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ABSTRACT OF THE DISSERTATION

Investigating the Impacts of Climate, Hydrology, and Asian Monsoon Intensity on a 13 kyr

Speleothem Record from Laos

By

Hongying Yang

Doctor of Philosophy in Earth System Science

University of California, Irvine, 2016

Associate Professor Kathleen Johnson, Chair

[ present a high-resolution record of Southeast Asian Monsoon (SEAM) evolution compiled
from 5O measurements conducted on five U-Th dated speleothems from Tham Mai Cave
in northern Laos (20.75N, 102.65E), a key site at the interface between the Indian and
East Asian monsoon systems. The speleothem oxygen isotope records are tied to robust
uranium-series dates and indicate the records span from 0.79 to 13 kyr BP with sub-decadal
resolution. During the Holocene, the Tham Mai speleothem §'0 records are characterized
by lower values during the early to mid-Holocene with increasing values towards the late
Holocene. This is similar to trends seen throughout the Asian monsoon region, reflecting
the strong insolation control on monsoon strength and I'TCZ position. The Younger Dryas
is characterized by an abrupt 'O increase and is synchronous with the even observed in
Chinese speleothem records and Greenland ice cores within age uncertainties. This suggests

that the SEAM weakened in sync with high-latitude abrupt cooling events.

Four speleothems from Tham Mai cave grew contemporaneously from 4,300 years BP to

9,000 years BP. These four samples show a similar 680 pattern, despite a 1.2%0 between
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sample 60 variability is observed. A lumped parameter forward model method (KarstFor
model) is used to assess to which extent this 1.2 %o discrepancy can be attributed to hydro-
logical variability. Results suggested that this 1.2 %o discrepancy can be generated due to

hydrological variability within one cave.

To better interpret interannual §**QO variability in high-resolution oxygen isotope records in
the Asian Monsoon region, I utilize existing simulations from a spectrally nudged isotope-
enabled general circulation model (IsoGSM) to investigate the climatic controls on 680, at
four cave locations along the Asian monsoon region. Results show that §'%0,, at the four cave
sites reflects large-scale ocean-atmosphere processes, instead of local precipitation amount.
Spatial correlation with vertical wind shear indicates that §'®*0, at all sites is significantly
related to monsoon strength and Walker circulation. The spatial correlations with SST and
precipitation, suggest that the ENSO likely does play a role and that central Pacific type El

Nifio events influence precipitation ¢80 in Oman and northern Laos, in particular.
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Chapter 1

Introduction

1.1 Background

The tropics play an important role in the study of global climate change because they
transport energy and moisture from low latitude to high latitudes through the global at-
mospheric general circulation. Rainfall in the tropical Indian and Pacific Ocean regions is
controlled by complex atmospheric mechanisms such as the migration of the Intertropical
Convergence Zone (ITCZ), the Asian-Australian monsoon system, the El Nifio Southern
Oscillation (ENSO), and the Indian Ocean Dipole (IOD). These systems are closely cou-
pled with one another and are known to be sensitive to external forcing, such as seasonal
and orbital scale variations in solar insolation, and to internal forcing, such as changes in
Atlantic Meridional Overturning Circulation (AMOC), that occur during abrupt climate
changes (Chiang, 2009). Convection over the Indo-Pacific warm pool (IPWP) region pro-
vides the largest source of heat and moisture to the global climate system. The seasonal and
orbital change of the I'TCZ migration influences the onset, duration, strength and termina-

tion of the rainfall season in the tropical and subtropical areas. ENSO wvariability, which



is connected to the Pacific Walker Circulation, also profoundly influences tropical Pacific
hydrology. Furthermore, the Asian monsoon (AM) is an important climate system that
affects more than half of the world’s population and has been shown to be influenced by
ITCZ and ENSO. The AM region has been further divided into several sub-domains, which
display more coherent precipitation variability, including the East Asian monsoon (EAM),
the Indian Summer monsoon (ISM; or the India-China monsoon;) and the Southeast Asian
monsoon (SEAM) (Conroy and Overpeck, 2011a; Dayem et al., 2010). Almost two-thirds of
the global population lives in the AM domain (P. D. and R. A, 2008). Any small changes in
these systems can impact global climate, and the reorganization of these systems may play a
major role in abrupt climate transitions. Even small variations in the strength and timing of
seasonal rainfall can have significant impacts on the billions of people living within tropical

and the AM domain.

An ensemble of of climate models has agreed that future temperature will increase with
increasing greenhouse gases in the atmosphere (IPCC,2013). However, model projections
on regional precipitation still have large uncertainties, especially on precipitation over trop-
ical and AM regions (IPCC, 2013)(Fig.1.1). CMIP3 and CMIP5 models do not agree well
regarding the sign of AM region precipitation prejection at the end of 21 century. Due to
the scarce knowledge of the dynamical processes that control temporal and spatial monsoon
rainfall variability, it is hard to model and predict precipitation patterns in these regions
(Cook et al., 2010). The atmosphere-ocean coupled general circulation models have failed to
correctly interpret the climatology in the tropical Pacific. For instance, numerical climate
models give variable results when predicting future ENSO change in a warming world (Mer-
ryfield and Boer, 2005; Guilyardi, 2006; Hwang et al., 2011; Yancheva et al., 2007; Paeth
et al., 2008). In addition, the spatial heterogeneity of precipitation over AM region ham-
pers predictive efforts since rainfall in different AM sub-domains does not covary or respond

co-herently to changes in forcing factors (Zhou et al., 2009).
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Figure 1.1: CMIP3(a) and CMIP5(b) models average prediction on present precipitation
change, scaled by the corresponding global average temperature changes (adapted from IPCC
Fifth Assessment Report, 2013). Stippled indicates 90% model agreement on sign of change
and changes is more than two standard deviations away from the model’s internal variability.

How will the tropics and AM respond in a warming world? Will the ongoing global warm-

ing cause more extreme summer rainfall? Can we predict future tropical monsoon region



precipitation with a higher confidence in the future? To answer these questions and to help
refine climates models, we need more knowledge about the factors that influence tropical
climate variations and coupled climate modes over a range of time scales. Successful long-
term climate prediction depends on a robust understanding of the mechanisms that control
how these climate systems work together, the relative importance of these climate systems,
the controlling factors, and the natural range of their variability. Gaining a clearer under-
standing of how climate in these densely populated regions has varied over inter-annual to
millennial timescales is critical to improve monsoon predictions and to implement timely
adaptation measures, especially given the uncertainties still evident in climate model pro-
jections under enhanced greenhouse-gas forcing (Solomon et al., 2007). In order to achieve
a better understanding of ENSO, ITCZ and monsoon dynamics, specific mechanisms that
control their intensities and geographical positions, and their interaction with global climate,
we need to examine how they have changed through time. Due to the limited instrumental

records, paleoclimate records are necessary to solve this problem.

1.1.1 Paleoclimate records in tropical and Asian monsoon domain

The development of paleoclimate reconstructions broadens our knowledge of natural climate
variability on various timescales and underpins our understanding of the response of the
climate system to forcing mechanisms. A number of researchers have reconstructed the
orbital and millennial scale rainfall variability in tropical and the AM region using different
types of proxies, e.g. sediments, tree-ring records, ice core, and speleothems (Fig.1.2) (Conroy

and Overpeck, 2011a).

Despite significant advances in our understanding of tropical and monsoon climate variability
on orbital to millenial timescales (Cruz et al., 2005; Wang et al., 2008), we still know very

little about the range and mechanisms of variability in the Southeast Asian Monsoon (SEAM)



region (red box in Fig 1.2). This highly populated region sits at the interface of the East Asian
and Indian monsoon systems and exhibits natural hydrologic variability related to changing
monsoon strength, ENSO, and the 10D (Conroy and Overpeck, 2011a; Buckley et al., 2010,
2007). High-resolution and continuous paleoclimate records of the Late Pleistocene and
Holocene are desperately needed to determine the natural mechanisms of climate variability

in the SEAM region and improve predictions of future hydrologic change.

Previous studies of paleoclimate in tropical regions are primarily limited to coral (Gagan
et al., 2004; McGregor and Gagan, 2004; Abram et al., 2007), lake (Magee et al., 2004) and
deep-sea sediment records (Stott et al., 2007), tree rings(Li et al., 2011), and pollen (van der
Kaars, 2001; Hope, 2001), which provide limited information of paleoclimate change due
to their short duration or low resolution. In recent years, stable isotopes ratios (680 and
d'13C and trace elements of speleothems have been used as important proxies to reconstruct
paleoclimate especially paleo-rainfall variability at different time scales (Burns et al., 1998;

Wang et al., 2005), but very few stalagmite climate reconstructions have focused on the

SEAM region.

In this PhD thesis, speleothems from Tham Mai cave, northern Laos are studied. New
decadal resolution speleothem records from Laos for the last 13 kyrs are provided. Speleothems
from Tham Mai cave are uniquely situated to fill in the spatial and temporal gaps in the
paleo-hydrologic record of continental Southeast Asia. Our high resolution record from Tham
Mai cave will fill in the spatial gap of paleoclimate records in the SEAM region and provide
insights into the parameters and mechanisms that control variations of rainfall variability

over decadal to centennial time scales.



Figure 1.2: Map showing the mean summer (JJAS) CMAP precipitation (mm/day) from
1979 to 2009 and locations of select paleoclimate records of Asian monsoon variability. Note
the low density of records in the Indo-China peninsula near the location of our study site,
Tham Mai cave (red star), in northern Laos. Modified from Conroy and Overpeck (2011a)

1.2 Speleothems as high resolution climate archives

1.2.1 Formation of speleothems

Spelothems are calcite deposits formed in limestone caves, including stalagmite, stalactites,
and flowstones. Surface water (normally from rainfall) reacts with soil CO, forming carbonic
acid (H,CO;). Carbonic acid dissolves cave limestone bedrock when water moves through
fissures. The deposition of speleothems results either from the evaporation of the cave drip
water or the degassing of carbon dioxide (Fig.1.3). Speleothems near cave entrances are
affected by evaporation due to low relative humidity at these sites. For those speleothems
growing in deep caves, due to the high relative humidity and lower pCO, of cave air relative
to the drip water, speleothem precipitation is driven primarily by degassing of CO,, ( Fairchild
et al., 2006).



The chemical reactions that describe these processes are:

CcO, + H,0 — H,CO,
H,CO;" + CaCO; — Ca*" +2HCO,
Ca*" + 2HCO, — CO, + CaCO, + H,0

meteoric water (+atmospheric CO,)

Wi U

soil zone soil CO. carbonate dissolution

4
«  cave : \
. calcium carbonate precipitation
\\\ ‘ Ca?* +2HCO; - CO, +CaCO; +H,0 l
¥\\_‘_,“_ —_—
\\‘\\.—————_/’ e Y i

Figure 1.3: Schematic representation of the karst processes and speleothem formation.
Adapted from Frisia, S. and Borsato, A. (2010)

Through these processes, the oxygen and carbon isotopes in speleothems incorporate the iso-
topic signal from rainfall, the soil zone, and the epikarst. The variations of oxygen isotopes
in speleothem calcite precipitated under isotopic equilibrium conditions refect the oxygen
isotope signal of precipitation above the cave and cave temperature. Carbon isotope vari-
ation in speleothem calcite is mainly influenced by overlying vegetation change above the
cave,degassing, prior calcite precipitation, and kinetic effects (Baker et al., 1997; Rudzka
et al., 2011; Frisia et al., 2011). In general, speleothems in deep caves are advantageous over
those growing at the entrance, because these tend to precipitate in isotopic equilibrium, with

less influence from rapid CO, degassing, evaporation, and seasonal temperature change.

Speleothem records from tropical areas have proven to be particularly useful archives of

rainfall oxygen isotopes ( Yadava et al., 2004), due to the relatively small temperature change



in the tropics. In addition, several other geochemical proxies, including §'3C and trace

elements, in speleothem calcite are proven to be good recorders of past climate.

1.2.2 The Delta (§) notation

Stable oxygen and carbon isotope ratios are commonly expressed in § notation and in units

of %o relative to international reference standards.

5sample:(Rsample/Rstandard_l ) - 1000

where R is the isotope ratio: R:CR‘W"I—SOW
ommonsotope
180

Conventional and commonly used standards are Vienna Standard Mean Ocean Water (VS-

MOW) for water samples and Vienna Pee Dee Belemnite (VPDB) for carbonate samples.

1.2.3 Speleothem paleoclimate proxies

Speleothems have the potential to provide high-resolution paleoclimate evolution information
needed to refine the climate models from inter-annual to orbital scales. Speleothems provide
excellent paleoclimate proxies because they are often continuously growing, well-preserved,
contain clear visible growth banding, can be precisely dated by U-Th dating, and contain

several types of physical and geochemical proxy data.

Stable oxygen isotope ratios (6'®0) are the most commonly used paleoclimate proxy in
speleothems, and these records have advanced our knowledge of continental temperature
and precipitation variability over the past 500 kyr BP (McDermott, 2004). A number

of speleothem §'80 records and other paleo-records have been published recently from the



monsoon regions, such as China, Oman, Yemen, and India (Wang et al., 2001; Fleitmann
et al., 2007, Hu et al., 2008; Zhang et al., 2008; Berkelhammer et al., 2013) for the sake
of understanding the mechanisms of AM precipitation variation (Fig 1.4). These records
display a coherent variability within East Asia monsoon region and also with those in India
monsoon region, following the change of summer (JJA) mean insolation at 65°N, which
is a reflection of precession influences. The strong similarity between orbital to millennial
scale speleothem ¢8O variability across the broad Asian monsoon region (e.g Wang et al.,
2008; ?; Liu et al., 2014) is suggestive of a large-scale monsoon control rather than a local
precipitation amount control, especially given that precipitation in these disparate locations
does not vary coherently, at least over the instrumental period (Dayem et al., 2010; Conroy

and Overpeck, 2011a).

Speleothem records from China show that the AM was weaker during cold phases in the
Northern Hemisphere (Wang et al., 2001; Yuan et al., 2004; Dykoski et al., 2005), when
the ITCZ tends to move southward (Hughen et al., 1996; Haug et al., 2001; Wang et al.,
2005) on an orbital scale. Wang et al. (2001), provided a continuous record of monsoon
changes from Hulu cave in China, which covers between 11 kyr years BP to 75 kyr BP
using 5 overlapping stalagmites from that cave. This study shows that the changes in
East Asian monsoon strength are mainly controlled by summer isolation, suggesting that
periods of increasing summer isolation result in a higher land-ocean temperature gradient,
which enhances the strength of the summer monsoon. Similar to Chinese cave records,
speleothem records from southern Oman indicate a decrease in the Indian monsoon rainfall
after 8 kyr BP (Fleitmann et al., 2003), consistent with northern hemisphere insolation
forcing. Fleitmann et al. (2003) suggested the connection between ITCZ and Indian ocean
monsoon and hypothesized a mechanism that a more northward ITCZ lifts the height of
the tropic ocean inversion, leading to stronger convection and higher monsoon precipitation

over southern Oman (Fleitmann et al., 2003). Both Chinese and Oman records suggest that



southern shift of ITCZ is driven by a decrease in summer insolation (Fleitmann et al., 2003;

Dykoski et al., 2005; Wang et al., 2005).

Instead of summer insolation, Berkelhammer et al. (2010), investigated a record from Dandak
Cave in east-central India. This study shows a dominant mode of multidecadal variability of
Indian monsoon and interprets this variability as the influence of multidecadal sea surface
temperature variability in the Atlantic. Griffiths et al. (2009) shows the southward displace-
ment of the austral-summer I'TCZ, which was driven by reduced north Atlantic overturning
circulation is the most important driver of Australian-Indonesian summer monsoon rainfall
in southeast Indonesia during the late glacial. In addition, the timing of maximum AM
intensity and several abrupt events (e.g 8.2 and 9.2 event) during the early Holocene period
varies slightly over AM region (Ruddiman, 2006; Clemens and Prell, 2007). There is still
a lack of consensus on the controlling factors of AM over different time scales. It is not
clear if paleo-records from the different AM domains should be expected to covary with each
other as a function of climate forcing over inter-decadal to millennial time scales (Conroy

and Overpeck, 2011b).
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Figure 1.4: Comparison of different speleothem §'80 records from a) the East Asia monsoon
region and b) the Indian monsoon region. These speleothem records show a coherent vari-
ability within East Asia monsoon region and also with those in India monsoon region over
orbital scale. Cave locations are marked in c¢). Green stars show cave locations in Indian
monsoon region. Red stars show cave locations in the East Asia monsoon region. The blue
dashed line is the approximate fringe of modern summer Asian monsoon. Adapted from

(Liu et al., 2014)
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1.3 Speleothems as high resolution records

1.3.1 Advantages of speleothems as high-resolution climate archives

Speleothems have significant advantages over other paleo-records, such as tree rings, lake

sediments, and marine records, since:

1. They can be precisely and absolutely dated using U-series dating techniques (Edwards
et al., 1987; Richards and Dorale, 2003)

2. They are widely spread over continents

3. They are often continuously and fast-growing over thousands of years, well-preserved,

and contain clear visible growth band

4. They contain several types of physical and geochemical proxy data, such as §'80, §*3C,

and trace elements

Although speleothems have a number of advantages in paleoclimate reconstruction, a consid-
erable weakness of speleothems is our limited knowledge of the true sensitivity of measured
proxies (e.g. 680, §13C) to climate variables (Fleitmann et al., 2008) and uncertainties in

uranium-series dating.

1.3.2 Uranium-series dating

Uranium-series (U-series hereinafter) dating is based on the decay of the parent isotope
247 to daughter isotope 23°Th. Under the assumption that speleothem calcite contains no
initial T'h, U-series ages are absolute ages and no correction is needed. Under this condition,

relative age uncertainties are small and typically vary between 0.5 to 2% of the absolute

12



age, depending on the uranium concentration (Fleitmann et al., 2008). However, large

uncertainties in speleothem U-series ages can be generated due to:

1. For younger speleothems, T'h concentration is usually low and close to the detection
limit of mass spectrometers. Thus, for young speleothems with low uranium concen-

tration, age uncertainties can range from 5% to 10% of the absolute age.

2. Large age uncertainties are also associated with the presence of so-called “initial” T'h.
At the time of speleothem formation, incorporation of impurities can lead to artificially

old U-series ages, due to incorporation of excess 2*°Th.

3. Presence of hiatuses and/or non-linear growth rate can introduce significant chrono-
logical error into speleothem proxy records. The undetected hiatus and/or changes in

growth rate between U — T'h dates can introduce significant error in age modeling.

1.3.3 Speleothem age modeling

U — Th dating has been used in paleoclimatology to construct age-depth relationships, es-
pecially for speleothems. However, due to the expensive cost and time-consuming nature
of doing U-series dating, it is generally not possible to date as many samples as we would
prefer. An age-depth model based on U — T'h dates is therefore needed since the measured
climate proxies have a higher resolution than the age points. Hiatuses and changes in growth
rate between two consecutive dating points can induce significant chronological errors into
the age model. Thus, to construct a better age model, which can relate the sediments depth

and its age, becomes important.

Age modelling is a challenge for all climate archives, and a variety of approaches has been
used. The most frequently used method is linear point-to-point interpolation between dated

sub-sample distances. However, the linear interpolation model is only based on two adjacent

13



data points, not able to detect hiatus, and usually has no quantification of the age error
between two data points. Other models, such as least-squares polynomial fits,and various
kinds of splines have also been used. Least-squares polynomial fits have the tendency to
display large curving and can creat overshoots (Scholz et al., 2012). Recently, (Scholz and
Hoffmann, 2011) have presented an algorithm (StalAge) specifically developed for speleothem
age modeling. The StalAge age model delivers an easy to use algorithm that allows robust
uncertainty estimation throughout the length of the record. StalAge can be applied to
problematic datasets that include age inversions, outliers, hiatuses and large changes in
growth rate (Scholz and Hoffmann, 2011). StalAge is also the method we used to contruct

our age models in this dissertation.

1.3.4 Controls on speleothem §'°O

The interpretation of 680 in speleothems is complicated due to since various competing
factors that can influence §'%0 in speleothem calcite. Variations of speleothem 680 reflect
either variations of seepage water 6'*0 and/or cave air temperature variations, if speleothem
calcite is deposited under isotopic equilibrium conditions (Hendy, 1971). On seasonal time
scales, variations of §'80 in precipitation arises from variations in the rainfall source and its
characteristics (e.g., frequency, duration, intensity) and surface air temperature. On decadal
to millennial timescales, additional factors such as changes in the §'®0 in the ocean (“ice
volume” effect), changes in the seasonality of precipitation (change in the proportion of
winter and summer precipitation) and shifts in the source of moisture and/or storm tracks

must be taken into account (e.g. Bar-Matthews et al., 1999; Fleitmann et al., 2003)

In tropical regions, which is the focus region of this dissertation, on a millennial scale, §'*O of
speleothem can be influenced by several factors: 1) global ice-volume effect; 2) temperature

change; 3) variations in rainfall amount related to intensity and/or position of the ITCZ;
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4) changes in the seasonal balance of summer and winter rainfall; and 5) changes in the
frequency and/or intensity of ENSO events (Griffiths et al., 2009). Despite these factors,
speleothem §*¥0 is primarily used as an indicator of monsoon strength or rainfall amount in
tropical areas, with low §'0 values reflecting wet conditions and/or stronger monsoon)and

high values reflecting dry conditions and/or weaker monsoon.

Currently, 60 of speleothem calcite is the most frequently used speleothem-based proxy. It
can provide information on the §'80 of precipitation from annual to millennial time scales.
Data from on-site rainfall and drip water ¢'®0O monitoring programs can be combined with
atmospheric general circulation models equipped with water isotopes to unravel the com-

plexities associated with speleothem §*¥O record interpretation.

1.3.5 Controls on speleothem §3C

Spleleothem §*3C is another important environmental proxy, although the interpretation of

§13C of speleothem remains unclear (Baker et al., 1997).

The complexity of the interpretation of §'3C is due to multiple carbon sources of speleothem
calcite and the fact that several climatic and non-climatic factors can influence the carbon
isotopic composition of calcite. Nevertheless, the §'3C of speleothems has increasingly be-
come an important tool with which to track past changes in environmental and climatic

conditions above and within cave systems, especially when combined with othe proxies.

Specifically, the §'3C of the carbonate should reflect that of the dissolved inorganic carbon
(DIC) of the parent solution, which may be influenced by a number of climate-related factors
including: 1) shifts in the §'3C of soil CO, due to changes in the ratio of C3:C4 plants in
the overlying vegetation cover (Dorale et al., 1998), changes in soil respiration rates, and/or

contributions from atmospheric CO, (Genty et al., 2003); 2) relative contribution of bedrock
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carbon due to changes in open- versus closed-system dissolution conditions (Hendy, 1971) or
the degree of water-rock interaction (Oster et al., 2010); 3) CO, degassing and prior calcite
precipitation upstream of the stalactite drip site (Johnson et al., 2006); and iv) kinetic

fractionation during CO, degassing (Frisia et al., 2011).

Despite the potential for kinetic effects to corrupt the environmental §*3C signal within the
speleothem calcite, many studies have demonstrated that speleothem §*3C shifts often reflect
changes in vegetation cover, the degree of microbial activity in the soil, and/or the effective
water balance within the karst system ( Griffiths et al., 2010b; Genty et al., 2003; Oster et al.,
2010), which are related to climate in such a way that higher §'3C values are indicative of

drier conditions at the study site and vice versa.

1.3.6 Controls on speleothem trace element proxies

Trace elements of speleothems have become important proxies for paleostudies due to their
ability to record annual to interannual cave and local environmental factor changes. Speleothem
calcite incorporates trace elements (e.g. Mg, Sr, Ba, Ca, U, P) into its molecular structure
as it is forming. The ratios of these elements can be used as indicators of cave and local envi-
ronmental condition variations at the time of deposition. However, the relationship between
trace element content in speleothems and climatic conditions can vary between caves due to
differences in their general setting, such as thickness and chemical composition of bedrock,
groundwater movement, soil thickness and climatic conditions. Despite these difficulties
there is fast growing interest in speleothem-based trace elements time-series. Trace elements
of speleothem is not a focus of this thesis, but will certainly be an interesting further study

direction.
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1.3.7 Cave monitoring for proxy calibration

Although speleothem proxies have great potential as high resolution paleoclimate records, an
important prerequisite in using the stable isotopes (680 and §'3C) as climate indicators is
that the carbonate deposition occurred at or close to isotopic equilibrium with the cave drip
water. It has been demonstrated that the proxies in stalagmites from different cave systems
may respond differently to surface climate and environmental changes (Baker et al., 1997).
Understanding the modern water-carbonate geochemistry mechanisms at the study site, is
an essential prerequisite for the interpretation of these geochemical proxies. In some cases,
the cave environment, such as cave CO, concentration, humidity, drip rate and soil zone,
may influence the isotope signals in speleothems when they were forming (Fairchild et al.,
2006), which may change the key climatic signal preserved in speleothem calcite. In order to
obtain robust paleoclimate records, detailed studies of modern cave systems are required to
determine the modern environmental controls on speleothem geochemistry (Fairchild et al.,

2006).

Cave monitoring allows for a better understanding of the variables, such as temperature,
relative humidity, and CO, concentration, all of which control the growth rate and geochem-
istry of modern water-carbonate systems. In order to understand how different caves record
modern climate process and also accurately interpret stable isotope and trace element varia-
tions, the relationship between cave environment, modern rainfall and isotope signals needs

to be understood.

1.3.8 Forward modeling of stalagmite 60

The interpretation of stalagmite 680 proxies as climate records requires a stationary quan-
titative relationship between stalagmite 6'®0 and climate parameters, such as precipitation

(Bowen and Wilkinson, 2002a; Fischer and Treble, 2008; Jones, 2009). However, processes

17



that transform 6'®O of rainfall, in the soil, ground water and within the cave are very
complex (Fairchild et al., 2006). Water infiltrating the soil zone and permeable epikarst
eventually reaches karst aquifers (cave cavities). Once within the karst aquifer, various flow
paths deliver karst water to drip sites in cave. The storage capacity, outflow rates of karst
aquifers, and different flow paths determine the response of those drip sites to rainfall events.
The geochemical climate signal (e.g. 6'®0) is thus transformed from the surface to stalag-
mites (Fairchild et al., 2006), and the factors controlling this transformation process are
site specific. Researchers therefore calibrate high-resolution stalagmite proxy data against
instrumental data using regression approaches (Baker and Bradley, 2010). However, this
approach is limited to study sites where modern annual resolution stalagmite records are

available.

Baker and Bradley (2010) developed a forward modeling based approach (KarstFor model)
to investigate the role of karst hydrology process quantitatively (Fig.1.5). For the study
sites, where §'80 of precipitation is available, the KarstFor model uses conceptual models of
karst hydrology to forward model the §'¥O from rainfall to stalagmite (Baker and Bradley,
2010). This forward modeling method has progressed to be driven by Global Climate Model
(GCM) output to provide constraints on the climate proxy calibrations (Baker et al., 2012,
2013; Lohmann et al., 2013). This forward modeling approach will not only provide a method
to access the stationarity between stalagmite §®0 and climate parameters, but also allow
one to quantify possible between-sample variabilities in §'80 associated with hydrological

variability within one cave and/or under similar climate regions.

1.4 Study site

In this dissertation, I utilize five speleothems from Tham Mai cave, Laos, to construct

decadal resolution stable isotope records (680 and §'3C) to provide a history of the SEAM
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Figure 1.5: Conceptual diagrams of numeric models of karst water movement to stalagmites.
a) Two-layer model of (Fairchild et al., 2006). (b) Single reservoir with overflow feed model
of (Baker et al., 2010) (c) Single reservoir model with underflow feed of (Baker and Bradley,
2010) and (d) lumped parameter model of (Chris Bradley and Andy Baker and Catherine
N. Jex and Melanie J. Leng, 2010; Baker et al., 2013). Adapted from Baker and Fairchild
(2012).

hydroclimate variations over past 13 kyr BP. The speleothem records are tied to 63 U — Th
ages in total. Age models are constructed for each stalagmite. I compare the geochemical
time-series with numerous paleoclimate records across the AM region, Greenland, and South

America to investigate regional coherence and tele-connections in the paleoclimate records.

This study site sits at the interface of East Asian monsoon and Indian monsoon systems and
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is ideally located to capture substantial hydrologic variability related to changing monsoon

strength and coupled climate modes such as the ENSO and 10D.

—1 [ [ [ [ T

100 200 300 400 500

Figure 1.6: Average vertical integrated atmospheric water vapor flux for JJAS of 1979-
2009 based on the reanalysis monthly data from the NCEP-NCAR. The color indicates
the intensity of water vapor flux (kg/m/s). The arrows indicate direction of moisture flux
transport. Red star is the location of Tham Mai cave, Laos, 20.75° N, 102.65° E.

1.5 Research objectives

My main research objectives are to use Tham Mai cave speleothems and a spectrally nudged
isotope-enabled general circulation model (IsoGSM) coupled with instrumental climate data

to address:

1. How has regional climate of Southeast Asia varied over the past 13 kyrs on decadal to

orbital timescales?
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2. What are the mechanisms that control precipitation and speleothem 'O on orbital
to seasonal timescales in Laos, in the tropical Indo-Pacific, and in the broad Asian

Monsoon region?

3. Can we quantify the noise from cave hydrological processes on speleothem §'80 signa-

tures?

4. What are the dominant mechanisms of interannual to multi-decadal hydrologic vari-

ability in Southeast Asia over the last 13 kyrs?

5. What is the relationship between Southeast Asian Monsoon strength and mid-to-high
latitude climate over the last 13 kyrs years? For example, what were the impacts of

the Younger Dryas, and the 8.2 kyr event?

1.6 Chapter outline

To address these research questions, I developed well-calibrated and replicated stable isotope
(6180 and §'3C) records from precisely-dated Laos speleothems covering at least the last 13
kyrs at decadal resolution. I conducted intensive statistical analysis on instrumental /reanal-

ysis/climate model data.

Chapter 1 of this dissertation introduces central aspects of speleothem paleoclimatology. This
chapter first introduces the karst hydrology, deposition of speleothems, dating techniques and

application of stable isotope ratios as paleoclimate proxies.

Chapter 2 of this dissertation presents the result of U —T'h dating for 7 speleothems. A total
of 83 dates are presented in this chapter. In this chapter, I first introduce U — Th dating

technique, sample preparation and column chemistry protocol. I then present our U — Th
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dating results. Mean ?**U concentration, (***Th/*?Th), and detailed age results for each

speleothem are presented.

Chapter 3 of this dissertation presents a high-resolution late Pleistocene to Holocene record
of Southeast Asian Monsoon (SEAM) evolution compiled from five speleothems (TM4, TM5,
TM9, TM11, and TM13) collected from Tham Mai Cave in northern Laos (20.75° N, 102.65°
E). Speleothems from Laos can provide ideal paleorecords for the study of the variation of
the monsoon system and help unravel the controlling mechanisms.The stable isotope(§'20
and 6'3C) records are tied to a chronology constructed from a total of 63 U-Th dates,
which indicate the records extend from 0.79+0.13 to 13.01£0.81 kyr BP with sub-decadal

resolution.

In Chapter 4, I utilize a previously developed speleothem proxy forward model, Karst-
For model (Baker et al., 2013), to quantify the noise of stalagmite 480 signiature asso-
ciated with cave hydrological process. I use existing IsoGSM output(temperature, precip-
itation,eveporation and §'®0,) as input data for KarstFor model. T generate six pseudo
stalagmite 080 proxies. The absolute differences among these six pseudo-proxes is 1.2 %o,
consistent with the observed offset between Holocene speleothem records from Tham Mai

cave.

In Chapter 5, I utilize existing simulations from a spectrally nudged isotope-enabled general
circulation model (IsoGSM) ( Yoshimura et al., 2008) coupled with instrumental climate data
to investigate the climatic controls on 6'*0, at four key cave locations affected by the Asian
monsoon: Qunf cave, Oman; Mawmluh cave, India; Tham Mai cave, Laos; and Dongge
cave, China. I first correlate IsoGSM §'80,, data from the closest grid point of each cave site
spatially with instrumental climate data (e.g. precipitation, SST, SLP, wind stress) from
1979-2010. I find that §'®O at the four cave sites is unrelated to local precipitation amount,
but instead reflects large-scale ocean-atmosphere processes, such as ENSO. To further in-

vestigate how ENSO, IOD and AM affect §'®0,, I composite JJAS §'*0 during strong El
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Nino years, La Nina and IOD years. Through the composite maps, I find that the associa-
tion between AM and ENSO is probably manifested through the change of moisture source.
The positive anomalies over Southeast Asia during El Nino events may reflect increased

contribution of high §**O precipitation from the Bay of Bengal.

Chapter 6 is the final chapter of this dissertation. I discuss areas where future research is
needed, i.e. the AM region paleo-climate reconstruction and controlling mechanism of the

AM region §'%0,,.
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Chapter 2

Speleothem Age Determination

2.1 Introduction

A unique advantage of using speleothems to reconstruct paleoclimate is that they can be pre-
cisely and accurately dated.The development of uranium-thorium (U —Th) dating techniques
with small calcite samples, enabled by the development of TIMS (Thermal Ionization Mass
Spectrometer) and ICP-MS (Inductively Coupled Plasma Mass Spectrometer), has allowed
speleothems to become prominent geological archives for paleoclimate. The initial attempts
to apply the U — T'h method to speleothem (e.g. Rosholt and PS, 1962; Cherdyntsev et al.,
1965) were not well constrained, however, better understanding of U — T'h chronological
techniques on carbonate samples were obtained in early 1970s (e.g. DUPLESSY et al., 1970;
Harmon et al., 1977). In a condition of U — Th disequilibrium in systems and given the
rates of ingrowth of daughter isotopes 23°T'h from parent isotopes 238U and 234U, recently
U — Th methods allows precise and reliable dating of speleothem samples back to 0.6 Ma
(e.g. Edwards et al., 1987; Cheng et al., 2000). MC-ICP-MS (Multi-Collector Inductively

Coupled Plasma Mass Spectrometer) is the most widely used dating techniques to deter-
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mine speleothem U — Th ages, though TIMS and sector field ICP-MS are also utilized (e.g.
Shen et al., 2006; Fairchild and Baker, 2012).

The U — Th dating techniques is based on the decay of the parent isotope to daughter
isotope (#38U- 23U~ 9Th)(Fig.2.1). The radioactive decay law was defined Cosma and

Jurcut (1996); Tvanovich, M. (1982):
N = Nye ™ (2.1)

where:
- N is the number of radioactive nuclei remaining after time t;
-Ny is the initial radioactive nuclei number.

-\ is radioactive constant

& 2
250 ky \ g AUG.W
/@ | 2R
76 kyr

Figure 2.1: The parent isotope 2**U undergoes alpha decay to form the daughter isotope
24U which decays further to form 2*°T'h. The sample age is based on the difference between
the initial ratio of ***Th/?**U and the one in the sample being dated

The carbonate bedrock normally contains both uranium and thorium. Uranium isotopes are
leached from the carbonate bedrock and precipitated as uranyl carbonate with calcite during
speleothem formation. Normally, the precipitating solution does not contain #°Th since
uranium is soluble in water under oxidizing conditions, while thorium is not. Thorium ions
are either absorbed into clay minerals or remain in place as insoluble hydrolysates ( Richards

and Dorale, 2003). From there, ?**U decays radioactively through a series of intermediate

25



daughter products until stable isotope 2°®Pb is produced. This method is based on the
natural separation of U from Th. For U — Th dating, only the decay from #*U to #°Th
(Fig. 2.1) is used. Thus, the amount of ?*°T'h measured in the speleothem is an indicator of
the age of the calcite based on the balance between parent 234U and it’s radioactive daughter
230Th. Provided that the speleothem calcite contains no initial 22°Th, U —Th dating can give
accurate absolute ages that don’t require a correction factor (Richards and Dorale, 2003).
Using the U — T'h dating method, age uncertainties are small and typically vary between

0.5% and 2% of the absolute age, depending on the Uranium content of speleothem calcite.

However, initial 22°T'h can be incorporated into speleothem calcite during deposition process
causing artificial older U — Th ages. The contribution of initial 23*T"h can be monitored by
measuring the amount of 2*2Th in the speleothem calcite samples. The measured U — Th
ages then can be corrected for initial 2*°Th based on an estimation of the °T'h/?32Th ratio
of the detrital phase. The estimation of ?*°Th/?2Th can be obtained by using isochron
techniques or by measuring the ratio directly in the chemically separated detrital phase or
by using the bulk earth value. While the estimation of 23°Th/?32T'h likely varies site by site
and through time at a given site, the isochron ?32T'h corrected ages can be associated with

large errors.

The initial 23°T'h problem is especially the case for younger speleothems with low uranium
concentration where little 23°T'h is produced from the decay of uranium. Age uncertainties
for younger stalagmites with low uranium concentrations can be within a range of 5% to
10% of the absolute age (Shen et al., 2006). Although initial **°T'h may present in some
speleothems, most speleothem are less contaminated and can be precisely dated with U —Th
methods. Moreover, high confidence of dating precision can be achieved by U — Th dating
if consistent timing is observed between climate events recorded by trace elements or stable
isotopes in a speleothem and that observed in other archives, such as ice cores (Richards and

Dorale, 2003).
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2.2 Cave and sample description

During 2010 fieldwork, we collected over 15 speleothems from three caves in central and
northern Laos. We split each sample in half and conducted XRD (X-ray powder diffraction)
analyses, which showed that all of the samples are composed of 100% calcite. In 2011, we con-
ducted 120 U-Th dates at the University of Oxford, UK on 10 different stalagmite samples.
7 samples (TD1,TM4, TM5, TM6, TM9, TM11, and TM13), that cover from 0.0840.00 to
15.534+0.12 kyr BP are finally chosen for this Ph.D project. TD1 from Tham Duk Cave(19.72
N,102.07 E; 165 m long; elevation 779 m), and TM4, TM5, TM9, TM11,TM13 from Tham
Mai Cave(20.75 N, 102.65 E; 2010 m long; elevation 360 m). A map of Tham Mai cave
with sample locations is shown in Fig 2.2. These stalagmites all have visible annual lamina,
high uranium concentration and low initial T'h correction, though initial T'h correction for
some samples is large. The uranium concentration of most samples ranges from 100-800
ppb, though the one from Tham Duk contains 8-20 ppm. Having several samples with age
overlaps allows us to replicate our time series, hence gives a high confidence for our climate

reconstruction (presented in chapter 3).
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Tham Doun Mai

Ban Sop Jam / Muang Ngoi A
Luang Prabang / Lao P.D.R.
N 20°45' 27.2"/E 102° 38' 51.7"/ ca. 352 m as| N
Length: 2090 m om meters  50m
- ——
Surveyed by Norther Lao-European Cave Project TM4 and TM5

22.-25.01.12 to BCRA Grade 5C
Drawing: J. Dreybrodt, U. Etter, N. Pistole

Lower river level

Main hall with
“sinter stair case”

Figure 2.2: Map of Tham Mai cave with stalagmite samples locations, red star is location
of TM9, TM11 and TM13, blue triangle is location of TM4 and TM5, Purple circle is the
location of TM6
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2.3 Chronology and analytical techniques

U —Th dating is the most widely used dating method applied to speleothems and is the main
dating method that I use to get absolute ages for Laos speleothem samples. Stalagmite calcite
samples were prepared in a class-1000 clean lab and measured via MC-ICP-MS (Fig.2.3) at

the Department of Earth Science, University of Oxford, England, in 2011.

Figure 2.3: Multi-Collector Inductively Coupled Plasma Mass Spectrometer(MC-ICP-MS)
is used to determine Tham Mai cave speleothems U — T'h ages

2.3.1 Sampling

Sub-samples for dating were obtained by milling out solid chunks, parallel to speleothem
growth bands, using the “moat-and-spall” method. I drilled samples from polished stalagmite
section surfaces using a hand-held dental drill. For U — T'h analysis, 0.1-0.2 g samples were
taken every 1-2 cm along growth axes for each stalagmites,including above and below any
suspected hiatus. I then cleaned samples with ultrasonic bath in isopropanol and Milli-Q

water, dried in oven on foil, and stored samples in clean 1.5ml eppendorf tubes.
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2.3.2 Chemical separation of uranium and thorium

The chemical procedure and U-series dating methods are similar to those demonstrated in
Edwards et al. (1987), although smaller stalagmite calcite sample sizes are used compared
to that described in the reference. Samples were transferred to pre-weighed 30 ml Teflon
vials and were re-weighed using a Sartorius balance. The samples were dissolved following
the procedure described below. Most of our samples were dissolved completely without any
acid-insoluble residue. Few samples had some residue after nitric acid dissolution, which

may indicate detrital impurities and organic matter contaminations.

Sample preparation:

1. Samples heated in H NOj3 overnight

2. Samples heated to incipient dryness

3. Samples converted to nitrate form

4. Samples dissolved in 4 ml 7.5 N HNOs3

5. Clean 2 ml columns in 7 N HNQOj3 and rinse with Milli-QQ water

Once dissolved, the samples were spiked with a mixed ??°U - 20U tracer of known concen-
tration and isotopic composition. The solution was loaded on an anion exchange column,
purified by ion-exchange chemistry, and analyzed via Nu Instruments MC-ICP-MS. The ion-
exchange chemistry aims to isolate U and T'h elements from calcite samples. U and T'h then
were separated following the procedure described below. All acids were double distilled TM

(TraceMetal) grade.
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Column protocol:

1.

10.

11.

2 ml Biorad columns filled with 2 ml new resin slurry (washed 1*8 anion-exchange

resin 100-200 mesh)

. Washed with 10 ml H,O, 10 ml 6 M HC1, 10 ml H5O

Conditioned with 2*5 ml 7.5 M HNO;

Load samples directly from sample beaker

. Wash columns with 2*2 ml 7.5 M HNQOs, adding the first 2 ml to the sample beaker

and adding it directly to the column

Convert the column with 4*0.25 ml, 1*0.5 ml 6M HCI
Collect Th: elute Th out with 2*1 mi, 2*2 ml 6 M HCI
Collect U: elute U out with 2*1 ml, 2*4 ml H,O

Dry down each cut (without boiling)

Add 0.2 ml of conc HNOs3 to each cut and dry down

Dissolve in 42 pl of 7.5 N HNOj to store for mass spec (add 958 ul Milli-Q water to
male 1 ml 2% HNOs)

2.3.3 U —Th chronology

The prepared samples were measured at University of Oxford, England, by MC-ICP-MS.

Ages are calculated using half lives from Cheng et al. (2000) and reported relative to 1950.

The uncertainties incorporate mass spectrometric analytic uncertainty, weighing uncertainty,
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and spike uncertainty. The raw U — T'h ages were calculated under the assumption that the

initial contents of ?*°T'h is zero. The equation is given by Ivanovich, M. (1982):

1-— €_>\230t 1 )\230

230Th 234U — 1 —
/ 234U/238U + ( 234U/238U )\230 _ )\234

(1 _ e—()\230—>\234)t) (2.2)

Where:
Aazg = 8.77401 107° yI'_l
Aoza = 2.82629 x 1076 yr—!

2.3.4 Initial Th concentration correction

The impact of detrital contamination is crucial for speleothem age determination. Because
the source of initial T'h materials varies considerably, it is likely that the estimation of

230 h /232 h, varies site by site.

The presence of initial T'h can be corrected by a priori estimation of initial (3*°T'h/*%Th) (e.g.
Tvanovich and Harmon; Hellstrom, 2006). These assumed values are utilized in conjunction
with the measured #*2T'h content of each sample to subtract the initial 7'h from the measured
23817, 234U and ?*°Th (e.g. Ivanovich and Harmon; Dorale et al., 1998; Hopley et al., 2011).
The predominant current practice in correction for speleothem initial T'h is to assume a
detrital phase of crustal equilibrium composition at the time of deposition, usually a ~ 50%
uncertainty is assigned to this (Hellstrom, 2006). A choice of (¥“Th/**Th) = 1 £+ 0.5
(£ 50%) is widely used (Richards and Dorale, 2003). However, the reported range of initial

(39Th/*%T'h) in speleothem is much larger than 1 £ 0.5, and can range from ~0.2 (Drysdale
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et al., 2006) to ~18 (Beck et al., 2001), although a median initial (¥3°Th/**Th) ~1 is an

appropriate default assumption for most speleothems.

In our study, the raw ages of TM4, TM5, TM9, and TM11 were corrected for the presence of
initial Th utilizing the average crustal (3*°Th/?3?Th) value of 1.214+50%. The uncertainties

corresponding to this initial T'h correction are assigned to be 50% of the (*3°Th/?32Th).

The raw ages of TM13 is first corrected with initial (*3°T'h/?32Th) value of 1.21+£50%, which
is the same as other speleothems from Tham Mai cave. Fig.2.4.a shows a StalAge model
of TM13 with U — Th dates that corrected by the initial value of 1.21£50%. The StalAge
model indicates that TM13 was growing during Younger Dryas. TM13 §**O indicates that
the onset of Younger Dryas is ~ 14 kyr BP, which is off by ~ 1 kyr compared with other
existing paleo-records(e.g. Wang et al., 2001; Ayliffe et al., 2013; Griffiths et al., 2009; GISP2;
Haug et al., 2001). Regardless the possibility that this recorded earlier onset of Younger
Dryas on our site, it is more likely that the assumed initial T'h concentration value is not
suitable for TM13. We further compared TM13 6'80 result with Hulu cave §'%0 result
(Wang et al., 2001; Southon et al., 2012). We manually tuned TM13 initial (**°T"h/?3?Th)
value until the timing of Younger Dryas recorded in TM13 is close to that of Hulu cave. An
initial initial (*3°T'h/?32Th) value of 3.74+50% is chosen for TM13 final age model. Fig.2.5.a
shows a StalAge model of TM13 with U — Th dates that corrected by the initial value of
3.74£50%. All TM13 ages reported hereafter are corrected with an initial (*397'h/?32Th) value
of 3.7+50%.

33



a) 16 T T v T v T T T b) -12 T v T v T v T T T
I 4-10
14 e~ o -
—_ a 9 =
¢ o [a)
X > [N
o 3 8 =
op 12 S X
< o S
() w o
b w 7
= n w0
- 10 |- - — 2
= 6 =
g T
8 1 1 1 1 -6 1 n 1 " 1 " 1 " 1 -5
0 20 40 60 80 11000 12000 13000 14000 15000
Depth (mm) Age (Years BP)

Figure 2.4: a)StalAge model of TM13 with U —T'h dates corrected with initial (**°Th/**Th)
value of 1.214+50%. b)Comparison of TM13 §'*0 with Hulu cave §'%0, black: TM13 §'%0
record, blue: Hulu cave §%0 record
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Figure 2.5: a)StalAge model of TM13 with U —Th dates corrected with initial (339Th/?*Th)
value of 3.74:50%. b)Comparison of TM13 §'80 with Hulu cave §'80, black: TM13 §'80
record, blue: Hulu cave §'%0 record
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2.4 Results

Seven stalagmites (TD1,TM4, TM5, TM6, TM9, TM11, and TM13) from northern Laos
are dated. Results show that these seven stalagmites span the period since the Younger
Dryas, with sufficient overlap between samples to allow replication of much of the Holocene
time period (Table2.1 and Fig.2.6). Growth rates of these stalagmites range from 21 to
389 um/yr. 238U concentration ranges from 0.12 to 10.35 ppm, with average *3U equal to

2.32+3.02.

Our U — Th results show that our samples cover the period from 0.08 kyr BP to 13.01 kyr
BP. Results show that detrital correction (*3**Th Correction) has some effect on several ages,
especially for younger ages. For samples TM4, TM5, TM9 and TM11, detrital corrections
range from 4 years to 358 years (average = 118+120 years). Detrital correction for TM13 is

larger than other samples, with an average = 687£163 years.
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Figure 2.6: Tham Mai cave stalagmites (that ones we propose to use in this research) U —Th
age-depth summary plot. The color-coded shapes represent individual U — T'h ages for each
specimen along with their uncertainty.
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Table 2.1: Summary of Laos speleothems U and Th concentration, U — Th age results,
growth rate

Sample name | Length | of dates | Mean Z3U conc | Mean (3°Th/?**Th) Top age Basal age | Mean growth rate
(cm) (ppm) (kyr BP) (kyr BP) (um/yr)
TD1 11.2 7 10.35+6.10 1038.65 +1429.25 0.08 £0.00 | 3.09 £0.06 42
TM4 14 11 0.2240.04 353.824526.57 1.01 £ 0.11 | 8.08 £ 0.18 35
TM5 22 17 0.24 £ 0.08 197.74£199.90 0.79 £0.09 | 942 £0.13 68
TM6 17 13 6.44+ 6.39 75.01 + 77.01 0.7 +£0.07 | 2.50 £ 0.03 101
T™9 45 14 0.5 + 0.08 523.444591.86 4.16 £ 0.59 | 6.95 £ 0.12 390
TM11 33 12 0.32 £ 0.04 255.734+205.05 5.14 £ 0.08 | 10.33 £0.12 79
TM13 22 9 0.32 £0.15 129.59+£174.76 9.94 £1.22 | 13.01 £ 0.81 22

2.4.1 U —Th age results for the last two millennia

TD1 and TM6 are two stalagmites covering the last two millennia. TM4 and TM5 also
have younger sections that cover the last two millennia. I will discuss TD1 and TMG6 in this
section, and TM4 and TM5 will be discussed in next section. Age uncertainties for TD1 and

TM6 are ranging from 1% to 15% with detrital correction average equals to 72 years.

TD1 is 11.2 cm long with average growth rate of 42 pum/yr. TD1 has high uranium con-
centration (average = 10.35+6.1 ppm), and was growing from 0.08+0.00 to 3.094+0.06 kyr
BP, with a possible hiatus after 0.13+£0.01 kyr BP. Detrital correction for TD1 is very low,

ranging from 1 year to 16 years with average equals to 4 years.

TM6 is 16.9 cm long with average growth rate of 43.49 um/yr. TM6 also has a high
uranium concentration (average = 6.44+6.39 ppm), and was growing from 1.35+0.2 kyr BP
to 2.5+0.03 kyr BP.
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Table 2.2: U and Th concentration and isotope ratios with resulting U-T'h ages for stalag-
mites covering last two millennia

Sampel name | Distance Y conc Z2Th conc 6%y @ (OTh/®2Th)b | (B°Th/?8U)° | Age(raw)’ | age(corr)®
(cm) (ppm) (ppb) (kyrs BP) (kyrs BP)

0.25 + + + 24.98 £+ 0.00 | 0.00 £ 0.0000 | 0.09 £ 0.00 | 0.08 £ 0.00

0.7 9.17 £ 0.43877 | 336.78 £+ 1.05 2.19 £ 0.042 32.00 £ 0.00 | 0.00 £ 0.0001 | 0.14 &+ 0.01 | 0.13 £ 0.01

1.55 8.41 £ 0.10599 | 331.27 + 1.04 0.71 £ 0.043 80.26 £ 0.00 | 0.00 £ 0.0001 | 0.11 &£ 0.01 | 0.11 £ 0.01

2.75 9.03 £ 0.01618 | 339.45 £+ 2.41 0.75 + 0.072 499.88 + 0.00 | 0.02 £ 0.0004 | 1.24 £ 0.03 | 1.23 £ 0.03

TD1 3.85 8.75 + 0.00387 | 351.49 + 1.13 6.61 + 0.094 87.80 = 0.00 | 0.02 £ 0.0003 | 1.71 £ 0.03 | 1.69 £ 0.03
5 7.00 £ 0.01191 | 351.06 & 2.35 0.27 £ 0.037 | 1483.42 4 0.00 | 0.02 £ 0.0008 | 1.86 £ 0.07 | 1.86 & 0.07

7.1 4.91 £+ 0.00202 | 349.70 £ 1.13 0.24 £ 0.044 | 1499.36 + 0.00 | 0.03 4 0.0003 | 2.63 + 0.02 | 2.63 + 0.02

7.65 10.72 + 0.00475 | 354.99 + 1.13 0.92 £ 0.041 | 1172.15 + 0.00 | 0.04 4 0.0007 | 2.80 + 0.06 | 2.80 % 0.06

11.2 24.85 £+ 0.04129 | 336.91 &+ 2.34 0.58 £ 0.039 | 4468.00 &+ 0.00 | 0.04 & 0.0007 | 3.09 & 0.06 | 3.09 &+ 0.06

0.15 0.44 £ 0.00112 | 1372.50 & 7.37 | 13.09 £ 0.258 5.22 £ 0.00 0.04 £ 0.0004 | 1.72 £ 0.02 | 1.35 £ 0.20

1.35 0.39 £ 0.00062 | 1437.12 £ 2.41 | 3.70 £ 0.112 7.24 £0.01 0.02 £ 0.0004 | 0.82 £ 0.02 | 0.70 £+ 0.07

2.25 0.49 £+ 0.00131 | 1452.70 £ 7.36 | 4.08 £+ 0.080 8.19 £ 0.01 0.02 + 0.0003 | 0.75 £ 0.01 | 0.65 £ 0.06

3.5 0.55 £ 0.01113 | 1452.32 £ 2.41 | 1.73 £+ 0.052 16.77 + 0.04 | 0.02 = 0.0004 | 0.65 £ 0.02 | 0.61 + 0.03

4.85 5.32 £ 0.01117 | 1453.35 &+ 2.42 | 1.56 % 0.026 173.53 £ 1.62 | 0.02 £ 0.0001 | 0.67 & 0.01 | 0.67 £ 0.01

5.8 2.66 £ 0.00482 | 1456.04 &+ 2.20 | 0.82 £ 0.016 187.52 £ 3.85 | 0.02 £ 0.0001 | 0.76 &+ 0.01 | 0.76 & 0.01

TM6 6.5 21.57 £ 0.09833 | 1458.03 £ 2.44 | 9.51 £ 0.160 138.90 £ 0.99 | 0.02 £ 0.0002 | 0.83 &+ 0.01 | 0.82 & 0.01
8 7.21 £ 0.02234 | 1461.06 £ 2.43 | 4.40 £ 0.073 114.76 £ 0.65 | 0.02 £ 0.0002 | 0.95 &+ 0.01 | 0.94 &+ 0.01

9.8 10.81 4+ 0.02373 | 1468.34 £+ 2.22 | 27.76 £ 0.213 36.94 £ 0.06 | 0.03 £ 0.0002 | 1.28 £ 0.01 | 1.25 £ 0.02

10.35 12.19 £ 0.03536 | 1457.36 £ 2.43 | 59.10 £ 0.982 24.12 £ 0.03 | 0.04 £ 0.0004 | 1.58 £ 0.02 | 1.52 £+ 0.04

13.65 12.97 + 0.06447 | 1447.66 £+ 2.21 | 132.16 4+ 1.054 | 17.18 & 0.01 | 0.05 & 0.0004 | 2.38 + 0.02 | 2.26 + 0.07

15.75 4.43 £ 0.01140 | 1441.51 + 2.42 | 3.33 £ 0.056 205.88 £ 2.13 | 0.05 4+ 0.0004 | 2.21 + 0.02 | 2.20 + 0.02

16.9 4.75 £ 0.01709 | 1443.99 4+ 2.21 | 22.27 £ 0.167 38.85 £ 0.06 | 0.06 £ 0.0003 | 2.55 &+ 0.01 | 2.50 £ 0.03

All errors are 20. Distance is from top of each stalagmite
a. 6%4U = [(B4U /#8U)-1]*1000 where (41U /238U is the measured activity ratio
b. Round brackets signify activity ratios
All errors are 20. Distance is from top of each stalagmite
c. Age is calculated using half lives from (Cheng et al., 2000) and is relative to 1950
Raw ages are corrected for inital 2°Th content by assuming (#°Th/*2Th) = 1.21

Uncertainties in inital correction is assumed to be 50% of the size of the correction

Uncertainties incorporates mass spectrometric,weighing and spike uncertainties
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Figure 2.7: Scanned image of TD1 and TM6 with drilling holes for U — T'h dating, showing
U — Th dating results with 2 ¢ error and the location of the possible major depositional
hiatus.

2.4.2 U —Th age results for Holocene and Younger Dryas

TM4, TM5, TM9, TM11 are four stalagmites coving Holocene, and TM13 is the one covering
Younger Dryas. Age uncertainties for these samples are ranging from 1% to 18% with detrital
correction range of 38 year to 357 years (average = 1364+120 years). These samples have
relative lower uranium concentration compared with TD1 and TM6. Uranium concentration

of these samples ranges from 0.22 to 0.5 ppm (average = 0.32 £0.11 ppm).
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TM4 is 14 cm long with average growth rate of 35 um/yr. TM4 has mean uranium con-
centration of 0.224+0.04 ppm, and was growing from 1.01£0.11 to 8.0840.18 kyr BP, with a
possible hiatus after 2.5240.44 Kyrs BP. Detrital correction for TM4 is ranging from 8 to

217 years (average = 83 years).

TMb5 is 22 cm long with average growth rate of 68 pum/yr. TM5 has mean uranium concen-
tration of 0.2440.08 ppm, and was growing from 0.79+0.09 to 9.42+0.13 kyr BP. Detrital

correction for TM4 is ranging from 0 to 208 years (average = 48 years).

TM9 is 45 cm long with average growth rate of 390 pum/yr. TM9 has mean uranium con-
centration of 0.540.08 ppm, and was growing from 4.1640.59 to 6.95+0.12 kyr BP. Detrital
correction for TM4 is ranging from 1 to 828 years (average = 111 years). The consecutive
two ages obtained from the top of TM9 have relatively large detrital correction, with 828

years and 286 years respectively.

TMI11 is 33 cm long with average growth rate of 79 pum/yr. TMI11 has mean uranium
concentration of 0.3240.04 ppm, and was growing from 5.14+0.08 to 10.33£0.12 kyr BP.

Detrital correction for TM11 is ranging from 15 to 80 years (average = 38 years).

TM13 is 22 cm long with average growth rate of 22 pum/yr. TMI13 has mean uranium
concentration of 0.3240.25 ppm, and was growing from 10.9540.2 to 15.53£0.12 kyr BP.

Detrital correction for TM13 is ranging from 12 to 81 years (average = 22 years).

39



1.01+0.11

0.79+0.13

0.96+0.09

TM4_younger!-74+0.20 2.35+0.09 239038
Y OUn e S 245035 3.07£0.09 40240.15
st 2524044 4.5410.08
5.21%0.10 4.98+0.13
6.18+0.19 } 5.15+0.21
P 5.40+0.14
\¥ & 5.42+0.13
TM4_older 7-25+0.13 \ A\J 5.59+0.10
7.53+0.16 - ——— 577+047
8.01+0.32 / 6.3020.15
7.7740.14 6.78+0.31
7.95£0.19
8.08+0.18 { 9.42+0.13
T™M-5 4162074
4524059
4.6620.09
5.03+0.12
5.01+0.06
5.13+0.06
5.1740.07
536+0.13
5.3040.12
6.01x0.11
5.90+0.10
5.92+0.10
6.25+0.07
7.55£0.21 763011 TM-9 6.95+0.12
‘%g 9.94+1.20
8.32+0.08 11621042
8.76:+0.09 3 12.49+0.28
12.83+0.76
9,08+0.11 13.0120.81
o TM-13
o .
- Unit: kyr BP

Figure 2.8: Scanned image of TM4, TM5, TM9,TM11 and TM13, with drilling holes for
U — Th dating, showing U — T'h dating results with 20 error and the location of the possible
major depositional hiatus.
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Table 2.3: U and Th concentration and isotope ratios with resulting U-Th ages for stalag-
mites covering Holocene and Younger Dryas

Sampel name | Distance 280 conc Z2Th conc 021y @ (BTh/?*Th)> | (BTh/®3U)° | Age(raw) age(corr)®
(cm) (ppm) (ppb) (kyrs BP) (kyrs BP)
0.25 0.12 £ 0.00022 | 492.59 + 2.37 | 0.05 £ 0.009 78.54 £ 1.71 0.01 £ 0.0016 | 1.02 £ 0.11 1.01 £ 0.11

1.2 0.25 £ 0.00077 | 460.11 &+ 5.81 0.63 £ 0.065 29.36 £+ 7.55 0.02 £ 0.0025 | 1.81 £ 1.11 1.74 £ 0.20
2.2 0.27 £ 0.00046 | 456.15 = 1.67 | -0.01 £ -0.004 | 1013.62 £+ 606.08 | 0.03 4+ 0.0046 | 2.24 + 0.35 | 2.24 £ 0.35
4 0.23 £ 0.00458 | 460.05 = 2.35 | 0.00 £ -0.001 | 1548.19 £ 1934.27 | 0.03 £ 0.0058 | 2.51 4+ 0.44 | 2.52 £ 0.44
4.6 0.20 £ 0.00000 | 438.30 = 2.53 | 0.02 £ 0.007 824.58 +209.28 | 0.07 £ 0.0012 | 5.21 £ 0.10 | 5.21 £ 0.10
T™M4 6.2 0.22 £ 0.00592 | 467.75 = 1.95 0.34 £ 0.014 156.82 £ 1.28 0.08 £ 0.0025 | 6.21 £0.19 | 6.18 &£ 0.19
8.2 0.28 £ 0.00033 | 475.39 &= 1.56 | 2.29 £ 0.020 35.92 £+ 0.06 0.10 £ 0.0011 | 7.41 £0.09 | 7.25 £ 0.13
10.4 0.23 £ 0.00179 | 465.14 + 2.26 1.41 + 0.027 49.50 £ 0.14 0.10 £ 0.0018 | 7.65 £ 0.15 | 7.53 £ 0.16
10.9 0.21 £ 0.00069 | 502.02 + 5.99 1.88 £ 0.053 38.19 £ 8.86 0.11 £ 0.0031 | 8.23 £1.15 | 8.01 +£0.32
124 0.22 £ 0.00040 | 443.65 £ 2.53 | 0.73 £ 0.020 89.40 £+ 0.54 0.10 £ 0.0017 | 7.84 £0.14 | 7.77 £ 0.14
13.7 0.23 £ 0.00088 | 460.18 + 3.61 2.77 £ 0.025 27.92 £+ 0.04 0.11 £ 0.0015 | 832 £0.12 | 8.08 &+ 0.18
0.2 0.21 £+ 0.00053 | 471.40 + 6.11 0.19 £ 0.017 39.58 £ 153.69 0.01 £ 0.0117 | 0.81 £0.08 | 0.79 £+ 0.13
0.7 0.18 £ 0.00031 | 470.52 + 2.35 0.24 £ 0.014 30.23 £ 0.19 0.01 £ 0.0011 | 0.99 £ 0.08 | 0.96 £+ 0.09
1.6 0.21 £ 0.00054 | 443.94 + 6.13 | 0.08 £ 0.002 263.69 + 207.90 | 0.03 £ 0.0012 | 2.36 + 1.08 | 2.35 + 0.09
2 0.21 £ 0.00051 | 446.53 + 2.64 | 0.00 £ 0.002 717.13 £ 317.65 | 0.03 £ 0.0049 | 2.39 £ 0.38 | 2.39 £ 0.38
3.3 0.23 £ 0.00448 | 454.96 + 4.37 | 0.77 £ 0.012 38.40 £+ 0.09 0.04 £ 0.0011 | 3.14 £ 0.09 | 3.07 & 0.09
4.5 0.25 £ 0.00080 | 471.71 & 2.40 | 0.84 £ 0.022 49.04 £+ 0.36 0.06 £ 0.0019 | 4.09 £ 0.15 | 4.02 £ 0.15
6 0.36 £ 0.00060 | 473.29 + 2.38 | 0.60 £ 0.017 107.36 £ 0.74 0.06 £ 0.0010 | 4.57 £ 0.08 | 4.54 £+ 0.08
7.1 0.26 £ 0.00029 | 454.91 = 1.58 | 0.22 £ 0.015 213.77 £ 4.31 0.07 £ 0.0017 | 5.00 £ 0.13 | 4.98 £ 0.13
TM5 10.2 0.34 £ 0.01062 | 455.82 +1.93 | 0.17 £ 0.016 350.52 £ 14.22 0.07 £ 0.0027 | 5.16 £ 0.21 | 5.15 £ 0.21
15.2 0.20 £ 0.00024 | 443.05 = 1.58 | 0.37 £ 0.015 11142 £ 1.35 0.07 £ 0.0018 | 5.43 £0.14 | 5.40 £ 0.14
15.7 0.28 £ 0.00025 | 451.28 & 1.47 | 0.74 £ 0.018 79.42 £ 0.62 0.07 £ 0.0016 | 547 £0.13 | 5.42 £ 0.13
17 0.18 £ 0.00046 | 445.53 + 6.01 0.12 £ 0.203 330.00 £ 241.76 | 0.07 £ 0.0013 | 5.61 £1.13 | 5.59 £+ 0.10
19 0.19 £ 0.00060 | 436.98 + 2.71 0.07 £ 0.015 392.59 £+ 42.21 0.08 £ 0.0059 | 5.77 £ 0.47 | 5.77 £ 0.47
20.2 0.22 £ 0.00035 | 454.33 £ 1.67 | 2.23 £ 0.021 25.89 £+ 0.03 0.09 £ 0.0012 | 6.50 £ 0.09 | 6.30 &+ 0.15
21.1 0.17 £ 0.00037 | 464.57 £ 3.36 | 0.16 £ 0.021 79.18 £ 3.55 0.09 £ 0.0040 | 6.80 £ 0.31 | 6.78 4+ 0.31
23.1 0.45 £+ 0.00106 | 476.77 + 6.15 3.69 £ 0.483 39.94 £+ 61.96 0.11 £ 0.0007 | 8.16 £ 1.31 | 7.95 4+ 0.19
25.2 0.20 £ 0.00049 | 429.98 £ 6.06 | 0.15 £ 0.000 493.49 + 318.75 | 0.12 £ 0.0015 | 9.43 £2.31 | 9.42 £ 0.13
0.3 0.44 £ 0.00130 | 336.91 + 5.03 | 12.93 £+ 0.377 6.25 £ 8.39 8.39 £ 0.0018 | 4.99 £ 0.57 | 4.16 + 0.74
0.6 0.46 £+ 0.00037 | 339.18 + 1.41 6.06 £ 0.044 13.80 £ 0.12 0.06 £ 0.0068 | 4.81 £ 0.57 | 4.52 + 0.59
5.1 0.51 £ 0.00088 | 352.41 + 2.35 | 0.49 + 0.021 170.76 £ 2.17 0.06 £ 0.0010 | 4.68 £ 0.09 | 4.66 £+ 0.09
9.7 0.44 £ 0.00032 | 331.99 + 1.34 | 0.02 £ 0.008 | 1412.70 £ 2248.45 | 0.06 4+ 0.0014 | 5.03 &£ 0.12 | 5.03 £ 0.12
13.5 0.62 £ 0.00066 | 330.57 = 1.54 | 0.01 £ 0.006 | 2068.04 £ 1433.29 | 0.06 £+ 0.0007 | 5.01 & 0.06 | 5.01 £ 0.06
14.6 0.53 £ 0.00025 | 334.68 = 1.14 | 0.11 £ 0.025 698.09 £ 243.62 | 0.06 £ 0.0007 | 5.13 £ 0.06 | 5.13 £+ 0.06
T™9 18.4 0.67 £ 0.00112 | 336.11 = 1.69 | 0.15 £ 0.019 669.23 £+ 72.31 0.06 £ 0.0009 | 5.17 £ 0.07 | 5.17 £ 0.07
20.4 0.49 £ 0.00092 | 333.07 &£ 2.34 | 0.18 £ 0.021 433.88 £ 32.24 0.06 £ 0.0016 | 5.36 £ 0.13 | 5.36 &£ 0.13
24.2 0.56 £ 0.00083 | 352.10 &= 2.37 | 0.12 £ 0.014 724.30 £ 53.11 0.07 £ 0.0015 | 5.30 £ 0.12 | 5.30 £ 0.12
29.4 0.41 £ 0.00065 | 372.35 + 1.73 1.62 £ 0.022 58.05 £ 0.23 0.08 £ 0.0011 | 6.10 £ 0.09 | 6.01 £ 0.11
33.4 0.40 £ 0.00069 | 398.42 £ 1.73 | 0.12 £ 0.020 539.01 4+ 40.71 0.07 £ 0.0013 | 5.91 £ 0.10 | 5.90 &+ 0.10
36.2 0.46 £ 0.00074 | 373.47 £ 2.37 | 2.07 £ 0.021 347.41 £ 9.75 0.07 £ 0.0011 | 6.01 £0.09 | 5.92 4+ 0.10
38.3 0.51 £ 0.00085 | 380.09 + 1.67 | 0.76 £+ 0.019 155.55 £ 1.17 0.08 £ 0.0009 | 6.28 £ 0.07 | 6.25 + 0.07
41.6 0.46 £+ 0.00077 | 375.87 + 1.68 | 4.01 £ 0.022 31.09 £+ 0.03 0.09 £ 0.0007 | 7.13 £0.06 | 6.95 + 0.12
0.6 0.24 £ 0.00060 | 667.43 + 6.76 | 0.86 £ 0.026 66.53 + 157.69 0.08 £ 0.0015 | 5.22 £ 0.08 | 5.14 £ 0.13
3.25 0.28 £ 0.00048 | 748.33 + 1.67 1.00 + 0.014 77.37 £ 0.36 0.09 £ 0.0012 | 5.85 £ 0.08 | 5.79 + 0.08
6.2 0.35 £ 0.00059 | 665.24 + 1.65 | 0.32 £ 0.013 295.12 £+ 3.32 0.09 £ 0.0009 | 6.20 £ 0.07 | 6.18 + 0.07
9.75 0.28 £ 0.00051 | 677.56 + 1.65 | 0.82 £ 0.013 104.11 £ 0.39 0.10 £ 0.0009 | 6.69 £ 0.06 | 6.64 &+ 0.07
16.875 | 0.28 £ 0.00052 | 602.90 £ 1.67 | 0.59 £ 0.011 150.67 £ 0.74 0.11 £ 0.0008 | 7.31 £ 0.06 | 7.27 4+ 0.06
TMI1 23 0.34 £ 0.00057 | 620.12 &= 1.73 | 0.45 £ 0.030 227.76 £+ 5.60 0.11 £ 0.0029 | 7.57 £0.21 | 7.55 £ 0.21
23 0.33 £ 0.16663 | 875.54 = 7.30 | 0.31 £ 0.034 571.18 £ 38.05 0.15 £ 0.0017 | 7.65 £ 0.08 | 7.63 £ 0.11
25.7 0.32 £ 0.00054 | 658.01 = 1.70 | 0.77 £ 0.016 151.87 £ 0.84 0.12 £ 0.0010 | 8.36 £ 0.07 | 8.32 £ 0.08
27.4 0.35 £ 0.00087 | 653.95 = 6.77 | 0.54 £ 0.001 493.49 + 318.75 | 0.12 £ 0.0015 | 8.80 £ 1.07 | 8.76 £+ 0.09
30.4 0.28 £ 0.14165 | 643.41 +6.24 | 0.23 £ 0.038 633.12 £ 52.60 0.14 £ 0.0018 | 9.10 £ 2.07 | 9.08 £ 0.11
35.4 0.35 £ 0.17412 | 1093.81 £ 8.10 | 0.23 £ 0.036 33.86 £ 38.98 0.23 £0.0027 | 943 £1.45 | 9.41 £0.13
37 0.39 £ 0.00093 | 635.63 £ 6.87 | 0.94 £ 0.945 263.69 + 207.90 | 0.03 4+ 0.0012 | 10.38 £ 2.45 | 10.33 + 0.12
0.4 0.16 £ 0.00019 | 1194.79 + 1.68 | 3.40 £ 0.024 30.41 £+ 0.04 0.22 £0.0024 | 11.24 £ 0.13 | 994 £ 1.2
3.3 0.21 £ 0.00023 | 1075.41 + 1.57 | 1.41 £ 0.023 95.93 + 0.41 0.22 £ 0.0023 | 12.06 + 0.14 | 11.62 £ 0.42
5 0.25 £ 0.00041 | 632.64 + 1.67 | 0.20 + 0.017 574.07 + 21.97 0.18 £ 0.0038 | 12.56 + 0.28 | 12.49 £ 0.28
6.1 0.25 £ 0.00030 | 697.78 + 1.58 | 2.60 + 0.021 59.19 £+ 0.11 0.20 £ 0.0015 | 13.63 + 0.11 | 12.83 £ 0.76
TM13 7.8 0.24 £ 0.00045 | 734.75 + 2.34 | 2.68 £ 0.021 56.79 + 0.11 0.21 £ 0.0016 | 13.85 + 0.12 | 13.01 £ 0.81

All errors are 20.Distanceis fromtopo feachstalagmite
a. 624U = [(B4U/%8U)-1]*1000 where (**4U /?38U) is the measured activity ratio
b. Round brackets signify activity ratios
All errors are 20. Distance is from top of each stalagmite
c. Age is calculated using half lives from (Cheng et al., 2000) and is relative to 1950

Raw ages are corrected for inital 2Th content by assuming (3°Th/?**Th) = 1.21 for TM4, TM5, TM9,and TM11

Raw ages are corrected for inital 20Th content by assuming (**°Th/?**Th) = 3.7 for TM13
Uncertainties incorporates mass spectrometric,weighing and spike uncertainties
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Chapter 3

Hydrologic variability during the
Younger Dryas and Holocene based

on speleothems from Laos

3.1 Introduction

The Asian monsoon (AM) transports heat and moisture from the tropics to higher latitudes
and generates intense seasonal precipitation in AM region, therefore affecting the livelihood
of the world’s most populous regions. Yet general circulation model (GCM) projections of
future regional-scale hydrologic change still remain uncertain (Bollasina and Nigam, 2009),
hampering efforts to conduct appropriate planning. Recent analyses of instrumental data
show pronounced spatial variability in regional precipitation patterns in the Asian monsoon
region (Conroy and Overpeck, 2011a; Dayem et al., 2010), with the identification of several
sub-domains which display more coherent precipitation variability, including the East Asian

monsoon (EAM), the Indian Summer monsoon (ISM; or the India-China monsoon) and
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the Southeast Asian monsoon (SEAM). Due to the short instrumental record and a sparse
paleoclimate record within certain regions, it is unclear whether precipitation changes across
the broad AM region behaved in a similarly incoherent manner over decadal to orbital
timescales, in response to larger forcings, and/or under different background climates. To
address this issue, it is necessary to: i) fill gaps in the paleoclimate record of the AM region;
ii) investigate spatial and temporal patterns in these records; iii) use this data to investigate
mechanisms of AM variability on a range of timescales, and thus provide a valuable test for

GCM simulations.

Paleoclimate records have significantly advanced our understanding of EAM and ISM vari-
ability on orbital to multidecadal timescales (e.g. Wang et al., 2008; Berkelhammer et al.,
2010). Over the last decade, a large network of paleoclimate records from regions affected by
the Asian monsoon have begun to emerge. Most notably, speleothem records from China,
Oman, Yemen, and India have provided remarkable insight into the behavior of the Asian
monsoon through the Late Pleistocene and Holocene (e.g. Wang et al., 2008; Sinha et al.,
2007; Fleitmann et al., 2007; Shakun et al., 2007). Moreover, in recent years, speleothem
records from the tropical and southern sector of the greater Asian-Australian monsoon have
filled in the broader picture of Indo-Pacific paleoclimate (e.g. Partin et al., 2007; Meckler
et al., 2012; Griffiths et al., 2009, 2010,b). However, despite this increased level of interest
in tropical Indo-Pacific and monsoonal climates in recent years, there is still a need for well-
dated high-resolution paleoclimate records from this region, particularly over the Indochina

peninsula where there is an obvious gap in the proxy network.

Gaining a clearer understanding of the spatial behavior of the Asian monsoon is of critical
importance given that the region has played a role in transmitting climate signals from the
North Atlantic to the southern latitudes during the deglacial stadial events, namely Heinrich
Stadial 1 (HS1) and the Younger Dryas (YD). Specifically, Denton (Denton et al., 2010)

and others (Skinner et al., 2010; Anderson et al., 2009; Cheng et al., 2009) have proposed

43



that meltwater entering the North Atlantic during HS1 and the YD reduced the forma-
tion of North Atlantic Deep Water, causing marked diminution of the Atlantic meridional
overturning circulation (AMOC), and an expansion in Northern Hemisphere sea-ice. The
resultant steepened thermal gradients in the Northern Hemisphere are thought to have led
to southward shifts of the ITCZ and Southern Hemisphere westerly wind belts, producing
Southern Hemisphere warming (Blunier and Brook. 2001) and increased release of CO,
from the southern ocean. A strengthened Australian-Indonesian monsoon during the YD
(Griffiths et al., 2009; Muller et al., 2008) has added considerable weight to this hypothesis.
However, there is still some uncertainty as to exactly how this signal was propagated south-
ward across the equator from China to Indonesia/northern Australia because, hitherto, lake
(Maxwell, 2001), pollen (Penny, 2001; White et al., 2004), and freshwater bivalve (Marwick
and Gagan, 2011) records provide only low-resolution and/or fragmentary information on
monsoon behavior over the Indochina region during the deglaciation and Holocene. For in-
stance, the HS1 and YD signals preserved in the Chinese cave records (e.g. Wang et al.,
2008) were not clearly reflected in a recent synthesis (Cook and Jones, 2012). Tierney et al.
(2012) recently noted, using a Holocene marine 0 D plant leaf-wax record off of Sulawesi and
a series of GCM simulations, that orbital forcing caused heterogeneous changes in precipi-
tation across the IPWP during the Holocene. Given the above mentioned heterogeneity of
published records from SE Asia and similar observations in the instrumental record (Conroy
and Overpeck, 2011), it is highly likely that the greater Asian monsoon behaved in a similar
fashion to its Southern Hemisphere counterpart, whereby changing climate forcings produced

markedly different rainfall patterns over SE Asia during the deglaciation and Holocene.

Laos speleothems are uniquely situated to fill in the spatial and temporal gaps in the paleo-
hydrologic record of continental Southeast Asia, yet are thus far underutilized, despite the
fact that limestone caves are widespread throughout the Indochina peninsula. Speleothems
are well-suited for terrestrial climate reconstruction because: (i) they tend to be very pure

and well-preserved; (ii) they usually contain clear visible growth banding which, like tree
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rings, is often annual in nature; (iii) they can be very precisely dated using U-Th dating; and
(iv) they contain numerous types of physical and geochemical climate proxy data (Fairchild
et al., 2006). Here we present new stable isotopes based (60 and §'3C) speleothem records
of SEAM variability from Tham Mai cave in northern Laos(20.75N, 102.65E, elevation 360 m)
for the last ~ 13 kyr Bp. We developed decadal resolution stable isotope records, spanning
the Younger Dryas and Holocene, to investigate orbital to decadal scale climate variability
in the region. Furthermore, we combined a detailed modern calibration study, analysis
of isotope-enabled General Circulation Model (GCM) simulations, and forward-modeling
of speleothem 60 to robustly interpret the new speleothem records. Through rigorous
chronological control, replication, proxy calibration, and data-model synthesis, these new
records from Laos represent the first high-resolution records from SEAM region that span

from the Holocene to the Younger Dryas.

3.2 Cave location and sample description

Tham Mai cave is located in NE Laos, near the Vietnamese border. This 2010 m long
cave is extremely well-suited for paleoclimate reconstruction as it is hydrologically active,
contains numerous actively forming stalagmites, and has only one known entrance. Five
speleothems(TM4, TM5, TM9, TM11, and TM13) were collected from Tham Mai cave(Fig.3.2).
TM9, TM11 and TM13 were collected from the same location in the upper level of the cave.
TM4 and TM5 were collected from the same location, deeper inside the cave. TM4 is 14 cm
long with an average growth rate of 35 um/yr. Growth of TM4 occurred in two intervals:
1.01 + 0.11 to 2.52 4+ 0.44 kyr BP and 5.21 + 0.10 to 8.08 + 0.18 kyr BP. TM5 is 22 cm
long with average growth rate of 68 um/yr. Growth of TM5 occurred from 0.79 £ 0.09 to
9.42 + 0.13 kyr BP. TM9 is 45 cm long with an high average growth rate of 390 pm/yr.
Growth of TM9 occurred from 4.16 £ 0.59 to 6.95 £ 0.12 kyr BP. TM11 is 33 cm long with
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an average growth rate of 79 um/yr. Growth of TM11 occurred from 5.14 + 0.08 to 10.33 +
0.12 kyr BP. TM13 is 22 c¢m long with average growth rate of 22 pm/yr. Growth of TM13

occurred from 9.94 4+ 1.22 to 13.01 £ 0.81 kyr BP.

A

External bedrock samples

TM11,13 ‘12"

Tham Doun Mai Air CO2 15-Jan-2013

Drip rates 18-Jan-13 H. 16:00:
Stalagmate: 2 drops/min
Glass plate: 99 drops/min

AY
TM4,5 1,D2
. nd chamber
Moonmilk & pool
N crystals samples
Om meters 50 m
Upper fossil level

Mn crusts & bedrock sample

Stalagmites sampling .
Glass plate & drip logger Lower river level

60" 90" 120° 150" 180" 99" 102 105" 108" 11

Figure 3.1: A) Map of Tham Mai cave with stalagmite samples locations, red star is location
of TM9, TM11 and TM13, red triangle is location of TM4 and TM5, red circle is TM6, red
diamond is drip water collection locations D1 and D2. Blue text is cave interior description,
red text is cave C'Oy measurement from from January 15th 2013 filed trip (courtesy of
Northern Lao- European Cave Project and And Andrea Borsato); B) Location map of Tham
Mai cave (green dot) in Luang Phrabang province, Laos (20.75 N, 102.65 E,elevation 360
m); C) Contour map of Tham Mai cave (red)
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10 cm

Figure 3.2: Tham Mai cave stalagmites used for reconstructing SEAM hydroclimate vari-
ability over past 13 kyr BP, collected during field work in 2010
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3.3 Modern climatology

The mean annual precipitation near the cave site is 1195 mm, and 67 % of rain falls during
the summer monsoon season from June to September. The modern climate of our study
site in northern Laos is dominated by the SEAM, and is thus characterized by a highly
seasonal rainfall regime. During the Northern Hemisphere winter (Dec-Mar) the study site
is exceptionally dry with very little precipitation. The onset of the SEAM generally occurs
in May, as increased continental heating enhances the land-sea thermal contrast, resulting in
a complete reversal in the surface winds from the northeast to the southwest. These stronger
summer monsoonal winds carry with them moisture-laden air masses sourced primarily from

the Indian Ocean.

We utilize interpolated data calculated from raw GNIP data (Bowen and Wilkinson, 2002b;
Bowen and Revenaugh, 2003) to estimate the monthly mean oxygen isotope composition of
precipitation at Tham Mai cave. Instrumental precipitation data from the Global Precipi-
tation Climatology Project (GPCP) data version 2.2 is used to estimate the monthly mean
precipitation at Tham Mai cave. Fig.3.1 shows that Laos precipitation peaks during May,
and precipitation ¢80 has the lowest values during August.
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Figure 3.3: Comparison of interpolated GNIP §**O and GPCP precipitation from the grid
point closest to Tham Mai cave
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The Global Network for Isotopes in Precipitation (GNIP) contains only a few incomplete
years of data for Luang Prabang, Laos, so to investigate the climatic controls on precipita-
tion 0 at our site we also conducted analyses on more complete GNIP data from Hanoi
(~300 km to the E), Kunming (~450 km to the N), and Bangkok (~850 km to the S). All
sites show a strong seasonality in rainfall amount and §'®0 values, with summer monsoon
moisture being significantly depleted in 6'*O with respect to boreal winter rainfall (Fig.3.4).
Furthermore, each site shows a significant negative correlation between monthly precipita-
tion amounts and §'®0 values, though unfortunately the datasets are too short to assess
this relationship on the annual or longer timescales that are more relevant for speleothem
records. To investigate controls on longer timescales, we must utilize either model-based or

reconstructed precipitation 680 time series, which is discussed in section 3.10.
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Figure 3.4: Monthly averages of precipitation (top), temperature (middle), and 6'*0, (bot-
tom) for our study site from observations (blue curves; temperature and precipitation: CRU
TS 3.21 data, 1901-2012;6'%0,: Hanoi, GNIP, 2004-2007) and climate model output (red
curve: GISS ModelE2-R time-slice control run; purple curve: ModelE2 MERRA nudged run
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3.4 Analytical Methods

3.4.1 Cave monitoring

The measured speleothem calcite 620 (§'80,.) value is a function of the §'80 value of the drip
water (680 yater), and cave mean annual temperature (Equations below). The §'80 value of

cave drip water is a reflection of the precipitation above the cave site (Matthew S. Lachniet,
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2009), which is influenced by regional and global water cycle. For tropical speleothems, the
variations of measured calcite 680 generated by the fractionation between the water and
calcite is negligible in caves with a relatively constant temperature. Therefore, variations
in 6180 values of precipitation are usually larger than the fractionation between the water
and calcite (Rozanski et al., 1993; Gat, 1996). Thus, in caves with a relatively constant
temperature, variations in the drip water 6'*0 are primarily a reflection of the precipitation
5180 above the cave. Other in-cave processes that can lead to isotopic variations in the drip
water and eventually speleothems, include changes in drip rate (Scholz et al., 2009, e.g.),
water evaporation (e.g Hendy, 1971; Deininger et al., 2012), and kinetic isotopic fractionation
(Hendy, 1971; Mickler, Patrick J. and Banner, Jay L. and Stern, Libby and Asmerom,

Yemane and Edwards, R. Lawrence and Ito, Emi, 2004, e.g.).

While speleothem calcite 6180 values can be affected by kinetic fractionation, under equilib-
rium conditions, speleothem calcite 6'¥0 value is only affected by the 680 value of the drip
water and the cave temperature (Kim, Sang-Tae and O’Neil, James R., 1997). Assuming
equilibrium deposition, the measured 680, depends only on the §**0 of cave drip water and

cave temperature.

Equations:

10001 na=18.03 (103T1)—32.42

180, (SMOW)=(a (60 water+1900))—1000
680, (PDB)=((6®0, (SMOW)+14q0))—1000
where:

-« is calcite-water fractionation factor

-0'80, is measured speleothem calcite §'%0;

-0'80 Later is drip water 680
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In order to better understand site-specific speleothem formation, such as the hydrological
and geochemical behavior of cave drip water and other environmental variables in the cave,
and to access if a specific speleothem is formed under equilibrium conditions, a detailed and
continuous monitoring program is needed. Intensive cave monitoring studies are a prerequi-
site to develop well-dated, high resolution records of past climate change using speleothem

samples.

During the December 2010 and January 2013 fieldwork, we collected speleothems and cave
drip water; conducted a suite of hydro-geochemical measurements (alkalinity, pH, conduc-
tivity); installed and maintained data loggers to continuously monitor cave temperature,
relative humidity(RH), and drip rate; and trained a local contact (Mr.Sai, head of the near-
est village) to collect monthly drip water samples and count drip rates for our collection

sites.

Cave temperature and RH were measured by HOBO U23 Pro v2 Temperature/Relative
Humidity Data Logger. Cave pCO, was measured with a Telaire 7001 portable pCO, mon-
itor. Drip water 620 and 6D were analyzed on a Temperature Conversion Elemental Ana-
lyzer (TC/EA) coupled to a Thermofinnigan Delta Plus XP isotope ratio mass spectrome-

ter(IRMS) instrument.

Cave monitoring programs were conducted in three caves in Laos, two adjacent caves(19.72N,102.07E),
Tham Duk (165 m long, elevation 779 m), Tham Loum(1.6 km long) , and Tham Mai(20.75

N, 102.65 E,elevation 360 m), although only speleothems collected from Tham Mai cave are
presented for the purpose of reconstructing the Holocene hydrological cycles in this thesis.
Speleothems from Tham Duk and Tham Loum are not the major focus of this thesis. How-

ever, since these cave are not far from each other, cave monitoring results from Tham Duk

and Tham Loum are also presented. Drip water samples from Tham Duk and Tham Loum

were collected from 01/2010 to 12/2011. Drip water samples from Tham Mai were collected

from 01/2011 to 12/2011.
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3.4.2 Sample sectioning and microsampling

The five stalagmite samples, TM4, TM5, TM9, TM11 and TM13, were sectioned in half
parallel to their growth axis and then polished. XRD analyses showed that all of the samples
are composed of 100% calcite. Samples for isotopic ratio measurements were drilled along
the stalagmite’s central axis. Stalagmite surfaces and drill bit were cleaned with Ethanol
prior to sampling. The older portion (pre-hiatus, ~5.21 kyr BP to 8.08 kyr BP ) of TM-4
was sampled at 250 pm resolution (~8-10 years) using a Sherline micromill and the younger
portion was sampled at 50 pum resolution (~byears) using a New Wave MicroMill drill. The
younger portion (~0.479 kyr BP to 5.02 kyr BP ) of TM-5 was sampled at 500 pm resolution
(~20-30 years) , and the older portion (~5.02 kyr BP to 7.38 kyr BP) was sampled at 1
mm resolution (~5-10years) using a Sherline micromill. TM11, and TM13 are sampled
at 500 pm resolution using a Sherline micromill, which is equivalent to approximately 5-7
years resolution. TM9 was sampled at 1mm resolution, which is approximately 4-6 years

resolution.

3.4.3 Hendy test

Under isotopic equilibrium conditions, 880 variations along speleothem growth axes reflect
changes in drip water §'®0 composition and/or cave temperature. Under kinetic fractiona-
tion due to rapid CO, degassing and/or evaporation, a significant variation in '*O along a

growth band and a correlation between 680 and §'*C would be observed (Hendy, 1971).

To determine whether isotopic equilibrium was consistent within each stalagmite, we con-
ducted Hendy tests on TM4 and TM11 (Hendy, 1971). The Hendy test measures the multi-
ple 60 and §'3C values from a single growth lamina (Fig.3.5 solid squares) and along the
growth axis (Fig.3.5 open circles) of a stalagmite. Samples were taken by a Dremel Drill

with a diamond dental drill bit to collect calcite powder (~50 ug per each sample). Three

53



growth layers and 21 samples in total were measured for TM4; two growth layers and 12

samples in total were measured for TM11.

O Samples taken along
the growth axis

m Samples taken along
a growth layer

Figure 3.5: Schematic diagram of a stalagmite, showing samples taken along a growth
layer(solid square) for Hendy test, and samples taken along growth axis(open circles) for
isotopic ratios analysis (adapted from (Mickler et al., 2006))

3.4.4 U —Th dating

The chronology of Tham Mai cave stalagmites have been established by U —Th dating. The
U — Th dating was conducted at the University of Oxford via MC-ICP-MS methods. 0.1-
0.2 g samples were taken every 1-2 cm along growth axes. Stalagmite calcite samples were
dissolved, spiked with a mixed ?**Th/*%U spike, purified by ion-exchange chemistry, and
analysed by multi-collector ICP mass spectrometer(Nu Instruments). Techniques broadly
followed those used for other carbonate samples at Oxford (Robinson et al., 2002). U/Th
ages are corrected for the presence of small amounts of initial Th using a (?39T'h/*?Th) ratio
of 1.21 4+ 50% for TM4, TM5, TM9,and TM11. An initial (**°Th/?32Th) ratio of 3.74+50%

is used for TM13. 68 U — T'h dates in total have been utilized for final age models.
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3.4.5 Stable isotopes

Powdered calcite samples were analyzed for stable isotope composition utilizing a Kiel TV-
carbonate device coupled with a Thermofinnigan Delta V Plus isotope ratio mass spectrom-
eter at UC Irvine. A total of 16 standards (NBS-19, NBS-18, and OX, an in-house quality
control standard) were analyzed during each run of 30 unknown samples. The results of

isotopic analysis are presented in conventional delta (4) notation, defined as:
5180 = (180/ 16O)sample/<180/ 160)standard - 1] * 1000

The standard deviation of repeated NBS-19 measurements is ~0.06%o for §'%0. Values are

reported with respect to Vienna Pee Dee Belemnite (VPDB) standard.

A total of 2967 samples were measured for stable isotopic ratios of oxygen (§'#0) and carbon
(613C). 1022 samples have been measured from TM4, 388 samples have been measured from
TM5, 423 samples have been measured from TM9, 742 samples have been measured from

TM11, and 392 samples have been measured from TM13.

3.5 Chronology and age models

U — Th ages increases systematically with depth for each stalagmites (all ages are reported
relative to 1950, years BP). TM5, TM9, TM11 and TM13 grew continuously throughout
the dating period. TM4 grew from ~1.01 - 8.08 kyr BP with a hiatus at ~2.5kyr BP to
~5.21 kyr BP, TM5 grew from ~0.79 - 9.43 kyr BP, TM9 grew from ~4.16 - 6.95 kyr BP,
TM11 grew from ~5.14 - 10.33 kyr BP, TM13 grew from ~9.94 - 13.01 kyr BP. Detailed
U — Th results are reported in Chapter 2. Age models were developed using the StalAge
algorithm, which takes into account dating errors throughout the length of the record (Scholz

and Hoffmann, 2011).
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Figure 3.6: Plot of the age versus depth for stalagmites a)TM4, b)TM5, ¢)TM9, d)TM11,
and ¢)TM13. All ages are reported as year before the present (1950 AD), years BP. The
age error indicated in the plots are 20 error. Age model results are produced using StalAge
Scholz and Hoffmann (2011)
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3.6 Results

3.6.1 Cave monitoring

Cave monitoring results show that the average temperature in Tham Mai cave was 21.98
+ 0.38 °C and cave air relative humidity is greater than 95%, indicating that speleothem
calcite 580 is not likely influenced by large kinetic effects or seasonal temperature swings.
Cave air pC'Oy in 2013 measured 580 ppm and indicates that the cave is well ventilated.
Monthly drip rates measured in 2011 at one location show an increase from minimum values
(6/min) beginning around the start of the summer monsoon to a maximum of (20 drips/min)

in October.

Thirty-one dripwater samples collected in December during 2010-2013 from several locations
(D1 and D2) in the Tham Mai cave, including from some stalagmite sampling locations,
have an average §'®0 (reported relative to Vienna Standard Mean Ocean Water(VSMOW))
of -8.440.23%0, very close to GNIP precipitation(JJAS) weighted average 6'*0 of -8.3%e.
The seasonal cycle does not match with GNIP 6O data, which is probably due to mixing

within different reserviors within the epikarst(Fig.3.7 and Fig.3.8).

Drip rates of Tham Mai cave are collected in two ways: installed drip loggers and manually
counted drip rate by us and also our collaborator Sai. The manually counted drip rate peaks
around October(20 drips/min), which is about 1 month lag off of the GNIP precipitation
6180 peak(Fig.3.9). The second smaller peak is in January. These two peaks, 01/2011 and

10/2011 drip rate peak, are also indicated in drip logger output(Fig.3.10).
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Figure 3.7: Tham Mai cave monthly drip water D1 §'80 from 01/2011 to 12/2012, location
of D1 is shown in Fig.1.1
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Figure 3.8: Tham Mai cave monthly drip water D2 %0 from 01/2011 to 12/2012, location
of D2 is shown in Fig.1.1
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Table 3.1: Tham Mai cave drip water isotopic from 12/09/10 to 12/03/11

TM drip water location 1 TM drip water location 2
Sample Date oD 5180 Sample Date oD 5180
(%0 VSMOW) | (%0 VSMOW) (%0 VSMOW) | (%0 VSMOW)

1/3/11 -57.82 -8.63 1/3/11 -56.79 -8.45
2/2/11 -55.77 -8.47 2/2/11 -59.34 -8.49
3/4/11 -54.67 -7.86 3/4/11 -57.84 -8.31
4/2/11 -57.82 -8.41 4/2/11 -59.73 -8.69
5/2/11 -57.04 -8.62 5/2/11 -58.62 -8.57
6/3/11 -54.28 -8.03 6/3/11 -59.08 -8.85
7/2/11 -58.06 -8.55 7/2/11 -60.07 -8.57
8/4/11 -55.68 -8.13 8/4/11 -55.97 -8.16
9/3/11 -b7.37 -8.56 9/3/11 -60.26 -8.48
10/2/11 -54.50 -8.16 10/2/11 -59.53 -8.55
11/4/11 -58.29 -8.67 11/4/11 -59.80 -8.48
12/3/11 -57.63 -8.54 12/3/11 -59.92 -8.62

Average: 6D is -57.7541.84; §'80 is -8.4540.23

T = 23.11°C, RH=95%
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Figure 3.9: Tham Mai cave drip rate of drip water collection site 1 (D1) from 01/2011 to
12/2011
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Figure 3.10: Tham Mai cave drip logger results from 2011 to 2012

We also conducted cave monitoring program in two other adjacent caves: Tham Duk and
Tham Loum cave, from 2010 to 2011. Although these two caves are not the major focus of

this thesis, the cave monitoring results from these two caves is still usuful since these three

caves are not far from each other.

During our trip in 2010, the mean temperature of Tham Duk cave was 19.8 °C, with rel-
ative humidity around 78.55%. The relatively small relative humidity introduce enhanced
evaporation which will increase 60 values of both drip-water and calcite (Hendy, 1971).
The mean temperature of Tham Loum cave is 19.6°C, with relative humidity greater than

95%. 12 drip water samples were collected monthly for Tham Duk cave and Tham Loum

cave respectively.

The average drip water 'O of Tham Duk cave is -8.1040.59%0. The average drip water
580 of Tham Loum cave is -7.7940.87%o. Drip water samples collected from Tham Duk

cave and Tham Loum cave are both characterized by a strong seasonal cycle with a peak
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around August and September(Fig.3.11). This is consistent with the seasonal peak of GNIP

precipitation 6'*0 (Fig. 3.1).
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Figure 3.11: a)Tham Duk cave and b)Tham Loum cave drip water 6’0 from 01/2010 to

12/2010

Table 3.2: Tham Duk cave drip water isotopic from 12/09/10 to 12/03/11

Sample Date oD 5180 Sample Date oD 5180
(%0 VSMOW) | (%0 VSMOW) (%0 VSMOW) | (%0 VSMOW)

1/15/10 -51.5 -7.94 7/5/10 -55.4 -8.53
2/14/10 -52.9 -8.16 8/14/10 -58.1 -8.95
3/14/10 -46.6 -7.15 9/14/10 -61.9 -9.11
4/14/10 495 71 / / ]
5/16/10 -47.6 -7.54 11/10/10 -53.9 -8.32
6/3/10 ~19.8 7.92 12/11/10 51.6 -7.86

Average: 6D is -52.6044.53; §'80 is -8.1040.59
T =19.8°C, RH = 78.55%
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Table 3.3: Tham Loum cave drip water isotopic from 12/09/10 to 12/03/11

Sample Date oD 5180 Sample Date oD 5180
(%0 VSMOW) | (%0 VSMOW) (%0 VSMOW) | (%0 VSMOW)

1/15/10 -54.93 -8.49 6/3/10 -54.64 -8.34
2/14/10 -53.16 -8.18 7/5/10 -56.46 -8.48
3/15/10 -46.88 -7.02 8/14/10 -55.61 -8.37
4/15/10 -47.15 -7.18 9/1/10 -54.18 -7.99
5/16/10 -50.18 -8.00 12/11/10 -35.08 -5.80

Average: 6D is -50.8346.5; 4180 is -7.7940.87

T = 19.6°C, RH = 95%

3.6.2 Hendy test

Hendy (1971) revealed that under equilibrium conditions, §'¥0 and 6'3C values of samples
along a single growth layer of a stalagmite should have no progressive increase away from
the center of the growth axis. We conducted Hendy tests on TM4 and TM6. We found
no significant correlation between §'3C and §'80 and no significant variability along indi-
vidual growth layers (Fig. 3.12), indicating that the calcite was precipitated under isotopic

equilibrium conditions(Hendy, 1971).

Another check for equilibrium condition is to test for correlation between §'*0 and §'3C
(Hendy, 1971). We correlate 6’0 with §'3C for each stalagmite(Fig. 3.13). R? values
are relatively low for TM4, TM5, TM9 and TM11 (R? range from 0.0-0.3) suggesting little
kinetic fractionation effect and the 6'®*O signal is primarily dominated by climatic factors.
R? value for TM13 is slightly higher than other stalagmite samples. TM13 was growing
through the Younger Dryas, which is an extreme event, and thus this high correlation (R?

= 0.59)is probably indicating a local climatic contribution to the isotopic signals.

Although the Hendy test is not the most reliable test of equilibrium, the fact that little
variation in §'%0 along a single growth layer of stalagmite and that no signigicant correlation

between 680 and 6'3C is consistant with a lack of kinetic fractionation effects. Thus, we
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assumed that speleothems from Tham Mai cave formed in isotopic equilibrium with drip

water.

Table 3.4: Summary of Laos speleothems Hendy test 6'0 (%o) results

sample name

Distance from center(cm)

Layerl §%0

Layer2 §%0

Layer3 §%0

-3 -10.78 -10.54 -10.35
-2 -10.68 -10.60 -10.32
1 -10.56 -10.48 -10.45
TM4 0 -10.53 -10.47 -10.49
1 -10.51 -10.48 -10.37
2 -10.39 -10.31 -10.50
3 -10.40 -10.46 -10.33
138 -10.38 ~10.06 /
1.2 -10.35 -9.91 /
-0.6 -10.15 -9.99 /
TMI 0.6 -10.16 -10.00 /
1.2 -10.24 -10.03 /
1.8 -10.16 / /
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Table 3.5: Summary of Laos speleothems Hendy test 6'3C (%o) results

sample name | Distance from center(cm) | Layerl 6'°C | Layer2 §'3C | Layer3 §'3C
-3 -11.28 -9.78 -11.28
-2 -11.43 -10.01 -11.37
-1 -11.03 -10.17 -11.53
TM4 0 -10.97 -10.48 -11.46
1 -10.95 -10.21 -11.37
2 -10.88 -10.29 -11.46
3 -10.43 -10.34 -11.42
-1.8 -11.03 -10.48 /
1.2 11.28 210,57 /
-0.6 -11.22 -10.52 /
TML 0.6 11.07 110.42 /
1.2 -11.17 -10.52 /
1.8 111.01 / /
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Figure 3.13: 60 versus 6'3C from slaglamite TM4 younger portion, TM4 older portion,
TM5, TM9, TM11, and TM13. The low R? between §'3C and §'*O for TM4, TM5, TM9
and TM11 indicates that the speleothem was likely deposited under equilibrium conditions.
The relatively high R? value between 63C and 60 for TM13 probably indicating extreme
climate events on stalagmite isotopic ratios.

The isotopic signals in stalagmite are controlled by many factors. Many processes other than

climate may be contributing the 6'*O signals measured in speleothems. Kinetic fractiona-



tion, mixing of water within the epikarst, degassing history and dissolution-reprecipitation
can be involved in producing the §'80 signal, leading to shifts of the climate signal. Repli-
cation of isotopic records from multiple stalagmites in same cave is the best method to
test the suitability of utilizing these speleothems proxies for climate reconstructions. Four
speleothems (TM4, TM5, TM9, TM11) grew contemporaneously (~4300 years BP to ~
9000 years BP ), and are used to do a replication test. TM4 and TM5 are from the same
location, while TM9 and TM11 are from another location within the same cave (Fig.3.2).
Although a ~1%o absolute discrepancy is observed, the strong similarity among these four
stalagmites 6180 record (Fig.3.14) provides further evidence for precipitation of speleothem
calcite under isotopic equilibrium conditions indicating that speleothem §'80 should provide

a useful paleoclimate proxy.
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Figure 3.14: The 680 records of TM4, TM5, TM9 and TM11 from 4300 years BP to 9000
years BP. Though a 1%o absolute discrepancy is observed, these four stalagmites show a
remarkably similar 680 pattern suggesting climatic variations are recorded in these four
stalagmites. The color-coded circles represent individual U-Th ages for each specimen along
with their 20 uncertainty.
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3.6.4 Growth rate

Speleothem growth rates vary by several factors, such as drip water flux and drip water
calcium ion concentration, discharge amounts, drip rate, temperature and the pCO, gradient
between the drip water and cave air (Genty and Quinif, 1996; Baker et al., 1998; Genty et al.,
2001). The drip water calcium ion concentration can affect growth rate, with higher calcium
ion concentration in drip water causing higher growth rate. The drip water calcium ion
concentration can increase with longer water residence time in the epikarst (Genty et al.,
2001). Discharge changes may affect growth rate, with higher discharge causing faster calcite
deposition and thus higher growth rate. A stronger pCO, gradient between the drip water
and the cave air will cause stronger CO, degassing of the drip water when entering the cave,
which causes higher calcite supersaturation of the drip water and thus higher growth rate.
In general, speleothems growth rates can vary in a range 10-1000 pm /yr (McDermott, 2004).
Speleothems collected from sub-tropical climates are considered to grow at 300- 500 pm/yr
(Fairchild et al., 2006). However, growth rate of speleothem could be higher than expected
due to high CO, and high drip water calcium ion concentration, or source of strong acid,
particularly sulphuric acid from pyrite oxidation (Atkinson, 1977, 1983; Sasowsky et al.,
2004).

Laos speleothem growth rate varied from 2 to 960 pm/yr with an average of 105 um/yr.
TM4 younger portion has a relatively low and constant growth rate(15 to 100 um/yr) from
~880 to ~2200 years BP, with a sharp transition into high growth rate (~ 500 pm/yr)
~2300 years BP. This sharp tradition could be generated by the age model artificially due
to the hiatus effect. TM4 older portion growth rate stays relatively constant (~15 to 50
um/yr ) from ~5200 years BP to ~7400 years BP. TM4 older portion growth rate peaks
during 7500 years BP to 8000 years BP (~80 um/yr). Between 5000 years BP to 5500 years
BP, growth rates of TM5(~200 um/yr) and TM9 (~350 um/yr) reaches their peaks. TM11

growth rate peaks between 7200 years BP to 7500 years BP. These periods of high growth
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rate correspond to the period of lightest §'80 between 7500 years BP to 8500 years BP,
although some is slightly lagged within age uncertainties. Dykoski et al. (2005) observed the
similar coherent relationship between growth rate and 680 for a speleothem from Dongge
Cave, China, during 7500 years BP to 8500 years BP. Similar coherency was also found in
speleothem record from Lynds Cave, Australia, which was interpreted to reflect relatively

wet conditions, and coincide with the so-called mid-Holocene climatic optimum (Xia et al.,
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Figure 3.15: Growth rate versus time for stalagmites, a) TM4 younger portion, b) TM4 older
portion, ¢) TM5, d) TM9, e) TM11, f)TM13
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3.6.5 020 and §3C record

Table 3.4 summarizes the 680 and 6'3C results of Tham Mai cave stalagmites. 604 samples
are measured for TM4 younger portion. 680 of TM4 younger portion has a mean of -9.68%o,
ranging from -10.79%0 to -8.57%o. '3C of TM4 younger portion has a mean of -11.19%,
ranging from -13.96%o to -8.6%c. 418 samples are measured for TM4 older portion. §%0
of TM4 older portion has a mean of -10.72%o, ranging from -12.55%0 to -9.27%¢. §'3C of
TM4 older portion has a mean of -11.33%o, ranging from -13.78%¢ to -9.5%0. 388 samples
are measured for TM5. 680 of TM5 portion has a mean of -9.9%o, ranging from -11.55%0
to -8.62%0. 613C of TM5 has a mean of -10.78%yo, ranging from -13.89%0 to -7.42%0. 432
samples are measured for TM9. §'80 of TM9 portion has a mean of -9.47%o, ranging from
-10.97%0 to -8.38%0. 6'3C of TM9 has a mean of -9.77%o, ranging from -11.18%o to -7.83%c.
742 samples are measured for TM11. 680 of TM11 portion has a mean of -9.99%0, ranging
from -10.92%0 to -8.46%0. 6'3C of TM11 has a mean of -10.32%o, ranging from -11.72%o
to -7.66%0. 392 samples are measured for TM13. §O of TM13 portion has a mean of
-8.54%y0, ranging from -10.95%c to -7.10%o0. §'3C of TM13 has a mean of -10.1%o, ranging

from -12.12%0 to -8.20%0. 6'0 and 6'3C record for each slaglamite is showing in (Fig.3.15).

Table 3.6: Summary of Laos speleothems 680 (%0) and 6'3C (%o) results

sample name | isotope samples | mean 680 | range of §'**O | mean §'3C | range of §3C
TM4younger 604 -9.68 (-10.79,-8.57) -11.19 (-13.96,-8.6)
TMA414er 418 -10.72 (-12.55,-9.27) -11.33 (-13.78,-9.5)
TM5 388 -9.9 (-11.55,-8.62) -10.78 (-13.89,-7.42)
T™M9 423 -9.47 (-10.97,-8.38) -9.77 (-11.18,-7.83)
TM11 742 -9.99 (-10.92,-8.46) -10.32 (-11.72,-7.66)
T™13 392 -8.54 (-10.95,-7.10) -10.1 (-12.12,-8.20)
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Figure 3.16: 60 (black)and 6'3C (blue) records for each stalagmite from Tham Mai cave,
a) TM4 younger portion, b) TM4 older portion, ¢) TM5, d) TM9, e) TM11, f)TM13
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The 60 record

Several distinct features are characterized in the §'0 records (Fig.3.17). The Younger Dryas
is characterized by an abrupt 60 increase beginning ~14 kyr BP and lasting until ~12
kyr BP when §'%0 values decrease by almost 4%o. The timing of the Younger Dryas is close
to that observed in Dongge Cave and in Greenland ice cores within age uncertainties. This
suggests that similar to the EAM, the SEAM weakened in sync with high latitude abrupt

cooling events.

During the Holocene, the Tham Mai speleothem §'80 records are characterized by lower
values during the early to mid-Holocene with increasing values towards the late Holocene.
This is similar to trends seen throughout the Asian monsoon region, reflecting the strong
insolation control on monsoon strength and ITCZ position (Fig.3.21). This general decrease
in §'80 is interrupted by several heavy excursions between 10 kyr BP to 8 kyr BP. TM11
displays a heavier excursion at ~9.2 kyr BP. The similar heavy §'*O excursion is also observed
in the NGRIP ice core (Johnsen et al., 2001), Dongge cave stalgmite 580 (Dykoski et al.,
2005) and Qunf cave stalagmite records (Fleitmann et al., 2003). TM5 and TM11 §'80
display a sharp 1-2 %o increase at ~8.2 kyr BP (within age error), corresponding to 8.2 kyr
BP event obsessed in Greenland, indicating that the SEAM also weakened in response to
this event. In addition, another large increase in 880 occurred at ~3.5 kyr BP. This abrupt
event is also seen in other records, such as Dongge cave, Heshang cave 680 record and
titanium record in the Cardiac Basin(Haug et al., 2001). From centennial-scale, variation of

580 throughout the Holocene is 0.5%0 to 1%eo.
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Figure 3.17: Five stalagmites 6'¥0 records from Tham Mai cave, with error bars indicating
U —Th ages and errors. Note that §'%0 plotted increasing downwards. Black is TM4 record,
light blue is TM5, pink is TM9, green is TM11, dark blue is TM13

The §*C record

From TM13 record, during the Younger Dryas, changes in Laos speleothem §'3C tracks the
5180, indicating that the Younger Dryas was likely characterized by extremely dry conditions
in Southeast Asia. §'3C records follow the trend of §'80 until the middle Holocene when the
proxies begin to diverge, which is indicated in TM11. §'3C records display a diverse trend
compared with 6¥0O from middle to late Holocene, indicating a wetter local environment
(Fig.3.18). This may reflect increasing rainfall towards the Late Holocene as the ITCZ

migrates southward in response to decreasing Northern Hemisphere summer insolation.
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Figure 3.18: Five stalagmites §'3C records from Tham Mai cave, with error bars indicating
U —Th ages and errors. Note that §'3C plotted increasing downwards. Black is TM4 record,
light blue is TM5, pink is TM9, green is TM11, dark blue is TM13

3.7 Discussion

Tham Mai speleothem 680 record shows a clear response to the millennial scale Younger
Dryas event, with 6O values increasing by 3%o. This feature is similar to the feature
observed in the Greenland ice core temperature record and other cave records in Aisan mon-
soon region ( Wang et al., 2001; Dykoski et al., 2005; Dong et al., 2010, e.g.). This indicates
an in-phase weakening of the SEAM in response to a weakening of the Atlantic Meridional
Overturning Circulation (AMOC), similar to numerous other Northern Hemisphere sites and
opposite to the response in the Southern Hemisphere (Ayliffe et al., 2013; Griffiths et al.,
2009, 2013).
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In addition, A strong similarity in pattern is shown between Tham Mai speleothem 60O
record and bulk titanium record from the Cariaco Basin (Haug et al., 2001), and an anti-
correlation relationship in shown between Tham Mai speleothem §'*0 and Liang-Luar cave
6180 from Flores, Indonesia(8-9N, 120-123E) (Griffiths et al., 2009) (Fig.3.19). Haug et al.
(2001) presented a bulk titanium record from the Cariaco Basin, which is a record of the
degree of river runoff, and thus is affected by the amount of precipitation which is controlled
by the position of ITCZ at this region. Liang-Luar cave, Flores is a record of the strength of
Australian-Indonesian summer monsoon, which is also affected by I'TCZ. Thus, these three
records are likely connected through manifestation of ITCZ. The I'TCZ controls the position
of precipitation over the South American continent (Haug et al., 2001) and also Indonesia
(Griffiths et al., 2009). Our record from Laos indicates that the ITCZ has a similar effect in

SEAM.
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Figure 3.19: Comparison of speleothem 60 records from Tham Mai cave, Laos and pre-
viously published a) speleothem §'®0 record from Liang-Luar cave, Flores ( Griffiths et al.,
2009), b) Titanium(%) record from the Cariaco Basin (Haug et al., 2001), ¢) GISP2 Green-
land ice core 6180 record( GISP2), d) NGRIP Greenland ice core 6**O record (Johnsen et al.,
2001)

Tham Mai speleothem 6'®O record also shows strong similarities with other Asian monsoon
records (e.g. Wang et al., 2001; Dykoski et al., 2005; Hu et al., 2008; Dong et al., 2010) with

characteristically low values in the early Holocene followed by increasing values towards the

76



present, following the general trend of 30N summer solar insolation(Fig.3.21). This pattern
has widely been interpreted to reflect a direct response to decreasing Northern Hemisphere
summer insolation over the Holocene and a resulting decrease in summer monsoon intensity.
However, speleothem 620 is known to be influenced by a combination of factors, including
moisture source region, transport history, upstream precipitation amount, local precipitation
amount, and karst hydrology. Recent studies with isotope-enabled general circulation models
(GCMs) have suggested that the conventional “amount effect” is not large enough to explain
the amplitude and spatial patterns of speleothem §'%O variability observed in the Asian
monsoon region (Mann et al., 2009; Pausata et al., 2011). Pausata et al. (2011) suggests
instead of local monsoon intensity, the 6O variability observed in Chinese speleothems
actually reflect rainout over the Indian Ocean and subcontinent before the moisture reaches

China.
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Figure 3.20: Generalised circulation pattern of the Asian summer monsoon over the period
from 1971-2000 (NCAR/NCEP, kyr BP Inay et al., 1996). The red star indicates the location
of Tham Mai cave. The locations of Qunf cave, Mawmluh cave, Dongge cave, and Heshang
cave are depicted as red circles; Sanbao cave is shown as triangle
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Figure 3.21: Comparison of speleothem 60 records from Tham Mai cave, Laos and pre-
viously published speleothems 680 records from Qunf cave,Oman (Fleitmann et al., 2004),
Mawmluh cave, India (Berkelhammer et al., 2013), Dongge cave (Dykoski et al., 2005), He-
shang cave (Hu et al., 2008), and Sanbao cave (Dong et al., 2010) China. All records are
plotted versus age (year BP). Northern Hemisphere June insolation (30N) is shown in grey
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3.7.1 Investigating controls on speleothem §'*0O

In order to best assist with Tham Mai cave 6'¥0 record interpretation, we utilized the
Holocene slice experiments conducted for 6 kyr BP and 0 kyr BP simulation results from
Goddard Institute for Space Studies (GISS) ModelE, a fully coupled atmosphere-ocean GCM,
to explore the interpretation of stalagmite §'*O records in the Asian monsoon region. These
experiments use the previously described AR5 version of ModelE utilizing appropriate green-
house gas concentrations and seasonal insolation values at each time slice. the mid- Holocene
results are part of the CMIP5 coordinated experiment and are available on its archive. Each
experiment was run for 500 years to equilibrium and we will analyze the last 100 years of
each run. In addition, we compared Tham Mai cave 6**0 and §'*C records to pursue possible

local and regional climate responsibilities.

Analysis of the Holocene results from the fully-coupled GISS ModelE2-R

We first did model validation using the “time slice” control run of ModelE2-R and the
MERRA nudged ModelE2 run (1979-2009) with the AR5 version of ModelE with a horizontal
resolution of 2 x 2.5, 40 vertical layers in the atmosphere up to 0.1 hPa height. Model E2-
R is fully-coupled to the 1 x 1.25, 32-layer Russell Ocean model, whereas ModelE2 utilizes
prescribed Had1SSTs. Water isotope tracers are included in the atmosphere, land surface, sea
ice, and ocean, and are tracked through the hydrologic cycle with appropriate fractionation
factors applied during phase changes. Further details of ModelE are available in numerous

publications (Hansen et al., 2007; Mann et al., 2009, e.g.).

To validate how well the ModelE control run, the MERRA nudged ModelE run, and IsoGSM
simulate the modern climatology and oxygen isotope composition of modern precipitation
in Laos, we have compared the mean monthly results with a gridded observational climate

dataset (CRU TS3.10) and GNIP data (Fig.3.4). All models accurately capture the seasonal
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cycles in T (r= 0.95 to 0.97), P (r = 0.91 to 0.96), and 6'®*0 (r=0.67 to 0.79), though the

summer precipitation is somewhat underestimated by each model.

Asian monsoon paleo-precipitation and Isotopic changes

To facilitate comparison, we compared the changes in past anomalies with present (0 kyr
BP, pre-Industrial, control run) simulations. GISS ModelE2 results show both decreased (or
barely changed) 680 values and decreased precipitation amount in Indo-Pacific area at 6
kyr BP relative to the control run (Fig.3.22). This suggest that at 6 kyr BP, southeast Asia
is dryer than today which is opposite than changes over India and East Asia. However, the
speleothems record from our case study site Laos show a similar increasing 6O values from
middle Holocene to Late Holocene as other speleothems through out Asian monsoon regions.
These results, therefore, suggest that speleothem records from the Asian monsoon area are
not necessarily reflecting local precipitation, though do reflect the strong insolation control

on monsoon strength, ITCZ position, and/or other coupled climate process

Given that the Indian Ocean is the dominant source of moisture to our study site and our
Goddard Institute for Space Studies (GISS) ModelE 6k and Ok comparison results, the Tham
Mai data supports the recent interpretation that the Chinese speleothem records are also
primarily recording variations in the isotopic composition of moisture advected from the

Indian Ocean (Pausata et al., 2011).
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difference at each grid point. At 6K, southeast Asia is dryer than today which is opposite

than changes over India and East Asia, (b) GISS ModelE2 simulations 6K run - control run
precipitation §'80 difference at each grid point.
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3.7.2 The linkage between §'%0 and §'3C records

Speleothem 6'3C is widely used as an indicator of local hydrologic variability, although
several climatic and non-climatic factors can influence the carbon isotopic composition of
calcite (Baker et al., 1997; Dorale et al., 1998; Baldini et al., 2008). Usually, wetter local
hydrologic conditions are associated with higher biogenic activity and/or higher percentage
of C3 vegetation, which would lead to more negative stalagmite calcite 6*C value. TM11

and TM4 indicate that §'3C follows the §**O increasing pattern.

513C and 60 records from Tham Mai have several distinct features. §'3C record from TM13
shows broadly similar patterns with §'80 over the Younger Dryas (R? = 0.59), suggesting
dry conditions at Tham Mai cave at this time. This indicates that, despite the complexity
of §13C, TM13 §'80 shifts could reflect a combination of decreased monsoon intensity and
local rainfall amount during the Younger Dryas. TM4 older portion and TM11 show that
this similar pattern between §'3C and §'80 continued until ~6 kyr BP. TM11 indicates that
the §'3C and §'80 records diverge in the Mid-Holocene, with low 6**O values suggestive of
strong upstream rainout, but higher §3C values suggestive of drier conditions. Chawchai
et al. (2013) presented a multi-proxy sediment record from lake Kumphawapi in northeast
Thailand. Their lake record suggests a dry local environmental condition ~6500 years BP,
which is consistent with our §'3C record recorded in TM11. One hypothesis is that the
mid-Holocene insolation forcing led to increased precipitation over the tropical Indian ocean
and Indian Monsoon region, while leaving SE Asia and perhaps much of China dry, thus

explaining the low §'80 values yet high 6'3C values at this time.
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3.8 Conclusions

The speleothem record from Tham Mai Cave in Laos shows strong similarities to other
records of Asian monsoon strength, including a strong insolation driven weakening since the
mid-Holocene and abrupt decreases during the Younger Dryas, 9.2 and 8.2 kyr BP events.
The centennial scale variation is generally within an amplitude of 0.5 to 1%c. Several §'%0
events vary greater than 1% (e.g. the Younger Dryas, 9.2, 8.2 kyr BP). The general pattern
of Tham Mai 580 record and these 6'0 events are in line with changes in the North Atlantic

region and anti-correlated with §'80 record from Liang-Luar Cave, Flores.

Although several previous studies explained this coherent variability of stalagmites §'%0
records through-out the Asian monsoon region, our GISS ModelE2 simulations study, toghther
with the association shown between Tham Mai 60 and 6'3C records, suggest the Holocene
evolution of Laos speleothem §'%0 may be influenced by changes in moisture source region

and/or upstream rainout and not simply monsoon strength or rainfall amount.
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Chapter 4

Quantifying karst hydrology impact
on stalagmite §'°0 with forward
modeling: an example from Tham

Mai cave

4.1 Introduction

Speleothems have proven to be valuable archives of past climate variability since they can
be precisely dated (e.g. Cheng et al., 2000; Richards and Dorale, 2003; Scholz and Hoff-
mann, 2008), annually laminated (Baker et al., 1993), and contain high-resolution climate
proxies (e.g. Wang et al., 2001, 2005; Hu et al., 2008; Dayem et al., 2010). Oxygen stable
isotopes (6'80) are the most widely utilized speleothem proxy for reconstructing past climate
variability. In general, assuming that the 6'*O signature of rainfall is directly transmitted

through the karst system and preserved in cave drip water, the §'80 of speleothem is thus
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affected by moisture source, rainfall amount, trajectory history and coupled climate modes,
such as El Nino Southern Oscillation (ENSO), Indian Ocean Dipole (I0D), Pacific Decadal
Oscillation (PDO) (e.g. Yuan et al., 2004; Wang et al., 2008; Mann et al., 2009; Dayem
et al., 2010; Pausata et al., 2011; Chiang et al., 2015). However, precipitation %0 (§'%0,),
the primary source of speleothem §'%0, is first modified via evaporation fractionation in the
soil and shallow epikarst. Soil water §'80 is further modified by flow path, water storage,
mixing within the soil, epikarst, and karst (e.g. Fairchild et al., 2006; Baker et al., 2013).

5180 signature of rainfall is thus transformed before the formation of speleothem.

Over glacial-interglacial time scales, speleothem §'80 signatures are dominated by the mag-
nitude of temperature and ocean/atmospheric circulation. On orbital time scale, speleothem
6180 clearly contains a “first order” climate signal (Baker and Bradley, 2010). On orbital
time scales, variability of the 6O at four Chinese caves is 5%o at Hulu cave (32.5N,
119.1E) (Yuan et al., 2004), ~5 to 6%o at Dongge cave (25.3N,108.1E) (Wang et al., 2001),
~4%0 at Heshang cave (30.45N, 110.4E) (Hu et al., 2008), and ~4%o at Xiaobailong cave
(24.2N,103.3E) (Cai et al., 2006) (summerized in Dayem et al. (2010)). This ~3 to 5 %o
amplitude variation should reserve the climate signal regardless of the complexity of cave

hydrology.

However, at inter-annual to annual time scales, the magnitude of climate change is much
smaller, thus the signal:noise ratio in speleothem in speleothem proxies is smaller. On an
inter-annual time scale, variability of the §'®0O at Heshang cave is ~2%o (Hu et al., 2008),
Wanxiang cave is ~3%o (Zhang et al., 2008), and Tham Mai cave in Laos is ~1.5%0. While
cave drip water inherits §'80 signatures from precipitation above the cave, this signature is
modified in the soil-karst system before it feeds the stalagmite. Once rain water gets to the
karst aquifer, it may follow complex routes, due to the nature of karst aquifers. This will mix
water from different routes and potentially of different ages. Finally, upon reaching a cave

void site where a speleothem may form, the drip water §'¥0 may be further transformed
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through non-equilibrium fractionation during calcite precipitation due to rapid degassing
or evaporation (Fairchild et al., 2006; Baker and Bradley, 2010). Thus, at inter-annual to
annual time scales, the uncertainty introduced from cave hydrology is not negligible. In
this case, we need to take the complexity introduced by cave hydrology into account before

further interpreting speleothem 6**0 as a climate proxy.

In addition, it has been noticed that in the cases when stalagmite §'*O time series have been
replicated by stalagmites from similar climatic regions and even from one cave, a between
sample 480 variability of a order of ~0.5% is observed upon the “first order” orbital scale
climate signal ( Williams et al., 2005; Baker and Bradley, 2010). It is likely that this between
sample 6180 variability is generated because of the complexity in karst process that transform

5180 between rain water and an individual stalagmite.

The objective of this chapter is to quantify the range of possible stalagmite 680 variations
introduced by hydrological variability over inter-annual to decadal time scale, and to advance
our knowledge of the speleothem 680 proxy record by comparing stalagmite 680 with
pseudo 6180 series generated by hydrological forward modeling approach. I use a lumped
parameter model (KarstFor model, previously KarstHydroMod) developed by Chris Bradley
and Andy Baker and Catherine N. Jex and Melanie J. Leng (2010) to generate pseudo
stalagmite 6'*O proxies. Using the existing simulation output from a spectrally nudged
isotope-enabled general circulation model (IsoGSM), I derived six pseudo stalagmite §80
proxies. The variation magnitude of these six pseudo proxies is compared with speleothem
§180. As an example, I use speleothem 6'%0 from Tham Mai cave, Laos (20.75 N, 102.65 E)
(Yang et al., 2016). Speleothems from Tham Mai cave provide replicated §'%0 records for
the middle Holocene over ~4300 years BP to ~9000 years BP. The work from this chapter

will also benefit future high resolution 580 records interpretation from Tham Mai cave.

The ultlization of KarstFor model will help us in at least three ways: 1) enable us to assess

the signal:noise ratio in speleothem §'80 time series, and help us understand to which extent
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we can interpret a direct climate correlation with an individual stalagmite 6**O record; 2)
identify non-stationary relationships between §'80 and climate and processes that produce
low-frequency 6'®0O variability; 3) explain the observed between sample 6'*0 magnitude

discrepancy for samples from the same cave or from a similar climatic region (Baker et al.,

2010).

Figure 4.1: Possible flow paths that water can flow through the limestone bedrock to sta-
lagmites in a cave. Four stalagmites (A,B,C and D) fed by different flow pathways are
illustrated. Stalagmite A is fed by diffuse flow, through either the limestone matrix or
through very fine fractures. Stalagmite B is fed by a larger proportion of the fracture flow,
with a mixture of relatively fast fracture flow, as shown by the dotted line, tougher with slow
diffuse flow from the overlying strata. Stalagmite C is fed by water taking a more complex
flow route, including a mixture of water passing through an overlying cave which is full of
sediment(labelled 1). Stalagmite D has the most complicated flow route. Stalagmite D fed
by a mixture of water passing through two sediment filled caves (1 and 2), as well as the
water passes through an active, water filled relatively small cave (3). Adapted from Baker
and Fairchild (2012)
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4.2 Motivation

4.2.1 Between sample §'%0 discrepancy within one cave

Tham Mai cave is situated in NE Laos, contains numerous actively forming stalagmites, and
has only one known entrance. Five speleothem records have been presented covering from
~0.79 to 15.53 kyr BP with sub-decadal resolution. Four speleothems within this cave (TM4,
TMb5, TM9 and TM11) grew contemporaneously (~4300 years BP to ~9000 years BP) are
used to do replication (Fig.4.2). These four speleothems replicated each other and show a
remarkably similar §'%0 pattern, despite the fact that they have different §'80 magnitude.
The average 680 of TM4 from 5182 to 8144 years BP is -10.7%0 20.5%0; the average 680
of TM5 from 4319 to 9063 years BP is -10.14%0 £0.56; the average 6'*0 of TM9 from 4319
to 7094 years BP is -10.16%0 +0.56%0; and the 680 of TM11 from 5192 to 9065 years BP
is -10%o0 420.32%0. The averaged §'*O magnitude discrepancy during the contemporary time
period among these four speleothems is ~1.2 %o (Fig.4.3). In order to interpret 'O records
from Tham Mai cave with a higher confidence, assuming these samples were deposited under
a close to equilibrium condition, we need to investigate to what extend we can attribute this

~1.2 %o as a result of the dynamics of karst water movement and storages.
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Figure 4.2: The 680 records of TM4, TM5, TM9 and TM11 from 4300 years BP to 9000
years BP. A ~1.2 %o absolute discrepancy is observed among these four speleothems.

-12

1 ] ] ]
T™M4 TM5 TM9 T™M11
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proxies from 4300 years BP to 9000 years BP
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4.2.2 Inter-annual high resolution §'*0O records
Tham Mai cave high resolution records

In order to study SEAM variability for the last 2 kyr BP, we construct inter-annual resolution
speleothem 680 record from Tham Mai cave. On an inter-annual time scale, It is likely
that variations in SEAM are related to changes in regional climate modes, such as the
Madden-Julian Oscillation (MJO), El Nino Southern Oscillation (ENSO), Indian Ocean
Dipole (IOD), and Pacific Decadal Oscillation (PDO). We correlate MERRA nudged GISS
ModelE2 precipitation amount-weighted §'*0 at the grid point closest to Tham Mai cave
spatially with Sea Surface Temperature (SSTs), Outgoing Longwave Radiation (OLR), sea-
level pressure and 850 mb minus 200 mb zonal wind fields(U850-200) for the period 1979-
2009 (Fig.4.4). Precipitation 680 from the grid point closest to the case study site reveals
a significant correlation with Pacific SSTs over the Nifo-3.4 region and in the western and
northern Indian Ocean, suggesting that the §'*O of annual rainfall may be influenced by
ENSO and IOD (Fig.4.4). In addition, correlations with OLR, SLP, and vertical zonal
wind shear (Webster and Yang, 1992) over the tropical Indo-Pacific also suggest a strong
relationship with the Asian monsoon intensity and convection over the Indo-Pacific warm

pool, , which likely contribute to “pre- fractionation” of moisture advected to our study site.

Overall, assuming these samples were deposited under equilibrium conditions, comparison
with precipitation §'*0 and reanalysis product data suggests that Tham Mai cave speleothem
6180 does contain a climate signal that can be related to coupled climate modes (e.g. ENSO

and IOD) and atmospheric circulation.

However, our high resolution last 2000 years speleothem record from Tham Mai cave shows
a complex phase (Fig.4.5). Regardless of the uncertainties from U — T'h dating, the com-

plex phases in our records might indicate that rainfall anomalies in tropical Pacific Ocean is
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controlled by several climate systems. These climate systems are superimposed and interact
with each other. Although significant correlations between Tham Mai cave local precipita-
tion §'80, coupled climate modes (e.g. ENSO and IOD) and atmospheric circulation have
been identified in Fig.4.4, this climate signal in precipitation §'80 is transformed before
the deposition of speleothems as a result of variations in the hydrological routing of water
from the surface to the cave (Baker and Bradley, 2010; Chris Bradley and Andy Baker and
Catherine N. Jex and Melanie J. Leng, 2010; Wackerbarth et al., 2010). While the overall
variability of the 680 from Tham Mai cave for last 2000 years is only ~1.5%0, a careful

quantification on hydrological process contribution on §'*Q variation is needed.
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Figure 4.4: Field correlation maps between MERRA nudged GISS ModelE2 precipitation
amount-weighted 480 (1979-2009) at the grid point closest to our cave site (red star) and
SSTs (upper left), outgoing longwave radiation (OLR) (upper right), sea-level pressure (lower
left) and 850 mb minus 200 mb zonal wind fields (lower right) for the period 1979-2009.
Colors represent significant r values at the 90% level. Plots for IsoGSM (1871-2010; not
shown) show similar patterns.
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Figure 4.5: Three stalagmites %0 records from Tham Mai cave for last 3000 years. Note
that §'80 plotted increasing downwards. TD1 620 is plotted as measured 60 subtracted
-3%o in order to have a similar magnitude with other two records. Black is TM4 record, red
is TM6 record, and blue is TD1 record. Scanned images, U — T'h ages and age model of
these speleothems are presented in Chapter 2 and Chapter 3.

Chinese cave high resolution records

Zhang et al. (2008) published a well-dated 1810-year long speleothem §'0 record from
Wanxiang Cave, near the northern limit of the East Asian summer monsoon. This record
shows numerous decadal-scale variations over the past two millennia that were closely linked
with Northern Hemisphere temperatures, Alpine glacial retreat, solar variability, and Chi-
nese cultural changes (Zhang et al., 2008). In addition, this record revealed anomalously
weak monsoon intensity during the Little Ice Age (LIA; A.D. ~1350-1850) and anomalously
strong monsoons during the Medieval Climate Anomaly (MCA; A.D. ~900-1350). Hu et al.
(2008) published another high annual resolution record from Heshang cave, China, which is

also considered as a Asian monsoon rainfall record. Cave hydrological monitoring in these
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two caves have demonstrated that they were deposited under a close to equilibrium condi-
tion, and hence stalagmite §'80 directly reflects infiltrating water 50 composition. For
these modern high resolution stalagmite samples, one way to calibrate speleothem high res-
olution records is to regress speleothem 'O proxy with instrumental precipitation §'%0.
Due to the temporal and spatial sparsity of existing instrumental §'*0,, dataset GNIP (the
Global Network for Isotopes in Precipitation), I compared these two speleothem records with
IsoGSM §'80,, data from the closet grid point of cave sites. However, ~annual resolution
speleothem §**0 and IsoGSM precipitation 680 at Wanxiang Cave and Heshang Cave does
not show a correlation (Fig.4.6 and Fig.4.7). This discrepancy may be due to the complex
cave hydrological influences on precipitation 680, though we also can not exclude the possi-
bility that the model does not accurately capture precipitation 680 at these two cave sites.
In these circumstances, uncertainties introduced by soil, groundwater, and cave hydrology

process are significant and need to be quantified before further interpretation.
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Figure 4.6: Comparison of Heshang cave speleothem §'80 with IsoGSM 4'80,, from the grid
point closest to Heshang cave site (Hu et al., 2008).
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Figure 4.7: Comparison of Wanxiang cave speleothem §'®0 with IsoGSM 6'%0,, from the
grid point closest to Wanxiang cave site (Zhang et al., 2008).
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4.3 KarstFor model and complexity in karst hydrology

Recently, quantitative hydrological models have been developed to simulate this modification
process (Fairchild et al., 2006; Baker et al., 2010; Baker and Bradley, 2010; Chris Bradley
and Andy Baker and Catherine N. Jex and Melanie J. Leng, 2010). Baker and Bradley
(2010) and Baker et al. (2013) presented a lumped parameter karst hydrology model (Karst-
For model), which integrates climate, soil, and groundwater processes in order to identify
potential stalagmite 680 responses to changes in three inputs: precipitation, temperature,
and precipitation §'®0. The input water (precipitation) was then entered into a linearly
connected hydrological reservoirs. The model includes five water stores connected through
fracture flow: soil, epikarst, karst store 1, karst store 2, and an overflow store. In KarstFor
model, the primary hydrological control on drip-water §'80 is the relative size of each store
in relation to water inflows and outflows. The §*¥*O composite of each store is simulated as a
linear function of precipitation §'*0, and store 6'%0 at a time step. Evaporation fractional
is only allowed in the soil store. The model has five water stores: soil, epikarst, karst store
1, karst store 2, and overflow store. The drainage rate of each store is proportional to the
volume of water stored. The capacity of each reservoir and the initial water stored within

the reservoir are represented by parameters and can be modified.

Six stalagmite pseudoproxies are generated from KarstFor model. The pseudoproxy time-
series are influenced by varying precipitation 680, evapotranspiration, and mixing of water
from different stores. Drip water source of Stall is Karst Store 2 §'80. Drip water source of
Stal2 is a mixture of 75% Epikarst Store §'¥0 and 25% precipitation of that month. Drip
water source of Stal3 is a mixture of 50% Epikarst Store §'%0, 25% precipitation §*O of
that month, and 25% precipitation 6'¥0O of previous month. Drip water source of Stal4 is
Epikarst Store 6'¥0. Drip water source of Stal5 is Karst Store 1 §'80. Drip water source of
Stal6 is Overflow Store 60 (Fig?). Stall and Stal6 §'80 series are generated by allowing

calcite fractionation for each drip water 6**O series.
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Chris Bradley and Andy Baker and Catherine N. Jex and Melanie J. Leng (2010) utilized
the model to produce pseudo stalagmite proxies that agree with modern stalagmite §'80 for
three sites (Gibraltar, NW Scotland, and Ethiopia). In addition, Baker et al. (2013) applied
KarstFor model to quantify stalagmite 50 response to glacial-interglacial transitions by
using speleothem §'%0 from Hulu cave, Naning, China as a case study. In this study, they
conducted a series of model runs to determine the preferred parameter set, i.e. initial storage
volume in each store and drainage rates followed by different stores. The size of each store and
drainage rate are chosen to ensure that the overflow store occurred regularly. Since Hulu cave
and Tham Mai cave are both located in the Asian monsoon domain and have similar modern
climatology, we chose similar initial parameter values (i.e. store capacity and drainage rates)
presented in (Baker and Bradley, 2010). To adapt their model setting to Tham Mai cave,
we change several initial values, i.e. mean temperature (T = 20 °C, karst and drip water
6180 (-8 %), stalagmite 6'0 (-7 %o). The initial value of mean temperature is the annual
mean cave site temperature. The initial values of karst store/drip water/stalagmite 480
are adapted with our drip water and modern glass plate calcite measurements during cave

monitoring program 2010-2013.

The initial KarstFor model is writing in Fortran (Baker et al., 2013) and converted the model

into R. The R code is available as supplementary information after this chapter.
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Figure 4.8: Conceptualisation of KarstFor model, a lumped parameter model Chris Bradley
and Andy Baker and Catherine N. Jex and Melanie J. Leng (2010); Baker et al. (2013).The
model has five water stores: soil, epikarst, karst store 1, karst store 2, and overflow store. F1
to F8 are water fluxes. Water flow from one store to another under certain constrains. Six
stalagmite pseudo proxy are generated. Pseudo stalagmites are fed by drip waters from one
or mixture of several stores. Adapted from (Baker et al., 2013)

4.3.1 140 years IsoGSM input data series

As a case study and in order to quantify the ”hydrological effect ” at Tham Mai cave,
We use 140 years (1680 month from 1871-2010) IsoGSM monthly dataset of precipitation,
precipitation §'80, evaporation, and temperature (Fig.4.9). IsoGSM is a multi-decadal,
global, and three-dimensional precipitation isotope simulation, which has proven to be
consistent with reanalysis data, especially National Centers for Environmental Prediction
(NECP)/Department of Energy (DOE) (NCEP/DOE) Reanalysis 2(R2) (Kanamitsu et al.,
2002). The precipitation and temperature data are used to calculate water excess using

Thornthwaite method ( Thornthwaite, 1948; Baker and Bradley, 2010).
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Figure 4.9: Input time series at the Tham Mai cave site from year 1871-2010: (a) §'%0,,
(b) precipitation, (c) surface temperature, (d) evaporation values. Blue lines indicate the
12-month and red lines the 60-month average values, respectively. Data is from IsoGSM
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4.4 Results

Fig 4.10 shows six pseudo stalagmite 6'*0O proxies output. The pseudoproxy series vary
markedly due to the differences in the inferred water flow path. Although Stal2, Stal3, Stal4,
and Stalb are varying in a similar fashion, the absolute difference among these stalagmite is
~1.2 %o. Stal2 has the most enriched §'80. Stal2 is fed by a mixture of 75% Epikarrt Store
water and 25% precipitation water. Stal4 has the most deleted §*®0 signature. Stal4 is fed
by water from Epikarst. Stal3 and Stalb has similar absolute magnitude. Stal3 is fed by
mixed water from four different origins. Stalb is fed by water from the largest store(Karst
Store 1), which is about 1.5 time bigger than Epikarst Store. Stall and Stal6 exhibit a
sharp change in §'*O value around year 1951 and 1991, respectively. Stall and Stal6 are
derived from each drip-water %0 by allowing for calcite fractionation. This indicates that
calcite fractionation before calcite precipitation may introduce sharp change in stalagmite

5180 proxy.

Fig 4.11 shows averaged value with 20 standard deviation for six pseudo 60 proxies. This
graph summarizes the information from Fig 4.8. The absolute magnitude difference among
these six pseudo stalagmites is 1.2%o, which is similar to the magnitude discrepancy among
real speleothem records from Tham Mai cave (Fig 4.2 and Fig 4.3). Fig 4.12 and Fig 4.13

are similar to Fig 4.10 and Fig 4.11, but for time period 1979-2010.
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Figure 4.10: Six pseudo 680 proxies from year 1871-2010, output from KarstFor model
simulations. Black: Stall,Red: Stal2, Blue:Stal3, Pink: Stal4, Green: Stal5, and Dark blue:
Stal6
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Figure 4.11: Average values with 20 standard deviation for six pseudo §'80 proxies from
year 1871-2010

101



Stal_1 Stal_4 _
Stal_2 Stal_5
-12 |- stal_3

Stal_6 T
_ | | r\/‘ ]

<\

Pseudoproxy §'°0
o
o

1
[(-]
I

g L1 ] 1 1 ] 1
1980 1985 1990 1995 2000 2005 2010

Time (yr)

Figure 4.12: Six pseudo 680 proxies from year 1979-2010, output from KarstFor model
simulations. Black: Stall,Red: Stal2, Blue:Stal3, Pink: Stal4, Green: Stal5, and Dark blue:
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Figure 4.13: Average values with 20 standard deviation for six pseudo §'80 proxies from
year 1979-2010
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Figure 4.14: Three representative pseudo 680 proxies rom KarstFor model simulations and
IsoGSM §'80 from year 1871-2010. Black: IsoGMS, Red: Stal2, Blue: Stal3, Pink: Stal4

Fig 4.12 shows a comparison between three representative pseudo 6**O proxies rom KarstFor
model simulations and IsoGSM §*¥O from year 1871-2010. These four proxies covary with
each other but have different magnitude of variation and absolute values. Pseudoproxy from

Stal2 varies closely with IsoGSM §'80, especially from 1871 to 1920.

4.5 Conclusion

In this chapter, we use KarstFor model to investigate and quantify sources of uncertainty in
stalagmite 6'¥0. We used Tham Mai cave as a case study. Our four speleothems from Tham
Mai cave which grew contemporaneously from ~4300 years BP to ~9000 years BP. Although
these four speleothems covary with one another for the period of overlapping growth, these
four speleothems have different mean 60 over their period of overlap during ~4300 years BP
to ~9000 years BP. The magnitude of mean 60 discrepancy among these four speleothems
is ~1.2 %o. We use the hydrological forward model (KarstFor) to quantitatively assess the

extent to which variability between these four speleothems §'80 records can be attributed to
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hydrological variability. Our model simulation results suggest that this ~1.2 % discrepancy
can be generated due to hydrological variability within one cave. The incredible replication
of speleothem §'80 records suggests that Tham Mai cave speleothems were deposited under
isotopic equilibrium and preserved the “first order” of climate signal, at least during the

Holocene time period.

In addition, our comparison with IsoGSM precipitation 680 from the closest grid of Tham
Mai cave and reanalysis data (SST, SLP, OLR, U850-200) suggests that Tham Mai cave
speleothem 680 does contain a climate signal that can be related to coupled climate
modes(e.g.ENSO and I0D) and atmospheric circulation. However, this conclusion is based
on the assumption that speleothems from Tham Mai cave were deposited under isotopic equi-
librium and this climatic signal in speleothem §'80 is not blurred by local hydrological noise.
In the case where high resolution cave records are available, such as Wanxiang, Heshang, and
Tham Mai cave, sample specific factors become important. It is crucial to understand the
interplay between climatic and local hydrological effects of speleothem §'80. In the case of
Tham Mai cave, our KarstFor modeling results suggest a 1.2 %o stalagmite 620 variability
that could be related to flow routing. Unfortunately, due to the relatively large U — Th
uncertainties,especially for TM6, we are not able to perform a direct comparison between
Tham Mai cave speleothem §*¥*0O and KarstFor pseudo proxies. Additional high resolution
records are needed to better constrain climate versus last hydrological variability in 6'*0. A
direct comparison of pseudo proxy and stalagmite §'¥0O will help us untangle the mystery of
cave hydrology, especially for places where long term cave monitoring is not available,such

as Tham Mai cave.
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4.6 Supplementary information

1 #test karrstfor on laos data, dataset from isogsm
#set wvalues for initial store valumes, fluzes, isotope composition and cave temp.
5 setwd ("~ /Documents/HY model")
SOILSTORXP=50.
5 SOILSTOR=50.
EPXSTORXP=100.
7 EPXSTOR=100.
EPICAP=400.
o KSTSTOR2XP=50.
KSTSTOR2=50.
11 SOIL18OXP=-8.
KSTSTOR1XP=230.
13 KSTSTORI= 230.
KSTSTOR1180 = -8.
15 KSTSTOR1180XP = —8.
OVRFLOWXP=20
17 OVRFLOW=20
OVRFLOW180=-8.
19 OVRFLOWI18OXP=-S8.
OVCAP=100
21 D18OXP=-8.
T1=20.
23 T2=20.
T3=20.
25 T4=20.
T5=20.

27 T6=20.
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T7=20.
20 T8=20.
T9=20.
31 T10=20.
T11=20.
33 MEANT=20.
EPX180=-7.
35 EPX180XP=-7.
KSTSTOR2180XP=-7.
37 KSTSTOR2180=-7.
DRIP2180=-7.
39 P=—T1.
R=-T7.
a1 STAL1D180=-7.
STAL2D180=-7.
13 STAL3D180=-7.
STAL4D180=-7.
45 STAL5D180=—7.
STAL6D180=—7
a7 input = read.table("laos.txt" 6 header=T)
attach (input)
1 HY _model_variables <— data.frame(
TT=NA MVENA, F1=NA, F3=NA, F4=NA, F5=NA, F7=NA, SOILSTOR=NA
51 EPXSTOR=NA, KSTSTORI=NA, KSTSTOR=NA,OVRFLOW=NA, STAL1D180=NA,
STAL2D180=NA,STAL3D180=NA, STAL4D180=NA, STAL5D180=NA, STAL6D180O=NA)
53 #Reads the input file , which has the format ’number, month(1—12), PET, P, T, 180.
for (i in 1:length(TT)){
55 if (SOILSTORXP+PRP[i]-EVPT[i] < 0)
{EVPT[i]=0}
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else
{SOILSTOR=SOILSTORXP+PRP[ i|-EVPT[ i ] }

# Prevents any flux when surface is near—frozen. In this case, 0.0 degree C

61

63

65

67

69

71

73

75

77

79

81

83

85

if (TEMPP[i] > 0)
{F1=SOILSTOR%*0.2}
else

{F1=0}

#Increases epikarst store wvolume and generate overflow

EPXSTOR=EPXSTORXP+F1
if (EPXSTOR > EPICAP)
{F4=EPXSTOR-EPICAP}

else

{F4=0}

# 0.08 term parameterised to maintain continuous F38 fluzx

F3=(EPXSTOR-F4)%0.008
SOILSTOR=SOILSTOR-F1
EPXSTOR=FEPXSTOR-F3—F4
KSTSTORI1=KSTSTOR1XP+F3
F5=KSTSTOR1x0.005
KSTSTORI=KSTSTOR1-F5
KSTSTOR2=KSTSTOR2XP+F4
if (KSTSTOR2 > OVCAP)
{F7=KSTSTOR2-OVCAP}
else

{F7=0}
KSTSTOR2=KSTSTOR2-F7
F6=KSTSTOR2x0.002
KSTSTOR2=KSTSTOR2-F6
OVRFLOW=OVRFLOWXP+FE7
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87

89

91

93

95

97

99

101

103

105

107

109

111

113

F8=OVRFLOW%0.001
OVRFLOW=OVRFLOW-F'8
E=PRP] i |+SOILSTORXP
if(E< 0.01)
{E=0.001}

else

{E=PRP[ i ]+SOILSTORXP}

f=SOILSTORXP/E
G=PRP[i]/E

# 0.03 term can be changed to enable

H=D180 [ i]+ (EVPT[i]%0.03)
SOIL180=( f*SOIL180XP)+ (G«H)
if (SOIL180 > 0.0001)
{SOIL180=SOIL180XP}

A=F1

B=A-{FPXSTORXP
C=(EPXSTORXP/B) *EPX180XP
D=(A/B) *SOIL180
EPX180=C+D
B1=F3+KSTSTORIXP

C1=(KSTSTORIXP/B1 ) *KSTSTOR1180XP

D1=(F3/B1) «EPX180
KSTSTOR1180=C1+D1
P=DI80 i |
R-D180OXP

DRIP1180=(EPX180%0.50)+ (P%.25) + (R*.25)

DRIP2180=(EPX180%0.75)+ (P*0.25)
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115

117

119

121

123

125

127

131

133

137

139

141

143

if(F4 < 0.01)

{KSTSTOR2180=KSTSTOR2180XP}

else

{B2=F44KSTSTOR2XP
C2=(KSTSTOR2XP/B2) *KSTSTOR2180XP
D2=(F4/B2)+EPX180
KSTSTOR2180=C2+D2}

if (F7 < 0.01)

{OVRFLOW180=OVRFLOWI80XP}

else

{B3=F7+OVRFLOWXP
C3=(OVRFLOWXP/B3 ) *OVRFLOW180XP
D3=(F7/B3) *KSTSTOR2180
OVRFLOWI180=C3+D3}

# Caculates temperature dependent fractionation using Kim and O’ Niell.

#Other equations can be wused.

#Also, monthly T averaging will be site specific.
MEANT= (T1+T24+T3+T44+T5+T6+T7+T8+THHT10+T114TEMPP[ i ]) /12
if (KSTSTOR2 < 0.01)

{STAL1ID180=-99.9}

else

{STALID180=KSTSTOR2180+3.152+ ( —0.233 MEANT) }

STAL2D180=DRIP1180+3.152+( —0.233 +MEANT)
STAL3D180O=DRIP2180+3.152+( —0.233+MEANT)
if (EPXSTOR < 0.01)

{STAL4D180=—99.9}
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145

147

149

151

153

155

157

159

161

163

165

167

169

171

else

{STAL4D180=EPX180+3.152+( —0.233«MEANT) }

if (KSTSTOR1 < 0.01)
{STAL5D180=-99.9}
else

{STAL5D180=KSTSTOR1180+3.152+ ( —0.233*MEANT) }

if (OVRFLOW < 0.01)
{STAL6D180=-99.9}
else

{STAL6D180O=OVRFLOW180+3.152+( —0.233*MEANT) }

# Output data for this timestep and update model terms

newrow=c (TT[i] MM[i],F1,F3,F4,F5,F7,
SOILSTOR,,EPXSTOR, KSTSTOR1, KSTSTOR2,O0VRFLOW, STAL1D180,
STAL2D180,STAL3D180,STAL4D180,STAL5D180, STAL6D180O )
HY _model_variables = rbind (HY_model_variables ,newrow)
T1=T2

T2=T3

T3=T4

T4=T5

T5=T6

T6=T7

T7=T8

T8=T9

T9=T10

T10=T11
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175

177

181

183

185

T11=TEMPP] i |
EPX180XP=EPX180
EPXSTORXP=EPXSTOR
SOILSTORXP=SOILSTOR
SOIL180XP=SOIL180
KSTSTORIXP=KSTSTORI1
KSTSTOR2XP=KSTSTOR?2
OVRFLOWXP=OVRFLOW
KSTSTOR1180XP=KSTSTOR1180
KSTSTOR2180XP=KSTSTOR2180
OVRFLOWISOXP=OVRFLOW180
DI8OXP=D180[ i ]

write.table (HY _model _variables , file="output.txt" 6 sep="_,")
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Chapter 5

Inter-annual Controls on Oxygen
Isotope Variability in Asian Monsoon
Precipitation and Implications for

Paleoclimate Reconstructions

5.1 Abstract

Asian monsoon precipitation §'%0 (§'®0,, ) is known to vary in response to changes in mon-
soon strength, rainfall amount, moisture source region, and vapor transport history. To
better interpret interannual §'*0 variability in high-resolution paleoclimate archives, such
as speleothems and tree rings from this region, we utilize existing simulations from a spec-
trally nudged isotope-enabled general circulation model (IsoGSM) coupled with instrumental
climate data to investigate the climatic controls on §'®0,, at four key cave locations affected

by the Asian monsoon: Qunf cave, Oman; Mawmluh cave, India; Tham Mai cave, Laos;
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and Dongge cave, China. Comparison with instrumental climate data from 1979-2010 AD
show that 6'80, at the four cave sites is unrelated to local precipitation amount, but in-
stead reflects large-scale ocean-atmosphere processes. Spatial correlation with vertical wind
shear indicates that 6'%0,, at all sites is significantly related to monsoon strength and Walker
circulation. The spatial correlations with sea surface temperature (SST) and precipitation,
suggest that the El Nifio Southern Oscillation (ENSO) likely does play a role and that cen-
tral Pacific type El Nifio events influence precipitation 6**0O in Oman and northern Laos, in
particular. A case study of Tham Mai cave reveals a moderate correlation with the NINO3.4
index (r=0.53) indicating that paleo-archives from this region may be useful for reconstruct-
ing past ENSO variability. Investigation of ENSO related moisture and §'®0, anomalies
indicates that the positive anomalies over Southeast Asia during El Nino events may reflect

increased contribution of high §'80 precipitation from the Bay of Bengal.

5.2 Introduction

The Asian Monsoon (AM) is an important component of the global climate system that
plays a major role in the transport of heat and moisture from the tropics to higher lati-
tudes. Even small variations in the strength and/or timing of seasonal rainfall can have
significant impacts on the billions of people living within the AM domain. Recent analyses
of instrumental and reanalysis data have shown pronounced spatial and temporal variability
in regional precipitation patterns across Asia (Conroy and Overpeck, 2011a; Wang et al.,
2001), yet our knowledge of the past regional behavior of the monsoon system, and the vary-
ing influence from modes of ocean-atmosphere circulation [e.g. Madden-Julian Oscillation
(MJO), El Nifio /Southern Oscillation (ENSO), Indian Ocean Dipole (I0OD), Pacific Decadal
Oscillation (PDO)], is significantly lacking. The increasing availability of high-resolution,

oxygen-isotope (680 ) based terrestrial paleoclimate records from across the AM region
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offers a significant opportunity to improve our understanding of the physical links between
regional AM variability and interannual to decadal scale coupled climate modes, such as
ENSO. However, the factors influencing the 'O of precipitation (6'80, ) are numerous and
complex, and likely vary both in space and time; hence a more complete understanding of
the climatic influences on §'®0,, over different time-scales is needed for robust interpretation

of 680 based paleoclimate records.

Numerous terrestrial and marine paleoclimate records of past AM variability have helped
to broaden our understanding of decadal to orbital scale monsoon dynamics over the past
several glacial-interglacial cycles (e.g. Clemens and Prell, 2003; Wang et al., 2008; Cheng
et al., 2009; Porter, 2001). Recently, the most detailed records have been based on oxygen
isotope variations preserved in cave calcite deposits or speleothems (e.g. Wang et al., 2008).
Assuming deposition under equilibrium conditions, the 6'0 of the calcite is dependent only
on that of the drip-water, which is closely related to §'®0,, , and cave temperature. In the
tropics and AM region, the cave drip-water signal dominates and mainly reflects changing
6180, , though some noise may be introduced through transport and mixing in the epikarst
(Baker and Bradley, 2010). While orbital- to millennial-scale variations in speleothem §'%0
have been widely interpreted as proxies for local or regional precipitation amount and/or
monsoon intensity (Sinha et al., 2005; Fleitmann et al., 2007; Cheng et al., 2009), the precise
mechanism responsible for the broadly consistent signals seen across the AM region, even
in locales with very different modern precipitation patterns, is still highly debated (Pausata
et al., 2011; Mann et al., 2009; Dayem et al., 2010; Clemens et al., 2010; Chiang et al.,
2015). Most studies invoke some combination of changing rainfall seasonality (Wang et al.,
2001; Clemens et al., 2010; Chiang et al., 2015), rainfall amount (e.g. Fleitmann et al., 2004;
Berkelhammer et al., 2010), and/or changes in the isotopic composition of incoming water
vapor due to upstream processes such as rainout (Pausata et al., 2011; Mann et al., 2009)
to explain the precessional cycles and millennial scale excursions in speleothem 680 in the

AM region.
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While speleothem §'80 variability over orbital to millennial scales likely reflects large-scale
monsoon variability, other recent studies suggest that higher-frequency 60 variability may
be dominated by other factors, such as local precipitation amount (Zhang et al., 2008; Tan
et al., 2010) or ENSO (Myers et al., 2015; Tan, 2014). Previously, analysis of data from the
Global Network for Isotopes in Precipitation (GNIP) have been conducted to investigate the
climatic controls on §'®0,, in the AM region. For instance, multiple regression analysis of
monthly GNIP data indicates that the seasonal variations in 6'80,, at sites across China are
significantly related to precipitation amount and temperature, with southern sites in general
more related to rainfall amount and northern sites more related to temperature (Johnson
and Ingram, 2004). The magnitude of the observed effects are not large enough to explain
the observed speleothem data, however, likely reflecting the fact that the seasonal cycle is
not a good analogue for interannual scale variability. In a more recent analysis of GNIP
data, it was determined that ENSO-driven changes in atmospheric-oceanic circulation are
the dominant source of inter-annual §'80,, variability in the monsoon regions of China ( Tan,
2014). Analysis of instrumental meteorological data indicated that this signal likely reflects
the variation in the ratio of water vapor originating from distant oceans (relatively negative
6180, ) versus the local ocean (relatively positive 6'0, ). Recent paleoclimate records
based on §'®0, variations preserved in fast-growing speleothems or in tree-ring cellulose
from the AM region have supported this latter interpretation, with significant relationships
seen between proxy §'80 and tropical Pacific SSTs during the instrumental period at some

sites (Myers et al., 2015; Sano et al., 2012).

In order to robustly interpret these records and to investigate the influence of ENSO and
other climate modes on §'®0, variability across the AM region, additional analysis of pre-
cipitation isotope systematics is needed. Due to the sparseness, short duration, and often
discontinuous nature of available §'®0,, data in the AM region, recent studies have utilized
isotope enabled general circulation models (GCMs) to investigate the mechanisms of inter-

annual 680, variability (e.g. Conroy et al., 2013). Analysis of simulated §'*0, allows for
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systematic investigation of the numerous parameters that are known to influence §'%0,, vari-
ability, such as local precipitation amount (Dansgaard, 1964), the moisture source region
(Bhattacharya et al., 2003; Griffiths et al., 2009; Baker, Alexander J. and Sodemann, Harald
and Baldini, James U. L. and Breitenbach, Sebastian F. M. and Johnson, Kathleen R. and
van Hunen, Jeroen and Zhang, Pingzhong, 2015), distillation during transport (Hoffmann
and Heimann, 1997; Yoshimura et al., 2003; Vuille et al., 2005), recycling of water by land
surface exchange processes (Gat and Matsui, 1991), and re-evaporation of precipitation in

unsaturated air ( Worden et al., 2007).

To improve the interpretation of §*¥*O records, especially but not limited to 6**O from
speleothems, we utilize the 20th century reanalysis nudged isotope incorporated global spec-
tral model (IsoGSM) simulations of §'*0,, (Yoshimura et al., 2008) and observed climate
data from the past 30 years to explore the relationship between §'80,, and multiple climatic
factors within the AM region. We focus on four locations that, in addition to being strongly
influenced by the AM, have key paleoclimate records based on speleothem 6'%0,, . These four
sites are located in the Arabian peninsula (Oman), India, Southeast Asia (Laos), and China
(Fig. 5.1). Spatial correlation analysis, time series analysis, and composite maps are used to

reveal the relationship between 6'80, and climatic parameters over inter-annual timescales.

5.3 Study sites and climatology

5.3.1 Data description

The International Atomic Energy Association/World Meteorological Organization Global
Network for Isotopes in Precipitation (GNIP) database is the most complete instrumental
data source available for studying precipitation isotopic variations, but it is limited by sparse

temporal and spatial resolution. We utilize interpolated data calculated from raw GNIP data
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(Bowen and Wilkinson, 2002b; Bowen and Revenaugh, 2003) to estimate the monthly mean

oxygen isotope composition of precipitation at our four study sites.

5.3.2 IsoGSM simulation data

IsoGSM is a water isotope-incorporated general circulation model with the spectral dynam-
ical core (Yoshimura et al., 2008)(Y08). We used the quasi-reanalysis product of IsoGSM
nudged toward the NCEP/DOE Reanalysis 2 (R2) (Kanamitsu et al., 2002) atmosphere. In
this product, large scale atmospheric wind and temperature fields are constrained by the
spectral nudging technique (Yoshimura et al., 2008). The data contains all conventional
atmospheric variables (wind, temperature, humidity, pressure, radiation, flux, etc.) and iso-
topic variables, i.e., isotopic ratio of atmospheric vapor, liquid and solid water storages (snow,
soil moisture, river storage, etc.), and water fluxes (precipitation, evaporation, runoff, etc.)
since 1979 to 2014 in 6-hourly intervals. In this study, we used a similar IsoGSM product
nudged towards 20th century reanalysis data (Compo et al., 2011) by Yoshimura (2015). In
this product, similar with Y08, but for longer period, 1871-2010. We use these two IsoGSM
products ( Yoshimura et al., 2008; Yoshimura, 2015) to explore the controlling interannual

climatic factors of 6'*0, .

We compare the observed (GNIP) and modeled (IsoGSM) isotope data with climatic data,
including: 1) instrumental precipitation data from the Global Precipitation Climatology
Project (GPCP) data version 2.2; ii) outgoing longwave radiation (OLR) data from the Na-
tional Oceanic and Atmospheric Administration (NOAA) (Liebmann and Smith, 1996); iii)
wind shear, defined as the difference in zonal wind fields between 850hPa and 200hPa (U850-
U200)., and obtained from the National Centers for Environmental Prediction-National Cen-
ter for Atmospheric Research (NCEP-NCAR) reanalysisl (Kalnay et al., 1996); iv) vertically

integrated atmosphere moisture transport, defined as the vertical integral of monthly mean
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zonal and meridional moisture flux, and based on the reanalysis monthly data from NCEP-

NCAR obtained from: http://www.cgd.ucar.edu/cas/catalog/newbudgets/index.html.

5.3.3 Site description and climatology

To investigate the mechanisms of interannual §'%0,, variability in the AM region, we have cho-
sen four cave sites for our study: Tham Mai Cave (20.75N, 102.65E, elevation 360 m), Laos;
Dongge Cave (25.28N,108.08E, elevation 680 m), China; Mawmluh Cave (25.26N,91.71E, el-
evation 1290 m), India; and Qunf Cave (17.17N,54.3E, elevation 650 m), Oman. These study
sites are all influenced by distinct monsoon sub-systems (Conroy and Overpeck), including
the Indian summer monsoon (Qunf cave; Mawmluh Cave), East Asian summer monsoon
(Dongge Cave), and Southeast Asian summer monsoon (Tham Mai Cave). Speleothem
records have been obtained from each of these four caves, and millennial to orbital scale
variations in 680 time-series have been interpreted as reflecting Asian monsoon intensity
(e.g. Fleitmann et al., 2003, 2007; Berkelhammer et al., 2013; Wang et al., 2005; Dykoski
et al., 2005; Yang et al., 2016). Here we investigate the mechanisms underlying higher
frequency variations (interannual to decadal scale) in 6'*0, that may be recorded in fast

growing speleothems, tree rings, and other archives from these regions.

Qunf cave in southern Oman is at the northern limit of the summer migration of the In-
tertropical Convergence Zone (ITCZ) and is influenced by the Indian summer monsoon.
Approximately 90% of annual precipitation (400 to 500 mm at cave site) falls during the
monsoon season from July to September. A high-resolution Holocene 6'*O record from Qunf
cave has been interpreted to reflect the amount of monsoon precipitation from 10.3 to 2.7 and
1.4 to 0.4 kyr B.P., with more negative 680 values reflecting increased monsoon strength

and vice versa (Fleitmann et al., 2003). This record is dominated by orbital scale variability,
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Figure 5.1: NCEP-NCAR JJAS 850 hPa wind vectors (m/s) and OLR averaged from 1979-
2010 and location of the four cave sites: Tham Mai Cave, Laos (star), Dongge Cave, China
(circle), Mawmluh Cave, India (diamand), and Qunf Cave, Oman (blue triangle).

with monsoon intensity closely tracking Northern Hemisphere summer insolation (NHSI),

but it also records monsoon changes during more abrupt events such as the 8.2 kyr event.

Mawmluh Cave is located in Cherrapunji, Meghalaya, in northeastern India, and has an
annual average precipitation of 11,000 mm, 70% of which falls during the summer mon-
soon months (June to September). In addition to monsoon precipitation, this location is
highly sensitive to the northward propagating convective systems that originate in the Bay
of Bengal. A speleothem 50 record that spans the period 3.6 to 12.5 kyr B.P. was in-
terpreted as reflecting local precipitation amount related to ISM intensity via the ’amount
effect’ (Berkelhammer et al., 2013). This is supported by the inverse relationship between
monsoon precipitation amount and §'®0, identified in the IsoGSM simulations. However,
Berkelhammer et al. (2013) also indicate that precipitation amount only accounts for 20%
to 30% of the total 680, variability, thus other climate processes, such as shifts in the lo-
cation of convective activity in the Bay of Bengal and seasonality, may also influence 6'*0,
at Mawmluh Cave. This speleothem record has now been replicated and extended back to
33.8 kyr B.P. (Dutt et al., 2015). In addition, Myers et al. (2015) published a sub-annual

resolution speleothem §'%0 record from Mawmluh Cave, which exhibits a significant corre-
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lation with northern Pacific decadal variability and central equatorial Pacific SSTs. They
suggested that variation in moisture transport during central Pacific type El Nino (CP El

Nino ) events is a primary control on §'®0,, in this region.

Tham Mai cave is located in the SEAM region of Northern Laos, near the interface of the
ISM and EAM regions. The mean annual precipitation is 1195 mm, with 67% of precipita-
tion occurring during the summer monsoon season (June to September). A speleothem 420
record spanning the period 0.85 to 14.36 kyr B.P. (Yang et al., 2016) shows strong similar-
ities with other Asian speleothem records (Wang et al., 2005; Hu et al., 2008; Dong et al.,
2010), and is interpreted as primarily reflecting Southeast Asian monsoon intensity. The
record shows characteristically low values in the early Holocene followed by increasing values
towards the present, indicating the strong influence of precessional forcing. Superimposed
on this orbital scale variability is significant inter-annual to multi-decadal scale variability

which may reflect other factors.

Dongge Cave is located in Guizhou province in southern inland China, in the East Asian
monsoon region. Annual mean precipitation is 1753 mm, with 80% of the rainfall occuring
during the summer monsoon months (May to October). A number of speleothem records
have been published from Dongge Cave ranging from inter-annual to orbital scales (e.g. Yuan
et al., 2004; Wang et al., 2005; Dykoski et al., 2005; Zhao et al., 2015). For example, Dykoski
et al. (2005) produced a 16 kyr speleothem 6*¥O record from Dongge that was interpreted as
reflecting Asian monsoon intensity in response to orbital-scale variability in NHSI. Whether
this record reflects local changes in the EAM or more regional shifts in the ISM is still a
matter of debate, but recent studies have shown that Dongge Cave is located in a region of
China where precipitation is predominantly sourced from the Indian Ocean and ISM regions;
hence the 680 signal is likely dominated by ISM variability (e.g. Yang et al., 2014; Baker,
Alexander J. and Sodemann, Harald and Baldini, James U. L. and Breitenbach, Sebastian

F. M. and Johnson, Kathleen R. and van Hunen, Jeroen and Zhang, Pingzhong, 2015).
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5.4 Analyses and results

IsoGSM model validation Yoshimura et al. (2008) showed that IsoGSM simulated §'*0,
agrees well with GNIP data for both annual and seasonal climatology, although they find that

the amount of precipitation simulated in IsoGSM is systematically smaller than NCEP/DOE
R2.

We first assess the skill of IsoGSM in simulating the §'0,, seasonal cycle. All four sites show
strong seasonality in rainfall amount and 6'80, values, with summer monsoon moisture be-
ing significantly depleted in 6'80, with respect to boreal winter rainfall. IsoGSM monthly
6180, values are significantly correlated with observed GNIP data for all sites (r >0.79, p <
0.01), though IsoGSM underestimates monthly 680, for some sites, especially for Qunf cave
(Fig. 2). Each site shows a significant negative correlation (r>0.75, p < 0.01) between the
climatology of monthly precipitation amount and modeled §'*0,, values, with the maximum
correlation occurring with a lag of 1-3 months (table S2). The maximum monthly precipita-
tion for Tham Mai, Laos and Mawmluh Cave, India both occur in June, while precipitation
peaks earlier for Qunf Cave, Oman ( April) and Dongge Cave, China ( May). The lowest
6180, values exhibit a lag of 2-3 months behind maximum precipitation in both GNIP and
[soGSM data.
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Figure 5.2: Monthly averages of GPCP precipitation (mm/day), GNIP §'80,, , and IsoGSM
6180, for four sites averaged from 1979-2009. a) Qunf Cave, Oman, b) Dongge Cave, China
¢) Tham Mai Cave, Laos d) Mawmluh Cave, India.
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5.4.1 Climatic controls on precipitation 518Op variability
Precipitation amount

To investigate the timing and mechanisms of §'80, variability on inter-annual timescales,
we analyzed annual precipitation data from GPCP and §'®0,, time series from IsoGSM from
1979-2009. The time series (Fig. 3) indicate that for all four cave locations, 680, is not
significantly correlated with local precipitation amount (r ranges from 0-0.2). This suggests
that the amount effect is not a major controlling factor for inter-annual 6'*0,, variability at
these sites, and that other regional and broader climate process, such as ENSO, 10D, and

monsoon strength must be considered.

A spatial correlation map with gridded GPCP data (Fig.4) shows that 6’0, at each site
may be linked to non-local precipitation amount. Indeed, 6'%0, at Qunf cave, Mawmluh
Cave, and Tham Mai Cave all show a positive correlation (r= 0.4) with tropical central
Pacific precipitation, indicating a potential link with ENSO. This positive correlation is
particularly strong in the Nifio 4 (5S-5N, 160E-150 W) and Nino 3.4 (5N - 5S, 120-170W)
regions. These are the regions of central Pacific type ENSO events (CP El Nino ) (Kao and
Yu, 2009). CP El Nifio events manifest as positive SST and precipitation anomalies over
the broad central Pacific region. Historical records have suggested that CP El Nino events,
rather than those associated with the eastern equatorial Pacific (EP El Nino ), are more
likely to be associated with Indian monsoon rainfall reduction (Kumar et al., 2006; Ashok

and Yamagata, 2009).

Tham Mai §'80, also exhibits a negative correlation with precipitation over the broad Indo-
Pacific warm pool region, indicating that increased convection over this region leads to more
negative 6'80, over SE Asia. §'0,, of Dongge cave exhibits a negative correlation (r= -0.4

to -0.5) with precipitation in the central Indian Ocean and NE Bay of Bengal, suggesting
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Figure 5.3: Time series of annual GPCP precipitation amount (mm/day) and IsoGSM 6'%0,,
from the IsoGSM grid point closest to multiple sites in the Asian monsoon region from
1979-2009. a) Qunf Cave, Oman b) Dongge Cave c¢) Tham Mai cave, Laos d) Mawmluh
cave, India. The correlation coefficients (r) between the two time series are shown for each
location.

that 6'80, from the EAM region may be affected by upstream precipitation in the moisture

source region which leads to depletion of 80 in water vapor transported to southern China.
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Figure 5.4: Correlation of GPCP with IsoGSM 4'80,, extracted from grid point closest to four
cave sites in the Asian Monsoon and tropical Indo-Pacific region and four potential isotopic
influential climatic factors for the period 1979-2010. Colors represent significant r value at
the 90% level. From top left to bottom right: a)Qunf Cave, Oman (triangle); b)Mawmluh
Cave, India(diamond); ¢)Tham Mai Cave, Laos(star); d)Dongge Cave, China(circle). Light
blue square is Nino 4 region(5S-5N, 160E-150 W), black dash square is Nifo 3.4 region(5S-5N,
120-170W), and red square is Nino 3 region(5S- 5N, 90W-150W)

Sea surface temperature

Spatial correlation maps between §'%0, and SST for each study site are shown in figure 5.
6180, from IsoGSM of all four sites, especially Qunf, Mawmluh, and Tham Mai caves, show
a positive correlation with Pacific SSTs over the Nino 4 and 3.4. region and in the western
and southern Indian Ocean, suggesting that the §'*0,, of annual rainfall may be influenced
by ENSO and IOD. In particular, 6'*0,, of Qunf Cave has a strong positive correlation (r >
0.4) with broad central Pacific and southern Indian Ocean SST anomalies, patterns that bear
resemblance to the typical spatial pattern of SST anomalies during CP El Nino events (Kao
and Yu, 2009). This spatial correlation pattern between §'¥0, and both Pacific Ocean and

Indian Ocean SSTs is also present for the other three study sites, though the relationships
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are not as strong. While Mawmluh, Tham Mai and Dongge cave §'%0, exhibit a positive
correlation with SST anomalies in the tropical Pacific region, the relationship with SSTs in

the Indian Ocean is significantly weaker.
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Figure 5.5: Correlation of HadSST1 with IsoGSM §'80,, extracted from grid point closest to
four cave sites in the Asian Monsoon and tropical Indo-Pacific region and four potential iso-
topic influential climatic factors for the period 1979-2010. Colors represent significant r value
at the 90% level. From top left to bottom right: a)Qunf Cave, Oman (triangle); b)Mawmluh
Cave, India(diamond); ¢)Tham Mai Cave, Laos(star); d)Dongge Cave, China(circle).

Sea level pressure

The AM is associated with large-scale changes in the seasonal SLP contrast between the
Asian continent and the surrounding oceans (Krishnamurti, 1985; Lau et al., 1988). The
anomalous SLP configuration of the AM (i.e. high pressure over the ocean and low pressure
over the land during summer) allows moisture transport from the Indian Ocean to the Asian
continent. Spatial correlation maps between §'®0,, and SLP data show that §'0,, values at
all cave sites are positively correlated with SLP in the Bay of Bengal and Indian Ocean. The

strongest relationships are seen for Tham Mai and Mawmluh (r > 0.5), indicating that the
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5180 of water vapor reaching these cave sites is likely influenced by rainout over the Bay of
Bengal and central/eastern Indian Ocean (Fig. 6). Indeed, close comparison between these
two maps (Figs 6b and 6¢) reveals very similar patters, with both cave sites showing strong
correlations with Bay of Bengal, eastern Indian Ocean, and sub-tropical West Pacific SLP.
These similarities suggest a common dynamical mechanism to explain the inter-annual 6'*0,,
variability at these sites. By contrast, Dongge has a slightly weaker correlation with Bay
of Bengal and tropical West Pacific SLP, whilst Qunf has the closest relationship with SLP
over the western Indian Ocean. In general, negative SLP anomalies over the moisture source
regions for all sites are associated with stronger surface convergence and intensification of
convection which lead to strengthened low-level cyclonic circulation, heavier precipitation,

and more negative §'%0,, .
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Figure 5.6: Correlation of HadSLP2 with IsoGSM §'®0,, extracted from grid point closest to
four cave sites in the Asian Monsoon and tropical Indo-Pacific region and four potential iso-
topic influential climatic factors for the period 1979-2010. Colors represent significant r value
at the 90% level. From top left to bottom right: a)Qunf Cave, Oman (triangle); b)Mawmluh
Cave, India(diamond); ¢)Tham Mai Cave, Laos(star); d)Dongge Cave, China(circle).
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Atmospheric circulation

Webster and Yang (1992) proposed a broad scale monsoon index based on the magnitude
of the mean summer vertical wind shear (VWS) between upper and lower tropospheric
zonal flow over the 0-20N and 40-110E AM domain. An increase in both the upper level
easterlies and the lower level westerlies can be observed during strong monsoon seasons,
while a relaxation is more likely during weaker monsoon seasons ( Webster and Yang, 1992).
Significant negative correlations (r >0.3 to 0.6) between §'*0,, and VWS (U850-200) values
over the Indian Ocean are observed for Tham Mai cave, Qunf cave and Mawmluh cave
locations (Fig. 7). In particular, Tham Mai 6'*0, exhibits the strongest negative correlation
(r >0.5) with VWS in the Eastern Indian Ocean, whilst §'*0,, at Qunf and Dongge caves are
only weakly to moderately correlated with VWS over the Northern Indian Ocean. Mawmluh
Cave 6'%0,, also exhibits only a weak negative correlation with VWS over the Northwest
Indian Ocean. In general though, it is clear that all cave sites show a positive correlation
with VWS over the western Tropical Pacific region. In fact, the observed dipole pattern of
negative correlations over the Indian Ocean and positive correlations over the Pacific Ocean
at all sites is consistent with a strong linkage between a weaker Walker circulation, a weaker

monsoon, and increased §'0,, at each locale, though the relationship appears strongest for

Tham Mai, Laos.
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Figure 5.7: Correlation of NOAA U850-U200 wind shear with IsoGSM §'80,, extracted from
grid point closest to four cave sites in the Asian Monsoon and tropical Indo-Pacific region and
four potential isotopic influential climatic factors for the period 1979-2010. Colors represent
significant r value at the 90% level. From top left to bottom right: a)Qunf Cave, Oman
(triangle); b)Mawmluh Cave, India(diamond); c¢)Tham Mai Cave, Laos(star); d)Dongge
Cave, China(circle). Box shown in part d is the region used for the Webster-Yang monsoon

index (0-20N, 40-110 E).
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5.4.2 Relationships between 518Op , ENSO, 10D and AM

To further investigate how ENSO, IOD and AM affect §'0,, , we composite AM season
(JJAS) 60, during two strong El Nifio years (1982 and 1997 and examine §'%0, of the
following years, 1983 and 1999 (Fig.8). The 1982 El Nino year was followed by a positive IOD
year while the 1997 El Nino year was followed by a strong La Nina event. During composited
El Nifio years, Tham Mai Cave and Mawmluh Cave have positive 6'*0, anomalies, whilst
during the following La Nina and/or positive IOD year they have negative anomalies. A
strong positive JJAS 6'%0, anomaly over the Indo-Pacific warm pool region, together with
a negative anomaly over the central equatorial Pacific, was exhibited during the composited
El Nifio years. Conversely, during the La Nifia year, negative JJAS §'0,, anomalies were
observed over the Indo-Pacific, while positive anomalies were observed over the Tropical West
Pacific and South China Sea. The positive IOD event had a similar, but slightly weaker,

effect on monsoon season §'80, compared with that of the La Nina event.

Further investigation of ENSO/IOD effects on monsoon season moisture transport is fa-
cilitated by compositing AM season vertically integrated atmosphere moisture transport
anomalies during El Nifo , La Nina and positive IOD years (Fig. 9). A slight decrease in
moisture from the central Indian Ocean and tropical Pacific (Fig. 9a: red boxes), together
with increasing moisture from the Bay of Bengal, was exhibited during composited El Nino
years. By contrast, a slight increase of moisture from the Indian Ocean and western tropical
Pacific (Figs 9b and 9c; blue boxes), together with decreasing moisture from the Bay of

Bengal (Figs 9b and 9c¢; red box), was observed during the La Nina and positive IOD year.
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Figure 5.8: IsoGSM 4'80, anomaly composts of a) June-September 1982 and 1997 (two
strong El Nifio year); b) June-September 1998 (Strong La Nifa year); ¢) June-September
1983 (Strong positive IOD year). Four cave locations: Qunf Cave, Oman (triangle), Mawm-
luh Cave, India(diamond), Tham Mai Cave, Laos(star), Dongge Cave, China(circle). JJAS
§'80,, anomaly is calculated by using JJAS precipitation weighted 480, from specified year
subtract the mean of JJAS precipitation weighted 6'%0, 1979-2010.
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Figure 5.9: NCEP-NCAR vertical integrated atmosphere moisture transport (kg m-1 s-1)
anomaly composts of a) June-September 1982 and 1997 (two strong El Nino year); b) 1998
(Strong La Nina year); c) of June-September 1983 (Strong positive IOD year). Different
colors indicate amount of total water vapor flux anomaly, and vector indicate direction
of total water vapor flux. Four cave locations: Qunf Cave, Oman (triangle), Mawmluh
Cave, India (diamond), Tham Mai Cave, Laos (star), Dongge Cave, China (circle). JJAS
Mosture transport anomaly is calculated by using JJAS moisture transport from specified
year subtract the mean of JJAS moisture transport of 1979-2010.
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5.5 Discussion and conclusions

Previous results have indicated that the dominant controls on 680, include local precipita-
tion variability, regional hydrology, moisture source, atmospheric mixing and the degree of

rainout during transit (Lewis et al., 2010). Here we examine these range of effects in detail.

5.5.1 60, — climate relationships

Both the time series analysis (Fig. 3) and spatial correlation maps (Fig. 4) suggest that local
precipitation is not a dominant factor controlling the §**0,, at the four sites. Berkelhammer
et al. (2013) suggested that summer monsoon precipitation amount has a significant rela-
tionship with §'®0, at Mawmluh cave, though they mention that this relationship is only
significant when September and October are included in the monsoon rainfall season; this
suggests that the timing of monsoon withdrawal is an important factor for 6'®0, at this
site. Contrary to this, here we use annual precipitation amount and annual weighted %0,
, which may explain the lack of a strong correlation between local precipitation amount and

6180, at Mawmluh site.

Results of this work also suggest that different sub-sectors of the AM share a similar moisture
source. Indeed, the 6'80, at all four study sites, especially Qunf, Mawmluh and Tham Mai,
exhibit a strong correlation with SLP and wind shear in the broad tropical Indian Ocean,
indicating that this ocean basin is likely a major source of moisture for the broad AM region,
in agreement with other recent studies (Baker, Alezander J. and Sodemann, Harald and
Baldini, James U. L. and Breitenbach, Sebastian F. M. and Johnson, Kathleen R. and van
Hunen, Jeroen and Zhang, Pingzhong, 2015). Baker, Alexzander J. and Sodemann, Harald
and Baldini, James U. L. and Breitenbach, Sebastian F. M. and Johnson, Kathleen R. and

van Hunen, Jeroen and Zhang, Pingzhong (2015) used a Lagrangian model to diagnose
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different precipitation moisture sources for several Chinese cave sites, and demonstrated
that the Indian Ocean is the primary moisture source for the East Asian monsoon, while
the Pacific Ocean is only a minor contributor to monsoonal precipitation. The observed
correlations with SLP and VWS over the tropical Indo-Pacific suggest a strong role for
IPWP convection in modulating EASM intensity. Increased convection and uplift of air
masses over the IPWP also likely contributes to “pre- fractionation” of moisture advected to
the study sites. This mechanism was also suggested by recent reconstructions of Southeast
Asian rainfall §'80 from the isotopes of tree-ring cellulose, which show that §**O of rainfall
in the southern Indochina region is also strongly influenced by interannual-to-decadal scale

shifts in Pacific SSTs (Xu et al., 2011; Zhu et al., 2012)

Employing the ECHAM-4 GCM fitted with isotopic tracers, Vuille et al. (2005) showed that
there was a significant correlation (r =0.75) between VWS (U850-200) over the region 7.5N-
2.58 and 45-20W, and the Nino 3.4 index. Several paleo-records from the AM domain have
also shown a strong ENSO signal. For example, a 300-yr tree-ring cellulose %0 record from
Vietnam (Sano 2012), which is highly correlated with another tree ring record from Laos
(Xu et al., 2011), exhibits a strong correlation with SST's in the tropical Pacific (central) and
Indian Oceans; this suggests the §'80,, of these locations is also tightly coupled with ENSO

variability (Xu et al., 2011; Sano et al., 2012).

Our composite maps of JJAS §'¥0,, anomalies (Fig. 8) indicate a positive (negative) excur-
sion in 6'80, during the El Nino years (La Nina and positive IOD year), which is charac-
terized by increased (decreased) moisture transport from the Bay of Bengal and decreased
(increased) moisture transport from the Indian Ocean (Fig. 9). This change in moisture
source leads to a shorter vapor transport distance (and thus more positive 620, ) to the site
of monsoon rainout during the El Nino year. By contrast, during the La Nina and positive
IOD year, there is an observed increase in the moisture flux from the Indian Ocean and

opposing decrease from the Bay of Bengal, indicating that most of the moisture transported
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to SE Asia now travels a greater distance, and as a result becomes more depleted in §'*0,
). We infer these alternating shifts in moisture source and transport pathways to explain, at

least in part, the positive correlation between §'*0,, and ENSO in SE Asia.

Previous research indicates that VWS over the southern Indian Ocean, in particular the
central and eastern parts of basin, is weaker during El Nino events compared with La Nina
events (Kuleshov et al., 2009; Cherchi and Navarra, 2013). This negative ENSO-monsoon
relationship can be interpreted as a modulation of the Walker circulation (Ju and Slingo,
1995). For example, during the warm ENSO phase, the ascending limb of the Walker cir-
culation over the western Pacific shifts eastward in response to SST warming of the eastern
Pacific. This eastward propagation of lower-level convergence from the western Pacific is
replaced by dry descending air, resulting in decreased ISM rainfall (and thus more positive
6180, )(Goswami, 1998; Lau and Wang, 2006; Collins et al., 2010). This negative ENSO-
monsoon relationship may also explain the observed positive §'*0,, at our study sites during
the El Nifio year. Of all the study sites examined in the study, the §'®0,, data from northern
Laos (Tham Mai Cave) appears to have the strongest negative correlation with U850-200
VWS (Fig. 7). Tham Mai sits at the interface between the ISM and EASM zones, yet
the majority of moisture is sourced from the Indian Ocean and Bay of Bengal. Hence, the
effects of ENSO on vapor source and transport fractionation during the monsoon season are

particularly pronounced at Tham Mai Cave.

5.5.2 Different modes of ENSO influence on 5180p in the Asian

monsoon region

Yu and Kao (2007) discussed two types of ENSO in the tropical Pacific Eastern Pacific (EP)
El Nino and Central Pacific (CP) El Nino based on surface observations and subsurface ocean

assimilation data. CP El Nino events typically have SST and surface wind anomalies that are
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confined to the central Pacific (Nifio 4 and Nino 3.4 region). Moreover, because these types
of ENSO are more likely to generate warming in southern Indian Ocean, they generally have
stronger teleconnnections with the southern Indian Ocean (Kao and Yu, 2009). Conversely,
EP El Nino events are generally characterized by SST anomalies centered in the eastern
tropic Pacific (Nino 3 region) (Kao and Yu, 2009). Recent studies have looked at the different
effects of these two ENSO “flavors” on §'80 -based paleo-records. For example, Myers et al.
(2015) published a sub-annual resolution speleothem 6'¥0 record from Mawmluh Cave, India,
which exhibits a significant correlation with northern Pacific decadal variability and central
equatorial Pacific SSTs. They suggested that variations in moisture transport during CP El

Nifio events is a primary control on 6'*0, in this region.

The correlation maps between %0, at all sites and SSTs (Fig. 5), largely resembles the
pattern of SST variability associated with CP El Nino events (Kao and Yu, 2009), with the
strongest correlation being located in the broad central Pacific Ocean and Southern Indian
Ocean regions. Moreover, correlation patterns between 6'%0,, and precipitation (Fig. 4) at,
in particular, Qunf and Tham Mai caves, are very similar in nature to the precipitation
anomalies observed during CP El Nino events. These patterns are characterized by a dipole-
like structure within the tropical Pacific, with the largest anomalies being located in the
far western and eastern Pacific. Therefore, whilst there are spatially varying influences of
the two types of El Nifio on the different subsectors of Asian Monsoon 4'%0,, , our spatial
correlation map does indicate that, overall, sections of the AM region may be affected by

CP El Nifio modes.

Close inspection of the average composite §'¥0, during El Nifo and La Nifia years (see table
S1 and Fig S1 ) shows that Dongge, Tham Mai and Mawmluh cave sites all exhibit more
negative §'80,, values during the La Nifia year, more positive values during the El Nifio year,
and intermediate values during the neutral years. Qunf Cave does not share this pattern, but

instead has more positive 680, (-4.3) during the CP- El Nino mode compared with neutral
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average 0'80, (-4.7); this, again confirms a CP El Nino signal in Qunf §'*0,, . Although,
given that we only examined annual spatial correlations and composites, and in light of the
ongoing debates on the different methods of identifying the two types of El Nino (Ashok
et al., 2007; Yeh et al., 2009; Yu et al., 2012), we cannot exclude the CP El Nino effects on
other sites. Hence, further analysis on differentiating the two types of El Nifio influence on

AM region §'%0,, is still needed.

5.5.3 Interpretation of §'®0 based paleo-records from Tropical Indo-

Pacific

As discussed above, the Indo-Pacific region (including Tham Mai Cave) is particularly sen-
sitive to moisture source variations and atmosphere circulation changes. To help place the
modern 6'%0,, systematics into the context of the paleo record, we use Tham Mai Cave as a
case study to further investigate the interpretation of other §'*O -based paleo-records from
the AM region. To do so, we examined the IsoGSM and instrumental climate data from the

grid point closest to Tham Mai Cave.
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Figure 5.10: Monthly 6'®0, (d) and precipitation (c) anomalies from the IsoGSM grid point
closest to Tham Mai cave, Laos. HadISST Nino 3.4 index (b) and HadISST IOD index,
(a) are shown for comparison. Grey lines are monthly data with seasonal cycle removed
and bold, colored lines are 5-year running means. Correlation coefficients (r) are given for
precipitation, Nifio 3.4, and IOD versus §'%0,, .

The Tham Mai annual 680, time series from 1979-2010 (Fig. 10, black line) is weakly
correlated with local precipitation anomalies (r= -0.21, p<0.01) and significantly correlated
with the Nino 3.4 index (r = 0.63, p<0.01). By contrast, the correlation between Tham Mai
§'80,, anomalies and the IOD index is around zero, though this value becomes significant at

-0.35 when a lag of 12 months is imposed (Fig. 11).

After smoothing each series with a 5-year running average, the correlation between Tham

Mai 680, and the Nino 3.4 index also increased to 0.63, whilst the correlation with the IOD
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Figure 5.11: Cross correlation between monthly HadISST Nino 3.4 index(red), HadISST 10D
index(blue), Laos local precipitation anomaly(green) and §'®*0,, anomaly extracted from Iso
GSM from 1948-2009. The dash line is approximate critical values (at the 5% level).

index increased to 0.37. The correlation between §'®0,, and local precipitation, however,
actually decreased to -0.1. Hence, the interannual variability of Tham Mai §'®0,, is likely
affected by ENSO and IOD cycles. Meanwhile, analysis of the longer time series data from
1871-2010 (Fig. 12) shows an increasing trend of precipitation since 1925 (this turning point
is identified by spline regression, see text S2), with superimposed decadal scale variability.
Prior to this, the §'®0,, and precipitation data display a general decreasing trend from 1900
to 1925. These lower-frequency phase relationships are consistent with an amount effect or
monsoon intensity control on precipitation 480, at this site (r = -0.57, p<0.001). Therefore,
the §'®0,, in northern Laos may be affected by different factors that operate on different time
scales and frequencies. For example, in northern Laos, the low frequency trends may reflect
monsoon strength, while the inter-annual to decadal-scale variability may reflect coupled
ocean-atmosphere modes that influence the precipitation %0, , but not necessarily the

amount of precipitation.
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Figure 5.12: 12-Month moving averaged IsoGSM 680, (A) and precipitation (mm/day)(B)
from 1871 to 2010).

Based on the results presented, we can conclude that changes in 6'*0, values over the AM
region reflects monsoon intensity and/or convective precipitation over the Indian Ocean,
Bay of Bengal, and/or tropical Indo-Pacific region, while local precipitation only has a small

contribution. The strong correlation between Tham Mai 680, (from the grid point closest
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to the cave) and Pacific SST over the Nifio 3.4 region, and the western and northern Indian
Ocean, suggest that the 6'*0, of annual rainfall may be influenced by ENSO and IOD. The
strong association between 60, , ENSO, IOD and monsoon strength is potentially due to
the change of moisture source and trajectory. The southeast Asian and east Asian monsoon
regions receive more moisture from Bay of Bengal and less from Indian Ocean during FEl

Nino years, while the opposite is true for La Nina years.
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5.7 Supplementary information

5.7.1 Two type of El Nino signal in Indo-Pacific §'°0,

We investigate the composite average 60, during two types El Nifio and La Nina year.
Composite average of El Nifio and La Nina year §'®*0,, shows that during El Nino years,
Dongge, Tham Mai and Mawmluh caves have more negative 680, compared with La Nina
years and neutral ENSO years. In addition, composite average of Central Pacific (CP)
type El Nifio year (Yu and Kao, 2007) 60, at Qunf cave shows that during CP El Nino
year, Qunf cave has more positive 6'*0, (-4.3) compared with neutral average 6'%0, (-4.7),
indicating a CP El Nifo signal in Qunf §'®0,, . Moreover, composite 6'*0, at Qunf cave for
the years following La Nina years (-5.2) is significantly lighter (p<0.01) than neutral year
6180, . This is consistent with the results of Tan (2014), which indicates the light value of
6180, correspond to La Nifia year or the years in which La Nina occurred in the second half

of the year.

142



5.7.2 Detrending and regression process on Tham Mai IsoGSM

and precipitation time series

We first fit both precipitation and 6'*0, monthly data from 1871-2010 with linear model and
obtained the residual of the fitted model. The seasonal cycle was removed using a moving
average. The mean was removed by subtracting each monthly data from the overall monthly

overall mean. The mathematic equation of detrending process can be shown as following:

Y;,j—HZ = B x (Xi,j + Xi,j—i—l ...... + Xi,j—i—ll) (51)

where i is from 1 to 12, and j is from 1 to1680, B is column vector of 1/12 with length of 12.

The overall mean is removed by Y;; = Y;; — mean(Y;).

However, it is also clear that precipitation has a break point at around year 1910-1930, so
that a simple linear model is obviously not the best model to fit the data. Thus, we fit the
data with a B-spline model with one knot. we used Akaike information criterion (AIC) and
Mean Square Error (MSE) to find the location of best knot. The best knot occurred at 1925
AD, with MSE equals to 0.514 and AIC equals to 3583. The fitted B-spline on precipitation
is showing Figurel2. We also compare the results of simple linear model with the result of
B-spline model. AIC of simple 10536 and MSE is 5.69. Thus, we concluded that the B-spline

model is a better choice for precipitation.

Table 5.1: Composite §'*0, and GPCP precip.! amount(mm/day) for El Nino, La Nina,
and neutral ENSO year between 1979-2010.

Qunf | Dongge | Lao | Mawmluh
El Nino §'%0,, ave | -4.47 | -6.26 | -9.38 -7.13
La Nifia 6'%0, ave | -4.33 | -6.77 | -9.91 -7.79
Neutral %0, ave | -4.7 -6.48 | -9.53 -7.30
El Nino precip. ave | 0.26 3.49 3.98 7.3

La Nina precip. ave | 0.33 3.6 4.25 8.18
Neutral precip. ave | 0.35 3.62 4.25 7.72

’ 1: precip. stands for precipitation ‘
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Table S2. Monthly 81801, from IsoGSM and GNIP, GPCP averaged from1979-2010 for four

sites, and correlations(R) between 81801, and GPCP .

Mawnluh Laos Dongge Qunf

month gpep isogsm | gnip | gpcp isogsm | gnip | gpep isogsm gnip | gpcp | isogsm | gnip
jan 1.2 -4.1 -0.7 0.8 -3.7 2.7 120 44 4.1 0.2 -3.2 -0.7
feb 32 -2.5 -2.5 1.6 -2.8 2.1 |29 -3.5 35103 -2.8 0.0

mar 6.9 -2.8 -0.3 3.3 -3.0 -1.8 | 4.6 2.7 33103 -3.6 -0.6
april 12.4 -33 2.1 5.4 -4.5 26 | 6.4 -34 28 105 -3.7 -0.1
may 16.6 -4.7 2.2 7.9 -8.0 52171 -6.9 5.1 405 -4.1 -0.1
jun 17.4 -7.0 2.2 9.2 9.1 -56 63 -9.7 <73 104 -3.7 -0.5
july 15.1 -8.1 -6.1 8.7 -10.0 -8.0 | 44 9.4 92102 -4.6 -1.9
aug 10.5 -7.9 -8.6 |63 -11.0 -83 |32 -9.7 -89 103 -4.8 -1.9
sep 5.9 -8.8 9.1 3.6 -11.4 9.0 |23 -9.4 93103 -5.5 -3.5
oct 2.1 -11.5 -1.4 1.8 -9.6 276 | 1.8 -7.1 -73 103 -4.9 -1.5
nov 0.4 -10.0 54 |09 -5.9 5714 -6.2 -6.2 |03 -5.3 -2.8
dec 0.6 -6.2 2.1 0.6 -4.8 33|14 -52 44102 -4.1 -0.8
R(p<0.001) J gpcp gnip J gpep gnip J gpep gnip § gpep gnip
IsoGSM -0.74(lag=2) 0.79 | -0.76(lag=3) 0.97 | -0.87(lag=3) 0.95 | 0.61(lag=2) 0.88
GNIP -0.75(lag=2) -0.79(lag=3) 0.87(lag=2) 0.4(lag=1)

Figure 5.13: Monthly 680, from IsoGSM and GNIP, GPCP averaged from 1979-2010 for
four sites, and correlations(R) between 680, and GPCP.
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Figure 5.14: Composite 6'*0, of El Nifo , La Nifia , and neutral ENSO year between1979-
2010 for Tham Mai (red), Mawmluh (green), Dongge (red), and Qunf (black) caves.
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Figure 5.15: Composite precipitation of El Nino , La Nina , and neutral ENSO year
between1979-2010 for Tham Mai (red), Mawmluh (green), Dongge (red), and Qunf (black)

caves.
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Chapter 6

Conclusions and Future Work

The overall aim of this research presented in this thesis were to 1) develop a record of SEAM
over the past 14,000 years on inter-annual to decadal timescales; 2) explore the mechanisms
that control precipitation and speleothem 6'*O on interannual to orbital timescales in Laos;
3) quantify the noise from cave hydrological process on speleothem §'¥O signature. In chapter
2 and 3, I present the results of the calcite §'*0 time series, U — Th dating techniques and
results. Our speleothem 680 record has been compared with other speleothem records
across AM region, Greenland Ice core, Cariaco Basin *C' record to explore the mechanisms
that control speleothem §*¥O over orbital scale. In chapter 4, I utilized previously developed
KarstFor model to quantify the noise from cave hydrological process on speleothem 0.
In chapter 5, T utilized existing simulations from IsoGSM to explore the mechanism that
control precipitation §'®0 on inter-annual timescales. Our understanding of speleothem
records, especially in SEAM region, is still being developed, and the results presented in this
dissertation will be of broad interest across Earth science, including to isotope geochemists,
paleoclimatologists, and climate modelers. Potential continuations of the work presented in

this dissertation include:
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e Speleothem ¢'¥0 records
The findings in this dissertation demonstrate that speleothems from Tham Mai cave,
Laos are well-suited for reconstructing past hydrologic variability. Further researches
on Laos speleothem records include 1) extend current speleothem records to fur-
ther back in time; 2) collect modern calcite and construct high resolution modern
speleothem records. 3) speleothems from other caves in Laos are needed. These will
help to 1) extend our current records beyond Younger Dryas; 2) explore controlling
mechanism of AM from glacial to inter-glacial time period; 3) enhance the robustness
of our current record interpretations by multi-cave replication; 4) validate KarstFor
model results by comparing pseudo speleothem §'80 generated by the model with high

resolution speleothem 680 records.

e Multi-proxy comparisons

Seasonal and interannual variations in trace element concentration (e.g. Mg, Sr, Ba, U,
P, S) are a widespread feature of calcite speleothems from a variety of climatic regimes
(Fairchild et al., 2001) and also hold great potential as high resolution paleoclimate
proxies, especially when used in conjunction with stable isotopes (Fairchild and Treble.
2009; Johnson, et al. 2006). Elemental variations observed in speleothems, while ulti-
mately controlled by temperature and rainfall, are directly modified by soil, epikarst,
cave, and crystal growth processes. Recently, a number of speleothem records and
process- based modern calibration studies have shown strong hydrological control on
speleothem trace element composition through processes related to water-rock inter-
action, degassing, and calcite precipitation in the epikarst (e.g. Griffiths et al., 2010).
While it is critical to calibrate these proxies in the modern cave system, when combined
with 60 records they provide a powerful tool that allows reconstruction of both local

hydrology and large-scale climate features.
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e Continous cave monitoring

In order to obtain robust paleoclimate records, detailed studies of modern cave sys-
tems are required to determine the modern environmental controls on speleothem geo-
chemistry (Fairchild et al., 2006). While preliminary cave monitoring and dripwater
collection began in December 2010 at Tham Mai Cave, we still need to expand upon
these activities. Continuous work on monitoring cave temperature, relative humidity,
drip rate, and cave air pCO2 will give more confidence on speleothem records inter-
pretations. Monthly dripwater samples, drip rates, and modern calcites are needed.
Cave monitoring work will allow us to assess the role of seasonal variations in sur-
face rainfall and temperature, cave hydrology, ventilation, and cave micro-climate on
speleothem isotopes. In addition, cave monitoring will help constrain and validate

forward modeling work.

e Forward modeling
The result presented in Chapter 4 highlight the possibilities of using Forwarding models
to quantify hydrological process induced uncertainties on speleothem §'%0. Future
studies could seek to integrate Isotope enabled GCMs data with forward modeling to
address the net climatic signal in speleothem 60 conveyed by precipitation 6'0. For
Tham Mai cave, further constraints on initial parameters still needs to be completed.
To determine the preferred parameter set, a possible approach is do a series of model
runs with different sets of initial parameters (i.e., drainage functions and initial storage
volumes in each store). In addition, higher resolution modern speleothems records,
ideally annual resolution speleothems covering same time period with model §'%0,
and/or cave monitoring §'%0, are needed to validate the forward model. Furthermore,
further complexity can be added to the existing KarstFor model, e.g. isotopically
fractionation due to evaporation fro soil and a more complex groundwater or underflow

behavior from the reservoir(Baker and Bradley, 2010).
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