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ABSTRACT OF THE DISSERTATION 
 

Southeast Asian autumn monsoon variability over the last 45,000 years 

By 

Elizabeth W. Patterson 

Doctor of Philosophy in Earth System Science 

University of California, Irvine, 2023 

Professor Kathleen Johnson, Chair 

 

 The Southeast Asian autumn monsoon affects millions of people along the eastern 

coast of Mainland Southeast Asia. Relatively small changes to autumn rainfall amount can 

cause floods and prolonged droughts, which impact regional agriculture, water availability, 

and infrastructure. Thus, understanding Southeast Asian autumn monsoon variability and 

how it might change in the future is crucial for the livelihood of those living in the region. 

However, instrumental records are short and future projections are unclear, leaving the 

variability of the autumn monsoon poorly constrained. Records of past climate from 

reliable hydroclimate archives, such as cave deposits, would improve our understanding of 

the Southeast Asian autumn monsoon, particularly on longer timescales. 

 My dissertation uses a stalagmite from central Vietnam to generate a multiproxy 

record of the Southeast Asian autumn monsoon from 45 to 4 ka. I use stable carbon 

isotopes and trace elements to generate a record of local rainfall change, which shows 

substantial, and at times abrupt, change over the last 45,000 years. Using the record in 

conjunction with climate model output, I identify ice sheet-driven sea-level change as the 
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primary driver of Southeast Asian autumn monsoon variability on millennial to orbital 

timescales. During periods of low sea level, the exposure of nearby landmasses (the Gulf of 

Tonkin and the South China Shelf) decreases autumn moisture delivery to central Vietnam. 

The opposite occurs during periods of high sea level. I next semi-quantitatively estimate 

this sea-level-driven rainfall change using calcium isotopes, a relatively new proxy. The 

calcium isotope record reveals that when sea level was low during the termination of the 

last glacial period, rainfall amount was up to 50 % less than modern levels. Lastly, I use 

stable oxygen isotopes to investigate large-scale changes in hydroclimate. I find that the 

stalagmite oxygen isotope record reflects changes in regional precipitation as well as an in-

cave process called “prior calcite precipitation”. After removing this in-cave effect using a 

geochemical model, I find that the oxygen isotope record follows the expected pattern from 

regional stalagmite records and climate model output.  

The collective results of my dissertation provide new insights to the past variability 

and main drivers of the Southeast Asian autumn monsoon over the last 45,000 years. By 

employing cutting-edge proxies and innovative geochemical models, I have also 

contributed significant advancements to the field, with far-reaching implications for 

speleothem science. Moreover, my results contribute to the validation of climate model 

output, which improve projections of future hydroclimate change.  
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CHAPTER 1: INTRODUCTION 
 

Supporting information located in Appendix A. 

 

1.1. The Southeast Asian autumn monsoon 

 In most tropical monsoon regions, the summer monsoon drives local rainfall 

variability. However, along the eastern coasts of many of these regions, the oft-overlooked 

autumn monsoon strongly influences local hydroclimate (Ramesh et al., 2021). One such 

region is Mainland Southeast Asia (MSEA), where the Southeast Asian autumn monsoon 

impacts millions of people along the eastern coast of Vietnam. Much of MSEA receives the 

majority of its annual rainfall from the southwesterly summer monsoon (strongest from 

June – August), where moisture is sourced and transported from the Indian Ocean and Bay 

of Bengal (Figure 1.1a) (Misra & DiNapoli, 2014). The onset of the autumn monsoon 

(strongest from September – November) occurs with the southward shift of the 

Intertropical Convergence Zone (ITCZ), which changes the prevailing wind direction from 

the southwest to the northeast, bringing moisture from the western Pacific and South China 

Sea (Wolf et al., 2020). This northeasterly moisture is then orographically uplifted by the 

Truong Son mountains, a N-S trending mountain range along the Vietnam – Laos border, 

concentrating autumnal rainfall in eastern Vietnam, particularly along the central coast 

(Figure 1.1b)(Sengupta & Nigam, 2019). 
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Figure 1.1. Rainfall and wind climatology of Mainland Southeast Asia. Average a) JJA 
and b) SON rainfall (1951-2007) derived from Asian Precipitation-Highly Resolved 
Observational Data Integration Towards Evaluation (APHRODITE)(Yatagai et al., 2012) and 
850 mb winds (1951-2007) derived from NCEP reanalysis winds (Kalnay et al., 1996). The 
yellow square denotes the location of the study site. Figure modified from Patterson et al., 
2023. 

 

Variations in autumn rainfall amount have large impacts on regional agriculture, 

water availability, and infrastructure in central Vietnam. Tropical cyclones during the 

autumn monsoon cause catastrophic flooding (Luu et al., 2020, 2021; Nguyen-Thi et al., 

2012). Droughts, even short in duration, strongly affect agriculture (T. L. T. Du et al., 2018; 

Stojanovic et al., 2020), one of the largest industries in the region. Thus, understanding 

autumn rainfall variability and how it might change in the future has important 

implications for the livelihood of the millions living in the region. While modern 

instrumental data suggest that autumn rainfall amount and tropical cyclones may increase 

in the future (Wang et al., 2015), recent CMIP6 climate model projections of precipitation in 

Vietnam only show a moderate increase of 9 % and 11% in the 21st century for the SSP2-

4.5 and SSP5-8.5 scenarios, respectively (Supharatid et al., 2021). Notably, the CMIP6 

models exhibit a strong wet bias in central Vietnam, likely because of the complex 
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topography and low density of instrumental data (Supharatid et al., 2021), making future 

projections of hydroclimate change in the region unreliable. Records of past climate would 

help constrain the variability of the Southeast Asian autumn monsoon and its drivers over a 

range of timescales. Comparing these records to paleoclimate model output, would help 

identify which climate models best simulate rainfall variability, improving our estimates of 

future monsoon change.  

Our understanding of past Southeast Asian autumn monsoon variability is limited, 

particularly on longer timescales. Instrumental records draw strong links between autumn 

rainfall and local sea surface temperature and the El Niño Southern Oscillation (Chen et al., 

2012; Li et al., 2015; Wang et al., 2015). However, these records cover less than a century, 

leaving the long-term drivers of the autumn monsoon largely unknown. Although there are 

many hydroclimate paleorecords from MSEA (Chawchai et al., 2021; Cook et al., 2010; 

Griffiths et al., 2020; Wang et al., 2019; Yamoah et al., 2016, 2021), there are relatively few 

from central Vietnam or of the autumn monsoon (Buckley et al., 2017; He et al., 2021; Sun 

et al., 2018). Generating new paleorecords of the Southeast Asian autumn monsoon, 

particularly during periods of abrupt or rapid change, would provide important 

advancements in our understanding of this understudied phenomenon. This dissertation 

uses a speleothem, a reliable paleoarchive of hydroclimate, to reconstruct local and 

regional hydroclimate variability in central Vietnam. The remainder of the introduction will 

introduce the study site and sample (section 1.2), discuss the speleothem archive and its 

proxies (section 1.3), and outline the research questions and data chapters in the 

dissertation (sections 1.4 and 1.5). 
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1.2. Study site 

 All samples collected for this dissertation are from Phong Nha-Ke Bang National 

Park in Quang Binh Province, Vietnam (Figure 1.1). Located on the eastern flank of the 

Truong Son mountain range, Phong Nha-Ke Bang National Park is ideally located to study 

the Southeast Asian autumn monsoon because the mountains act as an orographic barrier, 

blocking moisture from the SW summer monsoon and trapping moisture from the NE 

autumn monsoon. From 1951 – 2007 Phong Nha-Ke Bang National Park received 47% of 

its annual rainfall during the autumn monsoon (SON) and only 30% during JJA (Yatagai et 

al., 2012). Thus, paleorecords of hydroclimate from the park should reflect a combination 

of summer and autumn rainfall, with a particularly strong influence from the autumn 

monsoon. 

 The speleothem sample used in this dissertation (HH-1) was collected from Hoa 

Huong cave (17.5°N, 106.2°E, Elev.411 m). The karst above Hoa Huong cave, which is 

covered in dense forest, ranges in thickness from meters near the entrance to >100 meters 

in deeper sections of the cave. Cave monitoring data collected since March 2020 

demonstrate that Hoa Huong cave is well-suited for speleothem-based paleoclimate 

reconstruction. Mean cave temperature is 20 °C, close to the mean annual surface air 

temperature, with a small seasonal cycle of 1.5-2 °C and relatively humidity is consistently 

high (>95 %). Additional cave monitoring data and analyses can be found in Appendix A. 

 Speleothem sample HH-1, is a 3.7 m-long previously broken stalagmite that was 

collected ~150 m from the cave entrance in March 2020 (Figure 1.2). All three data 

chapters (Chapters 2-4) use geochemical measurements from HH-1. I discuss how 

speleothems are used as a paleoarchive next. 
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Figure 1.2. Scans of stalagmite HH-1. See Appendix A for image with U-Th dates labeled.  

 

5 cm
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1.3. Speleothems as archives of past hydroclimate 

Speleothems, cave deposits, are reliable paleoclimate archives of the last 500,000 

years. They are particularly suitable for paleoclimate reconstructions because they are 

often well preserved, are deposited in continuous layers, can be precisely dated using U-Th 

techniques, and contain a variety of environmental and climatic proxies (Table 1.1) 

(Fairchild et al., 2006). The number of speleothem-based paleoclimate records has 

increased in recent years, forming an extensive global network (Comas-Bru et al., 2020), 

which when combined with other paleoclimate archives, has dramatically improved our 

understanding of past climate. In low-latitude and monsoon regions, a variety of 

speleothem geochemical proxies have been successfully used to reconstruct local and 

regional hydroclimate variability.  

 

1.3.1. Speleothem formation 

Speleothems are calcium carbonate formations (CaCO3) that form as either calcite or 

aragonite in limestone caves. When precipitation percolates into the soil, it is exposed to 

higher pCO2 levels from root and microbial respiration, forming a weak carbonic acid (Eq. 

1). Carbonic acid dissolves limestone bedrock as it moves through the epikarst, the bedrock 

above the cave, carrying Ca2+ ions (Eq. 2). Once it reaches the cave, the lower pCO2 within 

the cave causes CO2 degassing from the drip water (the water feeding a cave deposit), 

which results in calcite precipitation and speleothem formation (Eq. 3, Figure 1.3) 

(Fairchild et al., 2006). The geochemistry of the drip water reflects a variety of 

environmental and climatic factors. When calcite precipitates from the drip water to form a 
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speleothem, the speleothem preserves this geochemical signature. These signatures 

(proxies) can be measured to create records of past climate change. 

 H2O + CO2 → H2CO3 (Eq. 1) 

 CaCO3 + H2CO3 → Ca2+ + 2HCO3- (Eq. 2) 

 Ca2+ + 2HCO3- → CaCO3 + H2O + CO2 (Eq. 3) 

Even though speleothems refer to all secondary minerals that form in caves, most 

paleoclimate reconstructions utilize stalagmites due to their simple growth geometry and 

progressively layered formation (Fairchild & Baker, 2012).  

 

 

Figure 1.3. Schematic of speleothem formation.  Figure adapted from Meyer et al. 
(2011). 

 

1.3.2. U-Th Dating 

U-series dating is the primary method for constructing speleothem chronologies 

(Wendt et al., 2021). U-Th dating (234U/230Th) utilizes a portion of the U-series decay chain 
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(238U → 234U → 230Th). During speleothem formation, trace amounts of soluble uranium 

(UO22+) are transported through the bedrock and are co-precipitated as a carbonate along 

with calcite (Dorale et al., 2004). The included 234U undergoes alpha decay to the 

radioactive daughter isotope 230Th. The comparatively short half-life of 230Th (~75 kyrs vs 

245 kyrs for 234U) limits the 234U/230Th dating technique to ~7 half-lives of 230Th, at which 

point the decay chain reaches secular equilibrium, a condition where all isotopes are 

decaying at the same rate. As a result, U-series dating methods can provide reliable age 

estimates for periods up to ~500,000 years (Cheng et al., 2013; Edwards et al., 1987).  

U-series dating assumes that all 230Th forms from radioactive decay after deposition. 

This is based on the behavior of Th, which is insoluble and is largely excluded from 

speleothem calcite (Richards & Dorale, 2003). However, speleothems are rarely completely 

devoid of initial thorium, meaning most U-series ages require a small correction for initial 

Th. This is done by measuring non-radiogenic 232Th, an indicator of initial Th. When 232Th is 

low, U-series ages are commonly corrected using the average (230Th/232Th) value, 

parentheses denote activity ratio, of the bulk earth (Hellstrom, 2006), though a wide range 

of initial values may be reasonable depending on the local geology. Samples with higher 

232Th are either not suitable for dating or necessitate more complex measurements of the 

cave environment (drip water, modern calcite, etc…) and/or isochron methods to estimate 

230Th/232Th  (Hellstrom, 2006).  
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1.3.3. Delta Notation (𝛿) 

Several of the proxies discussed below (oxygen isotopes - 𝛿18O, carbon isotopes - 

𝛿13C, uranium isotopes - 𝛿234Uinitial, and calcium isotopes - 𝛿44Ca) are expressed by delta 

notation (𝛿) in units of per mil (‰), calculated by the following equation (example for 

𝛿18O): 

δ18𝑂 = (
(𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ∗ 1000 

Where R = O18/O16         (Eq. 4) 

 

1.3.4. Oxygen isotopes 

Stable oxygen isotopes (18O/16O, 𝛿18O), are the most utilized speleothem proxy. 

When precipitated under isotopic equilibrium, speleothem 𝛿18O values generally reflect a 

combination of drip water 𝛿 18O and cave temperature (Lachniet, 2009), which is ultimately 

controlled by the temperature-dependent fractionation factor between water and calcite 

(Daëron et al., 2019; Hendy, 1971; Kim & O’Neil, 1997). In tropical regions, drip water 𝛿18O 

dominates speleothem 𝛿 18O variability because temperature change is generally small (e.g. 

~4 oC cooler during the Last Glacial Maximum), and the temperature effect on speleothem 

𝛿 18O is only -0.23 ‰ per 1 oC of warming (Kim & O’Neil, 1997). Using this relationship, 

temperature change since the Last Glacial Maximum would only change speleothem 𝛿 18O 

by -1.15 ‰, a much smaller range than the 3-5 ‰ change exhibited by speleothem records 

of the Asian monsoon (Cheng et al., 2016). Thus, the 𝛿18O of precipitation (𝛿 18Op) falling 

above the cave is the primary driver of drip water 𝛿18O, meaning tropical speleothem 𝛿18O 

variability generally tracks changes in 𝛿18Op. However, the interpretation of speleothem 

𝛿18O in the Asian monsoon region is complex, as there are several controls on 𝛿18Op such as 
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rainfall amount, upstream rainout, moisture source, and seasonality (Cheng et al., 2009; Hu 

et al., 2008; Pausata et al., 2011; Tabor et al., 2018; Wang et al., 2001; Wolf et al., 2020; 

Yang et al., 2016). Regardless of the control, many speleothem records from the region 

interpret 𝛿18O as a qualitative measure of large-scale “monsoon intensity” or “monsoon 

strength”, with more negative values indicating a stronger monsoon. 

In MSEA, upstream rainout is the primary driver of summer monsoon 𝛿18Op (Yang et 

al., 2016), meaning variations in 𝛿18Op reflect change between the moisture source region 

and the cave site, resulting in an integrated signal of the Asian monsoon region. Increased 

rainfall (increased monsoon intensity) results in decreased 𝛿18Op due to Rayleigh 

distillation (Pausata et al., 2011). Much less is known about the drivers of autumn monsoon 

𝛿18Op. Importantly, local precipitation amount does not affect summer and autumn 𝛿18Op in 

MSEA (Wolf et al., 2020), meaning mean annual 𝛿18Op reflects large-scale changes in 

hydroclimate rather than local precipitation. The seasonal cycle of 𝛿18Op in central Vietnam 

is similar to the rest of MSEA (Wolf et al., 2020), with more negative values in the summer 

months and more positive values in the winter months (Figure 1 in Appendix A). Since 

central Vietnam receives rainfall from the summer and autumn monsoons, the relative 

proportion of summer (lower 𝛿18Op) versus autumn rainfall (higher 𝛿18Op) is the primary 

control on mean annual 𝛿18Op (Wolf et al., 2020). Ultimately, central Vietnam 𝛿18Op could 

reflect variability from both monsoon systems. 

Often overlooked, processes in the soil (evaporation), epikarst (karst hydrology), 

and cave (kinetic fractionation) may also affect speleothem 𝛿18O (Baker et al., 2019; Hendy, 

1971; Mickler et al., 2006; Treble et al., 2022). This includes “prior calcite precipitation” 

(PCP), a well-known control on other speleothem proxies (𝛿13C, Mg/Ca, Sr/Ca, etc…). PCP 
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occurs when CO2 degasses (and calcite precipitates) from the drip water in the epikarst or 

on the cave ceiling (Johnson et al., 2006). This process causes heavier isotopes and certain 

elements (e.g. 18O, 13C, 44Ca, Mg, and Sr) to be preferentially concentrated in the remaining 

drip water. The effects of PCP increase during drier conditions, when transport times are 

slow and less water is in the epikarst. Currently the effects of PCP on 𝛿18O have only been 

modeled and have yet to be observed in a speleothem record (Deininger et al., 2021; Skiba 

& Fohlmeister, 2023). Nevertheless, to avoid misinterpretation of speleothem 𝛿18O, these 

potential controls should not be overlooked. 

 

1.3.5. Carbon isotopes 

Speleothem stable carbon isotopes (13C/12C, 𝛿13C) are increasingly used to interpret 

past hydroclimate variability (Fohlmeister et al., 2020). Unlike speleothem 𝛿18O, which 

generally reflects large-scale atmospheric processes, speleothem 𝛿13C values may reflect a 

variety of local climatic or environmental variables such as changes in C3:C4 vegetation 

(Dorale et al., 1998), atmospheric CO2 concentration (Wong & Breecker, 2015), rate of soil 

respiration (Genty et al., 2003), the degree PCP along the drip water transport pathway 

(Johnson et al., 2006), open versus closed system dissolution (Hendy, 1971; Wood, 2019), 

and kinetic fractionation during CO2 degassing (Frisia et al., 2011). Importantly, except for 

open versus closed dissolution, all of these processes affect speleothem 𝛿13C in the same 

direction, with higher 𝛿13C values occurring during drier conditions. When used in 

conjunction with multiple proxies and cave monitoring, speleothem 𝛿13C can provide a 

robust record of local hydroclimate. 
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1.3.6. Trace elements 

Compared to stable isotopes, trace elements (reported as X/Ca ratios) are a newer 

speleothem geochemical proxy. Like 𝛿13C, trace elements are used as a tracer of local 

hydrology. While there are many different trace elements measured in speleothems (Mg, 

Sr, Ba, Y, Cu, Pb, Fe, U, Ni, etc…), which have a variety of controls (Fairchild & Treble, 2009), 

here I focus on Mg and Sr, the two trace element proxies reported in this dissertation. The 

Mg and Sr in speleothems is sourced from the bedrock or overlying soil and are substituted 

for Ca during calcite precipitation (Fairchild et al., 2000). PCP is a major driver of both 

elements, where higher degrees of PCP during dry conditions concentrate Mg and Sr in the 

drip water, ultimately increasing Mg/Ca and Sr/Ca in the speleothem (Johnson et al., 2006). 

The temperature-dependent partition coefficient of the element (Dx) (see Day and 

Henderson (2013) and Wassenburg et al. (2020)) dictates this process, where elements 

with Dx < 1 (Mg and Sr) are preferentially excluded during calcite precipitation, causing 

Mg/Ca and Sr/Ca to increase in drip waters during PCP.  Non-hydroclimate factors also 

affect speleothem Mg/Ca and Sr/Ca. Temperature is a known control on the Mg/Ca of 

precipitated calcite (Day & Henderson, 2013; Huang & Fairchild, 2001; Wassenburg et al., 

2020), however, the hydrological signal often overprints this effect (Johnson et al., 2006). 

Speleothem Sr/Ca shows a less clear dependence on precipitation rate when growth rate is 

high (Gabitov et al., 2014). Because of the various controls on Mg/Ca and Sr/Ca, cave 

monitoring is important for trace element interpretation and records are often 

complemented by a multiproxy approach with 𝛿13C values (Griffiths et al., 2020; Patterson 

et al., 2023; Wright et al., 2022). 
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1.3.7. Uranium isotopes (𝛿234Uinitial) 

 Speleothem uranium isotopes (234U/238U)initial, often reported as 𝛿234Uinitial, are a 

hydroclimate proxy measured in the course of U-series dating. While not commonly used as 

the primary proxy in a speleothem record, 𝛿234U measurements provide an important 

complement to other speleothem hydroclimate proxies. This is because speleothem 

𝛿234Uinitial is unaffected by PCP, making it an independent measure of hydroclimate 

variability. Instead, water-rock interaction and weathering control speleothem 𝛿234Uinitial 

(Cross et al., 2015; Wendt et al., 2020). 234U is produced by alpha decay of 238U via two 

short-lived intermediate daughter isotopes, and ejected directly into solution or leached 

from damaged crystal lattice sites in the bedrock, reflecting weathering (Fleischer & Raabe, 

1978; Ivanovich, 1982; McGee et al., 2012). During dry periods, slower infiltration rates 

elevate (234U/238U)initial, due to increased water-rock interaction times and/or the 

accumulation of 234U in the epikarst (Cross et al., 2015; Hellstrom & McCulloch, 2000; 

Maher et al., 2006). Similarities between 𝛿234Uinitial and other proxies controlled by PCP 

confirm that variations in the speleothem record reflect hydroclimate rather than within-

cave processes. 

 

1.3.8. Calcium isotopes 

 Calcium isotopes (44Ca/42Ca, 𝛿44Ca) are a promising new speleothem proxy because 

of their potential to provide semi-quantitative estimates of local rainfall amount (Johnson, 

2021). All current speleothem hydroclimate proxies, including the ones used in this 

dissertation (𝛿18O, 𝛿13C, Mg/Ca, Sr/Ca, and 𝛿234Uinitial), only provide qualitative 

measurements of hydroclimate (e.g. “wetter” or “drier”). While qualitative measurements 
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are useful, quantifying rainfall amount would substantially improve the utility of a 

speleothem hydroclimate record. Thus, speleothem 𝛿44Ca records are an important 

advancement in speleothem science. 

 Using 𝛿44Ca as a hydroclimate proxy relies on the assumption that PCP is the 

primary driver of speleothem 𝛿44Ca variability. However, other climate and environmental 

factors such as growth rate (Lemarchand et al., 2004; Reynard et al., 2011; Tang et al., 

2008), temperature (Tang et al., 2008), and bedrock dissolution (de Wet et al., 2021) may 

impact speleothem 𝛿44Ca  values. Importantly, none of these controls are particularly 

strong, with most studies identifying PCP as the primary control on their speleothem 𝛿44Ca 

record (Li et al., 2018; Magiera et al., 2019; Owen et al., 2016; Stoll et al., 2022; de Wet et al., 

2021). Owen et al. (2016) developed a novel method to reconstruct local rainfall from 

speleothem 𝛿44Ca. The method first quantifies PCP amount using established geochemical 

relationships and modern 𝛿44Ca measurements of the cave environment (bedrock, modern 

calcite, drip water). Then assuming a linear relationship between PCP amount and rainfall, 

rainfall amount is derived from PCP amount using local rainfall data. Due to the remaining 

uncertainties surrounding 𝛿44Ca systematics and the relationship between PCP and rainfall, 

this study and all subsequent studies utilizing this approach (Li et al., 2018; Magiera et al., 

2019; de Wet et al., 2021), refer to these reconstructions as semi-quantitative rather than 

quantitative. Nevertheless, calcium isotopes provide an important step towards estimating 

quantitative rainfall change from speleothems. 
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1.3.9. Summary of geochemical proxies 

 In this dissertation I utilize the methods and proxies described above on stalagmite 

HH-1 to investigate the Southeast Asian autumn monsoon and central Vietnam 

hydroclimate over the last 45,000 years (Table 1.1). My results from HH-1 are the first long 

record (> 10,000 years) from Vietnam and one of the longest from anywhere in MSEA. In 

Chapter 2, I use U-series dating to construct an age model and measurements of 𝛿13C, trace 

elements, and 𝛿234Uinitial, to reconstruct qualitative local hydroclimate change. In Chapter 3, 

I generate a semi-quantitative record of rainfall change using 𝛿44Ca measurements. In 

Chapter 4, I explore the effects of PCP on the HH-1 𝛿18O record. This dissertation 

demonstrates how one speleothem sample can generate a multi-faceted record of past 

hydroclimate change. See further details in section 1.5. 

Table 1.1. Summary of speleothem proxies and their drivers. 

Proxy 
Drivers  

(BOLD = dominant in HH-1 record) 

Climate conditions indicated 
by increased values  

(for dominant drivers only) 

𝛿18O 𝛿18Op, temperature, PCP 

Decreased upstream rainout 
and/or change in seasonality 
(𝛿18Op), drier local 
hydroclimate (PCP) 

𝛿13C 

PCP, C3 versus C4 vegetation, 
atmospheric CO2, soil respiration, 
open versus closed system 
dissolution 

drier local hydroclimate 

Trace elements 
(Mg/Ca & Sr/Ca) 

PCP, growth rate (Sr only), 
temperature (Mg only) 

drier local hydroclimate (PCP), 
faster growth (growth rate) 

𝛿234Uinitial 
Water-rock interaction, weathering 
(dominant driver unknown) 

drier local hydroclimate 

𝛿44Ca 
PCP, growth rate, temperature, 
bedrock dissolution 

drier local hydroclimate 
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1.4. Research Objectives 

My dissertation uses a speleothem from central Vietnam to investigate the following 

research questions: 

1. What are the dominant drivers of Southeast Asian autumn monsoon variability over 

the last 45,000 years on millennial to orbital timescales? (Chapter 2)    

2. How much did rainfall amount change in central Vietnam over the last 45,000 years? 

(Chapter 3) 

3. Does prior calcite precipitation (PCP) affect speleothem oxygen isotopes (𝛿18O)? Can 

the PCP signal be removed from a speleothem 𝛿18O record? (Chapter 4) 

 

1.5. Outline of Chapters 

 

Chapter 2: Glacial changes in sea level modulated millennial-scale variability of 

Southeast Asian autumn monsoon rainfall 

 In Chapter 2 I use a new multi-proxy record from stalagmite HH-1 to reconstruct 

Southeast Asian autumn monsoon variability over the last 45,000 years. The record shows 

that autumn rainfall in central Vietnam underwent substantial and abrupt change on 

millennial-to-orbital timescales. To support my findings from the HH-1 record, I show that 

climate models simulate similar autumn rainfall change in central Vietnam. Using climate 

model simulations, I identify sea level, more specifically the inundation or exposure of the 

Gulf of Tonkin and the South China Shelf, as the primary driver of Southeast Asian autumn 

monsoon rainfall on millennial-to-orbital timescales. This previously unknown control on 
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the Southeast Asian autumn monsoon causes wet conditions during high sea level 

(inundated land) and dry conditions during low sea level (exposed land). My work is the 

first paleorecord of Southeast Asian autumn monsoon rainfall spanning the Late 

Pleistocene-Holocene, addressing an important gap in our understanding of hydroclimate 

in MSEA. 

 

Chapter 3: A semi-quantitative estimate of Late Pleistocene sea-level-driven rainfall 

change in central Vietnam 

 The hydroclimate record presented in Chapter 2 is qualitative, and thus cannot 

quantify rainfall change in central Vietnam. In Chapter 3, I present a semi-quantitative 

reconstruction of rainfall from central Vietnam using calcium isotope measurements 

(𝛿44Ca) from stalagmite HH-1. After demonstrating that PCP is the dominant control on HH-

1 𝛿44Ca, I first derive PCP amount and then convert PCP amount to rainfall. My 

reconstruction shows that rainfall may have been 50 % lower than modern levels during 

the sea-level lowstand in the Last Glacial Maximum (~20 ka). I then compare this estimate 

to climate model simulations which show similar, but somewhat weaker, rainfall 

reductions of 25 – 35 %. While significant uncertainty with the 𝛿44Ca-rainfall calibration 

remains, my work demonstrates an important advancement towards quantifying past 

rainfall change in MSEA. 

 

Chapter 4: Exploring and removing the influence of prior calcite precipitation on 

speleothem oxygen isotopes in Southeast Asia 
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 In Chapter 4, I investigate the influence of PCP on the HH-1 oxygen isotope record 

(𝛿18O). Through multiproxy comparison, I demonstrate that PCP, rather than rainfall 𝛿18O 

(the expected driver of HH-1 𝛿18O), primarily drives HH-1 𝛿18O variability. I then utilize a 

new method, which uses the HH-1 Mg/Ca record, cave monitoring data, a geochemical 

model built on established geochemical relationships, to remove the PCP signal from the 

HH-1 𝛿18O record. Once corrected, HH-1 𝛿18O better agrees with regional speleothem 𝛿18O 

records and climate model output of precipitation 𝛿18O. These results reveal that once the 

influence of PCP is removed, HH-1 𝛿18O does record regional 𝛿18O rainfall variability. This 

work demonstrates that PCP, a previously debated control on speleothem 𝛿18O, can 

overprint the rainfall 𝛿18O signal in speleothem 𝛿18O records. While PCP is unlikely to affect 

most speleothem 𝛿18O records, my findings have important implications for the field of 

speleothem science by demonstrating the PCP must be considered a potential driver of 

speleothem 𝛿18O to avoid misinterpretation of the proxy record.  

 

Summary 

The collective results of my dissertation improve our understanding of hydroclimate 

change in MSEA. More specifically, my work sheds light on the past variability of the 

Southeast Asian autumn monsoon. My interest in the Southeast Asian autumn monsoon is 

motivated by the absence of long paleorecords in central Vietnam and the high 

vulnerability those living in the region face from changes in autumn monsoon rainfall. 

Furthermore, I use innovative geochemical techniques that not only generate a nuanced 

analysis of central Vietnam hydroclimate, but have potentially far-reaching implications for 

the field of speleothem science.  
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APPENDIX A 

 

Monitoring data from Phong Nha-Ke Bang and Hoa Huong cave 

 

1. Phong Nha rainfall δ18Op 
 
 
 

 
Figure 1. Precipitation oxygen isotopes (δ18Op, VSMOW) results from Phong Nha. a) 
δ18Op time series of all precipitation samples collected at Phong Nha-Ke Bang National Park 
headquarters from January 2019-August 2022. b) Average δ18Op seasonal cycle of Phong 
Nha (black) compared to Dong Hoi (red; data from GNIP database - 
https://www.iaea.org/services/networks/gnip). 
 
  

https://www.iaea.org/services/networks/gnip
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Table 1. δ18Op and δD data from Phong Nha-Ke Bang National Park headquarters 
Date 

(m/d/yr) 
δ18Op 

(‰) 
δD (‰)  

Date 
(m/d/yr) 

δ18Op 

(‰) 
δD (‰)  

Date 
(m/d/yr) 

δ18Op 

(‰) 
δD 

(‰) 
1/23/19 -0.88 5.32  2/5/20 -3.59 -6.68  4/28/21 -4.80 -17.12 
3/20/19 0.00 7.49  2/12/20 -2.33 -1.30  5/12/21 -3.10 -17.88 
3/27/19 -2.03 -4.99  3/4/20 -2.62 -7.45  6/12/21 -10.41 -10.82 
4/3/19 -1.51 -2.80  3/6/20 -1.84 -2.00  7/12/21 -9.89 -69.30 
4/10/19 -1.31 0.37  3/11/20 -1.27 18.87  9/16/21 -8.16 -69.44 
5/1/19 -0.15 5.56  3/18/20 -0.72 22.01  9/23/21 -7.95 -56.11 
5/7/19 -3.32 -16.68  3/25/20 2.03 33.48  10/6/21 -7.41 -56.30 
5/15/19 -4.53 -25.12  4/8/20 -1.57 18.94  10/27/21 -5.68 -43.56 
5/29/19 -1.30 0.97  5/6/20 -1.78 16.07  11/12/21 -5.94 -30.19 
7/3/19 -9.71 -67.72  6/3/20 -5.50 -17.63  12/1/21 -2.31 -30.88 
7/24/19 -11.59 -85.02  7/1/20 -4.32 -19.04  12/15/21 -1.55 -1.55 
7/31/19 -9.12 -71.33  7/22/20 -6.95 -27.43  12/28/21 -5.20 -25.58 
8/7/19 -7.43 -55.27  8/5/20 -14.24 -87.32  1/15/22 -3.12 -11.11 
9/4/19 -11.12 -78.44  8/21/20 -7.79 -38.18  1/31/22 -3.25 -11.29 
9/18/19 -7.29 -50.13  9/2/20 -8.48 -44.83  2/20/22 -7.08 -45.68 
9/25/19 -1.06 7.13  9/10/20 -6.28 -24.94  3/4/22 -6.30 -38.63 
10/17/19 -4.39 -16.39  9/16/20 -8.63 -25.40  3/18/22 -6.49 -39.19 
11/6/19 -4.10 -13.70  9/23/20 -10.55 -48.04  4/6/22 -8.86 -62.21 
11/13/19 -3.13 -7.63  9/30/20 -10.04 -50.73  4/20/22 -6.56 -39.45 
11/20/19 -3.01 -7.53  10/7/20 -5.40 -7.71  5/20/22 -9.00 -62.19 
11/27/19 -2.51 -4.47  10/14/20 -5.63 -10.39  6/20/22 -6.55 -39.54 
12/4/19 -2.42 -3.81  10/28/20 -9.10 -44.20  7/20/22 -6.61 -38.98 
12/11/19 -0.97 7.26  11/4/20 -5.98 -18.59  8/1/22 -6.22 -40.00 
12/18/19 -1.92 -5.56  11/11/20 -5.94 -19.40  8/16/22 -8.06 -53.16 
12/25/19 -1.47 -2.20  12/10/20 -3.70 -9.65  
1/1/20 -2.81 -10.39  12/16/20 -2.22 -1.06  
1/8/20 -4.13 -19.86  1/6/21 -0.14 14.58  
1/15/20 -1.49 -0.72  2/10/21 -2.13 4.09  
1/29/20 -3.62 -7.01  4/14/21 -1.88 4.12  

Mean standard deviation for δ18O and δD is 0.06 ‰ and 0.12 ‰, respectively. Values 
reported in VSMOW. 
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2. Hoa Huong cave  
 

Cave monitoring at Hoa Huong cave is ongoing. The data presented here were 
collected from March 2020 – March 2023 and are primarily from three field expeditions in 
March 2020, August 2022, and March 2023. A summary of each field expedition is below. 

 
March 4th, 2020 

• Left a HOBO data logger near Drip Site 1 to record cave temperature (Figure 3) 
• Collected drip water (Figure 4, Table 3) and recorded measurements of cave 

environment (Table 2) 
• Left a Stalagmate at Drip Site 1 to record drip rate (Figure 5) 
• Collected stalagmite HH-1 

 
August 8th, 2022 

• Collected drip water and recorded measurements of cave environment  
• Swapped the in cave HOBO data logger, left an aboveground HOBO data logger 
• Swapped the Stalagmate at Drip Site 1 

 
March 7th, 2023 

• Collected drip water and recorded measurements of cave environment  
• Swapped the aboveground HOBO data logger, left a new HOBO data logger near Drip 

Site 2  
• Swapped the Stalagmate at Drip Site 1 
• Left a Vaisala pCO2 monitor 

 
2.1 Sampling locations 
 
Drip Site 1: Drip Site 1 is located ~60 m from the cave entrance (Figure 2). Most 
measurements of cave environment (Table 2) were recorded at or near Drip Site 1. This 
includes cave temperature (Figure 3) and drip rate (Figure 5). 
Drip Site 2 and HH-1 sample location: HH-1 was collected ~100 m from the cave entrance 
(Figure 2). There is no active drip at or near the HH-1 collected site. The Vaisala pCO2 probe 
was placed on a ledge above the HH-1 sample location. Drip Site 2 is ~10 m deeper into the 
cave from HH-1. Only one drip water measurement is currently available from Drip Site 2. 
However, the site is the target of future monitoring efforts. 
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Figure 2. Map of Hoa Huong cave with approximate locations of Drip Site 1 (purple 
square) and Drip Site 2 and HH-1 sample location (red triangle). 
 
2.2 Cave environment 
 

Drip Site 1 

Drip Site 2, HH-1 

sample location 
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Figure 3. Time series of cave temperature (black, March 2020 – August 2022) and 
aboveground temperature (red, August 2022 – March 2023). The aboveground 
temperature was recorded within several hundred meters of the entrance of Hoa Huong 
cave in a rock shelter.  
 

Table 2. Measurements of Hoa Huong cave environment at or near Drip Site 1. 

Measurement March 2020 August 2022 March 2023 
Air temp (oC) 19.5, 18.4 (rock) 19.9-20.2 19.6 
Relative humidity (%) 86.1 (unreliable) 99 92 
Cave air pCO2 (ppm) 820 3120 510 
Drip water temp (oC) NA 20.0 NA 
Drip water pH 8.4 (unreliable) 7.93 8.38 
Drip water alkalinity 
(ppm) 

168 175 148 

 
 
2.3 Drip water monitoring 

 
Figure 4. Drip water measurements from Hoa Huong cave. Black squares show a time 
series curve of 12 drip water samples taken from Drip Site 1 from March 2020 – March 
2023. Red circles are mixed drips (water collected from multiple drips), cyan asterisks are 
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water collected from the pool near Drip Site 1, blue triangles are from a very fast drip near 
the cave entrance, and magenta squares are from Drip Site 2. 
 
Table 3. Drip water δ18O from Hoa Huong cave 

Sample location/type Date (m/d/yr or m/yr) 
δ18Op 

(‰, 
VSMOW) 

δD 
(‰) 

Drip site 1 3/4/20 -7.70 -46.67 
Mixed drip (DS 1) 3/4/20 -6.38 -35.69 
Mixed drip (DS 1) 3/4/20 -6.08 -32.93 
Mixed drip (DS 1) 3/4/20 -5.47 -28.26 
Drip site 1 6/20 -6.90 -40.73 
Drip site 1 8/20 -6.85 -40.40 
Drip site 1 10/20 -8.14 -53.66 
Drip site 1 3/21 -6.45 -36.85 
Drip site 1 5/21 -10.95 -77.14 
Drip site 1 7/21 -5.81 -33.84 
Drip site 1 9/21 -6.56 -40.48 
Drip site 1 11/21 -6.99 -47.18 
Drip site 1 3/21 -6.76 -41.07 
Drip site 1 5/21 -7.07 -43.97 
Drip site 1 8/22/22 -7.64 -55.71 
HH Mix  8/22/22 -7.71 -54.72 
Fast drip near entrance 8/22/22 -7.43 -53.78 
Pool 8/22/22 -6.20 -51.39 
Drip site 1 3/7/23 -6.38 -36.8 
Mixed drip (DS 1) 3/7/23 -5.67 -30.9 
Drip site 2 3/7/23 -5.98 -32.8 
Mixed drip (DS 2) 3/7/23 -5.75 -31.2 
Pool 3/7/23 -4.73 -22.6 

Mean standard deviation for δ18O and δD is 0.06 ‰ and 0.12 ‰, respectively. Values 
reported in VSMOW. 

 
Figure 5. Drip rate time series from Drip Site 1.  
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Figure 6. Scans of stalagmite HH-1 with U-Th dates labeled.  
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CHAPTER 2: Glacial changes in sea level modulated millennial-

scale variability of Southeast Asian autumn monsoon rainfall 
 

Adapted from: 

Patterson, E.W., K.R. Johnson, M.L. Griffiths, C.W. Kinsley, D. McGee, X. Du, T. Pico, A. Wolf, V. 
Ersek, R. Mortlock, K.A. Yamoah, T.N. Bui, M.X. Tran, Q. Do-Trong, T.V. Vo, and T.H. Dinh, 
2023. Glacial changes in sea level modulated millennial-scale variability of Southeast Asian 
autumn monsoon rainfall. Proceedings of the National Academy of Sciences, 120(27), 
p.e2219489120. 
 
Supporting information located in Appendix B. 

 

2.1. Abstract 

Most paleoclimate studies of Mainland Southeast Asia hydroclimate focus on the 

summer monsoon, with few studies investigating rainfall in other seasons. Here we present 

a multiproxy stalagmite record (45,000 – 4,000 years) from central Vietnam, a region that 

receives most of its annual rainfall in autumn (September-November). We find evidence of 

a prolonged dry period spanning the last glacial maximum that is punctuated by an abrupt 

shift to wetter conditions during the deglaciation at ~14 ka. Paired with climate model 

simulations, we show that sea level change drives autumn monsoon rainfall variability on 

glacial-orbital timescales. Consistent with the dry signal in the stalagmite record, climate 

model simulations reveal that lower glacial sea level exposes land in the Gulf of Tonkin and 

along the South China Shelf, reducing convection and moisture delivery to central Vietnam. 

When sea level rises and these landmasses flood at ~14 ka, moisture delivery to central 

Vietnam increases causing an abrupt shift from dry to wet conditions. On millennial 

timescales, we find signatures of well-known Heinrich Stadials (dry conditions) and 

Dansgaard-Oeschger Events (wet conditions). Model simulations show that during the dry 
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Heinrich Stadials, changes in sea surface temperature related to meltwater forcing cause 

the formation of an anomalous anticyclone in the Western Pacific, which advects dry air 

across central Vietnam decreasing autumn rainfall. Notably, sea level modulates the 

magnitude of millennial-scale dry and wet phases by muting dry events and enhancing wet 

events during periods of low sea level, highlighting the importance of this mechanism to 

autumn monsoon variability. 

 

2.2. Introduction 

The seasonal rains of the Southeast Asian monsoon affect over 650 million people. 

Relatively small fluctuations in rainfall cause flooding events and prolonged droughts, 

phenomena that have been affecting the people of Mainland Southeast Asia (MSEA – 

Vietnam, Laos, Cambodia, Thailand, Myanmar, and Peninsular Malaysia) for millennia 

(Buckley et al., 2010; Chawchai et al., 2020; Griffiths et al., 2020). Paleoclimate records not 

only reveal these fluctuations in the Southeast Asian monsoon, but also help constrain the 

dominant drivers of hydroclimate over a range of timescales (Buckley et al., 2010; 

Chawchai et al., 2020; Griffiths et al., 2020; Wang et al., 2019; Yamoah et al., 2016). Yet, 

with few paleorecords from MSEA, the hydroclimate variability of the region remains 

poorly constrained. Extending the MSEA paleorecord back into the Late Pleistocene will 

reveal how the regional hydroclimate responded to climate forcings and feedbacks during 

periods of rapid global change, such as events associated with the last glacial period and 

deglaciation (e.g., Heinrich Stadials (HS) and Dansgaard-Oeschger (DO) Events). 

Additionally, ice volume driven sea level change impacted MSEA hydroclimate during this 

time. For example, the relative exposure or inundation of the Sunda and Sahul shelves 
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influenced hydroclimate patterns across MSEA via changes in deep convection in the 

tropical Indo-Pacific and the resulting reorganization of the Walker Circulation (Di Nezio et 

al., 2016; DiNezio & Tierney, 2013; Hällberg et al., 2022; Pico et al., 2020; Yamoah et al., 

2021).We know far less about the effects of land exposure change in northeast MSEA and 

South China. Even though these landmasses are much smaller than the Sunda and Sahul 

shelves, their proximal location to MSEA could cause substantial local hydroclimate change. 

Ultimately, new paleorecords from MSEA serve as crucial benchmarks to test whether the 

climate models we use to project future climate accurately capture changes in MSEA 

hydroclimate after large perturbations in external forcings. 

 The Southeast Asian monsoon, a part of the greater Asian monsoon system, is 

comprised of two main components, the southwest (SW) monsoon (May-August) with 

moisture sourced from the Indian Ocean and Bay of Bengal, and the northeast (NE) 

monsoon (September-April) with moisture sourced from the South China Sea (Figure S1a,b, 

S2)(Wolf et al., 2020). In contrast to most of MSEA, which receives the majority of its 

annual rainfall from the SW monsoon during the summer months (July-August; Figure S1c), 

much of the eastern coast of Vietnam receives a large proportion of its annual rainfall from 

the NE monsoon during autumn (September-November; Figure S1d); from here on we 

refer to this as the Southeast Asian autumn monsoon. While not a common rainfall pattern 

in the region, the Southeast Asian autumn monsoon is part of the a global network of 

autumn monsoon regions, which occur along the eastern coasts of some landmasses in the 

tropics (He et al., 2021; Ramesh et al., 2021). During the autumn monsoon, the Truong Son 

Mountains, a N-S trending mountain range along the Vietnam-Laos border, cause 

orographic uplift of the NE monsoon winds, which concentrates rainfall on the eastern side 
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of the mountains (Sengupta & Nigam, 2019). This phenomenon co-occurs with the tropical 

cyclone season, resulting in strong rainfall events that can lead to catastrophic flooding in 

central Vietnam (Luu et al., 2020), the most recent occurring in October 2020 (Luu et al., 

2021). While the summer and winter monsoons across Asia have been researched 

extensively (Cheng et al., 2016; Goldsmith et al., 2017; Sun et al., 2011; Wen et al., 2016; 

Yancheva et al., 2007; Zhang et al., 2018), the limited instrumental records, climate model 

analyses, and paleoclimate records of autumn hydroclimate leave this important 

component of the Southeast Asian monsoon severely understudied (Ramesh et al., 2021; 

Sengupta & Nigam, 2019; Wolf et al., 2020). 

Here we present an autumn monsoon rainfall record from MSEA spanning 45-4 ka. 

We use a multiproxy stalagmite record from central Vietnam to show that the autumn 

monsoon underwent significant change over the last 45,000 years. Paired with climate 

model simulations, we find that glacially modulated sea level, a previously unknown 

control on MSEA hydroclimate, is a dominant driver of autumn monsoon rainfall variability 

on millennial-orbital timescales. 
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Figure 2.1. Time series of HH-1 proxies. Speleothem a) growth rate (green), b) 𝛿234Uinitial (tan), c) Mg/Ca 

(blue), d) 𝛿13C (turquoise), and e) 𝛿18O (black) and 2𝜎 error bars of U/Th ages (tan) from 4-45 ka. Gray 

shading denotes Heinrich Stadials 1-4 (HS) and the Younger Dryas (YD). 
 

2.3. Results and Discussion 

2.3.1. Autumn monsoon rainfall variability inferred from a central Vietnam 

stalagmite 

For this study, we use a previously broken 3.7 m long stalagmite, HH-1 (Figure S3a), 

collected from Hoa Huong cave, a hydrologically active cave in Phong Nha-Ke Bang National 

Park in central Vietnam (17.5°N, 106.2°E; Elev. 411 m; See SI Appendix). Unlike the majority 

of MSEA, which primarily receives rainfall during the summer (JJA), from 1951-2007 our 

study site in central Vietnam received nearly half of its annual rainfall (~47%) during the 

autumn monsoon (SON) and only ~30% during JJA (Figure S1c,d) (Yatagai et al., 2012). The 

HH-1 age model was constrained in time with 35 U-Th dates (see Methods; Figure S3c, 
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Table S1) and shows that it grew continuously between 45.1 and 4.0 ka, but at a highly 

variable growth rate (Figure 2.1a). The fastest rates occur after the deglaciation (120-329 

µm/yr), while the slowest rates occur during Heinrich Stadials 1-3 and the Last Glacial 

Maximum (LGM, ~20 ka; 2-10 µm/yr; Figure 2.1a). The HH-1 record consists of 768 carbon 

(13C) and oxygen (18O) stable isotope analyses and 1,384 Mg/Ca analyses, resulting in an 

average resolution of ~50 years and ~30 years, respectively (Figure 2.1c-e, see Methods).   

Similar to many studies (Cross et al., 2015; Griffiths et al., 2020; Wright et al., 2022), 

we interpret speleothem 13C and Mg/Ca as tracers of local hydroclimate. The remarkable 

synchronicity of HH-1 13C and Mg/Ca records suggests a common control (Figure 2.1), 

which we propose to be prior calcite precipitation (PCP). PCP is caused by CO2 degassing in 

the epikarst and within the cave and affects both speleothem 13C and Mg/Ca (Johnson et 

al., 2006). During PCP, lighter isotopes (12C) and calcium are preferentially removed from 

solution leaving the remaining dripwater, and in turn speleothem carbonate, enriched in 

heavier isotopes (13C) and trace elements (Mg). Generally, periods of high PCP (high 13C 

and Mg/Ca) reflect dry conditions and periods of low PCP (low 13C and Mg/Ca) reflect wet 

conditions (Griffiths et al., 2020). In addition to PCP, there are several other known 

controls on speleothem 13C such as vegetation type, soil respiration rate, atmospheric CO2 

concentration, and open vs closed system dissolution (Fohlmeister et al., 2020; Genty et al., 

2003; Hendy, 1971; Wong & Breecker, 2015), which are difficult to deconvolve without 

multiproxy analyses. We point to the covariation between HH-1 13C and Mg/Ca (r = 0.89, p 

< 0.01), a robust indicator of PCP (Cross et al., 2015; Griffiths et al., 2020; Wright et al., 

2022), as further evidence that PCP is likely the dominant control on both proxies.  HH-1 

Sr/Ca, a proxy also affected by PCP (Cross et al., 2015), also shows similarities with the 
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Mg/Ca record (Figure S4). However, the records are antiphased, opposite to the expected 

in phase relationship between Mg/Ca and Sr/Ca (Johnson et al., 2006), suggesting that PCP 

does not drive HH-1 Sr/Ca. Due to the similarities between HH-1 Sr/Ca and growth rate 

(Figure S4), another known control on speleothem Sr/Ca (Gabitov et al., 2014), we propose 

that growth rate dominates HH-1 Sr/Ca. Because it is challenging to interpret climate from 

growth rate changes of a single stalagmite, we choose to focus our analyses on the PCP-

driven Mg/Ca and 13C records. 

We use speleothem 234Uinitial values from our 35 U-series measurements to provide 

an independent measure of hydroclimate that is not affected by PCP but rather water-rock 

interaction and weathering (Cross et al., 2015; Wendt et al., 2020). 234U, produced by alpha 

decay of 238U via two short-lived intermediate daughter isotopes, may be directly ejected 

into solution during decay or more easily leached from radiation damaged crystal lattice 

sites (i.e. alpha recoil), causing most natural water samples to deviate from secular 

equilibrium and exhibit a (234U/238U) activity ratio greater than 1 (Fleischer & Raabe, 1978; 

Ivanovich, 1982; McGee et al., 2012). During dry periods, slower infiltration rates may 

further elevate (234U/238U), increasing 234Uinitial in infiltrating water due to increased 

water-rock interaction times and/or accumulation and subsequent flushing of 234U in the 

epikarst (Cross et al., 2015; Hellstrom & McCulloch, 2000; Maher et al., 2006).  During wet 

periods, increased bedrock dissolution and/or faster infiltration may lead to lower 

234Uinitial. The covariation between the 234Uinitial and the 13C and Mg/Ca records serves as 

additional evidence for our use of 13C and Mg/Ca as hydroclimate proxies (Figure 2.1). The 

similarities between these three proxies (13C, Mg/Ca, and 234Uinitial) indicates that 
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hydroclimate, rather than in cave processes, control PCP and thus the 13C and Mg/Ca 

signals. 

As with other speleothem records from low latitude regions, we expect HH-1 18O to 

primarily reflect variations in precipitation 18O (18Op). For most of MSEA, the main 

control on interannual to orbital-scale 18Op variability is upstream rainout during the 

summer monsoon, an indicator of large-scale summer monsoon intensity (Pausata et al., 

2011; Yang et al., 2016). Despite the different rainfall seasonality in central Vietnam, the 

average 18Op seasonal cycle is very similar to the majority of MSEA, with more negative 

values occurring during the summer months and more positive values occurring during the 

winter months (Figure S1h). However, because central Vietnam receives the majority of its 

rainfall during autumn, the controls on weighted mean annual 18Op, and hence cave 

dripwater 18O, are more complex, and likely reflect the relative contribution of summer 

(more negative 18O) vs autumn (more positive 18O) rainfall.  This signal is closely linked 

to the seasonal migration of the Intertropical Convergence Zone (ITCZ), which changes the 

annual contribution of isotopically light summer precipitation sourced from the Bay of 

Bengal and Indian Ocean vs isotopically heavier autumn precipitation sourced from the 

South China Sea and the Western Pacific  (Figure S1g)(Wolf et al., 2020). Finally, it is 

possible that tropical cyclones may also influence 18Op on short timescales, though we 

expect that mean annual 18Op in central Vietnam is likely dominated by large-scale 

changes to atmospheric circulation rather than local rainfall events. Nevertheless, we find 

that HH-1 18O shows a strong relationship with both 13C and Mg/Ca (r = 0.79, 0.87, p < 

0.01 respectively), suggesting that HH-1 18O may also reflect local hydroclimate change. If 
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seasonality-driven changes in mean 18Op were the primary control, though, we might 

expect periods of increased autumn rainfall, as indicated by 13C and Mg/Ca, to be 

associated with a more positive 18O signal due to increased contribution of higher 18O 

autumn rainfall, but we see the opposite relationship (locally wet periods exhibit more 

negative 18O).  An alternative explanation for the observed 18O pattern is that PCP, 

another potential control on speleothem 18O that has recently been proposed (Deininger 

et al., 2021), may also influence HH-1 18O and explain the striking similarity between 18O, 

13C, and Mg/Ca records. Because of these complex controls on 18Op and the potential for 

local PCP driven changes to impact HH-1 18O, we focus our climatic interpretation on the 

Mg/Ca and 13C records.  

Using the 13C and Mg/Ca records as tracers of local rainfall amount, we find that the 

Southeast Asian autumn monsoon underwent substantial change over the last 45,000 years 

(Figure 2.1).  Low Mg/Ca, 13C, and 234Uinitial and high growth rate indicate relatively wet 

conditions prior to ~35 ka, followed by a gradual drying marked by increasing Mg/Ca, 13C, 

and 234Uinitial and decreasing growth rates. There is a rapid dry-wet transition at the end of 

HS3 (~30 ka), which is followed by an abrupt return to dry conditions at ~25 ka. With the 

exception of a 500 yr wet excursion at ~16 ka, dry conditions persist throughout the LGM 

and HS1. At ~14 ka there is an abrupt dry-wet shift marking the transition to persistent 

wet conditions for the remainder of the record.  

With an average temporal resolution of ~30-50 years, the HH-1 record best resolves 

centennial-orbital scale hydroclimate variability. Thus, the HH-1 record is not likely to 

reflect short-term El Niño Southern Oscillation (ENSO) variability, a known control of 
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Southeast Asian hydroclimate on interannual-multidecadal timescales (Buckley et al., 2017; 

Sengupta & Nigam, 2019; Yamoah et al., 2016). On longer timescales, precessionally-driven 

Indo-Pacific Warm Pool ocean heat content has been linked to ENSO as well as ocean-

continent moisture transport in the Asian monsoon region (Dang et al., 2020; Jian et al., 

2022). However, the abrupt nature of change in the HH-1 record points towards different 

controls on central Vietnam hydroclimate, rather than the more gradual changes in ocean 

heat content.  

The appearance of millennial scale events in the HH-1 record, such as Heinrich 

Stadials (dry conditions) and some DO events (wet conditions) (Figure 2.2), demonstrate 

that the Southeast Asian autumn monsoon is sensitive to changes in Atlantic Meridional 

Overturning Circulation. On orbital timescales, the HH-1 record shows little resemblance to 

East Asian summer or winter monsoon variability. Since precessionally-driven changes in 

insolation drive both systems (Wen et al., 2016), our results indicate that insolation forcing 

does not exert a direct control on Southeast Asian autumn monsoon rainfall variability. 

Instead, HH-1 13C and Mg/Ca mirror changes in local sea level driven by global ice sheet 

volume changes (Figure 2.2). Periods of higher sea level correspond to wetter conditions 

and vice versa. This manifests as wet conditions during the sea level high stand of the late 

Marine Isotope Stage (MIS) 3 transitioning to a drying trend from 35-30 ka, which is 

followed by pronounced dry conditions during the LGM sea level low stand. An abrupt shift 

during Meltwater Pulse 1A (MWP1a; ~14.5 – 14 ka), a period of rapid sea level rise, 

punctuates the dry period, which is followed by wet conditions and higher sea level for the 

remainder of the record. While sea level change is a known driver of Indo-Pacific 

hydroclimate (Di Nezio et al., 2016; DiNezio & Tierney, 2013; Griffiths et al., 2009; Pico et 
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al., 2020), few studies explore this relationship in MSEA (Hällberg et al., 2022; Yamoah et 

al., 2021). Notably, most studies focus on hydroclimate changes associated with the 

inundation of the Sunda and Sahul shelves during the deglaciation, which largely flooded 

after MWP1a, with the most rapid change occurring after the Younger Dryas (YD; 12.9 – 

11.7 ka) (Figure S5a). An important difference in the HH-1 Mg/Ca and 13C records is that 

they show no hydroclimate response during or after the YD, but instead exhibit a large shift 

at ~14.2 ka, ~ 2 ka earlier than the YD. In fact, the HH-1 record better resembles the 

inundation history of the Gulf of Tonkin and the South China Shelf, located northeast of the 

study site, which first flood during MWP1a (Figure 2e, S5a). This indicates that local sea 

level change may drive changes in Southeast Asian autumn monsoon rainfall rather than 

the more distally located Sunda and Sahul shelves. Additionally, the Sunda/Sahul region is 

not a moisture source of modern central Vietnam rainfall (Figure S2), suggesting that the 

exposure/inundation of these landmasses are unlikely to affect moisture delivery to central 

Vietnam. 
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Figure 2.2. Comparison of HH-1 to regional records. a) Ice core 𝛿18O (VSMOW) from the 
North Greenland Ice Core Project (NGRIP; purple), b) mean grain size (GS) of the Jingyuan 
loess sequence from the northwestern Loess Plateau in China (tan)(Youbin Sun et al., 
2010), c) composite stalagmite 𝛿18O (VPDB) record from China (green) (Cheng et al., 2016), 
d) HH-1 𝛿13C (VPDB; turquoise), and e) Gulf of Tonkin (GOT) relative sea level (yellow) and 
shelf area (blue) reconstructed from the ICE-PC2 data product (Pico et al., 2017). GOT shelf 
are threshold of 120,000 km2 plotted as black dashed line. f) Highlights a period of rapid 
change in HH-1 𝛿13C (top) coinciding with rapid relative sea level rise (bottom) during 
MWP1a (pink shading; 14-14.5 ka). Black dashed curve in the top panel shows 
changepoints calculated using a Bayesian change-point algorithm (Ruggieri, 2013), which 
identifies a significant regime shift at 14.2 kyrs BP. The 2𝜎 age model uncertainty (blue 
shading) shows that the 𝛿13C shift occurs during or after MWP1a. 
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2.3.2. Deglacial autumn monsoon rainfall variability characterized by rapid 

centennial-scale changes  

Rapid mean-state change is a notable feature of the HH-1 record. Two prominent 

dry-wet shifts occur at the end of HS3 (~30ka) and during MWP1a, a period associated 

with rapid sea level rise (Figure 2.2). To further investigate the mechanisms behind these 

shifts, we utilize iTRACE, an isotope enabled transient climate model simulation which 

spans the deglaciation 20 - 11 ka (see Methods). We focus our analyses on the transition 

between HS1 and the Bølling-Allerød (BA) interstadial because this period encompasses 

substantial change in both sea level and meltwater flux. Note, we use the term meltwater 

forcing to refer to freshwater fluxes into the north Atlantic during Heinrich Stadials and the 

Younger Dryas. Meltwater forcing minimally contributes to sea level change, which is 

instead primarily driven by large-scale changes in continental ice sheet volume (Carlson & 

Clark, 2012). 

Simulated precipitation from the grid cell encompassing Hoa Huong cave closely 

matches the HH-1 speleothem record (Figure 2.3a,b). Similarities include dry conditions 

throughout the LGM and HS1, and an abrupt shift to wet conditions at ~14 ka. The iTRACE 

simulations reveal that SON precipitation, rather than JJA precipitation, drives the jump at 

14 ka observed in the speleothem record (Figure 2.3b). Indeed, the similarities between 

simulated precipitation in iTRACE and the HH-1 record support our interpretation of HH-1 

being a robust proxy for autumn monsoon rainfall and demonstrate the strong control of 

SON precipitation variability on MSEA hydroclimate. On a regional scale, this shift (BA-

HS1) manifests as a pronounced dry pattern during SON centered over the northern South 
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China Sea and extending into eastern MSEA (Figure 2.4b), whereas JJA precipitation change 

only causes weak drying in eastern MSEA (Figure 2.4a).  

 
Figure 2.3. Comparison of HH-1 to iTRACE time series from 11-20 ka. a) HH-1 
geochemical proxies, b) iTRACE precipitation (index) and, c) iTRACE weighted 𝛿18Op. In b 
and c we plot the annual mean (light purple), JJA (green), and SON (tan) from the grid cell 
encompassing the study site. We smoothed the iTRACE time series with a 100 yr running 
mean for aesthetic purposes and readability. 
 

Using the iTRACE simulations, we attribute the SON drying pattern to two different 

mechanisms related to meltwater forcing and sea level change (Figure 2.4c,d). To isolate 

the effect of meltwater forcing, we assess the difference between the LGM (i.e., no 

meltwater forcing) and HS1 (i.e., enhanced meltwater forcing). The resulting pattern 

reveals anomalously dry conditions during HS1 across the northern South China Sea and 

western Pacific, which is caused by an anomalous anticyclone that advects dry air masses 

over eastern MSEA (Figure 2.4c). He et al., 2021 (He et al., 2021) first described this 

phenomenon where a weakening of the Atlantic Meridional Overturning Circulation causes 

the convergence of anomalous northerly and southerly winds over South China during 

SON, creating a north-south precipitation dipole across South China (wet) and MSEA (dry). 

The antiphasing of the HH-1 record and the South China speleothem records is consistent 

with this dipole pattern (Figure S6). We find that this relationship even extends to the 16 
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ka wet excursion in the HH-1 record (dry in South China), a feature unexplained by the 

iTRACE simulations, demonstrating some regional coherence for this event. The dry 

conditions during HS2 (Mg/Ca), HS3 (13C and Mg/Ca), and HS4 (13C) indicate that this 

mechanism persisted beyond the last deglaciation (Figure 2.2). However, we find that the 

Mg/Ca and 13C proxies do not consistently record dry conditions during all Heinrich 

Stadials, suggesting that drying from this mechanism may be limited. For example, we 

attribute the absence of drying during HS2 in the 13C record to the co-occurrence of the 

LGM, an already dry period in the record, which may obscure the drying effects from 

meltwater forcing. Similarly, neither Mg/Ca nor 13C show particularly dry conditions 

during HS1 when compared to the LGM, suggesting that both proxies may be less sensitive 

once conditions are already dry. 

The 14 ka autumn precipitation jump in the iTRACE simulations corresponds to a 

change in global sea level (ICE forcing in Fiure. S7b) when the Gulf of Tonkin and the South 

China Shelf were flooded (Figure S8). The abrupt shift in the HH-1 record (14.2 ka) occurs 

slightly before this shift in the model (14 ka), but still falls within the timing of MWP1a, 

which is the most rapid period of global and local sea level rise during the deglaciation 

(Figure 2f). When we isolate the effect of this sea level forcing (BA-LGM), the iTRACE 

simulations reveal a strong regional drying pattern encompassing much of the northern 

South China Sea, eastern MSEA, and South China (Figure 2.4d). The strongest drying occurs 

over the Gulf of Tonkin and a shelf in South China, exposed landmasses during the LGM. 

iTRACE simulates anomalous subsidence over this region (ω >0) (Figure S9). Similar to the 

drying mechanism over the Maritime Continent during the LGM (DiNezio & Tierney, 2013; 

Du et al., 2021), this exposed land cools more than the adjacent ocean, reducing convection 
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(Figure S9). This decrease in moisture ultimately reduces MSEA SON rainfall, as this region 

lies northeast of MSEA, along the moisture transport pathway of the Southeast Asian 

autumn monsoon (Figure S2c).  

To summarize, we attribute the abrupt dry-wet shift at the end of HS3 to meltwater 

forcing, whereas the shift at 14.2 ka is primarily driven by rapid sea level rise during 

MWP1a. However, it is worth noting that neither the sea level or meltwater mechanisms 

explain the abrupt drying at 25 ka, or the wet excursion during HS1 (~16 ka). We propose 

that the wet conditions during 30 – 25 ka reflect the two DO events that occur during this 

time, which may have created wet conditions before returning to dry conditions at ~25 ka. 

The 16 ka event likely reflects a more localized hydroclimate shift, with some evidence that 

it is a regional event spanning from central Vietnam to South China (Figure S6). Another 

notable discrepancy is the shift to dry conditions in the iTRACE simulations during the YD, 

a feature that does not appear in the 13C or Mg/Ca records. Similar to BA-HS1 drying, 

iTRACE analyses reveal that both meltwater forcing and sea level rise contribute to the dry-

wet transition at the end of the YD (Figure S10). This discrepancy indicates that iTRACE 

may overestimate drying during this period, or that the 13C or Mg/Ca proxies at our cave 

site are not sensitive enough to detect this change. Notably HH-1 18O does increase during 

the YD. Since the controls on 18O are unclear, this feature could reflect local drying and/or 

large-scale changes to atmospheric circulation. 

Consistent with previous findings that local rainfall amount does not control central 

Vietnam 18Op (Wolf et al., 2020), weighted iTRACE 18Op and precipitation show some 

important differences. Unlike iTRACE precipitation and the HH-1 local hydroclimate 

proxies (Figure 2.3a,b), iTRACE 18Op does not exhibit an abrupt shift associated with sea 
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level rise during MWP1a (Figure 2.3c). Instead, changes in iTRACE 18Op show ties to 

meltwater forcing with values increasing at the onset and decreasing at the end of HS1. On 

a spatial scale, iTRACE 18Op does not resemble rainfall anomalies across MSEA (Figure 

2.4a,b, Figure S11), further demonstrating the dissociation of local rainfall and 18Op. 

Since central Vietnam receives rainfall during summer and autumn, it is possible 

that summer rainfall contributes to changes in the HH-1 record. In addition to decreased 

autumn rainfall, decreased summer rainfall may add to the dry conditions during Heinrich 

Stadials. iTRACE simulations reveal a weak meltwater-driven drying pattern over the study 

site during HS1 (Figure 2.4a, MWP curve in S7a). This is a well-known phenomenon, where 

weakened Atlantic Meridional Overturning Circulation during Heinrich Stadials shifts the 

ITCZ and the westerly jet south, weakening the Asian summer monsoon and changing 

rainfall patterns across the region (He et al., 2021; Zhang & Delworth, 2005). Conversely, 

we do not expect sea level change at the Gulf of Tonkin and South China Shelf to affect 

summer precipitation because the moisture source and transport pathway lie west of the 

study site (Figure S2b). While the inundation/emergence of the Sunda Shelf does affect 

summer rainfall across MSEA (Yamoah et al., 2021), we reiterate that the Sunda Shelf 

inundation history does not match the hydroclimate change documented in the HH-1 

record (Figure S5a). For this reason, we suggest that hydroclimate changes due to sea level 

change reflect shifts in autumn monsoon rainfall. 
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Figure 2.4. iTRACE precipitation and 850 mbar wind anomalies over MSEA. a) and b) 
show anomalies between HS1 and BA for JJA and SON, respectively. c) HS1-LGM isolates the 
meltwater effect on SON precipitation during HS1 by subtracting the LGM, a baseline cold 
period with no meltwater forcing, from HS1. d) LGM-BA isolates the sea level effect on SON 
precipitation by subtracting the LGM, a period of low sea level and no meltwater forcing, 
from BA, a period of high sea level. The black square in all panels denotes the location of 
Hoa Huong cave. 
 

2.3.3. Sea level change modulates MSEA autumn monsoon rainfall variability  

On orbital timescales, local sea level change is the dominant driver of Southeast 

Asian autumn monsoon rainfall variability. HH-1 does not linearly track relative sea level 

change, but rather follows the inundation history of the Gulf of Tonkin and the South China 

Shelf (Figure 2.2e, S8d,e). Wet conditions from 45-35 ka and 13-4 ka correspond to periods 
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when these landmasses were largely inundated. The driest conditions occur during the 

LGM, when sea level is lowest (Figure 2.2e). The drying trend during late MIS 3 from 35-30 

ka occurs during a period when global mean sea level dropped > 40 m (Figure S5b) 

(Yokoyama et al., 2018), exposing the Gulf of Tonkin and the South China Shelf (Figure 

S8e). The abrupt shift to wet conditions during MWP1a occurs during rapid regional 

inundation from 14.5 – 14 ka (Figure S8d). Wetting conditions continue in the HH-1 record 

from 14 – 13 ka, but at a slower rate than during MWP1a, matching a similar shift in the 

rate of local sea level rise (Figure 2.2f). Notably, sea level is higher prior to 35 ka and after 

13 ka, but we do not see a corresponding wetting trend in the HH-1 proxies. Instead, the 

HH-1 Mg/Ca and 13C records appear to reach a lower limit indicating that there may be a 

threshold where shelf exposure no longer contributes to regional drying. We note that this 

threshold occurs at a similar stage in sea level history regardless of increasing or 

decreasing sea level, when the Gulf of Tonkin shelf exposure is ~112,000 km2 (dashed 

black line in Figure 2.2e). Alternatively, this limit may reflect a threshold in the proxies 

themselves, where they are no longer sensitive to wetter conditions (i.e. PCP = 0). 

 While sea level is not the only driver of Southeast Asian autumn monsoon rainfall 

variability, its relative state (high or low) appears to modulate centennial- and millennial-

scale events in the HH-1 record. This is most obvious during wet events, which are 

dampened during sea level highstands and amplified during low sea level. For example, the 

DO events during high sea level (45-35 ka) result in ~1 ‰ negative excursions in 13C 

record, whereas the two DO events during low sea level coincide with a ~6 ‰ negative 

excursion from 30 - 25 ka (Figure 2.2). Other anomalies in the HH-1 record, including the 

wet excursion during HS1 and pronounced variability during the 35-30 ka drying trend, 
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further demonstrate how a lower sea level contributes to a more volatile hydroclimate in 

central Vietnam. The relationship between sea level and dry events is less clear. However, 

the strongest drying response to meltwater forcing in the 13C record occurs during HS4, a 

period of high sea level. The drying during Heinrich Stadials 1-3 is more muted, suggesting 

that the stronger sea level mechanism may obscure the weaker meltwater drying signal 

associated with Heinrich Stadials.   

In conclusion, our multiproxy record reveals that sea level is the main driver of 

Southeast Asian autumn monsoon rainfall variability on orbital timescales. Changes in sea 

level and meltwater forcing lead to abrupt hydroclimate change in central Vietnam, 

demonstrating the important role autumn rainfall plays in MSEA across a variety of 

timescales. Finally, the agreement between climate model analyses and the HH-1 record 

adds confidence that climate projections may correctly simulate the Southeast Asian 

autumn monsoon, improving our understanding of how rainfall changes might affect this 

densely populated region. 

 

2.4. Methods 

2.4.1. U-Th dating and age model construction 

We drilled 36 samples for U-Th dates from the central growth axis of stalagmite HH-

1 using a handheld rotary tool with a diamond bur. U-Th measurements were conducted at 

Massachusetts Institute of Technology where powdered samples (~100-250  mg) were  

dissolved, spiked with a 229Th-233U-236U tracer, separated of U and Th by iron co-

precipitation and elution in columns with AG1-X8 resin, and analyzed using a Nu Plasma II-
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ES multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) equipped 

with an Aridus 2 desolvating nebulizer, following methods described in Burns et al., 2016  

(Burns et al., 2016). We corrected raw ages for initial 230Th using an initial 230Th/232Th 

value of 25±12.5 ppm. All dates are in stratigraphic order (Table S1), except for UU-H12, 

which we excluded from the final age model. The top and bottom dates are 3,961 and 

45,109 years before present, respectively. To construct the HH-1 age model and 95% 

confidence interval (Figure S3c), we performed 2,000 Monte-Carlo simulations via the 

COPRA age-depth modeling software (Breitenbach et al., 2012).  

 

2.4.2. Geochemical analyses 

We drilled samples for geochemical analyses along the central axis of HH-1. Since 

the growth rate of HH-1 ranges from 2-329 µm/yr, we opted to vary the sampling interval 

dependent on growth rate. For fast growing portions of the stalagmite, we sampled at 2.5-5 

mm intervals using a handheld rotary tool fitted with a 1 mm diameter diamond bur. We 

sampled slow growing portions of the stalagmite continuously at 0.25-0.5 mm resolution 

using a Sherline micromill.  

We analyzed 1,385 samples for Mg/Ca on a Nu Instruments Attom High-Resolution 

Inductively Coupled Plasma Mass Spectrometer (HR-ICP-MS) at the Center for Isotope 

Tracers in Earth Science (CITIES) laboratory at the University of California, Irvine (average 

uncertainty (1σ) = 3%). Raw intensities were converted to concentrations utilizing an 

external calibration curve constructed using five standards of known concentration and a 

blank. To correct for instrument drift, we spiked all samples, standards, and blanks with an 
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internal Ge standard prior to analysis. The final HH-1 Ma/Ca record has an average 

resolution of ~30 years. 

Due to the similarities between the Mg/Ca and isotope records we chose to analyze 

a subset of 771 samples for stable isotopes, which yields an average resolution of ~50 

years. Stable carbon and oxygen isotopes measurements were performed at the University 

of Arizona Stable Isotope Lab, using a KIEL-III Carbonate Device coupled to a Finnigan 

MAT252 isotope ratio mass spectrometer (1σ of ± 0.11 ‰ for  𝛿18O, 0.08 ‰ for 𝛿 13C) and 

in the Department of Earth and Planetary Sciences, Rutgers University, using a Multiprep 

device attached to a MicroMass Optima Mass Spectrometer. Isotope ratios were calibrated 

to repeated measurement of NBS-19 and NBS-18 at the University of Arizona and to an in 

house lab reference material (RGF1) at Rutgers, which is routinely calibrated to NBS19 at 

Rutgers. We applied a small correction the University of Arizona 𝛿18O measurements, 

which are offset by +0.2 ‰ relative to the Rutgers measurements. Values reported in 

VPDB. 

 

2.4.3. iTRACE 

iTRACE is a water isotope enabled transient simulation of the last deglaciation (11-

20ka) (He et al., 2021). iTRACE simulations are performed in iCESM1.3 (Brady et al., 2019), 

which is comprised of Community Atmosphere Model version 1.3 (CAM5.3), the 

Community Land Model version 4 (CLM4), Parallel Ocean Program version 2 (POP2), and 

Los Alamos Sea Ice Model version 4 (CICE4). The resolution of the land and atmosphere is 

1.9°x2.5° (latitude and longitude) with 30 vertical levels in the atmosphere. iCESM 1.3 

simulations are well validated against modern observations of global precipitation and 
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precipitation isotopes (Brady et al., 2019; Nusbaumer et al., 2017; Wong et al., 2017). When 

compared to modern observations, preindustrial iCESM 1.3 simulations closely capture 

seasonal changes in rainfall and δ18Op across MSEA and central Vietnam, including the 

transition from the SW summer monsoon to the NE autumn monsoon (Figure S1). 

iTRACE uses four forcing factors (ICE: continental ice sheets from the ICE-6G model 

(Peltier et al., 2015) and KMT ocean bathymetry, ORB: orbital forcing, GHG: greenhouse gas 

concentrations from ice core reconstructions (Lüthi et al., 2008; Petit et al., 1999; Schilt et 

al., 2010), and MWF: meltwater fluxes (hosing) following TRACE-21ka (Liu et al., 2009), 

which are applied additively to create four parallel simulations (ICE, ICE + ORB, ICE + ORB 

+ GHG, and ICE + ORB + GHG + MWF). The first three simulations start at 20 ka, whereas 

the MWF experiment begins at 19ka. Ice sheet configuration changes in 1,000 year 

increments and ocean bathymetry is modified twice at 14ka and 12ka based on changes in 

global sea level from the ICE-6G model (Figure S8a-c). At 14ka the Gulf of Tonkin and the 

shelf in South China are flooded. At 12ka the Sunda and Sahul shelves are flooded. To 

approximate the effect of a single forcing, we subtracted simulations from each other (e.g. 

ORB = (ICE + ORB)  – ICE). Refer to (He et al., 2021) for additional details on the forcings. In 

this study, we compare the mean state of several time periods including 11.1 ka (11.1 – 11 

ka, the last 100 years), the YD (12.7 – 12.4 ka), the BA (13.8 - 13.3 ka), HS1 (15.5 - 15 ka) 

and the LGM (20 – 19 ka). 

 

2.4.4. Sea level and paleoshoreline reconstruction 

To calculate relative sea-level change at the Gulf of Tonkin, we used a gravitationally 

self-consistent glacial isostatic adjustment model. Our calculations are based on the theory 
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and pseudo-spectral algorithm described by Kendall et al. (2005) (Kendall et al., 2005) with 

a spherical harmonic truncation at degree and order 512. These calculations include the 

impact of load-induced Earth rotation changes on sea level (Milne & Mitrovica, 1996; 

Mitrovica et al., 2005), evolving shorelines and the migration of grounded, marine-based 

ice (Johnston, 1993; Kendall et al., 2005; Lambeck et al., 2003; Milne et al., 1999).  

Our numerical predictions require models for Earth’s viscoelastic structure and the 

history of global ice cover. We adopted the viscosity profile VM2 (Peltier & Fairbanks, 

2006) and the ICE-PC2 global ice history (Pico et al., 2017) to reconstruct relative sea level 

and paleoshorelines. The ICE-PC2 global ice history is characterized by a peak GMSL value 

during MIS 3 of −37.5 m at 44 ka, following Pico et al. (2016) (Pico et al., 2016), and −15 

and −10 m during MIS 5a and 5c, respectively, which are within the ranges derived by  

Creveling et al. 2017 (Creveling et al., 2017). We plot relative sea level from the nearest 

present day ocean grid cell east of the study site (~18 ºN, 107 ºE) and calculated the 

inundation history of the Gulf of Tonkin within the area 15-23 ºN, 105-112 ºE (Figure 2.2e). 

To reconstruct paleoshorelines, we subtracted the predicted relative sea level change of a 

particular time step from the present day topography (BOCD GEBCO data set, 

https://www.gebco.net/). ICE-PC2 interpolates sea level between MIS 3 and the LGM. To 

address this uncertainty, we also compare the HH-1 record to a coral-based global mean 

sea level reconstruction (Figure S5b) (Yokoyama et al., 2018), a more detailed record of sea 

level change during this time.    
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APPENDIX B 

1. Cave and speleothem sample.  
 
 

Hoa Huong Cave (HH cave) is a 3,910 m-long cave located 411 m above sea level in 

Phong Nha-Ke Bang National Park in Quang Binh Province, Vietnam (17.5°N, 106.2°E). 

Members from the Vietnam Caves Expedition group extensively surveyed HH cave in 2012 

and 2016. HH cave has one known entrance, which intersects the continuous cave 

passageway. The thickness of bedrock overlying the cave ranges from a few meters close to 

the entrance to >100  meters in the deeper sections of the cave. Dense, tropical, evergreen 
forest comprise the vegetation overlying and surrounding HH cave.  

We have conducted cave monitoring at HH cave since March 2020. Over two years 

of logger data reveal that mean cave temperature is 20 °C with a seasonal cycle of 1.5-2 °C. 

While mean annual temperature in the nearest town, Phong Nha, is ~23 °C, we believe that 
HH cave temperature still reflects mean annual temperature because of its higher elevation 

(>200 m higher than Phong Nha) and location in densely vegetated forest. Cave relative 

humidity is over 95% throughout the year. These relatively constant temperature and 

relative humidity conditions are favorable for stalagmite formation. Two cave air pCO2 
measurements from March 2020 (820ppm) and August 2022 (3120pm) suggest that HH 

cave may have seasonal ventilation. Additional pCO2 measurements are needed to confirm 

the presence/or and magnitude of the seasonal cycle.  

We collected the previously broken stalagmite, HH-1 (Figure S3a,b), ~150 m from 
the cave entrance. There is no active drip above the base of HH-1, so no dripwater 

monitoring is possible at this specific location in the cave. The top of the sample and the 

ceiling of the cave show remnants of a soda straw, which was likely connected to the top of 
the stalagmite before it fell. HH-1 is comprised of dense calcite. While speleothem 

morphology remains relatively constant throughout the sample, indicating a constant drip 

rate (Martín-Chivelet et al., 2017), fabric changes coincide with changes in growth rate. 

Darker banding corresponds with slower growing portions of the stalagmite, whereas 
white or clear banding corresponds with faster growing portions (Figure S3b). To confirm 

that HH-1 grew continuously, we sampled U-Th dates on either side of fabric changes 

(Table S1). 
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Fig. S1. Central Vietnam climatology and comparison to iTRACE. Average a) JJA and b) 

SON rainfall (1951-2007) derived from Asian Precipitation-Highly Resolved Observational 

Data Integration Towards Evaluation (APHRODITE)(Yatagai et al., 2012) and 850 mb 

winds (1951-2007) derived from NCEP reanalysis winds (Kalnay et al., 1996). Annual 

proportion of c) JJA and d) SON rainfall. The purple square denotes the location of Hoa 

Huong cave. Panels e) and f) are the same as c) and d) but show % annual rainfall and 

average 850 mb winds from the iTRACE preindustrial simulation. Seasonal cycle of g) 
rainfall from Aphrodite (black) and iTRACE (purple) and h) 𝛿18Op from the GNIP station in 

Dong Hoi (black) and iTRACE (purple). iTRACE seasonal cycle derived from the grid cell 

encompasses HH cave (purple box in f). 
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Fig. S2. Moisture source back-trajectory for rainfall in central Vietnam. Main Hybrid 

Single-Particle Lagrangian Integrated Trajectories (HYSPLIT) (Stein et al., 2015) cluster 

trajectories showing relative humidity for a) annual, and specific humidity for b) JJA, and c) 

SON. Clusters constructed from daily rain-bearing trajectories from 2006-2018 using 
meteoric parameters from the Global Data Assimilation System (GDAS) 0.5° dataset. We 

use the HYSPLIT model to calculate daily backward trajectories every 6 hours tracing for 

120 hours, at a height of 1500 m above mean sea level. The simulated trajectories are used 

to calculate the cluster means using a cluster analysis method in HYSPLIT (Wolf, 2023). 

Only rain-bearing trajectories are included in the cluster means. Evaporation and 

precipitation thresholds were set to -0.2 and 0.2, respectively.  
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Fig. S3. HH-1 morphology and age model. a) Photo of HH-1 in HH cave. b) Scanned 

image of a portion of HH-1 to show representative fabric. c) HH-1 age-depth model. Black 

squares indicate U-Th dates and the red square indicates the one date excluded from the 

age model. The 2𝜎 error bars are plotted, but are smaller than the symbol. Age uncertainty 
can also be found in Table S1. 
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Fig. S4. HH-1 Sr/Ca vs other HH-1 proxies. a) growth rate (green), b) Sr/Ca (yellow), c) 

Mg/Ca (blue; note inverted axis). 
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Fig. S5. Regional shelf exposure and sea level history. a) Shelf exposure curves of the 

Sahul Shelf (turquoise - solid), Sunda Shelf (turquoise - dashed), and the Gulf of Tonkin 

(GOT; dark blue) reconstructed from the ICE-PC2 data product (Pico et al., 2017). The pink 
shading denotes the timing of MWP1a (14 – 14.5 ka) and the grey denotes the YD (12.9 – 

12.7 ka). The Sunda and Sahul shelf exposure curves are from (Pico et al., 2020). b) GOT 

relative sea level from ICE-PC2 data product (tan), and minimum (dark green) and 

maximum (black) estimates of global mean sea level (GMSL) from a coral-based 
reconstruction (Yokoyama et al., 2018).  
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Fig. S6. Comparison of a) HH-1 𝛿13C (turquoise) and b) PC1 of trace element records 

from two stalagmites from Haozhu Cave in central China (tan) (Zhang et al., 2018). 
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Fig. S7. Time series of individual forcings of simulated iTRACE precipitation. iTRACE 

a) JJA, b) SON, and c) annual precipitation time series from the grid cell encompassing the 

study site in response to different forcings (ICE - turquoise, ORB - green, GHG - tan, MWF - 

purple, and ALL forcings - black). We standardize the curves by subtracting the LGM 

climatology. The different forcings are isolated from the different iTRACE runs as follows; 

ICE = ICE – LGM, ORB = ICE + ORB – ICE – LGM , GHG = ICE + ORB + GHG – ICE + ORB – LGM, 

and MWF = ICE + ORB + GHG + MWF – ICE + ORB + GHG – LGM. Curves are smoothed with 
a 100 year running mean. 
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Fig. S8. Sea level change during the deglaciation. iTRACE atmosphere model land 

fraction used at a) 20 ka, b) 14 ka, and c) 12 ka. Each grid cell has a value ranging from 0% 

to 100% land. Paleoshorelines from the ICE-PC2 global ice history during the d) 

deglaciation and e) late MIS 3.  
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Fig. S9. iTRACE JJA vertical velocity (𝜔) and surface temperature anomalies during 

for a,b) HS1 – BA, c,d) HS1 – LGM, and e,f) LGM – BA. Note, colors in panel d are muted 

because temperature change is small. 
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Fig. S10. iTRACE precipitation and 850 mbar wind anomalies over MSEA during YD – 

11.1 ka for a) all forcings (ALL), b) meltwater forcing (MWF), and c) sea level forcing 

(ICE). The YD-11.1 ka time period encompasses a period in the iTRACE simulations with 
enhanced meltwater forcing during the YD and sea level change at 12 ka. 
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Fig. S11. iTRACE a) JJA, b) SON, and c) annual weighted 𝛿18Op anomalies during HS1-

BA. 
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Table S1. HH-1 U-Th dates.  

 

Uncertainties are 2σ. Reported errors for 238U and 232Th concentrations are estimated to be 
±1 % due to uncertainties in spike concentration; analytical uncertainties are smaller. 
Decay constants for 230Th and 234U are from (Cheng et al., 2013); decay constant for 238U is 
1.55125 x 10-10 yr-1 (Jaffey et al., 1971). All ages are relative to 1950. Corrected ages assume 
initial 230Th/232Th atomic ratio of 25 ± 12.5 ppm. *Date excluded from age model. 
  

Sample 

ID

Depth 

(cm)

UU-H2 18.2 140 ± 3 790 ± 16 2728 ± 2 0.1444 ± 0.0006 405 ± 2 2759 ± 2 4290 ± 19 3961 ± 131
UU-H3 44.4 82 ± 2 388 ± 8 2845 ± 1 0.1776 ± 0.0008 596 ± 3 2885 ± 2 5128 ± 24 4848 ± 107
UU-H4 68.7 79 ± 2 168 ± 3 2873 ± 2 0.2150 ± 0.0011 1599 ± 11 2923 ± 2 6186 ± 33 6022 ± 57
UU-H5 95.7 87 ± 2 180 ± 4 2947 ± 1 0.2696 ± 0.0013 2071 ± 13 3011 ± 1 7651 ± 37 7492 ± 57
HH-U33 105.6 98 ± 2 166 ± 3 2897 ± 2 0.2828 ± 0.0012 2670 ± 12 2963 ± 2 8144 ± 36 8001 ± 51
UU-H6 115.6 78 ± 2 293 ± 6 2659 ± 1 0.2773 ± 0.0012 1167 ± 6 2722 ± 2 8517 ± 39 8272 ± 96
HH-U34 132.2 94 ± 2 571 ± 11 2806 ± 2 0.3089 ± 0.0014 805 ± 4 2877 ± 2 9140 ± 43 8800 ± 142
UU-H7 151.8 102 ± 2 203 ± 4 3130 ± 1 0.3913 ± 0.0015 3128 ± 16 3225 ± 2 10725 ± 43 10574 ± 59
UU-H8 180.4 101 ± 2 457 ± 9 2919 ± 2 0.4045 ± 0.0014 1415 ± 5 3016 ± 2 11728 ± 43 11463 ± 106
UU-H9 206.7 128 ± 3 180 ± 4 3146 ± 1 0.4603 ± 0.0016 5186 ± 31 3260 ± 2 12652 ± 46 12525 ± 54
UU-H10 235.9 129 ± 3 218 ± 4 3017 ± 1 0.4884 ± 0.0016 4570 ± 25 3137 ± 1 13918 ± 49 13777 ± 60
HH1-U25 238.0 140 ± 3 349 ± 7 3150 ± 2 0.5119 ± 0.0018 3248 ± 11 3277 ± 2 14130 ± 52 13958 ± 72
HH1-U37 238.3 173 ± 3 5549 ± 111 3666 ± 2 0.6238 ± 0.0026 308 ± 1 3816 ± 7 15370 ± 67 14148 ± 582
HH-U16 238.5 115 ± 2 1301 ± 26 3784 ± 1 0.6141 ± 0.0025 861 ± 3 3941 ± 3 14722 ± 63 14257 ± 207
HH1-U26 239.0 128 ± 3 1293 ± 26 3611 ± 1 0.6403 ± 0.0026 1004 ± 4 3773 ± 3 16002 ± 68 15566 ± 195
HH1-U27 240.5 120 ± 2 359 ± 7 3760 ± 1 0.6789 ± 0.0028 3595 ± 14 3938 ± 2 16456 ± 71 16280 ± 88
HH-U17 242.0 112 ± 2 468 ± 9 4161 ± 2 0.8376 ± 0.0033 3190 ± 13 4387 ± 2 18870 ± 79 18666 ± 104
HH1-U28 242.8 112 ± 2 572 ± 11 3952 ± 2 0.8850 ± 0.0033 2754 ± 10 4190 ± 2 20931 ± 85 20691 ± 120
HH1-U29 243.6 115 ± 2 361 ± 7 4229 ± 2 1.0361 ± 0.0035 5241 ± 17 4517 ± 3 23391 ± 86 23222 ± 99
HH-U18 243.9 137 ± 3 877 ± 18 3857 ± 3 1.0180 ± 0.0037 2534 ± 9 4135 ± 4 24882 ± 101 24597 ± 147
HH-U19 244.9 130 ± 3 281 ± 6 3224 ± 2 0.9214 ± 0.0036 6803 ± 27 3468 ± 2 26021 ± 111 25868 ± 119
HH-U20 254.7 131 ± 3 508 ± 10 3166 ± 2 0.9182 ± 0.0031 3750 ± 12 3408 ± 2 26322 ± 98 26100 ± 124
HH-U21 260.9 136 ± 3 463 ± 9 2835 ± 1 0.8750 ± 0.0031 4081 ± 14 3062 ± 2 27362 ± 107 27147 ± 129
UU-H11 262.4 122 ± 2 602 ± 12 3058 ± 1 0.9479 ± 0.0030 3056 ± 10 3308 ± 2 28071 ± 98 27804 ± 139
HH1-U30 263.8 121 ± 2 632 ± 13 3203 ± 1 1.0037 ± 0.0038 3042 ± 11 3471 ± 2 28753 ± 120 28481 ± 157
HH-U35 264.7 99 ± 2 827 ± 17 3946 ± 2 1.2800 ± 0.0040 2436 ± 8 4308 ± 3 31389 ± 110 31039 ± 175
HH1-U31 265.2 86 ± 2 386 ± 8 3697 ± 2 1.2442 ± 0.0044 4423 ± 15 4048 ± 3 32231 ± 129 32008 ± 150
HH-U22 266.8 101 ± 2 781 ± 16 3290 ± 2 1.1746 ± 0.0039 2418 ± 7 3613 ± 3 33492 ± 127 33134 ± 192
HH-U23 272.0 96 ± 2 487 ± 10 3488 ± 2 1.2826 ± 0.0044 4008 ± 13 3849 ± 3 35133 ± 137 34882 ± 164
HH-U24 280.2 121 ± 2 99 ± 2 3008 ± 2 1.2020 ± 0.0045 23362 ± 124 3341 ± 3 37161 ± 162 37058 ± 163
HH-U36 288.0 125 ± 2 187 ± 4 3014 ± 2 1.2210 ± 0.0050 12930 ± 50 3352 ± 3 37771 ± 178 37642 ± 181
UU-H12* 289.8 128 ± 3 1295 ± 26 2997 ± 2 1.1988 ± 0.0037 1886 ± 5 3324 ± 3 37173 ± 133 36701 ± 241
HH1-U32 302.8 133 ± 3 621 ± 12 2870 ± 2 1.2136 ± 0.0041 4119 ± 13 3203 ± 3 39140 ± 153 38877 ± 180
UU-H13 315.9 139 ± 3 680 ± 14 2856 ± 2 1.2674 ± 0.0043 4120 ± 14 3208 ± 3 41321 ± 166 41050 ± 194
UU-H14 348.8 135 ± 3 672 ± 14 2670 ± 2 1.2818 ± 0.0039 4095 ± 13 3025 ± 3 44396 ± 162 44113 ± 194
UU-H15 367.8 132 ± 3 223 ± 5 2660 ± 1 1.2991 ± 0.0039 12163 ± 59 3022 ± 2 45252 ± 160 45109 ± 164

Uncertainties are 2σ. Reported errors for 238U and 232Th concentrations are estimated to be ±1% due to uncertainties in spike concentration; analytical uncertainties are smaller. Decay constants for 
230Th and 234U are from Cheng et al. (2013); decay constant for 238U is 1.55125 x 10-10 yr-1 (Jaffey et al., 1971). All ages are relative to 1950. Corrected ages assume the initial 230Th/232Th atomic 

ratio of 25 +/- 12.5 ppm. *Dates excluded from age model. 
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CHAPTER 3: A semi-quantitative estimate of sea-level-driven 

rainfall change in central Vietnam 
 

3.1. Abstract 

Changes in Southeast Asian autumn monsoon rainfall have broad-reaching impacts 

on the millions living in Mainland Southeast Asia. The variability of the autumn monsoon 

rainfall is poorly captured by climate models, making future predictions uncertain. 

Paleorecords, which help constrain past monsoon variability, show that changes in global 

sea level drove substantial and abrupt change in Southeast Asian autumn monsoon rainfall 

amount since the Late Pleistocene. However, the current hydroclimate record is qualitative, 

meaning changes in autumn rainfall amount are currently unquantified. Here we produce a 

semi-quantitative rainfall record using calcium isotopes (𝛿44Ca) in a speleothem from 

central Vietnam, a region dominated by the autumn monsoon. Our record estimates that 

autumn monsoon rainfall was 50 % lower during the Last Glacial Maximum, when sea level 

was low. Climate model simulations have a similar pattern to speleothem 𝛿44Ca, but 

estimate a smaller 25 to 35 % reduction in autumn rainfall amount. While the significant 

uncertainties with the speleothem 𝛿44Ca proxy limit our interpretations, this reconstruction 

shows the promise of speleothem 𝛿44Ca records, particularly when used alongside climate 

model simulations. 

 

3.2. Introduction 

The Southeast Asian autumn monsoon (September-November) impacts millions of 

people along the eastern coast of Vietnam (Figure 3.1a) (Ramesh et al., 2021). Small 
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changes to this highly seasonal phenomenon cause floods and droughts, which have 

devastating effects on the region’s agriculture, infrastructure, and water availability (Du et 

al., 2018; Luu et al., 2020, 2021). Thus, understanding autumn rainfall variability in a 

changing climate is crucial for constraining the possible risks to this region.  

Climate models fail to capture modern Southeast Asian autumn monsoon variability 

(Sengupta & Nigam, 2019), suggesting future projections of rainfall change remain 

uncertain. Paleoclimate records help bridge this gap by providing reconstructions of past 

monsoon variability. Even though paleorecords of the Southeast Asian autumn monsoon 

are limited, a recent study using the speleothem HH-1 from Hoa Huong cave in central 

Vietnam found that the autumn monsoon underwent significant, and at times abrupt, 

change over the last 45,000 years (Patterson et al., 2023). They demonstrated that changes 

in sea level, driven by global ice sheet volume, and the strength of the Atlantic Meridional 

Overturning Circulation drove autumn monsoon variability on centennial-millennial 

timescales. During some periods of rapid change (i.e. ice sheet melt during the deglaciation 

and Heinrich events), autumn rainfall amount abruptly shifted in a matter of decades. 

However, due to the current limitations of most speleothem hydroclimate proxies (𝛿18O, 

𝛿13C, Mg/Ca, and 234Uinitial), hydroclimate change in the HH-1 record was described 

qualitatively (i.e. “wetter” or “drier”). To better understand rainfall change in central 

Vietnam, we must move towards quantitative reconstructions, particularly during periods 

of abrupt change.  

Calcium isotopes (𝛿44/40Ca, written as 𝛿44Ca from here on) are a promising new 

speleothem hydroclimate proxy (Johnson, 2021; Li et al., 2018; Reynard et al., 2011), which 

have been used to semi-quantitatively reconstruct rainfall amount (Magiera et al., 2019; 
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Owen et al., 2016; de Wet et al., 2021). The foundation of this method relies on the 

relatively simple calcium isotope systematics in cave environments and the relationship 

between speleothem 𝛿44Ca and prior calcite precipitation (PCP). Water infiltrating through 

the epikarst dissolves calcium from the host bedrock (Owen et al., 2016), which is then 

isotopically fractionated during calcite precipitation. PCP occurs when CO2 degasses out of 

drip water in the epikarst or cave ceiling causing calcite to precipitate and certain 

isotopes/elements to be preferentially concentrated in the remaining drip water (Johnson 

et al., 2006). When calcite precipitates from this drip water onto a speleothem, the 

speleothem records this PCP geochemical signature. In the case of calcium isotopes, lighter 

isotopes (40Ca) precipitate out of solution during PCP, leaving the remaining drip water rich 

in heaver isotopes (44Ca) (Gussone et al., 2005; Tang et al., 2008). More PCP (high 𝛿44Ca) 

occurs during dry periods when infiltration is slower and more air is in the epikarst. Unlike 

other PCP-influenced proxies (e.g. Mg/Ca and 𝛿13C), which have a variety of climate and 

environmental controls (Fairchild & Treble, 2009; Fohlmeister et al., 2020), PCP primarily 

controls speleothem 𝛿44Ca values. Although other controls on calcite 𝛿44Ca include growth 

rate (Lemarchand et al., 2004; Reynard et al., 2011; Tang et al., 2008), temperature (Tang 

et al., 2008), and bedrock dissolution (de Wet et al., 2021), none of these controls are 

particularly strong, with most studies identifying PCP as the dominant control on their 

speleothem 𝛿44Ca record (Li et al., 2018; Magiera et al., 2019; Owen et al., 2016; Stoll et al., 

2022; de Wet et al., 2021).  

Using established geochemical relationships and modern cave 𝛿44Ca measurements, 

previous studies have used the strong relationship between PCP and speleothem 𝛿44Ca to 

quantify PCP amount (Li et al., 2018; Magiera et al., 2019; Owen et al., 2016; Stoll et al., 
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2022; de Wet et al., 2021). Then, assuming a relationship between PCP and rainfall, PCP is 

converted into rainfall amount. Since our understanding of the PCP-rainfall relationship 

remains rudimentary (Li et al., 2018), these reconstructions are referred to as semi-

quantitative. Here, we generate a new 𝛿44Ca record from stalagmite HH-1 to estimate 

rainfall change in central Vietnam. First, we show that PCP is the primary control on HH-1 

𝛿44Ca. We then follow methods outlined in Owen et al. (2016) to reconstruct both PCP and 

rainfall amount. Our semi-quantitative reconstruction shows that rainfall from the 

Southeast Asian autumn monsoon changed substantially over the last 45,000 years, 

particularly in response to changes in sea level. 

 

3.2.1.  Study site and sample description 

 Hoa Huong cave is located in Phong Nha-Ke Bang National Park in central Vietnam 

(17.5°N, 106.2°E; Elev. 411 m) and receives the majority of its annual rainfall during 

autumn (~47 % from September – Novermber versus ~30 % from June – August 

(Patterson et al., 2023)), making this cave ideally situated to record Southeast Asian 

autumn monsoon variability (Figure 3.1a,b). Collected from Hoa Huong cave in March 

2020, HH-1 is a 3.7 m-long previously broken stalagmite that grew continuously from 45 – 

4 ka (Figure 1.2). HH-1 is a well-suited speleothem for 𝛿44Ca-PCP-rainfall reconstruction 

because previous work on the sample found that PCP strongly influenced the 𝛿13C and 

Mg/Ca hydroclimate records (Patterson et al., 2023). This indicates that 1) PCP is present 

in the HH-1 record, and 2) HH-1 𝛿44Ca will likely record this same PCP-driven hydroclimate 

signal. 
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Figure 3.1. Study site. a) Map of SON (September, October, and November) rainfall in 
Mainland Southeast Asia derived from Asian Precipitation-Highly Resolved Observational 
Data Integration Towards Evaluation (APHRODITE) from 1951-2007 (Yatagai et al., 2012). 
The orange square denotes location of Hoa Huong cave. b) Seasonal cycle of APHRODITE 
rainfall from grid cell nearest the study site.  

 

3.3. Methods 

 

3.3.1. 𝛿44Ca analyses 

We drilled 89 samples from the central growth axis of stalagmite HH-1 and one 

limestone bedrock sample from Hoa Huong Cave using a handheld rotary tool with a 

diamond bur. No drip water or modern calcite have been analyzed for 𝛿44Ca. We conducted 

all 𝛿44Ca analyses at Princeton University following the protocol in (Blättler & Higgins, 

2017). Approximately 5 mg of sample was dissolved overnight in 2 mL concentrated (16N) 

HNO3, dried down on a hotplate and re-dissolved in 5 mL 0.2 % HNO3. To isolate calcium 
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from other cations we used an automated ion chromatography system (Thermo Dionex IC-

5000+) with methanosulfonic acid as the eluent and a CS16 5 × 250 mm cation-exchange 

column (Blättler & Higgins, 2014).  

𝛿44Ca measurements were made on a Thermo Scientific Neptune Plus multi-collector 

inductively coupled plasma mass spectrometer (MC-ICP-MS) coupled with an ESI Apex-IR 

inlet system (Blättler & Higgins, 2017; Husson et al., 2015). Measurements were carried out 

at medium resolution to avoid ArHH+ interferences.  All Ca isotope data are reported in 

delta notation relative to seawater (44/40Caseawater = 0‰), where 

44/40Ca = (44Ca/40Casample / 44Ca/40Caseawater – 1) * 1000 

Due to isobaric inferences with 40Ar, we are unable to directly measure 40Ca and instead 

measure 42Ca. Measured 44/42Ca values are converted to 44/40Ca assuming mass 

dependent fractionation with a slope of 2.05 and no excess radiogenic 40Ca (Fantle & 

Tipper, 2014). Corrections are made for isobaric Sr2+ interferences by using measurements 

at m/z = 43.5, for doubly charged 87Sr2+. Mass dependence is verified using a triple isotope 

plot (44/42Ca vs. 44/43Ca) and all measured data fall along a slope of 0.51, similar to the 

0.507 slope predicted by the exponential mass-dependent fractionation law. The long-term 

external reproducibility of 44/40Ca values is estimated through the repeat purification and 

isotopic analyses of SRM915b (for 44/40Ca values). Our measured values of -1.17±0.14 ‰ 

(2, n = 24) for SRM915b agree well with reported values of -1.16±0.08 ‰(Heuser & 

Eisenhauer, 2008) and  -1.13±0.04 ‰ (Jacobson et al., 2015). For samples purified and 

analyzed once, we report the uncertainty as our long-term external reproducibility. When 

samples are purified and analyzed multiple times, we report the standard error of the 

mean.  
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3.3.2 iTRACE 

iTRACE is a water isotope enabled transient simulation of the last deglaciation (11-

20ka) (He et al., 2021). iTRACE simulations are performed in iCESM1.3 (Brady et al., 2019), 

which is comprised of Community Atmosphere Model version 1.3 (CAM5.3), the 

Community Land Model version 4 (CLM4), Parallel Ocean Program version 2 (POP2), and 

Los Alamos Sea Ice Model version 4 (CICE4). The resolution of the land and atmosphere is 

1.9°x2.5° (latitude and longitude) with 30 vertical levels in the atmosphere. iCESM 1.3 

simulations are well validated against modern observations of global precipitation and 

precipitation isotopes (Brady et al., 2019; Nusbaumer et al., 2017; T. E. Wong et al., 2017). 

The analyses in this study use the fully forced simulations which include changing 

continental ice sheets based on ICE-6G model (Peltier et al., 2015), KMT ocean bathymetry, 

orbital forcing, greenhouse gas concentrations from ice core records (Lüthi et al., 2008; 

Petit et al., 1999; Schilt et al., 2010) and meltwater fluxes following TRACE-21ka (Liu et al., 

2009). The ice sheet configuration changes in 1,000 year increments and ocean bathymetry 

is modified twice at 14 ka and 12 ka based on changes in global sea level from the ICE-6G 

model (Figure S5 in Appendix B). See Patterson et al. (2023) for further information about 

iTRACE and model validation in central Vietnam. 

 

3.4. Results  

HH-1 𝛿44Ca values are variable and range from -2.28 ‰ to -1.16 ‰ (Figure 3.2b). 

The record oscillates between periods of low 𝛿44Ca (~-1.88 +/- 0.2 ‰: 45 – 37 ka, 30 – 25 

ka, 16 ka, and 14 – 4 ka) and high 𝛿44Ca (~-1.34 +/- 0.1‰; 30 ka and 25 – 14 ka). Of the 

high periods, 𝛿44Ca values are the most variable from 14 – 4 ka. Except for an increasing 
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trend from 35 – 30 ka, the transition between these low/high periods are relatively abrupt. 

The overall pattern of HH-1 𝛿44Ca variability is similar to other HH-1 proxies including 

Mg/Ca and 𝛿13C (Figure 3.2 c). In fact, the HH-1 𝛿44Ca positively correlates with both 

records (r(Mg/Ca) = 0.75, p < 0.01 and  r(𝛿13C) = 0.64, p < 0.01). 

We also examine well-known periods of abrupt change including Heinrich Stadials 

1-4 and the Younger Dryas. Heinrich Stadials 1, 2, and 4 occur during periods of high 𝛿44Ca, 

whereas the YD and HS3 occur during periods of low 𝛿44Ca. HS1 and HS3 show small 

positive excursions, whereas HS2 and HS4 do not show an obvious positive or negative 

excursion. While 𝛿44Ca values are relatively stable through the Heinrich Stadials, 𝛿44Ca is 

much more variable during the YD. 

The 𝛿44Ca value of the limestone bedrock from Hoa Huong Cave is -1.07 ‰, higher 

than all HH-1 stalagmite measurements. 
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Figure 3.2. Timeseries of HH-1 proxies and sea level from 45 – 4 ka. a) HH-1 growth 
rate (solid black), b) HH-1 𝛿44Ca with 1σ error (purple). Dashed orange line shows f = 1 
value used for αmean, and orange dot denotes the f = 1 value used for αmin.  c) HH-1 Mg/Ca 
(orange) and 𝛿13C (yellow), d) Gulf of Tonkin (GOT) shelf exposure history (blue). Grey 
shading denotes the YD and Heinrich Stadials 1-4. The Mg/Ca, 𝛿13C, and GOT curves are 
from Patterson et al. (2023). 

 

3.5. Discussion 

3.5.1 Controls on stalagmite 𝛿44Ca 

The strong correlations between 𝛿44Ca and the other HH-1 proxies (Mg/Ca and 𝛿13C) 

suggests that the same mechanism controls all three proxies (Figure 3.2). Previous work 

from Patterson et al. (2023) found that PCP primarily drives HH-1 𝛿13C and Mg/Ca. Since 

PCP is a well-known control of speleothem 𝛿44Ca (Li et al., 2018; Magiera et al., 2019; Owen 
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et al., 2016; Reynard et al., 2011; de Wet et al., 2021), the similarity between HH-1 the 𝛿44Ca 

and the PCP-driven proxies strongly indicates that PCP also drives 𝛿44Ca variability. 

Crucially, the 𝛿44Ca record shares some common features with the Mg/Ca record 

(the strongest indicator of PCP), including relatively stable, low values from 45 – 37 ka and 

30 – 35 ka (Figure 3.2b,c). In the Mg/Ca record, the stability of these periods defines a 

threshold where conditions are too wet for PCP to occur (PCP = 0) (Patterson et al., 2023). 

These shared low threshold features in the 𝛿44Ca record further corroborate our 

interpretation of 𝛿44Ca as proxy of PCP. One notable difference between the 𝛿44Ca and 

Mg/Ca records is the variability from 14 – 4 ka in the 𝛿44Ca record, an additional low 

threshold period in the Mg/Ca record. This discrepancy suggests that other factors may 

influence 𝛿44Ca and/or 𝛿44Ca is more sensitive to changes in PCP than Mg/Ca during this 

period. 

Another known control of calcite 𝛿44Ca is growth rate (Lemarchand et al., 2004; 

Reynard et al., 2011; Tang et al., 2008). In the HH-1 record, periods of high growth rate 

generally correspond to lower 𝛿44Ca values, but this relationship is not consistent (Figure 

3.2). HH-1 𝛿44Ca does not linearly track changes in growth rate, particularly from 37 – 45 ka 

and 14 – 4 ka. Additionally, changes in growth rate alone cannot explain the full variability 

of the HH-1 𝛿44Ca record. Tang et al. (2008) found that a 1000 % increase in growth rate 

causes a ~0.22 ‰ decrease in calcite 𝛿44Ca at 25 oC. Even though growth rate is highly 

variable in the HH-1 record (2-309 µm/year, Figure 3.2a), changes in growth rate are not 

large enough to solely cause many of the large shifts in 𝛿44Ca. For example, the 0.56 ‰ 

positive excursion at ~16.1 ka only corresponds to a 400 % change in growth rate. Using 

the relationship from Tang et al. (2008), this would only account for 0.09 ‰ of this 0.56 ‰ 
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shift and is smaller than the 0.14 ‰ uncertainty of the 𝛿44Ca measurements. Furthermore, 

many shifts in growth rate also co-occur with changes in the PCP-driven proxies (Mg/Ca 

and 𝛿13C), making the effects of PCP-driven vs growth rate-driven change difficult to 

differentiate. While growth rate could influence the HH-1 𝛿44Ca record, the striking 

resemblance between 𝛿44Ca and the PCP-driven proxies strongly indicates that PCP is the 

dominant driver of 𝛿44Ca variability.  

Following the findings of the HH-1 PCP-driven proxies in Patterson et al. (2023), we 

interpret HH-1 𝛿44Ca as a record of Southeast Asian autumn monsoon rainfall. Patterson et 

al. (2023) found that ice sheet-modulated sea-level change, specifically the 

inundation/exposure of the Gulf of Tonkin and the South China Shelf, was the primary 

driver of autumn rainfall variability over the last 45,000 years. In central Vietnam, wetter 

conditions occurred during sea-level highstands (flooded Gulf of Tonkin and the South 

China Shelf) and drier conditions occurred during sea-level lowstands (exposed Gulf of 

Tonkin and the South China Shelf). The HH-1 𝛿44Ca record follows this expected pattern 

with low values (low PCP, wet conditions) occurring during the sea-level highstands from 

45 – 37 ka and 14 – 4 ka, and predominantly high values (high PCP, dry conditions) 

occurring during the sea-level lowstand from 30 – 14 ka (Figure 3.2b,d). We note that the 

negative (wet) excursions from 30 – 25 ka and at 16 ka, which are present in all HH-1 

hydroclimate proxies, do not follow changes in sea level. Instead, the 30 – 25 ka excursion 

likely reflects the two wet Dansgaard–Oeschger events that occur during this time period, 

whereas the mechanism driving the 16 ka event is currently unexplained (Patterson et al., 

2023). 
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A smaller control on the Southeast Asian autumn monsoon is meltwater events in 

the North Atlantic (the Younger Dryas and Heinrich Stadials), where the cascading effects 

of  weakened Atlantic Meridional Circulation drives the formation of an anomalous 

anticyclone in the western Pacific during autumn, causing dry conditions in MSEA (He et al., 

2021; Patterson et al., 2023). The positive excursions during HS1 and HS3 in the HH-1 

𝛿44Ca record are consistent with this mechanism and HH-1 Mg/Ca and 𝛿13C records (Figure 

3.2). Although the response to these events is inconsistent; there are no obvious negative 

excursions during the YD, HS2, or HS4. Notably, the other HH-1 proxies also show variable 

responses to meltwater events. Since the magnitude of these excursions is much smaller 

than the hydroclimate response to sea level change, it is possible that the 𝛿44Ca proxy and 

other the PCP-driven proxies are not sensitive enough to detect these changes.  

Because the HH-1 𝛿44Ca record closely follows changes in other HH-1 proxies, we do 

not further interpret the climate forcings driving changes in hydroclimate. Instead, we 

choose to utilize the 𝛿44Ca record to quantify changes in PCP and create a semi-quantitative 

reconstruction of regional rainfall. We explore these relationships next. 

 

3.5.2 Reconstructing PCP from 𝛿44Ca 

To reconstruct PCP from 𝛿44Ca values, we follow methods outlined in Owen et al. 

(2016), and used in several other studies (Li et al., 2018; Magiera et al., 2019; de Wet et al., 

2021). For each speleothem 𝛿44Ca measurement, we calculate the amount of Ca dissolved 

from the host rock that remains in solution (f), which is a Rayleigh fractionation process 

that occurs during PCP and can be described by the following equation. 
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𝑓 = (
𝑟𝑠

𝛼 ∗ 𝑟𝑜
)

(
1

𝛼−1)

 

(1)  

The rs and r0 terms represent the 44Ca/40Ca ratio (r = 𝛿/1000 +1) of precipitated 

calcite and initial drip water (which is assumed to be the same as the bedrock), 

respectively. The α term is a site-specific fractionation factor between water and calcite (α 

= (1000+ 𝛿44Cacalcite) / (1000 + 𝛿44Cadripwater)). Ideally, α is calculated with paired 

measurements of drip water and modern calcite from the feeder drip above the sample. 

However, there is no active drip above HH-1. Other studies faced similar challenges and 

instead calculated α using measurements from other drip sites in the same cave system 

(Magiera et al., 2019; de Wet et al., 2021). However, the α between drip sites may vary (de 

Wet et al., 2021), demonstrating that this method may not always produce a suitable 

fractionation factor. Values of f range from 0 to 1, where a value of 1 occurs when no Ca 

precipitates out of the solution (no PCP) and 0 occurs when all Ca precipitates out of the 

solution (100% PCP). 

Since we do not have 𝛿44Ca drip water and modern calcite measurements from Hoa 

Huong cave, we estimated α with a different method. We first identified portions of the HH-

1 𝛿44Ca record where no PCP occurs (f = 1). Then, assuming f = 1 and r0 = 𝛿44Ca of the 

bedrock (-1.07 ‰), we approximated a site-specific fractionation factor by solving for α in 

equation (1). We calculated two different fractionation factors, αmin = 0.99879  and αmean = 

0.99920. For αmin, we assume that the minimum value in the HH-1 𝛿44Ca record (rs = -2.28 

‰, red point in Figure 3.2b) undergoes no PCP (f = 1). For αmean, we took the mean 𝛿44Ca 

value from 4 – 14 ka and 35 – 45 ka (rs = -1.88 ‰, dashed line in Figure 3.2b), periods in 
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the HH-1 record where PCP-driven proxies (𝛿44Ca, Mg, and 𝛿13C) all reach a lower threshold 

(indicating little to no PCP was occurring). Ultimately, αmin is a conservative estimate, 

whereas the αmean uses information from multiple proxies to constrain PCP. Notably, both 

fractionation factors fall within the range calculated by other studies, α = 0.9987 – 0.99934 

(Magiera et al., 2019; Owen et al., 2016; de Wet et al., 2021). 

Using these α values, we derived f for each speleothem 𝛿44Ca measurement using 

equation (1), creating two different time series of PCP (Figure 3.3). The time series vary 

identically, but have a different range. The αmin time series ranges from 0.39 to 1, whereas 

the αmean time series has a larger range from 0.41 to 1.66. Around 40% of the values from 

the αmean time series are above f = 1 (Figure 3.3b). Because these values are theoretically 

impossible, we treat all values of f > 1 the same as values of f = 1 (i.e. no PCP). As values of f 

decrease, the two time series converge (Figure 3.3a), with the lowest values in each 

reconstruction being quite similar. This similarity increases our confidence of low 

estimates of PCP. For this reason, we will focus the analyses of the semi-quantitative 

reconstruction of rainfall on large shifts in the hydroclimate record, rather than variability 

during the wetter periods.  
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Figure 3.3. HH-1 PCP reconstruction. a) Scatter plot speleothem 𝛿44Ca and the fraction of 
calcium remaining in solution (f) calculated from equation (1) using  αmean (orange) and 
αmin (purple). b) Timeseries of f using αmean (orange) and αmin (purple) with 1σ shading. 
Dashed horizontal lines denote f = 1 (no PCP) and f = 0.5 (50 % PCP). 

 

3.5.3.  Semi-quantitative rainfall change in central Vietnam 

We next convert PCP (f) to rainfall amount assuming a linear relationship between 

rainfall amount and f (Equation 2)(Owen et al., 2016). Since the linear relationship between 

PCP and rainfall has not been extensively tested, like other studies (Magiera et al., 2019; 

Owen et al., 2016; de Wet et al., 2021), we interpret our results as a semi-quantitative 

reconstruction of rainfall. 
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𝑃𝑝𝑎𝑙𝑒𝑜 =  (
𝑃𝑚𝑜𝑑𝑒𝑟𝑛 ∗  𝑓𝑝𝑎𝑙𝑒𝑜

𝑓𝑚𝑜𝑑𝑒𝑟𝑛
) 

(2) 

Here, P represents total annual precipitation and f is from equation (1). Pmodern,  

average annual rainfall at the study site, is 1.67 m/year (1951-2007) (Yatagai et al., 2012). 

Since we lack the monitoring data to calculate a modern f value, we assume fmodern is similar 

to the average value during the Holocene. Using this method, αmin and αmean produce the 

same results. For the sake of simplicity, we calculate a single Ppaleo time series using the 

αmean-derived time series where fmodern = 1. The resulting precipitation time series ranges 

0.68 – 2.78 m/year (Figure 3.4a).  

Due to uncertainties in our interpretation of HH-1 𝛿44Ca variability (e.g. variability 

during the Holocene) and propagated analytical uncertainty (average standard deviation = 

+/- 0.28 m), we focus our discussion on the large sea-level driven changes to local rainfall. 

Our record indicates that rainfall amount was similar to modern levels during both sea-

level highstands (Figure 3.3a). During the sea-level lowstand, annual rainfall decreased by 

~50 %. Interestingly, a study using a pollen record from the continental shelf in the north 

South China Sea, proposed a similar 50 % reduction in rainfall during the Last Glacial 

Maximum, ~20 ka (Kershaw et al., 2001). However, the absence of (semi-)quantitative 

paleoclimate records of rainfall change in Southeast Asia make additional comparisons 

impossible. 

To further test whether this 50 % decrease in annual rainfall is reasonable, we 

compare these findings to iTRACE, an isotope enabled transient climate model simulation 

of the deglaciation, 20 – 11 ka (see Methods). Previous work using iTRACE found that the 
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model correctly captures changes in central Vietnam rainfall, including the sea-level driven 

increase in autumn rainfall at 14 ka (Patterson et al., 2023). Notably, we compare our HH-1 

rainfall reconstruction to relative changes in iTRACE autumn (SON) rainfall rather than 

annual rainfall amount (Figure 3.4). This is because iTRACE simulations overestimate 

summer rainfall in central Vietnam, which results in iTRACE 1) overestimating total annual 

rainfall (see Figure S1g in Appendix B) and 2) muting the sea-level driven change in the 

annual rainfall time series (Figure 3.5). iTRACE simulations reveal SON rainfall increased 

~25 % from the sea level lowstand (20 – 15 ka) to the Bolling Allerod (15 – 14 ka) and 

increased ~35 % when compared to the early Holocene (11.1 – 11 ka). While these 

numbers are lower than the 50% value from the HH-1 record, they still suggest that local 

sea-level rise at 14 ka substantially increased rainfall in central Vietnam.  
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Figure 3.4. HH-1 rainfall reconstruction and climate model output. a) Timeseries of 
rainfall with 1σ shading reconstructed from equation (2). Horizontal dashed lines show 
100 % modern rainfall (1.67 m/yr) and 50% modern rainfall (0.84 m/yr). Shaded regions 
denote periods of high and low sea level. b) Same as (a), but from 20 – 11 ka. c) iTRACE 
SON precipitation from the grid cell encompassing the study site. We smoothed the iTRACE 
time series with a 100 yr running mean for aesthetic purposes and readability.  
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Figure 3.5. Time series of simulated iTRACE precipitation. Mean JJA (purple), SON 
(light blue) and annual (dark blue) precipitation. 

 

3.6. Conclusions 

Our new speleothem 𝛿44Ca records adds to the growing number of studies utilizing 

this semi-quantitative rainfall proxy. Through multiproxy comparison, we show that PCP is 

the primary driver of the HH-1 𝛿44Ca record. This adds confidence to our PCP and rainfall 

amount reconstructions. Our findings also highlight some limitations of speleothem 𝛿44Ca. 

Without a better understanding of modern 𝛿44Ca systematics in Hoa Huong cave, we cannot 

constrain an appropriate fractionation factor, which makes calculations of f, and thus PCP, 

less certain. Additionally, much work remains to determine whether a linear relationship 

between PCP and rainfall is appropriate, particularly over long timescales (de Wet et al., 

2021).  

Nevertheless, the similarities between the 𝛿44Ca-based and model-based rainfall 

reconstructions are promising. Combined model and speleothem results estimate that 

autumn rainfall in central Vietnam may have increased by as much as 25 to 50 % in a 
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matter of decades during the deglaciation. While additional analyses (both model and 

geochemical) are necessary to further constrain this value, these findings suggest that the 

Southeast Asian autumn monsoon is capable of significant change in relatively short 

periods of time. 
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CHAPTER 4: Exploring and removing the influence of prior 
calcite precipitation on speleothem oxygen isotopes in 

Southeast Asia 
 

Supporting information located in Appendix C. 

4.1. Abstract 

Prior calcite precipitation (PCP), an in-cave process known to impact speleothem 

proxy records, is a widely ignored control of speleothem oxygen isotopes (𝛿18O). Given that 

𝛿18O is the most commonly measured speleothem proxy, understanding the effects of PCP 

could have far-reaching implications for numerous existing and future records. In this 

study, we investigate the effects of PCP on a stalagmite 𝛿18O record from central Vietnam, 

spanning 45 – 4 ka. Through a multiproxy comparison, we demonstrate that PCP is the 

primary driver of speleothem 𝛿18O variability, rather than the 𝛿18O of precipitation (𝛿18Op). 

To illustrate the impact of PCP, we employ a geochemical model that utilizes speleothem 

Mg/Ca data and cave environment measurements to remove the PCP signal from the 𝛿18O 

record. The resulting corrected record exhibits substantially improved agreement with 

regional speleothem 𝛿18O records and climate model simulations, suggesting that the 

corrected record better reflects 𝛿18Op. By utilizing this corrected record to interpret 

changes in central Vietnam 𝛿18Op, we find that meltwater events in the north Atlantic are 

the primary driver of 𝛿18Op during the Late Pleistocene. However, the drivers of 𝛿18Op 

during the Holocene remain uncertain. Crucially, without considering the effects of PCP, 

our interpretations of the 𝛿18O record would have been misleading. To avoid 

misinterpretations of speleothem 𝛿18O, our results emphasize the necessity of considering 
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PCP as a significant driver of speleothem 𝛿18O, which can be diagnosed through 

comparisons to other PCP-sensitive proxies (e.g. trace elements and 𝛿13C). Doing so will 

improve the accuracy of speleothem 𝛿18O reconstructions and thus, refine our 

understanding of past climate change. 

 

4.2. Introduction 

While oxygen isotope (𝛿18O) records from speleothems are widely used to 

reconstruct past climate variability, the effects of karst and in-cave processes on 

speleothem 𝛿18O, such as prior calcite precipitation (PCP), have been largely overlooked. 

Currently, the interpretation of most speleothem 𝛿18O records relies on the well-

established links between 𝛿18O and climate. When precipitated under equilibrium 

conditions, the primary controls on the 𝛿18O of speleothem calcite are cave temperature 

and drip water 𝛿18O, which typically reflects the 𝛿18O of precipitation (𝛿18Op) falling above 

the cave (Lachniet, 2009). In reality, karst and in-cave processes also affect 𝛿18O (Hendy, 

1971; Mickler et al., 2006; Treble et al., 2022), resulting in the disequilibrium precipitation 

of most speleothem calcites (Daëron et al., 2019). PCP, a well-known process in karst 

systems (Fairchild et al., 2000), has long been thought to have no significant impact on 

speleothem 𝛿18O. However, a recent modeling study challenged this assumption and 

demonstrated that PCP can theoretically offset speleothem 𝛿18O by several permil (‰) 

(Deininger et al., 2021). This finding raises concerns that PCP could potentially obscure 

climate-driven speleothem 𝛿18O variability. Consequently, without accounting for the 

effects of PCP, speleothem 𝛿18O records could be susceptible to misinterpretation. Given 
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the multitude of published speleothem 𝛿18O records worldwide (Comas-Bru et al., 2020), it 

becomes paramount to explore the viability of this theory. 

 

Figure 4.1. Schematic of PCP in a cave system. The left panel shows the flow path of drip 
water and calcite precipitation of along the infiltration pathway. The right panel shows 
detailed change in isotopes (𝛿18O and 𝛿13C) and trace elements (Mg/Ca) during PCP in the 
epikarst vs the cave ceiling. 

 

PCP occurs when CO2 degasses from the drip water prior to speleothem 

precipitation, resulting in calcite precipitation in the epikarst or on the cave 

ceiling/stalactite (Figure 4.1) (Johnson et al., 2006). During PCP, lighter isotopes (12C and 

16O) preferentially degas, enriching the remaining drip water HCO3- pool in heavier 

isotopes (13C and 18O). Laboratory experiments simulating this process show that the 

calcite that precipitates from this pool of HCO3- reflects this enriched isotopic signature 

(higher 𝛿13C and 𝛿18O values) (Hansen et al., 2019; Polag et al., 2010). Similarly, Mg2+ and 

other trace elements with a partition coefficient < 1 are preferentially excluded during 
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calcite precipitation (Fairchild & Treble, 2009), increasing alongside 𝛿18O in the remaining 

solution. Dry conditions enhance PCP because more air in the epikarst and slower 

infiltration rates increases CO2 degassing, accumulating heavier isotopes and trace 

elements in the drip water (higher 𝛿18O, 𝛿13C, and Mg/Ca). Thus, PCP reflects local 

hydroclimate change. 

While PCP is a well-known control of speleothem 𝛿13C and Mg/Ca records (Griffiths 

et al., 2020; Patterson et al., 2023; Wright et al., 2023), it is not generally considered to 

affect speleothem 𝛿18O. Traditionally, H2O exchange, the isotopic re-equilibration between 

HCO3- and H2O, was thought to eliminate the PCP signal from drip water 𝛿18O before 

speleothem formation. With enough time, H2O exchange reestablishes the initial pre-PCP 

𝛿18O value of the drip water HCO3- pool, erasing the PCP signature (Hendy, 1971). However, 

several laboratory and modeling experiments found that H2O exchange takes much longer 

than previous estimates (Beck et al., 2005; Dreybrodt, 2008; Scholz et al., 2009). Using 

these new estimates, a recent modeling study demonstrated that speleothem 𝛿18O does 

preserve a PCP signal when H2O isotopic re-equilibration is incomplete (Deininger et al., 

2021). Importantly, they suggest that incomplete H2O exchange is more likely to occur 

during PCP on the cave ceiling/stalactite rather than in the epikarst. This is because the 

residence time of drip water in the epikarst far exceeds the time necessary for re-

equilibration, whereas the residence time of drip water on the cave ceiling or stalactite may 

be sufficiently short to maintain isotopic disequilibrium during calcite precipitation. 

Although geochemical models successfully simulate the effects of PCP on calcite 

𝛿18O, these effects have not been widely investigated in speleothem 𝛿18O records. Here we 

examine the impact of PCP on a previously published 𝛿18O record from central Vietnam 
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(Patterson et al., 2023). Using a geochemical model to remove the PCP signal from the 

speleothem 𝛿18O record (see Methods), we demonstrate that PCP overprints the expected 

𝛿18Op signal in the record. After removing the PCP signal, the corrected 𝛿18O record shows 

improved agreement with regional 𝛿18O speleothem records and climate model output, 

revealing a more realistic reflection of 𝛿18Op from our record. 

 

4.3. Results/Discussion 

4.3.1. Controls on central Vietnam 𝛿18Op and stalagmite 𝛿18O 

In this study we use a 3.7m long previously broken stalagmite (HH-1) collected from 

Hoa Huong cave in Phong Nha-Ke Bang National Park in central Vietnam (Figure 1.2, S1a; 

17.5°N, 106.2°E). HH-1 grew continuously from 45 – 4 ka, and was previously used to 

investigate local hydroclimate change in central Vietnam (Patterson et al., 2023). We use 

the published HH-1 stable isotope records (768 𝛿18O and 𝛿13C samples, ~50 year 

resolution) and Mg/Ca record (1,385 Mg/Ca samples, ~30 year resolution) (Figure 4.2), as 

well as monitoring data from Hoa Huong cave to conduct our analyses. To interpret the HH-

1 𝛿18O record we first review the controls on 𝛿18Op in central Vietnam. 
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Figure 4.2. HH-1 proxies from 45 – 4 ka. a) HH-1 𝛿18O (orange) and corrected 𝛿18O 
(𝛿18Ocorr, black). Grey shading denotes 1 sigma error of the correction. b) HH-1 Mg/Ca (red) 
and 𝛿13C (pink). Black dashed line shows Mg/Ca threshold used to denote 0 PCP or Mg/Ca0 
(see Methods). 

 

We expect HH-1 𝛿18O to record weighted annual mean 𝛿18Op, which reflects the 

rainfall climatology in central Vietnam. Central Vietnam receives the majority of its annual 

rainfall from the northeast autumn monsoon (SON) and a lesser amount from the 

southwest summer monsoon (JJA) (Figure S1b). Thus, both summer and autumn rainfall 

influence annual 𝛿18Op. Summer (more negative 𝛿18O) and autumn (more positive 𝛿18O) 

𝛿18Op are isotopically distinct (Figure S1b), making the annual proportion of summer vs 

autumn rainfall a dominant control on annual 𝛿18Op (Wolf et al., 2020). The timing of the 

southward migration of the Intertropical Convergence Zone from summer to autumn is the 

driver of this shift because the southwesterly winds that bring moisture from the Indian 

Ocean and Bay of Bengal during the summer change to northeasterly winds that bring 

moisture from the western Pacific and South China Sea during the autumn. Importantly, 

neither summer nor autumn 𝛿18Op reflect local rainfall amount (Wolf et al., 2020), meaning 

large-scale atmospheric processes control 𝛿18Op in both monsoon systems. The upstream 
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rainout of moisture sourced from the Bay of Bengal and Indian Ocean drives summer 

monsoon 𝛿18Op (Pausata et al., 2011; Yang et al., 2016), whereas the mechanisms driving 

autumn 𝛿18Op variability are less understood. In summary, we expect HH-1 𝛿18O to reflect a 

combination of summer and autumn 𝛿18Op, which are governed by large-scale processes 

rather than local rainfall amount. 

Since regional hydroclimatic processes control annual 𝛿18Op in central Vietnam, we 

expected HH-1 𝛿18O to differ from proxies of local hydroclimate (Mg/Ca, 𝛿13C). However, 

we found a remarkable similarity and strong correlation between the HH-1 𝛿18O record and 

the HH-1 𝛿13C (r = 0.79, p < 0.01) and Mg/Ca (r = 0.87, p < 0.01) records (Figure 4.2). The 

Mg/Ca and 𝛿13C records exhibit a similarly strong correlation (r = 89, p < 0.01), suggesting 

the same mechanism controls all three proxies (Mg/Ca, 𝛿13C, and 𝛿18O). Following the 

interpretation of Patterson et al. (2023), we propose that this mechanism is PCP. If PCP 

influences stalagmite 𝛿18O, this suggests that PCP primarily occurred on a stalactite or the 

cave ceiling (Deininger et al., 2021). While there is no stalactite above HH-1, we do see 

evidence of a previously connected soda straw on top of HH-1 indicating that some form of 

calcite precipitation likely occurred above the growing stalagmite. 

We are not suggesting that 𝛿18Op has no effect on HH-1 𝛿18O, but rather PCP may 

overprint the 𝛿18Op signal in the HH-1 𝛿18O record. To test this hypothesis, we use a 

geochemical model to remove the PCP signal from the HH-1 𝛿18O record. Our method uses 

established geochemical relationships to 1) use the HH-1 Mg/Ca record to quantify PCP 

length (the duration of PCP in seconds), 2) convert PCP length to the equivalent change in 

𝛿18O, and 3) subtract the simulated 𝛿18O change from the HH-1 𝛿18O record (see Methods). 

The resulting corrected 𝛿18O record (𝛿18Ocorr) should reflect 𝛿18O changes driven by 
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regional hydroclimate change (𝛿18Op) rather than local hydroclimate change (PCP). We 

analyze the results of this correction in the following sections. 

 

4.3.2. PCP corrected 𝛿18O  

Assuming PCP is the dominant control of all three HH-1 proxies (𝛿13C, 𝛿18O, and 

Mg/Ca), we interpret HH-1 𝛿18O as a record of local hydroclimate change driven by autumn 

rainfall variability (orange line, Figure 4.2a), the same interpretation used for the 𝛿13C and 

Mg/Ca records in Patterson et al. (2023). Previous work on these records revealed that on 

centennial-glacial timescales, global sea level change and the strength of the Atlantic 

Meridional Overturning Circulation (AMOC) are the primary drivers of local hydroclimate 

change in central Vietnam. Global sea level change causes predominantly dry conditions 

during periods of low sea level (35 – 14 ka) and wet conditions during periods of high sea 

level (Late MIS 3 and the Holocene), and meltwater fluxes into the North Atlantic lead to 

dry conditions during Heinrich Stadials. Using this prior knowledge of the HH-1 records, 

we assess changes to the HH-1 𝛿18O record after we apply the PCP correction. Due to 

assumptions we make in the correction method and the resulting uncertainties (see 

Methods), we focus our analyses on large-scale changes in the HH-1 𝛿18Ocorr record. 

As expected, the HH-1 𝛿18O and 𝛿18Ocorr records have notable differences (Figure 

4.2a). The original 𝛿18O record ranges from -3 to -10 ‰, whereas the 𝛿18Ocorr record has a 

smaller range of -6 to -10 ‰. Because the correction removes the PCP signal, the largest 

changes occur during periods of high PCP (high 𝛿18O and Mg/Ca) and the smallest changes 

occur during periods of low PCP (low 𝛿18O and Mg/Ca). This results in minimal corrections 

during wetter periods of the record, 45 – 35 ka and 13 – 4 ka, and large corrections during 
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the driest periods of the record, 35 – 30 ka and 25 – 14 ka. With corrections reaching over 

4‰ in places, they remove some notable features the original 𝛿18O record shares with the 

HH-1 Mg/Ca and 𝛿13C records. This includes the drying trend starting at 35 ka and the 

abrupt shift to wet conditions at 14 ka, both features reflecting changes in autumn rainfall 

amount driven by sea level change (Patterson et al., 2023). The correction also removes the 

anomalous negative excursions (wet excursions) from 30 – 25 ka and at 16 ka. Features 

preserved in the 𝛿18Ocorr record include positive excursions during the Younger Dryas and 

Heinrich Stadials 1, 3, and 4. Overall, the 𝛿18Ocorr record no longer shows a relationship 

with sea level change, but remains sensitive to changes in AMOC (Younger Dryas and 

Heinrich Stadials). 

 To test whether HH-1 𝛿18Ocorr tracks the changes in 𝛿18Op, we compare the HH-1 

𝛿18Ocorr record to regional speleothem 𝛿18O records and isotope enabled climate model 

output. We first compare HH-1 𝛿18Ocorr to a composite 𝛿18O stalagmite record from China, 

which reflects Asian summer monsoon strength (Cheng et al., 2016). The China composite 

shows better agreement with the HH-1 𝛿18Ocorr record than the original HH-1 𝛿18O record 

(Figure 4.3). They have similar values and are strongly in phase from 45 – 11 ka. Both show 

positive excursions during Heinrich Stadials and the Younger Dryas, and negative 

excursions during some Dansgaard Oeschger Events. Since 𝛿18Op is the primary driver of 

the China composite 𝛿18O record, its similarities to the HH-1 𝛿18Ocorr indicate that HH-1 

𝛿18Ocorr also reflects 𝛿18Op variability. Interestingly, these records are antiphased during the 

Holcoene. Since the HH-1 record ends at ~4 ka, we are unable to determine whether this 

antiphasing continues for the duration of the Holocene.  
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Figure 4.3. HH-1 𝛿18O and 𝛿18Ocorr compared to a composite 𝛿18O record of Chinese 
stalagmites. Time series and scatter plots of China composite 𝛿18O (blue) vs a,c) HH-1 𝛿18O 
(gold) and b,d) HH-1 𝛿18Ocorr (black). Holocene values (grey circles) were excluded from R2 
values displayed on bottom right corner of panels c and d. 
 

 To compare the HH-1 𝛿18O records to simulated central Vietnam 𝛿18Op, we use 

climate model simulations from iTRACE, an isotope-enabled transient climate model 

spanning the deglaciation, 20 – 11 ka (see Methods in Patterson et al. (2023)). Like the 

comparisons to regional 𝛿18O records, the JJA, SON, and annual iTRACE 𝛿18O time series 

better correlate to the HH-1 𝛿18Ocorr record than the original 𝛿18O record (Figures 4.4,4.5). 

While the correlation with JJA is highest (Figure 4.5d), the HH-1 𝛿18Ocorr time series better 

visually matches the 𝛿18O values and magnitude of change in the annual and SON time 

series (Figure 4.4b). The strong agreement between these records suggests that iTRACE 

correctly simulates 𝛿18Op variability in central Vietnam and provides further evidence that 

the HH-1 𝛿18Ocorr record reflects changes in 𝛿18Op.  
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Figure 4.4. HH-1 𝛿18O and 𝛿18Ocorr compared to iTRACE 𝛿18O. Time series of HH-1 a) 
𝛿18O (orange) and b) 𝛿18Ocorr (black) vs iTRACE JJA (purple), SON (light blue), and annual 
𝛿18Oc (red). iTRACE 𝛿18Oc (VPDB) calculated from mean weighted 𝛿18Op (VSMOW) output 
using Equation 1 in (Daëron et al., 2019). iTRACE curves are smoothed with a 100 year 
running mean. 
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Figure 4.5. Scatter plots of iTRACE 𝛿18Op vs HH-1 𝛿18O (orange, a-c) and HH-1 
𝛿18Ocorr (black, d-f). iTRACE output was smoothed with a 50 yr running mean. R2 value 
displayed in bottom right corner of each panel. 
 

4.3.3. Central Vietnam 𝛿18Op variability over the last 45,000 years 

We interpret HH-1 𝛿18Ocorr as a record of weighted annual mean 𝛿18Op in central 

Vietnam. Understanding this record is challenging because both summer (JJA) and autumn 

(SON) rainfall, specifically the relative contribution of each season, drive modern annual 

𝛿18Op variability in central Vietnam (Wolf et al., 2020). This means that HH-1 𝛿18Ocorr 

variability could reflect changes in JJA 𝛿18Op, SON 𝛿18Op, or the two seasons simultaneously. 

For this reason, we consider both the summer and autumn monsoons when interpreting 

the HH-1 𝛿18Ocorr record. 

 We first examine 𝛿18Op variability during the deglaciation using iTRACE simulations. 

The similarity between the simulated JJA and SON 𝛿18Op time series and their strong 

correlation with the HH-1 𝛿18Ocorr record makes disentangling the summer and autumn 

monsoon signals difficult (Figures 4.4, 4.5). A previous analysis of iTRACE simulations 

found that changes in seasonality (summer vs autumn rainfall) minimally contributes to 

annual 𝛿18Op change across East and Southeast Asia (He et al., 2021). Instead, they show 

that changes in the isotopic composition of JJA rainfall controls annual 𝛿18Op variability 

during the deglaciation, with SON 𝛿18Op playing a minor role. However, iTRACE simulations 

underestimate SON rainfall amount (see Figure S1e in Appendix B), suggesting that the 

model may not capture the full influence of SON rainfall on the annual 𝛿18Op signal. 

Ultimately, HH-1 𝛿18Ocorr record best matches the values of the annual 𝛿18Op simulation 
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(Figure 4.4), suggesting that our stalagmite likely records the combined 𝛿18Op signal of both 

monsoon seasons.  

When broken down into individual forcings, iTRACE 𝛿18Op simulations reveal that 

meltwater forcing drives the majority of 𝛿18Op variability during the deglaciation (MWF 

curve in Figure S2). This includes positive excursions during the HS1 and YD meltwater 

events, features also present in HH-1. In addition to HS1 and the YD, the HH-1 𝛿18Ocorr 

record shows positive excursions during Heinrich Stadials 3 and 4, indicating central 

Vietnam 𝛿18Op responds somewhat consistently to meltwater events. The absence of HS2 in 

the HH-1 record indicates that HS2 is weaker compared to other instances, which aligns 

with observations made in other paleoclimate records (Lynch-Stieglitz et al., 2014; Wright 

et al., 2023). The signature of meltwater events on the Asian summer monsoon is well 

documented in speleothem 𝛿18O records (Cheng et al., 2016; Zhang et al., 2018). During 

meltwater events the southward shift of the ITCZ and westerly jet weakens moisture 

transport (Zhang & Delworth, 2005), which reduces upstream rainout and increases 𝛿18Op 

values across  the region (Pausata et al., 2011). Conversely, the meltwater-driven 

mechanism on 𝛿18Op during SON is currently unknown. 

The drivers of Holocene 𝛿18Op variability in central Vietnam are less clear. During 

the Holocene, speleothem 𝛿18O records of Asian summer monsoon intensity reach their 

𝛿18O minimum in the early Holocene (Figure 4.3), lagging Northern Hemisphere Summer 

Insolation by ~3 kyrs (Cheng et al., 2016; Wang et al., 2008). The HH-1 𝛿18Ocorr record does 

not follow this trend, but rather increases starting at 11 ka. This suggests factors other than 

changes to summer 𝛿18Op affect central Vietnam 𝛿18Op during the Holocene. Two 
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possibilities included changes in seasonality (summer versus autumn precipitation 

amount) and/or the isotopic composition of autumn rainfall, 

Decreased seasonality (decreased summer precipitation relative to autumn 

precipitation) is one possible driver of increased Holocene 𝛿18O in the HH-1 𝛿18Ocorr record. 

Less summer rainfall (more negative 𝛿18Op) or more autumn rainfall (more positive 𝛿18Op) 

would increase annual 𝛿18Op values. The orbitally and greenhouse gas forced (ORB+GHG, 

the strongest forcings during the  Holocene) iTRACE simulations, do not agree with this 

theory, showing JJA precipitation increasing relative to SON precipitation into the Holocene 

(Figure S3). A  lake record from Thailand shows similar results, with summer precipitation 

peaking during the mid-Holocene (Chawchai et al., 2013). As for changes in autumn 

precipitation amount, the HH-1 proxies of local hydroclimate, which reflect autumn rainfall 

amount, show relatively little change in autumn rainfall during the Holocene (Figure 4.2). 

Importantly, during the Holocene and in other portions of the HH-1 record, both proxies 

reach a lower threshold (dashed line in Figure 4.2b), where they are less sensitive to 

hydroclimate. This suggests that the HH-1 record may not fully capture hydroclimate 

variability during the Holocene. Additional records of Holocene autumn rainfall are 

necessary to evaluate changes in local rainfall amount. Altogether these results do not 

suggest that seasonality drove HH-1 𝛿18O change during the Holocene. 

Higher autumn monsoon 𝛿18Op values would also increase annual 𝛿18Op during the 

Holocene. Since we know little about the isotopic controls on autumn monsoon rainfall, we 

can only speculate on its potential drivers. For instance, a decrease in local autumn rainfall 

amount could decrease 𝛿18Op. However, this is unlikely, because 𝛿18Op of autumn rainfall is 

not linked to rainfall amount (He et al., 2021; Wolf et al., 2020). Other factors, such as a 
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more proximal moisture source (less upstream rainout, (Pausata et al., 2011)), decreased 

stratiform versus convective precipitation (Aggarwal et al., 2016), changes in 

microphysical cloud processes (Bony et al., 2008; Risi et al., 2008), and decreased cloud-top 

height (Cai & Tian, 2016) would all increase autumn 𝛿18Op. Without a deeper 

understanding of the drivers of SON 𝛿18Op, we cannot propose a single mechanism. 

In summary, during the Late Pleistocene, meltwater-forced changes in 𝛿18Op drive 

central Vietnam 𝛿18Op variability. With the HH-1 𝛿18Ocorr record deviating from other 

regional 𝛿18O records during the Holocene, our understanding of Holocene 𝛿18Op variability 

in central Vietnam is less clear. Moving forward, more 𝛿18O records from this region, 

particularly of the Holocene, and more in-depth investigations into autumn monsoon 𝛿18Op 

dynamics are essential. 

 

4.4. Implications 

In this study, we emphasize the significant impact of PCP on a speleothem 𝛿18O 

record, which has far-reaching implications for our understanding of 45,000 years of 

central Vietnam 𝛿18Op variability. Without consideration of PCP and our attempts to 

remove it, we would have severely misinterpreted the HH-1 𝛿18O record. Furthermore, this 

would have led us to misdiagnose model-proxy disagreement with iTRACE, despite the 

model performing well. While certain inaccuracies in speleothem 𝛿18O records are 

inevitable, it remains essential to address and eliminate them to improve their utility and 

reliability.  

Although PCP only affects speleothem 𝛿18O under certain conditions (when PCP 

occurs on the cave ceiling or stalactite), future studies should screen for PCP-influenced 
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𝛿18O when generating new speleothem records. This could be done through the generation 

of multiproxy stable isotope and trace elements records from the same speleothem. While 

it is currently unknown how widespread the effects PCP on speleothem 𝛿18O are, PCP is a 

well-documented driver of many existing 𝛿13C and trace element records. Thus, generating 

and interpreting speleothem 𝛿13C and trace element records alongside 𝛿18O records could 

identify whether PCP occurs in drip waters feeding the speleothem sample. As shown in 

this study, strong similarities between speleothem 𝛿18O and these proxies are an indicator 

of PCP-influenced 𝛿18O. 

Furthermore, we show that with a Mg/Ca record and a good understanding of the 

cave environment, it is possible to remove the PCP signal from a speleothem 𝛿18O record. 

Although this method is relatively novel, it builds upon well-established geochemical 

relationships. We acknowledge that this method requires a precise understanding of cave 

environment and may not be suitable for all PCP-affected speleothem records. Nonetheless 

our findings reveal the potential of this method and underscore its significance in 

advancing the field of speleothem science. 

 

4.5. Methods 

4.5.1. 𝛿18O PCP correction procedure and model description 

Our geochemical model corrects for PCP in the HH-1 𝛿18O record using the HH-1 

Mg/Ca time series. Notably, Mg/Ca has been used to remove PCP from speleothem 𝛿13C 

records (Stoll et al., 2022), but has been underutilized as a method to correct speleothem 

𝛿18O records. Because the methods we utilize are well-established, we outline our general 

procedure and model description here.  
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The following equations describe how PCP affects speleothem Mg/Ca and 𝛿18O. 

 

Mg/Ca0 + Mg/CaPCP = Mg/Caobserved (Eq. 1) 

 

𝛿18O0 + 𝛿18OPCP =  𝛿18Oobserved (Eq. 2) 

 

Here, the Mg/Ca0 and 𝛿18O0 terms represent the initial Mg/Ca and 𝛿18O values of 

calcite precipitated from drip water. Mg/Ca0 generally reflects bedrock or soil derived Mg 

flushed into the epikarst, whereas 𝛿18Op is the main driver of 𝛿18O0. We assume Mg/Ca0 

does not change much through time, so we use a constant Mg/Ca0 value in the model (see 

model parameters section). Conversely, we expect 𝛿18O0 to vary through time and follow 

changes in 𝛿18Op. The Mg/CaPCP and 𝛿18OPCP terms represent the Rayleigh fractionation 

between the drip water and precipitated calcite that occurs during PCP. Mg/CaPCP or 𝛿18OPCP  

is a function of PCP length, the duration of calcite precipitation (in seconds) that occurs in 

the drip water prior to reaching the speleothem. The Mg/Caobserved and 𝛿18Oobserved terms 

represent the measured 𝛿18O and Mg/Ca values in the speleothem. Longer PCP lengths 

(higher XPCP) allow for increased Rayleigh fractionation between drip water and 

precipitated calcite, resulting in larger differences between X0 and Xobserved (higher 

speleothem 𝛿18O and Mg/Ca). The model first estimates PCP length for each time point with 

the HH-1 Mg/Ca time series (Mg/Caobserved) and a constant Mg/Ca0 value (Eq. 1, Figure S4). 

From PCP length, we calculate the equivalent PCP induced change in 𝛿18O (𝛿18OPCP). The 

𝛿18OPCP value is then subtracted from the original HH-1 time series (𝛿18Oobserved) to produce 
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the final 𝛿18Ocorr time series (Eq. 2, Figure 4.2a). Ultimately, 𝛿18Ocorr should approximate 

𝛿18O0, which reflects 𝛿18Op variability. 

Our model utilizes well-established geochemical relationships. We use an isotope 

and calcite precipitation model that was first described in Scholz et al. 2009 and is later 

used in many geochemical modeling studies (Deininger et al., 2012; Deininger & Scholz, 

2019; Skiba & Fohlmeister, 2023). The model simulates 𝛿18O evolution of HCO3- through 

time with a Rayleigh distillation model. This model has three sinks (H2O, CO2 degassing and 

CaCO3 precipitation), estimates carbonate precipitation rate using an exponential approach 

(Dreybrodt, 1980), and accounts for oxygen isotope exchange between drip water HCO3- 

and the water reservoir (H2O exchange).  

 

4.5.2. Model parameters 

The isotope evolution and CaCO3 precipitation models we use for the PCP correction 

require a variety of parameters as inputs (Table S1). We use direct measurements of the 

cave environment when possible and when unavailable, use model output and values from 

the literature. To understand the uncertainty of our correction, we also performed 

sensitivity testing with some of the model parameters. Here, we describe each parameter 

and explain the values we chose for the initial correction as well as the sensitivity testing. 

We use a constant value of 2.23 mmol/mol for Mg/Ca0 (black dashed line in Figure 

4.2b). We derived this value by averaging two portions of the HH-1 Mg/Ca record (45 – 37 

ka, and 11 – 4 ka) where little to no PCP occurred. The comparatively low and relative 

stable Mg/Ca values are indicators that little to no PCP occurred during these periods. For 
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sensitivity testing, we varied Mg/Ca0, between 1.96 – 2.5 mmol/mol, the standard deviation 

of the two time periods. 

 Since temperature was not constant during the last 45,000 years, we approximated 

a temperature time series using a combination of cave monitoring data and iTRACE climate 

model output (Figure S5). We assumed a constant temperature of 21 °C during the 

Holocene (11 – 4 ka in the HH-1 record), the average modern annual temperature of Hoa 

Huong cave. From 20 – 11 ka, we varied temperature based on a 50 year running mean of 

simulated iTRACE surface temperature from the grid cell encompassing the study site. We 

used a constant temperature of 18.5 °C for the time period of 45 – 20 ka, the average 

iTRACE simulated surface temperature from 20 – 19.9 ka. For sensitivity testing, we varied 

temperature from +/- 2 °C, the current seasonal range in Hoa Huong cave (Patterson et al., 

2023). 

 The model also required inputs of the initial Ca concentration (Ca0) and equilibrium 

Ca concentration (Caeq)of the drip water, which are related to the pCO2 in the epikarst and 

in the cave, respectively. Because we do not have measurements of epikarst pCO2, we rely 

on values reported in the literature to estimate Ca0. For our model to be feasible, we use a 

value of 3.4 mol/mol3, which is equivalent to a pCO2 of 45,000 ppm at 20 °C (assume same 

temperature for all following pCO2 values). We acknowledge that this value is higher than 

most soil pCO2 measurements, however several studies found epikarst pCO2 values to be as 

high as 60,000 – 100,000 ppm (Benavente et al., 2010; Peyraube et al., 2013). We test a 

range of values, 3.4 – 4 mmol/mol3 (equivalent to 45,000 – 63,000 ppm), during our 

sensitivity testing. For Caeq, we used a value of 0.8 mol/mol3, which corresponds to a pCO2 

value of 1,400 ppm, an average of the measured pCO2 values from Hoa Huong Cave. For the 
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sensitivity testing, we use a range of 0.6 – 1.4 mmol/mol3, which corresponds to pCO2 

values of 200 – 3,000 ppm. Our low estimate of 200 ppm reflects atmospheric conditions 

during the last glacial maximum and also assumes that the cave is fully ventilated. We 

based our highest estimate of 3,120 ppm on the highest measured value of pCO2 recorded 

in Hoa Huong cave. 

 Since there is no active drip at the collection site, we are unable to measure the drip 

interval. Even though the large growth rate changes indicate that drip interval likely did 

change through time, we use a constant drip interval of 1 drip/second. However, previous 

work found changes in drip interval had a negligible effect on the isotopic composition of 

calcite when compared to the effects of PCP (Skiba & Fohlmeister, 2023). 

We use the Day & Henderson (2013) laboratory-based measurements to calculate 

the partition coefficient of Mg (D(Mg)). Since D(Mg) is temperature dependent, we calculate 

D(Mg) at each time step using the approximated cave temperature record (Fig S5). The 

model also uses temperature dependent 𝛿18O fractionation factors (see Skiba and 

Fohlmeister (2023) for full list). 

 

4.5.3. Model uncertainty and sensitivity testing 

 For the sensitivity analyses, we performed a series of Monte Carlo simulations with 

1,000 simulations each. To assess the uncertainty of the full model, we randomly varied 

each parameter at each time step (Figure S6a, grey shading on 𝛿18Ocorr in figures 4.2-4.4). 

To assess the uncertainty of some parameters, we randomly varied a single parameter 

(Mg/Ca0, cave temperature, Ca0, and Caeq)  while keeping the remaining variables constant 

(Figure S6b-d). For the full model run, the average 1σ deviation was +/- 0.21 ‰, a 
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relatively small value when compared to full range of variability in the HH-1 𝛿18Ocorr record. 

Our tests also revealed that the Mg/Ca0 parameter causes nearly all of the variability in the 

simulations (Figure S6b). The variability of the remaining variables (temperature, Ca0, and 

Caeq), is negligible. This suggests an accurate estimate of Mg/Ca0 is crucial for future use of 

this correction method.  

We also tested whether including H2O exchange in the model impacted the 

correction results and found that its inclusion made very little impact on the correction 

(Figure S7). This is because PCP length is substantially shorter than the time required for 

complete H2O exchange (Figure S4). 

 Importantly, our model only accounts for PCP occurring immediately prior to 

speleothem precipitation (i.e. PCP on the cave ceiling or stalactite) and excludes PCP in the 

epikarst. Since epikarst PCP has no effect on 𝛿18O (Deininger et al., 2021), we expect the 

speleothem 𝛿18O record to only reflect PCP on the cave ceiling/stalactite. Conversely, 

epikarst PCP does effect drip water Mg/Ca. In cases where PCP occurs in the epikarst and 

in the cave, our model would overestimate Mg/Ca-derived PCP length, resulted in an 

overcorrection of the speleothem 𝛿18O record. Because we cannot currently detangle 

epikarst PCP from in cave PCP, we present this caveat to our model approach. The strong 

agreement between the HH-1 𝛿18Ocorr record and other regional speleothem/climate model 

records indicates that our correction method was successful. This mean that most, if not all 

PCP, records in the HH-1 speleothem occurred on the cave ceiling/stalactite. 
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APPENDIX C 

 

 

Figure S1. Study site climatology. a) Map of total annual precipitation in MSEA  derived 

from Asian Precipitation-Highly Resolved Observational Data Integration Towards Evaluation 

(APHRODITE) (Yatagai et al., 2012). Arrows show wind direction of the SW monsoon and NE 

monsoon with average 𝛿18Op values of JJA and SON precipitation. Orange square denotes 

study site location. b) Average seasonal cycle of study site APHRODITE rainfall (purple) 

from the cell encompassing Hoa Huong Cave and 𝛿18Op  (light blue, see Section 1 in Appendix 

A) at Phong Nha-Ke Bang Park Headquarters. 
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Figure S2. Time series of individual forcings of weighted simulated iTRACE 𝛿18Op. 

iTRACE a) JJA, b) SON, and c) annual precipitation time series from the grid cell 
encompassing the study site in response to different forcings (ICE - light blue, ORB - purple, 

GHG - red, MWF - orange, and ALL forcings - black). We standardize the curves by 

subtracting the LGM climatology. The different forcings are isolated from the different 

iTRACE runs as follows; ICE = ICE – LGM, ORB = ICE + ORB – ICE – LGM , GHG = ICE + ORB + 
GHG – ICE + ORB – LGM, and MWF = ICE + ORB + GHG + MWF – ICE + ORB + GHG – LGM. 

Curves are smoothed with a 100 year running mean. 

 

 

 

Figure S3. The fraction of JJA vs SON precipitation from iTRACE simulations for 
orbital and greenhouse gas (ORB+GHG) forcings. Curve smoothed with a 100 year 

running mean. 
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Figure S4. Output of PCP length from the PCP correction model. 

 

 

 

 

Figure S5. Time series of temperature values used in the PCP correction model. 
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Figure S6. Sensitivity analyses of different parameters used in the PCP correction 

model. The black curve in all panels is the final 𝛿18Ocorr time series. Shading shows the 1σ 

standard deviation of the 1000 Monte Carlo simulations at each time point for a) all 

parameters (grey), b) Mg/Ca0 (orange), c) cave temperature (light blue), d) Ca0 (pink), e) 

Caeq (purple). In some cases (e.g. panel c), the shading may be too small to see on the plot. 
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Figure S7. PCP correction with and without H2O exchange incorporated in the model. 

a) PCP length vs 𝛿18O enrichment. b) HH-1 𝛿18Ocorr curves with H2O exchange (black) and 

without H2O exchange (red).  
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Table S1. Values used for PCP correction model and sensitivity testing  

  Parameter Value Sensitivity testing 

Mg/Ca 2.23 mmol/mol 1.96 – 2.5 mmol/mol 

Cave temperature 
21ºC  (4 – 11 ka) 
iTRACE mean annual T (11 – 20  ka) 
8.5ºC (20 – 45 ka) 

+/- 2ºC 

Ca0 3.4  mol/mol3 
 3.4 – 4 (mol/mol3) 
Equivalent to 45,000 –  63,000 ppm 

Caeq 0.8  mol/mol3 
0.6 – 1.4 (mol/mol3) 
Equivalent to 200 – 3,120 ppm 

Drip interval 1 drip/second N/A 
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CHAPTER 5: CONCLUSIONS 
 

In this dissertation I use stalagmite HH-1, cave monitoring measurements, climate 

model output, and geochemical models to investigate central Vietnam hydroclimate and 

Southeast Asian autumn monsoon variability over the last 45,000 years. My three data 

chapters (Chapters 2-4) utilize different methods and geochemical proxies to reconstruct 

changes in local and regional hydroclimate. Below, I briefly summarize the main findings, 

implications, and areas for future work for each chapter. 

In Chapter 2, I present a new qualitative multiproxy record of autumn monsoon 

rainfall, which provides significant advancements in our understanding of central Vietnam 

hydroclimate. I find that, since the Late Pleistocene, the Southeast Asian autumn monsoon 

was highly variable and underwent periods of abrupt change. Using both the speleothem 

record and climate model output, I identify a previously unknown driver of Southeast Asian 

autumn monsoon variability on millennial to orbital timescales – local sea level change, 

specifically the inundation and exposure of the Gulf of Tonkin and South China shelf. 

Altogether, these findings shed new light on the understudied Southeast Asian autumn 

monsoon. However, due to the 30-year resolution of the HH-1 record, I was unable to 

investigate short-term hydroclimate change. Thus, additional high resolution paleoclimate 

reconstructions are needed to study autumn rainfall variability on interannual to 

multidecadal timescales. This could be partially achieved by sampling stalagmite HH-1 at a 

higher resolution (e.g. high resolution micromilling and/or laser ablation methods). 

Additional speleothem samples will be necessary to investigate interannual to decadal 
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variability during periods of slow growth in HH-1 (e.g. the Last Glacial Maximum) and/or 

not covered by the sample (modern – 4 ka or >45,000 ka). 

The implications of the role of sea-level in the HH-1 record extend beyond the 

Southeast Asian autumn monsoon. While future projections for land exposure change in 

the Gulf of Tonkin and the South China shelf are minimal, my findings underscore the 

potential for rapid shifts in local sea level to trigger abrupt hydroclimate change in 

surrounding regions. Given the projected sea-level rise driven by anthropogenic climate 

change, vast landmasses worldwide, including the vulnerable Mekong Delta in southern 

Vietnam, face the risk of inundation. My results serve as a crucial example of how such 

landmass transformations can significantly impact precipitation patterns on a local scale. 

  In Chapter 3, I present a semi-quantitative reconstruction of rainfall using 𝛿44Ca. 

Calcium isotopes are a promising and new speleothem proxy, making my findings a 

valuable addition to the limited literature in the field. My analyses demonstrate that HH-1 

𝛿44Ca measurements not only serve as a record of central Vietnam hydroclimate but also, 

when translated to rainfall amount, exhibit comparable changes to climate model 

simulations. Ultimately, the 𝛿44Ca record builds upon the results of Chapter 2, as it semi-

quantifies the shifts in rainfall amount caused by sea-level change. 

The introduction of quantitative reconstructions of rainfall amount is a significant 

advancement for speleothem science, given that most proxies used in this field are 

qualitative. Importantly, substantial methodological limitations and uncertainties around 

𝛿44Ca-derived rainfall remain. To further refine these estimates of rainfall change, it is 

imperative to deepen our understanding of site-specific calcium isotope systematics and 

the relationship between precipitation and PCP. Addressing these challenges would 
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transform semi-quantitative reconstruction into more comprehensive and robust 

quantitative records of past rainfall change.  

For future work with calcium isotopes in Hoa Huong cave, I would recommend 

collecting and measuring the 𝛿44Ca of modern calcite, drip water, and additional bedrock 

samples. These data would better constrain a site-specific fractionation factor, which would 

improve our estimates of PCP and rainfall amount. To address the unknown relationship 

between PCP and rainfall amount, I would suggest conducting a multiyear cave monitoring 

program where measurements of drip rate, drip water 𝛿44Ca, modern calcite 𝛿44Ca are 

compared directly to local rainfall amount. Lastly, I suggest generating multiple 

overlapping speleothem 𝛿44Ca records from Hoa Huong cave, which would reveal the 

reproducibility and consistency of calcite 𝛿44Ca in a single cave system. 

Chapter 4 focuses on the HH-1 𝛿18O record, which I use to interpret large-scale 

hydroclimate change rather the local rainfall amount. I demonstrate that PCP, a long-

dismissed control on speleothem 𝛿18O, affects the HH-1 record. After correcting the 𝛿18O 

record for the effects of PCP, HH-1 𝛿18O shows agreement with regional 𝛿18O records and 

climate model simulations. Although controls on autumn 𝛿18Op and the drivers of Holocene 

𝛿18Op variability remain partially unresolved, the HH-1 𝛿18O record is a robust 

reconstruction of central Vietnam 𝛿18Op. The corrected 𝛿18O record builds upon a vast 

network of speleothem 𝛿18O records from across the Asian monsoon region, providing the 

longest record from Mainland Southeast Asia, a region largely devoid of 𝛿18O paleorecords. 

Additional 𝛿18O records from central Vietnam, particularly those spanning the Holocene, 

would prove invaluable in resolving the main drivers of regional 𝛿18Op.  To better constrain 

controls on modern and past autumn 𝛿18Op, I would recommend an in-depth investigation 



 

113 
 

of local instrumental data and isotope-enabled climate model output, similar to that of 

Yang et al., 2016. 

The novel approach I adopt to interpret and correct the HH-1 𝛿18O record has 

significant implications for the field of speleothem science. Considering 𝛿18O is the most 

commonly utilized proxy in speleothems, with hundreds of records worldwide, my findings 

that PCP affects speleothem 𝛿18O prompts a reevaluation of existing and future speleothem 

𝛿18O records. As a result, my research sets the foundation for screening and correcting 

speleothem 𝛿18O records for PCP. However, further work is necessary to evaluate the 

prevalence of PCP-influenced 𝛿18O and to rigorously test the effectiveness of the 

geochemical model used in the correction method. This knowledge will enhance the 

accuracy and reliability of speleothem-based 𝛿18O reconstructions, thus avoiding 

misinterpretation of climate records. 

Lastly, proxy-model comparisons are a common thread throughout my dissertation. 

These comparisons serve a dual purpose: 1) to validate climate model output, and 2) to 

identify the primary large-scale drivers of Southeast Asian autumn monsoon rainfall 

amount and 𝛿18Op. The remarkable agreement observed between the iTRACE simulations 

and the HH-1 record is a promising indication that the model accurately captures the 

dynamics of the Southeast Asian autumn monsoon. Using this information, I was able to use 

climate model output to identify sea level as the main driver of the autumn rainfall 

variability on millennial to orbital timescales. Importantly, this agreement also strengthens 

our confidence in the model to correctly simulate future hydroclimate change. 

Despite the valuable insights gained from these comparisons, it is important to 

acknowledge that the use of only one climate model presents some limitations. 
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Incorporating additional climate models would improve the certainty of the conclusions of 

my dissertation. For example, in Chapter 3, using a diverse suite of climate models would 

provide a more comprehensive estimate of past rainfall change, improving my assessment 

of the 𝛿44Ca-derived rainfall record. Future studies should consider including multiple 

climate models to better refine our understanding of the Southeast Asian autumn monsoon 

and its broader implications for regional hydroclimate variability. 

In summary, my dissertation comprehensively explores Southeast Asian autumn 

monsoon variability since the Late Pleistocene, significantly enriching our knowledge of 

this understudied phenomenon and holding the potential to better inform our predictions 

of future hydroclimate change. My implementation of novel geochemical proxies, such as 

𝛿44Ca, along with the development of innovative methods like PCP removal, improved my 

analyses and advances speleothem science. Ultimately, my work opens new avenues for 

research and contributes to the broader field of climate science. 
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