the
Holocene.

o These observations at Lake Suigetsu were distinctive relative to other
EASM records from Continental Asia, which typically provide evidence for
a North Atlantic teleconnection during Tl, highlighting spatial
heterogeneity in the expression of EASM signals during this period.

e The observations of EASM strength in Japan exhibited a different structure
to a reconstruction of summer temperature at Lake Suigetsu, which also
displayed North Atlantic character.

e |t was proposed that an inverse ACR relationship with the EASM in Japan
was caused by changes to coupled atmospheric-ocean circulation in the
Pacific domain, which directly influenced the EASM in Japan but not

temperature.
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o The observations also suggested that the preservation of Antarctic-like
signals at Lake Suigetsu was enhanced by the high latitude of the site and
the location of Japan close to the Pacific Ocean.

e This Japan-Antarctica teleconnection was established between 16,000
and 15,000 cal BP, and it was posited that this was due to a northwards
repositioning of the westerly jet (and thus the maximum northerly extent
of the EAM front).

e Prior to this, the hydrogen isotope signals derived from Cso n-alkanoic
acids were variable due to a lack of a consistent regional driver of

summer precipitation in Japan.

6.1.3 Novel Observations of East Asian Summer Monsoon
Evolution During Glacial Termination Il from Lake Suigetsu,
Japan (Chapter 4)

In order to compare the findings of Chapter 3 to a contrasting deglacial interval,
EASM evolution and lake development at Lake Suigetsu during Glacial
Termination Il was explored in Chapter 4. The first key finding of this study was
that the most major shifts in the early development of the Five Lakes of Mikata

system occurred between ~131.0 and ~129.8 ka BP.

e Evidence for this was provided by the quantification of n-alkanoic acid
and n-alkane concentrations, as well as n-alkane indices.

e Prior to this, the area was a dynamic, semi-aquatic fluvial system with
shallow water and peat bogs, and after, a productive lacustrine system.

e The increase in aquatic productivity associated with this shift occurred
rapidly (on the order of ~100 years), providing evidence for threshold
behaviour.

¢ |t was proposed that lake development was caused by a combination of
tectonic subsidence and increased freshwater inputs from precipitation.

e Lake Suigetsu became saline during the Eemian global sea level highstand,

which caused seawater to enter the lakes from the nearby Sea of Japan.

The second key finding of Chapter 4 was that the EASM in Japan strengthened
between 132.5 and 130.0 ka BP, driven by Northern Hemisphere summer

insolation, before weakening to 125.2 ka BP.
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e These observations, based on 62H analysis of C3o n-alkanoic acids, also
suggested that there was submillennial-scale variability in EASM strength
post-130.0 ka BP, which was consistent with some (but not all) existing
EASM records from continental China during this interval.

e This ambiguity might have arisen due to the difficulty of detecting subtle
fluctuations on this timescale during a period associated with a severely
suppressed AMOC, or the influence of site location, with more northerly
sites displaying submillennial-scale variability because they were more
sensitive to subtle migrations of the westerly jet.

e The early EASM strengthening in Japan detected by this analysis was likely
accompanied by an increase in temperature at the site.

e A comparison of EASM evolution at Lake Suigetsu and sites across China
indicated that EASM behaviours during Tll were extremely spatially
heterogeneous, attributed to competing hemispheric influences.

e EASM strengthening occurred earlier and more slowly in Japan than
mainland China, leading to the assertion that the EASM in Japan had a
closer relationship to Antarctic temperatures due to its maritime location,
and the EASM in China had a closer relationship to North Atlantic
processes (although all sites have some degree of mixed character).

e Whilst these observations were broadly consistent with those from TI,
EASM evolution during these two intervals was very different, with higher
amplitude changes in EASM strength during TIl and limited structural
similarities between records from the Suigetsu cores.

e This was attributed to the different changing boundary conditions during
these periods, including greater ice volumes in MIS 6 relative to MIS 2, and
more rapid deglaciation with a larger insolation change during TIl, but
especially decoupled polar temperatures during TIl, which would have

enhanced the interhemispheric temperature gradient.

6.1.4 Controls on Luminescence Signals in Lake Sediment Cores:
a Study from Lake Suigetsu, Japan (Chapter 5)

The application of luminescence techniques to the Suigetsu cores was explored
in Chapter 5, partly with a view to assessing the feasibility of future OSL dating
to facilitate a more robust comparison of records during Tll (Chapter 4). The

first key finding of this analysis was that the selected rapid core profiling
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techniques (POSL analysis and lab profiling) were applicable to lake sediment

cores, and that it was possible to detect environmental changes with these

methods across the ~140 ka target age range.

These techniques were suitable for detecting flood material (Time Period
1) and the onset of varving (related to changes in lake water chemistry;
Time Period 3), as well as showing a possible relationship with normalised
depositional remanent magnetism (Time Period 2) and complex
environmental trends across TIl (Time Period 4).

However, no relationship to the salinity of the lake was observed (Time
Period 1), so it was not possible to detect all types of environmental
change using these methods.

The clarity of the detectable trends was enhanced by focussing on the
detection of local (catchment) changes by producing POSLnet and PMF-IR
ED. profiles using high resolution, contiguous sampling.

Both the POSL and lab profiling approaches provided valuable
contributions to the detection of each environmental change; the POSL
offered rapid, non-destructive analysis and provided a broad suite of
measurements, whereas the lab profiling provided sensitivity-corrected
(and therefore more accurate) ED. values.

A combined methodology approach was recommended for future
applications with a similar aim to this study. However, given their
similarities, it would be reasonable to use POSL analysis in isolation, or
only perform lab profiling on a small subset of samples, if the quantity of

samples to analyse were large in number.

The second key finding of Chapter 5 was that the Suigetsu cores contain

materials compatible with future OSL dating.

Signals derived from the Time Period 3 and Time Period 4 samples (which
were older than the existing radiocarbon-based chronology) were low in
sensitivity, but not so severely as to preclude dose response curve
construction.

Critically, the signals detected from these samples were quantifiable.
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e The first order age approximations derived from ED. and EDg quantities
suggested that the QF-blue and PMF-blue signals showed greater
chronometric accuracy than the PMF-IR signals. It followed that blue light
OSL dating of quartz and feldspar grains should be targets for future
dating efforts.

¢ One limitation of this technique was the low relative abundance of quartz
grains within the sediments, and hence it was concluded that blue light

OSL dating of feldspar grains was the most practical option.

6.2 Response to Thesis Aims and Objectives

The overall aim of this thesis was to deconvolve East Asian Monsoon evolution in
Japan during the last two glacial terminations. Chapter 3 and Chapter 4
addressed this overarching aim most directly because they involved the
construction of isotope-based EAM records from the Lake Suigetsu sediment
cores for Tl and TII respectively. The findings of Chapter 3 supported those of
Chapter 4 by providing the opportunity for the ground-truthing of proxy
interpretation in a period associated with more contextual information about
the catchment, as well as allowing for EASM behaviours during Tl and TlI to be
compared (Figure 1.9). The contemporary isotope monitoring presented in
Chapter 2 was vital for the interpretation of the 6'0 and &%H records presented
in Chapter 3 and Chapter 4, and critically underpinned these studies. Chapter 2
provided analysis which allowed for a more robust connection between 6, and
Oprecipitation t0 be made and inferences to be drawn in a palaeo-context, including
accounting for the seasonality of the isotope-based proxies utilised in
subsequent chapters. Chapter 5 built on the findings of Chapter 4 by identifying
the continuing need to seek independent age control for the Suigetsu cores in
the pre-50 ka BP interval and investigated the luminescence characteristics of
the cores (in the context of environmental change) and the potential of core

materials for future luminescence dating.

The first objective of this thesis was to contribute new records of palaeo-EAM
behaviour to the growing regional record network. This was met in Chapter 3
and Chapter 4, in which EAWM strength during Tl was reconstructed using oxygen
isotope analysis of diatom silica, and EASM strength during Tl and TII was

reconstructed using compound-specific hydrogen isotope analysis of C3
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n-alkanoic acids. The balance between EAWM and EASM influence on Lake
Suigetsu during Tl was also inferred using compound-specific hydrogen isotope
analysis of C¢ n—-alkanoic acids and calculating the difference between this
quantity and the hydrogen isotope analysis of C3p n—alkanoic acids in each
sample. Not only do all of these records offer high-resolution insights into the
behaviours of each seasonal EAM mode, but they were also all lake core-derived,
and hence begin to counteract the poor archive diversity currently exhibited by
the existing regional record network. The Tl records from the Suigetsu cores are
associated with an excellent chronology, which is a rare quality, but
exceptionally valuable for a better understanding of signal leads and lags when

compared to records with similarly good age control.

The second objective of this thesis was to consider the response of the EAM to
warming temperatures. This was met in Chapter 3 and Chapter 4, the former
with respect to both EAM modes and the latter with respect to the EASM. The
findings of these chapters support EAWM weakening and EASM strengthening with
increasing Northern Hemisphere summer insolation, suggesting that these
behavioural features occurred in response to rising global temperatures.
However, the relationship of the EAM to temperature fluctuations on a
submillennial scale (both locally and in remote regions) was more complex. None
of the records generated as part of this thesis supported an association between
the EAM and pollen-derived local temperature at Lake Suigetsu during either
termination. This suggests that the EAM did not directly respond to rising
temperatures in East Asia. However, the findings suggested that EASM strength
varied synchronously with temperature changes in Antarctica (discussed further
below in response to objective four). These observations highlight that on orbital
timescales, when it is possible to consider global temperature increases as
synchronous, a relationship between the EAM and temperature is clear.
However, on centennial to millennial timescales, when regional temperature
patterns diverge, this relationship becomes more ambiguous, and the EAM
responded to temperature fluctuations in some regions and not others. Under
these circumstances, rising temperatures and deglacial EAM evolution are better
described as features of the sequence of changes which occurred during glacial

terminations, rather than a simple isolated relationship.
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The third objective of this thesis was to deconvolve the different behaviours of
the two seasonal modes of the EAM. This was met in Chapter 3, which showed
that EAWM and EASM evolution were fully decoupled during Tl. The EAWM
gradually weakened during this transition, whereas the EASM exhibited
three-phase strengthening in line with Antarctic temperature changes. This
showed that EAWM and EASM strength had opposite responses to orbital-scale
changes, but that the coherency of their responses was lost when each seasonal
mode was, or was not, affected by different teleconnection signals. This
highlights the importance of reconstructing both seasonal modes in isolation for
a more comprehensive view of EAM behaviours; currently, EASM records are
significantly more common, leaving EAWM evolution overlooked and poorly
constrained. Additionally, this emphasises the importance of understanding
proxy seasonality thoroughly prior to making assertions about the behaviour of
either mode; an incorrect seasonal assignment could provide a false description
of EAM behaviours. The use of “annually integrated” proxies can provide
information on the relative influence of each seasonal mode, but can also be
affected by seasonally-specific teleconnection signals. In these cases, where the
observed patterns can become complicated by multiple effects, it is necessary

to exercise caution during interpretation.

The fourth objective of this thesis was to determine the persistence of
teleconnections and signal transfer into the EAM region. This was principally
met in Chapter 3, with some subsidiary observations in Chapter 4. Despite
existing records strongly supporting a North Atlantic teleconnection to the EAM
region, manifesting as variations in EAWM and EASM strength which aligned with
stade-interstade fluctuations as detailed by the Greenland ice cores, the
findings presented here suggested that these features are absent in EAM records
from Japan. In terms of EAWM evolution, this may have been due to these
signals being obscured by the interaction of EAWM winds with the Sea of Japan.
For the EASM, an alternative teleconnection was detected; that connecting
Japan and Antarctica. During Tl and TIl, EASM strength showed behaviour inverse
to temperature progressions during the Antarctic cold reversal, and had a
positive relationship with Antarctic warming, respectively. This suggests that
this teleconnection expressed itself in different ways (inversely on suborbital

timescales and positively on orbital timescales) but nonetheless provides strong
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evidence that Antarctic temperature evolution had a relationship with the EASM
in Japan during glacial terminations, likely propagated via the Pacific Ocean.
During TI, it was also discussed that this teleconnection was temporally
restricted to post-16,000 cal BP, and activated by a northwards shift of the
westerly jet around this time. Similar discussions relating to behaviours during
TIl were prohibited by limitations to chronological control, but this concept

remains an important consideration for future research.

The fifth and final objective of this thesis was to rationalise spatial
heterogeneities in these behaviours across the region. This was met in Chapter 3
and Chapter 4, with particular emphasis on understanding the difference in EASM
evolution between Continental Asia and Japan. Throughout, it was proposed that
the unique signals detected in the records from Lake Suigetsu were as a result of
a southern hemisphere (Antarctic) teleconnection as opposed to the “typical”
North Atlantic teleconnection detected by continental archives. Furthermore, it
was suggested that these different teleconnections were spatially restricted,

and that Japan displayed greater Antarctic character as a result of its location
directly adjacent to the Pacific Ocean, allowing for southern hemisphere signals
to be propagated to the site. Conversely, North Atlantic behaviours were
detected further inland, where down-stream influences via the westerlies and
the westerly jet were greater. Greater spatial heterogeneity in EASM evolution
was observed during Tl relative to Tl (even solely considering sites across
mainland China), and it was posited that this was due to decoupled polar
temperatures during this period, possibly combined with a latitudinal effect,
which caused greater submillennial-scale variability at more northerly sites
which are more sensitive to westerly jet migration. However, this ambiguity
could be due to difficulties in detecting small amplitude signals during a period

of severely supressed AMOC.

6.3 Relevance of Findings

Continuing to expand our collective knowledge of EAM behaviour is critical, and
the greatest contribution of this thesis is to this cause. The EAM system operates
across some of Earth’s most densely populated regions, for which research of
deglacial behaviours is critical in the context of anthropogenic warming. The

high-quality, high-resolution records presented as part of this thesis (alongside
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the contemporary monitoring underpinning their interpretation and
consideration of the pre-50 ka chronology extension) contribute directly to the
expanding network of records which help to comprehend the complex behaviours

of the EAM in the past, underpinning efforts for future predictions.

The contemporary monitoring of catchment water isotopes in Chapter 2
demonstrates the importance of this approach for understanding processes
affecting catchment isotopes on palaeo-timescales in the absence of historical
datasets. This is especially vital in the context of a highly seasonal climate
system. This work also assists in reducing the uncertainty associated with the
interpretation of other proxies from the Lake Suigetsu sediment cores which are
the subject of ongoing investigations. Of particular interest is oxygen isotope
analysis of siderite (which forms in the anoxic waters at the bottom of the lake),
and our results suggest that this proxy will capture an integrated isotope signal
over multiple seasons, possibly even years. As highlighted by the findings of
Chapter 2, the development of paired 60 and 3%H proxy measurements with
the potential to produce reconstructions of palaeo d-excess is an exciting
prospect because this variable is highly seasonal (allowing for distinction
between EAM modes) and a potentially powerful proxy of past monsoon
dynamics. If a proxy of deep water 3%H could also be identified and developed,
then combination with siderite 3'80 could facilitate palaeo d-excess calculation
which would overcome the need for seasonally equivalent measures of §'80 and

02H (which is necessary for d-excess calculations from surficial proxies).

The reconstructions of EAWM and EASM behaviour during Tl presented in Chapter
3 not only highlight the value of season-specific analysis of the EAM (evidenced
by the decoupled, rather than inversely related, evolution of each seasonal
mode), but also demonstrate that multiple teleconnection signals can be
preserved in records of EAM strength derived from different areas. Evidence
shown in this chapter supports the notion that teleconnections between the EAM
and other climate systems globally can be seasonally, spatially and temporally
restricted. This suggests that EAM evolution has the potential to exhibit
significant levels of complexity. This challenges previous perspectives that
simplified EAM behaviours on suborbital timescales as responses to upstream
(North Atlantic) processes, and provides additional evidence for

cross-hemispheric signal transfer into the region. This work also adds to the
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regional collection of records whilst highlighting the propensity of records from
Japan to show unique trends due to its location on the Pacific margin, which

should encourage more attention to this sector of the EAM domain.

The reconstruction of EASM behaviour during TlI presented in Chapter 4
highlights the importance of studying EASM evolution across contrasting
deglaciations in order to understand the evolution of this system more
comprehensively. Whilst both Tl and TII have similarly evolving boundary
conditions on an orbital scale, the differences on suborbital scales can result in
very different patterns in EASM strength, which allows for drivers to be
examined more closely. Additionally, the development of this new EASM
reconstruction for Tl from the Suigetsu cores demonstrates the value of
expanding the geographic range of existing reconstructions and providing records
from non-speleothem archives. The findings of Chapter 4, in addition to those of
Chapter 3, also challenge the hitherto North Atlantic-centric interpretation of
EASM drivers and allow for a broader consideration of global climate system
processes during the penultimate deglaciation. On a more local scale, the
greater understanding of catchment evolution at Lake Suigetsu during TII will
assist in the interpretation of other proxy-based reconstructions from the
Suigetsu cores during this interval. In particular, it will be vital to consider how
the transition from a semi-aquatic to lacustrine environment could affect
aquatic proxies, if these are to be utilised for reconstructing regional-scale

climate behaviours.

Finally, the relevance of the investigation into sediment core luminescence
characteristics (Chapter 5) is twofold. Firstly, the study demonstrates the
application of luminescence techniques (both profiling and dating) to lake
sediment cores. This was a relatively understudied intersection of Quaternary
disciplines, but this work shows that luminescence techniques can be a valuable
contribution to lake core analysis. Hence, they should be a consideration for
future coring campaigns globally. Secondly, this study will underpin future
efforts to refine the >50 ka BP Suigetsu core chronology. Realistically, the
uncertainties of OSL dating will preclude the incorporation of this technique into
the younger (<50 ka BP) chronology because it would not reduce the uncertainty
in the radiocarbon dataset (nevertheless, there is utility in performing some

dating measurements from the intervals where good chronological control exists,
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by way of independently assessing the reliability of the technique). However,
the older part of the chronology currently only contains one absolute age (that
of the Ar-Ar dated Aso-4 volcanic eruption at ~86.4 ka BP), and hence there is
significant potential for the inclusion of absolute OSL dates to supplement the
existing wiggle-matching process. Chapter 5 demonstrates the potential for
luminescence dating of the Suigetsu cores and shows that blue light-stimulated
signals provided the highest chronometric accuracy, with blue light OSL of

feldspars the most practical option based on mineral abundance.

6.4 Directions for Future Research

6.4.1 Contemporary Stable Isotope Monitoring

Future research relating to the contemporary catchment monitoring presented in
Chapter 2 should consider how to enhance our understanding of the long-term
drivers of Oprecipitation at the Lake Suigetsu catchment and strengthen the
quantitative relationship between Oprecipitation @nd Oiake. This could be achieved via
an extension of current monitoring, lake mass balance modelling (which has the
additional benefit of constraining groundwater contributions), or the
development of complementary historical palaeo-isotope and climate records.
Integration of these findings with climate models would also enhance our
knowledge of how variations in EAM strength affect d,.ke (and hence the Suigetsu
core proxies). Another avenue involves the examination of how different climate
regimes would impact on the local processes affecting dake, including how
glaciation affects the transit lag and how variations in summer temperature and
precipitation quantity affect the influence of evaporative enrichment. This could
be achieved with catchment modelling. Additionally, a more comprehensive
view of freshwater propagation through the catchment could be accomplished
with a higher temporal resolution study of the Hasu River to assess how rapidly

(and to what extent) the river responds to precipitation events and changes in

6precipitation .

6.4.2 Applications of Luminescence Techniques to Lake Sediment
Cores

Subsequent applications of POSL and lab profiling analysis to lake sediment cores

in light of Chapter 5 should focus on expanding knowledge of what signals these
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techniques are able to detect in terms of the amplitude and type of
environmental change. Refining this technique in other lacustrine settings would
be immensely valuable for understanding its general applicability. For example,
within the context of Chapter 5 there was some evidence provided to support a
relationship between POSLnet/ED. and normalised depositional remanent
magnetism, which should be further investigated using higher resolution
sampling in order to robustly investigate this linkage and determine an
underlying mechanism. Additionally, further multiproxy analysis across Time
Period 4 would assist in deconvolving POSL signal evolution across this interval.
In order to achieve independent OSL ages from the older part of the Suigetsu
cores, more accurate Dr determinations are of critical importance, potentially
via gamma spectrometry, or the quantification of decay series equilibrium via
alpha spectrometry. The production of a model to reconstruct time-dependent
water content at each target horizon is also vital to account for dose
attenuation. Furthermore, mineralogically pure subsamples will be required for
accurate determination of D, values. It is likely that additional profiling to
bracket any target horizons for dating will also be required to account for

environmental effects (because the materials are also sensitive to these).

6.4.3 East Asian Monsoon Behaviours

Potential avenues for future work to build on the findings of Chapter 3 regarding
EAM behaviours during Tl include the addition of these records to regional scale
syntheses of deglacial monsoon behaviours. Japan is often omitted from spatial
analysis, due to its peripheral position in the EAM region, northerly latitude, and
lack of high-resolution, well-dated records. However, as demonstrated, EAM
reconstructions from Japan have a great deal to offer synthesis studies, as they
exhibit alternative trends and different teleconnection signals, which provide
vital information regarding the operation of the EAM system. In light of this,
generating other records from Japan (and the Sea of Japan coast of Continental
Asia) which span Tl from across a diverse range of archives can provide a deeper
perspective on the spatial limit of Antarctic versus North Atlantic
teleconnections. Additionally, more records from a range of northerly latitudes
could help to better understand the relationship between the Japan-Antarctica
teleconnection and the migration of the westerly jet and EAM front. This work

would have direct relevance for studies looking to reconstruct EASM behaviours
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at northerly latitudes during glacial periods, when the EAM front was situated
further to the south and summer precipitation may not have been monsoonal in

nature.

Future work in the wake of the reconstruction of EASM behaviours during TlI
presented in Chapter 4 should continue to develop more records of EASM
evolution during TlI to help understand the behaviour of this system and
rationalise system heterogeneities. Records from the northernmost extent of the
EASM system are of particular interest, because these appear to display higher
amplitude submillennial-scale fluctuations and hence could be more sensitive to
remote climatic processes. Japan remains an important part of the EAM region
and the potential of this area for the production of high quality EASM records
should not be overlooked in the future. The dominance of speleothem-derived
records continues to be a challenge for interpreting EASM strength during TII,
and future work should aim to develop records from a greater variety of archive
types. In line with this, it is vital that independent chronologies are developed
for as many archives as possible, in order to facilitate the investigation of
system leads and lags. In particular, decoupling the Greenland ice core
chronology from the Hulu Cave speleothem record across this interval is vital in
order for EASM behaviours to be compared to North Atlantic temperatures
without introducing circularity. A further extension of this work would be the
reconstruction of EAWM behaviours at Lake Suigetsu across this interval using
oxygen isotope analysis of diatom silica, in order to compare these to the
equivalent analyses from Tl presented in Chapter 3. Contrasting EAWM evolution
across Tl and Tl from a range of sites remains an important unresolved aspect of

deglacial EAM behaviours not covered by this thesis.

Additionally, a natural extension of the work presented in Chapter 3 and Chapter
4 is the development of high-resolution records of EAWM and EASM evolution
across earlier glacial terminations (including Terminations V - Ill) from across
the region. Whilst archive preservation and chronological control become
increasingly challenging in these earlier intervals, each of these periods have
subtly different boundary conditions which would allow for further hypothesis
testing of the ideas presented in this thesis. The Suigetsu cores do not extend to
these terminations, but other archives from Japan (for example, Lake Biwa;

Yasakawa et al., 1973) should be a consideration for this work, especially in light
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of the findings shown in Chapter 3 and Chapter 4, which highlight the value of
reconstructions from this archipelago as part of comprehensive understanding of
system behaviours. An important consideration of such research would be the
impact of lower sedimentation rates on the records produced and whether these
would limit the resolution of submillennial fluctuations. A possible extension to
this work could involve circum-Pacific analysis, which could be used to
deconvolve spatial trends and teleconnection methods during all Quaternary
glacial terminations. Ultimately, it is hoped that by fully rationalising the
behaviours of the EAM during a wide range of glacial terminations with different
boundary conditions and deglacial sequences, it will be possible to compare
these findings to the evolution of other monsoon systems, allowing for a holistic

interpretation of how the “global monsoon” responds to deglaciation.
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The East Asian Monsoon is a highly dynamic element of the global climate system
operating across a ~10 million km? area spanning China, Korea and Japan. The
central characteristic of the East Asian Monsoon system is semi-annually (twice a
year) reversing surface level winds which propagate from the southeast during
boreal summer and the northwest during boreal winter. These contrasting
trajectories give rise to two dominant modes, known as the East Asian Summer
Monsoon and East Asian Winter Monsoon, respectively. Whilst the East Asian
Winter Monsoon is generally not associated with large quantities of precipitation
due to its continental origins, the intense oceanic-derived rainfall brought to
the area by the East Asian Summer Monsoon is a defining climatic characteristic
of the region. Indeed, East Asian Summer Monsoon precipitation forms a key
component of freshwater delivery for over 1.6 billion people. The drivers of the
East Asian Monsoon are intricate because the system operates within both
tropical and subtropical realms, and hence are affected by climate system

perturbations in both.

In light of the dynamic, complex nature of the East Asian Monsoon,
understanding how this system operates under contrasting climatic regimes and
across key transitions is of particular interest, not least in light of recent
anthropogenically-driven climate change. Glacial terminations (i.e., the rapid
global transitions from glacial to interglacial conditions) are key features of late
Pleistocene climate evolution, however knowledge of East Asian Monsoon
behaviours across such intervals is limited, particularly on decadal to millennial
timescales. Reconstructions of palaeo-East Asian Monsoon evolution from Japan
offer an exciting opportunity to meet the need for records from across the East
Asian Monsoon region, whilst providing insights into the behaviour of each
seasonal mode in isolation. The latter is made possible as a consequence of the
Japanese archipelago being situated between two water bodies; hence, both the
East Asian Summer Monsoon and the East Asian Winter Monsoon deliver
precipitation to Japan, resulting in a semi-annual precipitation pattern which is

unique within the broader East Asian Monsoon region.

This thesis aimed to deconvolve East Asian Monsoon evolution in Japan during

the two most recent glacial terminations using materials from the Lake Suigetsu
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sediment cores. The Suigetsu cores comprise a high-quality archive from central
Japan spanning >150,000 years across >98 m of composite depth and are
associated with excellent chronological control for the most recent ~50,000
years. The location of Suigetsu on the Sea of Japan coast of Honshu Island
optimises the lake for receiving large amounts of precipitation from both
seasonal modes of the East Asian Monsoon annually. The composition of the
Suigetsu cores makes it an ideal target for multiproxy analysis of materials with
specific formation seasons, allowing for reconstruction of the East Asian Summer

Monsoon and East Asian Winter Monsoon separately.

First, analysis of the stable isotope composition of contemporary catchment
waters was used to facilitate the interpretation of isotope-based proxy
reconstructions of past climate from the Lake Suigetsu sediment cores. Extended
(multi-year) monitoring of precipitation, river water and lake water was used to
establish the factors affecting the isotope composition across the catchment.
Particular focus was placed on evaluating linkages between the composition of
precipitation (which provides a link to regional scale hydrological change) and
lake water (which is captured by sedimentary organic compounds, minerals, and
fossils). This monitoring showed that the isotopes in precipitation were
influenced by the East Asian Monsoon, although clear differences between EAWM
and EASM precipitation reflecting the seasonality of this climate system was not
observed in all isotope variables due to equifinality effects. The signals detected
in the composition of precipitation were then transferred to the lake system and
combined with secondary local influences, including catchment homogenisation,
a transit lag, seasonal saline water incursions from the nearby Sea of Japan, and
evaporative enrichment during summer. These observations suggested that
reconstructions of past East Asian Monsoon behaviour can be derived from
isotope-based proxies within the Lake Suigetsu sediment cores. This work also
highlighted the importance of understanding lake stratification and proxy

seasonality for robust interpretation of palaeo-isotope variability.

Second, these observations from contemporary monitoring were applied to
isotope-based proxy analysis of the Lake Suigetsu sediment cores in order to
separately reconstruct East Asian Winter Monsoon and East Asian Summer
Monsoon behaviours during Glacial Termination | (from MIS 2 to MIS 1). East Asian

Winter Monsoon evolution was analysed using oxygen isotope analysis of diatom
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silica during periods where the abundance of spring-blooming Aulacoseira spp.
diatoms was high. This demonstrated that the East Asian Winter Monsoon
gradually weakened from 21.0 to 10.0 thousand years ago, exhibiting no
correlation with stade-interstade fluctuations in either hemisphere. This was
likely because East Asian Winter Monsoon precipitation in Japan is uniquely
derived from the Sea of Japan, and gradual changes in this domain overprinted
any influence of North Atlantic climate on winter wind strength. Contrastingly,
East Asian Summer Monsoon behaviours (reconstructed using compound-specific
hydrogen isotope analysis of C3p n—-alkanoic acids) showed an overall
strengthening trend, with an inverse relationship to Antarctic temperatures
during the Antarctic Cold Reversal (14.5 to 12.9 thousand years ago), likely
propagated via the Pacific Ocean. This observation (when contrasted to other,
continental, records) highlighted the potential for the East Asian Summer
Monsoon to exhibit seasonally, spatially and temporally restricted remote links
to different climate systems, including those in the opposite hemisphere. The
distinctive trends exhibited by these reconstructions demonstrated the value of
East Asian Monsoon records from the Japanese archipelago and their potential to
contribute to a better, more comprehensive understanding of this climate
system whilst challenging existing North Atlantic-centric drivers of East Asian

Monsoon strength.

East Asian Summer Monsoon behaviours during Glacial Termination Il (from MIS 6
to MIS 5e) were then reconstructed in order to examine how the system evolved
during a contrasting example of rapidly rising global temperatures. Observations
of East Asian Summer Monsoon strength were made using compound-specific
hydrogen isotope analysis of C3p n—-alkanoic acids, which demonstrated that the
East Asian Summer Monsoon strengthened to 130.0 thousand years ago before
weakening into the Eemian. The concentrations of aquatic and terrestrial alkyl
lipids were also used to reconstruct early lake development, and showed that
Lake Suigetsu evolved from a shallow aquatic environment to a lacustrine one
between 131.0 and 129.8 thousand years ago. This analysis showed that the East
Asian Summer Monsoon strengthened earlier and more slowly in Japan than
Continental China and highlights the extreme spatial heterogeneity across the
East Asian Summer Monsoon regime during this interval, particularly in terms of

submillennial-scale variability. Critically, these observations indicated that the



Chapter 7 189

behaviour of the East Asian Summer Monsoon during Glacial Terminations | and Il
were distinctive due to the contrasting boundary conditions associated with each
deglacial period. The different behaviours of polar temperatures during each
termination appeared to be a key driver of these differences, and it was posited
that this also caused the dissonance between records during Glacial Termination
Il. However, Japan consistently displayed closer links to Antarctic temperatures
than North Atlantic processes across both terminations. This was in contrast to
the well-established relationship between speleothem records from China and
the climate of the North Atlantic.

The study of materials from Glacial Termination Il in the Suigetsu cores (which
are older than the limit of radiocarbon dating) provoked consideration of
chronological control for intervals older than ~50 thousand years ago.
Subsequently, the application of luminescence techniques to Suigetsu core
materials for the detection of environmental change was investigated, and an
assessment of the potential for optically stimulated luminescence dating was
made. Rapid core profiling techniques (portable optically stimulated
luminescence and laboratory profiling) were applied to four distinctive time
periods, each selected for their unique environmental context and either local
or global relevance, to ascertain if these methods were able to detect
environmental shifts. This analysis showed that the luminescence characteristics
of the Suigetsu sediments exhibited clear responses to flood events and the
initiation of varving, as well as broad fluctuations during periods of variable
magnetic palaeointensity and complex, compound responses to periods of
environmental variability. No relationship to lake salinity was observed. The
techniques were best applied to detect decadal to centennial local
environmental changes via contiguous, high-resolution sampling. Secondarily,
the laboratory profiling results were combined with estimates of down-core dose
rate variations to evaluate the feasibility of future luminescence dating. The
presence of quantifiable luminescence signals indicated that the material is
suitable for luminescence dating. Furthermore, the ages derived from blue light
stimulations of quartz- and polymineral-dominated fractions were more
accurate than those derived from infrared stimulations and should be the target

of future dating efforts.
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The results of this thesis emphasise the importance of contemporary stable
isotope monitoring for the robust interpretation of palaeoclimate proxies
derived from lake cores, expand current knowledge regarding the potential of
the Lake Suigetsu sediment cores for luminescence dating, and contribute to the
ongoing development of our collective knowledge of deglacial East Asian
Monsoon behaviours. By generating new records of each seasonal mode, it was
shown that major changes in East Asian Monsoon strength occurred alongside
rising global temperatures during Glacial Terminations | and Il. The different
behaviours of each seasonal mode and their teleconnection signals were
evaluated, and the most significant findings were that each seasonal mode
evolved differently during Glacial Termination I, and that East Asian Summer
Monsoon evolution in Japan was more closely aligned with Southern Hemisphere
temperature patterns than in Continental Asia (which instead exhibited North

Atlantic-like character) during Glacial Terminations | and Il.

This highlights the value of reconstructions from Japan for demonstrating
alternative East Asian Monsoon behaviours and remote links to Antarctica, the
implication of which is a better understanding of how the East Asian Monsoon
responded to submillennial temperature fluctuations in both hemispheres, and
how such effects might have been spatially and temporally restricted.
Additionally, this emphasises the importance of examining the East Asian
Monsoon and its remote links to other areas in order to achieve a holistic
understanding of how the global climate system operated during glacial
terminations. It is hoped that a continuation of this work and creation of a
high-density regional network of East Asian Monsoon records will develop
knowledge to a level where discussions can be expanded to include other
systems constituting the “global monsoon”. The findings of this thesis reduce
uncertainty surrounding East Asian Monsoon evolution during periods of rapid
global warming, which is vital for a better comprehension of this system in the

context of anthropogenic warming and for the future vulnerability of the region.
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The Lake Suigetsu sediment cores exemplify a high-quality archive of palaeoclimatic change in East Asia during
the past 150 ka. Robust interpretation of stable isotope-based proxy reconstructions from the Suigetsu cores can
be aided by a greater understanding of the factors affecting the isotope composition of the lake and how it relates
to that of precipitation. Here we use extended contemporary monitoring to establish the factors affecting the
stable isotope composition (3'%0, 5°H and d-excess) of precipitation, river water and lake water in the catchment
surrounding Lake Suigetsu, central Japan. We show that the composition of precipitation is influenced by the
dual East Asian Monsoon system, producing minima in 5'%0 and 6°H and semi-annually varying d-excess values
across the year. These signals are then transferred to the lake system, where they are combined with secondary
local influences on lake water composition: homogenisation with existing catchment waters, a catchment transit
lag, the interaction with saline water from the nearby Sea of Japan, and evaporative enrichment during summer.
Our observations suggest that the palaeo-isotope composition of Lake Suigetsu was closely related to the
behaviour of the East Asian Monsoon. We highlight lake stratification and proxy seasonality as critical compo-
nents of signal interpretation.

1. Introduction series of previous deep coring campaigns have extracted sediment from

Lake Suigetsu to generate a high-quality archive of environmental

The Five Lakes of Mikata are a collection of tectonic lakes located in
Fukui Prefecture, central Japan, and comprise Lake Mikata, Lake Sui-
getsu, Lake Suga, Lake Kugushi and Lake Hiruga (Fig. 1). To-date, much
of the Quaternary research undertaken on the lakes has focussed on Lake
Suigetsu, the central lake of the system, by virtue of its unique under-
lying sedimentary sequence. This sequence is exceptionally well-
preserved by a deep water column (34 m) and surrounding hills,
which hinder wind turbation; bottom water anoxia, which prevents
bioturbation; and a shallow connection (the Seto Channel) between Lake
Suigetsu and Lake Mikata (upstream of Lake Suigetsu, Fig. 1C), which
prevents disturbances by high energy events (Nakagawa et al., 2021). A
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change (“the Lake Suigetsu sediment cores™) spanning >98 m from the
present day to in excess of 150 ka BP (Nakagawa et al., 2012), A
distinctive characteristic of the Suigetsu cores is that they contain
annual laminations (varves) between ~50 and 10 ka BP, comprising the
longest continuously varved record from the Quaternary (Schlolaut
et al., 2012). The youngest sediments (up to 50.3 ka BP) have been dated
to high precision using radiocarbon dating of >800 macrofossils (Staff
et al., 2011; Bronk Ramsey et al., 2012, 2020), varve counting using
optical microscopy (Schlolaut et al., 2012, 2018), and analysis of vol-
canic tephra deposits with independent ages (e.g., Smith et al., 2011;
McLean et al., 2016). Between 50.3 ka BP and 13.9 ka BP, Lake Suigetsu
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contributes the only non-reservoir corrected dataset within the inter-
national consensus radiocarbon calibration curve, “IntCal”.

It is this excellent archive preservation and world-leading chrono-
logical control which makes multiproxy palaeoenvironmental analyses
of the Suigetsu cores an exciting prospect. Indeed, the location of Lake
Suigetsu at a lower latitude than other global benchmark records (e.g.,
the Greenland and Antarctic Ice Cores) makes this archive an avenue for
establishing a more holistic global perspective on past climatic change.
Additionally, the Japanese archipelago is situated within the East Asian
Monsoon (EAM) regime, a critical, yet complex, component of the global
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Seto Channel —

A Mikata
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climate system for which palaeoclimate reconstructions offer a means to
greater understanding. Not only is Japan situated directly beneath the
seasonally migrating EAM front, making it sensitive to changes in the
EAM system (Jun-Mei et al., 2013; Nakagawa et al., 2012; Gallagher
et al., 2018), but unlike continental areas, Japan experiences EAM
precipitation semi-annually (twice a year), because both the winter
(EAWM) and summer (EASM) prevailing monsoon winds pass over large
bodies of water before reaching the Japanese Islands. Therefore, both
seasonal modes have tangible hydrological influence over precipitation
in Japan, and reconstructions from here have the unique potential to

Kugushi
">-Urami Canal

Suga

~——Horikiri Channel

X

/\

-Hasu River

A
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Fig. 1. Map of the Five Lakes of Mikata catchment. Yellow outlines show the extent of subsequent panels in the sequence. Panel A shows the location of the region
in relation to major Japanese cities. Panel B shows the catchment area of each lake. Panel C shows the sampling locations for this study, including precipitation
sampling, river and lake ling, and pling of the Lake Suig: water column, as well as the location of the weather station. Full details of locations shown here

are available in Appendix A. Basemaps: custom World Dark Grey Base and World Hillshade from Esri (2022a, 2022b) (scale 1:10,000,000 (Panel A), 1:400,000 (Panel
B), 1:67,946 (Panel C)). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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determine the behaviours of both the EAWM and the EASM. In light of
this, the Suigetsu cores continue to be the subject of an ever-growing
collection of investigations into climatic change over the last
glacial-interglacial cycle (e.g., Schlolaut et al., 2017; Nakagawa et al.,
2021), including contributing to the definition of the Holocene onset as
an auxiliary stratotype (Walker et al., 2009). An ongoing avenue of
research is the development of palaeoclimate reconstructions derived
from oxygen and hydrogen isotope compositions of pollen grains,
biogenic silica and siderite (all of which are abundant components of the
cores), because these offer a means to infer past hydrological change
(including links to EAM behaviour).

Robust interpretation of such sedimentary proxies is predicated on a
strong understanding of the controls acting on lake isotope composition
(8jake), Which, in the absence of historical datasets, can be achieved by
extended contemporary monitoring. Of particular interest is the extent
to which variability in the isotope composition of precipitation
(Sprecipitation, Which provides a link to regional-scale hydrological
change) is reflected in the isotope composition of river water (8yer) and
Sjake and, in turn, lake sedimentary components; however, this depends
strongly on catchment and lake hydrology. Variability in groundwater,
river, and in rare cases, marine contributions to the lake water balance
can act to dampen and sometimes conceal the isotope composition of
recent precipitation (e.g., Seal and Shanks, 1998; Lacey and Jones,
2018). In addition, evaporation of lake waters can strongly modify jaxe
compared to inflowing water (Gonfiantini, 1986; Russell and Johnson,
2006; Wassenaar et al., 2011). These concepts are commonly used in
modern hydrology (Gibson et al., 2016); for example, during mass bal-
ance modelling to determine the surface versus groundwater contribu-
tion to Lake Ohrid, south-eastern Europe (Lacey and Jones, 2018) or to
consider mass losses due to evaporation, such as for Lake Edward, East
Africa (Russell and Johnson, 2006). Monitoring for an extended period
(on the order of years) is required in order to fully understand the
evolution of d,, particularly in regions where the climate is so sea-
sonal. This approach allows for both local influences (such as changing
inputs and evaporation) to be identified alongside regional scale cli-
matic shifts.

In this study we aimed to better understand the controls acting on the
isotope composition of water within Lake Suigetsu and its surrounding
catchment, in order to facilitate interpretation of isotope-based proxy
reconstructions of past climate from the Lake Suigetsu sediment cores.
By monitoring Sprecipitation, Sriver and Sjake OVer a total observation period
of two years and ten months across 2011-2012 and 2020-2022, we
assessed the factors affecting the relationships between these variables.
Conceptualising Sake of Lake Suigetsu is particularly important because
whilst the lake and catchment receive high volumes of precipitation
annually, there are other controls which could act to alter or obscure this
precipitation signal; namely, that expected evaporation rates are high
due to a warm summer climate, and in the present day there is some
interaction between the lake and the Sea of Japan. Consequently,
resolving the relative influence of yrecipitation (and the propagation of
Sprecipitation Signals to Sjake) is crucial to understanding the major controls
over long term 8y, within the context of regional scale hydrological
(and thus climatic) change.

2. Study site
2.1. Hydrology

The Five Lakes of Mikata are located adjacent to the towns of Wakasa
and Mihama in Fukui Prefecture, Honshu Island, central Japan. The
lakes lie to the west of the active Mikata fault line and were formed as
the western side of the fault subsided over time (Fig. 1C; Nakagawa
et al., 2012). Over the last ~400 years, the Five Lakes of Mikata
catchment has been anthropogenically influenced by the construction of
channels and tunnels to connect the lakes. In the present day, the lakes
form a route between the freshwater Hasu River and the saline Sea of
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Japan (Fig. 1C). Lake Mikata, the southernmost lake, is fed by the Hasu
River to the south, has an area of ~3.61 km” and a maximum depth of
5.8 m and has the largest discrete catchment area (~50 km2; Fig. 1B).
Lake Mikata is connected to Lake Suigetsu via the shallow (~2 m deep)
Seto Channel, and to the adjacent Lake Suga via the artificial (<0.5 m
deep) Horikiri Channel. Lake Suigetsu, which has an area of ~4.2 km?
and a maximum depth of 34.0 m, then feeds Lake Hiruga (via the sub-
terranean Saga Tunnel, which was sealed during the observation period)
and Lake Kugushi (via the surficial Urami Canal), which both flow
directly into the Sea of Japan (Shigematsu et al., 1961, Fig. 1C). In the
past, prior to the construction of the Horikiri Channel, Saga Tunnel and
Urami Canal, Lake Kugushi was a coastal lagoon (part of Wakasa Bay),
and Lake Hiruga was not connected to the sea (except during flooding),
so four of the five lakes were freshwater (Shigematsu et al., 1961;
Masuzawa and Kitano, 1982). At this time, the outflow from Lake Sui-
getsu was via Lake Suga (effectively a side basin of Lake Suigetsu),
which was connected to Lake Kugushi via a channel (the Kiyama River)
through low ground to the east of the lakes.

Principally, water flows in a south-to-north direction through the
catchment, driven by the large quantities of precipitation in the region.
However, in the present-day, seawater washes back into Lake Suga, Lake
Suigetsu and Lake Mikata during high tide in autumn (Kondo and
Butani, 2007). As a result, all five lakes now have some degree of
marine-derived salinity and observations show that salinity in the lakes
increases during the autumnal high tide and then decreases due to
continued freshwater input via precipitation and surface runoff during
winter. Lake Hiruga and Lake Kugushi are saline, and Lake Mikata is
fresh to brackish (0-3 g kg™!). Lake Suigetsu and Lake Suga are both
meromictic (permanently stratified), with an upper mixolimnion (aer-
obic, brackish to saline water; 2-8 g kg_l) separated from a lower
monimolimnion (anaerobic, saline water; ~13 g kg_l) by a chemocline
at ~8 m depth (Matsuyama, 1974; Kondo et al., 2000; Kondo and
Butani, 2007). The mixolimnion exhibits a salinity gradient between the
surface (fresh) and the chemocline (saline) (Matsuyama, 1974; Kondo
et al., 2000). Mixing in the mixolimnion occurs once each year, during
the autumn, resulting in an increase in surface water salinity, a raised
chemocline and a steepening of the salinity gradient (Kondo et al.,
2000). The chemocline then lowers and a shallower salinity gradient is
re-established during winter. The monimolimnion is a persistent
seawater-derived saline layer, confirmed by geochemical analysis (Shi-
gematsu et al., 1961), and has a limited freshwater influence (Mat-
suyama, 1973). This layer is replenished annually at the autumnal high
tide (Kondo and Butani, 2007). It is not known whether this autumn
seawater incursion drives mixing in the upper ~8 m of the water col-
umn, or if these two processes are merely coincident, although the latter
is suspected. No significant long-term increases in salinity have been
observed in the monimolimnion in the past 70 years; salinity remained
approximately 12-16 g kg ! in the intervals 1951-1966 and 2008-10
(Matsuyama, 1973; Kondo et al., 2014). Complete lake water vertical
mixing events are unusual but have been detected (in 1997; Kondo et al.,
2000).

The residence time of Lake Suigetsu was calculated to be on the order
of ~1 year, assuming a total annual precipitation of ~2.3 m (Japan
Meteorological Agency, 2022) across a ~60 km? catchment (~0.14 km®
precipitation annually) and then applying this to a simple single box
model (surface area of ~4.3 km? and ~34 m depth equating to a ~0.15
km® volume). However, when considering the evidence for a stable
monimolimnion in Lake Suigetsu with a very long residence time (Shi-
gematsu et al., 1961), a two-box model is more appropriate, with water
effectively flushing solely through the top ~8 m of the lake (Matsuyama,
1973). In this case, the residence time of the mixolimnion is on the order
of ~3 months.

2.2. Climate

The climate of the Five Lakes of Mikata catchment is temperate with
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high levels of precipitation. The temperature profile is typical of Japan,
with low temperatures in winter (reaching a minimum in January with a
mean temperature of 4.3 °C) and high in summer (reaching a maximum
in August with a mean temperature of 27.0 °C). The annual distribution
of precipitation is more unusual, because a large proportion of the total
annual precipitation falls during winter (Fig. 2). This is unlike much of
Japan, where summer is the wettest season. The large quantities of
precipitation received in winter are a result of the catchment being
located on the Sea of Japan coast, where it receives a significant input of
EAWM precipitation annually. This EAWM precipitation falls as both
rain and snow and is concentrated in December and January. Spring
(March to May) is the driest season of the year, which precedes a second
rainy period in early summer which accompanies the EASM. The EASM
rainy season is known as the Tsuyu or Baiu, which occurs at Lake Sui-
getsu around late June into July, immediately prior to the period of
maximum temperature. This is followed by typhoon season from August
to September, during which a series of low-pressure systems pass over
Japan from the Pacific Ocean to the south, resulting in a third annual
period of rain. Winter (EAWM) and summer (EASM) precipitation are
the most significant extended (persistent) freshwater inputs to the
catchment; typhoon season precipitation comprises a series of intense
isolated precipitation events.

3. Materials and methods
3.1. Sampling methods

Samples of lake and river waters (n = 463) were taken from the Hasu
River, Lake Mikata and Lake Suigetsu (Fig. 1C) on a weekly basis be-
tween 1% March 2011 and 3™ January 2012, and again between 15"
July 2020 and 29™ July 2022. Water was collected by submerging a
collection vessel in the top ~50 cm of water before subsampling using a
vial leaving no or minimal head space. Precise sampling locations were
altered between the 2011/12 and 2020/22 sampling intervals, and
during periods of inaccessibility (e.g., due to bridge repairs, snowfall,
lake freezing and flooding; Appendix A). The slight changes in sampling
location are unlikely to affect the isotope composition recorded, being
within the same water depth range and situated away from lake inputs.
If visible algae were present in the water, the samples were filtered using
a 50 pm polyethylene terephthalate (PET) mesh filter. Surface water
data from the 2011-2012 observation period do not have the accom-
panying (precipitation and water column) data described below in

Mihama 1990-2022
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Fig. 2. Climate at the Five Lakes of Mikata. Monthly variations in mean daily
temperature (pink curve) and mean total monthly precipitation (bars) at
Mihama, adjacent to Lake Kugushi (35°36'00'N 135°5500'E). Data from the
Japan Meteorological Agency, 1** January 1990 to 2gth February 2022. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Section 4 because this was an extended pilot study focussed on the river
and lake waters; however, we have nevertheless included these
2011-2012 data in our analysis because there are subtle differences in
these data that contribute to a more comprehensive view of isotope
variations in the catchment.

Precipitation samples (n = 120) were captured between 13" July
2020 and 29 July 2022 using a purpose built (3D printed) funnel and
glass bottle holder in Wakasa (at the location indicated in Fig. 1C).
Silicone oil was added to the collection bottle to prevent evaporation.
Water subsamples were taken from the bottle using a Teflon pipette.
Subsamples were taken on an event basis; every day during periods of
frequent precipitation, but less often during periods of reduced precip-
itation. The water was allowed to overflow the sample vial in order to
remove the floating silicone oil. Fresh snowfall samples were collected
from pristine areas of snow after deposition and melted with silicone oil
in a lidded container before being transferred to the collection vial. An
automated Netatmo weather station (location also shown in Fig. 1C) was
deployed to provide temperature, humidity, precipitation amount and
wind data to accompany the isotope data. Backwards air parcel trajec-
tory analysis was performed for four precipitation events (representative
of each season) using the NOAA Air Resources Laboratory HYSPLIT
model (Stein et al., 2015; Rolph et al., 2017). The selected events ended
on 27" December 2020, 16™ September 2021, 2" May 2022 and 7
July 2022, respectively. Back trajectories were generated for air parcels
arriving at the catchment every 12 h at 1500 m.a.s.l. across a 72-h
window prior to the end of each event.

Water column profiling was conducted ~quarterly on 22"
December 2020, 8™ April 2021, 5™ August 2021, 17" November 2021,
231 April 2022 and 21% July 2022 at the approximate centre of Lake
Suigetsu (Fig. 1C). Samples were taken every 2 m between the surface
and 10 m depth, every 5 m between 10 m and 30 m depth, and then
every 2 m between 30 m and 34 m (n = 70). A sealable van Dorn water
sampler was used to prevent mixing of the sample with water at different
depths during transit to the surface. A Hydrolab DS5 water quality meter
was also used to measure temperature and salinity profiles on each
sampling date; higher resolution geochemical data were collected for
the December 2020, April 2021, November 2021, April 2022 and July
2022 dates. The low-resolution data collected for the August 2021 date
(using a TOA-DKK WQC-24 m) are also shown in Section 4 below.

3.2. Analytical methods

Oxygen isotope (5'%0) measurements were made using an Isoprime
100 mass spectrometer with an Aquaprep dual-inlet system using the
CO; equilibration method. Subsamples (totalling 200 pl) were placed in
a heated sample tray at 40 °C before the air was evacuated and each
exetainer was flushed with CO2. The samples were then left to equili-
brate for between 12 (first sample) and 37 (last sample) hours. Any
remaining water vapour was then removed on a sample-by-sample basis
using a cryogenic water trap, before each sample was expanded into the
dual inlet isotope ratio mass spectrometer (IRMS) for analysis. The
samples were measured in alternate pulses alongside a reference COz
gas, and the integrated values of the sample were compared to the
reference gas values to determine '80/'°0. Two internal laboratory
standards (CA-HI and CA-LO) were analysed in each run. The value of
these standards has been determined accurately by comparison with
international calibration and reference materials (VSMOW2, SLAP2 and
GISP). This facilitated the calculation of the 180,150 ratio of each
sample versus VSMOW2, and subsequent expression of the oxygen
isotope ratio in delta (3) units (5'%0) in parts per mille (%s). The typical
standard deviation is < 0.05 %o.

Hydrogen isotope (5°H) measurements were made in duplicate using
a continuous flow, high temperature conversion elemental analyser -
IRMS (TC-EA-IRMS) (EuropyrOH-Isoprime) with liquid autosampler.
Subsamples (0.5 pl) were injected into a heated septa-sealed port at
160 °C and converted to water vapour. The vapourised sample was then

194



Appendices

C.L. Rexetal.

flushed through a chromium-packed reactor at 980 °C by the helium
carrier gas, which reduced the water to hydrogen gas. A reference
hydrogen gas pulse was introduced to the IRMS prior to the gas pulse
from each sample. The sample peaks were then integrated and corrected
for the H3 contribution before comparison to the reference gas to yield
2H/'H. Each sample was measured five times. As with the oxygen
isotope measurements, the samples were then compared to measure-
ments of CA-HI and CA-LO to calculate the H/'H ratio of each sample
versus VSMOW?2, and expression of the hydrogen isotope ratio in delta
units as for the oxygen isotopes. The typical standard deviation is < 0.5
%o.

The aforementioned 5'®0 and 5°H measurements were then used to
calculate d-excess (Equation (1)), a second-order parameter which can
be considered as a measure of deviation from the Global Meteoric Water
Line (GMWL, which has a gradient of 8). This occurs when there is a
greater amount of H relative to %0, caused by diffusive fractionation
during evaporation of water molecules (Bershaw, 2018).

d — excess =8"H—(8 « 8"0) (Equation 1)

4. Results and interpretation
4.1. Precipitation 50 and 5°H

Values of 5'°0 for the precipitation at Wakasa (July 2020 to July
2022) ranged from —13.2 %o to —2.4 %o, with a mean value of —7.0 %o
and standard deviation of 1.6 %o (Fig. 3A). §°H values ranged from
—96.4 % to 2.3 %o, with a mean of —39.1 %o and standard deviation of
11.9 %o. Fig. 3A shows only small seasonal differences in 8'°0 and §°H
because there was considerable intra-seasonal variability and overlap.
Throughout the study period, §'°0 and 5°H were associated with rapid
high amplitude fluctuations with time (Fig. 4); however, winter and
summer minima were observed when the data were considered on a
monthly basis; likely due to greater quantities of precipitation (Fig. 2)
during these seasons (discussed in Section 4.4). This trend was clearest
in the 5'%0 values, but a summer minimum was also observed in the §*°H

A Wakasa Precipitation 2020-22
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values (Fig. 4); the winter minimum likely obscured by high d-excess
values (described in Section 4.2). Back trajectory analysis of four pre-
cipitation events from across our sampling period indicates that air
parcels arriving at the catchment predominately originated over Con-
tinental Asia during the winter, in the oceanic domain (Pacific Ocean,
Philippine Sea and East China Sea) during summer, and a mixture of the
two during the spring and autumn (Fig. 5).

These trajectories, which ultimately reflect the operation of the EAM
as dual EAWM and EASM modes, highlight the influence of the EAM on
the climate of Japan, and can explain the lack of distinctive seasonal
precipitation 5'%0 and 8°H trends at Wakasa. EAWM and EASM pre-
cipitation over Japan generally have very similar compositions (Tani-
guchi et al., 2000; Uemura et al., 2012) in direct contrast to Continental
Asia, where EAWM and EASM precipitation exhibit distinct composi-
tions due to continental (Bwopmipimﬁm ~ —4%o) versus oceanic sources
(alsopmipim[im ~ —10 %o), and hence vary seasonally (Araguds-Araguds
et al., 1998). EAWM air masses originate in central Asia and Siberia and
are predominately cold and dry, and hence whilst distillation and
moisture recycling earlier in the trajectory is possible, the isotope signal
of EAWM precipitation over Japan is dominated by the interaction of
this air mass with the Sea of Japan. The evaporation from the Sea of
Japan in winter has a light isotope signal (830 ~ —8 %e; Uemura et al.,
2012) and the transport distance is short (on the order of <1000 km), so
this signal is retained in winter precipitation §'°0 and 8°H (i.e., little
further depletion of the heavier isotopes occurs during transport).
Conversely, EASM air masses originate over the Pacific Ocean and track
towards the Japanese archipelago via the Philippine Sea and East China
Sea (the trajectory ultimately determined by the positioning of the
Western Pacific Subtropical High (Xu et al., 2020, Fig. 5). Evaporation
from this oceanic domain has a range of isotope compositions (from
880 ~ —4 %o in the Western Pacific Warm Pool to 3'%0 ~ —8 %, in the
East China Sea; Uemura et al., 2012); however, the distance from the
sources with a heavier isotope signal to Japan is greater, such that
overall depletion of the heavier isotopes during transport acts to mini-
mise differences between proximal and distal sources. As such, EASM
5'%0 and 8°H is low, as with the EAWM.
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Fig. 3. Precipitation 3'%0 and 5°H at Wakasa and Tokyo. A comparison of isotopes in precipitation at (A) Wakasa 2020-22 (event basis, Sea of Japan Coast) and
(B) Tokyo 1960-79 (monthly averages, Pacific Ocean Coast). Linear regression local meteoric water lines for each season are shown and numerically described in the
table. Black diagonal lines represent the Global Meteoric Water Line (GMWL). The points plotted for the composition of Wakasa are scaled by quantity of precip-
itation (as calculated from the Wakasa weather station; WEATHER20 in Fig. 1). Seasons are defined as: Spring (Mar-May), Summer (Jun-Aug), Autumn (Sep-Nov),
Winter (Dec-Feb). d-excess is higher for points above the GMWL. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Wakasa Precipitation
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Fig. 4. Variations in Sprecipitation With time. §'°0, 6°H and d-excess values
from precipitation at Wakasa from across the study period (colour lines). Black
lines represent monthly averages of each dataset. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

This similarity in the composition of precipitation from each end
member trajectory likely results in the limited seasonality that we
observed at Wakasa. The air parcel trajectories during spring and
autumn exhibited mixed behaviour, and we suggest that this lack of
strong prevailing wind direction and a mixture of vapour sources during
these intermediate seasons produced precipitation with a similar
composition to the EAM months, although we suspect that the spring
and autumn values were slightly higher due to relatively reduced
quantities of precipitation during these seasons (discussed in Section
4.4). Intra-seasonal variability was likely due to subtle differences in the
airmass trajectories associated with each precipitation event.

Very low 5'%0 and 6°H values (in the 5'°0 range of —13.2 %o to
—11.0 %o) were uncommon at Wakasa; however, a minor cluster of
precipitation events was nevertheless associated with such values
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(Fig. 3A). The majority of these datapoints represent precipitation from
August to October (Fig. 4) and include rains from Tropical Storm Dol-
phin (2020). Given the seasonality of such events, a simple explanation
could be that this precipitation was derived from tropical storms (ty-
phoons), which are associated with '20 values up to 6 %o lower than
other summer precipitation events, driven by strong fractionation pro-
cesses in heavy cyclonic precipitation (Lawrence and Gedzelman, 1996;
Fudeyasu et al., 2008; Li et al., 2010; Jackisch et al., 2022). However, it
is worth noting that precipitation from earlier months of the year also
occasionally exhibited these values, and other typhoon events did not.
Instead, we posit that these compositions were associated more gener-
ally with intense precipitation events. Whilst they do not universally
correspond to periods with large quantities of precipitation, this does
not preclude a relationship with intense precipitation events because our
analysis considered only the total amount of precipitation which fell in
the collection period, not the intensity. Not all typhoon events result in
intense precipitation at Wakasa due to its location, and many typhoons
are associated with high wind speeds alone; hence, some were not
associated with very low isotope values during the study period.

4.2. Precipitation d-excess

In contrast to the 5'®0 and 5°H datasets, we observed very clear high-
amplitude seasonal patterns in precipitation d-excess, which exhibited
an average value of 17.1 %o and range of 35.6 %o across the entire dataset
(Fig. 3A). The values for summer precipitation fell broadly along the
GMWL, whereas winter precipitation consistently expressed higher d-
excess values, offset yet parallel to the GMWL (Fig. 3A). The autumn and
spring d-excess values exhibited intermediate values with some overlap
with summer and winter, particularly so for the autumn. Regression
lines between 5'%0 and §2H applied to each season had similar gradients
(~8), with minor differences due to the relatively limited amount of
data across a narrow range. The difference in intercept between the
summer and winter regression lines was 24.1 %o (equating to a differ-
ence in seasonally averaged d-excess of 23.5 %).

Collective observations of d-excess at sites across Japan suggest that
this variable shows this distinct pattern regardless of location (Uemura
et al., 2012; Hasegawa et al., 2014; Ichiyanagi and Tanoue, 2016). High
values of d-excess in winter precipitation and low values in summer
precipitation can be attributed to contrasting relative humidity values in
the precipitation source regions, which overprints the d-excess of the
source water itself (Xia et al., 2018; Uemura et al., 2012). Due to cooler
sea surface temperatures (and thus low relative humidity) over the Sea
of Japan during the winter, we suggest that winter (EAWM) precipita-
tion exhibits higher d-excess values relative to summer (EASM) precip-
itation, which originates from the oceanic domain during the summer
where relative humidity is high (Araguds-Araguds et al., 1998; Kurita
et al., 2015). Relative humidity can affect d-excess via multiple mech-
anisms, but in the low latitudes the dominant control is the amount of
raindrop re-evaporation, and in the mid latitudes oceanic evaporation
conditions show greater significance (Xia et al., 2022). The gradual
transition of influence between these contrasting extremes suggests that
there were no abrupt shifts or interfaces between systems at play in this
region during spring or autumn and instead, hydrologically, Japan
transitioned gradually between the influence of the EAWM and EASM
operational modes; supported by the back trajectory analysis (Fig. 5).

4.3. Quantity-weighted composition

The largest precipitation events during our study interval occurred
during winter and, to a lesser extent, during the late summer and early
autumn (Fig. 3A), which is in line with the long-term climate data from
nearby Mihama (Fig. 2). The largest winter events exhibited higher d-
excess values, whilst the largest late summer/early autumn events
showed low 8'%0 and 82H values (as discussed above). This has impor-
tant implications for the introduction of precipitation to the catchment;
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Fig. 5. HYSPLIT back trajectory model results. HYSPLIT back trajectory model results for four rainfall events across the 2020-22 rainfall study period. Events were
selected to cover a range of d-excess values which are typical of each of the four seasons. Dates and times indicate the end of each sampling interval. Red stars
indicate the position of the catchment; backtrack analysis was performed to the exact position of the precipitation sampler (RAINFALL20 in Figure 1.1). Surrounding
seas and oceans are labelled as follows: SoJ = Sea of Japan, ECS = East China Sea, PS = Philippine Sea, PO = Pacific Ocean. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

most notably, this indicates that the largest contribution to the catch-
ment on an annual basis is that of a mid-range isotope composition (with
high d-excess), with a secondary component having low §'®0 and §°H
values (with low d-excess). When weighted by precipitation amount, the
annual mean 5'80 was —7.4 %o, the annual mean 5°H was —39.7 %o and
the annual mean d-excess was 19.8 %o, which lies between the winter
and autumn regression lines. A caveat to this is that the values used to
calculate precipitation amount for this analysis were measured by the
Netatmo weather station, which did not contain a heating element, so
the quantity of precipitation may be underestimated for snowfall events
and hence the precipitation-weighted annual mean 5'%0 and 8%H values
may lie closer to the winter average. Snowfall events are likely to be
amongst the smallest winter precipitation events in Fig. 3A, however,
the relatively tight grouping of winter values suggests that the difference
between snowfall and rainfall isotope values was not particularly
marked across the observation period.

4.4. Temperature and amount effects

Additional analysis (least-squares linear regression) was performed
using the precipitation 5'0 and §°H values to provide an indication of
the influence of a “temperature effect” or precipitation “amount effect”.
The isotope data were compared to the average temperature and the
total precipitation amount (square root transformed) during each
collection period, as measured by the Netatmo weather station (position
indicated in Fig. 1C). These analyses were conducted using monthly

average 5180 and 52H values (to reduce the influence of noise) and then
repeated using datapoints from each season in isolation, and the full
results are presented in Appendix B. All of the calculated R? values were
low (0.00-0.34), suggesting that neither temperature nor precipitation
amount explained a large proportion of variability in precipitation 550
or 52H. Our findings are in line with other studies, which have suggested
that local meteorological parameters are not as prominent as source
region and transport effects on precipitation isotopes in Japan (e.g.,
Hasegawa et al., 2014; Ichiyanagi and Tanoue, 2016); however, others
have found that they can retain moderate influence on a local scale
(Ichiyanagi and Tanoue, 2016). Our R? values are similar to those pre-
sented by Ichiyanagi and Tanoue (2016), who found that the 3'%0 of
precipitation in Fukui City, ~60 km from Lake Suigetsu, showed weak to
no correlation with either temperature (R? = 0.02) or precipitation
amount (R? = 0.14).

Analysing the data by season allows for changes in more dominant
influences (e.g., opposing precipitation sources) to be minimised, and
thus any obscured temperature and amount effects to be more easily
identified. Indeed, this method reveals a stronger relationship between
precipitation amount and isotope composition in spring, summer and
autumn (but no relationship to temperature during those seasons). This
suggests that there was a small amount effect acting on isotopes in
precipitation at Wakasa, but no observable temperature effect on event-
based timescales. Conversely, winter precipitation isotopes were very
weakly correlated with temperature (R*(5'%0) = 0.18) and not corre-
lated with precipitation amount (RZ(SIBO) = 0.00). However, as
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previously mentioned, the Netatmo weather station did not contain a
heating element and hence snowfall amount was underestimated.
Hence, we posit that there may have been a small amount effect influ-
encing precipitation isotopes during winter, in line with other seasons,
but this was not accounted for by our methods. This analysis suggests
that the amount effect was a second-order control on isotopes in pre-
cipitation at Wakasa but was obscured by seasonality. Indeed, our
dataset provides further qualitative evidence for such an amount effect
because we observed minima in precipitation 5'%0 and §°H coinciding
with the periods of greatest precipitation amount (excluding the winter
52H minimum, observed by high d-excess values) and attributed very
low 3'%0 and 8%H values to intense precipitation events. It might be
expected that a clearer relationship would be observed between pre-
cipitation 5'°0 and 52H and the integrated amount of precipitation from
across the entire transport pathway (as proposed by Uemura et al.
(2012)). A lack of any temperature effect was not unexpected, because it
has been posited that temperature effects merely explain spatial, not
temporal, differences in precipitation isotope composition (Ichiyanagi
and Tanoue, 2016).

4.5. Comparison to Tokyo

The isotope composition of precipitation at Wakasa and the nearest
GNIP station at Tokyo (350 km to the east) was very similar, albeit with
some key disparities (Fig. 3B). The same seasonal patterns in d-excess
were observed at both locations, with the summer and winter values

Quaternary Science Advances 13 (2024) 100145

acting as end members, and intermediate spring and autumn values.
However, compared to Wakasa, the seasonal difference at Tokyo was
much less distinct, and the difference between the summer and winter
regression line intercept was only 11.1 %o (reflecting a difference in
seasonally averaged d-excess of 13.0 %o). This is most likely due to a
smaller relative influence of EAWM precipitation (which is associated
with the highest d-excess values); Wakasa is located on the Sea of Japan
coast, where there is a strong EAWM (and thus Sea of Japan) influence,
and Tokyo is located on the Pacific coast, where these influences are
significantly weaker. Instead, winter precipitation at Tokyo generally
falls in short duration events that result from recycled local water. The
local meteoric water line gradients were also shallower and more
consistent at Tokyo across the seasons; however, this is likely to be the
result of a larger dataset from Tokyo which captured values over a
longer timescale. It is important to note that these datasets do not have
the same resolution or cover the same period (the Wakasa precipitation
dataset is on an event-basis over 2020-22, and the Tokyo precipitation
dataset is monthly from 1961-79); however, the same trends are
observed when the Wakasa precipitation data is considered at a monthly
resolution, and also in comparison to event-based data from Tokyo in
2013 (Appendix C; Ichiyanagi and Tanoue, 2016). Hence, the compar-
isons made here are reasonable.

4.6. Catchment effects

The seasonal patterns in Hasu River yjyer and Lake Mikata and Lake
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Fig. 6. Surface water 8'®0 and 8H. The isotope composition of surface waters from the Hasu River, Lake Mikata and Lake Suigetsu. Panel A shows differences in
composition between parts of the catchment, with colour corresponding to location. Subsequent panels show seasonal variations in composition at (B) the Hasu
River, (C) Lake Mikata and (D) Lake Suigetsu. In Panels B-D, monthly averages are shown as opaque symbols and labelled, whilst underlying data points are shown as
transparent symbols. Points in Panels B-D are colour-coded by season as in Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Suigetsu surface 3y, paralleled those of Sprecipitations Showing that the
precipitation signals were transferred to the catchment, although there
is evidence for some internal modification (Fig. 6). All three locations
(the Hasu River, Lake Mikata and Lake Suigetsu) exhibit a smaller range
of §'%0 and §°H values than precipitation, and hence plot as a tighter
grouping of points (range(8'%0) = —9.5 to —4.5 %o, 5(5'%0) = 1.0 %e for
river and lake water (Fig. 6A) versus —13.0 to —2.5 %o and 2.3 %o
respectively for precipitation (Fig. 3A)), which indicates homogenisa-
tion of precipitation inputs with existing catchment waters (likely both
surficial water and groundwater). Whilst the isotope composition of
groundwater was not quantified as part of this study, and hence remains
an unknown input to the lake system, we posit that groundwater
composition was merely a slower average of precipitation composition;
otherwise, lake water 5'%0 and 5H would be offset to that of precipi-
tation. We also observed that in-catchment homogenisation attenuated
the effect of peripheral values and thus there was a limited influence of
isolated events (including the aforementioned intense precipitation
events with very low 5'%0 and §°H values) on the lake system. Instead,
prolonged precipitation modes were the more dominant control. Despite
annually averaged precipitation being strongly weighted to winter,
signals from all four seasons were detectable in the river and lakes
(discussed in Section 4.8).

The evolution of §'%0 and 8%H as water moves through the catch-
ment from the Hasu River to Lake Mikata and then to Lake Suigetsu, also
reveals some interesting patterns (Fig. 6A). The Hasu River exhibit a

Hasu River
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very tight grouping (6(5'%0) = 0.36 %) of low isotope ratios (mean
(6180) = —7.98 %d). Isotope values then increased, parallel to the
GMWL, as the water moved through to Lake Mikata (mean(SISO) =
~7.13 %o, 5(5'%0) = 0.83 %o) and then to Lake Suigetsu (mean(5'%0) =
—6.32 %o, 6(5'0) = 0.85 %o). This suggests some mixing with seawater
(which has higher 8'80 and §2H) in the lakes, with a greater departure in
values for Lake Suigetsu, which is the most saline of the three locations
(discussed in Section 4.8. Comparatively, the compositions of Lake
Mikata and Lake Suigetsu also covered a greater range than the Hasu
River. Prior to this study, it was assumed that the Hasu River was the
primary input to the lakes, however the differences in the range of their
isotope compositions suggests that there was an additional overland
(responsive) flow component feeding the lake system and that the river
received a substantial groundwater input, producing a more homoge-
nised isotope signal (Fig. 6B). Despite this, the river still reflected the
seasonality of precipitation composition, and whilst monthly average
composition values for the Hasu River exhibited smaller variations than
Lake Mikata and Lake Suigetsu, the signals from the river maintained
coincident timing with these parts of the catchment (Fig. 7). These ob-
servations suggest that the Hasu River had both direct and groundwater
influences on its isotope composition, but we cannot rule out the pos-
sibility that weekly sampling of the river did not fully capture the most
extreme isotope values here, due to the rate of river flow relative to the
sampling resolution and the large catchment area.
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Fig. 7. Variations in 8yjyer and djy. with time. §'°0, 5°H and d-excess values from the Hasu River, Lake Mikata and Lake Suigetsu from across the study period
(colour lines). Black lines represent monthly averages of each dataset. Vertical scales are non-equivalent to best represent the shape of the data for each location. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.7. River and lake water d-excess

Despite the signal homogenisation, seasonal variations in river and
lake water d-excess were very similar to precipitation d-excess, with
clear differences observed across the year (Fig. 6B-D) which can be
interpreted in line with the precipitation signals. This offers the most
convincing evidence that Sprecipitation Signals are detectable in Sjake.
However, the difference between lake water (Fig. 7) and precipitation d-
excess seasonality (Fig. 4) highlights a significant modification of the
precipitation signals delivered to the catchment. The seasonal extremes
observed in the lakes fell during spring (high d-excess) and autumn (low
d-excess; Fig. 7), in contrast to the winter and summer extremes
observed in precipitation d-excess (Fig. 4). This indicates a lag of ~1-3
months between an input of precipitation and detection of this signal in
lake water composition, which we attribute to the average time taken for
the water to transit through the catchment. Incidentally, this interval is
equivalent to the residence time of the mixolimnion, providing support
for our estimation that every three months the upper ~8m of the water
column is replaced with precipitation from three months previously. A
comparison of Lake Suigetsu d-excess to Wakasa precipitation d-excess
suggests that the transit lag was proportional to the amount of precipi-
tation and was longer (two to three months) for the drier summer
months and shorter (one to two months) during the wetter winter
months. A shorter winter lag compared to summer contrasts with what
might be expected for a season associated with the accumulation of snow
in the catchment (which can persist on high ground for weeks at a time)
and the delayed release of snowmelt to the lakes. This appears to suggest
that either the snowmelt lag was negligible compared to catchment
transit time, possibly because only precipitation falling on the highest
ground in the catchment was delayed, or that there was still sufficient
winter rainfall or rapidly melting snow to cause a response in the lake
and river water within one to two months.

4.8. River and lake water §'°0 and 6°H

The river and lake water 5'%0 and 82H values were also very similar
to precipitation, exhibiting intra-seasonal variability with significant
overlap (Fig. 6B-D). The Hasu River showed §'80 minima in spring and
late summer, a 5°H minimum in late summer and slight downward in-
flection in 8%H during spring, which were reflected in both the raw
datasets and in the monthly averages (Fig. 7). Lake Mikata and Lake
Suigetsu showed greater inter- and intra-annual differences than the
Hasu River, but monthly averaged data from these parts of the catch-
ment also exhibited minima in 5'°0 in the spring and 8%H in the late
summer, as well as a downward inflection in 8°H during the spring
(Fig. 7). We relate these minima to winter (EAWM) precipitation and
summer (EASM) precipitation, as detailed above in relation to precipi-
tation 5'%0 and 62H; importantly, accounting for the aforementioned
transit lag. However, unlike precipitation 6180, lake 580 lacked a
minimum coinciding with summer (EASM) water entering the lake;
instead, there were elevated 580 values in the autumn in Lake Suigetsu
(and to a lesser extent, Lake Mikata). The autumnal §'0 peak (based on
monthly averages) in Lake Suigetsu was approximately 3 %o greater than
the 5'80 of summer precipitation. We attribute this trend to a combi-
nation of lake water mixing and saline water incursion, which brings
saline water with high §'%0 and 5?H values to the surface, causing
elevated lake isotope values in autumn (discussed in Section 4.9) and a
small amount of summer evaporative enrichment. We might also expect
to see this trend in 5°H, given our proposed mechanisms, however this
was not observed, likely as an artefact of a relatively small spring §°H
inflection (due to high d-excess values).

Besides these elevated values of lake water 5'°0 in summer and
autumn, there is very limited evidence for an evaporation effect on the
composition of lake water; a subset of summer values in each lake
expressed a 5180 versus 62H relationship with a reduced slope (similar to
a local evaporation line), however this was restricted to the data

10

Quaternary Science Advances 13 (2024) 100145

collected in 2011 and was not present in the 2020-2022 data (Fig. 6C
and D). Additionally, the 580 versus 5°H slope for other seasons did not
suggest evaporation effects. This highlights the potential for inter-
annual variability in the influence of evaporation on lake water iso-
topes, but demonstrates that this effect was a secondary one and affected
summer §'°0 and 8%H alone. We posit that the enhanced evaporation in
summer 2011 was due to lower relative humidity. Relative humidity
data was not available from the local Mihama weather station, but the
nearest data from Tsuruga, 14 km to the northeast shows that relative
humidity in 2011 was on average 5 % lower than summer 2021 (Japa-
nese Meteorological Agency, 2023). Whilst Tsuruga experiences subtly
different weather conditions, it is reasonable to compare these locations
on seasonal timescales.

As well as this evaporation trend, 5|, in 2011 showed some dis-
crepancies relative to the 2020-2022 interval (the data from which were
broadly consistent). The data from 2011 showed a distinctive trend (a
minimum in 5'®0 and §°H in May, and an earlier increase in d-excess in
the autumn). Because these trends were not observed for the Hasu River,
they can be attributed to within-lake processes; however, there is no
comparable precipitation isotope data available for this period in order
to further interrogate this interpretation. Data from the local Mihama
weather station shows intense precipitation during May 2011 (448 mm),
which could have resulted in a significant direct input of low §'0 and
8?H water into Lake Mikata and Lake Suigetsu during this month;
however, with available data this remains speculative. Overall high
precipitation amounts in 2011, and hence a shorter residence time,
might also explain the earlier increase in lake d-excess in autumn 2011
compared to the 2020-2022 observation period.

4.9. Vertical profiles of lake water isotopes in Lake Suigetsu

The ~quarterly depth profiling of Lake Suigetsu shows seasonal
variations in the mixolimnion (above the chemocline) but compositions
were consistent and homogenous in the monimolimnion year-round
(Fig. 8). In the monimolimnion, temperature and salinity were consis-
tently at ~16 °C and ~14 g kg2, respectively. Above the chemocline,
the water temperature was highest in the summer and lowest in the
winter. A salinity minimum was observed during the spring and
maximum during the autumn, with summer and winter exhibiting in-
termediate values. These observations are in agreement with the find-
ings of Kondo et al. (2000), which presented long term monitoring of
changes in temperature and salinity with depth at Lake Suigetsu.
Throughout the sampling period the monimolimnion waters had higher
8'80 and 8°H values relative to the mixolimnion and showed no varia-
tion with depth between ~8 m and the lake bottom at 34 m. The d-excess
values in the monimolimnion were also invariant and generally lower
than the mixolimnion. In the mixolimnion, the 5'%0, §°H and d-excess
values showed smooth gradients between the chemocline and the sur-
face, which suggests that the shape of each depth profile was driven by
the difference between deepwater and surficial Sjake. The d-excess depth
profiles in Fig. 8 matched the seasonal fluctuations discussed above,
with the highest values in spring and lowest values in autumn.

The 5'%0, §°H and d-excess profiles did not show any correlation
with temperature and hence lake water temperature is unlikely to have
been a controlling factor. However, there was an increase in salinity,
5'%0 and 8°H through summer and autumn which suggests common
drivers. We theorise that this trend was a result of saline water incursion
and mixolimnion mixing during autumn (evidenced by Kondo et al.,
2000). Summer evaporation could have enhanced this effect via the
enrichment of heavier isotopes at the surface and by increasing the
relative concentration of dissolved ions. There is evidence for a combi-
nation of these effects at play, because both the summer (August) and
winter (November) profiles exhibited raised surface 5'°0 and §°H values
(Fig. 8); however, the evidence for evaporation trends in the surface
water samples (discussed above) was limited to 2011, so we suggest that
in most years evaporation was less influential than mixing. These effects
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explain the absence of a late summer 8'®0 minimum in Lake Mikata and
Lake Suigetsu (in contrast to precipitation 3'80) and elevated autumn
values (discussed above; Fig. 7). D-excess did not appear to change
significantly in autumn; possibly due to the overwhelming influence of
seasonality, but most likely because the d-excess values at the surface
and in the saline deep water were similar during the autumn. Hence, any
amount of incursion or mixing would not result in a change in d-excess
at the surface.

The combined influence of saline water incursion, mixing and
evaporation did not persist through the entirety of the year; evidence
from the surface water isotopes indicates that evaporation was limited to
the summer, and extended monitoring by Kondo et al. (2000) suggested
that mixolimnion mixing was temporally constrained to autumn. Our
observations suggest that heavy winter precipitation delivered to the
catchment regenerated the freshwater mixolimnion in Lake Suigetsu and
effectively “reset” the effects described above, producing the minima in
5'%0 and 52H in the surface waters (Fig. 7) and reinstating the rela-
tionship between precipitation and lake 3'°0 and §°H. However, since
the surface waters of Lake Suigetsu retain some salinity year-round, the
influence of saline water is never zero, merely diminished in relation to
the effect of precipitation inputs. We observed an increase in 5'%0 and
8%H of the surface waters from the freshwater Hasu River to the
fresh-brackish Lake Mikata and then to the brackish-saline Lake Suigetsu
(Fig. 6), which was likely due to increasing quantities of Sea of
Japan-derived waters (with higher isotope compositions). The compo-
sition of Lake Suigetsu showed the greatest departure from the Hasu
River composition during autumn, but there was still ~1 %o difference in
580 during spring between the locations which can be attributed to this
non-zero salinity. Lake Mikata existed between the compositions of Lake
Suigetsu and the Hasu River because it is a shallower water body with no
persistent saline deepwater but does experience a small degree of saline
water incursion during autumn (Kondo et al., unpublished data) and
possibly some evaporation.

5. Discussion

The key motivation of this study was to understand the major con-
trols of Syiver and Sjaxe within the Five Lakes of Mikata catchment and
hence direct future interpretation of isotope-based palaeoclimate prox-
ies from the Lake Suigetsu sediment cores. Our results show that a
dominant control of Lake Suigetsu 8}ak (as well as Lake Mikata 5jaxe) was

1n

the isotope composition of precipitation, and whilst there were internal
catchment processes (homogenisation, a transit lag, seawater influences
and evaporation) that affected the composition of river and lakes, for the
most part (excluding autumn) these did not obscure the Sprecipitation
signals, or prevent their detection in Sjake. Indeed, the predominant ef-
fect of the signal homogenisation was to limit the effect of Sprecipitation
dataset noise on jake. In order to better understand the propagation of
Sprecipitation Signals to Bjake across the span of the Suigetsu cores, it is
important to consider the ways in which the current lake configuration
is non-analogous to the past.

Our observations also indicate that evaporation effects were not
particularly influential during the study period (with the strongest evi-
dence limited to a single year) and were limited to the summer months.
This would be expected to be the case for much of the interval covered
by the Suigetsu cores, given that, aside from the Eemian, our monitoring
period existed at the upper limit of temperatures experienced at the Five
Lakes of Mikata for the last 150 ka. Whilst it is important to consider that
evaporation is not singularly related to air temperature, but rather a
range of interconnected physical processes, Lake Suigetsu receives large
quantities of precipitation annually which limits the impact of evapo-
ration on Sjake (Vystavna et al., 2021). It follows that evaporation is not
likely to have been a major driver of Sjake across the history of Lake
Suigetsu sedimentation, as long as the region was not significantly more
arid in the past, but should still be considered when interpreting proxies
of summer Sjake.

Marine influences are also negligible from a palaeo-isotope
perspective. In the modern day, saline water incursions and mixing of
surface lake water with low §'%0 and 8%H deepwater originating from
the Sea of Japan had a demonstrable effect on lake 5'80 and 8%H in the
autumn months. However, the connection between Lake Suigetsu and
the Sea of Japan is anthropogenic and there were no marine influences
on the lakes for most of the late Pleistocene (exceptions being at ~7 ka
during a highstand in the Sea of Japan, and during the Eemian global
highstand) as corroborated by diatom assemblage counts of freshwater
versus brackish-tolerant species (Saito-Kato et al., unpublished data).
Aside from these intervals, we predict that Sjae was not affected by
seawater, either via saline water incursions or mixing. There is evidence
for stratification in the past (deepwater anoxia is supported by varve
preservation, and surface water oxygenation is supported by aquatic
productivity); however, we would not expect to see the same stark dif-
ference in isotope compositions above and below the palaeco-chemocline
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as the present-day chemocline because the deepwater and surficial
waters would have had the same meteoric source. As a result, there
would be no influence of the Sea of Japan to Lake Suigetsu outside of
these periods and the elevated autumn 5'°0 and §°H values that
partially obscure the summer precipitation '®0 minima would not be
observed. Hence, in the intervals where Lake Suigetsu was a freshwater
lake, we would expect Sprecipitation and Sjake to be more closely aligned,
and no offset between the Hasu River, Lake Mikata and Lake Suigetsu.

However, persistence of this stratification regime, evidenced by the
preservation of varves that required basal water anoxia, suggests that
the mechanistic elements of signal homogenisation (muting the seasonal
precipitation signal in the surface water and homogenising the deep-
water) and seasonal lags in the surface water were still active during this
time, although subject to some variability. As a result, on longer time-
scales, palaeoclimate proxies that record deepwater conditions (e.g.,
isotopes of siderite (FeCO3), abundant in Lake Suigetsu) would record an
averaged Sprecipitation Signal, possibly over a number of years (accounting
for other fractionation processes involved in signal capture by the proxy
system). Conversely, palaeoclimate proxies that record surface water
conditions (e.g., diatoms and other algae) will record seasonally lagged
Sprecipitation; 1-€., Spring-weighted proxies will capture winter dprecipitations
and so forth. This relationship is of course subject to variations in the lag
time (which, if lengthened, could cause greater overlap of seasonal
signals) and differences in climate, which could alter the timing of de-
livery to the lakes. During glacial intervals, pollen reconstructed tem-
perature for the coldest month is consistently below 0 °C, suggesting that
the limited snowmelt lag in the present day would be more prominent.
Additionally, the lakes were likely frozen on the surface for much of the
winter. Overall, this would be expected to have stalled the movement of
water through the catchment and extend the transit lag between de-
livery of winter (EAWM) precipitation and detection in the lake into the
spring season. Under these circumstances, palaeoclimate proxies that
capture the spring djake, Such as spring blooming diatoms, would capture
winter (EAWM) Sprecipitation (arguably with even greater certainty than
the present day). Proxies that capture summer Sjake, such as algal bio-
markers would, by contrast, capture a mix between winter, spring and
summer Sprecipitation because these would enter the lake in quicker suc-
cession (although spring precipitation quantities are very small in
comparison to winter and summer, and hence are unlikely to have a
significant effect). Autumn 8j,.-capturing proxies, such as autumn
blooming diatoms, would still predominately capture summer (EASM)
Sprecipitation COMposition. Terrestrial proxies (e.g., 5180 of pollen grains
and 5H of long-chained n-alkanes and n-alkanoic acids) would be un-
affected by changes to the transit lag as they capture soil pore water
rather than lake water and would be expected to more closely reflect
changing Sprecipitation-

Having established that the dominant driver of Sjake is Sprecipitations it
is prudent to consider what could affect this quantity in the past. We
anticipate that palaeo-EAM precipitation from both seasonal modes was
a dominant influence on Sprecipitation delivered to the catchment because
winter and summer are associated with large quantities of precipitation
(and hence Sprecipitation Will be weighted towards the composition of the
EAWM and EASM). Additionally, whilst autumn (predominately
typhoon) precipitation provides a third period of rain annually, and we
observe the influence of intense precipitation events on §'0 and 52H of
precipitation, these signals were not detected in the lakes. For this
reason, we anticipate that unless typhoon frequency was significantly
greater in the past, the tendency of djake to reflect only extended seasonal
precipitation events (i.e., the EAM) will limit the influence of typhoon
precipitation, even if it is recorded in 8precipitation- It is nOt unreasonable,
therefore, to exclude the typhoon season influence on Sprecipitation, and
consider Sprecipitation at Wakasa to be most closely linked with EAM
behaviour. Importantly, the influence of both EAWM and EASM com-
ponents were observed at the catchment, establishing that the area is a
sensitive location — even optimised, especially relative to Tokyo — for
studying both components of the EAM. This is particularly useful given
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the skew in existing palaeoclimate reconstructions towards the summer
months.

However, our findings were consistent with others from central
Japan (e.g., Taniguchi et al., 2000), which note that for contemporary
isotopes there is no significant difference in 8'®0 and §?H between
EAWM and EASM precipitation. As such, it is important to note that
unlike Continental Asia, annually integrated "0 and §2H do not reflect
the changing relative input of EAWM and EASM precipitation, because
their compositions are so alike. Isotope composition averaged on mul-
tiannual timescales will not reflect the balance between these systems
unless either one of EAWM or EASM changes in strength and the other
remains stable, or one increases in strength and the other decreases
concurrently. These changes in behaviour can be caused by different
climatic regimes (such as glacial periods) or across climatic transitions.
Under such conditions, the changing strength of the EAWM and EASM
would be expected to impact on both the annually averaged deep 3jaxe
and the seasonally-lagged surface water 8j.xe; the former by affecting the
balance between the two seasonal modes, and the latter by affecting
either EAWM or EASM Sprecipitation- Under these circumstances, EAWM
and EASM 8precipitation would diverge, and hence terrestrial and surface
water palaeoclimate proxy seasonality becomes extremely important for
interpretation. It is therefore vital to know which composition (win-
ter-weighted, summer-weighted or mixed) is captured by each palae-
oclimate proxy before interpreting the signal, accounting also for
changes to the lag time.

Our observations are restricted to the study interval, and hence
provide limited contributions to the interpretation of long-term drivers
of 530 and 5°H associated with EAM behaviour, however this remains
an important component of palaeoclimate proxy interpretation. EAM
rainfall 8precipitation tends to respond inversely to monsoon strength, due
to a combination of preferential rainout of the heavier isotopes,
enhanced by increased quantities of precipitation and increased cloud
top height with a stronger monsoonal convection, which is associated
with low condensation temperatures (Cai and Tian, 2016). Our results
show that the amount effect does not have a strong relationship within
the catchment in the modern day; however, that does not preclude a
relationship to monsoon intensity; Uemura et al. (2012) noted a limited
influence of local precipitation amount on §'®0 in Okinawa (Southern
Japan), but that the precipitation amount integrated over the full
transport pathway was significant. Furthermore, the Fukugaguchi sta-
lagmite record (Itoigawa, central Japan) shows a strong relationship of
5'%0 to EAWM precipitation amount despite modern Sprecipitation
showing a statistically weak relationship to precipitation amount (Sone
et al., 2013). Other factors which could contribute to the overall signal
are changes at source: composition, temperature and relative humidity
(e.g., Amekawa et al., 2021), and, in the EASM mode, the positioning of
the EAM front (Kurita et al., 2015). Furthermore, the prevalence of sea
ice during glacial periods, particularly in the relatively isolated Sea of
Japan, might be expected to limit evaporation despite changes to EAWM
strength. Hence, it is vital to consider how EAM Sprecipitation Was
controlled by the evolution of the climate of the region as a whole and
how this affected Sprecipitation at Wakasa.

Finally, the clearest seasonal signal derived from the catchment was
undoubtedly that of d-excess, and this was the only isotope parameter
which demonstrated the ability to distinguish precipitation from
different seasons. Not only this, but the transfer of the d-excess signal
from precipitation to lake was clearer than for 5'%0 and &°H, possibly
due to the amplitude of seasonal changes and the limited influence of
other competing controls. However, it is much more difficult to calculate
d-excess using palaeo-isotope reconstructions, because it requires the
combination of temporally and spatially equivalent 5'%0 and 8°H
values. If compatible palaeoclimate proxy records are produced and d-
excess calculation becomes possible, this should be a consideration for
future research based on the excellent seasonal distinctions observed in
this variable and its potential as a powerful proxy of past monsoon
dynamics.
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6. Conclusions

Understanding the relationship between climate variability, the
isotope composition of precipitation and the transfer of precipitation
isotope signals into lake waters is essential to support the interpretation
of past climates using isotope-based proxies derived from lake sedi-
ments. Using contemporary monitoring of the isotope composition of
precipitation (Sprecipitation), river water (Sriver) and lake water (Sjake)
across the Five Lakes of Mikata catchment, Japan, we assessed the fac-
tors affecting jake, with a particular focus on Lake Suigetsu. Precipita-
tion 580 and 52H exhibited only small seasonal differences across the
year due to the similar compositions of winter (EAWM) and summer
(EASM) precipitation, which act as end members with opposing trajec-
tories. Precipitation d-excess, by contrast, clearly demarcated the
different seasonal influences due to different evaporation conditions at
the moisture sources of the EAWM (Sea of Japan) and EASM (Pacific
Ocean domain), with a gradual shift between the two during the spring
and autumn. The difference between winter and summer d-excess was
enhanced by the location of the catchment. There was limited statistical
evidence to support a temperature effect over precipitation 5'%0 or 5%H;
however, when considering the data on a seasonal basis, there was some
evidence to support a local amount effect, with minima in monthly
averaged 6'°0 and 5°H during the wettest (EAM) seasons of the year.

We found that Sjare and Sprecipitation Were directly related, although
the spread of values of 8ae Was more limited due to in-catchment ho-
mogenisation. Despite this, compositional patterns were preserved, and
it was still possible to detect seasonal trends in 8j,ke, which paralleled
those of Sprecipitation and were attributed to the same causes. A two to
three-month transit lag between Sprecipitation and Slake Was observed and
the length of this lag related to the quantity of precipitation. The in-
fluence of isolated precipitation events on 3y, (including typhoons) was
negligible in comparison to significant extended freshwater inputs to the
catchment from the East Asian Monsoon. The incursion of saline water
from the Sea of Japan and autumnal mixing resulted in elevated 5'%0
and §°H values in the lakes during late summer and autumn (obscuring
the 5'80 minimum equated to the EASM) and caused a greater effect for
Lake Suigetsu than Lake Mikata. This was possibly combined with
summer evaporation effects, although evidence for the influence of
evaporation varied between years. The large influx of winter precipi-
tation to the catchment re-established the relationship between 8}, and
Sprecipitation which extended from winter to early summer. Deep water
composition in Lake Suigetsu was stable and homogenous across the
study period.

These results will facilitate interpretation of palaeoclimate re-
constructions derived from oxygen and hydrogen isotope analysis of the
Lake Suigetsu sediment cores. It is expected that 8yrecipitation (and thus
Sjake) Will be closely related to East Asian Summer Monsoon and East
Asian Winter Monsoon 8recipiation fluctuations across the ~150 ka of the
late Quaternary covered by the Suigetsu cores. The seasonal patterns in
Sjake could be altered under different climatic regimes by large scale
drivers (such as monsoon strength and balance of seasonal precipita-
tion), along with the influence of local factors, including the transit lag.
However, not all of the factors affecting Sjake observed during this
contemporary monitoring will be significant on longer timescales. The
incursion of sea water is a consequence of anthropogenic catchment
alteration and, as such, is not expected to have affected the lake water
isotope hydrology prior to the last ~400 years. Evaporation is also ex-
pected to have minimal effects on down-core 8}.xe reconstructions which
are limited to the summer months. Robust interpretation is predicated
on sound understanding of proxy seasonality and whether the proxy
captures surficial or deepwater djxe.
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The luminescence characteristics of sediments are driven by a range of environmental factors and can be used as
indicators of both local and regional environmental shifts. Hence, rapid luminescence profiling techniques are
increasingly employed during multiproxy analysis of sediment cores, overcoming the practical limitations of
traditional (dating) methods. One emerging application of luminescence profiling is in the palaeoenvironmental
investigation of lake cores. This study demonstrates the versatility of rapid core profiling using portable optically
stimulated luminescence and laboratory profiling techniques for appraising the luminescence characteristics of
the Lake Suigetsu (Japan) sediment cores. These techniques were employed across four key time periods, each
selected for their unique environmental context and significance on either a local or global scale, in order to
identify relationships between down-core luminescence and environmental change. We demonstrate that the
luminescence characteristics of the cores are susceptible to a range of environmental perturbations and can
therefore act as proxies of past change. Additionally, the quantification of these luminescence signals, alongside
an assessment of dose rate variations down-core, supports the notion that future luminescence dating is feasible.
The results of this analysis contribute to the wider understanding of the application of luminescence techniques —
both profiling and dating — to lake sediment cores.

1. Introduction

However, the value of luminescence techniques to core analysis is
not limited to dating alone (Munyikwa et al., 2021). It has been widely

Optically Stimulated Luminescence (OSL) dating is a versatile chro-
nological tool which can be applied to both marine and terrestrial
sediment cores (e.g., Kadereit et al., 2012; Gao et al., 2017). The use of
this technique has been aided by well-defined methodologies for
extracting OSL-appropriate (light-tight) samples from core material
(Armitage and Pinder, 2017; Nelson et al., 2019). OSL dating is often
applied to complement other chronological tools, such as radiocarbon
dating, during age-depth model construction (Zhao et al., 2019; Li et al.,
2020). However, where other chronometers cannot be applied (e.g., if
the material is older than the limit of radiocarbon dating), OSL dating
can form a major component of the core chronology (e.g., Long, 2012;
Hu et al., 2018).

* Corresponding author.
E-mail address: c.rex.l@research.gla.ac.uk (C.L. Rex).
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observed that the luminescence characteristics of sediments are driven
by a range of environmental factors. Hence, down-core luminescence
characterisation has the potential to contribute to our understanding of
environmental change through time. However, most traditional lumi-
nescence techniques are both time- and core material-intensive (Bate-
man and Catt, 1996; Stone et al., 2015), which limits the number of
samples that it is feasible to analyse and delays the final output of results
until some months after sampling (Porat et al., 2019). As a result, rapid
luminescence profiling techniques are increasingly employed to char-
acterise the luminescence behaviour of core sediments and elucidate
environmental changes, typically as part of multiproxy analysis (e.g.,
Ghilardi et al., 2015; Sanderson and Kinnaird, 2019; Pears et al., 2020).
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In this study, we examine the versatility of rapid down-core profiling
techniques (portable OSL (POSL) analysis and laboratory (lab) profiling)
for the detection of luminescence proxies of environmental change in
lake sediment cores (from Lake Suigetsu, Japan). Such luminescence
proxies have only recently been investigated in a lacustrine setting for
this purpose (Piskova et al., 2019). Variations in luminescence charac-
teristics (both natural signals and sensitivities) are examined and
compared to known environmental shifts, supported by existing proxy
data. The Suigetsu cores offer a unique opportunity to probe this rela-
tionship across a ~140,000-year age range in a lacustrine setting. A
secondary aim of our study was to provide an assessment of the dating
potential of the Suigetsu core material across a range of ages by
comparing the quartz and polymineral fractions as potential chronom-
eters, and to identify complexities which could hinder future age cal-
culations. The motivation for this aspect of the work was the extension
of the absolute Suigetsu chronology beyond the limit of radiocarbon
dating.

The luminescence characteristics of the Suigetsu cores were
appraised during four key time periods, each selected for their distinc-
tive environmental context and significance on either a local or global
scale. This facilitates the examination of a range of prominent envi-
ronmental shifts on the luminescence characteristics of the cores,
following the logic that the most pronounced shifts would cause changes
that are most easily detectable by the chosen methods. The time periods
span almost the full temporal range of the Suigetsu cores, including
sections both covered by the existing radiocarbon chronology (in order
to tether our findings in a chronologically well-constrained period) and
older than the radiocarbon limit (to consider the potential of Suigetsu for
future dating). The youngest of these (Time Period 1, “the Last 500
Years™) spans from ~550 cal BP to the present day; a period comprising
a series of local environmental perturbations, including the artificial
connection of the lake to the Sea of Japan and a number of local flood
events. The next (Time Period 2, “the Laschamp Excursion™) extends
from ~45,000 to 35,000 cal BP; a period of global change containing the
Laschamp geomagnetic excursion and variable average annual temper-
atures (concomitant with Greenland Interstadials 12 to 7; Rasmussen
et al., 2014). The third time period (Time Period 3, “the Varve Limit™)
spans from ~73,000 to 69,000 yr BP and is centred on the initiation of
varving, which represents a significant alteration in lake biogeochem-
istry. The final time period (Time Period 4, “Termination II") extends
from ~140,000 to 118,000 yr BP, encapsulating the global transition
from MIS 6 to MIS 5e, which is associated with broadly increasing
temperatures and a strengthening Summer Monsoon in East Asia (Duan
et al., 2019).

2. Regional setting

Suigetsu is a tectonic lake located on the western side of the active
Mikata fault in Fukui Prefecture, Honshu Island, central Japan (35° 35’
N, 135° 53’ E; Supplementary Fig. 1). The western side of the fault is
subsiding and hence the lake has deepened through time. During late-
MIS 7/early-MIS 6, Suigetsu was a transient shallow fluvial-lacustrine
environment (Nakagawa et al., 2012), which became a brackish lake
during the MIS 5e global sea level highstand. Diatom assemblage anal-
ysis indicates that the lake experienced freshwater conditions from MIS
5d to the Holocene. In the present day, the lake is ~34 m deep and
brackish, having been artificially connected to the Sea of Japan via the
Urami Canal (Supplementary Fig. 1) in 286 cal BP (AD 1664; Saito-Kato
et al., 2013).

The Suigetsu sediments are continuously, countably varved between
~10,000 and ~50,000 cal BP, providing the longest such record from
the Quaternary (Schlolaut et al., 2018). Varve counting, coupled with a
radiocarbon dataset consisting of over 800 measurements (Staff et al.,
2011; Bronk Ramsey et al., 2012) and tephra tie points (e.g., McLean
etal., 2018; Albert et al., 2019) constitute the robust core chronology to
50,000 cal BP, which is aligned to the IntCal20 timescale (Bronk Ramsey
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et al., 2020). Beyond 50,000 cal BP, a provisional chronology is loosely
constrained by wiggle matching of Cryptomeria pollen from Suigetsu to
the LR04 benthic stack.

Four previous coring campaigns (5G93, SG06, SG12 and 5G14)
recovered a series of overlapping sediment core sections from the pre-
sent day to >200,000 yr BP (98 m of composite depth; Nakagawa et al.,
2012; McLean et al., 2018). The preserved sequence encapsulates two
glacial and two full interglacial periods of continuous sedimentation.
Any effects of disturbance are minimal; the presence of laminations
during MIS 5e and varves between ~70,000 yr BP and the present day
(indicating bottom water anoxia and good conditions for preservation)
and further sedimentological inspection suggests that the core material
does not contain hiatuses or disturbed sections (Nakagawa et al., 2012).
This provides a palaeoenvironmental archive that comprises
well-preserved millennial, centennial, decadal, annual, and even
sub-annual-scale environmental oscillations which are the subject of
ongoing multiproxy analysis. The Suigetsu cores are suitable for lumi-
nescence analysis because they contain detrital particles which have
remained in-situ within the sequence post-deposition.

3. Materials and methods
3.1. Core materials

Materials were obtained from the SGO6 cores for luminescence
characterisation, totalling 60 samples. To mitigate against exposure of
samples to light prior to measurement, the top 1 mm of sediment was
removed from longitudinally split cores under dim red-light conditions
to access unexposed material. Beyond this depth the influence of natural
light has been shown to be smaller than the analytical error, so this
material was deemed suitable for analysis (Armitage and Pinder, 2017).
Sampling strategies varied based on availability of material, duration of
time period, and structure of the event(s) to be studied (Supplementary
Information 1). Contiguous (continuous adjacent) sampling was
employed for Time Periods 1 and 3, because these spanned shorter in-
tervals. Spot sampling was employed for Time Periods 2 and 4.

In addition, six samples were subsequently taken from across the four
time periods for estimated dose rate (EDg) determination. These samples
were analysed to compare the selected mineral fractions as potential
chronometers and identify EDy variations down-core which could affect
the POSL and lab profiling results. These were taken post-luminescence
analysis; one sample from each time period at a depth associated with
representative natural luminescence values, and two additional samples
at positions in the stratigraphy associated with relatively elevated nat-
ural luminescence values (within Time Periods 2 and 3).

3.2. Sample analysis

Each sample was subjected to two sets of analysis. First, measure-
ments of IR- and blue light-stimulated luminescence were conducted
using a POSL system (Supplementary Information 2). Each sample was
spread to cover a 5 cm diameter Petri dish (ensuring a consistent
exposed surface area for all samples) and then subjected to a Continuous
Wave Proxy (CWproxy) measurement scheme to yield a suite of
analytical values (Sanderson and Murphy, 2010; Kinnaird et al., 2015).
These values comprised: two net quantities (POSLnet and PIRSLnet;
calculated from total photon counts under blue-light and IR stimulations
respectively, a proxy for age, sensitivity and dose rate); two depletion
indices (Depletion Index (Blue) and Depletion Index (IR); calculated
from the difference between the total photon count during the first and
second 30 s of blue/IR stimulation, a proxy for mineralogical change,
bulk properties and previous bleaching extent); and a PIRSL/POSL ratio
(calculated by taking a ratio of the POSLnet and PIRSLnet values, a
proxy for mineralogical change; Supplementary Information 2). Empty
chamber measurements were taken every two samples to check for
contamination in the instrument. A measurement of the POSL standards
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(Morar Sand and Granulite) was taken at the start and end of each
~12-sample batch to verify instrument performance.

Second, samples underwent lab profiling, which consisted of a short
chemical preparation before measurement in a Risg TL/OSL system (TL-
DA-15; Supplementary Information 3 and Supplementary Fig. 2; Bur-
bidge et al., 2007; Sanderson and Murphy, 2010). Chemical pretreat-
ment isolated two fractions: a Polymineral Fine (PMF) fraction,
comprising mixed mineralogy grains ~5-50 pm in size; and a Quartz
Fine (QF) fraction, comprising HF etched material (predominantly
quartz; although some samples contained some larger feldspar grains),
again 5-50 pm in size. Two aliquots were measured per fraction as a
monolayer on an 11 mm diameter disc. The Risg outputs were used to
determine an estimated equivalent dose (EDe) in Gy by using the natural
signal and the response of each aliquot to a 50 Gy dose (5 Gy doses were
also included in the measurement scheme, but the relatively low sensi-
tivity of the material precluded use of the response to such doses during
sensitivity assessment). Each PMF aliquot was measured under both IR
and blue light (yielding PMF-IR and PMF-blue signals, respectively), and
the QF aliquots were measured under blue light only (to give a QF-blue
signal).

The six samples for EDg determination were dried and homogenised
by grinding prior to measurement of key elemental concentrations
following the procedure in Olive et al. (2001). A set of five standards
were run alongside the samples (consisting of incremental ratios of
Basalt:Granulite (1:0, 3:1, 1:1, 1:3, 0:1)). Elemental concentrations of
uranium (U) and thorium (Th) were determined by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) and potassium (K), iron (Fe) and
manganese (Mn) by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES). EDg values were calculated using micro-
dosimetry (Supplementary Information 4; Supplementary Table 2). The
QF-blue, PMF-IR and PMF-blue ED. values were considered alongside
the EDgR values in order to resolve first-order age approximations that
can be compared to the existing Suigetsu chronology.

4. Results and interpretation
4.1. Time Period 1, the last 500 years

Signals from both the POSL and lab profiling were small in magni-
tude for the last 500 years, reflecting the young age of the sediments
(Fig. 1). Most samples contained only small quantities of quartz; hence
data collection from the QF fraction was limited to a minority of discs
and no clear trends were observed. The transition from fresh to brackish
water in Suigetsu had no detectable influence on the luminescence
properties of the sediment, and all variables remained constant across
this boundary. Flood layers (visible as pale layers in the core photograph
and highlighted in orange in Fig. 1) had the greatest impact on the
luminescence profiles, producing high amplitude peaks at approxi-
mately —30 cal BP (AD 1980) and 120 cal BP (AD 1830) in the POSLnet
and PIRSLnet profiles (Fig. 1A), which correspond with elevated EDe
values from lab profiling (Fig. 1C). This suggests that across this section,
POSLnet, PIRSLnet and PMF ED, can be used as an indicator of the
presence of flood-related material. These peaks were not observed in
either of the depletion indices, nor in the PIRSL/POSL ratio (Fig. 1B),
suggesting that they cannot be attributed to mineralogical variations
and are unlikely to have resulted from different bleaching histories, and
instead that these samples contained residual elevated dose values. The
preservation of these elevated signals could be a result of delivery of this
material in a manner that did not expose it to light, such as slumping of
water-saturated hillsides, or large volumes of suspended sediments in
river flow.

One sample (highlighted in yellow in Fig. 1) that did not visually
correlate with flood layers or produce large POSLnet or PIRSLnet values
did nevertheless exhibit large ED. values (predominately as a result of
high natural signals), however the aliquots were inconsistent. This
sample corresponded to a peak in titanium (Ti) content, as measured by
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Fig. 1. Results of the POSL (Panels A and B) and lab profiling (Panels C and D)
analysis for the 24 samples in Time Period 1. Panel A also shows contextual
data (core photograph and ITRAX XRF Ti (Marshall et al., 2012)). Visible flood
layers are highlighted in orange. An additional posited flood layer is high-
lighted in yellow. The transition from fresh to brackish lake water during 286
cal BP (AD 1664) is highlighted in green.

ITRAX X-ray fluorescence (XRF) analysis (Marshall et al., 2012; Fig. 1A).
In Suigetsu, Ti can be interpreted as a proxy for detrital in wash, which
suggests that this sample also contained flood material (despite there
being no large visible flood layer) that resulted in elevated EDe values.
This disparity between lab profiling aliquots may be attributable to a
relatively small volume of flood material within the sample, which was
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not exposed during measurement in the POSL reader, and then unevenly
partitioned between aliquots as grains were randomly loaded onto the
discs for measurement, yielding different signal magnitudes during lab
profiling.

A relatively high Ti content was also observed at the base of the
profile, and whilst this did not correlate with elevated ED, values, the
samples taken from this period were associated with higher PMF sen-
sitivities under both IR and blue light (Fig. 1D). This suggests that this
older material had a distinct source-possibly the hillsides surrounding
the lake as opposed to delivery via Lake Mikata (which acts to filter large
detrital grains)- but that the delivery mechanism into the lake was more
gradual than that of the flood material described above (encouraging
bleaching prior to burial, and thus smaller ED, values).

4.2. Time Period 2, the Laschamp Excursion

The POSLnet and PIRSLnet profiles across Time Period 2 showed two
key transitions-one to a larger net signal at the Laschamp geomagnetic
excursion itself (~42,000 cal BP) and a second to a smaller net signal at
~39,000 cal BP (Fig. 2A). Much like Time Period 1, there were no
fluctuations in the depletion indices or the PIRSL/POSL ratio that cor-
responded to these transitions (Fig. 2B), suggesting that this trend was
not driven by mineralogical variations or bleaching histories. Addi-
tionally, there was no clear relationship between these variables and the
pollen-derived temperature reconstruction (Fig. 2A). This suggests that
there was no obvious connection between temperature and core lumi-
nescence characteristics, despite the variability of the climate during
this period.

The lab profiling-derived ED, profiles (Fig. 2C) presented similar
trends to the POSLnet and PIRSLnet with some subtle variations in the
shape of the profile. In the ED, profiles, the younger (~39,000 cal BP)
shift was greater in magnitude than the older (~42,000 cal BP) shift, and
in the QF-blue profile, only the younger shift was beyond the margin of
error. Unlike the POSLnet and PIRSLnet, the PMF ED, profiles were not
smooth, with the excursion only consisting of two samples (at 39,500 cal
BP and 40,500 cal BP). EDR values calculated for this material suggest
that it was associated with an elevated dose rate (~0.3-0.5 mGy/yr
greater than the underlying material), but not sufficiently elevated to
account for the ~100-200 Gy difference in the PMF ED, values. Despite
the sensitivities varying significantly between aliquots, the ED, values
were consistent within each aliquot pair. This suggests that these trends
were not reflecting a signal from a very short event within each sample
window, and instead a signal that is common to the bulk of each sample
(as statistically, the likelihood of even loading of aliquots is lower for
events which form a smaller proportion of the sample volume).

Whilst this positive excursion in ED. values does not coincide
directly with the magnetic field reversal during the Laschamp geomag-
netic excursion, it aligns with a ~3000-year period of higher relative
palaeointensity (normalised depositional remanent magnetism)
(Fig. 2A, Hyodo et al., 2022). This apparent correlation is of note at the
sampling resolution used in this study. Confirming this observation with
higher resolution luminescence characterisation and supporting evi-
dence for a mechanism linking these variables will be the focus of future
work.

4.3. Time Period 3, the varve limit

A marked shift in a number of variables was observed across the
varve limit (between 71,500 yr BP and 71,000 yr BP; Fig. 3), with
samples taken from the varved sediment exhibiting larger POSLnet and
PIRSLnet (Fig. 3A), ED, values (Fig. 3C) and sensitivities (Fig. 3D) than
the underlying non-varved sediment. The two samples taken from
within the transitional clay produced intermediate signals between
these end members. The transition from low to high ED. was most
dramatic in the PMF-IR and PMF-blue profiles despite the younger
samples also showing higher sensitivities, however the QF-blue ED.
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Fig. 2. Results of the POSL (Panels A and B) and lab profiling (Panels C and D)
analysis for the 11 samples in Time Period 2. Panel A also shows contextual
data (relative palaeointensity (Jaop-c/)200oc; Hyodo et al, 2022) and
pollen-reconstructed mean annual temperature from Suigetsu). Green hori-
zontal bars highlight the Laschamp geomagnetic excursion. Yellow horizontal
bars highlight the period of higher relative palaeointensity following
the Laschamp.

profile also showed elevated values post-transition. The different lumi-
nescence characteristics observed in each sedimentological regime
suggest a significant shift in catchment conditions during this period,
however there were no distinct changes in the depletion indices or
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Fig. 3. Results of the POSL (Panels A and B) and lab profiling (Panels C and D)
analysis for the 12 samples in Time Period 3. Panel A also shows contextual
data (core photograph, MnO/Fe;03, measured on a Horiba XGT-2700 and Fe
and Mn contents from ICP-OES (yellow boxes)). Green horizontal bars bracket
the transitional clay layer, which separates varved from non-varved sediment.

PIRSL/POSL ratio, suggesting that changes in mineralogy and dose
history did not contribute to the variations in POSLnet, PIRSLnet and
ED. (Fig. 3B).

The conflicting presence of higher ED, values in the younger sedi-
ment may be associated with a change in dose rate resulting from abrupt
changes to lake chemistry. It is thought that varve formation was initi-
ated in Suigetsu due to an abrupt deepening of the lake (possibly due to
movement of the adjacent Mikata fault) which induced bottom water
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anoxia (Nakagawa et al., 2012), a process which is associated with
incomplete mixing during lake overturning. This change in oxygenation
(and therefore redox conditions) is corroborated by large differences in
Fe and Mn concentrations above and below the onset of varving, as
detected in the ICP-OES measurements, and an increase in the MnO/-
Fez03 ratio (Fig. 3A). The varved sediments also contain elevated U, Th
and K concentrations in relation to the underlying non-varved sediment
(Supplementary Table 1), resulting in a factor of ~2 increase in the EDg
which, when applied to the ED. values in Fig. 3, aligns the first-order age
approximations of the varved and non-varved sediment, supporting the
thesis that the observed variation in ED, is one driven by dose rate. It is
possible that the change in redox conditions at this transition resulted in
this enrichment of radiogenic elements, however, further assessment of
decay series disequilibria and the time-dependency of chemical alter-
ations (including U-enrichment) is required to better characterise this
transition.

4.4. Time Period 4, Termination II

The POSLnet and PIRSLnet profiles for Termination I were broadly
similar in shape, and both measures showed an overall increase with
depth (Fig. 4A). There were some small anomalies in the blue depletion
index and the PIRSL/POSL ratio (Fig. 4B) corresponding to some of the
more extreme net values, which suggests that such values could be
driven by different bleaching histories or mineralogical variations
(changing quartz contents). It was not possible to determine sensitivity
and ED, values for all samples due to low mineral abundances and
sensitivities. Where it was achievable, the values were shown to be
highly variable between aliquots, between measurement techniques,
and through time (Fig. 4C and D).

Termination II covers the broadest time range in this study and thus
variability was anticipated, given the multiple high-amplitude envi-
ronmental and sedimentological variations occurring during this tran-
sition from cold to warm temperatures. Suigetsu itself was non-static
during this period, and sedimentological evidence suggests that it
transitioned from fluvio-lacustrine in MIS 6 to lacustrine (and brackish)
during MIS 5e, representing a dynamic environment both physically and
geochemically. Another possible contributor to the lack of distinct
trends is the implementation of spot sampling at low resolution over a
large age range, which can result in additional noise (as samples capture
extremes of environmental conditions without context from adjacent
material). Despite it being difficult to isolate individual influences
without relevant complementary data from sedimentological analysis,
these observations suggest that the luminescence characteristics of this
sediment are sensitive to a variety of competing environmental factors
which could include lake depth, catchment drainage patterns, lake
geochemistry, sediment source, flood events and climatic factors.

4.5. Estimated dose rates

The EDg values showed down-core variations as a result of changing
elemental concentrations, estimated water content and cosmic dose rate
(Supplementary Table 1). The values were on the order of ~1-3 mGy/yr
(Supplementary Table 2). When the EDy values are considered alongside
the ED, values from the lab profiling, differences between chronometers
are apparent; both the QF-blue and the PMF-blue ED, values yield first
order approximate ages which are broadly consistent (within an order of
magnitude) with the existing Suigetsu ages across Time Periods 2-4,
with the former underestimating age for EDg values approaching the
upper bound (~3 mGy/yr) and the latter typically overestimating age
for the EDg values approaching the lower bound (~1 mGy/yr). The EDe
values derived from the PMF-IR measurements consistently over-
estimate the existing Suigetsu ages, and the signals from all three frac-
tions overestimate the true age of the sediment from Time Period 1.
Constraining ages beyond these tentative observations would be erro-
neous, given the uncertainties in EDy calculation (namely assumptions
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Fig. 4. Results of the POSL (Panels A and B) and lab profiling (Panels C and D)
analysis for the 13 samples in Time Period 4. Panel A also shows contextual
data (pollen-reconstructed mean annual temperature and pollen-reconstructed
total annual precipitation from Suigetsu. Green horizontal bars indicate
approximate boundaries between MIS 6, TII and MIS Se, based on the pollen-
reconstructed average annual temperature.

relating to the estimation of alpha efficiency, grain size and internal
grain activity) and ED. calculation (given that the samples are not
mineralogically pure and only two aliquots were measured per fraction).
However, these estimations do suggest that the PMF-IR signal is better
suited as an environmental tracer, and that the QF-blue and PMF-blue
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signals show greater chronometric accuracy.
5. Discussion
5.1. Luminescence characteristics and environmental change

Throughout all four time periods it was possible to quantify a range
of luminescence characteristics from the Suigetsu sediments. In most
cases, the trends detected by the POSL and lab profiling approaches were
very similar, and both techniques identified the same key environmental
shifts in each of the four periods. The differences between the POSLnet
and PIRSLnet profiles and the EDe profiles can be attributed to variations
in sensitivity, and as such, it could be argued that by removing the
sensitivity component, the lab profiling approach provided a more ac-
curate representation of down-core luminescence characteristics and
should be the principal methodology for future studies. Moreover, the
lab profiling analysis was conducted on chemically treated fractions
with better (albeit not perfect) mineralogical constraint, which, by vir-
tue, provides more accurate ED. values. However, the POSL approach
provided a more comprehensive suite of measurements (including
depletion indices and PIRSL/POSL) which have the potential to capture
a broader range of environmental shifts (albeit that they did not serve
this function within the context of the present study). Additionally, the
trends were clearer when a more intense, contiguous sampling approach
(such as that used for Time Periods 1 and 3) was used, as this provided
key contextual information and continuous data across transitions. The
POSL approach is more suited to this type of sampling because it allows
for rapid, non-destructive measurement of samples without a require-
ment for chemical preparation. Furthermore, the POSL analysis was
conducted on larger samples (reducing geostatistical scatter). As a
result, using both methods in a paired approach has advantages, as this
offers both a more accurate determination of luminescence character-
istics and a breadth of proxies for consideration. However, if large
quantities of samples are necessary to clearly isolate trends, then the
POSL approach is demonstrably sufficient for this purpose, especially in
conjunction with complementary data. Calibrating the sensitivity of the
POSL using an external radiation source could offer a means to ascertain
sensitivity-corrected approximations of estimated equivalent dose
whilst minimising processing time for large sample quantities
(Munyikwa and Brown, 2014; Stone et al., 2015).

The principal signals seen in the key variables: POSLnet; PIRSLnet
and ED. were interpreted as relating to the different predominant
environmental factors in each of the four time periods, allowing us to
well-characterise the effects (and non-effects) of a range of distinctive
perturbations. Hence, any common drivers between the time periods
were masked by high amplitude variations of a single driver in each
case. Differences in sampling approaches also preclude common inter-
pretation of the variables as a result of different intervals between
samples (and hence probing the variables on different timescales),
amounts of integrated time within each sample (providing different
weightings to single event layers) and the proficiency of contiguous
versus spot-sampling approaches to identify trends on different scales, as
discussed above. Not all of the luminescence variables could be attrib-
uted to a specific environmental change, however this could be due to
our incomplete understanding of past catchment changes. Further
“ground-truthing” of these proxies is required in other lacustrine settings
(building on the work of Piskova et al. (2019)) to extend the applica-
bility of this technique elsewhere. Nonetheless, it is highly promising
that some of the selected variables were sensitive to known catchment
changes, and that drivers could be hypothesised for other variables. This
shows that by using POSL and lab profiling analysis, it was possible to
gain further insight into environmental change at Suigetsu.

5.2. Assessment of dating potential

Future luminescence dating of the Suigetsu cores is feasible based on

210



Appendices

C.L. Rexetal

the approximations of ED, and EDg shown above. All the samples from
Time Periods 3 and 4 (which are older than the limit of radiocarbon
dating, and hence targets for future dating) produced quantifiable nat-
ural signals. Responses were consistently measurable for large doses (50
Gy) but not small (5 Gy), suggesting that the grains are low in sensitivity,
but not insufficiently sensitive so as to preclude future construction of
dose response curves. A comparison of quartz and polymineral chro-
nometric accuracy tentatively suggested that the QF-blue and PMF-blue
signals were consistent with the existing Suigetsu chronology. Hence,
blue light OSL dating of quartz is one possible future dating method
(because the QF-blue fraction was highly dominated by quartz), how-
ever, the QF-blue fraction showed lower sensitivities and the quantity of
quartz within the sediment was lower than other mineralogies. A key
consideration for sampling will be how this (alongside the availability of
core material) will direct sampling. Another possible method is blue
light OSL dating of feldspar. The luminescence signal of felspars domi-
nates the PMF-blue signals (which showed good chronometric accuracy)
from Suigetsu because of the low abundance and sensitivity of quartz
within the PMF-blue fraction (which therefore contributes very small
amounts of signal). The PMF-IR signals consistently overestimated the
age of the material and hence will not be suitable for dating (however,
these signals are valuable contributors of information regarding catch-
ment environmental change).

Additional considerations for dating are a better appraisal of quartz
saturation via the construction of dose response curves, and an assess-
ment of the feldspar fraction for evidence of incomplete bleaching to
avoid an over-estimate of age. Further to this, it will be important to
refine any calculations of dose rate; particularly by quantifying decay
series disequilibrium (through alpha spectrometry) and developing a
model of water content variability in order to reduce age uncertainty.
Additionally, in light of the other key finding of this study (that lumi-
nescence signals from this material are influenced by environmental
change), it would be incorrect to interpret any calculations of age as if
this were not the case. Careful sampling (e.g., by avoiding the sampling
of flood layers) will be vital when looking to determine full OSL ages for
the Suigetsu cores, as will making use of further luminescence profiling
to characterise these effects around target horizons for dating. Despite
these complexities, the evidence suggests that luminescence dating can
contribute accurate, meaningful age information to the current Suigetsu
age-depth model.

6. Conclusions

A combined approach of POSL analysis and lab profiling provided a
complementary suite of variables which detected a range of environ-
mental changes at Lake Suigetsu, Japan. Across the four time periods,
the luminescence characteristics of the sediment showed a clear
response to flood events (Time Period 1) and the initiation of varving
(Time Period 3), and broad fluctuations which coincided with variations
in magnetic palaeointensity (Time Period 2) and a complex response to
environmental changes during Termination II (Time Period 4). There
was no response of the luminescence proxies to the connection of Sui-
getsu to the Sea of Japan (Time Period 1). Local environmental pertur-
bations which caused a sedimentological change across decadal to
centennial timescales showed the clearest trends in the luminescence
profiles when probed with contiguous, high-resolution sampling. The
value of these techniques in a lacustrine setting was demonstrated across
a ~140,000-year age range. POSL analysis and lab profiling provide a
practical solution to the time- and core material-constraints of tradi-
tional luminescence analysis, whilst allowing the detection of
catchment-sensitive signals. The core material produced quantifiable
luminescence signals and hence future luminescence dating is feasible.
First order approximate ages from the PMF-IR signals suggest that these
produce an overestimation of age, and hence future dating will target
the QF-blue signal (which equates to blue light OSL dating of quartz) and
PMF-blue signal (which equates to blue light OSL dating of feldspar),
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alongside a more accurate assessment of dose rate. The contribution of
this work to our understanding of past dynamics at Lake Suigetsu
demonstrates the applicability of rapid luminescence profiling of lake
sediment cores for characterising past environmental change.
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