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Abstract

This dissertation enhances the precision and stability of the Heidelberg fluid inclusion water
stable isotope analytical setup through technical optimization, and identifies major sources
of analytical uncertainty in fluid inclusion water isotopemeasurements through international
interlaboratory comparisons. Building on these improved measurement techniques and us-
ing multi-proxy stalagmite reconstructions, it also investigates the coupling between natural
and anthropogenic factors in hydrological and environmental changes in the Asian monsoon
region during the mid- to late Holocene, and deepens the understanding of hydrological evo-
lution mechanisms within this region since the last glacial period.

Methodologically, this dissertation evaluates isotopic deviation trends in low-volume
water (<0.5 μl) sample measurements using the Heidelberg fluid inclusion measurement
line and develops correction protocols. Optimizations in measurement procedures, data
processing, and glass tube encapsulation techniques significantly reduce isotopic fraction-
ation during heating, improving both measurement efficiency and accuracy. In cold-water
coral applications, dissertation quantifies δ18O and δ2H fractionation under varying heating
conditions, identifying exchangeable water reservoirs in coral skeletons that complicate the
interpretation of original isotopic signatures. An international interlaboratory comparison
involving 13 laboratories was conducted to evaluate the accuracy and limitations of fluid
inclusion water stable isotope measurements.The results indicate that the accuracy and re-
producibility of isotopic measurements are significantly better at larger water volumes (1 µl
and 0.5 µl), while measurements at volumes below 0.5 µl exhibit increased uncertainty, un-
derscoring the ongoing technical challenges in low water volume isotopic analysis.

For paleoclimate reconstruction, this dissertation establishes about 120 ka BP (ka = thou-
sand years; BP = before present, where “present” is defined as 1950CE) hydrological history
for southwest China using speleothem δ18O, δ13C trace elements, and fluid inclusions δ18O
and δ2H records. The δ18O and δ2H records from speleothem fluid inclusions during the
mid- to late Holocene reveal that regional hydroclimate was influenced by a combination of
natural (El Niño–Southern Oscillation) and anthropogenic activities, including agricultural
development and population movements. During the last glacial period, Northern Hemi-
sphere summer insolation intensity was identified as the primary control on phase varia-
tions in the regional hydrological environment and monsoonal precipitation, with global ice
volume modulating the amplitude of hydrological responses to insolation changes.
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Zusammenfassung

Diese Dissertation verbessert die Präzision und Stabilität der Heidelberger analytischen
Plattform zur stabilen Wasserstoff- und Sauerstoff-Isotopenmessung von Fluideinschlüssen
durch technische Optimierung und identifiziert sowie quantifiziert wesentliche Quellen ana-
lytischer Unsicherheiten bei den Messungen von Wasserisotopen in Fluideinschlüssen mit-
tels internationaler ringversuche. Aufbauend auf diesen verbesserten Messtechniken und
unter Verwendung vonmehrdimensionalen Stalagmit-Rekonstruktionen untersucht sie außer-
dem dieKopplung zwischen natürlichen und anthropogenen Faktoren in hydrologischen und
umweltbezogenen Veränderungen in der asiatischen Monsunregion während des mittleren
bis späten Holozäns und vertieft das Verständnis der Mechanismen der hydrologischen En-
twicklung in dieser Region seit dem Letzten Glazial.

Methodisch bewertet diese Arbeit Isotopenabweichungen bei Messungen von Wasser-
proben mit geringem Volumen (<0,5 μl) unter Verwendung der Heidelberger Messlinie für
Flüssigkeitseinschlüsse und entwickelt entsprechende Korrekturverfahren. Optimierungen
in denMessprotokollen, der Datenverarbeitung sowie derVerkapselungstechnik vonGlaskap-
illaren verringern signifikant die Isotopenfraktionierungwährend der Erhitzung und verbessern
sowohl die Effizienz als auch die Genauigkeit derMessungen. Bei der Anwendung auf Kalt-
wasserkorallen quantifiziert die Arbeit die δ18O und δ2H Fraktionierung unter verschiede-
nen Erhitzungsbedingungen und identifiziert austauschbare Wasserreservoire in den Ko-
rallenskeletten, die die Interpretation ursprünglicher Isotopensignaturen erschweren. Ein
internationaler Ringversuch mit 13 Laboratorien wurde durchgeführt, um die Genauigkeit
und Grenzen der Isotopenmessung in Flüssigkeitseinschlüssen zu bewerten. Die Ergebnisse
zeigen, dass Genauigkeit und Reproduzierbarkeit bei größeren Wasservolumina (1 μl und
0,5 μl) deutlich besser sind, während Messungen mit weniger als 0,5 μl erhöhte Unsicher-
heiten aufweisen – ein Hinweis auf die anhaltenden technischen Herausforderungen in der
Isotopenanalyse von Kleinstwassermengen.

Für die Paläoklimarekonstruktion stellt diese Dissertation eine etwa 120 ka BP (ka =
Tausend Jahre; BP = vor heute, wobei „heute“ als 1950 n. u. Z. definiert ist) umfassende hy-
drologische Geschichte für Südwestchina anhand von Speleothem-δ18O, δ13C, Spurenele-
menten sowie Flüssiginklusionen-δ18O und δ2H-Aufzeichnungen auf. Die δ18O- und δ2H-
Aufzeichnungen aus Speleothem-Flüssiginklusionenwährend desmittleren bis spätenHolozäns
zeigen, dass das regionale Hydroklima von einer Kombination natürlicher Faktoren wie

vii



viii Zusammenfassung

der El Niño–Südlichen Oszillation und anthropogenen Aktivitäten beeinflusst wurde, zu
denen landwirtschaftliche Entwicklung und Bevölkerungsbewegungen gehören. Während
der letzten Vereisungsperiode wurde die Sommerinsolation der Nordhalbkugel als primärer
Steuerfaktor für Phasenverschiebungen in der regionalen hydrologischen Umwelt und den
Monsunniederschlägen identifiziert, wobei das globale Eisvolumen die Amplitude der hy-
drologischen Reaktionen auf Insolationsänderungen modulierte.
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Introduction

Monsoons are climate phenomena governed by seasonally alternating atmospheric circula-
tion, characterized by significant shifts in wind direction and precipitation between summer
and winter. In the Asian monsoon region, seasonal circulation changes drive large-scale
moisture transport and precipitation processes, profoundly influencing regional water re-
source distribution and ecosystem patterns. As the most intense and structurally complex
monsoon system globally, the Asian summer monsoon (ASM) controls the seasonal varia-
tion of precipitation from South Asia to East Asia, playing a critical role in water supply,
agricultural productivity, and ecological dynamics for billions of people. Land–sea thermal
contrasts primarily drive the ASM. Its seasonal wind reversal and moisture transport ex-
hibit pronounced spatiotemporal variability on interannual to orbital timescales, regulated
by a combination of internal and external climate forcings (e.g., Cheng et al. (2022a); Ding
et al. (2018); Niu et al. (2025) and their references). As global warming intensifies, the
climatic and environmental challenges associated with changes in ASM strength are be-
coming increasingly complex (e.g., Lu et al. (2025); Zhao et al. (2025)). A comprehensive
understanding of its variability, driving mechanisms, and potential socio-ecological impacts
has emerged as one of the central issues in contemporary climate and environmental sci-
ence. Therefore, reconstructing the evolution and spatial distribution of ASM intensity and
precipitation across different timescales is crucial for elucidating the monsoon system’s re-
sponse mechanisms to climate change and its driving factors. Such reconstructions provide
a scientific basis for assessing the impacts of monsoon variability on regional climate, agri-
culture, and water resources, and offer an essential foundation for addressing future climate
challenges.

Among various paleoclimate archives, speleothems have emerged as a key archive for
reconstructing ASM intensity and environmental evolution, owing to their precise chrono-
logical control and high-resolution deposition. Speleothem δ18O a commonly used indica-
tor, reflects variations in the δ18O of precipitation and indirectly captures changes in ASM
strength and large-scale circulation precipitation patterns (e.g., Cheng et al. (2019); Duan
et al. (2016); Liu et al. (2020)). However, since multiple factors influence precipitation
δ18O it cannot be directly used to quantify rainfall amount, which limits its applicability
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2 Introduction

in reconstructing regional hydroclimatic changes (Liu et al., 2020; Ruan et al., 2019; Tan,
2014). Recently, the emerging analysis of stable isotopes in speleothem fluid inclusions wa-
ter (e.g., δ2H and δ18O ) provides direct evidence of past precipitation isotope compositions,
yielding valuable insights into atmospheric water cycling and vapour transport under mon-
soonal influences (e.g., Fleitmann et al. (2022); Sakai et al. (2024); Warken et al. (2022);
Weissbach et al. (2023)). These isotopic signatures also offer the potential to reconstruct
past temperatures, thereby enabling a more comprehensive understanding of paleoclimate
conditions through simultaneous constraints on both the hydrological and thermal states of
the environment (e.g., Affolter et al. (2019, 2025); Genty et al. (2002); Løland et al. (2022);
Uemura et al. (2016); Wortham et al. (2022)). However, the small volume and instability of
inclusion water render it susceptible to evaporation and isotopic fractionation during extrac-
tion, which impacts measurement precision. Variations in extraction methods and analytical
procedures across laboratories can also result in systematic discrepancies in isotopic values
(Affolter et al., 2025; de Graaf et al., 2020). These challenges highlight methodological lim-
itations in the application of this proxy. Therefore, improving measurement accuracy and
reproducibility, especially for small volume samples, and establishing standardised, inter-
comparable protocols are essential for advancing this field.

In light of these challenges, the first topic of this dissertation addresses the technical
uncertainties in fluid inclusion water isotope analysis by evaluating improved measurement
methods and inter-laboratory comparisons, thereby providing methodological support for
the reliable application of this proxy. Furthermore, it integrates multi-proxy speleothem
records, including carbonate stable isotopes, trace elements, and fluid inclusion water iso-
topes, since the last glacial period to investigate the variation of the ASM and its driving
mechanisms on precipitation across different temporal and spatial scales.

The dissertation is structured around these two core issues and is organised as follows:

Chapter 1 introduces the dissertation’s background, defines the central research ques-
tions, and provides an overview of the structure and methodologies employed.

Chapter 2 focuses on the systematic bias in stable isotope values observed in the Hei-
delberg fluid inclusion water measurement system under low water volume conditions (<0.5
μl). In response to this issue, this chapter presents a newly developed calibration protocol
and optimised measurement and data processing procedures, thereby improving the accu-
racy and reliability of low-volume samplemeasurements and laying the technical foundation
for subsequent analyses.

Chapter 3 investigates the evaporation of inclusion water and the associated isotopic
fractionation during the pre-heating stage before measurement. Using cold water coral
skeletons as case studies, this chapter quantitatively evaluates water loss and the result-
ing isotopic shifts induced by heating. A novel encapsulation technique employing glass
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tubes was developed to prevent evaporation and validate the improved approach’s reliabil-
ity. In addition, the chapter explores the potential for exchange between inclusion water and
seawater in coral skeletons, as well as the associated uncertainties in interpreting isotopic
signals. The results have been published to Geochemistry, Geophysics, Geosystems.

Chapter 4 presents an international inter-laboratory comparison involving 13 labora-
tories to systematically evaluate the accuracy and reproducibility of fluid inclusion isotope
analyses. The effects of sample water volume, instrumental differences, and sample prepa-
ration procedures on the results are analysed, providing a basis for the standardisation and
robust application of this emerging technique.

Chapter 5 focuses on multi-proxy reconstructions of ASM intensity and regional hy-
droclimate during the middle to late Holocene. Using the improved inclusion water isotope
analysis protocol and a Rayleigh fractional model, the evolution of regional hydroclimate in
southwestern China under the influence of the ASM is reconstructed. Combined with cal-
cite stable isotope data, the chapter further explores centennial-scale variations in the ASM
and their linkages to human activity and regional hydrological change.

Chapter 6 reconstructs orbital to millennial scale regional hydrological changes using
carbon and oxygen stable isotopes and trace elements from a speleothem that grew during
the last glacial period in southwestern China. This chapter examines the influence of North-
ern Hemisphere summer insolation and global ice volume on ASM intensity and regional
precipitation patterns. It evaluates the applicability of speleothem δ18O as an indicator of
monsoon or hydrological intensity. Related findings have been published in Geophysical
Research Letters.





Chapter 1

Background and Methods

Key Points:

• Definition of the East Asian summer monsoon, its range of influence, and varia-
tions since the last glacial period.

• Various geochemical indicators in speleothems are widely used in paleoclimate
and paleoenvironmental reconstruction.

• Key issues to be addressed in this dissertation and organisation of chapters.
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Chapter 1. Background and Methods 7

1.1 East Asian Summer Monsoon System

1.1.1 Basic Characteristics of the East Asian Summer Monsoon

As a part of the global monsoon system, the most significant feature of the Asian Sum-
mer Monsoon (ASM) is the seasonal reversal of atmospheric circulation, accompanied by
alternating wet summers and dry winters (Ding and Chan, 2005; Ding et al., 2018; Wang
et al., 2014, 2017). The ASM system predominantly affects regions in the tropical and sub-
tropical zones and is composed of three subsystems: the South Asian Summer Monsoon
(Indian Summer Monsoon, ISM), the Western North Pacific Summer Monsoon, and the
East Asian Summer Monsoon (EASM) (Figure 1.1) (An et al., 2015; Wang et al., 2017).
These subsystems are interconnected yet distinct, each responding differently to external
and internal forcings (Ding and Chan, 2005; Ding et al., 2018; Wang et al., 2017). Every
summer, the ASM prevails, continuously transporting water vapor from the ocean to the
land (Figure 1.1), affecting the livelihoods of billions of people. The evolution of the ASM
over different timescales also governs the hydrological environment and surface landscape,
having a profound impact on the development of human societies and civilizations in Asia
(Chen et al., 2021b; Liu et al., 2021;Meng et al., 2024). The EASM, a subtropical-temperate
monsoon, influences eastern China, the Korean Peninsula, and southern Japan, covering a
vast area between 20-45°N and 110-140°E (Ding et al., 2018; Wang et al., 2017).

The EASM is the primary driving force behind summer weather and climate changes
in the monsoon region of China. It is also a key source of moisture for summer precipita-
tion. The main driving factor of the EASM is the thermal contrast between land and sea, as
well as between the hemispheres. During the boreal summer, temperatures in the Northern
Hemisphere (NH), particularly over the Eurasian continent, rise, while temperatures in the
Southern Hemisphere (SH) and over the oceans remain relatively lower (An et al., 2011;
Cheng et al., 2021b; Huang et al., 2019). As a result, a high-pressure system forms over the
southern Indian Ocean, such as the Mascarene High, while a low-pressure system develops
over the Asian continent (Beck et al., 2018; Wang et al., 2017). Under the influence of the
pressure gradient between the hemispheres, lower atmospheric air flows from the SH to the
NH (Figure 1.1). Due to the Coriolis effect, southeasterly winds from the SH deflect into
southwesterlies after crossing the equator over thewestern IndianOcean, forming the Somali
Jet (Cai et al., 2006; Caley et al., 2013; Wu et al., 2012). This westerly flow continues east-
ward across the Indian subcontinent and the Bay of Bengal (Figure 1.1). In the South China
Sea, it converges with the cross-equatorial flow from Australia and the southerly winds on
the western side of the Western Pacific Subtropical High (WPSH), turning northward (Ding
and Chan, 2005; Ding et al., 2018; Wang et al., 2017). Together, these flows create a strong
southwesterly monsoon originating from the tropics, which collectively influences the East
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Figure 1.1. Precipitation and atmospheric circulation in the Asian summer monsoon
region. The shaded areas in the left panel represent the proportion of monsoon precipitation
(May–August) relative to the annual total during 1981–2010. The arrows indicate the vector
wind fields at 850 hPa during May–August for the same period. The right panel depicts the
vertically integrated water vapor flux (300–1000 hPa) in the Asian monsoon region during
May–August of 1981–2010, with color changes indicating the magnitude of water vapor
transport (unit: kg/s·m). The red boxes outline the primary influence regions of (a) the
East Asian subtropical monsoon, (b) the Indian tropical monsoon, and (c) the western North
Pacific tropical monsoon and the East Asian subtropical monsoon (Wang et al., 2017). Pre-
cipitation data are sourced from the Global Precipitation Climatology Centre Precipitation
V2020 Combined Dataset (Schneider et al., 2020). Wind field data are from the NCEP-
NCAR reanalysis datasets (Kalnay et al., 1996), and water vapor flux data and the base map
are obtained from the National Climate Center of China (https://cmdp.ncc-cma.net/).

https://cmdp.ncc-cma.net/


Chapter 1. Background and Methods 9

Asian region.
Accompanying the lower-level wind field is significant transport of water vapor from

the ocean to the land. In the EASM region, summer precipitation can account for 40-50%
or more of the annual total (Figure 1.1). The cross-equatorial transport of water vapor from
Somalia and Australia, along with moisture from the western side of the WPSH, constitutes
the main sources of water vapor for precipitation in the EASM region (Ding et al., 2018;
Hu et al., 2022; Tan, 2014; Xue et al., 2023). The primary channel for water vapor transport
is from the South Indian Ocean to the Arabian Sea, passing through the Bay of Bengal and
the South China Sea (Ding et al., 2018). Therefore, from both the perspective of prevail-
ing winds and water vapor transport, low-latitude oceans play a crucial role as sources of
moisture and potential heat for the EASM region.

Figure 1.2. Hovmöller diagram of precipitation climatology in eastern China (1991–
2020, mm/day). Precipitation data are sourced from the CPC global unified gauge-based
analysis of daily precipitation dataset. The CPC dataset provided by the NOAA PSL, from
their website at https://psl.noaa.gov.

On the seasonal scale, the EASM circulation exhibits distinct intraseasonal evolution
characteristics, with two sharp northward shifts and three periods of stagnation (Chiang
et al., 2017; Ding and Chan, 2005; Ding et al., 2020b, 2018). From early to mid-May each
year, the EASM begins to form near the Indochina Peninsula, the South China Sea, and the
Philippines. This process, known as the outburst of the South China Sea summer monsoon,
marks the onset of the EASM and the rainy season (Ding and Chan, 2005). From early to
mid-June, the EASMmoves northward to the Yangtze River Basin and western and southern
Japan (Ding et al., 2018). By mid-July, the EASM reaches its northernmost extent, shifting
to North China and Northeast China. From August to September, the monsoon circulation
rapidly shifts southward to South China, and by the end of September, the monsoon quickly

https://psl.noaa.gov
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withdraws from the South China Sea, signaling the end of the EASM season (Ding et al.,
2020b). Themovement of the monsoon rain belt corresponds with the north-south migration
of the monsoon circulation (Figure 1.2). In May, sustained rainfall occurs in South China.
By mid-June, the rain belt shifts to the Yangtze River Basin in central China, and in July, it
further moves northward to Northeast China (Figure 1.2) (Ding et al., 2020a,b). On decadal
or longer timescales, variations in the intensity of the EASM may lead to changes in the
timing or spatial distribution of the rain belt (Chiang et al., 2015; Ding et al., 2020b; Zhang
et al., 2020a).

1.1.2 Variation andDrivers in EASM Intensity During the LastGlacial
Period and the Holocene

As a large-scale monsoon system, the EASM impacts hundreds of millions of people. Un-
derstanding its modern processes and reconstructing its historical variations are of great
scientific and practical importance (Cheng et al., 2021b; Ding and Chan, 2005; Huang et al.,
2019; Wang et al., 2017). The driving forces behind the evolution of the EASM are complex
andmultifaceted. Various internal and external factors interact, leading to changes in EASM
circulation and its rain belt across different temporal and spatial scales (Cheng et al., 2021b;
Herzschuh et al., 2019; Zhang et al., 2021b). The glacial-interglacial cycles are a major fea-
ture of Quaternary climate change. The last glacial period, as the most recent glacial period,
experienced not only climate changes on orbital timescales but also a series of significant
rapid climate events, such as Heinrich events (H events) and Dansgaard-Oeschger events
(D/O events) (Barker et al., 2015; Bassis et al., 2017; Held et al., 2024; Martin et al., 2023;
Roche et al., 2004). These millennial-scale events have widespread global impacts (An-
drews and Voelker, 2018; Genty et al., 2003; Hemming, 2004; Wang et al., 2001; Zhou and
McManus, 2024). The orbital-scale evolution of the EASM, as well as its response mecha-
nisms to abrupt millennial events, has been a widely researched and focused scientific issue
(Cheng et al., 2021b; Sun et al., 2022; Wang, 2021).

The Holocene, the warm interglacial period following the end of the last glacial period,
also experienced a series of rapid climate events (Hu et al., 2008; McKay et al., 2024; Wan-
ner et al., 2008; Zhang et al., 2023a, 2021g). The climate and environmental state could
have undergone abrupt changes within decades or centuries (Duan et al., 2023a; Helama,
2024; McKay et al., 2024; Thomas et al., 2007). During the late Holocene, the gradual
increase in human activities led to widespread and rapid warming of the global climate sys-
tem (Ruddiman et al., 2016). In East Asia, the intensifying human activities during the late
Holocene may have exceeded the influence of natural climate variability in regulating the
regional environment (Chen et al., 2021b; Duan et al., 2023c; Jiang et al., 2014; Pei et al.,
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Figure 1.3. Comparison of representative Chinese paleoclimate records with Northern
Hemisphere Summer Insolation and ice core δ18O records. (A) 21 July insolation at
65°N (Laskar et al., 2004); (B) NGRIP ice core δ18O record (NGRIP Members, 2004); (C)
Chinese speleothem composite δ18O record (Cheng et al., 2016a); (D) δ13CIC record from
Jingyuan loess (Sun et al., 2019); (E) Mean magnetic susceptibility record from Jingyuan
loess (Sun et al., 2021); (F) 10Be record from the Chinese Loess Plateau (Beck et al., 2018);
(G) Sea level change record (Spratt and Lisiecki, 2016).
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2020; Song et al., 2022). This section will introduce variations in the EASM during the last
glacial period and the Holocene, along with their potential driving mechanisms. Since the
main area of influence of the EASM, as well as the focus of this dissertation, is mainland
China, no substantial distinction will be made between the EASM region and the China
monsoon region, unless otherwise stated.

Variations of EASM on Orbital Scales During the Last Glacial Period

The EASM circulation is essentially a large-scale ocean-land wind system driven by so-
lar insolation, with variations in solar insolation being its most significant external forcing
(Cheng et al., 2022a; Ding et al., 2018; Wang et al., 2017). The seasonal and latitudinal
distribution of insolation on Earth’s surface varies with orbital parameters, influencing the
thermal contrast between ocean and land. As a result, the intensity of monsoon circulation
and precipitation changes in response to fluctuations in insolation intensity (Cheng et al.,
2022a; Wang et al., 2017). The Earth’s orbital parameters primarily include precession,
obliquity, and eccentricity, with main periods of approximately 23 ka, 41 ka, and 100 ka
(Berger, 1988; Hays et al., 1976a; Milankovitch, 1941). Various geological records indicate
that both the intensity of the EASM and precipitation records exhibit one or more of these
periodicities (Figure 1.3) (Cheng et al., 2016b, 2019; Li et al., 2024; Sun et al., 2022). A
key example is the high-resolution speleothem δ18O (δ18Os) records in the EASM region
(Figure 1.3). The δ18Os values show broad spatial coherence and closely align with changes
in Northern Hemisphere summer insolation (NHSI), exhibiting a precessional cycle (Cheng
et al., 2016b, 2019;Wang et al., 2008). When NHSI increases or decreases, δ18Os values be-
come negative or positive, indicating enhanced or weakened EASMcirculation, respectively
(Figure 1.3) (Cai et al., 2015; Cheng et al., 2016b, 2019; Wang et al., 2001). The widespread
presence of precessional cycles in paleoclimate records of the EASM region supports the
classical theory of monsoon driven by solar insolation. During periods of higher NHSI, the
more pronounced thermal contrast between land and sea generates a stronger monsoon cir-
culation (An et al., 2015; Wang, 2021; Wang et al., 2017). Consequently, the EASM can
directly respond to changes in NHSI.

In the Chinese loess records, especially the magnetic susceptibility records indicating
precipitation, the patterns are more consistent with global ice volume changes (Figure 1.3),
while precessional cycles are not significantly evident (Beck et al., 2018; Cheng et al.,
2021b; Sun et al., 2021). The differences in the dominant periods of EASM variations
(100 ka or 23 ka) on orbital scales related to ice volume and precession, along with their un-
derlying driving mechanisms, are referred to as the “100 ka problem” (Hays et al., 1976b).
Recent research attempts to reconcile the two perspectives, suggesting that spatial hetero-
geneity in precipitation andwind fieldsmay lead geological records from different regions to
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capture distinct aspects of EASM dynamics (Cheng et al., 2021b, 2019; Zhang et al., 2021b;
Zhao et al., 2023b). During the low precession period (Pmin), the EASM strengthened, al-
lowing monsoon circulation to penetrate further inland. Increased monsoon precipitation
led to more pronounced Rayleigh fractionation of precipitation δ18O (δ18Op), resulting in
generally more negative δ18Op values across the EASM region (Cheng et al., 2021b, 2019;
Liu et al., 2014; Maher and Thompson, 2012). The δ18Os values across the East Asian
monsoon region inherit the δ18Op values (Chen and Li, 2018; Duan et al., 2016; Qiu et al.,
2023). As a result, they may represent the circulation or intensity of precipitation across
the entire EASM region, showing a precession-driven cycle (Figure 1.3). This perspective
carries an important implication: δ18Os can reflect large-scale monsoon circulation changes
rather than necessarily indicating regional rainfall amounts. In contrast, other paleoclimate
records, such as loess, may reflect changes in rainfall amounts (Beck et al., 2018; Li et al.,
2024; Sun et al., 2021; Zheng et al., 2022). The inconsistencies between speleothem and
loess records indicate that the relationship between EASM circulation and precipitation was
spatially separated (Figure 1.3) (Cheng et al., 2021b, 2019; Zhang et al., 2021b; Zhao et al.,
2023b).

Variations of EASM on Millennial Scales During the Last Glacial Period

The changes in the EASM during the last glacial period at orbital scales were also superim-
posed with a series of millennial-scale climate events. These events responded to the cold
stadials and warm interstadials of the North Atlantic, as well as H events (EPICA Commu-
nity Members, 2006; Hemming, 2004; NGRIP Members, 2004; Schulz et al., 1998). The
EASM is teleconnected to climate change in the North Atlantic region through oceanic and
atmospheric processes, experiencing rapid weakening or strengthening of intensity during
stadial and interstadial periods (Figure 1.3) (Cheng et al., 2016a; Sun et al., 2021; Wang
et al., 2008). However, the EASM does not directly follow the millennial events in the
North Atlantic; rather, it exhibits a unique evolutionary process, evident in several aspects.
(1) During abrupt climate change events, the EASM strengthens or weakens more gradually
compared to the North Atlantic. For example, millennial events recorded by ice core δ18O
in Greenland tend to begin or terminate abruptly (NGRIP Members, 2004). However, the
onset and termination of the EASM intensity response to abrupt change events are gradual,
due to the slower response of low-latitude atmospheric and hydrological cycles to abrupt
climate changes in the NH high latitudes (Cheng et al., 2021a; Liu et al., 2022a; Wu et al.,
2023a; Zhang et al., 2021d). (2) EASM millennial events terminate earlier than those in
the NH high latitudes, despite being initially triggered there. Increasing evidence suggests
that millennial events first terminate in low-latitude regions before gradually propagating
northward (Dong et al., 2022; Zhang et al., 2021e). (3) Variations in EASM intensity during
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millennial events exhibit distinct phases and instability. These events typically follow three
phases: weakening, relative stabilization, and recovery, with decadal- to centennial-scale
oscillations superimposed on each phase (Cheng et al., 2021a; Liu et al., 2022a; Wu et al.,
2023a).

These features suggest that while the EASM responds rapidly to climate changes in NH
high latitudes, it also bears a distinct imprint from low-latitude and SH influences (Dong
et al., 2022; Zhang et al., 2021e). Key factors include shifts in the Intertropical Convergence
Zone (ITCZ) (Zhang et al., 2020c), variations in theNHwesterly jet (Chiang et al., 2015), the
El Niño-Southern Oscillation (ENSO) (Zhang et al., 2021e), and greenhouse gas emissions
influenced by the Southern Ocean (Liang et al., 2022). Recent studies also highlight the role
of astronomical factors. During periods of high or low NHSI, the EASM’s response to D/O
events is either amplified or suppressed (Liu et al., 2022b).

Variation of EASM during the Holocene

During the Holocene, variations in the EASM can be categorized by timescales into orbital,
millennial, centennial, and decadal scales. On the orbital scale, changes in solar insolation
are the primary drivers of EASM intensity variations (Wang et al., 2008; Yuan et al., 2004;
Zhang et al., 2021b). The NHSI reached its maximum during the early Holocene, resulting
in a significant thermal contrast between land and sea, which led to the strongest monsoon
circulation (Yang et al., 2019a; Zhang et al., 2021b). As the NHSI gradually decreased
during the middle and late Holocene, the intensity of the EASM correspondingly weakened,
a trendmost evident inHolocene speleothem records fromChina (Hu et al., 2008; Yang et al.,
2019a; Zhang et al., 2021b). On millennial scales, the long-term trend of EASM variation
was interrupted by several millennial-scale events, including the prominent 8.2 ka and 4.2 ka
events (Duan et al., 2023a; Pan et al., 2023; Zhang et al., 2023b). These events align with
records from Greenland ice cores δ18O records, suggesting a close linkage between low-
latitude monsoons and high-latitude climate changes (Pan et al., 2023; Thomas et al., 2007;
Wang et al., 2022b). However, recent studies indicate that events such as the 4.2 ka event
were likely insufficient to induce significant climate and environmental changes on a global
scale (McKay et al., 2024). On centennial to decadal scales, EASM variability is primarily
influenced by factors such as solar activity, volcanic eruptions, and ENSO activities (Chen
et al., 2021a; Shao et al., 2024; Zhao et al., 2015; Zhu et al., 2017).

Despite the increasing availability of high-resolution geological records with precise
dating for studying the evolution of the EASM during the Holocene, significant discrepan-
cies among these records highlight the complexity of Holocene EASM variations. Under-
standing the spatiotemporal patterns and driving mechanisms of EASM evolution during
the Holocene remains a challenging and widely debated topic, particularly in the following
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aspects:

Firstly, there are discrepancies in the timing of the Holocene Climatic Optimum (HCO)
across different regions of the EASM domain (Liu et al., 2015; Zhang et al., 2021g). The
HCO is generally defined as the warmest and wettest period of the Holocene. While δ18Os
records indicate that the overall strength of the EASMwas greatest during the earlyHolocene,
gradually weakening throughout the mid to late Holocene (Fan et al., 2024; Yang et al.,
2019a; Zhang et al., 2021b), it remains debated whether the HCO occurred synchronously
across the EASM region (Liu et al., 2015). For example, An et al. (2000) suggest that the
HCO first appeared in northern China during the early Holocene, whereas it emerged in
central and southern China in the late Holocene. In contrast, Zhou et al. (2016) argue that
the HCO began in the southern monsoon region of China during the early Holocene, with
northern China experiencing it starting in the mid-Holocene. Some studies propose that the
HCO was synchronous across the entire EASM region; however, the timing of its onset re-
mains uncertain, with ongoing debate over whether it began in the early or mid-Holocene
(Yang et al., 2019a; Zhang et al., 2021g; Zhao et al., 2009).

Despite these controversies, δ18Os records from China consistently indicate that the
EASM was strongest during the early Holocene, followed by a gradual weakening (Yang
et al., 2019a; Zhang et al., 2021b). This discrepancy reflects a decoupling between the
“wind” and “rain” components of the EASM: while the overall monsoon intensity was syn-
chronous across the Chinese monsoon region, precipitation changes in different areas did
not occur simultaneously (Cheng et al., 2019; Liu et al., 2020).

Secondly, Holocene EASM variations exhibit instability. Although the EASM was
strong during the early Holocene, its variability was high, with frequent weak monsoon
events, whereas the EASM was relatively stable during the mid-Holocene (Yang et al.,
2019a; Zhang et al., 2021g). Another key aspect of EASM instability is the occurrence of
significant climatic abrupt events. For instance, the EASM weakened considerably during
the well-known 8.2 ka and 4.2 ka events; however, the timing, pattern, and driving mecha-
nisms of these weakening phases remain debated (Duan et al., 2023a; Pan et al., 2023; Zhang
et al., 2023b).

Thirdly, the complex interplay of multiple factors during the Holocene makes it difficult
to identify the dominant controls on EASM intensity and precipitation (Lu et al., 2019a; Sun
et al., 2024; Zhu et al., 2017). The factors influencing the EASM varied over time, with the
relative importance of high-latitude influences such as AMOC and low-latitude processes
like ENSO and theWestern Pacific Warm Pool shifting throughout the period. Additionally,
δ18O records from China exhibit a pronounced negative anomaly after 2 ka BP, suggesting
an intensification of monsoon activity over the past two millennia. This trend contrasts with
the concurrent decline in NHSI during the same period (Cheng et al., 2016a, 2019).
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Finally, the impact of mid- to late-Holocene human activities on climate and the regional
hydrological environment remains a subject of debate. Changes in monsoon intensity and
precipitation may have influenced the development of human civilization, while human ac-
tivities have also significantly altered the surface environment. It is still contested whether
climate change or human activities have been the primary driver of environmental transfor-
mations in China since the late Holocene (Chen et al., 2021a,b; Pei et al., 2020; Zhang et al.,
2008).

The debate surrounding climate and environmental changes during the last glacial period
and the Holocene in the EASM region partly stems from the inherent complexity of the driv-
ing factors behind the EASM and the evolution of precipitation distribution patterns (Cheng
et al., 2021b; Herzschuh et al., 2019; Lu et al., 2019a; Zhang et al., 2021g). Disagreements
often arise from differing interpretations of the climatic and environmental significance of
various paleoclimate indicators (Cheng et al., 2019; Liu et al., 2020, 2014; Sun et al., 2022;
Zhang et al., 2021b). A notable point of contention is the mismatch between Chinese δ18Os
records indicating monsoon intensity and other records of monsoon precipitation. This issue
will be discussed in section 1.1.3.

1.1.3 Relationship between East Asian Summer Monsoon Precipita-
tion and Monsoon Intensity

The rain belt of the EASM shifts with the north-south movement of the monsoon circulation
(Figure 1.2), leading to significant spatial differences in summer precipitation (Chiang et al.,
2020; Ding et al., 2020a). In years of strong EASM, the monsoon circulation shifts north-
ward, bringing the rain belt to the north, affecting regions such as North China and Northeast
China, while precipitation decreases in the Yangtze River basin, resulting in a rainfall distri-
bution pattern of “floods in the south and droughts in the north” (Chiang et al., 2017; Ding
and Chan, 2005; Ding et al., 2020a,b). Conversely, in years of weaker EASM, the weak-
ened monsoon circulation causes the rain belt to shift southward, reinforcing the “floods
in the south and droughts in the north” spatial pattern. Thus, with changes in the strength
of the EASM circulation, the rain belt in the Chinese monsoon region exhibits periodic os-
cillations (Chiang et al., 2020; Ding et al., 2020b; Zhang et al., 2018). The interdecadal
variability of modern precipitation in the Chinese monsoon region can be categorized into
three main modes (Figure 1.4). The first mode is a “triple pattern”, characterized by syn-
chronous precipitation changes in South and North China, with an opposite trend in Central
China (Figure 1.4). This is the primary mode of interdecadal precipitation variability in the
eastern monsoon region of China. The second mode is a “dipole pattern”, with roughly the
Yangtze River as the dividing line, indicating higher precipitation in the south and lower in
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the north, or vice versa. The third mode exhibits an east-west dipole, often referred to as the
“coast pattern”, where precipitation in the southeastern region is out of phase with summer
precipitation in the inland areas (Figure 1.4).

The three patterns have also been shown to be significant over longer timescales. For
instance, paleoclimate reconstructions and simulations reveal a distinct “triple pattern” dur-
ing the past four glacial and interglacial cycles on orbital timescales (Dai et al., 2022, 2021;
Jiang et al., 2023). Similar characteristics are evident on millennial to centennial timescales.
For example, during the weakened EASM of the Little Ice Age, southern China experienced
wetter conditions, while northern China faced drought, contrasting with the opposite phase
during the strong monsoon of the Medieval Warm Period (Jiang et al., 2021; Li et al., 2021b;
Wanner et al., 2008; Yin et al., 2023a). Recent studies suggest that precipitation patterns in
the southeastern coastal region over the past few thousand to ten thousand years have been
out of phase with those in the eastern inland areas, highlighting the significance of the “coast
pattern” (Cao et al., 2024). Despite the emphasis on the spatial heterogeneity of precipitation
in the EASM region across different timescales, there is no consensus among these studies,
and they may even present conflicting views.

What factors contribute to changes in the spatial pattern of precipitation in the EASM
region over different timescales? Addressing this question relies heavily on reconstruc-
tions and modeling due to limited instrumental data. On orbital timescales, precipitation
in northern China and the Yangtze River basin primarily following the 100 ka and 41 ka
cycles, with the precession cycle being less significant (Dai et al., 2021; Sun et al., 2021,
2022; Zheng et al., 2022). However, some studies suggest that NHSI is the dominant fac-
tor controlling precipitation distribution. During periods of high (low) NHSI, the EASM
strengthens (weakens), leading to increased (decreased) precipitation in northern and south-
ern China, while central China receives less (more) rainfall (Cai et al., 2023, 2015; Cheng
et al., 2021b; Weber and Tuenter, 2011). Other studies propose that north of 25°N in the
Chinese monsoon region, changes in summer precipitation are primarily driven by the pre-
cession cycle. In contrast, south of 25°N, the 100 ka cycle of summer precipitation is more
stronger (Lyu et al., 2021). The shift and duration of the rain belt are also linked to the
meridional movement of the westerly jet relative to the Tibetan Plateau (the jet transition
hypothesis) (Chiang and Bitz, 2005; Chiang et al., 2020). Additionally, the position of the
ITCZ and ancient ENSO activity are also important factors (Chiang et al., 2015, 2017; Jiang
et al., 2021; Wu et al., 2023a).

In summary, both reconstructions and simulations show uncertainty in characterizing
the spatiotemporal evolution of precipitation in the EASM region, with underlying driving
factors varying across studies.
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Figure 1.4. Modern spatial distribution patterns of precipitation in China. The empir-
ical orthogonal function (EOF) analysis for May–August (JJA) precipitation during 1980–
2007 C.E. is based on the Asian Precipitation-Highly-Resolved Observational Data Inte-
gration Towards Evaluation (APHRODITE) gridded rainfall dataset (Yatagai et al., 2012).
EOF1, EOF2, and EOF3 explain 17%, 11%, and 8% of the total variance, respectively.
EOF1 represents the triple pattern of monsoonal precipitation in China, EOF2 represents
the dipole pattern, and EOF3 represents the coast pattern. Although EOF1–EOF3 represent
key spatial modes, together they account for only 36% of the total variance. This suggests
that precipitation variability may also arise from more localized, non-stationary, or higher-
order processes not captured by the leading EOFs.
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1.2 Paleoclimate and Paleoenvironmental Reconstruction
using Speleothems Archive

1.2.1 Geochemical Indicators in Speleothems

Figure 1.5. Schematic diagram of climate and environmental signal transmission
within the cave system. The left panel illustrates the transmission process from rainfall
to drip water, and eventually to speleothem formation. During this process, isotopic signals
(δ18O and δ2H) from atmospheric precipitation and environmental signals (e.g., δ13C, trace
elements) from the epikarst are transferred from the surface to the speleothem and preserved.
In addition to climatic and environmental factors, this process is influenced by the PCP ef-
fect. The circular diagram at the bottom center depicts the capture of cave drip water into
inclusions, showing some forms of inclusions. The right panel (a) and (b), using southern
China as an example, demonstrates how seasonal changes in atmospheric circulation influ-
ence variations in the oxygen isotopes of precipitation. These climatic isotopic signals are
transferred via drip water to the cave and inherited by calcite and fluid inclusions within the
speleothem. (a) and (b) are adapted from Xue et al. (2023).

Speleothems, including calcium carbonate deposits such as stalagmites and stalactites, are
closely associated with the water cycle, surface biogeochemical processes, karst hydrolog-
ical processes, and the growth mechanisms of carbonate minerals (Figure 1.5) (Baker and
Genty, 1998; Baker et al., 2019; Fairchild et al., 2001, 2006; Hendy, 1971; Spötl and Mat-
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tey, 2006). Stalagmites, in particular, have the potential to effectively preserve signals of
climatic and hydrological changes both within and beyond cave systems during their for-
mation. When supported by long-term monitoring of cave environments and careful evalu-
ation of site-specific conditions, they can serve as valuable archives of continental climate
and environmental variability (Figure 1.5) (Cheng et al., 2019; Dreybrodt and Scholz, 2011;
Fairchild and Treble, 2009; Fohlmeister et al., 2020; McDermott, 2004; Schwarcz et al.,
1976; Spötl and Mattey, 2006).

Stalagmites, as products of cave carbonate deposition, form through a process intricately
linked to water. In the surface environment, the decomposition of organic matter from plant
roots and microbial activity leads to soil CO2 concentrations, which are elevated compared
to the atmosphere. When rainfall passes through the soil, it reacts with the CO2, forming
carbonic acid (H2CO3). As pH increases, carbonic acid dissociates into bicarbonate ions
(HCO−

3 ) and carbonate ions (CO
2−
3 ). This acidic solution then percolates into the karst zone,

dissolving the surrounding carbonate rock. Due to the larger space within caves and better
ventilation, the partial pressure of CO2 (PCO2) in caves is much lower than in the epikarst
zone. As a result, the dissolved CO2 in dripping water begins to degas, and evaporation of
the water leads to the precipitation of calcium carbonate. Over time, this calcium carbonate
slowly accumulates at the drip points, forming a large variety of cave carbonates, including
stalagmites. Stalagmite growth may pause due to a halt in dripping, a change in CO2 satu-
ration, a dripping rate that is too rapid, or elevated cave CO2 concentrations. Consequently,
stalagmite growth is mostly discontinuous. Stalagmite growth depends on the transport of
atmospheric precipitation from the surface to the cave, which is influenced by factors such
as surface precipitation, PCO2 in the soil (which is related to biomass), dripping rate, cave
temperature, and ventilation (Baker et al., 2019; Fairchild et al., 2006; Fairchild and Tre-
ble, 2009). These parameters are closely related to climate and environmental conditions
both at the surface and within the cave (Figure 1.5) (McDermott, 2004). Therefore, stalag-
mites that accumulate over time can record climatic and other environmental information
from different periods, including changes in land use, volcanic activity, and other external
influences.

Stalagmites offer unique advantages in global paleoclimate research. First, they are
widely distributed, forming in nearly all regions with developed karst landscapes, and are
relatively unaffected by external secondary changes after their formation. Second, they have
chronological advantages. Stalagmites can be dated using U-series dating methods, or by
combining with annual growth layers, allowing for the construction of high-precision age
models (Burns et al., 1998; Cheng et al., 2013; Scholz and Hoffmann, 2011). Third, sta-
lagmites provide excellent continuity in paleoclimate records. A single stalagmite can span
tens of thousands to hundreds of thousands of years, and by combining multiple stalagmites,
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one can obtain even longer continuous records (e.g., Wang et al. (2001, 2008)). Comparing
different stalagmites records allows for an assessment of their reliability (replication test)
(Dorale and Liu, 2009). Finally, stalagmites contain a wealth of climate and environmental
indicators, including, but not limited to, the oxygen and carbon stable isotopes of calcium
carbonate (Fairchild et al., 2006; McDermott, 2004), trace elements (Fairchild and Treble,
2009), magneticminerals (Zhu et al., 2017), biological indicators (Blyth et al., 2008), growth
rates and layer thickness (Baker et al., 2008; Tan et al., 2006), fluorescence intensity (Baker
et al., 2008; Blyth et al., 2008), and fluid inclusions (Dennis et al., 2001; Kluge et al., 2008;
Schwarcz et al., 1976). The following sections will focus on stable oxygen and carbon iso-
topes, trace elements, and fluid inclusions.

1.2.2 Oxygen Isotope Composition

When using stalagmites for paleoclimate reconstruction, the study of oxygen isotopes in
calcium carbonate is of primary importance. Oxygen exists in three stable isotopes and can
be found in gaseous, liquid, and solid forms. It is widely used as a tracer in geochemistry.
In stalagmites, δ18O is typically employed as an indicator of the provenance and strength of
precipitation and temperature conditions.s (Fairchild et al., 2006; McDermott, 2004). The δ
notation refers to the difference in the ratio of two stable isotopes of an element in a sample
relative to a standard, expressed in per mil (‰). It is defined as:

δ =
(Rs −Rstd)

Rstd
× 1000 or δ =

(
Rs

Rstd
− 1

)
× 1000 (1.1)

for δ18O :

δ18O =


(

16O
18O

)
s( 16O

18O

)
std

− 1

× 1000 (1.2)

where:

Rs : Ratio of the heavy to light isotope in the sample.
Rstd : Ratio of the heavy to light isotope in the standard.
δ : The isotope delta value.
δ18O : The oxygen isotope delta value.
s : Denotes the sample.
std : Abbreviation for standard.
If δ > 0 : Indicates enrichment in the heavier isotope compared to the standard.
If δ < 0 : Indicates enrichment in the lighter isotope compared to the standard.

The δ18Os values are primarily controlled by changes in the δ18O values of cave drip
water (precipitation) and cave temperature (Baker et al., 2019; Fairchild et al., 2006; Mc-
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Dermott, 2004). The fractionation coefficient between water and calcite, influenced by cave
temperature, is relatively small (O’Neil et al., 1969). However, variations in the δ18Os val-
ues can be for more substantial over different timescales, reaching several per mille. In the
monsoon region of China, δ18Os variation is usually attributed to fluctuations in the δ18Op
values (Chen and Li, 2018; Duan et al., 2016; Qiu et al., 2021). Specifically, the δ18Op
value is influenced by a variety of factors from the source area to downstream, including
variations in moisture sources, moisture transport pathways, recycling of surface water, and
evaporation below clouds (Figure 1.5) (Jian et al., 2022; Liang et al., 2024; Lin et al., 2024;
Tan, 2014). For most caves, the mixing of cave drips during migration through the epikarst
zone has smoothed out the seasonal characteristics of δ18Os, effectively representing an
annual weighted average of local δ18Op (Chen and Li, 2018; Duan et al., 2016).

In the EASM region, the primary factors controlling precipitation and stalagmite δ18O
variations may vary across different timescales, complicating the interpretation of the cli-
matic and environmental significance of δ18Op and δ18Os records. (Cheng et al., 2019; Liu
et al., 2020). Early studies suggested that the δ18Op values in China might reflect changes
in the ratio of summer to winter precipitation, providing insights into variations in mon-
soon intensity (Wang et al., 2001). Subsequent research emphasized that δ18O values are
more significantly influenced by the “upstream loss mechanism”. Variations in δ18O values
are controlled by the proportion of water lost from moisture sources to cave sites, which
allows for the reconstruction of precipitation changes in different regions (Hu et al., 2008;
Pausata et al., 2011; Ruan et al., 2019; Yuan et al., 2004). Although some studies have di-
rectly interpreted δ18Os values as changes in rainfall amount in the tropics of the EASM
region, the applicability of this interpretation throughout the EASM region remains highly
debated (Cai et al., 2015; Tan et al., 2017). For example, modeling studies have shown that
δ18Os values and δ18Op are primarily driven by changes in the δ18O of water vapor sources
or variations in the strength of atmospheric hydrological processes and circulation, rather
than specific rainfall amounts (Chiang et al., 2020; Lin et al., 2024; Liu et al., 2014; Pausata
et al., 2011; Ruan et al., 2019). The influence of the “circulation effect” has also generated
considerable attention (Maher and Thompson, 2012; Tan, 2014). The ISM and EASM are
the main sources of moisture and precipitation in the Chinese monsoon region, each leaving
a distinct δ18O imprint on the moisture (Figure 1.5). Generally, moisture from the ISM has
more negative δ18O values, while moisture from the EASM has more positive δ18O values
(Maher and Thompson, 2012; Tan, 2014; Yang et al., 2016). This difference arises because
moisture from the Indian Ocean travels a longer distance and undergoes more extensive
Rayleigh distillation during transport (Figure 1.5) (Eq. 1.3-1.4), leading to more depleted
δ18O signatures compared to the relatively proximal Pacific-sourced moisture. The “circu-
lation effect” influences δ18Op values in downstream areas by regulating the proportion of
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moisture from these two sources. For example, Figure 1.5 illustrates that the Indian Ocean
and the Pacific Ocean serve as the primary moisture sources, contributing 37% and 19%
of the total moisture during the monsoon season, respectively. These sources are charac-
terized by distinct δ18O signatures, and interannual variations in their relative contributions
modulate the δ18O values of precipitation in downstream regions.

The Rayleigh distillation process can be described by the following equation for the
change in isotope ratio:

R = R0 · f (α−1) (1.3)

Where:

• R: Current isotope ratio in the vapor (e.g., 18O/16O)

• R0: Initial isotope ratio in the vapor

• f : Fraction of vapor remaining

• α: Equilibrium fractionation factor between liquid and vapor

In terms of delta notation, the Rayleigh equation can be written as:

δ =
[
(δ0 + 1000) · f (α−1)

]
− 1000 (1.4)

Where:

• δ: Current δ value (in ‰) of the vapor

• δ0: Initial δ value (in ‰)

• f and α: same as above

Although interpretations and debates regarding δ18Os values and δ18Op persist, it is
widely accepted that variations in δ18Op, whether viewed through precipitation isotopes or
large-scale circulation patterns, are associated with changes in the intensity and position of
the EASM circulation (Cheng et al., 2016a, 2021b, 2019; Liu et al., 2020). This inference
is consistent with modern instrumental data, as well as theoretical and empirical studies
spanning from orbital to millennial timescales (Chen and Li, 2018; Cheng et al., 2016a;
Duan et al., 2016; Zhang and Li, 2019). On monthly, seasonal, and interannual timescales,
δ18Op generally does not directly reflect local rainfall amounts. Instead, it is influenced
by atmospheric convection in moisture source regions and isotopic fractionation resulting
from the “rainout effect” during transport (Cai et al., 2018; Ruan et al., 2019; Wang et al.,
2020; Yang et al., 2016; Zhang et al., 2020a; Zhou et al., 2019). Long-term cave monitoring
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studies in China further indicate that seasonal to interannual variations in cave drip water
and stalagmite δ18O values primarily reflect changes in δ18Op driven by large-scale atmo-
spheric circulation, such as the ENSO (Chen and Li, 2018; Duan et al., 2016; Qiu et al.,
2021). Lower δ18Op values may result from increased upstream rainfall or enhanced mon-
soon circulation or intensity, though local precipitation may not necessarily increase (Cheng
et al., 2019; Liu et al., 2020; Ruan et al., 2019; Tan, 2014; Zhang et al., 2021b). Therefore,
the spatial consistency observed in numerous δ18Os records across the Chinese monsoon
region suggests their potential as indicators of large-scale monsoon intensity, which does
not contradict the heterogeneous spatial distribution of precipitation amounts.

1.2.3 Carbon Isotope Composition and Trace Elements

Stalagmite δ13C (δ13Cs), and trace element concentrations or ratios (e.g., Ca, Mg, Ba, Sr)
typically reflect changes in surface vegetation, soil biological activity, and cave ventilation,
all influenced by regional hydrological conditions (Figure 1.5) (Day and Henderson, 2013;
Fairchild and Treble, 2009; Fohlmeister et al., 2020; Jochum et al., 2012; Tremaine and
Froelich, 2013). The primary factors include biological processes related to changes in
temperature and precipitation, alongside inorganic processes such as degassing of drip water
and cave ventilation (Fairchild et al., 2006; Fairchild and Treble, 2009).

Due to the complex and multifaceted influencing factors, attributing the variations in
δ13Cs to a single process is inherently challenging (Figure 1.5). Research based on modern
cave monitoring has demonstrated that the δ13C signal in cave drip water is strongly influ-
enced by soil CO2 derived from biological processes (Fairchild et al., 2006; Fohlmeister
et al., 2020; Li and Li, 2018; Spötl et al., 2005). This δ13C signal is transmitted through
cave drip water and speleothems, recording fluctuations in soil CO2 and capturing changes
in climate and environmental factors, such as surface vegetation, temperature, and precipita-
tion. The primary influencing factors can be summarized as follows: (1) Changes in surface
vegetation types. Humid climates generally favor the growth of C3 plants (δ13C values from
−20‰ to −34‰), while arid conditions are more conducive to C4 plants (δ13C values from
−9‰ to −16‰) (Cerling, 1984; Dorale et al., 1998; Genty et al., 2001). Shifts in vegetation
types, driven by climate change, can be recorded in the variations of δ13Cs. (2) Surface
vegetation density, soil CO2 production rate, and microbial activity (Cosford et al., 2009;
Fohlmeister et al., 2020; Li et al., 2018). This factor is also closely linked to climatic condi-
tions, as warm and humid climates promote vegetation growth and elevate CO2 production
rates. (3) Atmospheric CO2 concentration changes (Genty et al., 2001; Spötl et al., 2005).

In addition to climatic and environmental factors, δ13Cs is also influenced by non-
climatic factors originating from the epikarst and cave interior, such as the state of the karst
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system (open/closed) and kinetic fractionation during carbonate deposition (Fairchild et al.,
2006; Hendy, 1971). The relative importance of climatic versus non-climatic factors often
depends on the specific characteristics of the karst system and the regional climate. In the
Chinese monsoon region, δ13Cs is commonly interpreted as reflecting shifts in vegetation
types, as well as regional temperature and humidity, over millennial to orbital timescales
(Li et al., 2018, 2020; Wang et al., 2022d; Wu et al., 2023a, 2020). In low-latitude regions,
such as southern China, although temperature and vegetation cover decreased during the
Last Glacial Maximum (LGM), no substantial change in vegetation types occurred (Wang
et al., 2012; Xue et al., 2015). Nevertheless, the regional hydrological environment, influ-
enced by temperature and precipitation, has had a profound effect on surface vegetation,
soil microbial activity, and soil CO2 production. Current research links variations in δ13Cs
with local hydrological conditions, often interpreting these variations in conjunction with
climate fluctuations revealed by δ18Os.

The concentrations and trace element ratios (X/Ca) in stalagmites are influenced by both
climatic and non-climatic factors across different timescales (Figure 1.5) (Fairchild and Tre-
ble, 2009). The distribution coefficients of trace elements in calcite are strongly influenced
by factors such as temperature, growth rate, precipitation, andwater-rock interactions (WRI)
(Duan et al., 2024; Fairchild and Treble, 2009; Stoll et al., 2023; Tremaine and Froelich,
2013; Wassenburg et al., 2024). For instance, a 2–3 °C temperature change can lead to an
approximate 15% variation in Mg concentration (Huang and Fairchild, 2001). Stalagmite
growth rate can also affect the distribution coefficients of Mg and Sr (Gabitov et al., 2014).
Interpretations should consider sample-specific conditions and the broader context of tem-
perature variations.

In paleoenvironmental reconstructions, the X/Ca in stalagmites is commonly used as
quantitative indicator of regional wet-dry variations (Figure 1.5) (Fairchild and Treble, 2009;
Stoll et al., 2023; Wassenburg et al., 2020). The distribution coefficients of trace elements
are typically less than 1 and substantially lower than that of calcium, so prior calcite pre-
cipitation (PCP) indirectly reflects climatic and environmental changes by controlling the
X/Ca ratio in both drip water and stalagmites (Fairchild and Treble, 2009). Under dry envi-
ronments, characterized by reduced precipitation and enhanced evaporation-transpiration,
water residence time in the surface karst zone increases. This results in lower drip rates
and extended CO2 degassing durations. Consequently, calcium ions are preferentially re-
moved, leading to an increase in the X/Ca ratio in cave drip water and speleothems, with
a higher concentration of trace elements such as Mg and Sr (Figure 1.5) (Fairchild et al.,
2006; Tremaine and Froelich, 2013). Conversely, wet environments lead to a reduction in
the X/Ca ratio. The residence time of drip water in the epikarst influences the duration of
WRI (Fairchild and Treble, 2009; Huang and Fairchild, 2001; Wassenburg et al., 2020).
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Longer WRI times allow for greater dissolution of trace elements from the bedrock into the
drip water, thereby increasing the X/Ca ratio. Since PCP and WRI both influence trace el-
ement ratios in the same direction, wet-dry changes in the regional environment generally
govern the X/Ca fluctuations in stalagmites through these processes.

In recent years, significant advances have been made in the study of trace elements
and carbon isotopes in speleothems, revealing broad prospects for their application. On the
one hand, the combination of trace element ratios such as Mg/Ca and Sr/Ca with calcium
isotopes (δ44Ca) enables semi-quantitative to quantitative reconstructions of past precipita-
tion (de Wet et al., 2024; Stoll et al., 2023; Warken et al., 2024). A recent study proposed a
method for estimating δ13Cinit—the initial carbon isotope composition of drip water prior to
significant CO2 degassing and PCP, as a more robust proxy for interpreting vegetation, soil,
and epikarst processes (Stoll et al., 2023). Compared to conventional δ13C values, δ13Cinit

has been shown to be more sensitive to environmental variables such as temperature and
moisture. On the other hand, anomalous variations in the concentrations or ratios of spe-
cific trace elements during intervals can serve as indicators of abrupt climate events—such
as rapid shifts in temperature or hydroclimate—thus providing crucial evidence for iden-
tifying the timing and environmental context of such changes (Warken et al., 2025). The
ongoing development of these approaches marks an important direction in high-resolution
paleoclimate research, emphasizing multi-proxy and quantitative reconstructions based on
speleothem archives.

In the monsoon region of China, changes in δ13Cs and X/Ca are primarily influenced
by monsoon precipitation, which impacts effective soil moisture (Chen et al., 2021a,b; Wu
et al., 2023a). Decreased monsoon precipitation and deteriorating hydrological conditions
lead to reduced vegetation cover, lower soil microbial activity, decreased soil CO2 pro-
ductivity, diminished effective moisture, and increased PCP/WRI. These changes result in
elevated δ13Cs values andX/Ca ratios in cave drip water and stalagmites (Chen and Li, 2018;
Cheng et al., 2022b;Wu et al., 2023a). The combined use of δ13Cs and X/Ca, in conjunction
with δ18Os, not only enhances the understanding of the climatic significance of δ18Os but
also enables a more precise investigation of the relationship between EASM intensity and
regional precipitation.

1.2.4 Fluid Inclusions

Fluid inclusions are formed by the entrapment and retention of small amounts of drip wa-
ter or gas within the pore spaces during the deposition of speleothems (Figure 1.5). Thus,
fluid inclusions represent unique remnants of ancient cave drip water that have been pre-
served for a certain period of time (Affolter et al., 2015, 2025; Dennis et al., 2001; Genty
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et al., 2002; Kendall and Broughton, 1978; Millo et al., 2017; Schwarcz et al., 1976). The
size of speleothem fluid inclusions typically ranges from a few micrometers (μm) to tens
of micrometers in diameter, with some, consisting of interconnected pore spaces, reaching
lengths of over 1 cm. Based on their origin, fluid inclusions are classified into primary and
secondary types (Figure 1.5) (Lopez-Elorza et al., 2021). Primary fluid inclusions contain
water incorporated into the stalagmite during crystal growth and can exist as either intercrys-
talline or intracrystalline inclusions. In contrast, secondary fluid inclusions form after crys-
tal growth has concluded and are unsuitable for paleoclimatic reconstruction (Lopez-Elorza
et al., 2021). Careful examination of the petrographic characteristics of the inclusions is
essential prior to analysis to confirm their primary nature.

Modern cave monitoring shows that the stable isotopic composition (δ18O, δ2H) of cave
drip water generally approximates the weighted average of the local annual precipitation
isotopic composition (Baker et al., 2019; Duan et al., 2016). If the fluid inclusion water
does not exchange isotopes with the surrounding calcite after its formation, it can be used
directly to measure the average isotopic composition of ancient rainwater (Affolter et al.,
2019, 2015; Millo et al., 2017; Uemura et al., 2020; Warken et al., 2022). Laboratory ex-
periments and cave monitoring studies demonstrate that the oxygen isotope fractionation
between calcite and water depends on temperature changes under equilibrium fractiona-
tion conditions between calcite and water (Daëron et al., 2019; Johnston et al., 2013; Kim
and O’neil, 1997; O’Neil et al., 1969; Tremaine et al., 2011). Based on the measurement
of δ18O and δ2H of fluid inclusions (δ18OFI and δ2HFI), combined with the corresponding
calcite δ18O, the paleotemperature during calcite precipitation can be calculated (Affolter
et al., 2019; Genty et al., 2002; Schwarcz et al., 1976). The δ18O values of the speleothem
fluid inclusions and the surrounding stalagmite calcite δ18O are combined to calculate the
water-calcite oxygen isotope fractionation factor (αcalcite–water), i.e., Eq. 1.5-1.11, which can
reconstruct the paleotemperature of the cave or evaluate the isotope non-equilibrium frac-
tionation effects during stalagmite formation (Figure 1.6) (Fernandez et al., 2023; Griffiths
et al., 2010; Meckler et al., 2015; Millo et al., 2017; Rowe et al., 2012).

1000 lnαcalcite–water = 2.68× 106T−2 − 2.89 (O’Neil et al., 1969) (1.5)

1000 lnαcalcite–water = 18.03× 103T−1 − 32.42 (Kim and O’neil, 1997) (1.6)

1000 lnαcalcite–water = 16.1× 103T−1 − 24.6 (Tremaine et al., 2011) (1.7)

1000 lnαcalcite–water = 17.66× 103T−1 − 30.16 (Johnston et al., 2013) (1.8)

1000 lnαcalcite–water = 17.57× 103T−1 − 29.13 (Daëron et al., 2019) (1.9)

1000 lnαaragonite–water = 18.56× 103T−1 − 33.49 (Patterson et al., 1993) (1.10)

1000 lnαaragonite–water = 17.88× 103T−1 − 31.14 (Kim et al., 2007) (1.11)
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αcalcite/aragonite–water =
1000 + δ18Ocalcite/aragonite

1000 + δ18Owater
, T = Kelvin. (1.12)

Figure 1.6. Equilibrium δ18O fractionation between water and CaCO3 (1000lnα) as
a function of temperature. Solid lines and dotted lines represent calcite and aragonite
respectively. Solid lines indicate calcite, dashed lines indicate aragonite.

Early studies on the stable isotopes of speleothem fluid inclusions primarily focused
on δ2H. The oxygen isotope in the water may exchange with the surrounding CaCO3 after
the formation of fluid inclusions (Schwarcz et al., 1976; Uemura et al., 2016), meaning the
δ18OFI value of the inclusion water may not be reliable. During the deposition of calcite,
δ2HFI is not affected by isotope fractionation, and once water is preserved in fluid inclu-
sions, δ2HFI will remain unchanged because there is no hydrogen source in calcite (Affolter
et al., 2019; Schwarcz et al., 1976). Therefore, in some studies, δ18OFI is calculated from
the global meteoric water line (GMWL) or the local meteoric water line (LMWL) based on
δ2HFI (Affolter et al., 2019; Genty et al., 2002; McGarry et al., 2004). Besides paleotemper-
ature reconstruction, recent studies have highlighted that speleothem fluid inclusions can
also be used to analyze changes in cave evaporation, moisture sources, and water vapor
migration trajectories, showing great potential for future applications (Affolter et al., 2015,
2025; Fleitmann et al., 2022, 2003; Warken et al., 2022). However, the extraction of inclu-
sion water and the precise measurement of isotopes present significant challenges, which
will be explained in detail in the following sections.
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1.3 Key Scientific Questions to be Addressed

1.3.1 The Hydro-climatological Significance of δ18Os in Chinese Mon-
soon Region

As mentioned in Sections 1.1.3 and 1.2.2, the interpretation of δ18Os values in the Chi-
nese monsoon region as an indicator of local precipitation amounts remains controversial.
The relationship between δ18O-proxied EASM intensity and regional hydrological environ-
ments across different timescales continues to be an issue that requires clarification. The
X/Ca ratio, δ18OFI, and δ2HFI can provide insights into changes in regional hydrological en-
vironments from multiple perspectives. Comparing these measurements with δ18Os values
within the same chronological framework will improve the assessment of the meteorological
and hydrological significance of δ18Os, particularly in evaluating the relationship between
regional hydrological conditions and EASM intensity.

1.3.2 Variations inThe Precipitation andRegionalHydro-environment
of theEASMRegionDuring theLastGlacial Period andHolocene

Accurately describing the spatial heterogeneity of precipitation in the EASM region during
the last glacial period and Holocene remains a challenge. The combined influence of astro-
nomical, ice volume, and CO2 forcings on the evolutionary processes and spatial variability
of the EASM is complex. There is no consensus among these viewpoints, and they may
even conflict with one another. Currently, research on the temporal and spatial patterns of
precipitation evolution on orbital timescales heavily relies on model simulations, (e.g., Dai
et al. (2022); Liu et al. (2022c); Lyu et al. (2021); Zhao et al. (2023a)) with very limited
long paleoclimatic records available for reference. Furthermore, during the late Holocene,
human activities and natural climate variability have intertwined, leading to ongoing de-
bates about which factor has predominantly influenced the evolution of surface ecological
environments. Clarifying this issue is crucial for assessing the evolution of regional hydro-
logical environments and their impact on human-environment relationships in the context
of future global changes.

1.3.3 Challenges and Improvements in Techniques for Analysing Sta-
lagmite Fluid Inclusions Water Stable Isotope

Although fluid inclusion water isotopic analysis has made significant contributions to under-
standing stalagmite paleoclimate records, the original isotopic signal of precipitation may
be altered. This is typically observed as a pronounced positive shift in δ18OFI and δ2HFI val-
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ues, with data points enriched in δ2HFI and δ18OFI compared to the global or local meteoric
water line and a fitted slope considerably lower than that of the water line. Several factors
contribute to this phenomenon. For instance, precipitation evaporation may occur within
the epikarst zone or cave environments, and isotopic exchange between inclusion water and
the surrounding calcite may alter the original δ18OFI signal after the inclusion has formed.

There may also have been a significant impact from measurement techniques. Recent
studies have highlighted that heating the sample during measurements produces significant
isotopic artifacts (de Graaf et al., 2022; Fernandez et al., 2023). Evaporative water loss due
to heating before the extraction/release of inclusion water for measurement can significantly
increase the δ18OFI and δ2HFI values. Currently, this is a common issue in the isotopic anal-
ysis of stalagmite fluid inclusion water, especially in practical applications, where it is often
difficult to determine whether abnormally high values are due to natural factors or analyti-
cal artifacts. Therefore, careful screening and evaluation of results are essential to exclude
or correct anomalous data, or to obtain more reliable results by improving measurement
techniques.

In addition to the factors mentioned above, it is important to note that different labo-
ratories employ varying techniques for measuring fluid inclusion water isotopes, and even
the same technique may involve differing measurement processes and parameters across
laboratories. These differences can lead to potentially discrepancies in the isotope results
obtained. For example, current research suggests that systematic biases may exist between
Isotope Ratio Mass Spectrometry (IRMS) and Cavity Ring-Down Spectroscopy (CRDS)
techniques when measuring δ18OFI and δ2HFI values biogenic carbonates (de Graaf et al.,
2020). The optimal water volume range for measurement also varies between techniques,
particularly for small-volume samples, which can result in reduced analytical reproducibility
or systematic shifts in isotope values. It remains unclear whether significant biases exist be-
tween measurement results from different laboratory instruments, whether amount effects
occur, or how these effects manifest. Further research is needed to address these poten-
tial issues and improve the reliability of analytical results, particularly in studies involving
small-volume samples.

1.4 Dissertation Structure and Key Research Topics

Focusing on the three main issues mentioned above, this dissertation first examines the tech-
nical aspects of δ18OFI and δ2HFI measurements in fluid inclusion water. It then proceeds
with reconstructions of EASM intensity and environmental changes during the Last Glacial
and Holocene, using multiple indicators derived from stalagmites.

In Chapter 2, this dissertation quantitatively examines the systematic deviations ob-
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served in δ18OFI and δ2HFI values measured using the Heidelberg fluid inclusion line (HD
line) under low water volume conditions, based on a substantial number of standard water
injections. To address these deviations, a new calibration procedure was developed, which
significantly enhances the reliability of measurements for samples with low water content
(less than 0.2 μl). Additionally, the chapter highlights recent advancements in the HD line’s
measurement techniques and data analysis protocols, which have notably reduced measure-
ment and heating times while ensuring high precision and accuracy.

In Chapter 3, this dissertation provides a quantitative evaluation of the phenomenon of
fluid inclusion water vaporization caused by pre-heating before sample crushing, along with
the resulting artifacts in isotope measurements. This analysis is based on measurements of
biological carbonate archives, specifically cold-water corals from Iceland and Angola. To
mitigate this issue, a novel measurement technique was developed, wherein samples are
encapsulated in glass tubes to prevent evaporation. The chapter demonstrates the reliabil-
ity of this method through an analysis of isotope results obtained with the new technique.
This chapter highlights the methodological challenges and uncertainties in interpreting the
δ18O and δ2H values of coral skeleton inclusion water, emphasizing the need for a better
understanding of coral calcification and potential seawater exchange processes.

In Chapter 4, the dissertation focuses on the inter-laboratory comparison of fluid in-
clusion water isotope measurements. A comparison experiment was designed, involving
13 laboratories, in which standard water samples with varying volumes and isotope values
were distributed to assess and compare the measurement results across different laborato-
ries. This chapter identifies key factors that influence the accuracy of fluid inclusion water
isotope analysis. The primary objectives include evaluating measurement precision both
within and between laboratories, investigating the effect of water volume on isotope val-
ues, comparing results across laboratories, and examining the adsorption effects of freshly
crushed calcite. The aim of this research is to optimize the use of fluid inclusion isotope
techniques in paleoclimate studies and support their broader application.

In Chapter 5, the dissertation presents isotopic analyses of inclusion water from Chinese
stalagmites from themiddle to late Holocene. Time series of δ18OFI and δ2HFI for this period
in southwestern China are established by employing the Rayleigh fractionation model and
an improved measurement procedure, which eliminates anomalous isotopic results caused
by the measurement process. By combining δ18Os and δ13Cs records, this chapter evaluates
the relationship between EASM intensity, human activities, and regional hydrological con-
ditions in southwestern China. It also explores the applicability of δ18O as an indicator of
EASM intensity or regional hydrological conditions.

Finally, in Chapter 6, the dissertation evaluates the climatic significance of δ18O on the
orbital scale in the EASM region by analyzing trace elements from a stalagmite that grew
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continuously during the last glacial period in southwestern China, alongside δ13C records.
The chapter examines the influence of NHSI and global ice volume on the phase and am-
plitude variations of the regional hydrological environment during the last glacial period.
Furthermore, it explores the spatial distribution patterns and driving mechanisms of mon-
soonal precipitation in China on both orbital and millennium timescales.

1.5 Materials and Methods

Due to the use of various standard waters, cold-water coral, and speleothem samples from
different environments and climate zones across the globe in different chapters, the prepara-
tion and measurement of these samples, as well as the sample pre-treatment and data analy-
sis, vary significantly. To ensure the coherence of the dissertation, this section provides only
general information about the measurement equipment primarily used in this study. Detailed
information regarding the research areas of the sampling sites, sample pre-treatment, mea-
surement procedures, and calibration processes will be provided in the respective chapters.

1.5.1 Fluid Inclusion Stable Isotope

Weissbach et al. (2023) developed a stable isotope measurement system for carbonate inclu-
sion water based on CRDS at the Institute of Environmental Physics, Heidelberg University,
which includes a data analysis protocol (Figure 1.7). All measurements and improvements
to the stable isotope analysis of inclusion water in this dissertation were conducted using
this system.

The measurement principle of the system involves artificially creating a stable back-
ground of water vapor with a known isotopic composition. After the sample is heated and
crushed, the inclusion water is rapidly evaporated at high temperatures (120°C) (Figure 1.7).
The resulting mixed signal from the water vapor background and the sample vapor is then
simultaneously transmitted to the CRDS (Picarro L2130-i) for measurement. By subtracting
the background signal from the mixed signal, the amount of water released from the sample
and its isotopic values can be determined.

The measurement line consists of several components. First, a peristaltic pump mixes
standard water with a known isotopic composition into a nitrogen gas flow, creating a stable
water vapor background. The nitrogen flow rate is controlled at 320 mL per minute, main-
taining a stable water vapor concentration of 6000–8000 ppmv (Figure 1.7). The samples
are loaded into copper tubes with an inner diameter of 8 mm, which are sealed at both ends
and connected to the line. A hydraulic crusher then crushes the copper tube and sample.
Finally, the line is connected to the CRDS for online measurement. The mixing cavity,
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crushing unit, and connecting line are all placed in an oven set to 120°C. Sections of the line
exposed outside the oven are heated to 120°C using heating tapes (Figure 1.7). The twomix-
ing cavities are used to stabilize the signals from the water vapor and isotope backgrounds,
as well as to mix the background and water vapor from the inclusion water.

Figure 1.7. Schematic diagram of Heidelberg fluid inclusion measurement line. The
red box indicates a 120 °C heated environment.

The measurement process and data evaluation protocol follows the method outlined by
Weissbach et al. (2023). The general process involves determining the start and end points
of the sample signal peak based on the slope. The measurement process is as follows: the
sample is loaded into a copper tube, and once the water vapor and isotope background have
stabilized, the copper tube is crushed using a hydraulic press to release water form sample.
The entrappedwater in the sample is then instantaneously evaporated at 120°C. The resulting
sample water vapor is mixed with the background water vapor in the mixing cavity and
subsequently transferred to the CRDS analyzer for online measurement.

The general data analysis process involves determining the start and end points of the
sample signal peak based on the slope. The isotopic values and water volume of the sample
are calculated by subtracting the background signal from the mixed gas measurement sig-
nal. The resulting data are then calibrated for isotopic values and water volume. For isotopic
calibration, six different of standard waters are employed, with isotopic values measured us-
ing a separate CRDS system in the laboratory. These standards are cross-calibrated to the
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International Atomic Energy Agency international standards. The calibration equation is
derived by calculating the linear relationship between the measured stabilized water vapor
background isotopic values and the true standard water isotope values. Water volume cal-
ibration is performed by measuring capillaries with known water volumes, establishing a
linear relationship between the time-integrated water volume signal (ppmv·s) measured by
CRDS and the known water volumes. A detailed description of the isotopic and water vol-
ume calibration processes is provided in Weissbach et al. (2023). The analytical precision
of the measurement system is δ2H ≤ ±1.5‰ and δ18O ≤ ±0.5‰. Memory, adsorption, and
amount effects in fluid inclusion isotope analysis are negligible for samples with ≥ 1 μl/g
calcite. Isotopic interference is also negligible for sample isotope ratios within 10‰ (δ18O)
and 50‰ (δ2H) of the water vapor background.

1.5.2 Trace Elements

The analysis of trace elements in stalagmites is performed at the Institute of Environmen-
tal Physics, Heidelberg University, using laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). This technique offers low detection limits and high spatial res-
olution, enabling the simultaneous acquisition of multiple trace elements while minimizing
physical damage to the samples (Figure 1.8). The Institute of Environmental Physics, the
LA-ICP-MS setup couples a 193 nmArF excimer laser (NewWave Research NWR193 UC)
with an inductively coupled plasma quadrupole mass spectrometer (Thermo Fisher iCAP-
Q). Line scans are conducted along the sample’s long axis at a speed of 20 µm/s, with a
rectangular spot size of 15 × 150 µm (the longer edge perpendicular to the scanning path).
To minimize potential surface contamination, the scanning path is pre-ablated at a speed of
80 µm/s. The laser pulse repetition rate is set to 20 Hz, and each isotope is measured every
100 milliseconds on the mass spectrometer. Background counts are measured with the laser
turned off and subtracted from the raw data.
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Figure 1.8. Schematic diagram of the laser ablation inductively coupled plasma mass
spectrometry system. A laser beam (yellow optical path) is emitted by the Laser System
and focused onto the sample surface in the Sample Chamber through a series of mirrors
and lenses, inducing laser ablation and generating fine aerosol particles. These particles
are carried by the Carrier Gas Flow and transported into the Plasma Torch. The Charge-
Coupled Device (CCD) records optical signals generated during laser ablation to assist with
data analysis.The image is cited from https://www.tofwerk.com/zh-hans/laser-ablation-icp-
ms-imaging/.

https://www.tofwerk.com/zh-hans/laser-ablation-icp-ms-imaging/
https://www.tofwerk.com/zh-hans/laser-ablation-icp-ms-imaging/




Chapter 2

Technical Improvements of Heidelberg
Fluid Inclusion Measurement Line

Key Points:

• With decreasing water volume (less than 0.5 μl), the δ18O and δ2H values mea-
sured by the Heidelberg fluid inclusion line exhibit systematic deviations from
expected values.

• The isotope value increases logarithmically with decreasing water volume, which
can be corrected using an appropriate calibration procedure.

• The latest improvements to the measurement line and data analysis protocols
have shortened the measurement and heating times for individual samples while
maintaining the original accuracy and precision.
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This chapter builds upon the work of Dr. Therese Weissbach and her colleagues (Weiss-
bach et al., 2023), who established the fluid inclusion measurement line at Heidelberg (HD)
University based on the CRDS system as part of her doctoral research. Their setup enabled
isotopic analysis of fluid inclusions extracted under stable and controlled water vapor back-
ground conditions. Long-term stable calibration of both isotope ratios and water volume
for the CRDS system was achieved. To evaluate the performance of fluid extraction and
measurement, they used syringe injections and borosilicate capillaries filled with reference
water. Their experiments demonstrated that the setup does not introduce isotopic shifts for
small water volumes, and that memory effects can be minimized if the isotopic composition
of the background vapor closely matches that of the sample (within 10‰ for δ18O and 50‰
for δ2H).

Building on previous work, the Heidelberg fluid inclusion measurement line was further
optimized during the course of the my doctoral research, through extensive repeated mea-
surements of standard waters, along with comprehensive data quality assessment and analy-
sis. The HD measurement line shows high reproducibility and accuracy for large water vol-
umes, but when measuring small volumes (below 0.5 μl), accuracy and reproducibility de-
grades, affecting result reliability. Although previous studies reported no significant isotopic
shifts in small-volume samples, the limited number of repeated measurements leaves some
effects insufficiently constrained. This chapter quantifies isotopic shifts in small-volume
measurements and provides a revised calibration approach. It also addresses measurement
efficiency and the impact of prolonged heating, which may cause water evaporation and
isotopic fractionation. The HD measurement line is further optimized to reduce measure-
ment and heating times, improving efficiency while maintaining accuracy. In addition, this
chapter provides an evaluation of the long-term performance of the HD line from 2021 to
2025, demonstrating its stability and accuracy in the measurement of fluid inclusion stable
isotopes over extended periods.

2.1 Introduction

Since the 1970s, isotopic analysis techniques for fluid inclusions water in speleothems have
undergone significant development (Harmon et al., 1978; Schwarcz et al., 1976), evolving
from offline IRMS to continuous-flow IRMS (CF-IRMS) (Dublyansky and Spötl, 2009;
Schwarcz et al., 1976; Vonhof et al., 2006), and more recently to laser spectroscopy methods
such as CRDS (Affolter et al., 2014; Arienzo et al., 2013). Early studies employed offline
crushing extraction methods (e.g., Schwarcz et al. (1976)), which required 1 to 4 g of sample
per measurement and could only determine δ2H. In 2006, Vonhof et al. (2006) integrated
online crushing techniques with CF-IRMS, enabling simultaneous determination of δ2H and
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δ18O with analytical precisions of ±1.5‰ for δ2H and ±0.5‰ for δ18O while reducing the
required water volume to about 0.25 μl. Since 2013, laser spectroscopy methods such as
Picarro CRDS have gradually become the mainstream approach (e.g., Affolter et al. (2014);
Arienzo et al. (2013); Uemura et al. (2020); Weissbach et al. (2023)). These methods allow
simultaneous measurement of δ2H, δ18O and δ17O, with improved precisions of ±0.2‰ for
δ18O and ±1.0‰ for δ2H and require as little as 0.05 μl of water (Affolter et al. (2025)
and their references). Concurrently, water extraction techniques have diversified, primarily
including mechanical crushing and high-temperature thermal decrepitation (Schwarcz et al.,
1976). Mechanical crushing, which effectively avoids isotopic fractionation caused by high
temperatures, has emerged as the dominant technique in current research.

These technological advancements have significantly improved the analytical precision
of stable isotopes in fluid inclusion water and expanding the range of measurable samples
to those with low water content (<0.5 μl) (e.g., Affolter et al. (2014); Vonhof et al. (2006)).
However, current research has largely focused on optimizing technical aspects, such as re-
fining water extraction methods, while paying relatively little attention to the “volume de-
pendent effect” in isotopic measurements under low water volume conditions (<0.5 μl). A
limited number of studies have indicated that as water volume decreases, systematic posi-
tive or negative shifts in isotopic values may occur, accompanied by substantial declines in
measurement precision and reproducibility (de Graaf et al., 2020). This issue is particularly
pronounced in measurements conducted using CRDS-based systems (de Graaf et al., 2020).
The accuracy, stability, and volume dependence of isotopic measurements from fluid inclu-
sions with <0.5 μl water remain poorly understood, and standardized correction protocols
are lacking.

In addition, different measurement systems vary significantly in sample measurement
efficiency, with the number of samples that can be measured each day ranging from a few
to a dozen or even dozens (e.g., Affolter et al. (2014); de Graaf et al. (2020); Uemura et al.
(2020)). Improvingmeasurement efficiency not only enables the acquisition of more sample
data within a limited timeframe but, more importantly, substantially reduces the heating and
waiting time of samples within the system. This, in turn, minimizes potential water loss
and associated isotopic fractionation effects (Fernandez et al., 2023). Therefore, optimizing
measurement efficiency is not only a critical means of enhancing measurement productivity
but also a key factor in ensuring the accuracy of isotopic measurements under low water
volume conditions.

Building upon this, the chapter focuses on isotope measurement and data analysis of
water samples with volumes less than 0.5 μl using the Heidelberg measurement platform.
The research aims to: (1) quantify assess the measurement precision and stability of CRDS-
based fluid inclusion isotopic analysis under extremely low water volume conditions; (2) to
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enhance measurement efficiency by reducing both the heating and analysis time per sam-
ple, without compromising the current levels of precision and accuracy; and (3) propose a
fractionation correction model suitable for low-water conditions.

To achieve these objectives, this chapter using the fluid inclusion measurement platform
developed by the Institute of Environmental Physics at Heidelberg University, conducting
a systematic evaluation of isotopic measurement performance under conditions of water
volume less than 0.5 μl. This platform, based on a CRDS system, has already demonstrated
excellent measurement accuracy and repeatability under high-water sample conditions (>1
μl) (δ2H ≤ ±1.5‰, δ18O ≤ ±0.5‰) (Weissbach et al., 2023). However, under low water
volume conditions (<0.5 μl), there remains a lack of systematic research and quantitative
evaluation on the stability of isotopic measurements and the sources of potential bias.

Firstly, the measurement reproducibility deteriorates as the water volume decreases. For
water volumes greater than 1 μl, the reproducibility of injected standard water ranges from
0.1 to 0.3‰ for δ18O and 0.2 to 0.7‰ for δ2H. However, for water volumes between 0.1 and
0.5 µl, the reproducibility significantly decreases to 0.4–0.5‰ for δ18O and 1.1–1.9 ‰ for
δ2H. It is noteworthy that the reproducibility for these low water volumes was derived from
a very limited number of replicate measurements (six measurements per 0.1 µl gradient)
(Weissbach et al., 2023).

Secondly, the effect of water volume on measured isotopic values is a key issue. Taking
the quantitative injection measurement of standard water as an example, as the water volume
decreases, the measured δ18O and δ2H values gradually deviate from the standard water
isotopic values. Although Weissbach et al. (2023) claimed that “for smaller water volumes,
our device does not cause isotopic value drift”, this effect may be overlooked or obscured
due to the limited number of replicate measurements. Given that numerous fluid inclusions
in speleothems release less than 0.5 µl of water per measurement, and although increasing
sample mass can improve precision, it also entails consuming more material and reducing
resolution, making it crucial to understand and correct the volume dependency of isotopic
measurement accuracy and reproducibility at low water volumes.

Finally, measurement efficiency and sample heating time are critical concerns. In the
current HD line design and measurement procedure, a full measurement cycle—including
sample loading, system stabilization, crushing, and measurement—takes 90 to 120 min-
utes. With the system’s initial morning stabilization, only 3 to 4 samples can be processed
in a working day, and this number decreases further when standard water measurements
are included. This efficiency is insufficient for analyzing large numbers of samples.In con-
trast, other analytical platforms developed based on the CRDS platform can process a dozen
or even several dozen samples in a single day (e.g., Affolter et al. (2014); de Graaf et al.
(2020); Tian et al. (2020); Uemura et al. (2020)), highlighting the urgent need to improve
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and optimize the HD line.
After loading a sample, a 30- to 40-minute wait is required for system stabilization fol-

lowing background disturbance from opening the system. During this time, samples await-
ing crushing remain heated at 120 °C. Given the relatively porous and unique crystalline
and depositional structures of speleothems and corals, prolonged heating can lead to wa-
ter evaporation from fluid inclusions and isotopic fractionation (for detailed evaluation, see
Chapter 3).

Optimizing the HD line to shorten individual measurement times while maintaining ac-
curacy and precision would significantly improve efficiency. Reducing heating duration
would also help minimize water evaporation and isotopic fractionation in some samples.

Bymeasuring numerous laboratory standardwater sampleswith known hydrogen-oxygen
isotopic compositions and varying volumes, the effect of water amount on isotopic values
can be investigated and calibrated. This process enhances measurement accuracy and fa-
cilitates error assessment. This section systematically evaluates the reproducibility, accu-
racy, and volume effects in isotopic measurements, specifically targeting fluid inclusion
water samples with sub-0.5 µl. Based on 147 replicate measurements of different volumes
of three standard waters, new calibration scripts were developed to account for the water
amount dependence of isotopic measurements. Additionally, improvements to the HD line
and the existing analytical protocol reduced both measurement and heating times, enhancing
efficiency while maintaining accuracy and precision. These enhancements also minimized
water evaporation and isotopic fractionation caused by heating.

2.2 Methods

Six internal laboratory standards were used as reference waters in the system. VE50% was
prepared by evaporating 1L of VE standard water to 50% of its original volume (Table 2.1).
The δ18O range of these standards is -30.68‰- 3.91‰, and the δ2H range is -243.97‰-
21.67‰. The isotopic values of these reference waters were measured using another CRDS
(Picarro) system in the laboratory, and the calibration was performed using international
standards from the IAEA. To examine thewater amount dependency of δ18Oand δ2Hvalues,
VE50%, VE, and CC were selected for injection experiments. VE water was used as the
water vapor background for all measurements.

In the isotope value amount dependency experiments, the injection volumes of each
standard water ranged from 0.03 to 0.80 μl. The injection measurements were carried out
under stable line conditions (i.e., within 20 minutes prior to injection, the standard deviation
of water vapor concentration changes was less than 20 ppmv, and the standard deviations of
δ18O and δ2H changes were less than 0.25‰ and 1.00‰, respectively). Each measurement
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Standard δ18O (‰, V-SMW) SD (1σ) δ2H (‰, V-SMW) SD (1σ)

VE -8.50 0.00 -60.34 0.02
VE70% -1.82 0.07 -39.80 0.49
VE60% 0.92 0.05 -31.27 0.56
VE50% 3.91 0.20 -21.67 1.09
CC -15.15 0.14 -110.88 0.39

IIIa (NG a) -30.68 0.02 -243.97 0.12

Table 2.1. Standard water used in the Heidelberg fluid inclusion measurement line.
The isotopic values of the standard water are measured by another CRDS in the laboratory.

lasted 30 to 60 minutes. The different volumes three standard waters were measured 51
(VE50%), 58 (VE), and 38 (CC) times, respectively, between February 2022 and February
2023.

The calibration of raw data for CRDS analysis follows the protocol outlined by Weiss-
bach et al. (2023). The isotope results are then calibrated using the linear regression equation
derived from line measurements and the true values of the lab internal standard water. Wa-
ter volume calibration is performed using the linear regression equation between the time-
integrated measurement volume signal (in ppmv) and the water volume of the glass capillary
(in μl). The above analysis process is implemented using the Python Jupyter script provided
by Weissbach et al. (2023). For further details on the analytical protocol and specific linear
equations, please refer to Weissbach et al. (2023), as they are not reiterated here.

2.3 Results

The overall measurement results for the three standard waters are shown in Figure 2.1 and
Table S2.1 in Supplementary Information B.1. The standard deviations of isotope measure-
ments for the three standard waters are similar. For δ18O, the standard deviations are 0.34‰
(VE5), 0.50‰ (VE50%), and 0.47‰ (CC). For δ2H, the standard deviations are 0.85‰
(VE), 1.18‰ (VE50%), and 0.95‰ (CC) (Figure 2.1). This consistency with Weissbach
et al. (2023)’s findings primarily reflects fundamental variations in the isotopic dataset. To
better assess the accuracy and reproducibility of isotope measurements at different water
volumes, the data were arranged according to water volume and analyzed using a moving
standard deviation approach.

The 7-point standard deviations of δ18O and δ2H for the three standard waters clearly
demonstrate a dependence of isotope values on water volume (Figure 2.2). For δ18O, repro-
ducibility is better than 0.2‰ for water volumes greater than 0.5 μl. For volumes between
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Figure 2.1. Quantitative injection results for three standard waters. Red and blue col-
ors indicate δ18O and δ2H respectively. The black lines indicate the fitted curves for the
respective data sets, which show a decrease in the volume of injected water and a logarith-
mic trend of increasing isotopic values. The background water used during the measurement
was VE water. As shown in the figure, when the volume exceeds 0.5 μl, the isotopic values
remain relatively stable; however, when the volume is less than 0.5 μl, significant deviations
in isotopic values are observed.

0.2 μl and 0.5 μl, reproducibility ranges from 0.2‰to 0.5‰. For volumes below 0.2 μl,
reproducibility deteriorates significantly, ranging from 0.4‰ to 0.8‰. A similar volume
dependence is observed for δ2H measurements (Figure 2.2). When the water volume ex-
ceeds 0.5 μl, reproducibility is approximately 0.5‰. For volumes between 0.2 μl and 0.5
μl, reproducibility remains below 1.0‰. For volumes smaller than 0.2 μl, reproducibility
deteriorates further, with two standards showing values between 1.0‰ and 1.5‰, while one
standard ranges from 1.2‰ to 2.0‰. These results indicate that isotope measurement re-
producibility is strongly dependent on water volume, with higher reproducibility achieved
at larger volumes.

Water volume also affects the absolute values of isotope measurements. As water vol-
ume decreases, the δ18O and δ2H values for the three standard waters exhibit a positive shift,
with deviations from the standard water isotopic values increasing as the water volume de-
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Figure 2.2. The 7-point standard deviation of the three standard water isotope results.

creases (Figure 2.1). Specifically, the positive shift for δ18O values ranges between 1.0‰
and 2.0‰, while for δ2H values, the shift ranges between 2.0‰ and 4.0‰ (Figure 2.1).
Curve fitting results indicate that isotope values generally follow a logarithmic increase as
water volume go to zero. No correlation was observed between measurement accuracy and
precision and the isotope values of different standard waters; instead, accuracy and preci-
sion were dependent on water volume. Note that the differences observed at small volumes
are also independent of the isotopic differences between the standards and the water vapor
background.

2.4 Discussion

2.4.1 Water Amount Effects of Isotope Values

Compared to the fewer injection measurements reported by Weissbach et al. (2023), this
dissertation offers a more comprehensive characterization of the isotopic accuracy and pre-
cision of the HD line across different water volumes through extensive repeated injections
(n=147) (Figure 2.1). As water volume decreases, the measured δ18O and δ2H values show
significant deviations from standard water isotopic values, and reproducibility decreases as
expected from the decrease in integration area (Figure 2.1 and Figure 2.2). Specifically,
measurements remain stable for water volumes of 0.5 μl or greater (reproducibility of 0.2‰
for δ18O and 0.5‰ for δ2H). For water volumes between 0.2 and 0.5 μl, isotopic accuracy



46 2.4 Discussion

and precision show a slight decline but systematic. When volumes are less than 0.2 μl, pre-
cision and accuracy markedly decrease (Figure 2.1 and Figure 2.2). Similar effects of water
volume on isotope values have been observed in fluid inclusion measurements in some labo-
ratories. For example, in the study by de Graaf et al. (2020), the water volume effect resulted
in shifts of approximately 0.5–1‰ for δ18O and 1–2‰ for δ2H.

The lowered accuracy and precision of isotope values for water volume less than 0.5 μl
may be related to several factors. First, the influence of background is a likely contributor.
After injection or sample crushing, the evaporated water vapor mixes with the background
vapor within the mixing cavity, resulting in the measured δ18O and δ2H values being a
weighted mixture of the sample and the background. During measurement, if an amount
of water more than 0.5 μl is released, the sample-derived vapor dominates the mixed vapor
signal. For example, with an injection volume of 1 μl, the change in water vapor concen-
tration is 3500 ppmv, which is substantial when compared to the baseline level of 6000 to
8000 ppmv (i.e., 30–50%). In contrast, an injection volume of just 0.1 μl leads to a change
of only 350 ppmv in water vapor concentration, representing approximately 0.5% of the
baseline value. As the released water volume decreases, the proportion of sample-derived
vapor in the mixing process is reduced, leading to a greater influence from the background
and, consequently, a deviation in the final isotope values.

It is worth noting that both δ18O and δ2H values tend to exhibit a systematic shift toward
more positive values as the injected water volume approaches zero. This positive deviation
appears to be independent of the isotopic composition of the background standard water. For
example, even when the injected standard water VE50% has higher δ18O and δ2H values
than the background, the measured isotopic values still increase as the water volume de-
creases (Figure 2.1). The underlying reason for this consistent positive trend—rather than
a shift toward the isotopic composition of the background water—remains unclear. Further
experiments under background conditions with varying isotopic characteristics are needed
to determine whether the direction of this deviation is influenced by the isotopic composition
of the background water.

Despite the unknown mechanisms described above, it is important to note that the same
background standard water (VE) was used consistently in this experiment as well as dur-
ing routine line operation and calibration. Moreover, the three standard waters used in the
injection experiments span a broad range of isotopic compositions—δ18O from +3.91‰ to
–15.15‰ and δ2H from –21.67‰ to –110.88‰—which covers the typical isotopic range
observed in fluid inclusions from speleothems and corals samples. Therefore, empirical
correction formulas can still be effectively applied to account for the observed isotopic de-
viations.

Temperature fluctuations from opening the heating box, which is turned off for 1-2 min-
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utes during sample crushing, may also affect measurements. The mixing cavity, sample-
holding copper tube, and connecting lines are housed within the heating box. At high wa-
ter volumes, strong vapor signals from the sample overshadow temperature-induced back-
ground fluctuations. However, at low volumes, the limited vapor release makes background
variations more pronounced, leading to reduced measurement reproducibility.

Based on the above findings, the measurement performance of the HD line can be im-
proved in at least two ways. First, as water volume decreases, the measured isotope values
deviate in a predictable manner, aligning well with the fitted curve. This deviation can be
corrected through an additional isotope-water correction process. Second, the impact of va-
por mixing and background fluctuations can be mitigated by adjusting the size of the mixing
cavity. A smaller cavity shortens the mixing time between sample and background vapor,
reducing background influence and significantly shortening the measurement time. These
improvements will be discussed in Sections 2.4.2 and 2.4.3.

2.4.2 Calibration of Isotope Values for Water Volume Effects

Quantifying and correcting for the volume effect on isotope values could further enhance
the accuracy of fluid inclusion measurements, especially under low water volume scenarios.
Similar trends have been observed in the CRDS-based system developed by de Graaf et al.
(2020) in Mainz, which features a design comparable to ours and has successfully imple-
mented calibration. However, it remains uncertain whether the same calibration process can
be applied to the HD line. To address this, the correction process used by de Graaf et al.
(2020) was adapted to fit the HD measurement line, based on the isotope results of our three
standard waters.

The fitting results indicate that the δ18O and δ2H values increase logarithmically as the
water volume decreases, a trend that can be expressed by the Eq. 2.1. For the three standard
waters, the fitted results are described by the equation Eq. 2.2-2.7.

y = A · ln(x)− B (2.1)

where:

A : Coefficient dependent on the sample isotopic values.
B : Another coefficient dependent on the sample isotopic values.

ln(x) : Natural logarithm function of x.

y = 0.37 · ln(x)− 4.17 (r2 = 0.61, VE50%, δ18O) (2.2)

y = 0.46 · ln(x)− 8.47 (r2 = 0.54,VE, δ18O) (2.3)
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y = 0.50 · ln(x)− 15.26 (r2 = 0.63,CC, δ18O) (2.4)

y = 0.79 · ln(x)− 20.07 (r2 = 0.45,VE50%, δ2H) (2.5)

y = 0.94 · ln(x)− 60.15 (r2 = 0.45,VE, δ2H) (2.6)

y = 1.12 · ln(x)− 110.10 (r2 = 0.79,CC, δ2H) (2.7)

Figure 2.3. Correlation of the coefficientA of the logarithmic trendwith isotopic values
measurements at 0.4 μl. The results show a positive correlation between the coefficient A
and the isotopic values.

Given that the volume effect on isotopic values becomes particularly pronounced for
water volumes below 0.4 μl (Figure 2.1 and Figure 2.2), it may be ideal to correct water
volumes smaller than 0.4 μl to 0.4 μl. To this end, the coefficient A of the logarithmic
functions from different standards was fitted using the isotopic measurements at 0.4 μl. The
results show a linear relationship between coefficient A and the standard water isotopic
values at 0.4 μl, which can be expressed by the Eq. 2.8-2.9 (Figure 2.3). Based on Eq. 2.2-
2.7 and Eq. 2.8-2.9, it is concluded that the volume effect on isotopic values in the system
is systematic, with the isotopic values exhibiting a logarithmic increase as the water volume
decreases, and that the coefficient A of the logarithmic trend is dependent on the isotopic
values (Figure 2.3).

y = 0.00688 · x− 0.403 (r2 = 0.99, δ18O) (2.8)

y = 0.00363 · x− 0.726 (r2 = 0.99, δ2H) (2.9)

where:

x : Standard water isotopic values at 0.4 μl.
y : Coefficient A of fitted logarithmic functions.
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The above results are very similar to the phenomena observed by de Graaf et al. (2020).
Due to variations in system design and heating temperatures, our fitting results and coeffi-
cients, however, differ from theirs. Given that the deviations in isotopic values are system-
atic and follow a predictable pattern, isotopic values volume corrections can be implemented
using this calibration approach.

The whole idea of the calibration is to add to the original isotope values a variable n :

n =
a · δraw + b

(log(0.4)− log(µ))−1 − a
(2.10)

where:

a : Slope of the fit between the isotope ratios measured at 0.4 μl.
b : Intercept of the fit between the isotope ratios measured at 0.4 μl.

log(µ) : logarithm function of water volume.

Substituting the parameters in Eq. 2.8-2.9 for:

n =
0.00688 · δraw + 0.403

(log(0.4)− log(µ))−1 − 0.00688
(δ18O) (2.11)

n =
0.00363 · δraw + 0.726

(log(0.4)− log(µ))−1 − 0.00363
(δ2H) (2.12)

The final correction equation can be expressed as Cd in Eq. 2.13

Cd = Rd + n (2.13)

where

Cd : The corrected isotope value
Rd : Raw isotope value.
n : The corrected variable calculated by Eq. 2.11-2.12.
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Figure 2.4. Result of the volume effect correction for isotopic values. The black dots
indicate raw isotopic values and red and blue dots indicate corrected δ18O and δ2H values.
The results show that the logarithmic trend of the isotopic values is removed.

This correction process can be implemented in Python using the Jupter script for adjust-
ing the drift of isotope values (Supplementary Jupyter script in Supplementary Information
B.1). The calibration results indicate that the deviation trends of δ18O and δ2H values for
the three standards have been significantly corrected, bringing them closer to the expected
values (Figure 2.4).

Overall, through extensive standard water injection measurements, the water volume
dependence of isotopic results below 0.5 μl water volume (Eq. 2.2-2.7) and the deviation is
related to the isotopic values of the samples (Eq. 2.8-2.9). The newly developed calibration
process can effectively eliminate the deviation trends in isotopic values under low water
volumes, particularly for volumes smaller than 0.4 μl, thereby improving the accuracy of
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isotopic measurements, and improving the measurement range from 0.5 - 2 μl to 0.1 to 2 μl.
This performance is comparable to other measurement platforms developed using IRMS
and CRDS under vacuum or wet background conditions (Affolter et al. (2025) and their
references), with notably improved precision for low water volume samples, particularly
those below 0.3 μl.

2.4.3 Long-term Stability

Over the past three to four years, the regression equations relating CRDS isotope measure-
ments to reference values have been updated biannually. The linear regression relationship
has remained nearly constant across different periods, highlighting the long-term stability of
the system (Figure 2.5). Regarding water volume, measurements over the past three years
have consistently reflected the volume of water in the capillaries (Table 2.2). These findings
demonstrate that the HD line maintains exceptional stability, enabling precise measurement
of both water volume and isotope values without the need for calibration for several months
or even years.

Dates Filled water volume (μl) Measured water volume (μl)

08/02/2022 2.67 2.69
29/06/2022 1.84 1.90
01/09/2022 0.76 0.79
02/06/2023 1.43 1.48
20/11/2023 1.62 1.69
07/03/2024 1.25 1.30
09/07/2024 1.99 2.00
09/08/2024 1.46 1.47

Table 2.2. Results of glass tube filled water volume and measured water volume at different
times for HD line.

According to the original analysis protocol, three speleothem samples can be analyzed in
a standard working day (Weissbach et al., 2023), accounting for both the instrument startup
time in the morning and the time required for sample changes. However, the daily measure-
ment efficiency at Heidelberg is relatively low compared to other CRDS-based systems,
primarily due to two factors.

The first is the size of the mixing cavity used to mix the sample and background water
vapour. The mixing cavity offers two primary advantages. First, it extends the measure-
ment time of the sample, enhancing stability. Currently, the 400 ml mixing cavity extends
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Figure 2.5. Results of a linear fit between δ18O (left) and δ2H (right) measurements
and calibration values for HD line at different periods (r2 = 0.99). The results show that
the linear relationship between the isotopic measurements and the calibration values of the
HD line remains stable over time.
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the measurement time to between 30 minutes and 1 hour, depending on the amount of water
released. Second, it improves measurement accuracy. During sample evaporation, lighter
isotopes reach the CRDS quickly via airflow, in less time than the 0.8-second interval be-
tween CRDS recording points. A smaller mixing cavity may result in the loss of some
isotopic signals. However, large mixing cavities also have drawbacks. A larger cavity in-
creases the background disturbance time caused by loading the sample, leading to longer
waiting times before crushing. For example, with a 400 ml mixing cavity, the waiting time
is approximately 30–60 minutes. Prolonged heating can cause inclusion water to leak and
undergo isotopic fractionation due to evaporation (see Chapter 3). The dynamics of iso-
topic exchange during mixing can also affect the final measurement results, a phenomenon
known as the background effect. Larger mixing cavities result in longer mixing times be-
tween sample vapor and background vapor, which may amplify the influence of background
isotope values, particularly when there is a significant difference between the sample and
background isotopic values or when the sample volume is very small. Therefore, selecting
an appropriately sized mixing cavity is crucial for ensuring accurate sample measurements
while minimizing heating and background effects.

The second consideration is the current analysis protocol. According to the established
protocol, it is crucial to maintain stable water vapor background with a standard deviation
no greater than 20 ppmv before crushing or injection. After completing the sample measure-
ment, a new sample cannot be immediately replaced within the following 20 minutes. This
is because the average water vapor and isotope background values during the 20-minute
intervals before and after the sample measurement are used to generate a regression curve,
which calculates the integral area of the sample signal. The 20-minute interval ensures the
optimal probability and stability for the best fit. However, when accounting for the stable
background periods before and after, in addition to the sample measurement time, the total
measurement time per sample exceeds one hour.

To improve the efficiency of single-sample measurements, shortening the stable back-
ground period before and after measurement may be a feasible approach. For example,
reducing this period from 20 minutes to 10 minutes while simultaneously decreasing the
allowable standard deviation of water vapor background fluctuations from 20 ppmv to 10
ppmv could enhance stability within a shorter timeframe. This adjustment may preserve the
original measurement accuracy and precision while minimizing heating duration and overall
measurement time per sample, thereby improving daily measurement efficiency.

Building on the two aforementioned considerations, the measurement line and analysis
protocol were optimized. First, the mixing cavity volume, responsible for blending sample
and background vapour, was reduced from 400 ml to 100 ml. Secondly, the background sta-
bilization time before and after measurement was reduced from 20 to 10 minutes, alongside
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a decrease in the allowable standard deviation of water vapor background fluctuations from
20 ppmv to 10 ppmv. These modifications ensure sufficient sample-background mixing and
stable background conditions while simultaneously minimizing sample heating and back-
ground isotope influence. Comparisons between the new mixing cavity and measurement
protocol with previous results confirmed that isotope value accuracy and precision remained
consistent.

Figure 2.6. Comparison ofmeasurement times of the improvedmixing cavity and anal-
ysis protocol for a single sample (1 μl). On the top is the total measurement time (75
minutes) for a single sample (1 μl) with a large mixing cavity (400 ml) and a 20-minute
background stabilization time. On the bottom is the total measurement time (32 minutes)
for a single sample (1 μl) with a small mixing cavity (100 ml) and a 10-minute background
stabilization time.
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Figure 2.7. Results of isotopemeasurements of two standard waters, CC and VE, using
a 400 ml (left) and 100 ml (right) cavity. The white square dots and grey bars indicate
isotope values and their errors measured using the 400 ml cavity. The red and blue data
points indicate the isotope values and their errors measured using the 100 ml cavity.

The first aspect considered is the measurement duration per sample and the overall daily
analysis efficiency. The results indicate that using a 1 μl sample volume with a 100 ml
mixing cavity and a 10-minute background stabilization period significantly reduced the
total measurement time per sample (Figure 2.6). Specifically, compared to the previous
setup with a 400 ml mixing cavity and a 20-minute background stabilization period, the
total measurement time decreased from 70–80 minutes to 30–40 minutes (Figure 2.6). In
addition, the required sample heating duration was reduced from 30–60 minutes to 20–30
minutes, which mitigated the evaporation of water from the inclusions in the sample and
isotope fractionation. Overall, the number of samples that can be analyzed per day has
more than doubled—from three in the previous setup to six or more under the optimized
conditions, considering the waiting time required for background stabilization after opening
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the system.

Figure 2.8. Deviation of measured injection isotope values relative to expected values.
The top plot represents measurements for a 400 ml mixing cavity (Weissbach et al., 2023)
and the bottom for 100ml. The different shapes and colors of the points indicate the results of
single injection (1 μl) measurements of VE standard water in different water backgrounds.
The black dots and error bars indicate the mean value and its uncertainties. The results
show that the measurements with the 100 ml mixing cavity do not show significant isotopic
background effects.

Secondly, regarding the accuracy of isotope valuemeasurements, the 100mlmixing cav-
ity and the revised analysis protocol yielded isotope values for the two standard waters (VE
and CC) that were consistent with previous results within the margin of error (Figure 2.7)
(Table S2.2 in Supplementary Information B.1). The repeatability of isotope measurements
also showed no significant difference from the previous setup and even improved under the
new conditions, particularly for low water volumes (Figure 2.7).

Finally, regarding background interference, prior research by Weissbach et al. (2023)
indicated that significant discrepancies between the isotope values of sample water and
background vapor could lead to measurement deviations due to isotopic kinetic effects (Fig-
ure 2.8). As the difference between the injected and background isotope values increases,
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the deviation between the measured and expected isotope values also grows (Figure 2.8)
(Table S2.3 in Supplementary Information B.1). It was recommended that the differences
in δ18O and δ2H values between the sample and background should not exceed 10‰ and
50‰, respectively. However, such background effects are less pronounced in a smaller
mixing cavity, even when there is a considerable isotopic difference between the sample
and background (Figure 2.8). This reduction in interference is likely due to the shorter
mixing time between sample water vapor and background vapor in a smaller cavity, which
significantly mitigates the background effect.

In summary, the implemented improvements have enhanced analytical efficiency while
preserving the original measurement accuracy and precision. The use of a smaller mixing
cavity (100 ml) and a shorter background stabilization time (10 mins) has reduced both mea-
surement and heating durations for individual samples, helping to prevent water evapora-
tion and isotopic fractionation during the preheating of fluid inclusions. Additionally, these
modifications improve the accuracy and repeatability of isotope measurements in low-water
conditions and mitigate background interference.

2.5 Conclusions and Significance

Measurements byWeissbach et al. (2023) demonstrated the stability of the newly developed
fluid inclusion HD line at water volumes exceeding 0.5 μl. However, their assessment of
isotope value deviations at lower water volumes remained inconclusive. Based on the anal-
ysis and improvements in this section, the following conclusions can be drawn:
(1) The isotope values measured by the HD line systematically deviate from expected val-
ues following a logarithmic trend as water volume decreases, with a concurrent decline in
measurement repeatability.
(2) The observed trend in isotope value deviation can be corrected through a calibration
process, thereby optimizing analytical performance at low water volumes.
(3) The HD line exhibits excellent long-term stability within uncertainty of calibration. By
refining the analytical protocol and optimizing the sample mixing cavity, measurement effi-
ciency has been increased while maintaining high accuracy and precision. These improve-
ments also reduce sample heating time and minimize the influence of background water
vapor.





Chapter 3

Environmental and Calcification
Impacts On the Oxygen and Hydrogen
Isotope Composition of Cold-Water
Coral Skeleton Fluid Inclusions

Key Points:

• High-temperature heating during coral skeleton inclusion analysis produces sig-
nificant kinetic isotope fractionation.

• Enclosing a coral sample in glass tubes prevents continuous water loss during
measurement and significantly reduces isotopic variance.

• Extracted water has a strong hydrogen isotope fractionation signature, but the
origin of the water remains uncertain.
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Coral skeletons serve as valuable archives for reconstructing past marine environments,
offering precise chronologies and high resolution. The hydrogen and oxygen isotopic com-
positions of skeleton inclusion water provide insights into paleo climate and paleo oceano-
graphic changes. However, analyzing these isotopes is challenging due to the influence of
analytical methods and evaporation temperature on the measurements. This chapter intro-
duces an improved method, where coral fragments are encapsulated in glass tubes prior to
crushing, yielding more reliable results with reduced isotope fractionation. No significant
differences in δ18O or δ2H values are observed between Holocene and Last Glacial period
samples. Compared to surrounding seawater, cold-water corals exhibit δ2H values that are
approximately 50‰ lower, while δ18O values remain relatively unchanged. Additionally,
immersion experiments suggest some water in coral skeletons may exchange with external
water.

Part of the dataset used in this chapter is derived from the bachelor theses of Dana Hölk-
ermann and Amrei Grund, which I co-supervised. They measured a portion of the sam-
ples and provided an initial description and discussion of the dataset in their theses. In
this study, I reanalyzed the data and evaluated the reliability of the glass tube encapsu-
lation method, as well as the isotopic fractionation behavior of the samples. The results
confirm that the proposed method significantly improves the reliability of the measure-
ments. These contributions are central to this chapter. Based on this work, I have writ-
ten a manuscript, which has been accepted for publication in Geochemistry, Geophysics,
Geosystems (https://doi.org/10.1029/2024GC011981). The co-authors include Dana Hölk-
ermann, Amrei Grund, Dr. Sophie Warken, and Prof. Dr. Norbert Frank. Dr. Sophie
Warken reviewed the manuscript, Prof. Dr. Norbert Frank conceptualized and supervised
the research. This chapter represents the published content, with the supplementary material
placed as Section B.2 Supplementary Information for Chapter 3. Additionally, to ensure a
smooth flow in the main text, the tables from the original manuscript have been included as
supplementary tables in the supplementary material.

3.1 Introduction

Biogenic carbonate skeletons contain water at levels up to 2.5% of the total weight of the
skeleton (Cuif et al., 2004; Gaffey, 1988). Water in coral skeletons can exist in various
forms, including the hydration water associated with organics, free water trapped in fluid
inclusions, water absorbed on the surface, and water potentially derived from metabolic
processes (Cuif et al., 2004). Heating experiments have revealed that major water loss at
275° - 330 °C is linked to the dehydration of skeleton organic materials (Cuif et al., 2004).
Extractable amounts of skeleton water (about 0.1% weight), here identified as extractable

https://doi.org/10.1029/2024GC011981
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skeleton inclusion water or inclusion water, may evaporate at temperatures much lower
than 100 °C (Cuif et al., 2004; de Graaf et al., 2022; Krief et al., 2010; Nooitgedacht et al.,
2021). The hydrogen and oxygen isotopic compositions of such skeleton inclusion water
can provide information on the fluid trapping process, calcification, or paleoenvironment
(de Graaf et al., 2022). However, assessing the isotopic composition of the initial coral
skeletal water remains very difficult. One aspect of this challenge stems from extracting
coral skeletal inclusion water and accurately analyzing its hydrogen and oxygen isotopic
compositions without fractionation (Cuif et al., 2004; de Graaf et al., 2022; Nooitgedacht
et al., 2021; Pederson et al., 2019). Second, our understanding of how coral physiology af-
fects the isotopic composition of skeletal inclusion water remains unclear. Corals precipitate
their skeletons from a semi-isolated extracellular calcifying fluid (ECF), also known as the
calcifying medium or subcalicoblastic space (Tambutté et al., 2011; Venn et al., 2011). This
thin fluid layer, located between the skeleton and calicoblastic epithelium, is spatially sep-
arated from seawater and actively regulated in pH and ion concentrations (Allemand et al.,
2011; Tambutté et al., 2011). Elevated pH and carbonate ion levels within the ECF promote
aragonite precipitation and enable calcification even under suboptimal external conditions
(Allemand et al., 2011; Tambutté et al., 2011). Understanding ECF chemistry is essential
for interpreting skeletal geochemical proxies and coral responses to environmental change
(Sevilgen et al., 2019). Corals use a calcifying fluid to synthesize their skeletons. This fluid
contains various dissolved ions and chemical components, primarily calcium and carbonate
ions. Coral physiology thus impacts the composition of the calcifying fluid from which the
skeleton is precipitated (Cohen and Gaetani, 2006; Cohen et al., 2006; Cuif and Dauphin,
2005; Dever et al., 1982; Rollion-Bard et al., 2010; Wefer and Berger, 1991)

Early studies, such as Lécuyer and O’Neil (1994), measured the hydrogen and oxy-
gen isotopic compositions of skeletal inclusion water in 11 marine and freshwater biogenic
skeletal carbonates by thermal decrepitation, and the results differed considerably from those
of the seawater in the surrounding environment. Over the past decade, measurement setups
based on CRDS and IRMS have been widely used to effectively determine the water volume
and hydrogen and oxygen isotopic compositions of fluid inclusion water from stalagmites
(Affolter et al., 2014, 2019; de Graaf et al., 2020; Uemura et al., 2016; Vonhof et al., 2006;
Warken et al., 2022; Weissbach et al., 2023). Recently, de Graaf et al. (2022) measured
the hydrogen and oxygen isotopic compositions of inclusion water in coral skeletons us-
ing three analytical methods developed on the basis of CRDS and IRMS. The findings of
de Graaf et al. (2022) indicate difficulties in obtaining accurate, reproducible, and unfrac-
tionated hydrogen and oxygen isotope results of the initial fluid of coral skeletons using
these measurement setups and methods. First, water loss due to the heating of coral frag-
ments prior to crushing results in significant isotopic fractionation de Graaf et al. (2022).
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Second, coral skeletons are permeable, and internal water may be overprinted by external
water. It remains unclear whether there are multiple pools of internal water, some of which
are easily exchangeable and others are not. For example, when coral skeletons are sub-
merged for several days (72 hours), the initial water is almost entirely replaced, and the
final isotopic results reflect the isotopic composition of the water they were immersed in
de Graaf et al. (2022). Therefore, the initial water may not be adequately preserved. Even if
there is no significant loss of water, under prolonged heating conditions at high temperatures
(175 °C for 90 min), there is a possible exchange of oxygen isotopes between biogenic arag-
onite carbonates and inclusion water, which results in an increase in the isotopic value of
the inclusion water (about 4-6‰) (Nooitgedacht et al., 2021). These observations call into
question the feasibility of extracting information on the isotope ratios of initial inclusion
water from coral skeletons.

Water loss and isotope fractionation strongly depend on different measurement systems
and heating techniques. Isotope fractionation through continuous water loss may be re-
duced or avoided by improved methods, or data may be artifact-corrected on the basis of
reliable skeleton inclusion water isotope reconstructions. This dissertation aims to advance
the understanding of coral skeleton inclusion water using techniques well established for
speleothem fluid inclusion isotope studies (Warken et al., 2022; Weissbach et al., 2023).
The origin of artifacts in coral skeleton inclusion measurements was explored, along with
methods to avoid these artifacts in cold-water coral measurements. Furthermore, the po-
tential for linking hydrogen and oxygen isotope results from coral skeleton inclusion water,
produced by current measurement methods, to environmental changes and coral calcifica-
tion processes was assessed.

3.2 Material and Methods

3.2.1 Study Area and Sample

This study examined cold-water coral samples collected from two distinct locations: Iceland
and Angola (Figure 3.1). All the corals collected belong to the species Desmophyllum per-
tusum, which is a cosmopolitan deep-sea species found in the modern ocean. The analysis
utilized only one sample from Iceland (ICEFI), which grew in modern times. This sam-
ple was obtained during the ICECTD cruise on June 25th, 2012, from Reykjanes Ridge at a
depth of 685m. The local conditions at the sampling time included a temperature of 5.84 °C,
a salinity of 35.06 psu, and an oxygen content of 6.94 ml/l in the seawater. In Angola, sam-
ples were retrieved from the Valentine Mound at 338 to 457 m water depth during the M122
ANNA cruise in January 2016. The detailed 230Th/U dating results for each coral sample are
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shown in Table S3.1 in Supplementary Information B.2. These fossil corals are from either
the Holocene or the last glacial period. The sampling area in Angola presented temperatures
ranging from 7.8 °C to 8.5 °C, with significantly lower oxygen levels ranging from 0.8 to 1.1
ml/l, which was attributed to the high productivity and hypoxic conditions in the upwelling
region of Angola (Figure 3.1). The collected corals were stored dry for preservation. The
corals were well preserved, with occasional minor surface coverage of sediment and tissue.
Prior to measurement, the corals were mechanically cleaned using a handheld Dremel tool
to remove any noncarbonate coating or other substances. The cleaned coral samples were
then cut into small pieces for measurement. The weight of the coral fragments used for
each measurement ranged from 0.5–1.0 g (Table S3.2 and S3.3 in Supplementary Informa-
tion B.2). Because coral aragonite is suspected to be highly permeable, internal water may
be exchanged with outside water (see Section immersion experiment), so the samples were
kept dry throughout cleaning and cutting.

3.2.2 Measurement Method

Measuring Devices and Processes

Hydrogen and oxygen isotope ratio measurements were carried out on a CRDS-based instru-
ment using a Picarro L2130-i analyzer at the Institute of Environmental Physics, Heidelberg
University (Weissbach et al., 2023). The line is equipped with a device that mechanically
crushes the coral samples to analyze the released water in the spectrometer. A constant back-
ground water vapor flow was maintained throughout the line at 120 °C. Standard water of
known isotopic composition was mixed with dry carrier gas (nitrogen) and pumped into the
line. Thismakes the system less susceptible to disturbances such asmemory effects (Affolter
et al., 2014). Water volume calibration was performed by measuring capillaries with known
water volumes and establishing a linear relationship between the CRDS-measured time-
integrated water vapor signal (ppmv·s) and the water volume (Weissbach et al., 2023). The
accuracy of measurements using water injections and water-filled glass capillaries crushed
in the system has been demonstrated to be better than 0.08‰ for δ18O values and 0.3‰ for
δ2H values. In terms of precision, the measurements exhibit values of δ2H ≤ ±1.5‰ and
δ18O ≤ ±0.5‰ (Weissbach et al., 2023).

For the measurement procedure, pieces of the coral skeleton were placed inside a copper
tube and fixed with glass wool. The copper tube was then connected to a part of the measure-
ment line located in an oven, which was heated to 120 °C. Since this step required opening
the oven door, ambient air and water could enter the system and disturb the background
equilibrium. When the system reached stable conditions again, which was determined from
the standard deviation of the measured isotope values of the water vapor background, the
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Figure 3.1. Location of the study area. Location of the study area. In the figure on the
left, the dark red stars indicate the research sites for this study. Bathymetric data from the
ETOPO 2022 60 Arc-Second Global Relief Model (NOAA National Centers for Environ-
mental Information. (https://doi.org/10.25921/fd45-gt74)). The figure on the right shows a
map overview of the Angola cold-water coral mound area; the sampling positions are in-
dicated (GeoB20xxx), and the measured samples originate from Scary Mounds (Hebbeln
et al., 2017).

copper tube and, thus, the sample were crushed using a hydraulic hand pump. Under normal
conditions, perturbations in the water and isotope backgrounds due to the line being open to
load the sample normalized within 20–30 minutes (the standard deviation of the water va-
por concentration over 20 minutes was less than 20 ppmv) (Figure S3.1 in Supplementary
Information B.2). However, additional perturbations in the water and isotope backgrounds
result if the sample continues to release water due to heating (Figure S3.1 in Supplementary
Information B.2). Therefore, inspection of the water and isotopic background variations
after a sample is loaded can help detect if there is significant water leakage from the sam-
ple. The standard heating time for samples was 40–60 minutes, but the heating time was in
some cases longer in order to wait for the background to stabilize owing to the background
perturbations introduced by samples not measured in glass tubes. The number of Angora

https://doi.org/10.25921/fd45-gt74
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corals measured using the above method is n=11. The remaining samples were measured in
glass tubes using the method described in Section “Measurements in glass tubes”.

Fractionation Experiment

Previous studies have reported variations in coral skeleton inclusion water isotope ratios
depending on the preheating time of the samples in the oven prior to crushing and subse-
quent measurement (de Graaf et al., 2022; Nooitgedacht et al., 2021). The first experiment
on the modern sample ICEFI was designed to understand the effect of preheating time on
water release from the skeleton. In this experiment, 10 subsamples were selected from this
branching coral (Figure S2 in Supplementary Information B.2). Seven of the samples were
loaded into the line and heated in the oven for 30 to 150 minutes prior to the δ18O and
δ2H isotope measurements. The measurement procedure for these samples was the same as
that described in Section “Measuring devices and processes”, except for the use of different
heating times. The remaining three samples were enclosed in glass tubes for measurement
for comparison (see Section “Measurements in glass tubes”).

Measurements in Glass Tubes

To prevent preheating water loss into the system, a new sample hosting technique was de-
veloped. Instead of placing the samples in open copper tubes, they were inserted into glass
tubes and tightly sealed by melting the glass tube’s open ends, as shown in Figure S3 in
Supplementary Information B.2. One end of the glass Pasteur pipette was first melted using
a flame, and the pipette was then preheated in the flame to prevent any potential water vapor
adsorption on the surface of the glass walls. The coral fragments were then quickly inserted
into the pipette, and the other end was sealed by melting it with the flame. The flame was
always kept at least 1 cm away from the sample to prevent heating of the sample. After the
sealing process, the glass tube was visually inspected for any cracks or unsealed sections at
both ends. In this way, any water vapor that might evaporate during exposure to heat in the
oven would be captured and accumulate in the glass tube and released only when crushed
together with the remaining inclusion water in the crushed sample. Except for sealing the
coral fragments in glass tubes, the remaining measurement steps and parameters are con-
sistent with those described in Section “Measuring devices and processes”. The numbers
of Angola corals and Icelandic corals measured using the glass tubes are n=30 and n=3,
respectively.

Adsorption of atmospheric water on the sample surface may occur before the sample
is loaded into the line. In the absence of a glass tube, the adsorbed water evaporates at
high temperatures and thus has no influence on the measurement results after crushing. The
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samplemeasured in the glass tube, however, may not be able to release water adsorbed on the
surface of the sample efficiently because of the enclosed space, or the air trapped in the glass
tube may also influence the measurement results. Therefore, an additional blank experiment
was designed to rule out the potential impact of atmospheric water vapor trapping. Glass
tubes were loaded with waterless Iceland spar and a capillary filled with laboratory internal
standard water (δ18O = -8.53‰, δ2H = -60.41‰), which was prepared from deionized tap
water, to simulate real sample measurements. The surface properties of Iceland spar are
recognized to be different from those of cold-water coral skeletons, potentially introducing
bias into the blank experiment. This compromise was chosen because it is not feasible to
assume that there is no water present in the coral skeleton. For example, water associated
with the hydration of organics is dispersed in the coral skeleton and is difficult to remove by
heating at approximately 100 °C. Even though drying at very high temperatures may remove
inclusion water from the coral skeleton, it will alter the aragonite structure of the coral and
its water absorption capacity. Thus, in the absence of a water-free coral, dry Iceland spar
seems to be a reasonable alternative for quantifying whether or not external water can be
adsorbed in the process.

Immersion Experiment on Coral Skeleton Inclusions

To assess whether inclusion water in coral skeletons can be entirely replaced by surround-
ing seawater or pore water after formation, an immersion experiment was performed. This
approach also allowed for the investigation of whether the water in the exchangeable water
pool of the coral skeleton evaporates and is removed after being separated from the seawa-
ter. A total of three coral skeleton samples were used in the experiment. Each sample was
specifically taken from a single branch to ensure consistency in subsampling. The first and
second samples were modern corals from Angola, labeled A and B, respectively. Each of
these samples was divided into two subsamples: the first subsample was measured without
immersion and was not subjected to additional drying (labeled NimA and NimB), whereas
the second subsample was immersed and dried before measurement (labeled imA and imB).
The third sample was a fossil coral skeleton from Angola, labeled C. This sample was di-
vided into three subsamples: the first subsample was measured without immersion (NimC),
and the second and third subsamples were measured after immersion and drying (imC1 and
imC2). The experiment consisted of two parts. In the first part, imA, imB and imC1, each
weighing approximately 2 grams, were immersed in seawater collected from the Angola
coral sampling site. The δ18O and δ2H values of this seawater were -0.08‰ and -0.49‰,
respectively. The immersion time was 5 days. After immersion, the coral samples were
retrieved, mechanically cleaned to remove surface impurities, and then dried at 60 °C for
24 hours before being measured. In the second part of the experiment, imC2 was subjected
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to a longer immersion treatment, with an immersion time of 34 days. This sample was then
heated at 60 °C for 7 days before measurement. All the samples were analyzed according
to the methods described in Section “Measurements in glass tubes”. Detailed information
on the immersion times, drying temperatures and times of the coral samples can be found
in Table S3.4 in Supplementary Information B.2.

3.3 Results

3.3.1 Fractionation Experiment

The heating time experiment using seven aliquots of the ICEFI coral (without using glass
tubes) yielded water contents between 1.3 and 2.0 μl/g. Significant correlations are found
between the heating time of the samples and the measured δ18O and δ2H values at r = 0.71
and 0.72 (p<0.05), respectively. Longer heating times, such as 150 and 120 minutes, tended
to produce heavier isotopic values (Figure 3.2). The δ18O and δ2H values of the released
skeleton inclusion water varied from -6.00‰ to 18.50‰ and from -58.07‰ to -32.90‰,
respectively (Figure 3.2) (Table S3.2 in Supplementary Information B.2). The results of
the blank experiments revealed that the isotope values from crushing the Iceland spar along
with the standard water capillary were consistent with the expected values within the errors
(Figure S4 in Supplementary Information B.2). Fluctuations in the water vapor and isotopic
background of the measurement line were detected when measuring coral fragments that
were not in the glass tube. After sample loading, the water concentration background ini-
tially increased steadily, forming a small, smooth peak before slowly declining (Figure S1
in Supplementary Information B.2). Even after 120 min of heating, the water background
was greater than that before loading. Like the water concentration background, a signifi-
cant negative isotopic peak occurred after the sample was loaded into the line, after which
the isotopic background gradually returned to normal as water release decreased. These
phenomena suggest that coral skeletons undergo continued water evaporation and isotopic
fractionation during heating at 120 °C, whereas samples measured enclosed in glass tubes
do not show these patterns.

The isotopic values of the three ICEFI samples measured in glass tubes exhibited sig-
nificantly less variance and systematic shifts than those measured without glass tubes and
at variable heating times, with δ18O values 10‰-20‰ lower (-6.00-3.60‰) and δ2H val-
ues 20‰-30‰ lower (-72.51-55.50‰). In the case of lower heating times (30 minutes),
the isotope values measured both with and without the glass tube are significantly lower but
can still differ (Table S3.2 in Supplementary Information B.2).
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Figure 3.2. Stable isotope fractionation of coral skeleton inclusionwater due to heating.
(A) The blue dots indicate coral fragments not measured in the glass tube. The red dots
indicate coral fragments measured in glass tubes. The gray line indicates a linear fit to all
the data (slope = 1.72±0.06, r2 = 0.98). The black numerical label indicates the heating
time (120 °C). The correlations between heating time and δ18O and δ2H values are 0.71 and
0.72, respectively (p<0.05). The error bars indicate measurement errors. The errors for the
δ18O and δ2H values are 0.5‰ and 1.5‰, respectively. (B) Comparison of the results of
the Heidelberg heating experiment with the results from the de Graaf et al. (2022) heating
experiment. The open square points indicate data from de Graaf et al. (2022). The square
points indicate data from the Heidelberg heating experiment. The numerical labels indicate
the heating time of the samples. The different colors indicate the temperature at which the
coral fragments were heated.

3.3.2 Comparison of Measurements of Angola Corals With and With-
out Glass Tubes

Comparative measurements of Angola corals with and without glass tubes were performed
to visually assess the influence of isotopic fractionation from heating on the δ18O and δ2H
values of the coral skeletal inclusion water. All measurements are shown in Figure 3.3 and
Table S3.3 in Supplementary Information B.2. The overall dataset can be divided into two
subgroups. The first group consists of samples of Angola corals not measured in glass tubes.
These data are characterized by high δ18O and δ2H values and very systematic variability,
with variations of 21.71‰ (21.12‰ - 42.83‰) and 39.28‰ (-18.43‰ - 20.85‰), respec-
tively (Figure 3.3). The second group includes Angola corals measured in glass tubes, with
δ18O values ranging from -3.92‰ to 8.07‰ and δ2H values ranging from -80.30‰ to -
57.92‰ (Figure 3.3). The δ18O and δ2H values for these samples are approximately 30‰
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and 80‰ lower, respectively, than those of measurements conducted without the use of
glass tubes.

Figure 3.3. Measurements of coral samples from Angola over different time periods.
The open square points indicate samples measured in glass tubes. The square points indicate
samples not measured in glass tubes. The black X symbol indicates the isotopic values of
seawater from the Angola coral fossil sampling sites (the values of δ18O and δ2H are -0.08‰
and -0.49‰, respectively). Cyan and red colors indicate coral samples from the Holocene
and last glacial period, respectively. The heating times for each sample are presented in
Table S3.2 and S3.3 in Supplementary Information B.2.

When exclusively considering samples measured in glass tubes, the temporal disparity
in δ18O and δ2H values between the last glacial period and Holocene periods appears in-
significant (Figure 3.4). The mean δ18O values for the last glacial period and the Holocene
are 0.15‰ and -0.15‰, respectively, and the mean δ2H values are -66.90‰ and -71.53‰,
respectively. The δ18O values range from -5.67‰ to 8.07‰ (a total range of 13.74‰) for the
Holocene samples, and from -2.40‰ to 4.73‰ (a total range of 7.14‰) for the last glacial
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period samples. The δ2H values are 22.38 (-80.30‰ to -57.92‰) during the Holocene and
19.39‰ (-81.04‰ to -61.64‰) during the last glacial period (Figure 3.4). The magnitude
of variation in δ2H values shows no significant difference between the Holocene and last
glacial periods (22.38‰ and 19.39‰). In contrast, the magnitude of variation in the δ18O
values during the Holocene seems greater than that during the last glacial period (13.74‰
and 7.14‰). The large range of Holocene δ18O values is influenced primarily by a few
high-value outliers, with most data points falling below the average of both the Holocene
and last glacial period. In contrast, the glacial values are distributed closely around the mean
of 0.15‰ (Figure 3.4).

Figure 3.4. Holocene (red) and last glacial period (blue) inclusion water δ18O and
δ2H results from Angola coral skeletons measured in glass tubes. The different colored
dashed lines indicate the mean δ18O and δ2H values for the Holocene and glacial periods.
The error bars indicate measurement errors. The δ18O and δ2H error values are 0.5‰ and
1.5‰, respectively.

In terms of water content, coral fragments measured without glass tubes present a rela-
tively low water content and higher isotopic variance. For example, when the δ18O and δ2H
values exceed 20‰ and -20‰, respectively, the water content is almost always less than 1
μl/g (Figure S5 in Supplementaryorting Information B.2). In contrast, the water content dis-
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tribution in coral samples measured using glass tubes across ages during both the Holocene
and last glacial period was dispersed with no systematic trends or significant differences.

3.3.3 Isotope Values of Inclusions in Coral Skeletons in the Immersion
Experiment

In the immersion experiment, the four subsamples were immersed in seawater from the
sampling site and then dried at 60 °C before measurement. The results show that the δ18O
and δ2H isotope values of the coral skeleton inclusion water measured after immersion and
drying were significantly higher than those of the not-immersed coral skeletons (Figure 3.5).
However, the isotope values of the inclusion water in the coral skeleton after immersion and
drying did not fully reflect or approach the isotope values of the immersion liquid (seawater)
but instead exhibited a stable distribution along the fitted slope. Even for the samples with
longer immersion times (such as imC2) (Figure 3.5), the higher isotope values observed
after extended drying still followed the fitted slope.

3.4 Discussion

3.4.1 Fractionation of Coral Inclusions During Measurements

Previous studies have shown that coral skeleton water release processes are closely linked
to temperature (Cuif et al., 2004). As the temperature increases, absorbed water evaporates
(60–75 °C), followed by the free water in aragonite (100–150 °C) and, finally, a major re-
lease of organic hydrated water and decomposition of the organic matrix occur at higher
temperatures (Cuif et al., 2004). de Graaf et al. (2022) conducted a heating experiment on
coral samples using a CRDS-based fluid inclusion measurement setup to examine the ef-
fects of heating-induced diffusion and evaporation on the measured δ18O and δ2H values.
These results suggest that the remaining water yields higher δ18O and δ2H values when coral
samples have longer heating times. Owing to the use of a similar measurement setup, the
results of our heating experiments are highly consistent with those of de Graaf et al. (2022).
The longer heating and higher temperatures produced very high isotopic values and system-
atic variations (Figure 3.2). The anomalous fluctuations in water vapor and δ18O and δ2H
backgrounds before the measurements attest to the persistence of this water evaporation and
its resulting isotopic fractionation (Figure S1 in Supplementary Information B.2). Since our
heating experiments kept the temperature stable (120 °C), a clear heating time dependence
of the isotopic values is presented (Figure 3.2). Overall, the changes in the δ18O and δ2H
values resulting from our heating experiments reached 24‰ and 42‰, respectively. In the
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Figure 3.5. Isotopic results of the coral skeleton fluid inclusion immersion experiment.
(A) Results from de Graaf et al. (2022). The gray circles and X-marked symbols represent
the isotopic values of nonimmersed coral skeleton fluid inclusions. The colored X-mark
indicates the isotopic values of the standard waters used for immersion. The colored cir-
cles show the isotopic measurements of the coral skeletons after immersion. More details
are available in de Graaf et al. (2022). (B) Results from this study. The black circles and
X-marked symbols represent the isotopic values of nonimmersed coral skeleton fluid in-
clusions (Nim). The purple circles show measurements after immersion and drying (im),
with parentheses specifying immersion and heating durations (hr). The purple X symbols
indicate the isotopic values of seawater from the sampling sites. The gray line represents
the linear fit between the immersed and nonimmersed isotopic values.

CRDS-based setup in Mainz, the range of isotope value changes is even more pronounced
(42‰ and 57‰ for δ18O and δ2H), with a more dispersed data distribution, as they employed
a broader range of temperatures and heating times (Figure 3.2).

The coral dataset was evaluated using a Rayleigh fractionation model recently proposed
by Fernandez et al. (2023) to further investigate the evaporation of coral skeleton inclusion
water and its isotopic fractionation behavior. It is assumed that the fractionation process
occurs in a “free atmosphere” of fixed humidity and isotopic composition. The equilibrium
fractionation factor at 120 °C is calculated on the basis of the relationship proposed by
Horita and Wesolowski (1994). The relative humidity, h, depends on the range of variation
in the water vapor background in the line (h=0.42–0.49% for 6000–7000 ppmv, T=120 °C).
The isotopic composition of the water vapor in air was set to laboratory standards (δ18O for
3.91‰, δ2H for -21.67‰). The Craig–Gordon evaporation model is used, with the diffusion
fractionation factor taken from Mickler et al. (2004), and the exponent of turbulence set to
0.8-1, corresponding to evaporation scenarios from porous materials such as soil or leaf
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water (Gonfiantini et al., 2018; Horita and Wesolowski, 1994).

This Rayleigh fractionation model predicts slopes of 1.31-1.42 (mean 1.36±0.06, 1σ) for
evaporation within the measurement line. The slope of the dataset (1.72±0.06) is slightly
larger than our predicted range when uncertainties are considered (Figure 3.2). The reason
may be that not all skeletal inclusion water experienced significant leakage or that the water
released during coral fragment crushing was a mixture of non-leaked and partially evapo-
rated water, thus deviating from the slope of a fully fractionated distribution. In addition,
other factors, such as the surface and porosity of the coral skeleton and the water content,
may influence the fractionation process during heating and the final isotopic results. Across
the entire dataset (Figure 3.2 and Figure 3.3), high-temperature preheating before crushing
clearly resulted in significant alterations in the isotopic values. The artifacts introduced dur-
ing the analysis process are sufficient to obscure any climate and environmental information
contained within the original isotopic values of the coral skeletal inclusion water.

3.4.2 Methodological Influences

In addition to heating parameters, different analysis setups, such as CRDS- and IRMS-
based measurement setups, produce different isotope fractionation processes and analyti-
cal artifacts. Isotopic findings are incorporated into the dataset proposed by de Graaf et al.
(2022), which includes data from three analytical setups for a comprehensive evaluation
(Figure 3.6). In a parallel analytical setup (CRDS), the evaporation of coral skeletal inclu-
sion water and the resulting δ18O and δ2H fractionation behaviors exhibit apparent similari-
ties (such as the fitted slope), which are influenced mainly by temperature and heating time
(Figure 3.2). However, owing to variations in the employed heating temperature and time,
there are discrepancies in the absolute isotopic values measured by the two parallel setups
(Figure 3.2 and Figure 3.6). For example, the CRDS dataset from Mainz, which employed
lower heating temperatures and shorter heating times, exhibits markedly lower isotopic val-
ues than our dataset does. The isotopic results produced by the IRMS-basedmeasuring setup
also differ markedly from those produced by the CRDS (Figure 3.6). Overall, the absolute
values of the δ18O and δ2H results are not comparable, either on the basis of different setups
or parallel setups using different temperature parameters. Each device produces a dataset
with very high internal variability. In contrast, the samples in glass tubes had much more
reproducible data (Figure 3.2 and Figure 3.6). For example, the isotopic values of inclusion
water from Angola coral skeletons measured in glass tubes exhibit standard deviations of
3.51‰ (δ18O) and 7.15‰ (δ2H) (n = 30), whereas those not enclosed in glass tubes have
standard deviations of 6.58‰ (δ18O) and 11.66‰ (δ2H), respectively (n = 11). This method
offers a potential avenue for exploring the climatic and environmental significance of iso-
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tope results.

Figure 3.6. Interlaboratory comparison of isotope data fromwater trapped inside coral
skeletons. The circles and squares indicate isotopic results from different experimental se-
tups at different laboratories or by different methods. Open and closed data points indicate
tropical and cold-water corals, respectively. The black X symbol indicates the isotopic val-
ues of seawater from the Angola coral fossil sampling sites. Data form deGraaf et al. (2022).
In the Heidelberg measurements, Iceland and Angola coral samples are distinguished by
crossed squares and plain squares, respectively. Notably, in our measurements, the samples
measured using glass tubes exhibit higher consistency in mean values and show lower vari-
ability. In contrast, the Heidelberg coral samples measured without glass tubes, as shown in
the figure, display greater dispersion. The inclusion water isotope mean values of the Ice-
land and Angola samples under non-glass tube conditions differ significantly and include
outlier (Figure 3.2 and Figure 3.3), which is likely the main reason why this data set ap-
pears more scattered visually. Especially when comparing samples from the same location
separately—whether Iceland (Figure 3.2) or Angola (Figure 3.3)—the standard deviations
of measurements with and without glass tubes do not show a clear difference. Therefore, the
visual high dispersion of non-glass tube data in the figure does not affect our interpretation
of the results.
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In addition to the influences from measurements, another source of uncertainty arises
from the coral samples themselves. Repeated measurements of Holocene and last glacial
period coral samples fromAngola reveal significant deviations in the isotopic values of three
out of the five replicates of samples. These deviations exceed the measurement uncertainty
despite the samples being subjected to identical heating times and temperature conditions
(Figure S6 in Supplementary Information B.2). Note that two of the replicates have a very
close age at 35 ka BP.

This discrepancy suggests that not only does the measurement process introduce uncer-
tainty but also that there may be substantial variances in the δ18O and δ2Hvalues of inclusion
water across different parts of the coral skeleton. First, there may be differences in the de-
gree of isotopic fractionation of the calcifying fluid in different parts of the coral during
growth. Second, during heating, only a portion of the unstable inclusions may experience
significant changes in water isotopes due to leakage, whereas some inclusions remain well
preserved. Owing to the uneven distribution of these two types of inclusions in the sample,
the final measurement results are a mix of both, leading to a decrease in the reproducibility
of the results.

The possibility that volatile organic compounds might be released from coral samples
during crushing and heating, potentially affecting the spectral performance of the CRDS an-
alyzer, was considered in this dissertation. However, the specific impact of volatile organic
compounds in the water vapor on the measurement results is difficult to quantify. Never-
theless, the experimental results obtained via the glass tube method demonstrate that this
approach effectively avoids significant fractionation, producing a more consistent dataset
with lower variability, which further supports the feasibility of the method. Additionally,
the glass tube method has potential for application with measurement devices that are less
sensitive to organic compounds, such as IRMS, which not only can generate more reliable
datasets but also offers a new avenue for further investigating the impact of organic com-
pounds on CRDS analysis. Therefore, this method may offer the potential for more precise
results in future research.

3.4.3 Insights from Immersion Experiments

The internal water pool within the coral skeleton may undergo varying degrees of internal–
external water exchange. These complex factors present challenges for quantitative assess-
ment and lead to reduced reproducibility of isotope measurements. De Graaf et al. (2022)
immersed corals for 72 hours in four standard waters with a range of δ18O values of 60‰
and δ2H values varying by approximately 400‰ and then dried the corals in laboratory air
for one day before measurement. The results revealed that the isotope values of the water
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within the coral skeleton gradually approached the isotope values of the immersion water
(Figure 3.5). Consequently, they concluded that the internal water pool in the coral skele-
ton is unlikely to preserve original fluids, as the internal water pool was almost completely
replaced by external water after only a few days of immersion de Graaf et al. (2022).

Compared with the experiment by de Graaf et al. (2022), this study introduced twomajor
adaptations: first, in our immersion experiments, in situ seawater from the coral sampling
site was used to simulate natural environmental conditions more closely; second, after the
immersion treatment, the coral samples were dried at 60 °C to accelerate the evaporation
process. These adjusted experimental methods offer insights into whether coral skeletons
can partially retain the isotopic signature of the original fluids under seawater immersion
conditions and whether the partially replaced water can be removed through evaporation
after the corals are removed from the immersion environment. The results revealed that
the isotope values of the coral skeleton inclusion water after immersion and drying were
higher than those of the not immersed samples (Figure 3.5). However, unlike the findings
of de Graaf et al. (2022), the isotope values of the dried samples after immersion did not
fully resemble the isotope values of the seawater used for immersion but instead followed
a fixed slope (Figure 3.5). This distribution pattern suggests that the isotope fractionation
behavior induced by heating during the drying process may be stable, and this fractiona-
tion phenomenon seems to be more influenced by the drying time than by the immersion
duration. In addition, the δ2H values of the inclusion water in the immersed coral skele-
tons remained significantly lower than those of the seawater (Figure 3.5). This suggests
that while skeleton fluid water isotope exchange occurred, complete replacement is rather
unlikely. If the internal water pool in the coral skeleton had been completely replaced by
immersion water, the isotope fractionation induced by heating and evaporation should have
started from the isotope values of the seawater.

A possible explanation for this phenomenon is that prolonged immersion may lead to
more thorough exchange between the internal water and the immersion water. However,
longer heating times could completely remove the water from the easily exchangeable wa-
ter pool. Additionally, some of the water that is less easily exchanged with the external
environment may also have evaporated at high temperatures. As a result, under fixed heat-
ing temperatures and identical measurement methods, the isotope values of inclusion water
in coral skeletons show a nearly constant slope across different heating times.

Our immersion experiments further support the idea that the water reservoirs within the
coral skeleton might be divided into at least two components. One component readily ex-
changes with external water but gradually evaporates after being removed from the aqueous
environment, as shown by the immersion experiment (Figure 3.5). The other components
may remain relatively stable and not easily exchange with external water. The relative size
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and isotopic endmember composition of both reservoirs remain unknown, and the origin of
the water in the calcifying fluid remains poorly constrained. Over months or years of drying,
the water in the exchangeable reservoir may eventually evaporate, leaving behind a fluid of
unknown but primary origin within the coral skeleton. If the original calcifying fluid at the
time of coral skeleton formation was entirely replaced by seawater, the δ18O and δ2H values
of both immersed and long-term dried corals would closely match those of modern seawa-
ter. Based on the immersion experiment with seawater, it cannot be concluded that the δ18O
values are close to the seawater composition. In the absence of an alternative explanation, it
is assumed that some of the inclusion water in the coral skeleton underwent exchange with
external water, while some inclusion water was likely well preserved. Therefore, from a
methodological perspective, during the pretreatment of coral samples before the isotopes of
fluid inclusions in coral skeletons are measured, contact with any liquids should be avoided.

In previous experiments by de Graaf and colleagues, with widely varying immersion wa-
ter isotopic compositions but without actively drying coral fragments afterward, the δ18O
and δ2H values were roughly equally impacted by isotope exchange. Compared with heat-
ing, the evaporation of easily exchangeable water in corals may occur more slowly, with
only a small amount of immersion water being removed, leading to the immersion water’s
isotope signal dominating during measurement. In addition, previous works did not use
capillary-sealed coral skeleton samples in their measurements, which may have led to more
significant isotope fractionation during the measurement process. Therefore, the isotopic
results for immersed corals were always slightly more positive than those for immersion
water (Figure 3.5).

3.4.4 Potential Sources of Hydrogen and Oxygen Isotope Signals in
Coral Skeleton Fluid Inclusions

Oxygen Isotope Composition Stability and Seawater Influence

Since the initial isotopic values of samples measured without glass tubes were significantly
altered, measurements with less variability in glass tubes are used to assess whether they
may contain information about their origin. The means and range of δ2H and δ18O do
not significantly differ over time (Figure 3.4). The mean δ18O values for Angola corals
from the last glacial period and the Holocene are 0.15‰ and -0.15‰, respectively, which
are identical to the modern seawater values observed in the seawater bathing the corals (-
0.08‰, see immersion experiment). Compared with those of the Holocene, the δ18O values
of deep-sea water during the last glacial maximumwere shifted positively by approximately
1.05±0.20‰ Duplessy et al. (2002). The glacial–interglacial variations in seawater δ18O
values in the deep Atlantic may be even smaller, between 0.7 and 0.8‰ (Schrag et al.,
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2002). Given the indistinguishability of the δ18O values measured during the last glacial
period and the Holocene, it is not possible to accurately determine the expected magnitude
of difference between the two periods’ samples. The variance of individual measurements
and replicates does, of course, not allow us to observe such a small isotope shift.

The reason that the δ18O values are very close to those of seawater may be that the effect
of the calcification process on δ18O values is much smaller than its effect on δ2H values,
leading to δ18O values that are closer to those of seawater when the inclusions formed. In
addition, some of the coral skeleton inclusion water may have been exchanged with modern
seawater, which could have obscured the small differences in δ18O values between the pri-
mary calcified inclusion water from the glacial and Holocene periods. Compared with that
of hydrogen, the isotope exchange of oxygen is faster, which aligns the final δ18O values
with those of modern seawater, whereas deuterium still represents some of the original sta-
ble water pool. This possibility requires further investigation into isotope exchange rates,
but on the basis of the equally strong response of corals to immersion water with strongly
differing δ18O and δ2H values reported by (de Graaf et al., 2022), this process does not seem
very likely.

Potential Causes of Hydrogen Isotope Composition Depletion in Coral Fluid Inclusions

The most striking feature of the stable isotopes in coral skeleton inclusion water is their
markedly low δ2H values, approximately 50‰ lower than that of modern seawater (0.49‰)
used in the immersion experiment (Figure 3.4 and Figure 3.6). A question arises regarding
the origin of the strong deuterium fractionation observed in the corals. Neither the treatment
nor the storage of the corals can explain this isotopic composition. Even when partial seawa-
ter replacement occurs in primary coral skeleton inclusion water, the δ2H values do not fully
align with those of seawater, and the observed deviation (about 50‰) exceeds the δ2H vari-
ations between the glacial and Holocene periods, which are expected to be less than 10‰.
The low δ2H values observed in coral skeletal inclusion water are not unique (Lécuyer and
O’Neil, 1994). Prior investigations have documented δ2H values for inclusion water in cal-
cite and aragonite biocalcified materials across various environments, ranging from -38‰ to
-69‰, which is significantly lower in comparison to seawater (Figure 3.6) (de Graaf et al.,
2022).

The strong fractionation observed in δ2H values but not in δ18O values suggests a possi-
ble biological influence, potentially from a fractionation process unique to coral organisms.
The exact mechanism by which corals incorporate water into their skeletons and its impact
on isotope fractionation remains unclear (D’Olivo and McCulloch, 2017; Mass et al., 2017;
McCulloch et al., 2012; Nash et al., 2019; Rollion-Bard et al., 2010; Saenger et al., 2012).
Additionally, the quantity and origin of the initially preserved water cannot be quantified. A
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potential explanation for fractionation involves the biological processes of coral calcifica-
tion, wheremixing between calcifying fluidwith a lower δ2Hvalue and seawater could result
in intermediate δ2H values, or part of the δ2H signature of the calcifying fluid may be inher-
ited from the coral’s diet. However, assuming a universal metabolic fractionation or organic
influence on δ2H values may oversimplify complex biological and environmental interac-
tions. Future research could involve controlled laboratory experiments and the culturing of
corals under varying environmental conditions with isotopically constrained seawater and
distinct food sources. The improved analytical methods developed in this study could help
determine whether metabolic processes create unique isotopic signatures and if biological
fractionation selectively affects δ2H values while leaving δ18O values largely unchanged.

3.5 Conclusions

A new constant vapor stream analytical methodology is used in this dissertation to measure
skeleton inclusion water in corals. It is confirmed that evaporation due to heating (tempera-
ture and time) of the coral before crushing induces strong instrumental isotopic fractionation.
The δ18O and δ2H results obtained from various analytical setups and parallel setups with
different temperature parameters are not comparable because of the inability to reproduce
measurements accurately. However, the isotopic fractionation of samples encapsulated in
glass tubes is minimal, demonstrating better reproducibility. This method offers a potential
avenue for elucidating the climatic and environmental significance of isotopic results. The
δ18O and δ2H values of Angola coral skeletal inclusions did not significantly differ between
the Holocene and the last glacial period. In contrast to the δ18O values, the δ2H values
are significantly lower than those of seawater, possibly because of the biological processes
involved in coral calcification or the mixing of the calcifying fluid with seawater. The im-
mersion experiments demonstrate the existence of an easily exchangeable water pool that
needs to be considered in future preparations and during the interpretation of the isotope re-
sults. Detailed studies of water release at different temperatures are required to test whether
an inert water pool exists that provides information on the fluid water composition or the
isotopic composition of the environment. Investigating the isotopic composition of coral
skeletal inclusion water and its interactions with seawater under controlled conditions will
provide critical insights into the mechanisms of isotopic fractionation in cold-water corals.



Chapter 4

Fluid Inclusion Lines Interlaboratory
Comparison Experiment Data Summary

Key Points:

• The isotopic results from 13 laboratories show differences. At higher (1.0 µl)
and moderate (0.5 µl) water volumes, most results are closer to the standard
values with smaller standard deviations. At lower volumes (≤0.2 µl), accuracy
and reproducibility decrease noticeably.

• In 13 out of 14 reports, δ18O and δ2H values change systematically with decreas-
ing water volume. The shift usually ranges from 2 to 5‰.

• In experiments where capillaries were crushed with Iceland spar, the mean iso-
tope values show no systematic deviation from the standard. There is also no
clear difference compared to experiments without Iceland spar.
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Recent advances in δ18O and δ2H isotope measurement techniques for speleothem fluid
inclusions have significantly enhanced their potential as reliable hydroclimate proxies. To
evaluate the consistency of isotopic analyses, we conducted an interlaboratory comparison
study was conducted using a set of artificial samples. Capillaries filled with standard waters
of varying δ18O and δ2H values were prepared across a range of water volumes and analyzed
by 13 laboratories. Under higher (1.0 µl) and moderate (0.5 µl) water volume conditions,
the average isotope values in most reports are close to the standard, with small standard
deviations. However, under lower water volume conditions (0.2 µl), some reports showed
small deviations, and the results were generally less favorable compared to those at higher
and moderate volumes. Additionally, some reports exhibited larger deviations from the
standard isotope values at this water volume. This study emphasizes the value of using glass
tubes filled with standard water for calibration and offers valuable insights into the sources
of measurement errors, contributing to greater consistency across different experimental
setups.

This project was carried out in collaboration with 12 laboratories (a full list is provided in
this chapter). The participating laboratories were responsible for the isotope measurements
of the standard water samples. I prepared and distributed all capillaries filled with stan-
dard waters, conducted the complete data analysis and summary, and authored the content
of this chapter. Throughout the process, members of the “comparison project core group”
— Jenny Maccali, Alvaro Fernandez Bremer, Sam Nicholson, Stéphane Affolter, Timon
Kipfer, Anna Nele Meckler, and Hubert Vonhof — provided input on the experimental de-
sign and feedback on the chapter content.

4.1 Introduction

The water in speleothem fluid inclusions represents a unique archive for paleoclimate re-
constructions, serving as a natural reservoir of cave drip water. The hydrogen and oxygen
isotopic composition of inclusion water directly reflects the isotopic signature of past pre-
cipitation (Affolter et al., 2015, 2025; Fleitmann et al., 2003; Schwarcz et al., 1976; Uemura
et al., 2020; Weissbach et al., 2023). When combined with the stable isotopes of calcite, it
can be used for paleotemperature reconstructions or to provide insights intomoisture sources
and cave evaporation processes in relation to past climatic and environmental conditions
(Affolter et al., 2019; Azharuddin et al., 2025; Fleitmann et al., 2022; Maccali et al., 2023;
Meckler et al., 2015; Schwarcz et al., 1976; Warken et al., 2022; Wilcox et al., 2020).

Although stable isotopes in fluid inclusions have been widely applied in paleoclimate
reconstructions, their analysis remains challenging (Affolter et al., 2025). The size of fluid
inclusions in speleothems typically ranges from a few to several hundred μm, necessitating
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the extraction of inclusion water from these small cavities before analyzing its hydrogen and
oxygen isotopic composition (Affolter et al., 2025; Fairchild and Baker, 2012; Kendall and
Broughton, 1978; Lopez-Elorza et al., 2021; Treble et al., 2005). Over the past decades, two
primary techniques have been used for water extraction from speleothem fluid inclusions:
the crushing method and the thermal decrepitation method. In the former, inclusions are
physically crushed, followed by either direct online measurement or offline analysis after
cryogenic trapping of the released water (Affolter et al., 2014; de Graaf et al., 2020; Den-
nis et al., 2001; Dublyansky and Spötl, 2009; Schwarcz et al., 1976; Vonhof et al., 2006).
The latter involves heating carbonate samples under vacuum conditions at high tempera-
tures (400–900°C), leading to their decomposition into CaO and CO, during which inclu-
sion water is released and cryogenically trapped (Goede et al., 1986; Matthews et al., 2000).
Compared to the crushing method, this technique yields a greater amount of water; how-
ever, it may induce isotopic fractionation effects, requiring additional correction procedures
to adjust the isotopic results (Matthews et al., 2000; McGarry et al., 2004; Verheyden et al.,
2008). Alternatively, improved reproducibility and accuracy can be achieved by optimizing
heating temperatures and refining the water extraction process.

In terms of analytical techniques, isotope analysis combined with IRMS allows for re-
liable determination of the oxygen and hydrogen isotope ratios in sub-microliter quantities
of fluid inclusion water (de Graaf et al., 2020; Dublyansky and Spötl, 2009; Vonhof et al.,
2006). Over the past decade, laser spectroscopy has undergone rapid development, with
CRDS emerging as a precise and reliable method for isotopic analysis of water samples
(Brand et al., 2009; Gupta et al., 2009). CRDS-based fluid inclusion analysis employs crush-
ing devices similar to those used in IRMS setups and can operate under dry nitrogen, a wet
carrier gas with a constant background of standard water, or vacuum conditions, enabling
simultaneous measurement of hydrogen and oxygen isotopic compositions in speleothem
inclusion water in a single run (Affolter et al., 2014; Arienzo et al., 2013; de Graaf et al.,
2020; Maccali et al., 2023; Uemura et al., 2016; Weissbach et al., 2023). The introduction
of this technique has significantly simplified and enhanced the feasibility and reliability of
isotopic analysis of fluid inclusion water in speleothems. It allows for the simultaneous
measurement of δ2HFI, δ18OFI, and δ17O with relatively straightforward operation (Affolter
et al., 2015; Affolter and Leuenberger, 2021) and has gradually become the mainstream
method for analyzing the isotopic composition of speleothem fluid inclusion water.

The development and application of these techniques have significantly improved the
accuracy of isotopic measurements of speleothem fluid inclusions (Affolter et al., 2025).
However, special attention should be given to differences in measurement procedures and
parameters between different techniques or even among laboratories using the same tech-
nique. To date, only a limited number of studies have compared isotopic results obtained
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from different measurement setups and analyzed potential analytical biases. For instance, a
comparison of two IRMS techniques revealed a systematic offset of approximately 1‰ in
δ18OFI values between the two methods (Wainer et al., 2011). Comparisons between differ-
ent techniques have shown that δ18OFI values measured by IRMS for fluid inclusion water
in speleothem samples tend to be lower than those obtained using CRDS, while δ2HFI values
exhibit better reproducibility between the two techniques (Meckler et al., 2015). Another
study found systematic differences in both δ18OFI and δ2HFI values, with CRDS yielding
δ18OFI values approximately 0.7‰ lower and δ2HFI values about 2.5‰ lower than those
measured by IRMS (Arienzo et al., 2013). Notably, a recent study reported that isotopic re-
sults from IRMS- and CRDS-based setups were highly consistent, providing evidence that
different techniques can yield highly consistent isotopic results (de Graaf et al., 2020).

Furthermore, the range of water volumes that can be analyzed varies across different
techniques and instruments, spanning from sub-microliter to several microliters. Particu-
larly, there are substantial differences among techniques in terms of the minimum measur-
able water volume. Some setups also exhibit a pronounced isotope-volume effect, which
manifests in two key aspects: (1) the reproducibility of measurements may decline signifi-
cantly as the sample volume decreases, and (2) isotopic values may show systematic positive
or negative shifts with decreasing water volume. However, whether and to what extent dif-
ferent setups exhibit volume effects remains unclear. Further research is required to verify
these potential influences and enhance the reliability of analytical results, especially in stud-
ies involving small-volume samples.

Given the differences in measurement setups, laboratory protocols, and the impact of
sample volume on isotopic results in fluid inclusion analysis, there is an urgent need for
more systematic inter-laboratory comparison studies to apply fluid inclusion isotopic anal-
ysis techniques more effectively. Additionally, some studies have reported that during the
sample crushing process, water adsorption on the freshly fractured calcite surface may lead
to significant isotopic shifts in δ2HFI and δ18OFI values (Dennis et al., 2001). It remains
unclear whether adsorption effects are widespread across different techniques and laborato-
ries and whether these effects significantly influence isotopic results. Therefore, this study
conducted an inter-laboratory comparison experiment aimed at optimizing the application
of fluid inclusion isotopic analysis techniques in paleoclimate research. Specifically, the ob-
jectives of this study are as follows: First, to evaluate the accuracy and precision of isotopic
measurements within and across laboratories through repeated analyses of standard water
samples. Second, to examine the effect of water volume on isotopic values by measuring
standard water across different volume gradients and identifying potential systematic shifts
in isotopic values. Finally, to investigate potential adsorption effects in freshly crushed
calcite and assess their influence on isotopic values.
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4.2 Expected Objectives

Inter-lab versus Intra-lab Reproducibility

The reproducibility of the water amount and isotope results is checked by performing re-
peatable measurements on the same volume of standard water. Therefore, triplicates of each
sample will be provided. All measurements will be used for inter-laboratory comparison of
different aspects.

Dependence on Water Amount

To detect whether the measured hydrogen and oxygen isotope values are systematically
shifted with increasing/decreasing water amounts, a 7-step standard water volume gradient
from 0.1 µl to 2 µl was designed. The feasible range of water volumes to be measured varies
considerably between labs. The volume of water in each capillary is marked and it is up to
the laboratory to decide if they can analyse the respective amounts or not.

Adsorption and/or Desorption on the Calcite Surface

Adsorption on a calcite surface and on freshly crushed carbonate with a large surface to
volume ratio provides the possibility to alter the isotope values of the fluid inclusion water.
In order to simulate speleothem fluid inclusion analysis, a procedure was designed in which
inclusion-free Iceland spar was co-crushed with capillaries. The crushing of the compact
Iceland spar pieces provided fresh and fine-grained calcite for interaction and adsorption
testing. Glass capillaries filled with standard water are crushed with inclusions-free Iceland
spar to mimic speleothem fluid inclusion analyses.

4.3 Design of Capillary Experiments

The capillary tubes are approximately 15-20 mm in length and are processed from Pasteur
pipettes. The standard water is injected into pipettes that contain glass wool using 1 µl
syringes made by TRAJAN (accuracy and reproducibility ± 2%) and closed with a torch.
There are 39 capillaries in each group. The volume of the standard water filled in each
capillary tube has been labelled (Table 4.1 and Table 4.2).

To assess the reliability of the capillaries, isotope and water volume measurements were
conducted on capillaries filled with various standard waters and volumes. These capillaries,
randomly selected from those prepared under the same standard procedure, were tested using
identical preparation and measurement methods applied throughout the production process.
As an initial step, capillaries containing 1.0 µl of water from three different standards were
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Standard water δ18O (‰, V-SMOW) δ2H (‰, V-SMOW)

1 -1.82 -39.80
2 -15.15 -110.88
2 -30.68 -243.97

Table 4.1. The volume and hydrogen and oxygen isotope composition of the standard
water used.

Volumes 2 µl 1 µl 0.8 µl 0.5 µl 0.3 µl 0.2 µl 0.1 µl Total

Standard 1 3 3 3 3 3 3 3 21
Standard 2 3 3 3 9
Standard 3 3 3 3 9

Total 3 9 3 9 3 9 3 39

Table 4.2. Number of samples provided for each laboratory.

analyzed, and the outcomes were evaluated against those obtained through syringe injection.
The analysis showed no significant differences in δ18O and δ2H values between the capil-
laries and syringe injections. Additionally, the measured water volumes from the capillaries
were consistent with the expected values (Figure 4.1).

Secondly, to assess the reproducibility of capillaries filled with varying water volumes
for isotopic measurements, a series of capillaries filled with Standard Water 1—ranging
from 2 µl to 0.1 µl—were analyzed, and the results were compared with those obtained via
syringe injection (Figure 4.2). The results indicated that the standard deviation (1σ) of water
volumes measured from the capillaries ranged from 0.0005 to 0.0228 μl, while the standard
deviation for δ18O ranged from 0.04 to 0.11‰, and for δ2H, it ranged from 0.03 to 1.81‰
(Table 4.3). Measurements of water δ18O and δ2H values in capillaries of different standards
and volumes were also not significantly different compared to injection. The capillary was
prepared under a uniform standard. After the standard water was injected into the capillary,
it was immediately sealed with a flame while maintaining a specific distance between the
flame and the water to minimize evaporation and isotope fractionation. These measures
were verified through repeated testing, demonstrating that the capillaries are reliable and
suitable for inter-laboratory comparisons.
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Figure 4.1. Comparison of the water volume and isotope values measured by capil-
lary and injection. The measurement results of isotopes and water volume from capillaries
filled with 1 µl of standard water 1 are shown in gray. The red data represent measurements
obtained from direct injection of 1 µl of standard water 1 using a syringe. There is no signif-
icant difference between the two in terms of isotope and water volume measurements.The
error bars for δ18O and δ2H are 0.5‰ and 1.5‰, respectively.
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Figure 4.2. Comparison of the water volume and isotope values measured by capillary
and injection. The measurement results of isotopes and water volume from capillaries
filled with 2, 1, 0.8, 0.5, 0.3, 0.2, and 0.1 µl of standard water 1 are shown in gray. The red
data represents measurements obtained from direct injection of varying volumes of standard
water 1 using a syringe. There is no significant difference between the two in terms of
isotope and water volume measurements.The error bars for δ18O and δ2H are 0.5‰ and
1.5‰, respectively.
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Water
vol. (µl)

Injection
vol. (µl)

δ18O, ‰
VSMOW

δ2H, ‰
VSMOW

Capillary
vol. (µl)

δ18O, ‰
VSMOW

δ2H, ‰
VSMOW

2 0.01 0.02 0.09 0.01 0.04 0.08
1 0.01 0.01 0.14 0.01 0.06 0.15
0.8 0.01 0.01 0.04 0.02 0.04 0.13
0.5 0.00 0.13 0.37 0.02 0.06 0.03
0.3 0.01 0.01 0.28 0.00 0.09 0.41
0.2 0.00 0.23 0.94 0.01 0.07 0.45
0.1 0.01 0.05 1.19 0.01 0.11 1.81

Table 4.3. Standard deviations (1σ) of isotope measurements for various volumes of
standardwater 1 capillaries compared to syringe injectionmeasurements. Each volume
was injected/capillary measured 3 times.

4.4 Description of the Dataset

4.4.1 Number of Capillary Measurements

A total of 13 labs participated in the comparison and submitted 14 reports (Figure 4.3).
One of the labs provided capillary results for two inclusions measurement lines. In the
14 reports provided, a total of 426 measurements of capillaries were recorded (Table 4.4).
Among them, 12 reports measured three standards each, one report measured two standards,
and one report measured a single standard. Some laboratories removed or marked outliers
when submitting their reports, or excluded data for other reasons, such as exceeding the
measurable water volume range (either upper or lower limits) or data loss due to failed
individual measurements. These outliers are not included in the analysis and should not be
considered for further comparison. Regarding the measured water volumes, seven reports
covered all seven types of water volumes from 0.1 to 2.0 µl, two reports measured six types,
four reports measured five types, and one report measured four types. Ten reports conducted
measurements by crushing both capillaries and Iceland spar together. Almost all the reports
providedmeasured results for 0.8, 0.5, 0.3 and 0.2 µl capillary. The 2µl capillarymay exceed
the measurement capacity of some labs, with only 8 reports providing measurement results.
There are 11 reports that provide measurements for low water volume capillaries (0.1 μl).
No significant deviation from the expected values was observed for the measurement results
obtained by crushing the capillary with Iceland spar, regardless of whether in high or low
water volumes (Figure 4.4). Compared to reports without the crushing of Iceland spar, the
measured water volumes also did not exhibit significant differences.
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Figure 4.3. Distribution of laboratories participating in the comparison program.

Report
number

Measured
standards

Number of
measured water

volumes

Measured capillary
water volume
range (μl)

Total number
of measure-

ments

Note

1 3 7 2.0 - 0.1 26 CRDS, dry
2* 3 7 2.0 - 0.1 39 CRDS, wet
3* 3 7 2.0 - 0.1 29 CRDS, wet
4* 3 6 1.0 - 0.1 35 CRDS, wet
5* 3 5 0.8 - 0.1 27 CRDS, wet
6* 3 5 2.0 - 0.3 27 CRDS, wet
7* 2 5 1.0 - 0.2 24 CRDS, wet
8* 3 5 1.0 - 0.2 33 CRDS, wet
9* 3 6 1.0 - 0.1 35 CRDS, wet
10 1 7 2.0 - 0.1 20 CRDS, wet
11* 3 7 2.0 - 0.1 36 OA-ICOS
12 3 7 2.0 - 0.1 37 /
13* 3 4 0.5 - 0.1 23 CF-IRMS
14 3 7 2.0 - 0.1 35 CF-IRMS

Table 4.4. Number of capillaries measured in each report. Total of 426 measurements,
including outliers. The * denotes reports where Iceland spar was crushed together with
capillaries. The Note specifies the measurement setup used and indicates whether a dry or
wet background was applied.
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Figure 4.4. Measurements of water volume per report (mean and 1 SD (1σ)). The grey
dashed lines indicate the volume of water filling the capillary. The * denotes reports where
Iceland spar was crushed together with capillaries. The number indicates the number of
capillaries measured. Outliers marked in each report are not included.
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4.4.2 The Amount Effect of Isotope Values

In the measurement results for standard water 1, 13 out of 14 reports observed a system-
atic increase or decrease in isotope values as the water volume decreased (Figure 4.5) or
decreased as the water volume decreased. For example, the δ18O and δ2H values in reports
2, 4, 5, 6, 7, 9, and 13 exhibited a positive shift with decreasing water volume, while reports
1 and 14 showed a negative shift in δ18O and δ2H values as the water volume decreased.
There were also some reports where only δ18O showed a deviation trend, such as reports
8, 10, and 11. The δ18O values in reports 8 and 10 showed a positive shift, while in report
11, the δ18O value exhibited a negative shift, with no trend observed in their δ2H values.
Report 12 was the only case where δ18O and δ2H showed opposite trends. Except for a few
reports that show a large change in isotopic values with water volume (e.g., report 14), the
range of δ18O and δ2H values in most reports varies with water volume between 2 and 5‰
(Figure 4.5).

Reports where the glass capillaries were crushed together with Iceland spar, such as
reports 2, 4, 5, 6, 7, and 9, mostly showed a consistent positive shift in δ18O and δ2H values
as the water volume decreased. In contrast, reports where the capillaries were not crushed
with Iceland spar, such as reports 1, 10, 12, and 14, exhibited less consistent or no trends in
δ18O and δ2H values. Considering the differences in measurement methods and calibration
protocols across reports, further evidence is required to determine whether this isotopic shift
is related to the presence of Iceland spar.

4.4.3 The Reproducibility of Isotope Values

Given that most reports exhibited a systematic shift in measured isotope values as water
volume decreased, directly comparing the averaged isotope measurements of all capillary
volumes across reports may not accurately reflect the true measurement conditions of spe-
cific laboratory. Therefore, the mean values and reproducibility of isotopic results for three
standards under larger water volumes (1 µl) are first reported across different datasets (Fig-
ure 4.6 - Figure 4.8).

For δ18O except for reports 1 and 14, at least one average δ18O value of standard water
in the other reports is distributed within ±1‰ of the standard water δ18O values. The aver-
age δ18O values of all measured standard waters in reports 2, 4, 7 (which did not measure
standard water 3), 8, 9, 10 (which did not measure standard waters 2 and 3), 11, and 12 fall
within ±1‰ of the standard water δ18O values. For δ2H except for reports 1, 12, and 14, at
least one average δ2H value of standard water in the other reports is distributed within ±2‰
of the standard water δ2H values. Only the mean δ2H values for all three standard waters
in report 8 were distributed within ±2‰ of the standard water δ2H values. The mean δ2H
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Figure 4.5. Isotope measurements of different volumes of standard water 1 in various
reports. The red and blue dashed lines represent the isotope values of standard water 1.
The red and blue dots show the δ18O and δ2H measurements for each report. The r value
denotes the Pearson correlation between water volume and isotope values (* and ** indicate
p<0.05 and 0.01 respectively), while the red and blue trend lines, along with the R2 values,
represent the result of the logarithmic fit. The * denotes reports where Iceland spar was
crushed together with capillaries.
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Figure 4.6. Mean values and SD (1σ) for water volume and isotope measurements of
1 µl standard water 1 from various reports. The left side is organized by report number,
while the right side is arranged by whether the capillary tube is crushed together with the
Iceland spar. The hollow dots indicate individual measurement data. The * denotes reports
where Iceland spar was crushed together with capillaries. The dotted lines indicate ±0.1 µl
of filled water volume, ±1‰ for δ18O and ±2‰ for δ2H respectively.
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Figure 4.7. Mean values and SD (1σ) for water volume and isotope measurements of
1 µl standard water 2 from various reports. The left side is organized by report number,
while the right side is arranged by whether the capillary tube is crushed together with the
Iceland spar. The hollow dots indicate individual measurement data. The * denotes reports
where Iceland spar was crushed together with capillaries. The dotted lines indicate ±0.1 µl
of filled water volume, ±1‰ for δ18O and ±2‰ for δ2H respectively.
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Figure 4.8. Mean values and SD (1σ) for water volume and isotope measurements of
1 µl standard water 3 from various reports. The left side is organized by report number,
while the right side is arranged by whether the capillary tube is crushed together with the
Iceland spar. The hollow dots indicate individual measurement data. The * denotes reports
where Iceland spar was crushed together with capillaries. The dotted lines indicate ±0.1 µl
of filled water volume, ±1‰ for δ18O and ±2‰ for δ2H respectively.
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values for the two standard waters in reports 3 and 9, respectively, are distributed within
±2‰ of the standard water δ2H values.

In the comparison between crushing the capillary tubes with Iceland spar and without,
no systematic differences were observed in the isotopic values obtained under both sce-
narios. The isotopic values measured from the capillary tubes crushed with Iceland spar
were not systematically higher or lower than the isotopic values of the filled standard water
(Figure 4.6 - Figure 4.8). This phenomenon suggests that the adsorption effect caused by
crushing the calcite samples may not be significant, or that using bulk Iceland spar during
crushing may not effectively simulate the adsorption effect exhibited by the crushed calcite
powder.

A comparison of isotopic values and water volumes measured with capillaries of 0.5 µl
and 0.2 µl is also provided (Figure S4.4 - S4.9 in Supplementary Information B.3). Un-
der both water volume conditions, the average isotopic values in different reports showed
varying deviations relative to the isotopic values of the standard water, with characteristics
similar to those observed at 1.0 µl. Specifically, some reports for small water volume cap-
illaries still yielded isotopic measurements close to the isotopic values of the filled standard
water, with smaller standard deviations (e.g., reports 2, 4, 5, 8, 9), indicating that these labo-
ratories also exhibited high measurement stability and accuracy under smaller water volume
conditions. However, some reports showed larger deviations from the isotopic values of the
standard water under low water volume conditions (e.g., reports 11, 12, and 14). These
observations suggest that the measurements from some laboratories under smaller water
volume conditions are still influenced by various factors, including instrument sensitivity,
operational procedures, and the potential impact of water volume on isotopic fractionation
effects. Additionally, under the 0.5 µl and 0.2 µl water volumes, no significant systematic
differences were observed in the isotopic values between reports where the capillary tubes
were crushed with or without Iceland spar (Figure S4.4 - S4.9 in Supplementary Information
B.3) .

The trend in the standard deviation of isotopic values was analyzed for each set of capil-
laries containing the same water volume from the same standard, as the water volume varied
(Figure 4.9). For δ18O the SD values ranged from 0.2‰ to 3.0‰, with an overall trend of
increasing SD as the water volume decreased. At larger water volumes (≥1 µl), the SD
values were generally smaller and more concentrated, ranging mainly from 0.2‰ to 1.0‰,
indicating good reproducibility of δ18Omeasurements under high water volumes. However,
as the water volume decreased, the SD values increased significantly and displayed greater
dispersion. When the water volume was between 0.1 and 0.5 µl, the SD values exhibited a
wider distribution, and even without considering individual extreme values, the SD could
reach 1.5‰ or higher. Additionally, the distribution of SD became more sparse and un-
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Figure 4.9. Relationship between the standard deviation (1σ) of δ18O and δ2H values
and water volume. The upper panels show SD variations with water volume. Water vol-
ume and SD are calculated from a set of capillary measurements for each water volume of
different standard water. The lower panels display box plots of SD for δ18O and δ2H where
water volume refers to the filled volume in the capillaries. Box edges represent the first
and third quartiles, the line inside indicates the median. The range of whiskers is outlier
(coef=1.5). The curve next to it shows the normal distribution curve of the SD value.
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even. At water volumes close to 0.1 and 0.2 µl, the SD values fluctuated most significantly,
with some data exceeding 2‰, reflecting a substantial increase in the instability of δ18O
measurements under low water volume conditions.

For δ2H the distribution range of SD values is broader, varying from 0.2‰ to 10‰,
showing greater variability than δ18O (Figure 4.9). Under larger water volumes (≥1 µl),
the SD values are generally smaller and more stable, primarily ranging from 0.2‰ to 2‰,
indicating higher measurement stability for δ2H . However, as the water volume decreases,
the SD values increase rapidly. Particularly when the water volume is between 0.1 and 0.5
µl, the SD values are highly dispersed and can reach 10‰ or more. At a water volume of
0.2 µl, the dispersion of SD values for both δ18O and δ2H is most pronounced. When the
water volume approaches 0.1 µl, the SD values fluctuate the most, and the data points are
more scattered. Since only one standard water capillary was used at 0.1 µl, the data volume
is small, which results in less pronounced dispersion characteristics compared to the 0.2 µl
volume. Overall, both δ18O and δ2H SD values show a significant increase as the water
volume decreases. Under larger water volumes (>0.5 µl), both δ18O and δ2H exhibit better
reproducibility, with more concentrated data distribution and higher measurement stability.

Cross-plotting of δ18O and δ2Hmeasurements for each standard water across all reports
was performed to identify systematic deviations from the standard water isotope values and
potential fractionation effects (Figure S4.1 - S4.3 in Supplementary Information B.3). For
Standard 1, the δ18O and δ2Hvalues in report 11 and report 13 show an overall negative devi-
ation relative to the isotope values of the standard, with report 14 being themost pronounced.
The δ2H values in report 12 are systematically lower than the standard by approximately 10-
20‰, while the δ18O deviation is not significant (Figure S4.1 in Supplementary Information
B.3). For Standard 2, the distribution of isotope data points is more scattered compared to
Standard 1 (Figure S4.2 in Supplementary Information B.3). Significant outliers, deviating
from the standard isotope values, are observed in reports 3 and 11. In reports 1 and 14, both
δ18O and δ2H are systematically higher than the standard values. The δ2H values in report
12 are systematically higher than the standard by approximately 10-20‰, while the δ18O
deviation is not significant. The isotope values of Standard 3 are more dispersed (Figure
S4.3 in Supplementary Information B.3) . For example, nearly all δ18O and δ2H values in
reports 1 and 14 are significantly higher than the standard, with report 14 exhibiting the
greatest degree of dispersion. The δ2H values in report 11 are systematically higher than the
standard by about 10‰, while the δ18O values, although not showing a systematic shift, dis-
play greater variability compared to the δ2H values. Additionally, the range of variation in
δ18O values provided in these reports, approximately 10-15‰, is significantly smaller than
that of δ2H which ranges from 40-50‰. Most of the isotope outliers occur for small water
volumes (e.g. 0.1 and 0.2 μl), which is similar to the previous description of the change in
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standard deviation with water volume. The reproducibility of the isotope values deteriorates
as the water volume decreases.

4.5 Summary

1. Under higher (1.0 µl) and moderate (0.5 µl) water volume conditions, the average iso-
tope values in most reports are close to those of the standard water, with relatively small
standard deviations. For δ18O, the average measured values of the three standard waters
typically deviate from the standard values by ±1‰ to ±2‰, with the standard deviation
(SD) of repeated measurements generally under 0.5‰ (1σ). For δ2H, the average mea-
sured values of the three standard waters typically deviate from the standard values by
±1‰ to ±3‰, with the SD of repeated measurements generally under 2‰.

2. Under lower water volume conditions (0.2 µl), some reports (e.g., 2, 3, 4, 5, 7, 8, 9, 13)
still show small deviations, but the results are less favorable than those under higher and
moderate water volumes. The deviations for average measured δ18O and δ2H values
relative to the standard water range from ±1‰ to ±3‰ and ±2‰ to ±4‰, respectively.
Some reports (e.g., 11, 12, and 14) show larger deviations from the standard water
isotope values under this water volume.

3. Within laboratories, isotopic differences are mainly observed in relation to water vol-
ume. For larger volumes (≥1 µl) in capillaries, the SD of δ18O and δ2H are relatively
small, ranging from 0.2‰ to 1.0‰ and 0.2‰ to 2‰, respectively. For smaller volumes
(≤0.5 µl), especially at 0.1 and 0.2 µl, SD increases significantly. The SD of δ18O can
reach 1.5‰ or higher (with extreme values exceeding 3‰), while δ2H exhibits even
greater dispersion, with maximum values exceeding 10‰.

4. Most reports (13 out of 14) observed a systematic increase or decrease in δ18O and
δ2H values as water amount decreased, with variations in direction and magnitude. The
change in isotope values generally ranges from 2 to 5‰. Reports where glass capillaries
were crushed together with Iceland spar predominantly exhibited a positive isotopic
shift, while those without Iceland spar showed less consistent or no trends. However,
further evidence is needed to confirm the role of Iceland spar in this shift.

5. The overall reproducibility of δ18O (0.2–3.0‰) is better than that of δ2H (0.2–10.0‰).
The SD values of δ18O and δ2H show a significant increasing trend with decreasing
water volume. The reproducibility of δ18O and δ2H measurements is better at larger
water volumes (>0.5 µl).
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6. In reports where the capillaries were crushed together with Iceland spar, the measured
mean isotope values did not exhibit a systematic deviation from the standard water
isotope values. There was also no significant difference in the mean isotope values
compared to reports where the capillaries were not crushed with Iceland spar.

7. The most suitable water volume and isotope range for analysis may vary depending
on the analytical setups and protocols. Most reports showed limited ability to handle
high water volume (2 µl) samples. Overall, isotopic results from the 0.5–1 µl water
volume range in all reports are closest to the expected values and exhibit good internal
reproducibility.



Chapter 5

Variations in Regional Hydrological
Environment and Human Activities
Inferred From Oxygen and Hydrogen
Isotope Composition of Stalagmite Fluid
Inclusions in Southwest China

Key Points:

• The variations in oxygen and hydrogen isotope composition values of fluid inclu-
sion water primarily reflect environmental dry-wet changes and evaporation.

• In the mid-to late Holocene, four significant drought events in southwest China
coincided with a weakening of Asian summer monsoon intensity.

• The oxygen isotope composition of inclusion water records regional environmen-
tal degradation events in southwest China caused by human activities during
950-1100 BP.
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The interpretation of carbonate δ18O and δ13C values from stalagmites in China is com-
plex. Human activities during the mid-to-late Holocene have complicated the distinction
between natural and anthropogenic influences on regional environmental changes. This
chapter presents a record of δ18OFI and δ2HFI values from fluid inclusions in a stalagmite
from southwestern China, covering 6290 to 690 years BP. By excluding measurement arte-
facts using Rayleigh fractionation models and improved methods, reliable results were ob-
tained. The δ18OFI values were found to be sensitive to regional hydrological changes. High
δ18OFI and δ2HFI values corresponded to periods of weak Asian summer monsoon. Notably,
between 950 and 1150 BP, δ18OFI values showed a dramatic shift (7‰), reflecting environ-
mental degradation due to cropland expansion from population migration.

This study builds upon the work of Duan et al. (2023b), who previously reported the
chronology and stable isotope data of the stalagmite used in this chapter. I developed and
implemented a research framework during my PhD to reconstruct past climate and environ-
mental changes using the stable isotopes of fluid inclusions (δ18O and δ2H) in the stalagmite.
To achieve this goal, I systematically carried out sample pretreatment and analytical proce-
dures, completed the stable isotope measurements of fluid inclusion water, established a
rigorous quality control protocol, and performed comprehensive data evaluation. By ap-
plying Rayleigh fractionation models in combination with improved analytical techniques,
measurement artefacts and systematic errors were effectively minimized, ensuring the reli-
ability of the dataset. Based on these robust data, I reconstructed regional hydrological and
environmental variability, and identified significant climate signals associated with changes
in the Asian summer monsoon and human activities.

5.1 Introduction

Southwest China is influenced by the ASM and exhibits high sensitivity to global climate
change (Chen et al., 2021a,b; Duan et al., 2023b). In the past 38 years, the intensity and
frequency of extreme precipitation events in southwestern China have shown an increasing
trend (Shao et al., 2021). These extreme drought and flood events are primarily influenced
by large-scale atmospheric circulation patterns (Shao et al., 2021; Wang et al., 2024; Yin
et al., 2023b). With future global warming, climate aridification in this region is projected
to intensify, leading to longer durations and higher frequencies of such events (Leng et al.,
2015). Southwest China features extensive karst landscapes, characterized by a fragile eco-
logical environment that is susceptible to environmental variations induced by monsoonal
precipitation and human activities (Guo et al., 2023; Jiang et al., 2014). Consequently,
southwest China hosts abundant speleothem archives spanning the Holocene. However,
controversial interpretations of the climatic or environmental significance of speleothem
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proxies limit our ability to assess the relationship between ASM intensity and the regional
hydrological environment more quantitatively. For instance, uncertainties persist regarding
the sensitivity of speleothem calcite δ18O (δ13C) values to the thermodynamic and dynamic
aspects of the ASM, including factors such as precipitation and monsoon intensity (e.g.,
Cheng et al. (2019); Liu et al. (2020); Wu et al. (2023b); Zhao et al. (2023b)). The interpre-
tation of the climatic and environmental significance of stalagmite δ13C (δ13Cs) values and
trace elements are also complicated by factors such as climate as well as local ecological and
karst processes (Chen et al., 2021a,b; Fohlmeister et al., 2020; Li et al., 2018). This often
results in poor reproducibility of δ13Cs and trace elements records from different regions,
thus precluding a comparison on a larger spatial scale. Comparing multiple indicators from
speleothems, especially those sensitive to changes in the regional hydrological environment,
across different regions helps overcome the limitations of relying on a single indicator for
reconstructions (Chen et al., 2021a,b; Wu et al., 2023b; Yin et al., 2023b; Zhai et al., 2024).

Since the mid- to late Holocene, human activities have substantially disrupted the eco-
logical environment’s natural evolution process in southwest China, exacerbating environ-
mental deterioration, notably manifested by the severe phenomenon of rocky desertification
(Chen et al., 2021b; Duan et al., 2023b). The karst landscape in China covers an approxi-
mate area of 3.44 million km2, with as much as 82% of the rocky desertification occurring
predominantly in southwest China (Bai et al., 2013; Jiang et al., 2014; Li et al., 2009) (Fig-
ure 5.1). The ecological and hydrological environments in these areas are ongoing very
fragile and subject to a serious ecological degradation crisis (Zhang et al., 2021f). The de-
bate persists regarding whether rocky desertification in southwest China has been predomi-
nantly influenced by climate change or human activities across different periods (Chen et al.,
2021b; Jiang et al., 2014). Using paleoclimate proxies directly linked to fluctuations in envi-
ronmental dry-wet, such as effective moisture, and conducting regional comparisons could
significantly contribute to elucidating this issue (Chen et al., 2021b; Duan et al., 2023b,c).

The hydrogen and oxygen isotope compositions of fluid inclusion water (δ18OFI and
δ2HFI) in stalagmites are increasingly used as proxies for paleo-precipitation δ18O and δ2H
(δ18Op and δ2Hp) values to infer variations in hydrological environments such as terrestrial
temperature (Affolter et al., 2019; Løland et al., 2022; Matthews et al., 2021), effective hu-
midity (Wortham et al., 2022), and moisture sources (Fleitmann et al., 2022). The surface
vegetation degradation and soil deterioration resulting from rocky desertification indirectly
influence the soil’s permeability and the precipitation infiltration process within the epikarst
zone (Jiang et al., 2014), which in turn affects the cave drip rate and possibly also the evap-
oration experienced by inclusions water. Therefore, analyses of δ18OFI and δ2HFI also have
the potential to reflect the evaporation processes occurring in the epikarst zone and cave.

Combined δ18OFI, δ2HFI, and δ18Os values could enable a more robust discussion and
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Figure 5.1. Location of study area. The correlation map of May - August precipitation
between the study area and other regions from 1950 to 2019 C.E. The precipitation data
are from the Global Precipitation Climatology Centre with a grid resolution of 0.25°×0.25°
(Schneider et al., 2020). The red triangle indicates the locations of Feilong cave (this study).
The red triangle indicates the locations Shijiangjun cave and Wulu cave (Chen et al., 2021a;
Zhao et al., 2020), Dongge cave (Yang et al., 2017), Jiulong cave (Zhang et al., 2021a),
Lugu lake (Zhao et al., 2021), and Tengchongqinghai lake (Xiao et al., 2023). (B) The karst
areas of southwest China, and the distribution and extent of rocky desertification. Green
colour indicates karst area. Yellow, orange, and red indicate slight, moderate, and severe
rock desertification, respectively. Data from Bai et al. (2013); Li et al. (2009).
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differentiation of thermodynamic and dynamic processes associated with the ASM, such as
precipitation and atmospheric circulation. While isotopic analysis of fluid inclusions water
significantly contributes to the comprehensive reconstruction of regional palaeohydrolog-
ical changes, the preserved original signals of δ18Op and δ2Hp within inclusion might be
modified, mainly in the form of large positive shifts relative to the local or global meteoric
water line (LMWL/GMWL) (Fernandez et al., 2023; Matthews et al., 2021; Warken et al.,
2022; Wortham et al., 2022). The reasons for this phenomenon are related to several as-
sumptions. Firstly, evaporation of meteoric waters occurs within the epikarst zone or cave
environments. Prolonged degassing of drip water and cave ventilation result in significant
isotopic fractionation, leading to a significantly lower slope of δ2HFI/δ18OFI compared to
the MWLs (Warken et al., 2022; Wortham et al., 2022). However, there is also a potential
impact from the measurement techniques. Recent studies have emphasized that heating of
the sample during measurements produces significant isotopic artefacts (Fernandez et al.,
2023). Evaporative water loss due to heating before the extraction/release of inclusion wa-
ter for measurement could significantly increase the δ18OFI value (de Graaf et al., 2022;
Fernandez et al., 2023). Therefore, the results must be carefully screened to exclude or
correct anomalous data, or to produce more reliable results through improved measurement
methods.

Here, this dissertation analyzed the hydrogen and oxygen composition of stalagmite
fluid inclusion water from Feilong Cave in the monsoon region in southwest China, where
research on the isotopic composition of stalagmite fluid inclusions is very scarce. By em-
ploying a Rayleigh fractionation model and improved measurement procedures, exclude
artefacts in the isotopic signals and obtained reliable results. This dissertation have estab-
lished a time series of δ18O and δ2H values of fluids entombed as inclusions during the
mid-to late Holocene in this region. In combination with δ18Os and δ13Cs records, our ap-
proach thus provides a new pathway for evaluating the relationship between ASM intensity,
anthropogenic activities, and the regional hydrological environment in southwest China.

5.2 Material and Methods

Feilong cave (24.97°N, 104.88°E, 1357 m above sea level) is located in Guizhou province,
southwest China (Figure 5.1). The cave is about 1000m long, developed in Triassic dolomitic
limestone, and the rock above the cave is about 60m thick (Liu et al., 2008b). The region has
a subtropical humid monsoon climate that is affected by the ASM. Instrumental climate data
from the nearest meteorological station (Xingyi station, 25 km northeast of Feilong cave)
(http://www.cma.gov.cn/), reveal that the 1981-2010 averages of annual temperature and
precipitation amount are 16.4°C and 1451 mm, respectively, while May-October precipita-
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tion accounts for 80% of the entire year (Duan et al., 2023b). The average temperature inside
the cave is approximately 17.0°C and the humidity is close to 100% (Guo et al., 2006). The
modern vegetation above Feilong cave primarily consists of subtropical shrubs. The FL2
stalagmite is about 430 mm long and grew between 6290 and 690 years before present (1950
CE). The chronology and calcite stable oxygen/carbon isotope results have been reported
by Duan et al. (2023b).

The measurements of δ18OFI and δ2HFI values were performed at the Institute of Envi-
ronmental Physics, Heidelberg University, using an analytical setup based on CRDS. Sam-
ples for analysis were cut using band saws near the FL2 stalagmite growth axis, with indi-
vidual samples weighing between 0.30-1.00g. Stalagmite samples were loaded into copper
tubes, either directly or enclosed in glass tubes, which were afterwards connected to the
measuring line. Inclusion water hydrogen and oxygen isotope composition measurements
were carried out on an artificial, stable, moist water vapour background of known δ18O and
δ2H values. The stalagmite samples were crushed after heating at 120°C for 40-60 minutes,
the released water was transported online to the CRDS system for analysis. The results of
the analyses are presented relative to V-SMOW. For speleothem samples with water vol-
umes greater than 0.2 μl, the reproducibility (1σ) is <0.5 ‰ for δ18O values and <1.5 ‰ for
δ2H values (Weissbach et al., 2023).

5.3 Results

5.3.1 Petrographic Characterisation of Fluid Inclusions and Calcite
Fabrics

The petrographic thin sections (25×40 mm) were prepared at 1 mm, 160 mm, 210 mm, 310
mm, and 350 mm from the top of the stalagmite. The petrographic characteristics of the
stalagmite, including the typical shapes and distributions of fluid inclusions, were observed
using a Keyence VHX-6000 digital microscope with transmitted light. The stalagmite is rich
in fluid inclusions primarily arranged along growth surfaces (Figure S5.1 in Supplementary
Information B.4). Layers with abundant inclusions alternate with layers with few or no in-
clusions, and many small inclusions are dispersed throughout the matrix. The sizes of these
inclusions vary, ranging from a few μm to several tens of μm (Figure S5.1 in Supplementary
Information B.4), and exhibit shapes such as pyriform, elongated, thorn-, or spindle-shaped.
These inclusions are typically filled with water, but two-phase inclusions (water and air) are
also present (Figure S5.1 in Supplementary Information B.4). The orientations of the inclu-
sions are often parallel to the growth axis and are frequently concentrated within the same
growth layer, likely captured within the same time interval. No evidence of dissolution or
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Figure 5.2. Results of fluid inclusion analysis of stalagmite FL2. (A) δ18OFI. (B) δ2HFI.
The red and blue points indicate samples not in the glass tube and in the glass tube for
Individual measurement. Measurement uncertainties (0.5‰ for δ18OFI and 1.5‰ for δ2HFI)
are not shown in (A) and (B) due to the large range of axes. (C) Water content of samples.
(D) Calculated growth rates based on calcite stable isotope age model. (E) Calculation of
palaeotemperatures based on the empirical equations of Tremaine et al. (2011), δ18Os and
δ2HFI . The blue shading indicates the range of cumulative mean annual temperatures (13.3-
21.1°C) at Xingyi station (25 km northeast of Feilong cave) from 1980 to 2010. (F) Δδ18O
values calculated using δ18OFI and δ18Os values. The pink bars are the range of predicted
Δδ18O values determined using the mean δ18Os, cumulative annual mean temperature, and
empirical equations from Tremaine et al. (2011).
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calcite crystal recrystallization was observed in the thin sections, indicating that these fluid
inclusions are primary and contemporaneous with the host calcite. The two clear dark lay-
ers were found at about 13 mm (about 950 yr BP) of the stalagmite. These dark layers have
distinct boundaries. Compared to the lighter layers, the darker layers have a loose sedi-
mentary structure with more impurities and granular pores (Figure S5.2 in Supplementary
Information B.4).

5.3.2 Comparison of Inclusion Water Isotopes Composition and Mod-
ern LMWL

A total of 34 measurements of fluid inclusions in speleothem samples were conducted at 25
different depths (Table S5.1 in Supplementary Information B.4). Of these, 19 samples were
directly loaded into copper tubes for measurement, while the remaining 15 were enclosed in
glass tubes. Comparative measurements in and out of glass tubes were performed on sam-
ples from five growth layers. Overall, the water content of all samples from different depths
varied between 0.24 and 5.22 μl/g (Figure 5.2). The δ18OFI and δ2HFI values ranged from
-6.76 to 16.40‰ and -52.36 to -8.95‰, respectively. The Pearson correlation analysis re-
vealed a significant positive correlation between δ18OFI and δ2HFI values (r=0.83, p<0.01).
The δ18OFI and δ2HFI results are compared with δ18Op and δ2Hp data from the Global Net-
work of Isotopes in Precipitation (GNIP) station in Guiyang, located approximately 250 km
northeast of the cave site, over a 4-year period (1988-1992). Compared to modern precipita-
tion isotopes, most measurements are at the unweighted average of the rainy (May-October)
and dry (November-April) season isotopic values distributions (Figure 5.3). Some values
also showed significant positive deviations, with isotopic values exhibiting notable enrich-
ment compared to modern precipitation. This is reflected in the fitted slope (1.45 ± 0.19, r2

= 0.63), which is considerably lower than both the GMWL and the LMWL. Additionally,
some outliers exhibited unreasonably high isotopic values.

5.3.3 Temporal Variation in the InclusionWater Isotopes Composition
and Calculated Paleo-temperatures

Between 6290 and 1600 yr BP, the variation of δ18OFI and δ2HFI ranges from +16.40 to
-10.30‰ and -8.95 to -52.36‰, respectively (Figure 5.2). At about 5600, 3450, and 2260
yr BP, δ18OFI and δ2HFI exhibited millennial-scale positive fluctuations with average am-
plitudes of 2 to 6‰ and 4 to -14‰, respectively. The most significant fluctuations in δ18OFI

and δ2HFI records occur about 1000 yr BP, with δ18OFI and δ2HFI values increasing rapidly
by about 18‰ and about 40‰, reaching their most positive values around 950 yr BP and
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decreasing swiftly after that (Figure 5.2).

Figure 5.3. Results of δ18O vs. δ2H values of stalagmite FL2 The cyan and yellow points
indicate precipitation isotope data from May - October and November - April, respectively
(1988-1992). δ18Op and δ2Hp data are from the Global Network of Isotopes in Precipita-
tion (GNIP) Guiyang site (about 250 km northeast of the cave site). The blue and red square
points indicate inclusions samples measured not in and in glass tubes, respectively. The
hollow points indicate samples of about 13 mm growth layer. The orange and black straight
lines indicate LMWL (δ2Hp = 8.8 × δ18Op + 22‰ r2=0.98) and GMWL. The purple line
indicates the fitted line for all the δ18OFI and δ2HFI data (δ2HFI = 1.45 × δ18OFI - 32.15‰
r2=0.63). The dark blue line indicates the predicted occurrence of isotopic Rayleigh frac-
tionation processes in the measurement setup (slope=1.40). The cyan shading indicates the
range of slopes predicted by the Rayleigh fractionation model for evaporation in cave (2.84-
4.13).

In the absence of modern monitoring data, the widely accepted empirical formula from
Tremaine et al. (2011) is used to calculate paleotemperatures based on δ18Os and δ18OFI

values. Additionally, paleotemperatures are also calculated using the more recent equation
proposed by Daëron et al. (2019). The results show that the calculations of the two equa-
tions are very similar and almost indistinguishable within uncertainty range (Figure S5.3 in
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Supplementary Information B.4). However, most of these estimates are unrealistically high
compared to this region’s modern cumulative annual mean temperatures (13.3-21.1°C) (Fig-
ure 5.2) (Figure S5.3 in Supplementary Information B.4). Based on the inversion of δ18OFI

derived via the LMWL using δ2HFI values, our calculations still yield unreasonably high
temperatures but considerably less deviant from modern temperatures (Figure 5.2) (Figure
2E and S3). Using the empirical formula from Tremaine et al. (2011) and δ18Os, the dif-
ference between the δ18O value of cave drips at calcite formation and δ18OFI (Δδ18O) was
calculated. The range of variation in Δδ18Owas predicted based on the mean value of δ18Os
and the cumulative annual mean temperature (13.3-21.1°C) (Figure 5.2). The results show
that Δδ18O is consistent with the pattern of calculated temperature variations and moves
away from the predicted range for most periods. Especially during about 5600, 3450, and
2260 yr BP, positive fluctuations occurred in inclusion temperatures, accompanied by corre-
sponding decreases in Δδ18O with the most significant shifts in both occurring about 1000
yr BP (Figure 5.2). This phenomenon suggests that these samples potentially significant
isotopic fractionation, with the original δ18Op and δ2Hp information undergoing varying
degrees of modification. Preheating at 120°C prior to measurement may cause notable iso-
tope fractionation. However, replicate samples from four growth layers measured both in
and outside of glass tubes show no clear differences in isotope values (Figure S5.4 in Sup-
plementary Information B.4). Only the isotope values of replicate samples from one growth
layer show significant differences betweenmeasurements taken in and outside of glass tubes.
Compared to measurements without glass tubes, δ18OFI and δ2HFI values measured within
glass tubes are lower and closer to the GMWL (Figure S5.4 in Supplementary Information
B.4).

5.4 Discussion

5.4.1 Influence of Evaporation from Natural and Artificial Sources on
the Isotopic Fractionation of Inclusions

Evaporation and Isotopic Fractionation from Measurement

Given the pronounced enrichment characteristics of isotope values in some measurements,
along with the two distinct isotope variation patterns observed in different growth layers
with and without the use of glass tubes, it is necessary to carefully evaluate whether these
isotope results are suitable for environmental reconstruction. For significantly enriched iso-
tope values, which deviate from the GMWL and LMWL, one potential explanation could
be evaporation within the cave during stalagmite deposition (Warken et al., 2022). Another
possibility is that the heating process of about 40-60 min (120°C) before sample crushing
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may cause inclusions water leakage and evaporation (Fernandez et al., 2023). Two meth-
ods were employed to identify potential artifacts during the measurement process. First, a
Rayleigh evaporation model, similar to that of Fernandez et al. (2023), was used to assess
the fractionation generated during the measurements. Second, the samples were encapsu-
lated in glass tubes during measurement, a method known to effectively reduce moisture
loss and isotopic fractionation caused by preheating.

The Rayleigh fractionation model predicts evaporation slopes resulting from the mea-
surement process from 1.35 to 1.46 (the mean of 1.40 ± 0.06, 1σ) (Supplementary text)
(Figure 5.3). The very enriched outliers are distributed along the predicted evaporation
slope (Figure 5.3), which implies that these samples experienced significant water loss and
isotopic fractionation before being crushed. Alternative evidence of substantial isotope frac-
tionation from preheating before measurements involves comparing samples closed within
glass tubes and those subjected to direct measurements. In most cases (4 out of 5 growth
layers), there is no significant difference between samples measured in and not in glass
tube (Figure S5.4 in Supplementary Information B.4). The reason may be attributed to two
potential factors. Firstly, most inclusions remain well preserved, precluding water leak-
age induced by heating. Secondly, the leaking inclusions will completely evaporate after
prolonged exposure to high temperatures (120°C, 40-60min) and therefore will not affect
the final isotopic results. Consequently, throughout the temporal series, the isotope value
differences between samples inside and outside glass tubes are not very large (Figure 5.2).

The only possibly “leaked” sample occurred at about 13 mm from the stalagmite, coin-
ciding with a pronounced alteration in the deposition morphology of the stalagmite (Figure
S5.2 in Supplementary Information B.4). The δ18OFI and δ2HFI values measured in glass
tubes are lower and closer to the GMWL in comparison to measurements not in the glass
tube (Figure S5.4 in Supplementary Information B.4). Petrographic observations show that
these samples from the about 13mm dark layer are structurally loose and full of pores (Fig-
ure S5.2 in Supplementary Information B.4). In 120°C heating, the pressure of the fluid
will increase with the increase in temperature. Water in such inclusions may be lost by
evaporation along crystal boundaries of loose calcite and pores in stalagmites, leading to
significant isotopic fractionation. The altered depositional morphology of the stalagmite
has resulted in unstable inclusions that are more susceptible to leakage under heat (Fig-
ure S5.2 in Supplementary Information B.4). The measurements were entirely distributed
along the evaporation slope caused by the measurements, further Supplementary our suspi-
cions (Figure 5.3). However, samples measured in glass tubes should be able to preserve
potentially pre-evaporated water from the sample, thereby reducing isotopic fractionation
induced by heating. As a result, these measurements are closer to the original isotopic values
of the inclusion water. Based on petrographic examination and comparative measurements
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in glass tubes, it is suggested that the inclusions in the samples at approximately 13 mmmay
have undergone significant evaporation and isotopic fractionation during preheating prior
to measurement. Consequently, the measurements at around 13 mm that were not taken in
glass tubes have been rejected, and only the values obtained from two measurements within
the glass tubes were used. In contrast, the depositional morphology of the rest of the sta-
lagmite remained stable, with inclusions distributed in bright layers characterized by stable
calcite depositional structures, in which water was well preserved (Figure S5.2 in Supple-
mentary Information B.4). Repeated measurements of samples inside and outside the glass
tube also revealed no significant differences (n=4). Thus, for samples from other depths
of the stalagmite, no evidence of significant preheating-induced evaporation was observed,
making them suitable for paleoclimate and environmental reconstruction. Finally, except
for the measurements at approximately 13 mm, where those not taken in the glass tube were
excluded, the average isotopic values from repeated measurements at the same depth were
used. This resulted in a total of 25 isotopic values for inclusions at different depths in the
stalagmite. The uncertainty of the mean value is calculated based on the error propagation
principle, by summing the squares of the uncertainties of the two measurements, taking the
square root, and then dividing by the number of measurements (Table S5.2 in Supplementary
Information B.4).

It is suggested that thorough petrographic examination and repeated comparative mea-
surements can yield more reliable δ18OFI and δ2HFI results. Even for samples prone to in-
clusion leakage, the use of glass tubes may still provide more reliable results that closely
approximate the original isotopic composition of the inclusion water. Some outliers exhibit
noticeable enrichment, but the petrology and the deviation of these values from the Rayleigh
fractionation slope suggest that these samples are minimally affected by analytical artifacts
(Figure 5.2). The anomalous isotope values may thus rather reflect the “true” composition
of the fluid water, potentially influenced by processes such as cave evaporation.

Isotopic Fractionation of Fluid Inclusions Water Caused by Cave Evaporation

Climate-driven cave ventilation and drip rates significantly affect the evaporation of stalag-
mite surface water, which may modify the isotope signatures of inclusion water (Deininger
et al., 2012; Lyu et al., 2024; Warken et al., 2022; Wortham et al., 2022). Considering
the close correlation between cave evaporation processes and relative humidity (Lyu et al.,
2024), the Craig-Gordonmodel was also used to simulate the potential isotopic fractionation
occurring within the cave (Gonfiantini et al., 2018) (Text S5.1 in Supplementary Information
B.4). This model explains the combined effects of equilibrium and kinetic isotope fraction-
ation during the phase transition from liquid water to vapor and is widely used to simulate
the isotope composition of natural water systems such as oceans, lakes, and atmospheric
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water.

The slope predicted by the evaporation model in the cave is 2.84-4.13 (Text S5.1 in Sup-
plementary Information B.4). Considering the uncertainties, almost all the isotope-enriched
data are distributed within this slope range (Figure 5.3), indicating that the isotopic anoma-
lies could be explained by cave evaporation (Figure 5.2). It is common for cave evaporation
to lead to isotopic enrichment of inclusions, and our evaporation slopes are comparable to
previous reports (Warken et al., 2022; Wortham et al., 2022). There are also some out-
liers that are below the predicted fractionation line, but also show a clear trend towards
enrichment. This may be attributed to changes in the initial hydrogen and oxygen isotope
composition of the drip water preserved in these samples. In general, the δ18O and δ2H val-
ues of cave drips inherit the annual weighted isotopic values of local precipitation (Baker
et al., 2019; Duan et al., 2016). This feature is also shown by most of our results, with data
points clustered around the mean positions of isotopic distributions during the rainy (May
to October) and dry (November to April) seasons (Figure 5.3). The observation that some
values are slightly lower than the annual mean precipitation values suggest they may be bi-
ased towards the rainy season’s δ18Op and δ2Hp information. This could be due to seasonal
increase in monsoon precipitation during certain periods, resulting in lower annual weighted
mean values of δ18Op and δ2Hp. As a result, the δ18OFI and δ2HFI values tend to be low
overall, leading to a decrease in the intercept of the fractionation equation.

Positive shifts in δ18O and δ2H values of cave drip and inclusion water due to evapo-
ration in soils, epikarst zones, and cave environments are widespread phenomena (Baker
et al., 2019; Duan et al., 2016; Horita et al., 2008). The high correlation between the In-
trinsic Mode Function (IMF) 1 of δ18Os and δ13Cs (r=0.99, p<0.01) that were isolated us-
ing EEMD demonstrates kinetic isotope effects during stalagmite deposition (Duan et al.,
2023c; Wu and Huang, 2009) (Figure S5.5 in Supplementary Information B.4). The IMF1
extracted from δ18Os and δ13Cs primarily reflects changes on interannual to decadal time
scales (periods less than 50 years). The significant positive covariation between δ18Os and
δ13Cs is partly attributed to isotopic disequilibrium fractionation caused by prior calcite pre-
cipitation, which occurs due to rapid CO2 degassing from dripping water on cave ceilings
and stalactite/stalagmite surfaces (Duan et al., 2023c). Upon entering the cave, dripping
water experiences a rapid drop in PCO2 , triggering CO2 degassing. The δ18O value of
the precipitated calcium carbonate mirrors the δ18O value of HCO−

3 , which was in isotopic
equilibrium with the water (Dreybrodt and Scholz, 2011). After the rapid precipitation of
calcite, the residual water on the stalagmite surface is affected by evaporation. On one hand,
the timescale for oxygen isotope exchange and equilibrium between water and HCO−

3 is sig-
nificantly longer than that for calcite deposition (Liu and Ding, 1998). On the other hand,
evaporation accelerates the depletion of HCO−

3 and Ca2+ ions. As most calcium ions precip-
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itate during the initial stage of CO2 degassing, the calcite formed later becomes negligible
due to the exponential decline in calcium concentration (Deininger et al., 2012; Dreybrodt
and Scholz, 2011; Scholz et al., 2009). Even if significant evaporation enriches the isotopic
values in the residual dripping water, this enrichment affects only a small portion of the
precipitated calcite (Deininger et al., 2012).

Furthermore, the continuous addition of new dripping water and ongoing calcite deposi-
tion further limit the impact of evaporation on the isotopic composition of calcite. Therefore,
short-term evaporative fractionation has limited impact on δ18Os variations over centennial
to millennial scales driven by climate changes and human activities (Duan et al., 2023c;
Warken et al., 2022), as supported by the broad similarity of δ18Os and δ13Cs to the sta-
lagmite records from southern China (Chen et al., 2021a; Yang et al., 2017; Zhang et al.,
2021a) (Figure 5.4). In contrast, evaporation significantly enriches the δ18O and δ2H values
of dripping water, which are subsequently captured in fluid inclusions and result in isotopic
compositions not in equilibrium with the surrounding calcite.

The evaporation of water on the surface of stalagmite is typically influenced by factors
such as the relative humidity of cave air, cave ventilation, and drip rate (Deininger et al.,
2012; Fairchild et al., 2006; Lyu et al., 2024). Especially in subtropical monsoon regions,
seasonal temperature differences between cave air and outside atmosphere tend to regulate
the strength of ventilation (Lyu et al., 2024; Vieten et al., 2016). However, on the centennial
to millennial scale, our δ18OFI record does not exhibit similar variation patterns with recon-
structions and simulations on the coldest month temperatures or interannual temperature
anomalies in southwest China (Shi et al., 2021; Xiao et al., 2023) (Figure S5.6 in Supple-
mentary Information B.4). However, the possibility that the variation in δ18OFI could be
influenced by cave ventilation, resulting from seasonal and interannual temperature varia-
tions, cannot be excluded. On the other hand, the positive anomalies in δ18OFI values may
be associated with a more arid environment and reduced precipitation.

A comparably arid environment increases the extent of oxygen and hydrogen isotope
evaporative fractionation of precipitation in soil, surface karst, or cave environments. The
reduced supply of cave drip water also results in slower drip rates and longer degassing
times. The inclusion water experienced significant evaporation before being confined, re-
sulting in higher δ18OFI and δ2HFI values relative to wetter environments. On the millennial
scale, the frequent fluctuations of δ18OFI can thus be interpreted to indicate variations in
environmental dry vs. wet conditions over different periods. Compared to δ18Os, the larger
amplitude δ18OFI provides the most direct and pronounced evidence of evaporation in soils
and epikarst zones, as well as in cave environments.
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5.4.2 Variations in Hydroclimate in Southwest China Inferred From
Fluid Inclusion Isotope Records

Millennial Scale Dry-wet Variations In the Mid-to Late Holocene

Our new record presents the consistency between the weakening of ASM and the reduction
in precipitation during theHolocene, as revealed by the strong link between δ18Os, δ13Cs and
δ18OFI (Figure 5.4). Phases with δ18OFI values significantly or consistently greater than the
mean are defined as positive anomaly phases. The five δ18OFI positive anomaly phases, oc-
curring around 950 yr, 1360 yr, 2260 yr, 3450 yr, and 5600 yr BP, correspond to weak ASM
intervals during the mid- to late Holocene, as indicated by δ18Os (Figure 5.4). Compared
to the weak monsoon events identified by previous δ18Os-based positive anomalies (Duan
et al., 2023b), the δ18OFI -based positive anomaly phases are fewer and include some strong
monsoon events. This difference partly arises from the lower resolution of δ18OFI which
is insufficient to capture decadal to centennial scale changes. The δ18OFI positive anomaly
phases shows an overall high mean value of δ18Os, with very high internal variability and
frequent positive excursions (Figure 5.4). δ18OFI positive anomaly phases reflects a long
period (centennial to millennial scales) of weakened monsoon intensity and long-term envi-
ronmental changes that promote stronger evaporation processes. These trends do not conflict
with the short-term fluctuations in ASM intensity on decadal scales, as indicated by δ18Os.
This interpretation is further supported by the millennial scale IMF components of δ18Os
and δ13Cs (IMF5, with a period of about 1000 years) (Figure S5.5 in Supplementary Infor-
mation B.4). The trends of these components are nearly identical with δ18OFI highlighting
the robustness of δ18OFI as an indicator of regional long-term evaporation and water bal-
ance variations. The δ18OFI positive anomaly phases are also evident in other δ13Cs records
from southern China (Figure 5.4), with δ13Cs being higher during these positive anomaly
phases (Figure 5.4). Given the stable regional environmental conditions of the mid-to-late
Holocene, significant vegetation replacement due to natural factors is unlikely (Chen et al.,
2021a,b). Instead, δ13Cs reflects changes in vegetation density, soil CO2 , and microbial
activity (Li et al., 2018; Yang et al., 2017), indicating that these phases exhibit broad spatial
correlation and contribute to widespread environmental degradation.

During the δ18OFI positive anomaly phases, δ18OFI exhibits larger amplitudes than δ18Os
and δ13Cs , implying that inclusion water isotopes may be more sensitive to centennial-
millennial hydroclimate shifts (Figure 5.4). This is because δ18OFI values reflect more sig-
nificant evaporation processes in caves, karsts, and soils, which result from prolonged reduc-
tions in monsoon precipitation. The overall coefficient of variation (C.V = standard devia-
tion/mean) of the δ18OFI sequence is 125% compared to only 5% for δ18Os. Except for the
950 yr BP, the remaining four δ18OFI positive anomaly phases have variations of about 1‰
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Figure 5.4. FL2 stalagmite calcite and fluid inclusion water stable isotope records and
comparison with other records. (A) and (B) FL2 δ18Os and δ13Cs records from RN961.
(C) FL2 δ18OFI record. Data potentially affected by analytical artifacts is removed, repeat-
edly measured samples from the same growth layer were averaged. The uncertainty of the
mean value is calculated based on the error propagation principle, by summing the squares
of the uncertainties of the twomeasurements, taking the square root, and then dividing by the
number of measurements. (D) The δ13Cs records of stalagmites from Dongge cave (purple)
and Shijiangjun cave (pink) (Chen et al., 2021a; Yang et al., 2017). (E) Lugu lake δDC31

record (Zhao et al., 2021). (F) The δ13Cs record of stalagmite from Jiulong cave (Zhang
et al., 2021a). (G) Reconstructed mean annual precipitation (MAP) from Tengchongqing-
hai lake (Xiao et al., 2023). The orange and cyan bands indicate δ18OFI positive anomaly
phases.
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to 2‰ in δ18Os and δ13Cs, while δ18OFI records variations of 2‰ to 4‰ (Figure 5.4). Since
inclusions remain sealed for much longer than the period of calcite deposition, the prolonged
CO2 degassing process resulting from reduced precipitation leads to more pronounced iso-
topic fractionation. Consequently, on centennial to millennial timescales, δ18OFI values may
reflect amplified signals of climatic and environmental changes, exhibiting greater ampli-
tudes than δ18Os. Duan et al. (2023b) emphasise from δ18Os-based reconstructions that the
ENSO was an important driver of ASM variability during the Holocene on decadal to cen-
tennial scale. To investigate the factors influencing regional evaporation and water balance
on centennial to millennial scales, the multi-indicator records were compared with recon-
structions of solar activity and ENSO (Figure 5.5) (Figure S5.7 in Supplementary Informa-
tion B.4). The results show that four δ18OFI positive anomaly phases (I-IV) in the mid- to
late-Holocene were associated with reduced solar activity (Figure S5.7 in Supplementary
Information B.4) and El Niño-like conditions (Chen et al., 2002) (Figure 5.5). ENSO regu-
lates the intensity of ASM circulation and variations in moisture through water source areas
ocean-atmosphere coupling (Jian et al., 2022). In southern China, during El Niño-like con-
ditions, the Walker Circulation weakens and shifts eastward, causing its descending branch
to extend over northeastern India and southwestern China, suppressing convection in the
region (Kumar et al., 2006; Ropelewski and Halpert, 1987; Tan et al., 2017). El Niño has
also led to the weakening of the Indian summer monsoon (ISM) and persistent negative sea
surface temperature anomalies in the western tropical Pacific (Figure 5.4 and Figure 5.5).
The ISM and the western tropical Pacific warm pool are significant moisture sources for
ASM (Dang et al., 2020; Jian et al., 2022; Xue et al., 2023). These factors collectively
contribute to a reduction in the transport of summer monsoon moisture to southwest China
(Figure S5.8 in Supplementary Information B.4).

Solar activity is hypothesized to influence the ENSO and the ASM via changes in low-
latitude processes (Lu et al., 2019a; Sun et al., 2024; Zhai et al., 2024). ENSO activity can
amplify the impact of solar radiation on hydrological and climatic changes in the ASM re-
gion on centennial timescales (Chen et al., 2023; Reimer et al., 2020; Zhai et al., 2024).
When solar radiation increases, the thermal contrast between the subtropical Asian conti-
nent and the Indian Ocean intensifies, leading to increased precipitation over India and the
Bay of Bengal, as well as an easterly anomaly in the Indian Ocean-Pacific warm pool (Sun
et al., 2024). Enhanced solar radiation also increases evaporation in the cloud-free regions
of the subtropical Pacific, with moisture transported by easterlies to the equatorial west-
ern Pacific, increasing precipitation and strengthening the easterly anomaly (Meehl et al.,
2008). These combined changes trigger a La Niña-like state and stronger monsoon circula-
tion (Sun et al., 2024; Zhai et al., 2024). Conversely, a decrease in solar radiation may lead
to the occurrence of an El Niño-like condition on a centennial scale. Previous studies have
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Figure 5.5. Comparison of fluid inclusion δ18O records and forcing mechanisms from
low latitudes. (A) FL2 δ18OFI records. (B) Mean sea surface temperature anomaly (SSTA)
of the IPWP records (Dang et al., 2020). (C) The blue line indicates El Niño events per 100
years (Mark et al., 2022). The red triangles indicate estimates of ENSO variability from
eastern equatorial Pacific foraminifera δ18O variance (Koutavas and Joanides, 2012). (D)
The blue square indicates changes in ENSO variance based on fossil coral δ18O values in
the Northern Line islands relative to 1968-1998 C.E. values (Cobb et al., 2013). The orange
square indicates the log scale of botryococcene concentration in El Junco Lake sediments
(Zhang et al., 2014). The grey records indicate FL2 δ18OFI records.
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highlighted the influence of ENSO and Solar activity on ASM intensity (Duan et al., 2023b;
Lu et al., 2019a; Zhai et al., 2024), such as significant solar activity cycles in δ18Os and
δ13Cs (Figure S5.7 in Supplementary Information B.4). Our records provide new evidence
that ENSO and solar activity regulate not only ASM circulation but also regional evapora-
tion and water balance processes. With continued weakening of solar radiation in the future
(Matthes et al., 2017), solar activity may induce more frequent centennial-scale fluctuations
in regional water balance.

The short-term negative fluctuations in δ18Os during the positive δ18OFI anomaly phases
also indicate minor strong monsoon events. This suggests that intervals of prolonged dry
hydrological conditions (i.e., local/regional water vapor deficits) are also accompanied by
fluctuations in monsoon strength. This could be partly attributed to the measurement reso-
lution of the fluid inclusions being lower than that of calcite powder. Secondly, shorter and
less significant ENSO events also cause a weaking ASM circulation and decrease in δ18Op
and δ18Os values, but the extent of regional precipitation reduction and its long-term effect
on local water balance and sensitivity to evaporation in the soil/karst zone might be lim-
ited. While δ18Os is highly sensitive to changes in large-scale monsoon circulation (Cheng
et al., 2019; Duan et al., 2016; Liu et al., 2020), it may not accurately reflect long-term lo-
cal evaporation and water balance compared to δ18OFI. The δ18OFI values exhibit smoother
and larger amplitude changes on centennial to millennial scales, suggesting that they better
reflect gradual changes in vegetation, soil, karst, and cave environments over these time
scales. For example, ENSO activity was stronger during the early and late compared to
the middle Holocene, leading to a higher frequency of extreme hydroclimatic events in the
Chinese monsoon region during these periods (Chen et al., 2016; Cobb et al., 2013; Mark
et al., 2022; Yuan et al., 2023; Zhang et al., 2014; Zhu et al., 2017). In our record, the fre-
quency of weak monsoon events recorded by δ18Os appears similar between the middle and
late Holocene (Figure 5.4). However, the frequency and magnitude of changes in δ18OFI

are much smaller in the middle Holocene (about 2‰) than in the late Holocene (about 4‰)
(Figure 5.5). Despite frequent decadal and centennial-scale fluctuations in δ18Os indica-
tive of ASM circulation strength in the middle Holocene, long-term region evaporation and
water balance did not undergo significant changes due to stable ENSO activity. In con-
trast, during the late Holocene, as ENSO activity increased, the magnitude and frequency
of changes in δ18OFI increased, reflecting larger fluctuations in regional water balance (Fig-
ure 5.5). Lake sediment records from southwestern China also show that enhanced ENSO
activity in the Late Holocene led to more frequent extreme hydroclimatic events in the re-
gion (Figure 5.5) (Zhang et al., 2023a). The high-resolution δ18Os record responds rapidly
to short-term fluctuations in ASM intensity, while the δ18OFI values are more sensitive to the
gradual changes in vegetation, soil, and karst environments. These changes may be influ-
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enced by factors such as ASM intensity, shifts in precipitation, and the frequency of drought
events on shorter time scales.

Figure 5.6. Influence of Late Holocene human activities on the regional environment.
Variation in regional average population density and area cropland within the rectangle
around Feilong cave (320×230 km, 7.36×104 km2). Data from Klein Goldewijk et al.
(2010). (B) FL2 δ13Cs record from Duan et al. (2023b). (C) FL2 δ18OFI and δ2HFI records
(this study). The cyan bar spans about 330 years. (D) The δ13C records of stalagmites from
Shijiangjun cave (Chen et al., 2021a). (E) The δ13C records of stalagmite from Wulu cave
(Zhao et al., 2020). (F) The red line indicates detrended ECMZ core black carbon abun-
dance records (Pei et al., 2020). The red line indicates calculated south China C4 burned
proportion form core ZK001 (Ju et al., 2024). For a more visual comparison the time unit
is CE not BP.
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Human Activities Trigger the Degradation of Regional Ecosystems

The most pronounced δ18OFI positive anomaly event occurs during 950-1150 CE (corre-
sponding to a depth of 13±1.5 mm for stalagmite), with δ18OFI amplitudes exceeding 8‰
(Figure 5.6). This event is also prominently evident in FL2 δ13Cs and other δ13Cs records
in south China (Figure 4 and 6). However, no significant precipitation and temperature
anomalies were observed in southwest China during this time, and the magnitude of changes
in IPWP, solar and ENSO activities were also comparable to the previous δ18OFI positive
anomaly phases (Figure 4 and 5). These forcings explain the four previous δ18OFI positive
anomaly phases (I-IV). This difference means that for this most enhanced regional evap-
oration and deterioration of water balance during phase V, it is not entirely attributable to
changes in natural factors, such as monsoon intensity or precipitation. Increasing human ac-
tivities in the mid-to late Holocene, especially large-scale population migration, could have
also profoundly impacted the regional environment (Figure 5.6) (Chen et al., 2021a; Liu
et al., 2011). During the Northern Song Dynasty, spanning from Emperor Taizu to Yingzong
(about 976-1067 CE), the central government’s policy of promoting agricultural develop-
ment in border regions resulted in a notable migration of people from central China to the
southwestern territories (Wu, 2000; Yang, 1996; Zhang and Peng, 2012). Around 1127 CE,
due to prolonged warfare in northern China, known as the Jingkang event, approximately
5 million people migrated to southern China (Chen et al., 2021b; Wu, 2000; Zhang and
Peng, 2012). The massive influx of people resulted in extensive land cultivation, destroying
natural forests and grasslands (Chen et al., 2021b; Pei et al., 2020). The black carbon abun-
dance record in the Yangtze River Basin and the pollen and charcoal records from western
Guizhou also clearly document the far-reaching environmental impacts of population mi-
gration (Pei et al., 2020; Yue et al., 2024). The continuous increase in Yangtze River Basin
black carbon abundance from 770 to 1000 CE indicates that human activities (Pei et al.,
2020) (Figure 5.6), especially the intensification of land clearing, resulted in more frequent
fires in southern China and an overall decline in the forest cover of the Yangtze River Basin
(Pei et al., 2020).

According to long-term dynamic modelling of the global population and built-up area
(Klein Goldewijk et al., 2010), during 800-1000 CE, the population density in the Feilong
cave region remained relatively stable, about 6-8 caps/km2 (Figure 5.6). However, from
1000 to 1100 CE, the population density more than doubled, reaching about 19 cap/km2.
Over the following century, it increased to about 22 cap/km2 until a slight decrease around
1300 CE (about 17cap/km2) (Figure S5.9 in Supplementary Information B.4). The sig-
nificant population influx necessitated land cultivation to meet the growing demands for
sustenance and food supply. The area of cropland in the study area increased from about
4×103 km2 to about 1×104 km2 from 1000 to 1100 CE (Figure 5.6). This expansion re-
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Figure 5.7. The impact of human activities on the surface hydrological environment
and fluid inclusion water isotopes in karst regions. The left side illustrates the surface
hydrological conditions in the absence of human activities. The right side represents the
surface hydrological conditions after significant human impact. The original natural veg-
etation was extensively cleared, altering the evaporation-precipitation balance of surface
water, while also exacerbating soil erosion and karst rocky desertification. Changes in arid
and hydrological conditions led to a significant reduction in cave drip water supply. The
enhanced evaporation in caves resulted in a notable increase in the isotopic values of fluid
inclusion water.

sulted in the extensive clearing of native C3 vegetation, which was replaced by C4 crops
for agricultural purposes (Figure 5.6) (Chen et al., 2021b; Ju et al., 2024; Liu et al., 2011).
Other δ13Cs records from southwest China also exhibit similarly significant positive shifts
around 1000 CE (Figure 5.6), providing evidence that human activities during this period
caused widespread surface environmental changes. The destruction of surface vegetation
in the karst region will result in severe regional ecosystem degradation and soil erosion,
i.e., rocky desertification (Figure 5.7) (Bai et al., 2013; Li et al., 2018). Surface exposure
and land cultivation have altered the original balance of precipitation and evaporation on
the land surface, resulting in rainfall experiencing more significant evaporation in the soil
layer and epikarst zone (Jiang et al., 2014; Zhang et al., 2021a). Meanwhile, rocky deserti-
fication altered rainfall runoff, resulting in more frequent drought events (Guo et al., 2023;
Jiang et al., 2014). Therefore, in this scenario, the supply of cave drip water is anticipated
to be significantly reduced, degassing times will become more prolonged, resulting in more
significant fractionation of δ18OFI (Figure 5.7).



126 5.5 Conclusions

5.5 Conclusions

Based on the development of glass tube measurements and the usage of Rayleigh fraction-
ation models, our speleothem fluid inclusions measurement technique enables testing for
significant evaporation of samples during preheating. Analytical artefacts in isotope re-
sults caused by heating in the measurement setup can be effectively identified and mitigated
through meticulous petrographic examination and comparative measurements using glass
tubes. Our reconstructed southwest China δ18OFI and δ2HFI records demonstrate sensitivity
to evaporation processes in the epikarst zone and cave environment. It is suggested that the
more significant evaporation experienced by fluid inclusions during formation may cause
their isotopic composition to exhibit a greater amplitude of response to external climate and
environmental changes, compared to the isotopic composition of calcite. The δ18OFI record
reveals that during the Late Holocene, increased ENSO variability led to a higher frequency
of drought events in southwest China. The δ18OFI record provides obvious and direct ev-
idence for a regional environmental degradation event caused by human activities during
the 950-1150 CE. The destruction and modification of the surface environment by human
activities has resulted in the initial liquid of inclusions water experiencing more intense
evaporation during transport through the soil layer, epikarst zone and cave environment. It
is suggested that the combination of δ18OFI with carbonate stable isotopes contributes to a
more accurate reconstruction of past regional environmental changes. It holds significant
potential in distinguishing the impacts of human activities and natural factors on climate and
environmental changes during the mid-to late Holocene.



Chapter 6

Northern Hemisphere Summer
Insolation and Ice Volume Driven
Variations in Hydrological Environment
in Southwest China

Key Points:

• Stalagmite trace elements are indicators of regional hydrological environmental
variations in Southwestern China.

• Northern Hemisphere summer insolation and global ice volume modulate the
phase and amplitude variations of regional hydrological environment.

• The meridional tripolar spatial pattern of precipitation in monsoon region in
China on the orbital scale remains ambiguous.
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While it is well known that global changes have led to variations in the intensity and
spatial distribution of Asian monsoon precipitation, the mechanisms behind these changes
remain poorly understood. Paleoclimate records play a crucial role in uncovering the drivers
behind monsoon variability. This chapter presents multiple indicator data sets from a sta-
lagmite in southwestern China to explore variations in monsoon precipitation over the last
120,000 years. The findings indicate that fluctuations in Northern Hemisphere summer inso-
lation are the primary drivers of the increase or decrease in Asian summer monsoon rainfall.
Global ice volume modulates the magnitude of the rainfall response to insolation, with sig-
nificant decreases in precipitation occurring during periods of high ice volume. Based on
current paleo-precipitation records, the spatial pattern of increasing or decreasing rainfall
in central China corresponding to opposite trends in northern and southern China remains
unclear on orbital timescales, although this feature has been observed in some model simu-
lations.

This work builds upon my Master’s research, which reported the chronology and stable
isotope data of the stalagmite (Wu et al., 2020). During my PhD, I conceptualized and car-
ried out the extended study, including conducting trace element measurements, data analy-
sis, and interpretation of the same stalagmite. The results of this work have been published in
Geophysical Research Letters (https://doi.org/10.1029/2023GL105664). This chapter rep-
resents the published content, with the supplementary material placed as Section B.5 Sup-
plementary information for Chapter 6. The data evaluation, visualization, and manuscript
writing were all carried out by myself. The co-authors include Dr. Sophie Warken, Prof.
Dr. Norbert Frank, Aaron Mielke, Dr. Chao-Jun Chen, Prof. Dr. Jun-Yun Li, and Prof.
Dr. Ting-Yong Li. Aaron Mielke contributed to the trace element measurements, the others
participated in the discussion and revisions of the manuscript.

6.1 Introduction

Oxygen isotope measurements in speleothem carbonate from the Asian monsoon region
provide valuable climatic information for exploring of the driving mechanisms, the evolu-
tionary processes, and intensity of the late Quaternary ASM (Cheng et al., 2016a, 2019).
This concept encompasses several aspects of the ASM system, such as changes in moisture
source and shifts in circulation patterns (Maher and Thompson, 2012; Tan, 2014), upstream
Rayleigh fractionation (Hu et al., 2008), summer to winter precipitation ratio (Wang et al.,
2001), and the variations in ASM circulation intensity or overall precipitation (Cheng et al.,
2019). The interpretation of δ18Os as an indicator of local rainfall amount in the monsoon
region in China remains, however, controversial (e.g. Lachniet, 2020; Liu et al., 2020; Xue
et al., 2023). For only a few of the δ18Os records in China a correlation with local amount of

https://doi.org/10.1029/2023GL105664
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precipitation was demonstrated (Liu et al., 2008a; Tan et al., 2014, 2015), while a relation-
ship with the local instrumental rainfall record is often lacking (Xue et al., 2023; Yang et al.,
2019b). δ18Os may also be related to the strength of the large-scale atmospheric circulation
and moisture transport, instead of providing direct measures of the regional precipitation
quantity (Cheng et al., 2019; Liu et al., 2014).

There is significant spatial heterogeneity in precipitation across the monsoon region in
China. In the modern era and the Holocene, precipitation in central China exhibits an in-
verse phase within southern and northern China. The increased rainfall in central China
corresponds to a decrease in southern and northern China, also known as the “tripolar” pat-
tern (Figure S6.1 in Supplementary Information B.5) (Chen et al., 2022; Chiang et al., 2020;
Zhang et al., 2018). This pattern is difficult to observe in the δ18Os records from the mon-
soon region in China because dynamical elements are not sufficiently well-constrained, lim-
iting the ability of δ18Os to capture the ASM thermodynamic nature and the rainfall amount
(Zhao et al., 2023b). In respect to the driving mechanisms, compared to the ASM rhythms
primarily controlled by NHSI (Cheng et al., 2016a, 2021b), the response of China summer
precipitation to astronomical forcing and ice volume appears elusive. For example, summer
precipitation in northern China is controlled by precession, showing significant 23 ka cycles,
while in southern China 100 ka cycles are well present, indicating the dominant influence
of the background climate state as for example, represented by the global ice volume (Dai
et al., 2021; Lyu et al., 2021; Zhao et al., 2023a). In addition to NHSI and ice volume, it
has also been hypothesized that the ASM is primarily driven by the Summer Inter-Tropical
Insolation Gradient (SITIG) (Cheng et al., 2022a; Zhang et al., 2023c). During the preces-
sional minima (Pmin), the increase in SITIG leads to a more pronounced northward shift
of the ITCZ and enhanced western Pacific subtropical high and winter hemisphere trans-
equatorial Hadley circulation (Beck et al., 2018). It eventually transports more oceanic
moisture and latent heat to the Asian monsoon continent. This perspective emphasizes the
“pull” and “push” forcing of ASM variations by inter-hemispheric temperature gradients,
which is a more comprehensive theory than the traditional single factor driven view of ASM
evolution (Cheng et al., 2022a). The discussion of the relationship between ASM and spatial
heterogeneity in summer precipitation has focused on the Holocene, or millennial events of
the last glacial period. On longer scales there is a heavy reliance on simulations (Dai et al.,
2021; Lyu et al., 2021). Due to the absence of high-resolution precipitation reconstructions
on glacial-interglacial periods, the existence of spatial precipitation heterogeneity and its
forcing factors remain unclear for at orbital time scales.

Another aspect of our work is that the relationship between regional hydrological envi-
ronment wet-dry variation and ASM intensity may not remain constant over different times
scales. During the millennial-scale climate events of the LGM, the Yangtze River basin in
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central China experienced wet conditions during Heinrich event (H) 1 and Younger Dryas,
although the ASMweakened significantly (Zhang et al., 2018). In contrast, the environment
in the central Yangtze basin was dry and cold during H5 and H6, while it was wet and warm
during Greenland Interstadials (GI) 9–18 (Wang et al., 2022a). In southwest China, the re-
gional hydrological environment and effective rainfall during H4 and H5 were comparable
to or even wetter than GIs (Liu et al., 2022a; Wu et al., 2023a). In summary, δ18Os does
not necessarily indicate regional precipitation variations, as circulation or moisture source
effects may mask the less dominant local precipitation signals.

Currently, there are very few unambiguous regional rainfall or hydrological environment
records spanning the glacial-interglacial cycle in southern China, with a resolution permit-
ting to investigate individual millennial climate events. But some recent work has attempted
to reconcile the relationship between ASM intensity and precipitation from the simulation
perspective (Dai et al., 2021; Lyu et al., 2021; Zhao et al., 2023a). Here this dissertation
report trace element records (Mg/Ca, Sr/Ca, Ba/Ca) for a stalagmite from Yangzi cave in
southwest China spanning 116.09 to 4.07 ka BP. In combination with δ18Os and δ13Cs val-
ues, this record provides much clearer comparisons for assessing the relationship between
ASM intensity and the regional hydrological environment.

6.2 Material and Methods

6.2.1 Study Area and Sample

Yangzi cave (29.78°N, 107.78°E, 400 m above sea level) is located on the lower reaches of
Longhe River, which is a tributary of Yangtze River in Fengdu County, Chongqing City,
southwestern China (Figure S6.1 in Supplementary Information B.5). Yangzi cave is about
500 m long, developed in lower Triassic limestone (Zhu et al., 2004). The region has a sub-
tropical humid monsoon climate, which is affected by the ASM (Pu et al., 2015). Instrumen-
tal climate data from the nearest meteorological station (18 km northwest of Yangzi Cave),
reveal that the mean annual temperature and precipitation amount are 18.3°C and 1018.6
mm, and the 1980–2010 averages June-October precipitation accounts for 70% of the entire
year (http://www.cma.gov.cn/). The mean cave temperature is approximately constant at
16.0°C, and the humidity is close to 100% (Zhu et al., 2004). The modern vegetation above
Yangzi cave primarily consists of subtropical perennial broad-leaved forests and shrubs (Pu
et al., 2015). Details of the YZ1 stalagmite are described in Wu et al. (2020) and (Text S6.1
in Supplementary Information B.5).
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6.2.2 Methods

The analytical setup and measurement protocol of trace elements follows the method de-
scribed by Warken et al. (2021). The analysis of trace elements was performed at the Insti-
tute of Environmental Physics, Heidelberg University. A laser ablation system with a 193
nm ArF excimer laser (NWR193UC by New Wave Research) was used to ablate carbon-
ate, which was analyzed for its major and trace element composition using an inductively
coupled plasma quadrupole mass spectrometer (ICPMS) (Thermo Fisher iCAP-Q). Line
scans were performed at a speed of 10 μm/s along the growth axis of YZ1 with a rectan-
gular spot size of 15 × 150 µm. To remove possible surface contamination, the scan path
was pre-ablated at a scan speed of 80 µm/s. The repetition rate of the laser pulses was 20
Hz, and each investigated isotope was measured every 100 ms on the mass spectrometer.
Background counts were measured with the laser in off mode and subtracted from the raw
data. To account for matrix effects, the blank corrected count rates of the analyzed isotopes
(25Mg, 88Sr, 138Ba) are calculated relative to the intensity of 43Ca. The silicate glass NIST
SRM 612 was analyzed for external calibration of the trace element to Ca ratios using the
reference values by Jochum et al. (2011). Correlation analyses were performed in SPSS 25
software. Principal component analysis was performed in R. Ensemble empirical mode de-
composition (EEMD), bandpass filters, and spectral analysis were performed on MATLAB
2022b platform.

6.3 Result

Measurement results for stalagmite trace element ratios (Sr/Ca, Mg/Ca and Ba/Ca; in the
following referred to as X/Ca) are presented in g/g and shown in (Figure S6.2 in Supple-
mentary Information B.5). The results of the Pearson correlation statistics revealed robust
correlation coefficients between X/Ca of 0.46 < r < 0.75 (p < 0.01) (Figure S6.3 in Sup-
plementary Information B.5). Principal component analysis showed that totals of 76% and
18% of the variations in X/Ca data were explained by the first and second principal com-
ponents (PCs) (Table S6.1 in Supplementary Information B.5). The results of the EEMD
analyses suggests that the most relevant variability of X/Ca PC1 is captured by the compo-
nent (IMF 7) that is coincident with precessional cycles (∼23 ka) (Figure S6.4 and Tabls
S5.2 in Supplementary Information B.5). On the orbital scale, X/Ca share substantial in-
phase covariation to the oscillatory variations of δ18O and δ13C as reflected by the highly
significant Pearson correlation coefficients (0.23 < r < 0.53, p < 0.01) (Figure S6.3 in Sup-
plementary Information B.5). The values of X/Ca are generally elevated compared to the
mean value during MIS5e, MIS5c, MIS4 and MIS2, and overall lower during MIS3 (Figure
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S6.4 in Supplementary Information B.5).

6.4 Discussion

6.4.1 Climatic Significance of the Trace Element Ratios

The differential increase in the relative content of trace elements in stalagmites and positive
correlation between all three elements was interpreted as prior calcite precipitation (PCP)
(Fairchild et al., 2006; Shi et al., 2022; Stoll et al., 2023; Warken et al., 2018). Sinclair,
Wassenburg, and their co-workers infer that predominance of PCP can be tested d through
linear regression between ln(Sr/Ca) and ln(Mg/Ca) (Sinclair et al., 2012; Wassenburg et al.,
2020). Here, the slopes of 1.0–1.2 between elemental ratios agree with model predictions
(0.7–1.4) (Figure S6.5 in Supplementary Information B.5). DuringMIS5e and LGM, values
of Mg/Ca and Sr/Ca are similar, while Sr/Ca is elevated in MIS5d (Figure S2 in Supplemen-
tary Information S1). This difference may reflect the partitioning coefficient dependencies
for Mg and Sr during calcite growth (D(Mg) and (D(Sr)) (Text S6.2 in Supplementary Infor-
mation B.5), including dependence on saturation state of drip water, cave PCO2, and temper-
ature. The D(Mg) increased with increasing temperature (Fairchild et al., 2006), whereas
the D(Sr) is positively correlated with stalagmite growth rate and may be controlled by solu-
tion saturation under the influence of cave ventilation (Day and Henderson, 2013). During
the LGM, lower temperatures may result in lower D(Mg), which contradict our findings
(Figure S6.2 in Supplementary Information B.5). Although higher stalagmite growth rates
lead to significant increases in D(Sr), no positive offset is found during the LGM, despite
growth rates being twice as high during MIS 5e (Figure S6.2 in Supplementary Information
B.5). There is, however, solely an effect on D(Sr) when growth rates are greater than 315
mm/ka (Gabitov et al., 2014), which is much lower for YZ1. In addition, the relative stable
Sr/Mg ratios of YZ1 further suggest that both elements have common and relatively constant
source to the drip water during bedrock weathering. Tremaine and Froelich propose to use
the Mg/Ca and Sr/Ca ratio under such conditions as indicator of rainfall variation (Tremaine
and Froelich, 2013). Therefore, factors such as temperature, growth rate are less likely to be
the dominant factors controlling changes in trace elements compared to the strong indication
for PCP.

Compared to Mg/Ca and Sr/Ca, Ba/Ca shows a low mean value of 0.04 × 10−3 but the
variability is largest with variations of more than 500% (Figure S6.2 in Supplementary In-
formation B.5). Hence, the variability and concentration of Mg, Sr, Ba follows inverse order
with Mg/Ca > Sr/Ca > Ba/Ca and vice versa. The Ba/Ca is probably the most sensitive in-
dicator of response to PCP. Given the strong synchronicity of the three trace element ratios
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on orbital-millennial time scales, and to avoid the uncertainties of using single trace ele-
ment ratio record, this dissertation use PC 1 of the X/Ca time series as a robust, integrated
hydroclimatic record, interpreted as the local precipitation amount or evapotranspiration
variations. The high variance of PC1 (76%) means that it well identifies the main patterns
of variation in the X/Ca. The lower X/Ca PC1 values indicate wetter conditions and vice
versa for drier conditions.

Compare X/Ca PC1with δ13Cs and U concentrations from stalagmite chronology results
to further validate our interpretation. δ13Cs and U concentrations are also considered sen-
sitive indicators of response to the external hydrological environment (Fohlmeister et al.,
2020; Jamieson et al., 2016) . Additionally, X/Ca PC1 reveals similar trends throughout
those of δ13Cs and U concentration on orbital time scale (Figure S6.2 in Supplementary
Information B.5). The extensive synchronisation of these multi-indicator records on orbital
scales supports our interpretation of X/Ca PC1 as an indicator of regional hydroclimatic
variations. Since the underlying PCP process is a non-linear Rayleigh process, this disserta-
tion also use Mg/CaminMg/Casample to approximate the remaining fraction fCa in the drip
water, which may serve as a more linear, that is, more direct proxy for regional precipita-
tion amount variation than the X/Ca ratios (Stoll et al., 2023) (Figure S6.6 in Supplementary
Information B.5).

6.4.2 Precessional Forcing of the Regional Hydrological Environment

During MIS2, MIS4 and MIS5c with lower-than-average NHSI, the positive shifted δ18Os
indicate the significant weakening of ASM intensity (Figure 6.1). Meanwhile, the higher
δ13Cs and X/Ca PC1 values associated with lower fCa values (Figure 6.1) (Figure S6.6 in
Supplementary Information B.5) suggest substantial deterioration in the regional vegetation
and soil carbon dynamics, and precipitation. Such changes may reflect the degradation of
the hydrological environment forced by the weakening ASM in southwest China, includ-
ing decreased temperature, drought, and changes in the ratio of C3/C4 plants (Fohlmeister
et al., 2020; Tremaine and Froelich, 2013). Although the relative contribution of each factor
is difficult to determine, this ratio captures the combined impact of environmental degrada-
tion. During periods of above-average NHSI, that is, MIS1, MIS3, and MIS5a, the opposite
of the low NHSI periods was observed, with lower δ13Cs and X/Ca PC1 values as well
as higher fCa values (Figure 6.2). This implies that NHSI not only triggers variations in
ASM intensity, but also controls local precipitation variations. Strong NHSI corresponds
to stronger ASM circulation and thus enhanced monsoon-related precipitation as compared
to periods of weaker NHSI. The EEMD and spectral analysis also confirms that the preces-
sion cycle is significant in both the X/Ca PC1 and fCa records (Schulz and Mudelsee, 2002)
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(Figure S6.6 in Supplementary Information B.5). Recent precipitation simulations for the
past 300 ka BP in northern China also show significant precession influence, highlighting
the dominant role of insolation (Zhao et al., 2023a). Similar results are confirmed in the
magnetic susceptibility record from lake sediments in southern China (Wang et al., 2022c).
Our trace element-derived precipitation reconstruction from southwest China, now provides
a continuous record even during the low NHSI (Figure 6.1).

The stalagmite δ13Cs values in Zhenzhu cave from northern China are considered a
sensitive indicator of response to variation in local precipitation (Figure 6.1) (Li et al., 2020).
Zhenzhu Cave is in the monsoon edge region of northern China, which is most sensitive to
ASM variations. Zhenzhu cave stalagmite halted growth during the periods of lowest solar
insolation (MIS2, MIS4, MIS5b, andMIS5d), which is interpreted as an extreme weakening
of the ASM, leading to a remarkable reduction in summer rainfall brought about by the
southward retreat of the monsoon. This interpretation does not conflict with the insolation
driven changes in ASM intensity and precipitation.

6.4.3 Low-Latitude Insolation Regulates Orbital-Scale ASM Precipi-
tation

To assess the influence of forcing from low latitudes on ASM variation, this dissertation use
the June 21 insolation difference between 30°N and 30°S to indicate variation in the Summer
Inter-Tropical Insolation Gradient (SITIG). Our reconstructed precipitation variations point
to a link with SITIG (Figure 6.1). Although, the NHSI and SITIG are nearly identical in
phase, the decreasing NHSI is contrasting the elevated precipitation during MIS3, which is
synchronous to SITIG (Figure 6.1). This finding supports the fact that inter-hemispheric heat
contrasts also cause ASM precipitation variation (Beck et al., 2018; Zhang et al., 2023c). To
validate this forcing, this dissertation compared our X/Ca PC1 record with marine proxies
fromASMmoisture source region (Figures 1b and 1g). The Indo-PacificWarmPool (IPWP)
upper ocean heat content (OHC) variations exhibit significant precession cycles driven by
the insolation-driven meridional gradients in the lower latitudes (Figure 6.1) (Jian et al.,
2022). The OHC and YZ1 δ18Os and X/Ca PC1 are in phase on the precession scale. This
could be explained by the ASM dynamics and thermodynamics are influenced by the trop-
ics warm pool ocean heat content. The increase in IPWP OHC during Pmin results in more
evaporation, convergence, and transport of oceanic moisture to land (Jian et al., 2022). This
process, while increasing East Asian monsoon precipitation, also produces more depleted
δ18O values in the speleothem records due to significant upstream moisture convergence
and rainout (Figure 6.1) (Liu et al., 2014; Ruan et al., 2019). The above phenomena and
processes have been confirmed in quantitatively reconstructed precipitation records on or-
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Figure 6.1. The YZ1 δ13C and X/Ca PC1 records compared with climatic records
for the Asian monsoon region. (a) YZ1 δ13C (this study); (b) YZ1 X/Ca PC1 this study,
the dark curve indicates 10-points smoothing; (c) Zhenzhu Cave stalagmite δ13C (Li et al.,
2020); (d) Summer rainfall in northern China as simulated by the full coupled NRAR-
CCSM3model (Zhao et al., 2023a); (e) Maar lake sediments Magnetic susceptibility (Wang
et al., 2022c); (f) IODP U1429 planktonic foraminifer δ18O (Clemens et al., 2018); (g) Indo-
Pacific Warm Pool upper stacks ocean heat content variations (Jian et al., 2022). The brown
and green curves represent 30°N summer and 30°N minus 30°S June 21 insolation, respec-
tively (Laskar et al., 2004).
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bital scales based on pollen in southern China and loess in the north China (Beck et al.,
2018; Thomas et al., 2014; Zhang et al., 2023c). For the first time, this dissertation ob-
serve similar features in stalagmite trace element records from southern China. Our new
record highlights that differences in insolation between the low-latitude tropics may be a
more integrated forcing factor controlling monsoon precipitation phase variations (Cheng
et al., 2022a).

Simulations have suggested that the “tripolar” precipitation pattern in the monsoon re-
gion of China during the modern and Holocene persists on orbital scales (Figure S6.7 in
Supplementary Information B.5) (Dai et al., 2021; Lyu et al., 2021). However, our findings
are broadly consistent with precipitation reconstructions in northern and southern China, that
is, wet environments correspond to high NHSI or large SITIG, although there are differences
in details (Figure 6.2). This dissertation observed antiphase only in loess δ2H records near
the edge of the Loess Plateau and in Taihu lake pollen proxies in the lower reaches of the
Yangtze River (Figures 2d and 2e). These records show that the decrease in insolation some-
times corresponds to a wetter environment. The spatial heterogeneity of precipitation in the
monsoon region in China is often interpreted as being related to Western Pacific Subtropical
High (WPSH) (Chiang et al., 2020; Yuan et al., 2004). During high boreal summer insola-
tion, a more La Niña-like state caused by the increased tropical east-west Pacific Sea surface
temperature gradient will result in stronger andmore activeWPSH (Li et al., 2021a; Lu et al.,
2019b). Enhanced and northwardly extending WPSH limits summer precipitation in east-
central China while precipitation increases in north and south China (Zhang et al., 2020b).
However, there is also evidence that strongWPSH can also lead to an east-west antiphase of
summer precipitation in the mid-latitude monsoon region in China (Tian et al., 2022). Our
results show high NHSI and La Niña-like situations correspond to increased precipitation
(Lea et al., 2000; Zhang et al., 2017, 2021c) (Figure S6.6 in Supplementary Information
B.5). Moreover, no similar antiphase is found in U1429 δ18O, which is indicative of over-
all rainfall in the Yangtze River basin (Figure 6.2) (Clemens et al., 2018), suggesting that
the generalized statement that central China is in antiphase with north-south precipitation
may not be robust. The typical areas where high NHSI corresponds to negative precipitation
anomalies are in the middle and lower reaches of the Yangtze River, which are more affected
by WPSH (Dai et al., 2021; Jiang et al., 2021). The absence of continuous paleo precipita-
tion records spanning the glacial-interglacial period in the middle and lower reaches of the
Yangtze River also creates uncertainty in the interpretation (Figure S6.6 in Supplementary
Information B.5). Therefore, its influencing range should be considered when discussing
the spatial patterns of precipitation in the monsoon region in China on orbital scales. Also,
caution should be exercised when discussing monsoon precipitation variations based on a
single reconstructed record.
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Figure 6.2. Comparison of the YZ1 X/Ca records with paleoclimate records from dif-
ferent regions of China. (a) Gulang loess δ13C (Sun et al., 2015); (b) Zhenzhu Cave
stalagmite δ13C (Li et al., 2020); (c) Mangshan loess brGDGT-derived soil pH (Peterse
et al., 2014); (d) Weinan loess δ2H (Thomas et al., 2016); (e) Tai Lake pollen ratio of
Woody/Herbaceous (Miao et al., 2015); (f) IODP U1429 planktonic foraminifer δ18O (gray)
(Clemens et al., 2018); Haozhu cave stalagmite trace elements PC1 (bule) (Zhang et al.,
2018); Dajiuhu pollen-based mean annual precipitation (purple) (Zhang et al., 2023c);
Yongxing cave stalagmite Sr/Ca (orange) (Wang et al., 2022a); (g) YZ1 X/Ca PC1 (this
study); (h) Pollen-based MAP records of Caohai (green) and Tengchong-Qinghai (pink),
respectively (Zhang et al., 2023c); (i) Maar lake sediments Magnetic susceptibility (Wang
et al., 2022c). The red/blue bars indicate paleoclimatic records where increased/decreased
insolation corresponds to decreased/increased precipitation.
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Figure 6.3. Influence of NHSI and ice sheet dynamics on ASM precipitation. (a–c)
YZ1 δ18O, δ13C, and X/Ca PC1 records (this study); (d) The δ13C of inorganic carbonate
from the Chinese loess in northern China (Sun et al., 2019); (e) The brGDGT-derived soil
pH for the Mangshan mountain (Peterse et al., 2014); (f) Global stack benthic foraminifer
δ18O sequence LR04 (Lisiecki and Raymo, 2005); (g) Global ice volume and sea level re-
constructing records (Bintanja and van de Wal, 2008; Grant et al., 2014). The gray curve
represents the variation in the precession. The frequency is 0.0434 ka-1 and the band width
is 0.01 ka-1, normalized to the interval −2 to 2.
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6.4.4 The Global Ice Volume Forcing on Summer Monsoon Precipita-
tion Amplitudes

The band bass filter analysis results show a long-term decreasing trend in δ18Os fromMIS5e
toMIS1, with the phase and amplitude consistent with the precession (Figure 6.3). However,
during the LGM, although the X/Ca PC1 record is in phase with the ASM and insolation,
the amplitude is much larger, equivalent to strongly decreasing precipitation amounts as de-
duced from fCa estimates (Figure S6.6 in Supplementary Information B.5). Similar results
are confirmed in different model simulations. The LGM annual precipitation in China was
proposed to reduce by an average of 18%–25% compared to the pre-industrial period (Tian
and Jiang, 2016). This suggests that the decrease in ASM precipitation during the LGM
is exceeding the influence of ASM intensity, which is also captured by other precipitation
records (Figure 6.3). The forcing of the intensely reduced precipitation during the LGM is
not completely attributable to the decreasing insolation.

The decrease in monsoon precipitation may be related to the large global ice volume
during the LGM (Figure 6.3). During the LGM, although the insolation decrease is minor
compared to the MIS3, MIS4 and MIS5, the large-scale cooling of the NH continents due
to the increased global ice volume produces high-pressure anomalies over Eurasia and low-
pressure anomalies over the North Pacific, respectively, which further reduces the land-sea
thermal contrast (Lyu et al., 2021; Tian and Jiang, 2016). Meanwhile, ocean cooling weak-
ens local upward movement and air convection over the oceans, which leads to a weakening
of the ASM and a reduction in ocean moisture fluxes. Strong cooling at NH high latitudes
will lead to a strengthening and southward shift of NH subtropical westerlies, which limits
the extent and intensity of summer monsoon penetrating deep into the East Asian continent
(Chiang et al., 2020). On the other hand, the location of the ITCZ is sensitive to changes
in ice volume in NH and the resulting differential heating between the two hemispheres
(McGee et al., 2018). Thus, during the LGM, although the weakening of insolation is not
significant, the large ice volume during this period amplified the magnitude of the reduction
of monsoon precipitation. This feature has been captured in fully forced transient experi-
ments (Lyu et al., 2021; Shi et al., 2019), which verify from the reconstructed record.

Another period of significantly reduced precipitation was during end of MIS5e. Almost
all records indicate that precipitation reduced to the extent of the LGM during end ofMIS5e,
although this time ice volumes were much smaller (Figure 6.3). Modeling work suggests
that the relationship between ASM precipitation and ice volume is non-linear (Yin et al.,
2023b). Especially in the lower latitudes of 15°–25°N, precipitation does not entirely follow
the change in ice volume, rainfall in southern China is less affected by ice volume in low
insolation conditions (Lyu et al., 2021). Thus, forcing from ice volume is limited during end



Chapter 6. Northern Hemisphere Summer Insolation and Ice Volume Driven Variations in Hydrological
Environment in Southwest China 141

of MIS5e, and insolation dominates the monsoon precipitation variations.
The retreat of the coastline during the LGM resulted in an increase in the distance (100–

300 km) from the study area to the ocean (De Groeve et al., 2022) (Figure S6.9 in Supple-
mentary Information B.5), lengthening the distance between the oceanic moisture source
and the cave site. The continuous condensation of monsoonal moisture in the transport
path reduces monsoonal precipitation reaching the inland. The more significant Rayleigh
fractionation process during moisture transport due to the retreating coastline will result
in more negative precipitation δ18O (δ18Op) and thus δ18Os downstream. This offsets the
effect of positive δ18Op due to positive seawater δ18O (∼1.7‰) during the LGM (Schrag
et al., 1996), resulting in insignificant variation in δ18Op over central and eastern China
(∼1.0–2.0‰) (Cai et al., 2015). Consequently, the relative magnitude of δ18O variations is
smaller than the amplitude of the trace element-derived precipitation reconstruction during
the LGM. Our previous results also show that the enriched δ18Os during MIS5d and end
of MIS5e are attributed to the isotopic compositions of different moisture sources and the
dynamics of the monsoon circulation (Wu et al., 2020). Therefore, δ18Os primarily captures
features of ASM dynamics, such as intensity, but caution is still advised when using it for
precipitation reconstruction.

6.5 Conclusions

Based on high-resolution stalagmite trace element records, for the first time, this disserta-
tion infer variations of the regional hydrological environment in southwest China during
4.07–116.09 ka BP. Our study highlights that the NHSI and differences in insolation in
the interhemispheric tropics are the primary control on ASM precipitation phase variations.
However, global ice volume moderates the magnitude of the response of monsoonal pre-
cipitation amount to changes in insolation. This dissertation suggest that discussions of
the meridional tripolar distribution pattern in monsoon region in China on the orbital scale
should be carefully considered regarding the range of its influence, although this pattern is
highly significant during the modern and last glacial millennial events. This study provides
a robust reference for precipitation variations in monsoon region in China, which can be
used to validate the paleo precipitation simulation data.
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7.1 Conclusions

Technological Advancements in Isotope Measurements of Fluid Inclusions water

This dissertation systematically enhances Heidelberg fluid inclusions water isotope mea-
surement setup, incorporating numerous standard measurements and methodological opti-
mizations. It quantifies the logarithmic trend in the deviation of the measured δ18O and δ2H
values from the expected values under conditions of low water volume (less than 0.5 µl). To
address this phenomenon, a novel calibration scheme is proposed to optimize isotope mea-
surement results for small water volume samples. Through modifications to sample mixing
cavity, improvements in the measurement process, and optimization of the data analysis pro-
tocol, the preheating and measurement times for individual samples have been shortened,
while maintaining measurement accuracy. This approach also prevents potential evapora-
tion and isotope fractionation of inclusion water caused by prolonged heating, and reduces
the influence of background water vapor isotope values on fluid inclusion water isotope
measurements.

Building upon these advancements, the newly developed method of encapsulating sam-
ples in glass tubes prevents the evaporation of inclusion water. It also minimizes the isotopic
fractionation induced by high-temperature heating before crushing and measurement. The
dissertation quantitatively assesses the isotopic fractionation caused by preheating-related
evaporation during the isotopic analysis of fluid inclusion water in coral skeletons, using
cold-water corals from Angola and Iceland, and applying the Rayleigh fractionation model.
The results demonstrate that pre-crushing heating of coral samples—under varying temper-
ature and duration conditions—induces significant fractionation effects on δ18O and δ2H
values, leading to inconsistent measurements across different experimental setups and heat-
ing protocols. By introducing the glass tube encapsulation technique, both inclusion water
evaporation and isotopic fractionation are effectively minimized, significantly improving
measurement reproducibility. This advancement establishes a solid technical foundation
for improving the reliability of isotopic analyses of fluid inclusion water in comparable ex-
perimental systems.

NewKnowledge of theWater FractionationMechanism of Cold-Water Coral Skeleton
Inclusions

Isotopic analyses of fluid inclusion water from Angola cold-water coral skeletons reveal no
significant differences in δ18O or δ2H between the Holocene and the Last Glacial Period.
The δ18O values are like the values of seawater, whereas δ2H values are markedly depleted
(−55‰ to −70‰), whichmay reflect biological regulation during calcification or mixing be-
tween calcifying fluids and seawater. Immersion experiments further demonstrate the pres-
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ence of an exchangeable water reservoir within the coral skeleton, which undergoes variable
exchange with surrounding seawater and becomes progressively evaporated following sep-
aration from the marine environment. While current methodologies are insufficient to fully
resolve the primary hydrogen and oxygen isotopic signatures of coral skeletons inclusion
water, the experimental framework and measurement protocols developed here establish a
robust basis for interpreting their environmental significance. These findings advance the
mechanistic understanding of isotopic fractionation in cold-water coral inclusion water and
provide essential methodological support for paleoceanographic reconstructions based on
coral skeletons fluid inclusions water isotopic composition.

Interlaboratory Comparison Reveals the Accuracy and Limitations of Fluid Inclusion
Water Isotope Measurements

In this dissertation, the precision and accuracy characteristics of fluid inclusion water iso-
tope measurements are systematically assessed through an inter-laboratory comparison ex-
periment involving 13 laboratories. δ18O measurements deviate from standard water δ18O
values by less than 1‰ in most reports, whereas δ2H deviations typically range from 2 to
5‰, highlighting the greater technical challenges associated with hydrogen isotope analysis.
Water volume is a key factor affecting measurement accuracy. For water volumes ≥1 µl,
the standard deviations of δ18O and δ2H stabilize at 0.2-1.0‰ and 0.2-2.0‰, respectively.
However, when the water volume decreases to ≤0.5 µl, the standard deviations increase
significantly (up to 3‰ for δ18O and over 10‰ for δ2H), indicating substantial uncertain-
ties in the analysis of low-volume samples. Most reports observe water volume effects on
isotope values, with δ18O and δ2H showing systematic shifts of 2-5‰ as water volume de-
creases. The direction of these shifts may be influenced by factors such as experimental
setup. Taken together, isotope results for water volumes in the 0.5-1 µl range are closest to
expected values for most laboratories and exhibit good internal reproducibility.

Hydrological and Environmental Changes in Southwestern China During the Middle
and Late Holocene in Relation to ENSO and Human Activities

This dissertation reconstructs mid-to-late Holocene hydroclimatic variations in southwest-
ern China using δ18O and δ2H time-series from fluid inclusion water in Holocene stalag-
mites. By applying the Rayleigh fractionation model and the glass tube encapsulation tech-
nique, evaporation-induced isotopic fractionation during measurement was effectively min-
imized, leading to robust isotopic datasets. Analytical results indicate that weakened ASM
intensities during the mid-to-late Holocene correspond to significantly elevated δ18O and
δ2H values in fluid inclusion water, demonstrating a high hydrological sensitivity to ASM
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variability. Late Holocene δ18OFI fluctuations suggest intensified ENSO activity, with four
major drought events (1.36, 2.26, 3.45, and 5.60 ka BP) occurring in strong synchronicity
with persistent El Niño events. Furthermore, a rapid δ18O positive episode between 950
and 1150 BP correlates with agricultural expansion driven by population migration, mark-
ing early anthropogenic hydrological degradation. These findings conclusively demonstrate
that pre-industrial human activities had already exerted profound impacts on regional envi-
ronmental systems.

Driving Mechanisms of Monsoon Orbital-Scale Precipitation Variations in the Asian
Monsoon Region

This dissertation presents a high-resolution reconstruction of regional hydrological varia-
tions in southwestern China over orbital timescales (4.07–116.09 ka BP) through an in-
tegrated analysis of stalagmite trace element ratios, δ18O and δ13C records. The results
indicate that NHSI and the interhemispheric insolation gradient across tropical latitudes are
primary controls on the phase variations of EASM precipitation. Enhanced EASM rainfall
occurred during periods of higherNHSI and greater tropical interhemispheric insolation con-
trasts. In addition to solar forcing, global ice volume modulated the magnitude of precipita-
tion responses to NHSI. During the LGM, the high ice volume resulted in a significant reduc-
tion in monsoon precipitation. Although climate simulations suggest a persistent meridional
tripolar spatial pattern over orbital timescales in the Chinese monsoon region, characterized
by anti-phase rainfall variations between central China and northern/southern China, our
trace element ratio records show broad consistency with paleoprecipitation reconstructions
from both southern and northern China. This highlights remaining uncertainties regarding
the meridional tripolar spatial pattern of Chinese monsoon precipitation. This dissertation
underscores the need for caution when interpreting spatial characteristics of orbital-scale
monsoon rainfall variations based solely on single-proxy reconstruction records.

7.2 Outlook

While this dissertation has advanced fluid inclusion water isotope analysis techniques and
provided new insights into the mechanisms driving multi-scale hydroclimatic variability in
the Asian monsoon region, several challenges remain. Future research could be pursued
along the following directions:

First, continued innovation in isotopic measurement techniques for fluid inclusions is
essential, particularly for low water volume samples. Stalagmite fluid inclusions often con-
tain minimal water (typically 0 – 1 μl/g). Despite substantial improvements in isotopic
accuracy and measurement efficiency with CRDS and IRMS setups, pronounced volume-
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dependent isotopic shift persists at low water volumes, undermining analytical accuracy and
precision. To address this, future work could focus on refining empirical calibration models
for volume-dependent isotopic offsets through extensive replicate measurements under low
water volume conditions. Additionally, reducing the background water vapor concentra-
tion represents another promising approach to improving the signal-to-noise ratio of isotope
measurements. While the source of isotopic fractionation is not yet fully understood, it may
primarily originate from the background vapor, or alternatively, be related to the integration
process of water vapor and isotope signals during data processing. For instance, if the in-
tegration surface area is systematically underestimated, the calculated isotopic values may
shift accordingly. Therefore, future research should aim to optimize background signal cor-
rection and evaluate the influence of signal integration methods on isotopic results, thereby
further enhancing the accuracy and reliability of fluid inclusionwater isotopemeasurements.

Another critical issue requiring attention is the control of isotopic fractionation during
sample measurements, especially the preheating of the sample prior to crushing. Although
the use of glass tube encapsulation in this dissertation effectively minimizes isotopic frac-
tionation during the heating stage, further validation is needed to assess the potential influ-
ence of water vapor adsorption on sample surfaces and the contribution of moisture from
trapped air under laboratory conditions (i.e., temperature and humidity). Our experiments,
involving the measurement of small capillary tube filled with standard water and Iceland
Spar, suggest that under a water content of 1 μl/g, these effects may be negligible. Nev-
ertheless, further evaluation is necessary to assess the potential impact of vapor adsorption
and atmospheric moisture on samples with lower water content. Additionally, future studies
should thoroughly investigate possible interference from water background signals and ad-
sorption effects caused by the large number of glass fragments generated during the crushing
process in glass tubes, as well as their influence on final isotopic measurements.

The second aspect relates to findings from inter-laboratory comparisons of fluid inclu-
sion isotope measurements, which reveal ongoing challenges in δ18O and δ2H analyses of
inclusion water. Significant discrepancies in isotope results are common across laboratories,
likely due to differences in instruments, procedures, heating settings, and data processing.
Clarifying the influence of these factors on measurements and improving data consistency
through optimized workflows or standardized protocols should be key goals for future work.
Moreover, some laboratories observe higher standard deviations and systematic shifts in iso-
topic values under low water volume conditions, especially when volumes are below 0.5 μl.
Future studies should investigate the cause of this volume effect and its impact on the accu-
racy and reproducibility of δ18O and δ2Hmeasurements. There is also a need to improve or
develop more sensitive techniques for small water content sample analyses. Finally, using
Iceland Spar to simulate sample crushing does not fully capture the possible effects of water
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adsorption on freshly broken calcite surfaces. Future studies should use real speleothem
samples to better assess how adsorption might affect isotope results.

The third aspect should focus on the mechanisms of hydrogen and oxygen isotope frac-
tionation in fluid inclusions in cold-water coral skeletons, particularly the significant neg-
ative shift in δ2H relative to seawater δ2H. Combining precise isotope measurements tech-
niques with studies of coral biomineralization will help clarify how isotopic fractionation
occurs during water inclusion formation and preservation. Investigating water exchange
between different “reservoirs” in coral skeletons and surrounding seawater—as well as the
effects of drying and heating on isotopic signals—may provide important insights for im-
proving data interpretation.

Understanding the interactions between regional hydroclimatic changes and human ac-
tivities since the Holocene—particularly the relative roles of natural forcing and anthro-
pogenic influences in extreme hydrological events—remains a key focus for future research.
This could be achieved by developing multi-proxy approaches based on indicators sensitive
to surface hydrological conditions, combined with cross-validation against other climate
and environmental archives, including historical documentary records. In particular, iso-
topic compositions of stalagmite fluid inclusion water can trace past hydrological changes
and detect subtle climatic fluctuations, thus enhancing the precision of paleoenvironmen-
tal reconstructions. It well help to clarify the interplay between climate change and human
activities, including agricultural expansion and population migration.

To further advance our understanding of Asian monsoon dynamics, three key areas merit
additional attention. First, the role of low-latitude solar insolation gradients in modulat-
ing monsoonal precipitation should be systematically analyzed. Second, the impact of ice
volume fluctuations on low-latitude precipitation needs to be quantitatively assessed, par-
ticularly under conditions of reduced solar insolation. Third, integrating multiple climate
proxies—such as lake sediments and loess records—can help clarify precipitation hetero-
geneity across the Chinese monsoon region and test their consistency with climate model
simulations.
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B.1 Supplementary Information for Chapter 2

Supplementary Tables

Table S2.1. The isotope results of standard water injection measurements used to de-
tect the water volume effect on isotope values and their corrected values. Isotopic val-
ues are presented relative to V-SMOW. The measurement uncertainty is 0.5‰ for δ18O and
1.5‰ for δ2H.

Standard
Water

Water
Volume (µl)

δ18Ooriginal,
‰

δ2Horiginal,
‰

δ18Ocorrection,
‰

δ2Hcorrection,
‰

VE 0.04 -6.71 -57.88 -7.76 -60.09
VE 0.05 -5.97 -55.55 -6.87 -57.43
VE 0.05 -8.31 -54.93 -9.23 -56.79
VE 0.19 -7.58 -60.26 -7.91 -60.96
VE 0.05 -6.45 -55.53 -7.34 -57.38
VE 0.08 -6.99 -59.16 -7.72 -60.69
VE 0.08 -7.55 -56.79 -8.28 -58.30
VE 0.19 -7.70 -57.58 -8.04 -58.26
VE 0.08 -6.83 -58.88 -7.55 -60.39
VE 0.09 -7.89 -57.01 -8.59 -58.44
VE 0.09 -7.10 -58.76 -7.79 -60.21
VE 0.12 -7.71 -57.53 -8.27 -58.68
VE 0.15 -7.44 -59.33 -7.87 -60.23
VE 0.17 -7.22 -59.43 -7.61 -60.23
VE 0.17 -7.60 -57.00 -7.98 -57.79
VE 0.18 -7.61 -60.26 -7.96 -61.01
VE 0.19 -8.00 -59.80 -8.35 -60.51
VE 0.19 -8.22 -59.69 -8.56 -60.41
VE 0.19 -7.46 -60.13 -7.80 -60.84
VE 0.19 -8.10 -59.48 -8.43 -60.17
VE 0.19 -8.05 -58.17 -8.38 -58.85
VE 0.19 -8.20 -58.56 -8.53 -59.23
VE 0.26 -8.10 -59.94 -8.29 -60.33
VE 0.26 -8.20 -59.03 -8.39 -59.43
VE 0.29 -8.43 -57.89 -8.57 -58.18
VE 0.29 -8.08 -59.81 -8.22 -60.10
VE 0.30 -7.96 -59.50 -8.10 -59.78
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Table S2.1 Continued
Standard
Water

Water
Volume (µl)

δ18Ooriginal,
‰

δ2Horiginal,
‰

δ18Ocorrection,
‰

δ2Hcorrection,
‰

VE 0.30 -8.24 -59.54 -8.37 -59.82
VE 0.30 -7.86 -59.76 -7.98 -60.03
VE 0.31 -8.36 -59.03 -8.49 -59.28
VE 0.33 -7.92 -59.73 -8.00 -59.91
VE 0.39 -7.99 -59.89 -7.99 -59.90
VE 0.40 -8.00 -59.04 -7.99 -59.03
VE 0.41 -8.01 -59.53 -8.01 -59.52
VE 0.41 -8.14 -58.01 -8.14 -58.00
VE 0.41 -7.97 -59.16 -7.96 -59.13
VE 0.44 -7.85 -59.44 -7.81 -59.36
VE 0.45 -7.83 -59.27 -7.78 -59.16
VE 0.47 -8.12 -58.35 -8.04 -58.19
VE 0.49 -8.15 -59.31 -8.06 -59.12
VE 0.51 -7.96 -58.55 -7.86 -58.33
VE 0.51 -8.17 -59.04 -8.06 -58.81
VE 0.51 -8.14 -59.67 -8.02 -59.44
VE 0.54 -7.94 -58.89 -7.80 -58.60
VE 0.60 -8.36 -59.38 -8.17 -59.00
VE 0.60 -8.39 -59.93 -8.20 -59.54
VE 0.61 -8.16 -59.47 -7.97 -59.07
VE 0.61 -8.17 -59.56 -7.98 -59.17
VE 0.61 -8.03 -58.58 -7.84 -58.18
VE 0.62 -8.09 -59.57 -7.89 -59.16
VE 0.62 -8.16 -59.56 -7.96 -59.14
VE 0.63 -8.23 -59.34 -8.02 -58.91
VE 0.72 -8.13 -59.90 -7.86 -59.35
VE 0.72 -8.18 -59.89 -7.91 -59.33
VE 0.72 -8.28 -59.90 -8.00 -59.34
VE 0.73 -8.29 -59.93 -8.02 -59.36
VE 0.74 -8.29 -59.73 -8.01 -59.15
VE 0.80 -8.26 -59.79 -7.94 -59.13

VE50% 0.05 5.83 -17.81 5.07 -19.47
VE50% 0.06 5.64 -16.33 4.93 -17.88
VE50% 0.06 5.23 -18.03 4.55 -19.51
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Table S2.1 Continued
Standard
Water

Water
Volume (µl)

δ18Ooriginal,
‰

δ2Horiginal,
‰

δ18Ocorrection,
‰

δ2Hcorrection,
‰

VE50% 0.08 4.82 -19.39 4.23 -20.66
VE50% 0.09 4.99 -18.03 4.44 -19.21
VE50% 0.13 4.60 -16.94 4.19 -17.81
VE50% 0.15 4.36 -19.95 4.01 -20.71
VE50% 0.19 5.04 -18.68 4.76 -19.29
VE50% 0.19 4.70 -18.68 4.43 -19.27
VE50% 0.19 4.70 -17.85 4.43 -18.44
VE50% 0.22 4.73 -19.11 4.52 -19.57
VE50% 0.23 4.74 -18.86 4.53 -19.31
VE50% 0.24 4.87 -18.69 4.68 -19.09
VE50% 0.29 4.73 -18.69 4.61 -18.95
VE50% 0.31 4.32 -20.26 4.23 -20.45
VE50% 0.34 4.75 -20.59 4.69 -20.72
VE50% 0.35 4.23 -19.68 4.18 -19.78
VE50% 0.36 4.76 -19.47 4.71 -19.56
VE50% 0.37 4.06 -18.83 4.03 -18.89
VE50% 0.38 4.39 -18.83 4.37 -18.88
VE50% 0.39 4.65 -18.67 4.65 -18.68
VE50% 0.40 4.31 -19.07 4.31 -19.08
VE50% 0.41 4.41 -19.77 4.41 -19.76
VE50% 0.44 4.48 -20.15 4.51 -20.07
VE50% 0.46 4.39 -19.87 4.45 -19.76
VE50% 0.46 4.28 -20.23 4.33 -20.11
VE50% 0.47 4.57 -19.71 4.63 -19.59
VE50% 0.48 4.04 -19.07 4.11 -18.92
VE50% 0.50 4.57 -19.34 4.65 -19.16
VE50% 0.50 4.55 -19.47 4.64 -19.29
VE50% 0.51 4.35 -19.84 4.44 -19.65
VE50% 0.51 4.44 -20.30 4.53 -20.10
VE50% 0.51 4.39 -19.55 4.48 -19.35
VE50% 0.51 4.57 -18.92 4.67 -18.72
VE50% 0.56 4.62 -19.24 4.74 -18.97
VE50% 0.59 4.68 -19.77 4.83 -19.46
VE50% 0.60 4.49 -19.56 4.64 -19.24
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Table S2.1 Continued
Standard
Water

Water
Volume (µl)

δ18Ooriginal,
‰

δ2Horiginal,
‰

δ18Ocorrection,
‰

δ2Hcorrection,
‰

VE50% 0.61 4.35 -19.66 4.51 -19.32
VE50% 0.61 4.51 -20.02 4.67 -19.68
VE50% 0.62 4.28 -20.69 4.45 -20.34
VE50% 0.63 4.25 -20.10 4.42 -19.73
VE50% 0.67 4.57 -19.78 4.77 -19.36
VE50% 0.71 4.46 -19.51 4.67 -19.06
VE50% 0.71 4.39 -19.56 4.61 -19.10
VE50% 0.72 4.45 -19.50 4.67 -19.03
VE50% 0.73 4.45 -19.70 4.67 -19.21
VE50% 0.75 4.11 -19.71 4.35 -19.21
VE50% 0.77 4.32 -18.99 4.56 -18.47
VE50% 0.79 4.36 -19.50 4.62 -18.96
VE50% 0.81 4.20 -18.89 4.47 -18.33
VE50% 0.81 4.12 -20.14 4.38 -19.57
CC 0.04 -14.06 -106.15 -15.20 -108.71
CC 0.04 -13.53 -108.09 -14.66 -110.65
CC 0.08 -12.95 -109.22 -13.76 -111.09
CC 0.09 -14.25 -107.71 -14.99 -109.37
CC 0.10 -14.24 -108.91 -14.95 -110.52
CC 0.11 -13.45 -108.82 -14.09 -110.28
CC 0.15 -14.50 -109.32 -14.98 -110.39
CC 0.20 -14.87 -109.19 -15.23 -109.99
CC 0.20 -14.70 -109.01 -15.06 -109.81
CC 0.20 -14.49 -108.86 -14.83 -109.62
CC 0.27 -14.82 -109.81 -15.01 -110.25
CC 0.30 -14.41 -109.62 -14.57 -109.95
CC 0.30 -14.88 -109.80 -15.03 -110.12
CC 0.31 -15.08 -109.57 -15.21 -109.86
CC 0.32 -14.62 -109.46 -14.74 -109.73
CC 0.36 -14.66 -110.17 -14.72 -110.29
CC 0.36 -15.00 -109.34 -15.06 -109.46
CC 0.36 -14.97 -110.39 -15.02 -110.50
CC 0.39 -14.89 -110.64 -14.90 -110.66
CC 0.41 -14.85 -110.70 -14.84 -110.69
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Table S2.1 Continued
Standard
Water

Water
Volume (µl)

δ18Ooriginal,
‰

δ2Horiginal,
‰

δ18Ocorrection,
‰

δ2Hcorrection,
‰

CC 0.41 -15.02 -110.00 -15.00 -109.97
CC 0.41 -14.88 -110.45 -14.86 -110.41
CC 0.42 -15.01 -110.17 -14.99 -110.13
CC 0.42 -14.98 -109.95 -14.97 -109.91
CC 0.44 -14.58 -110.39 -14.54 -110.29
CC 0.44 -14.70 -110.24 -14.65 -110.13
CC 0.46 -14.87 -109.87 -14.79 -109.70
CC 0.50 -15.10 -110.71 -14.99 -110.46
CC 0.50 -14.66 -110.46 -14.54 -110.21
CC 0.52 -14.92 -109.86 -14.79 -109.58
CC 0.52 -14.83 -110.48 -14.69 -110.19
CC 0.60 -14.84 -110.24 -14.63 -109.78
CC 0.61 -14.91 -110.24 -14.70 -109.76
CC 0.62 -14.99 -110.33 -14.77 -109.83
CC 0.63 -14.91 -110.52 -14.68 -110.01
CC 0.63 -14.86 -110.41 -14.63 -109.91
CC 0.64 -14.87 -110.81 -14.63 -110.29
CC 0.69 -14.99 -110.81 -14.71 -110.19
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Table S2.2. Standard water isotope measurements using 0.4 l and 0.1 l sample mixing
chambers. Isotopic values are presented relative to V-SMOW. The measurement uncer-
tainty is 0.5‰ for δ18O and 1.5‰ for δ2H. The unit of water volume is microliter.

Standard
Water

Water
Volume

δ18O
‰

δ2H
‰

Standard
Water

Water
Volume

δ18O
‰

δ2H
‰

CC 0.4 l 0.02 -15.23 -103.74 VE 0.4 l 0.24 -6.88 -57.37
CC 0.4 l 0.04 -13.95 -110.83 VE 0.4 l 0.24 -7.42 -57.23
CC 0.4 l 0.04 -15.28 -105.23 VE 0.4 l 0.26 -8.10 -59.94
CC 0.4 l 0.04 -14.06 -106.15 VE 0.4 l 0.26 -8.20 -59.03
CC 0.4 l 0.04 -14.46 -112.77 VE 0.4 l 0.29 -8.89 -61.31
CC 0.4 l 0.04 -13.53 -108.09 VE 0.4 l 0.29 -8.43 -57.89
CC 0.4 l 0.07 -14.57 -110.09 VE 0.4 l 0.29 -8.08 -59.81
CC 0.4 l 0.08 -12.95 -109.22 VE 0.4 l 0.30 -7.96 -59.50
CC 0.4 l 0.08 -12.62 -109.82 VE 0.4 l 0.30 -7.08 -57.09
CC 0.4 l 0.08 -14.03 -109.42 VE 0.4 l 0.30 -7.99 -60.60
CC 0.4 l 0.08 -13.97 -111.50 VE 0.4 l 0.30 -8.24 -59.54
CC 0.4 l 0.09 -14.54 -112.50 VE 0.4 l 0.30 -7.98 -60.21
CC 0.4 l 0.09 -14.26 -110.86 VE 0.4 l 0.30 -7.86 -59.76
CC 0.4 l 0.09 -14.25 -107.71 VE 0.4 l 0.31 -8.36 -59.03
CC 0.4 l 0.09 -14.90 -106.62 VE 0.4 l 0.31 -7.14 -58.34
CC 0.4 l 0.09 -14.85 -111.12 VE 0.4 l 0.32 -7.11 -58.05
CC 0.4 l 0.09 -13.95 -110.59 VE 0.4 l 0.33 -7.92 -59.73
CC 0.4 l 0.10 -14.24 -108.91 VE 0.4 l 0.37 -7.99 -61.34
CC 0.4 l 0.10 -14.24 -108.91 VE 0.4 l 0.39 -7.99 -59.89
CC 0.4 l 0.11 -13.45 -108.82 VE 0.4 l 0.40 -8.21 -60.21
CC 0.4 l 0.12 -14.01 -110.61 VE 0.4 l 0.40 -8.00 -59.04
CC 0.4 l 0.12 -15.06 -108.67 VE 0.4 l 0.41 -8.01 -59.53
CC 0.4 l 0.14 -14.03 -112.33 VE 0.4 l 0.41 -8.14 -58.01
CC 0.4 l 0.15 -14.65 -110.59 VE 0.4 l 0.41 -7.97 -59.16
CC 0.4 l 0.15 -14.50 -109.32 VE 0.4 l 0.41 -7.19 -56.76
CC 0.4 l 0.18 -14.30 -110.50 VE 0.4 l 0.43 -7.48 -58.44
CC 0.4 l 0.19 -14.81 -111.20 VE 0.4 l 0.44 -7.85 -59.44
CC 0.4 l 0.19 -14.45 -110.46 VE 0.4 l 0.45 -7.83 -59.27
CC 0.4 l 0.19 -14.14 -110.49 VE 0.4 l 0.47 -8.12 -58.35
CC 0.4 l 0.19 -14.63 -110.65 VE 0.4 l 0.49 -8.15 -59.31
CC 0.4 l 0.20 -14.70 -109.01 VE 0.4 l 0.50 -8.29 -60.30
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Table S2.2 Continued
Standard
Water

Water
Volume

δ18O
‰

δ2H
‰

Standard
Water

Water
Volume

δ18O
‰

δ2H
‰

CC 0.4 l 0.20 -14.87 -109.19 VE 0.4 l 0.50 -8.42 -60.02
CC 0.4 l 0.20 -14.49 -108.86 VE 0.4 l 0.51 -7.96 -58.55
CC 0.4 l 0.24 -15.01 -110.13 VE 0.4 l 0.51 -8.09 -60.61
CC 0.4 l 0.24 -15.09 -108.98 VE 0.4 l 0.51 -8.17 -59.04
CC 0.4 l 0.24 -15.06 -110.93 VE 0.4 l 0.51 -7.96 -60.74
CC 0.4 l 0.24 -13.69 -106.90 VE 0.4 l 0.51 -8.14 -59.67
CC 0.4 l 0.27 -14.82 -109.81 VE 0.4 l 0.52 -8.02 -60.20
CC 0.4 l 0.28 -14.79 -111.58 VE 0.4 l 0.52 -7.41 -57.95
CC 0.4 l 0.30 -14.41 -109.62 VE 0.4 l 0.53 -7.32 -58.05
CC 0.4 l 0.30 -14.88 -109.80 VE 0.4 l 0.54 -7.76 -57.29
CC 0.4 l 0.31 -14.98 -112.75 VE 0.4 l 0.54 -7.94 -58.89
CC 0.4 l 0.31 -15.08 -109.57 VE 0.4 l 0.60 -8.36 -59.38
CC 0.4 l 0.31 -14.78 -110.60 VE 0.4 l 0.60 -8.39 -59.93
CC 0.4 l 0.32 -14.62 -109.46 VE 0.4 l 0.61 -8.16 -59.47
CC 0.4 l 0.35 -14.59 -108.74 VE 0.4 l 0.61 -8.17 -59.56
CC 0.4 l 0.36 -14.66 -110.17 VE 0.4 l 0.61 -8.03 -58.58
CC 0.4 l 0.36 -15.00 -109.34 VE 0.4 l 0.62 -8.09 -59.57
CC 0.4 l 0.36 -14.97 -110.39 VE 0.4 l 0.62 -8.16 -59.56
CC 0.4 l 0.38 -14.53 -106.79 VE 0.4 l 0.63 -8.23 -59.34
CC 0.4 l 0.39 -15.29 -104.90 VE 0.4 l 0.72 -8.13 -59.90
CC 0.4 l 0.39 -14.96 -109.06 VE 0.4 l 0.72 -8.33 -59.36
CC 0.4 l 0.39 -15.14 -108.53 VE 0.4 l 0.72 -8.18 -59.89
CC 0.4 l 0.39 -14.80 -109.44 VE 0.4 l 0.72 -8.28 -59.90
CC 0.4 l 0.39 -14.89 -110.64 VE 0.4 l 0.73 -8.29 -59.93
CC 0.4 l 0.40 -14.47 -109.34 VE 0.4 l 0.73 -7.76 -58.40
CC 0.4 l 0.40 -15.08 -111.29 VE 0.4 l 0.74 -8.62 -60.78
CC 0.4 l 0.40 -14.85 -110.70 VE 0.4 l 0.74 -8.29 -59.73
CC 0.4 l 0.41 -15.02 -110.00 VE 0.4 l 0.79 -8.22 -59.08
CC 0.4 l 0.41 -14.51 -111.33 VE 0.4 l 0.80 -8.26 -59.79
CC 0.4 l 0.41 -14.88 -109.27 VE 0.4 l 0.80 -8.00 -59.76
CC 0.4 l 0.41 -14.88 -109.27 VE 0.4 l 0.81 -7.83 -58.99
CC 0.4 l 0.41 -14.72 -110.45 VE 0.4 l 0.82 -8.27 -60.00
CC 0.4 l 0.41 -15.01 -109.30 VE 0.4 l 0.82 -8.30 -60.29
CC 0.4 l 0.41 -14.98 -110.17 VE 0.4 l 0.83 -8.25 -59.57
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Table S2.2 Continued
Standard
Water

Water
Volume

δ18O
‰

δ2H
‰

Standard
Water

Water
Volume

δ18O
‰

δ2H
‰

CC 0.4 l 0.43 -14.58 -109.95 VE 0.4 l 0.83 -8.34 -59.70
CC 0.4 l 0.43 -14.69 -108.48 VE 0.4 l 0.83 -8.42 -59.64
CC 0.4 l 0.44 -14.70 -110.39 VE 0.4 l 0.92 -8.07 -59.15
CC 0.4 l 0.46 -15.00 -110.24 VE 0.4 l 0.93 -8.28 -59.64
CC 0.4 l 0.46 -14.87 -109.20 VE 0.4 l 0.93 -8.32 -59.51
CC 0.4 l 0.46 -15.01 -109.87 VE 0.4 l 0.93 -8.26 -59.86
CC 0.4 l 0.47 -14.87 -109.22 VE 0.4 l 0.94 -8.20 -59.67
CC 0.4 l 0.49 -14.90 -109.25 VE 0.4 l 0.94 -8.16 -59.13
CC 0.4 l 0.49 -15.10 -109.46 VE 0.4 l 0.95 -8.28 -59.63
CC 0.4 l 0.49 -14.98 -110.71 VE 0.4 l 0.99 -7.37 -62.79
CC 0.4 l 0.50 -15.12 -111.19 VE 0.4 l 1.00 -8.25 -59.77
CC 0.4 l 0.50 -14.66 -109.35 VE 0.4 l 1.01 -8.14 -59.66
CC 0.4 l 0.51 -14.75 -108.94 VE 0.4 l 1.02 -8.35 -60.10
CC 0.4 l 0.51 -15.22 -110.99 VE 0.4 l 1.02 -8.19 -59.90
CC 0.4 l 0.52 -14.92 -110.46 VE 0.4 l 1.02 -8.35 -59.94
CC 0.4 l 0.52 -14.83 -109.86 VE 0.4 l 1.02 -8.38 -60.08
CC 0.4 l 0.53 -15.04 -110.94 VE 0.4 l 1.02 -8.36 -59.53
CC 0.4 l 0.53 -14.68 -109.66 VE 0.4 l 1.03 -8.30 -60.25
CC 0.4 l 0.54 -15.32 -110.68 VE 0.4 l 1.04 -8.41 -59.69
CC 0.4 l 0.57 -14.86 -111.42 VE 0.4 l 1.04 -8.30 -59.43
CC 0.4 l 0.59 -14.65 -108.38 VE 0.4 l 1.04 -8.41 -59.14
CC 0.4 l 0.60 -14.42 -106.51 VE 0.4 l 1.04 -8.11 -59.51
CC 0.4 l 0.60 -15.47 -111.72 VE 0.4 l 1.04 -8.14 -59.60
CC 0.4 l 0.60 -14.84 -110.48 VE 0.4 l 1.05 -8.44 -60.43
CC 0.4 l 0.61 -14.91 -110.24 VE 0.4 l 1.05 -8.25 -59.28
CC 0.4 l 0.62 -14.99 -110.24 VE 0.4 l 1.06 -8.11 -59.64
CC 0.4 l 0.63 -14.91 -110.33 VE 0.4 l 1.06 -8.38 -59.53
CC 0.4 l 0.63 -14.86 -110.52 VE 0.4 l 1.06 -8.44 -59.86
CC 0.4 l 0.64 -14.87 -110.41 VE 0.4 l 1.22 -8.38 -60.29
CC 0.4 l 0.66 -14.68 -109.53 VE 0.4 l 1.43 -8.28 -59.62
CC 0.4 l 0.69 -14.99 -110.81 VE 0.4 l 1.90 -8.18 -59.83
CC 0.4 l 0.75 -15.23 -110.54 VE 0.4 l 2.07 -8.26 -60.07
CC 0.4 l 0.75 -15.25 -111.58 VE 0.4 l 2.09 -8.42 -59.97
CC 0.4 l 0.76 -14.62 -109.50 VE 0.4 l 2.17 -8.29 -59.76
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Table S2.2 Continued
Standard
Water

Water
Volume

δ18O
‰

δ2H
‰

Standard
Water

Water
Volume

δ18O
‰

δ2H
‰

CC 0.4 l 0.78 -15.32 -111.16 VE 0.4 l 2.17 -8.29 -59.76
CC 0.4 l 0.78 -15.14 -112.08 VE 0.4 l 2.49 -8.20 -60.05
CC 0.4 l 0.79 -15.33 -110.07 VE 0.4 l 2.49 -8.20 -60.05
CC 0.4 l 1.38 -14.73 -110.29 VE 0.4 l 2.69 -8.32 -59.47
CC 0.4 l 3.65 -14.97 -110.77 VE 0.4 l 3.16 -8.34 -59.46
VE 0.4 l 0.03 -8.07 -61.72 VE 0.4 l 3.17 -8.30 -59.64
VE 0.4 l 0.04 -7.63 -60.42 VE 0.4 l 3.17 -8.28 -59.63
VE 0.4 l 0.04 -6.71 -57.88 VE 0.4 l 3.19 -8.28 -59.72
VE 0.4 l 0.05 -5.97 -55.55 CC 0.1 l 0.24 -14.22 -107.35
VE 0.4 l 0.05 -8.31 -54.93 CC 0.1 l 0.38 -14.66 -108.96
VE 0.4 l 0.05 -6.45 -55.53 CC 0.1 l 0.59 -14.83 -110.68
VE 0.4 l 0.07 -8.62 -61.44 CC 0.1 l 0.11 -14.91 -106.88
VE 0.4 l 0.08 -6.99 -59.16 CC 0.1 l 0.57 -15.08 -110.12
VE 0.4 l 0.08 -7.55 -56.79 CC 0.1 l 0.64 -15.11 -110.97
VE 0.4 l 0.08 -6.83 -58.88 CC 0.1 l 1.74 -15.15 -111.38
VE 0.4 l 0.08 -7.47 -56.12 CC 0.1 l 0.57 -15.16 -110.58
VE 0.4 l 0.08 -7.71 -60.82 CC 0.1 l 0.36 -15.17 -109.91
VE 0.4 l 0.09 -7.89 -57.01 CC 0.1 l 0.82 -15.20 -111.11
VE 0.4 l 0.09 -7.10 -58.76 CC 0.1 l 1.09 -15.35 -111.62
VE 0.4 l 0.11 -8.68 -60.97 CC 0.1 l 1.19 -15.34 -111.96
VE 0.4 l 0.11 -8.68 -60.97 CC 0.1 l 1.00 -15.24 -111.64
VE 0.4 l 0.12 -7.71 -57.53 CC 0.1 l 0.19 -15.11 -110.13
VE 0.4 l 0.12 -8.70 -59.88 VE 0.1 l 0.66 -8.28 -60.86
VE 0.4 l 0.12 -8.70 -59.88 VE 0.1 l 0.49 -8.37 -60.50
VE 0.4 l 0.15 -7.44 -59.33 VE 0.1 l 0.49 -8.37 -60.71
VE 0.4 l 0.17 -7.22 -59.43 VE 0.1 l 0.78 -8.44 -60.72
VE 0.4 l 0.17 -7.60 -57.00 VE 0.1 l 0.67 -8.48 -61.29
VE 0.4 l 0.18 -7.61 -60.81 VE 0.1 l 0.37 -8.50 -61.05
VE 0.4 l 0.19 -8.00 -59.80 VE 0.1 l 0.37 -8.50 -61.05
VE 0.4 l 0.19 -8.22 -59.69 VE 0.1 l 0.26 -8.51 -61.72
VE 0.4 l 0.19 -7.46 -60.13 VE 0.1 l 0.12 -8.52 -61.60
VE 0.4 l 0.19 -7.96 -61.00 VE 0.1 l 0.53 -8.52 -60.87
VE 0.4 l 0.19 -7.70 -57.58 VE 0.1 l 0.70 -8.53 -60.35
VE 0.4 l 0.19 -8.10 -59.48 VE 0.1 l 0.26 -8.62 -61.09
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Table S2.2 Continued
Standard
Water

Water
Volume

δ18O
‰

δ2H
‰

Standard
Water

Water
Volume

δ18O
‰

δ2H
‰

VE 0.4 l 0.19 -8.05 -58.17 VE 0.1 l 0.65 -8.64 -60.98
VE 0.4 l 0.19 -7.58 -60.26 VE 0.1 l 1.17 -8.74 -61.83
VE 0.4 l 0.19 -8.05 -60.13 VE 0.1 l 1.04 -8.65 -61.34
VE 0.4 l 0.19 -8.20 -58.56 VE 0.1 l 1.64 -8.47 -61.32
VE 0.4 l 0.19 -7.73 -59.51 VE 0.1 l 1.41 -8.46 -61.11
VE 0.4 l 0.20 -7.92 -58.31 VE 0.1 l 0.19 -8.34 -60.25
VE 0.4 l 0.21 -8.50 -59.00

Table S2.3. Deviation of injected isotope measurements from standard values. Isotope
results are presented relative to V-SMOW.

Water Backgrounds δ18O, ‰ δ2H, ‰ Water Backgrounds δ18O, ‰ δ2H, ‰
VE 50% -0.1 -0.442 VE -0.054 -0.664
VE50% -0.094 -0.811 VE -0.039 -0.537
VE50% -0.063 -0.538 VE 0.017 -0.32
VE50% -0.047 -0.438 VE 0.049 -0.498
VE50% -0.024 -0.706 VE 0.056 -0.364
CC -0.084 -0.55 NG a -0.073 -0.859
CC -0.02 -0.759 NG a -0.012 -0.023
CC -0.004 -0.617 NG a 0.017 0.081
CC 0.025 0.164 NG a 0.042 -0.438
CC 0.091 -0.332 NG a 0.059 -0.683
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Supplementary Jupyter script

The Jupyter script here shows how to correct isotope data for water volumes less than 0.8
μl. An explanation of some of these correction parameters can be found in the main text.

# The data used and imported here are all raw data, i.e.,
data that have not been isotope -corrected.

# Correction for low water volume (<0.8 µl) in the Heidelberg
FI line

import matplotlib.pyplot as plt
import numpy as np
import csv

# Import data
with open('...', 'r') as csvfile:
r = csv.reader(csvfile, delimiter=',')
data = [i for i in r]
headings = data.pop(0) # Extract headers
data = np.array([[np.float64(j) for j in i] for i in data])

# Extract data columns
water_amount = data.T[0]
Oraw = data.T[1]
Hraw = data.T[2]

# Create two subplots
fig, axs = plt.subplots(2, 1, figsize=(8, 10)) # Create 2-

row, 1-column subplots with defined size

# Plot first subplot - Oraw vs. water_amount (scatter plot)
axs[0].scatter(water_amount , Oraw, label=headings[1], color='

blue', alpha=0.7)
axs[0].set_xlabel(headings[0]) # X-axis label
axs[0].set_ylabel(headings[1]) # Y-axis label
axs[0].set_title(f'{headings[1]}␣vs.␣{headings[0]}') # Title
axs[0].legend() # Legend
axs[0].grid() # Add grid

# Plot second subplot - Hraw vs. water_amount (scatter plot)
axs[1].scatter(water_amount , Hraw, label=headings[2], color='

green', alpha=0.7)
axs[1].set_xlabel(headings[0]) # X-axis label
axs[1].set_ylabel(headings[2]) # Y-axis label
axs[1].set_title(f'{headings[2]}␣vs.␣{headings[0]}') # Title
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axs[1].legend() # Legend
axs[1].grid() # Add grid

# Adjust layout and display
plt.tight_layout()
plt.show()

# Check data
print(Oraw)
print(Hraw)
print(water_amount)

# Reverse correction (only applicable to corrected data) #
Correction parameters for a specific period

d18WJZ = (Oraw - 2.04429) / 1.00195
d2HWJZ = (Hraw + 9.94473) / 0.98245

# Input logarithmic function linear fitting parameters
Oslop = 0.00688
Ointercept = -0.40354
Hslop = 0.00363
Hintercept = -0.72665

# Calculate correction factors
Ocorr = (Oslop * d18WJZ + Ointercept) / ((1 / (np.log(

water_amount)-np.log(0.4)) - Oslop))
Hcorr = (Hslop * d2HWJZ + Hintercept) / ((1 / (np.log(

water_amount)-np.log(0.4)) - Hslop))

# Absolute value of correction factors
ABSOcorr = abs(Ocorr)
ABSHcorr = abs(Hcorr)

# Check correction factors
print(ABSOcorr)
print(ABSHcorr)

# Linear correction parameters
linearity_d18O = 1.00195 # Linear data
linearity_d2H = 0.98245 # Linear data
intercept_d18O = 2.04429 # Linear data 0.98127
intercept_d2H = -9.94473 # Linear data -9.09120

# Linear correction



Supplementary materials 217

d18O_correct = (d18WJZ - Ocorr) * linearity_d18O +
intercept_d18O

d2H_correct = (d2HWJZ - Hcorr) * linearity_d2H +
intercept_d2H

# Final corrected data
print(d18O_correct , d2H_correct)

# Create two subplots
fig, axs = plt.subplots(2, 1, figsize=(8, 12)) # Create 2-

row, 1-column subplots with defined size

# First subplot - Oraw vs. water_amount and d18O_correct vs.
water_amount

axs[0].scatter(water_amount , Oraw, label='Original␣' +
headings[1], color='blue', alpha=0.7)

axs[0].scatter(water_amount , d18O_correct , label='Correct␣' +
headings[1], color='red', alpha=0.7)

axs[0].set_xlabel(headings[0]) # X-axis label
axs[0].set_ylabel(headings[1]) # Y-axis label
axs[0].set_title(f'{headings[1]}␣Comparison␣(Original␣vs.␣

Processed)') # Title
axs[0].legend() # Legend
axs[0].grid() # Add grid

# Second subplot - Hraw vs. water_amount and d2H_correct vs.
water_amount

axs[1].scatter(water_amount , Hraw, label='Original␣' +
headings[2], color='green', alpha=0.7)

axs[1].scatter(water_amount , d2H_correct , label='Correct␣' +
headings[2], color='orange', alpha=0.7)

axs[1].set_xlabel(headings[0]) # X-axis label
axs[1].set_ylabel(headings[2]) # Y-axis label
axs[1].set_title(f'{headings[2]}␣Comparison␣(Original␣vs.␣

Processed)') # Title
axs[1].legend() # Legend
axs[1].grid() # Add grid

# Adjust layout and display
plt.tight_layout()
plt.show()

# Export data
import csv
import os
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def main():
current_dir = os.path.abspath('...')
file_name = os.path.join(current_dir , "output.csv")
csvfile = open(file_name , 'wt', newline='')

writer = csv.writer(csvfile, delimiter=",")
header = ['water', 'd18O_correct', 'd2H_correct']
writer.writerow(header)
writer.writerows(zip(water_amount , d18O_correct , d2H_correct)

)

csvfile.close()

if __name__ == '__main__':
main()
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B.2 Supplementary Information for Chapter 3

Supplementary Figures

Figure S3.1. Effects of glass tube enclosure on water concentration and isotopic back-
ground during sample heating. Variation in water concentration, δ18O and δ2H back-
ground induced by heating of samples enclosed in glass tube versus not enclosed in glass
tube. The grey/red curves indicate coral fragments heated in and out of the glass tube, re-
spectively. With the glass tube, a slight fluctuation in the background was caused by the line
opening after loading the samples, and the line background returned to normal after 20-30
minutes. In the case without glass tube, additional perturbations in the water and isotopic
backgrounds were caused by the continued evaporation of water from the coral samples,
which took longer to stabilise.
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Figure S3.2. Icelandic coral used for heating leading to isotope fractionation experi-
ments. Circles of different colours indicate where different samples were taken.
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Figure S3.3. The samplewas enclosed in a glass tube ready formeasurement. The figure
shows the black experiment with transparent Iceland spar and small capillary enclosed in
glass tube.
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Figure S3.4. Isotope measurements from the blank experiment. The 5 measurements
were consistent with the expected values within the error range. The horizontal line in the
graph represents the expected value.
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Figure S3.5. Measured water content of coral skeleton in relation to isotopic values
and age. (A) The relationship between water content and δ18O values. The circular and
square data points indicate samples measured without and in glass tubes, respectively. (B)
The relationship between water content and δ2H values. (C) The relationship between water
content and coral age (only Angolan glacial and Holocene coral samples measured in glass
tubes are shown here).
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Figure S3.6. Repeated measurements of stable isotopes of skeleton inclusion water of
Angolan corals. All samples were enclosed in glass tubes and crushed after being heated
at 120°C for approximately 40 minutes.
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Supplementary Tables
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Table S3.1. Sources and chronological results of coral samples.

Sample
source

Lab. No. GeoB No. Latitude Longitude Depth
(m)

Coral species Age
(ka)

Error
(ka)

Iceland / ICEFI PL500 A3 62°36.493’ N 24°59.190’ W 685 Desmophyllum pertusum 0.01 0.01
Angola IUP-7919 GeoB20933-1 9°49.331’ S 12°46.565’ E 338 Desmophyllum pertusum 3.01 0.01
Angola IUP-10742 GeoB20908-2 9°43.605’ S 12°42.893’ E 439 Desmophyllum pertusum 3.33 0.03
Angola IUP-7920 GeoB20933-1 9°49.331’ S 12°46.566’ E 338 Desmophyllum pertusum 3.67 0.01
Angola IUP-10757 GeoB20908-2 9°43.605’ S 12°42.894’ E 440 Desmophyllum pertusum 4.35 0.04
Angola IUP-10761 GeoB20908-2 9°43.605’ S 12°42.895’ E 441 Desmophyllum pertusum 5.66 0.12
Angola IUP-7922 GeoB20933-1 9°49.331’ S 12°46.567’ E 338 Desmophyllum pertusum 6.85 0.02
Angola IUP-7923 GeoB20933-1 9°49.331’ S 12°46.568’ E 338 Desmophyllum pertusum 7.42 0.05
Angola IUP-7924 GeoB20933-1 9°49.332’ S 12°46.569’ E 338 Desmophyllum pertusum 9.35 0.02
Angola IUP-7925 GeoB20933-1 9°49.331’ S 12°46.568’ E 208.5 Desmophyllum pertusum 9.37 0.05
Angola IUP-7927 GeoB20933-1 9°49.331’ S 12°46.568’ E 273 Desmophyllum pertusum 10.62 0.03
Angola IUP-7929 GeoB20933-1 9°49.331’ S 12°46.568’ E 329.5 Desmophyllum pertusum 10.90 0.04
Angola IUP-7931 GeoB20933-1 9°49.331’ S 12°46.569’ E 338 Desmophyllum pertusum 11.46 0.04
Angola IUP-7932 GeoB20933-1 9°49.331’ S 12°46.570’ E 338 Desmophyllum pertusum 13.26 0.04
Angola IUP-7934 GeoB20933-1 9°49.331’ S 12°46.568’ E 522.5 Desmophyllum pertusum 13.59 0.05
Angola IUP-7935 GeoB20933-1 9°49.331’ S 12°46.571’ E 338 Desmophyllum pertusum 13.87 0.04
Angola IUP-7936 GeoB20933-1 9°49.331’ S 12°46.572’ E 338 Desmophyllum pertusum 19.36 0.05
Angola IUP-7938 GeoB20933-1 9°49.331’ S 12°46.573’ E 338 Desmophyllum pertusum 23.07 0.08
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Table S3.1 Continued

Sample
source

Lab. No. GeoB No. Latitude Longitude Depth
(m)

Coral species Age
(ka)

Error
(ka)

Angola IUP-7937 GeoB20933-1 9°49.331’ S 12°46.568’ E 630 Desmophyllum pertusum 23.18 0.10
Angola IUP-10727 GeoB20928-1 9°43.388’ S 12°42.900’ E 457 Desmophyllum pertusum 23.84 0.05
Angola IUP-7939 GeoB20933-1 9°49.331’ S 12°46.568’ E 684.5 Desmophyllum pertusum 25.11 0.08
Angola IUP-10728 GeoB20928-1 9°43.388’ S 12°42.901’ E 457 Desmophyllum pertusum 25.11 0.06
Angola IUP-10725 GeoB20928-1 9°43.388’ S 12°42.899’ E 457 Desmophyllum pertusum 25.19 0.05
Angola IUP-10729 GeoB20928-1 9°43.388’ S 12°42.902’ E 457 Desmophyllum pertusum 25.31 0.09
Angola IUP-7942 GeoB20933-1 9°49.331’ S 12°46.568’ E 761 Desmophyllum pertusum 31.41 0.10
Angola IUP-7945 GeoB20933-1 9°49.331’ S 12°46.568’ E 834.5 Desmophyllum pertusum 31.92 0.09
Angola IUP-7946 GeoB20933-1 9°49.331’ S 12°46.574’ E 338 Desmophyllum pertusum 32.17 0.14
Angola IUP-7947 GeoB20933-1 9°49.331’ S 12°46.575’ E 338 Desmophyllum pertusum 32.49 0.07
Angola IUP-7948 GeoB20933-1 9°49.331’ S 12°46.568’ E 916 Desmophyllum pertusum 32.72 0.15
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Table S3.2. Result of isotope fractionation experiments with different heating times in Iceland cold water corals.

Sample
ID

Heating
time (min)

Weight
(g)

Water
(μl)

Water
content (μl/g)

δ18O‰
V-SMOW

Error δ2H‰
V-SMOW

Error Note

ICEFI1.1 30 0.78 1.33 1.70 -6.00 0.50 -72.51 1.50 in glass tube
ICEFI3.1 110 0.72 2.48 3.44 3.60 0.50 -55.50 1.50 in glass tube
ICEFI4 80 0.79 2.21 2.80 0.40 0.50 -59.10 1.50 in glass tube
ICEFI1 68 1.07 1.54 1.44 11.90 0.50 -39.50 1.50 not in glass tube
ICEFI5.1 84 0.57 0.64 1.12 16.90 0.50 -32.90 1.50 not in glass tube
ICEFI2.1 98 1.16 1.53 1.32 10.10 0.50 -40.50 1.50 not in glass tube
ICEFI5.2 109 0.59 1.07 1.81 13.90 0.50 -38.80 1.50 not in glass tube
ICEFI2.2 120 1.00 1.81 1.81 16.30 0.50 -32.50 1.50 not in glass tube
ICEFI3.2 150 1.00 2.05 2.05 18.50 0.50 -30.40 1.50 not in glass tube
ICEFI1.2 30 0.80 1.06 1.33 2.89 0.50 -58.07 1.50 not in glass tube
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Table S3.3. Sources and chronological results of coral samples. The Y in the notes indicates that the sample is measured in the glass tube, and
N indicates that it is not measured in the glass tube.

Lab. No. GeoB No. Heating time
(min)

weight
(g)

water
(μl)

water content
(μl/g)

δ18O‰
V-SMOW

Error δ2H‰
V-SMOW

Error Note

IUP-7919 GeoB20933-1 40 0.58 0.81 1.39 -5.67 0.50 -77.17 1.50 Y
IUP-7920 GeoB20933-1 60 0.67 1.15 1.71 -3.32 0.50 -69.73 1.50 Y
IUP-7920 GeoB20933-1 40 0.43 0.80 1.85 -3.59 0.50 -71.49 1.50 Y
IUP-10757 GeoB20908-2 100 0.70 1.14 1.63 6.60 0.50 -58.30 1.50 Y
IUP-10761 GeoB20908-2 80 0.76 1.65 2.17 2.10 0.50 -60.90 1.50 Y
IUP-7922 GeoB20933-1 40 0.61 0.87 1.43 -3.03 0.50 -77.75 1.50 Y
IUP-7923 GeoB20933-1 60 0.50 0.91 1.82 -3.92 0.50 -80.31 1.50 Y
IUP-7925 GeoB20933-1 30 0.59 1.33 0.45 -2.83 0.50 -67.89 1.50 Y
IUP-7927 GeoB20933-1 33 0.75 1.19 0.63 -4.33 0.50 -71.17 1.50 Y
IUP-7929 GeoB20933-1 31 0.71 0.85 0.83 -5.04 0.50 -69.52 1.50 Y
IUP-7934 GeoB20933-1 33 0.51 1.12 0.45 -1.76 0.50 -69.05 1.50 Y
IUP-7937 GeoB20933-1 30 0.43 0.91 0.48 -4.13 0.50 -74.44 1.50 Y
IUP-7939 GeoB20933-1 32 0.49 0.74 0.66 -5.36 0.50 -75.61 1.50 Y
IUP-7942 GeoB20933-1 48 0.41 0.60 0.68 -0.44 0.50 -57.49 1.50 Y
IUP-7942 GeoB20933-1 36 0.40 0.45 0.89 -2.09 0.50 -64.04 1.50 Y
IUP-7945 GeoB20933-1 31 0.43 0.48 0.90 -5.09 0.50 -73.82 1.50 Y
IUP-7945 GeoB20933-1 31 0.41 0.47 0.87 -4.72 0.50 -65.85 1.50 Y
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Table S3.3 Continued

Lab. No. GeoB No. Heating time
(min)

weight
(g)

water
(μl)

water content
(μl/g)

δ18O‰
V-SMOW

Error δ2H‰
V-SMOW

Error Note

IUP-7948 GeoB20933-1 33 0.57 2.16 0.26 -7.06 0.50 -82.04 1.50 Y
IUP-7924 GeoB20933-1 40 0.78 1.68 2.15 -0.79 0.50 -60.42 1.50 Y
IUP-7931 GeoB20933-1 40 0.71 0.73 1.03 8.08 0.50 -57.92 1.50 Y
IUP-7932 GeoB20933-1 40 0.59 0.79 1.33 -0.90 0.50 -69.94 1.50 Y
IUP-7932 GeoB20933-1 50 0.58 0.75 1.30 -1.85 0.50 -81.04 1.50 Y
IUP-7935 GeoB20933-1 40 0.54 1.20 2.23 0.55 0.50 -77.04 1.50 Y
IUP-7936 GeoB20933-1 40 0.74 0.98 1.33 -2.41 0.50 -66.24 1.50 Y
IUP-7938 GeoB20933-1 40 0.58 1.00 1.73 -0.98 0.50 -77.99 1.50 Y
IUP-7938 GeoB20933-1 40 0.60 1.19 1.98 4.73 0.50 -61.65 1.50 Y
IUP-10727 GeoB20928-1 60 0.79 2.22 2.81 0.20 0.50 -71.60 1.50 Y
IUP-10725 GeoB20928-1 80 0.96 2.40 2.50 -1.30 0.50 -69.20 1.50 Y
IUP-7946 GeoB20933-1 50 0.55 0.55 0.99 0.91 0.50 -64.97 1.50 Y
IUP-7947 GeoB20933-1 40 0.57 0.91 1.59 -0.46 0.50 -75.69 1.50 Y
IUP-10742 GeoB20908-2 130 0.80 0.67 0.84 23.76 0.50 -10.51 1.50 N
IUP-10742 GeoB20908-2 90 0.81 0.67 0.83 25.93 0.50 -10.15 1.50 N
IUP-10757 GeoB20908-2 120 0.55 0.25 0.45 34.48 0.50 7.46 1.50 N
IUP-10757 GeoB20908-2 130 0.90 0.53 0.59 24.39 0.50 -2.51 1.50 N
IUP-10761 GeoB20908-2 100 0.79 0.59 0.75 21.12 0.50 -14.10 1.50 N
IUP-10761 GeoB20908-2 90 0.80 0.52 0.65 22.70 0.50 -14.31 1.50 N
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Table S3.3 Continued

Lab. No. GeoB No. Heating time
(min)

weight
(g)

water
(μl)

water content
(μl/g)

δ18O‰
V-SMOW

Error δ2H‰
V-SMOW

Error Note

IUP-10725 GeoB20928-1 180 0.76 0.52 0.69 30.85 0.50 0.12 1.50 N
IUP-10725 GeoB20928-1 330 0.78 0.69 0.89 31.56 0.50 5.82 1.50 N
IUP-10727 GeoB20928-1 70 0.68 0.61 0.89 22.31 0.50 -18.43 1.50 N
IUP-10728 GeoB20928-1 110 0.55 0.30 0.54 42.83 0.50 20.85 1.50 N
IUP-10729 GeoB20928-1 200 0.62 0.55 0.88 25.16 0.50 -3.72 1.50 N
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Table S3.4. Isotopic results of coral skeleton inclusions from immersion experiment. The detailed explanation of the label in the immersion
experiment can be found in section 2.2.4. The error of the isotope measurement is 0.5‰ for δ18O and 1.5‰ for δ2H.

Label GeoB Nr. coral Nr. Weight
(g)

Water
content
(μl/g)

Heating
time
(min)

δ18O‰
V-SMOW

δ2H‰
V-SMOW

Immersion
time in

seawater (hr)

Drying time
after immersion

(hr)

NimA GeoB20917-1 IUP-ROV-2b 0.58 2.00 36 -2.04 -61.22 / /
NimB GeoB20951-1 IUP-Rov Bulk 0.36 1.92 46 -7.34 -80.73 / /
NimC GeoB20933-1 IUP-7927 0.75 1.59 33 -4.33 -71.17 / /
imA GeoB20917-1 IUP-ROV-2b 0.55 2.37 31 0.70 -33.27 117 23
imB GeoB20951-1 IUP-Rov Bulk 0.53 1.99 33 -0.21 -54.42 117 23
imC1 GeoB20933-1 IUP-7927 0.69 1.47 33 6.82 -24.09 117 23
imC2 GeoB20933-1 IUP-7927 0.60 0.77 30 13.11 9.68 815 164
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B.3 Supplementary Information for Chapter 4

Supplementary Figures

Figure S4.1. The δ18O and δ2H measurements of standard water 1 in each report.
The * denotes reports where Iceland spar was crushed together with capillaries. Solid lines
indicate δ18O and δ2H values for standard water.
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Figure S4.2. The δ18O and δ2H measurements of standard water 2 in each report.
The * denotes reports where Iceland spar was crushed together with capillaries. Solid lines
indicate δ18O and δ2H values for standard water.
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Figure S4.3. The δ18O and δ2H measurements of standard water 3 in each report.
The * denotes reports where Iceland spar was crushed together with capillaries. Solid lines
indicate δ18O and δ2H values for standard water.
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Figure S4.4. Mean values and SD (1σ) for water volume and isotope measurements of
0.5 µl standard water 1 from various reports. The left side is organized by report number,
while the right side is arranged by whether the capillary tube is crushed together with the
Iceland spar. The hollow dots indicate individual measurement data. The * denotes reports
where Iceland spar was crushed together with capillaries. The dotted lines indicate ±0.1 µl
of filled water volume, ±1‰ for δ18O and ±2‰ for δ2H respectively.
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Figure S4.5. Mean values and SD (1σ) for water volume and isotope measurements of
0.5 µl standard water 2 from various reports. The left side is organized by report number,
while the right side is arranged by whether the capillary tube is crushed together with the
Iceland spar. The hollow dots indicate individual measurement data. The * denotes reports
where Iceland spar was crushed together with capillaries. The dotted lines indicate ±0.1 µl
of filled water volume, ±1‰ for δ18O and ±2‰ for δ2H respectively.
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Figure S4.6. Mean values and SD (1σ) for water volume and isotope measurements of
0.5 µl standard water 3 from various reports. The left side is organized by report number,
while the right side is arranged by whether the capillary tube is crushed together with the
Iceland spar. The hollow dots indicate individual measurement data. The * denotes reports
where Iceland spar was crushed together with capillaries. The dotted lines indicate ±0.1 µl
of filled water volume, ±1‰ for δ18O and ±2‰ for δ2H respectively.
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Figure S4.7. Mean values and SD (1σ) for water volume and isotope measurements of
0.2 µl standard water 1 from various reports. The left side is organized by report number,
while the right side is arranged by whether the capillary tube is crushed together with the
Iceland spar. The hollow dots indicate individual measurement data. The * denotes reports
where Iceland spar was crushed together with capillaries. The dotted lines indicate ±0.1 µl
of filled water volume, ±1‰ for δ18O and ±2‰ for δ2H respectively.
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Figure S4.8. Mean values and SD (1σ) for water volume and isotope measurements of
0.2 µl standard water 2 from various reports. The left side is organized by report number,
while the right side is arranged by whether the capillary tube is crushed together with the
Iceland spar. The hollow dots indicate individual measurement data. The * denotes reports
where Iceland spar was crushed together with capillaries. The dotted lines indicate ±0.1 µl
of filled water volume, ±1‰ for δ18O and ±2‰ for δ2H respectively.
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Figure S4.9. Mean values and SD (1σ) for water volume and isotope measurements of
0.2 µl standard water 3 from various reports. The left side is organized by report number,
while the right side is arranged by whether the capillary tube is crushed together with the
Iceland spar. The hollow dots indicate individual measurement data. The * denotes reports
where Iceland spar was crushed together with capillaries. The dotted lines indicate ±0.1 µl
of filled water volume, ±1‰ for δ18O and ±2‰ for δ2H respectively.
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B.4 Supplementary Information for Chapter 5

Supplementary Figures

Figure S5.1. Transmitted light photographs of polished thin sections of stalagmite FL2.
Petrographic images show the typical shapes and distribution of fluid inclusions at different
depths within the FL2 stalagmite. Numerous small and elongated fluid inclusions are dis-
persed throughout the stalagmite. (A) Images of the entire thin section of the FL2 stalagmite
(350-380 mm), depicting the calcite structure of the stalagmite. (B-J) High-magnification
micrographs of stalagmites at different depths show various forms of inclusions. Red arrows
indicate the direction of stalagmite growth.
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Figure S5.2. Transmitted light photographs of polished thin sections of stalagmite FL2.
(A) The distinct dark layer appears 13mm from the top of the stalagmite, corresponding to
a δ18OFI positive anomaly event (amplitudes exceeding 7‰) around 950-1150 CE. (B-D)
The thin section images about 13mm of the stalagmite are enlarging of the dark layer in (A).
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Figure S5.3. Palaeotemperature calculations based on isotopic values of FL2 stalagmite
inclusions water and calcite. (A) Calculation of palaeotemperatures based on the empirical
equations of Tremaine et al. (2011) (A) and Daëron et al. (2019) (B). The violet points
indicate the temperature results calculated using δ18OFI and δ18Os. The orange indicates the
temperature results calculated using δ18OFI (using δ2HFI and LMWL inversion) and δ18Os.
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Figure S5.4. Comparison of fluid inclusion water δ18OFI and δ2HFI measured in and
out of glass tubes. Each layer’s samples were split into two parts for comparative measure-
ments. Samples from only one growth layer (at about 13 mm) show very large differences
in isotope values (hollow data points).
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Figure S5.5. The intrinsic mode functions (IMF1 and IMF5) of the ensemble empirical
mode decomposition of the FL2 δ18OS and δ13CS records. EEMD is a signal analysis
method suitable for nonlinear and non-stationary signals, which can effectively extract sig-
nals, trends, and cycles at different time scales of a time series (Wu and Huang, 2009).
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Figure S5.6. Comparison of FL2 δ18OFI and temperature variations in southwest
China based on reconstruction and modelling. (A) The green curve represents the differ-
ence between the mean annual temperature and the mean annual coldest month temperature
(Xiao et al., 2023). (B) Model simulated temperature anomalies in southwest China (Shi
et al., 2021). The δ18OFI and temperature variations did not show a consistent pattern.
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Figure S5.7. FL2 stalagmite records in comparison to atmospheric Δ14C as indicator
of solar activity. δ18Os, δ13Cs and atmospheric Δ14C was detrended (Reimer et al., 2020).
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Figure S5.8. The summer precipitation (MJJA) anomalies in the ASM region during
the of El Niño and La Niña years during 1950-2020 CE. Precipitation data from NOAA’s
Precipitation Reconstruction over Land database (Chen et al., 2002). The El Niño years and
La Niña years are determined based on peak years in the historical statistics of ENSO events
as defined by the National Climate Centre of China.
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Figure S5.9. Variation in population density within the rectangle around Feilong cave
(380 × 270 km). (A-E) Population density variations around Feilong cave during 900, 1000,
1100, 1200, 1300 CE. (H) Variation in average population density around Feilong cave over
the 0-1300 CE interval. Data from the History Database of the Global Environment (HYDE,
v 3.3) (Klein Goldewijk et al., 2010).
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Supplementary Text S5.1

We use the Craig-Gordon (C-G) model to predict the line internal fractionation process.
Fractionation is assumed to happen at 120°C with a relative humidity of 0.42%-0.49% (rel-
ative to a water vapour concentration of 6000-7000 ppm, T=120°C, P=1400 hPa). The
equilibrium fractionation factor is calculated using the relationship proposed by Horita and
Wesolowski (1994), 1994. Diffusion fractionation factors ranged from 1 to 0.8, correspond-
ing to processes dominated by molecular diffusion (Gonfiantini et al., 2018; Horita et al.,
2008). The isotopic composition of water vapour in the air in the model uses isotopic val-
ues of laboratory standard water used as the water vapour background for the measurement
line (δ18O= -8.53‰, δ2H= -60.41‰). We used measurements close to the GMWL (δ18O=-
6.39‰, δ2H=-41.08‰) as the isotope values of the initial fluid inclusion, assuming that
these samples did not experience significant evaporation.

Given the limited temperature variations in southwest China during themid-to lateHolocene
(Figure S6), we used the modern annual mean temperature (16.4°C) from study area as the
range for temperature fluctuations. For relative humidity in the cave, the range of values
is 50-95%, which includes the ideal state where the cave is close to saturation with wa-
ter vapour and the extreme conditions associated with enhanced cave ventilation. Equi-
librium fractionation factors are calculated using the relationship proposed by Horita and
Wesolowski (1994). The diffusion fractionation factor ranges from 0.5 to 1 and covers all
possible conditions that can occur in the cave Fernandez et al. (2023); Gonfiantini et al.
(2018). The δ18O and δ2H values of water vapour in cave air are assumed to be in equi-
librium with the mean δ18OFI and δ2HFI value close to the GMWL (δ18O=-16.29‰, δ2H=-
118.39‰).

The effective fractionation factors α eff for 18O and 2H during evaporation are expressed
as follows:

αeff =
α(T )− h ·

(
Ra

Rl

)
1− h ·

(
1

Dn

)
where:
- h is the relative humidity, -D is the ratio of molecular diffusivities of the heavy to the

light isotopologues, - Ra is the isotope ratio in air, - Rl is the isotope ratio in liquid.
The equilibrium vapor-liquid isotope fractionation factor α(T ) depends on temperature

T (K) and is derived from experimental relationships:

α(T ) = exp
(

A

T 2
+

B

T
+ C

)
Using the Rayleigh distillation model, the isotopic ratio of the residual liquid is related
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to the fraction of remaining liquid (f ) as follows:

Rl = Ro · f (αeff−1)

where:
- Rl is the isotope ratio of the liquid at each step of an evaporative process, - Ro is the

isotope ratio of the initial liquid, - f is the fraction of liquid remaining at each step, and -
αeff is the effective fractionation factor.

Iterating with a 2% reduction in the proportion of liquid remaining each time, the rela-
tionship between δ18O (δ18Ol) and δ2H (δ2Hl) in the remaining liquid was fitted to obtain
the slope, assuming a linear relationship:

δ2Hl = m · δ18Ol + b
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Supplementary Table
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Table S5.1. Results of analyses of FL2 fluid inclusion water isotopic. NG and G indicate samples measured not in and in glass tubes, respectively.
Depth starts from the top. The units for water volume and water content are μl and μl/g, respectively.

Sample ID Depth
(mm)

Error Age (yr,
BP)

Age Δ
(yr, BP)

Weight
(g)

Water
volume

Water
content

δ18O (‰,
V-SMOW)

Error δ2H (‰,
V-SMOW)

Error Note

FL2-1A 5 2 746 77 0.57 0.61 1.08 -6.64 0.5 -41.69 1.5 NG
FL2-1B 5 2 746 77 0.56 0.50 0.89 -6.21 0.5 -40.13 1.5 NG
FL2-2A 9 2 847 123 0.58 0.45 0.77 -5.34 0.5 -41.90 1.5 NG
FL2-2B 9 2 847 123 0.54 0.49 0.91 -2.57 0.5 -39.18 1.5 G
FL2-3A 13 1.5 944 78 0.49 0.12 0.24 16.40 0.5 -8.95 1.5 NG
FL2-3B 13 1.5 944 78 0.51 0.23 0.45 4.46 0.5 -25.41 1.5 G
FL2-3C 13 1.5 944 78 0.44 0.16 0.36 1.11 0.5 -36.66 1.5 G
FL2-4A 23 1.5 1184 79 0.50 0.64 1.29 -4.39 0.5 -35.88 1.5 G
FL2-4B 23 1.5 1184 79 0.49 0.66 1.34 -6.10 0.5 -35.81 1.5 G
FL2-5 30 1.5 1368 77 0.64 0.41 0.64 -2.10 0.5 -33.38 1.5 NG
FL2-6A 40 1.5 1602 77 0.34 0.26 0.77 -4.37 0.5 -36.44 1.5 G
FL2-6B 40 1.5 1602 77 0.40 0.29 0.72 -4.26 0.5 -36.85 1.5 G
FL2-7 49 1 1809 52 0.64 0.97 1.52 -6.35 0.5 -41.44 1.5 NG
FL2-8 70 1.5 2265 7 0.60 0.22 0.37 -3.54 0.5 -36.83 1.5 NG
FL2-9 112 1.5 2548 25 0.75 0.79 1.05 -5.71 0.5 -38.34 1.5 NG
FL2-10 126 1.5 2664 33 0.52 1.18 2.26 -2.33 0.5 -26.39 1.5 G
FL2-11 141 1.5 2756 23 0.75 1.50 2.00 -4.93 0.5 -35.77 1.5 NG
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Table S5.1 Continued

Sample ID Depth
(mm)

Error Age (yr,
BP)

Age Δ
(yr, BP)

Weight
(g)

Water
volume

Water
content

δ18O (‰,
V-SMOW)

Error δ2H (‰,
V-SMOW)

Error Note

FL2-12 190 2 2949 20 0.60 3.14 5.23 -5.44 0.5 -38.97 1.5 NG
FL2-13 220 1.5 3079 19 0.52 0.54 1.03 -5.44 0.5 -37.76 1.5 NG
FL2-14 246 2 3191 19 0.94 1.13 1.20 -3.53 0.5 -29.85 1.5 NG
FL2-15 268 1 3466 67 0.42 0.13 0.31 -0.43 0.5 -26.97 1.5 G
FL2-16 280 2 3745 90 0.56 0.55 0.98 -3.64 0.5 -30.26 1.5 NG
FL2-17 296 2 4098 82 0.54 1.86 3.44 -3.53 0.5 -29.79 1.5 NG
FL2-18 320 1.5 4577 80 0.47 0.63 1.33 -4.08 0.5 -38.22 1.5 G
FL2-19A 335 1.5 4886 81 0.60 0.56 0.94 -5.77 0.5 -41.82 1.5 NG
FL2-19B 335 1.5 4886 81 0.46 0.77 1.68 -5.06 0.5 -38.15 1.5 G
FL2-20 339.5 1.5 4991 82 0.49 1.14 2.32 -4.39 0.5 -33.64 1.5 G
FL2-21 360 1.5 5407 54 0.60 0.94 1.57 -4.55 0.5 -37.30 1.5 NG
FL2-22 383 1.5 5617 37 0.68 1.63 2.39 -2.05 0.5 -25.70 1.5 NG
FL2-23 400 1.5 5785 38 0.42 1.16 2.77 -4.68 0.5 -34.49 1.5 G
FL2-24A 414 2 5925 41 0.60 1.15 1.92 -6.76 0.5 -52.36 1.5 NG
FL2-24B 414 1.5 5925 41 0.46 1.25 2.71 -5.48 0.5 -46.18 1.5 G
FL2-25A 427 1.5 6053 34 0.51 0.41 0.81 -10.30 0.5 -51.88 1.5 NG
FL2-25B 427 1.5 6053 34 0.40 0.35 0.88 -7.30 0.5 -48.01 1.5 G
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Table S5.2. Mean isotopic value of repeated measurements. Depth starts from the top.

Number of repeated
measurements

Depth (mm) Error Age (yr, BP) δ18O (‰,
V-SMOW)

Error δ2H (‰,
V-SMOW)

Error

2 5 2 746 -6.43 0.35 -40.91 1.06
2 9 2 847 -3.95 0.35 -40.54 1.06
2 13 1.5 944 2.79 0.35 -31.04 1.06
2 23 1.5 1184 -5.24 0.35 -35.84 1.06
1 30 1.5 1368 -2.10 0.50 -33.38 1.50
2 40 1.5 1602 -4.31 0.35 -36.65 1.06
1 49 1 1809 -6.35 0.50 -41.44 1.50
1 70 1.5 2265 -3.54 0.50 -36.83 1.50
1 112 1.5 2548 -5.71 0.50 -38.34 1.50
1 126 1.5 2664 -2.33 0.50 -26.39 1.50
1 141 1.5 2756 -4.93 0.50 -35.77 1.50
1 190 2 2949 -5.44 0.50 -38.97 1.50
1 220 1.5 3079 -5.44 0.50 -37.76 1.50
1 246 2 3191 -3.53 0.50 -29.85 1.50
1 268 1 3466 -0.43 0.50 -26.97 1.50
1 280 2 3745 -3.64 0.50 -30.26 1.50
1 296 2 4098 -3.53 0.50 -29.79 1.50
1 320 1.5 4577 -4.08 0.50 -38.22 1.50
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Table S5.2 Continued

Number of repeated
measurements

Depth (mm) Error Age (yr, BP) δ18O (‰,
V-SMOW)

Error δ2H (‰,
V-SMOW)

Error

2 335 1.5 4886 -5.41 0.35 -39.98 1.06
1 339.5 1.5 4991 -4.39 0.50 -33.64 1.50
1 360 1.5 5407 -4.55 0.50 -37.30 1.50
1 383 1.5 5617 -2.05 0.50 -25.70 1.50
1 400 1.5 5785 -4.68 0.50 -34.49 1.50
2 414 2 5925 -6.12 0.35 -49.27 1.06
2 427 1.5 6053 -8.80 0.35 -49.95 1.06



258 B.5 Supplementary Information for Chapter 6

B.5 Supplementary Information for Chapter 6

Supplementary Figures

Figure S6.1. Study sites, modern spatial distribution of precipitation in China
and general circulation pattern of the ASM. The first empirical orthogonal function
(EOF) model for June-July-August (JJA) precipitation for 1980-2007 C.E. Analysis of
Asian Precipitation-Highly-Resolved Observational Data Integration Towards Evaluation
(APHRODITE) gridded rainfall data set using the eofs: Version 1.1.0 Python package (Yata-
gai et al., 2012). The mode explains 14.5% of the total variance. Monsoonal precipitation
in China shows the tripolar pattern, whereby rainfall decreases in east-central China and in-
creases in the northern and southern China. Arrows indicate the summer (June–August) 850
hPa wind field. Wind data are derived from NCEP/NCAR reanalysis datasets (Kalnay et al.,
1996), with averages calculated over the period from 1981–2020 C.E. The red circles indi-
cate the locations of 1 Gulang Loess (Sun et al., 2019), 2 Zhenzhu Cave (Li et al., 2020),
3 Mangshan Loess (Peterse et al., 2014), 4 Weinan Loess (Thomas et al., 2014), 5 IODP
U1429 (Clemens et al., 2018), 6 Tai Lake (Miao et al., 2015), 7 Yongxing Cave (Wang
et al., 2022a) (Wang et al., 2022a), 8 Dajiuhu mountain Wetland (Zhang et al., 2023c), 9
Haozhu Cave (Zhang et al., 2018), 10 Yangzi Cave (this study), 11 Caohai mountain Wet-
land (Zhang et al., 2023c), 12 Tengchong–Qinghai Volcanic Lake (Zhang et al., 2023c), and
13 Maar Lake (Wang et al., 2022c), respectively.
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Figure S6.2. δ18O, δ13CandX/Ca records of YZ1 stalagmite. (A) The red curve indicates
the δ18O record of YZ1, and the grey curve indicates the NHSI at 30°N; (B) δ13C record of
YZ1; (C)Mg/Ca record of YZ1; (D) Sr/Ca record of YZ1; (E) Ba/Ca record of YZ1; (F) 238U
concentration (ppb) record for the YZ1 stalagmite dating sample; (G) growth rate of YZ1.
Trace element records are linearly interpolated to stable isotope resolution. The dark curves
of the trace element records indicate the respective 10-point smoothing. MIS X indicates
the stage of Marine Isotope Stages (Lisiecki and Raymo, 2005).
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Figure S6.3. Correlation of δ18O, δ13C and Sr/Ca, Mg/Ca, Ba/Ca, fCa of stalagmite
YZ1 (p<0.01).
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Figure S6.4. The intrinsic mode functions (IMF1–IMF9 and R) of the ensemble em-
pirical mode decomposition (EEMD) of the YZ1 X/Ca PC1 record. The purple curve
indicates the X/Ca PC1 record of YZ1, the dark curve indicates 10-points smoothing. These
nine components extend the period from orbital to suborbital, millennial, and centennial time
scales. IMF7 captures the precession cycle. We performed the EEMD analysis using the
MATLAB 2022b platform. The EEMD is a noise-assisted data analysis method favorable
method for extracting signals and trends on different scales of time series (Wu and Huang,
2009). This approach extracts the patterns of variation frommultivariate time series datasets
that best describe the overall variability of these datasets by reducing the dimensionality of
large datasets.
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Figure S6.5. Cross plots of element to calcium ratios in YZ1 shown as ln(Sr/Ca) vs.
ln(Mg/Ca) (left), ln(Ba/Ca) vs. ln(Mg/Ca) (middle), and ln(Ba/Ca) vs. ln(Sr/Ca) (right).

Figure S6.6. YZ1 δ18O, X/Ca PC1 and fCa band pass filters results (left). (A) δ18O; (B)
X/Ca PC1; (C) fCa; (D) fCa using the Mg/Camin/Mg/Ca sample approximation, the dark
blue curve indicates 10-point smoothing of the original record. The band pass filters were
calculated using the Acycle 2.4.1 software on the MATLAB 2022b platform. The frequency
is 0.0434 ka−1 and the band width is 0.01 ka−1, normalized to the interval -2 to 2. The right
side indicates the results of the spectral analysis of the fCa records using the REDFIT GUI
(Schulz and Mudelsee, 2002). The green curve is 99% confidence limits, the time unit is
ka. The grey curve indicates the variation in the precession (Laskar et al., 2004).
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Figure S6.7. The changes in ensemble mean precipitation (unit: mm, shading colors)
due to intensified summer monsoon (6 insolation maxima minus 6 insolation minima)
(data from Dai et al. (2021)). The top panel shows precipitation anomalies from May to
September; the bottom panel shows anomalies in annual mean precipitation. Only changes
that are significant at the 95% confidence level are shown. The red circles indicate the
locations of 1 Gulang Loess (Sun et al., 2019), 2 Zhenzhu Cave (Li et al., 2020), 3 Mang-
shan Loess (Peterse et al., 2014), 4 Weinan Loess (Thomas et al., 2014), 5 IODP U1429
(Clemens et al., 2018), 6 Tai Lake (Miao et al., 2015), 7 Yongxing Cave (Wang et al.,
2022a), 8 Dajiuhu mountain Wetland (Zhang et al., 2023c), 9 Haozhu Cave (Zhang et al.,
2018), 10 Yangzi Cave (this study), 11 Caohai mountain Wetland (Zhang et al., 2023c), 12
Tengchong–Qinghai Volcanic Lake (Zhang et al., 2023c), and 13 Maar Lake (Wang et al.,
2022c), respectively.
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Figure S6.8. Comparison of YZ1 stalagmite X/Ca PC1 and ENSO indicators. (A) The
purple curve indicates YZ1 X/Ca PC1 (this study) and the grey curve indicates NHSI at
30°N; (B) SST difference between the Western equatorial pacific (core KX97322-415) and
Eastern equatorial pacific (core TR163−19) (Lea et al., 2000; Zhang et al., 2017, 2021c);
(C) Simulates Niño3 SST for December - January - February (Zhang et al., 2021c) ; (D)
Modeled Niño 3.4 annual mean SST (Lu et al., 2019b).
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Figure S6.9. Global map of historical coastline positions since 26 ka BP (De Groeve et al.,
2022).
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Supplementary Table

Table S6.1. Principal component analysis results of Mg/Ca, Sr/Ca, and Ba/Ca in YZ1 sta-
lagmite.

Comp.1 Comp.2 Comp.3

Standard deviation 1.51 0.75 0.41
Proportion of Variance 0.76 0.18 0.06
Cumulative Proportion 0.76 0.94 1.00

Comp.1, Comp.2, Comp.3 represent the calculated principal components;
Standard deviation represents the standard deviation of each principal component;
Proportion of Variance represents the contribution rate of each principal component;
Cumulative Proportion represents the cumulative contribution rate of each principal component.

Table S6.2. The Periods and Contribution Rates (CRs) of the IMF and R.

IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 IMF8 IMF9 R

Period (yr) 0.32 0.72 1.45 2.85 7.10 13.96 25.20 52.83 111.96 R
CR (%) 16.06 9.34 6.35 6.29 15.05 9.73 24.99 7.37 1.91 2.93
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Supplementary Text S6.1

Stalagmite YZ1 was collected about 200 meters from the entrance of the cave. The stalag-
mite is 690 mm long and is approximately 100 mm and 65 mm in diameter at the bottom
and top. YZ1 is composed of pure, dense calcite, but shows few clearly visible growth con-
taminations and minor detrital layers (Figure S6.10). Wu et al. (2020) reported the U/Th
dating and age-depth model, as well as the δ18O and δ13C results for the YZ1 stalagmite. In
short, YZ1 covers the period 116.09 to 4.07 ka BP continuously with growth rates varying
between 0.5 and 23 µm/year. The average uncertainty of the age model is in the range of
±0.7 ka at 100ka, and ±0.27 ka at 10 ka BP.

Figure S6.10. YZ1 stalagmite profile and age model. The black dots are the depths and
ages of the U-Th dating samples, and the error bars indicate the dating error (±2σ) (modified
fromWu et al. (2020)). The green line is a StalAge age model for YZ1, the red line indicates
the 95% confidence limit (Scholz and Hoffmann, 2011).
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Supplementary Text S6.2

The previous calcite precipitation promotes the degassing of CO2 from the solution and
affects the trace element to Ca ratio of the drip water. Because trace element incorporation
is not proportional to Ca incorporation, trace element incorporation can be described by the
concept of trace element distribution coefficient (D), which is defined as:

Dx =
(X/Ca)prec
(X/Ca)drip

where (X/Ca)prec is the trace element-to-Ca ratio of the precipitate, and (X/Ca)drip is the
trace element-to-Ca ratio of the drip water.

The trace-element to Ca ratios can be used to semi-quantitatively assess relative changes
in precipitation amount by estimating the remaining fraction of Ca in the solution, fCa via a
Rayleigh fractionation equation (Stoll et al., 2023).The relationship between the remaining
fraction fCa of the initial Ca in solution during karst carbonate deposition and the partition
coefficient DMg, initial drip water Mg/Caini, measured solution Mg/Ca can be described
by a Rayleigh process equation process. Eq. 1 shows how the fraction of initial Ca remain-
ing in solution (fCa) can be calculated from the initial drip water Mg/Cainil (e.g., prior to
degassing) and measured solution Mg/Ca, when the partitioning coefficient DMg is known:

Eq.1:

fCa =

(
(Mg/Ca)spel

DMg · (Mg/Ca)ini

) 1
(DMg−1)

With the assumption, that the minimumMg/Ca value of the speleothem, Mg/Caspel,min
is the closest approximation of the bedrock Mg/Ca ratio, equation (1) can be approximated
by the following:

Eq.2:

fCa =

(
(Mg/Ca)spel

(Mg/Ca)spel,min

) 1
(DMg−1)

To first order, the minimum Mg/Ca of a stalagmite corresponds to a situation of negli-
gible degassing and PCP, and that the partitioning coefficient DMg is constant. Therefore,
the initial Mg/Ca can be approximated by the minimum Mg/Ca of the stalagmite (compare
also Stoll et al. (2023)):

Eq.3:

fCa_MgCa =
(Mg/Ca)min
(Mg/Ca)sample



C. Main Abbreviations

Abbreviation Definition

ASM Asian Summer Monsoon
CRDS Cavity Ring-Down Spectroscopy
D/O event Dansgaard–Oeschger event
EASM East Asian Summer Monsoon
EOF Empirical Orthogonal Function
ENSO El Niño–Southern Oscillation
GMWL Global Meteoric Water Line
H events Heinrich events
HOC Holocene Optimum Climate
IRMS Isotope Ratio Mass Spectrometry
ISM Indian Summer Monsoon
ITCZ Intertropical Convergence Zone
LGM Last Glacial Maximum
LMWL Local Meteoric Water Line
NH Northern Hemisphere
NHSI Northern Hemisphere Summer Insolation
PCP Prior Calcite Precipitation
SH Southern Hemisphere
SITIG Summer Inter-Tropical Insolation Gradient
WPSH Subtropical Western Pacific High
WRI Water–rock interaction
X/Ca Trace element ratios
δ13Cs Speleothem δ13C
δ18Os Speleothem δ18O
δ18OFI Fluid inclusion δ18O
δ2HFI Fluid inclusion δ2H
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Data Availability Statement

All data used in this dissertation, as well as newly developed codes for data analysis, have
been explicitly provided in the main text, supplementary materials, or this statement. The
specific availability of data is as follows:

Chapter 2: All quantitative injection measurement results for isotopes have been in-
cluded in the main text and tables in Supplementary Material B.1. Additionally, a Jupyter
code example for correcting water volume effects is provided in the supplementary scripts
of Supplementary Materials B.1.

Chapter 3: Chronological data of coral samples, water volume measurements of fluid
inclusions in coral skeletons, and isotopic measurement results are provided in Supplemen-
tary Materials B.2.

Chapter 4: Water volume and isotopic measurement results from capillary samples
across different laboratories are available upon reasonable request.

Chapter 5: Measured water volumes and isotopic results of fluid inclusions are pro-
vided in Supplementary Materials B.4.

Chapter 6: All trace element data interpolated to oxygen and carbon isotope resolu-
tions, as well as raw LA-ICP-MS data, are available upon reasonable request.

All external data cited in this dissertation have been clearly referenced in the respective
citations and are accessible through their original sources.
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