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Abstract

Comprehensive assessment of recent tropical climate variability is essential in order to
understand the full spatial expression of climate change in the context of long term
climate variability. This requires highly resolved and precisely dated tropical proxy
records which include the critical transition from the pre-industrial to industrial eras.
Speleothem provide highly-resolved and well preserved climate signals and are
particularly valuable in tropics where few alternative high resolution records are
available. This thesis presents a comprehensive study of recent Central American and
low latitude climate variability through assessment of two highly resolved speleothem

stable isotope based rainfall proxy records from Yok Balum Cave, southern Belize.

The YOK-G stalagmite 8%C record has a bi-monthly resolution and robust chronology
permitting the inference of palaeo-seasonality as well as intra annual rainfall variations
over the last 453 years. The record strongly suggests that volcanic aerosol injections
into the Northern Hemisphere atmosphere result in southward Intertropical
Convergence Zone (ITCZ) repositioning, and firmly implicate anthropogenic aerosol

emissions as having caused 20th Century rainfall reductions in the northern tropics.

The YOK-I stalagmite 6™3C record provides a bi-annually resolved correlate records of
North Atlantic Oscillation for the last 2000 years. Links between high latitude explosive
volcanism and repositioning of the ITCZ are further investigated with emphasis on the
subsequent impact of observed North Atlantic Oscillation (NAQO) phases. High latitude
eruptions are compellingly linked to negative NAO circulatory patterns in the North
Atlantic thereby providing new insight into atmospheric mechanics of the North

Atlantic.

Cave monitoring data provides essential background information on cave
environmental variables which could modify climate signals preserved within
speleothem carbonate, precluding or complicating interpretations. Using remote
monitoring techniques the cave ventilation dynamics and hydrology at Yok Balum are
characterised, thereby helping to put the speleothem geochemical data discussed into

correct environmental context.
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Stable isotope ratio notation

Throughout this thesis, stable isotope ratios, as measured by mass-spectrometric
methods, are expressed in the conventional delta (8) notation, in units of %o relative to

a material standard (Sharp, 2007) such that:

R
5Sam le = ( sample 1) x 1000 (Equation 1.1)
p Rstandard

where material standards expressed as Vienna Pee Dee Belemnite (VPDB) are used for

carbonate samples and R is the isotope ratio:

13
rare isotope C
R = e.d., = o= Equation 1.2
common isotope g., 12 (Eq )
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General notation

Frequently used notation terms are detailed in Table 1.1. Specific terms in equations
are defined in the text immediately after the equation is given.

Table 1.1 Notation used frequently throughout this thesis.

Notation Unit Description
80 %o 180/1%0 of speleothem carbonate relative to VPDB
standard
813¢ %o Bo/0 of speleothem carbonate relative to VPDB
standard
pCO, ppm, ppmv, | Partial pressure of carbon dioxide

atm or %atm

T °C Temperature
ENSO El Nifio Southern Oscillation
NAO North Atlantic Oscillation
ITCZ Intertropical Convergence Zone
NH / SH Northern Hemisphere / Southern Hemisphere
VEI Volcanic Explosivity Index

Xiv
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Chapter 1: Introduction

Introduction

1.1 Thesis rationale

Climate varies on all timescales, from decades to hundreds of millions of years. This
variability is caused by a variety of factors, both internal and external to the climate
system and subsequent complex interactions and feedbacks (Bradley, 1999; Jones and
Mann, 2004; Ruddiman, 2001). Our ability to predict future climate changes is
dependent on our understanding of the interaction of climate system components
obtained through characterisation of past variability (Jones and Mann, 2004).
Extensive instrumental meteorological records extend back only to the mid-19"
century. Climate science is therefore heavily dependent on palaeoclimate proxy data
derived from natural archives such as tree rings, ice cores, corals, and ocean and lake
sediments to extend our knowledge of weather and climate information beyond the
short instrumental record. Palaeoclimate proxy data has provided important
qualitative data for discerning climate variability and associated forcing mechanisms

and feedbacks and is essential for informing climate models.

1.1.1 Recent climate variability

Characterising climate evolution over the last 2000 years is essential for isolating
natural variability from anthropogenically forced climate change. Principal boundary
conditions on the climate (e.g., Earth orbital geometry and global ice mass) have not
changed appreciably over the last two millennia and therefore climate variability over
this time is most applicable to our current climate state (Jones and Mann, 2004). As
well as being the most analogous period to the current climate, the last 2000 years
experienced marked regional and global scale climate fluctuations such as the
Medieval Climate Anomaly (MCA; ~950-1250AD) and Little Ice Age (LIA; ~1550-1850)

(Mann et al.,, 2009) and includes the transition into the late twentieth-century
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anthropogenically forced climate state. It is generally considered that the last two
millennia (prior to industrialisation) are representative of natural climate variability
and characterisation of climate variability during this period is essential to

contextualise the recent modern warming (Jones and Mann, 2004).

Climate variability on multi-millennial timescales is clearly dominated by changes in the
distribution of insolation controlled by the Earth’s orbit (Ruddimann 2001). Over the
last two millennia however, it is natural changes in solar irradiance and explosive
volcanism combined with recent anthropogenic influences which are considered to
dominate (Crowley, 2000; Jones and Mann, 2004; Mann, 2007; Robertson et al., 2001;
Shindell et al., 2003). Fortunately, the last 2000 years is characterised by particularly
well-resolved palaeoclimate records which facilitates assessment of high-frequency
variability induced by changes in radiative forcing associated with natural solar and
volcanic variations and anthropogenically induced greenhouse gases (Alley et al., 2007;

Hegerl et al., 2011; Mann, 2007; Mann et al., 2005; Neukom and Gergis, 2012).

In the last millennium explosive volcanism has contributed significantly to decadal and
centennial scale variability in reconstructed Northern Hemisphere surface temperature
and is known to be a leading natural driver of climate change on a range of timescales
(Ammann et al., 2007; Briffa et al., 1998; Crowley, 2000; Mann et al., 2005). Explosive
volcanism alters the climate primarily through the injection of large amounts of
sulphate aerosols into the stratosphere which affect the radiative balance of the planet
through interaction with incoming and outgoing radiation (Robock, 2000). The most
recent large eruption, Pinatubo in 1991, injected approximately 20 mega tonnes of SO,
into the atmosphere, which subsequently led to a temporary reversal of the late
twentieth-century global warming trend (Robock, 2000). Indeed, throughout the
historical record, volcanic events are associated with droughts and famine thus
illustrating how volcanically forced atmospheric reorganisation has severe societal

consequences (Ludlow et al., 2013; Oman et al., 2006).

Records of volcanic radiative forcing, developed from sulphate deposition in polar ice-
cores (Zielinski et al., 1994), provide a record of global and hemispheric explosive
volcanism over the last two millennia (Crowley and Unterman, 2012; Gao et al., 2008;

Gao et al., 2012) (Fig. 1.1a). These estimates are based on several assumptions
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regarding the relationship between sulphate aerosol deposition and the extent and
duration of its climatically significant residence in the stratosphere (Gao et al., 2008;
Robock, 2000). Observations and reconstructions of volcanic eruptions suggest that
large aerosol injections result in a strong but short-lived change in radiative forcing and
are therefore relevant on annual to decadal timescales. Short-lived volcanic events
therefore are only identifiable in sub-annually resolved proxy records which clearly
allow inter-annual changes to be observed. Production of such records will enable

further characterising the specific climate response of volcanic radiative forcing events.

Variation in solar activity, often measured as total solar irradiance (IPCC, 2013), has a
direct effect on the global energy budget and subsequently atmospheric and oceanic
energy transport mechanisms. Due to land mass distribution between the hemispheres
and the variable specific heat capacity of land and sea, the Northern Hemisphere (NH)
experiences greater warming than the Southern Hemisphere (SH) when solar activity
increases. Observations of sunspots calibrated against modern satellite measurements
provide an estimate of solar irradiance back to 1610AD (Lean et al., 1995). This record
is extended back millennia using isotopic information recorded in tree rings (**C) and
ice-cores (1°Be), the production of which are known to be affected by solar interaction
with the upper atmosphere (Bard et al.,, 1997; Bard et al., 2000; Crowley, 2000).
Reconstructions of solar activity are characterised by multi-decadal periods of low
activity known as grand solar minima (e.g the Maunder Minimum, ~1645-1715) that

are superimposed on longer term trends (Fig. 1.1).

Although variability in solar activity is clearly influential in the global energy budget its
radiative forcing is relatively small when compared to volcanic forcing events.
Therefore variability in solar irradiance is more pertinent at multi-decadal timescales
or longer (Crowley and Kwang-Yul, 1996; Weber, 2005) and it’s observed climate signal

may be ‘overprinted’ by stronger, short-term forcings.

The anthropogenic contribution of the late twentieth century must not be
underestimated when considering climate variability over the last 2000 years. Since
the dawn of industrialisation around 1850, rapidly increasing greenhouse gas

concentrations have contributed to unprecedented to rates of global surface warming
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(Crowley, 2000; IPCC, 2013). Among the plethora of worrying information presented in
the Intergovernmental Panel on Climate Change (IPCC) 2013 summary for policy
makers, it is stated with confidence that anthropogenically forced changes in North
Atlantic climate are linked to low-latitude precipitation (IPCC, 2013). Considerable
evidence also exists that anthropogenic activity in the NH has led to modification of
the monsoons and low-latitude rain belts (Bollasina et al., 2011; Chung and
Ramanathan, 2006; Hwang et al., 2013; Kawase et al., 2010; Zhang et al., 2008).
Billions of people rely on seasonal rains in the low latitudes; discerning past drought
and seasonal precipitation patterns is clearly important from a societal as well as a
scientific perspective. Moreover, understanding past precipitation patterns can help
develop our understanding of past changes in atmospheric circulation (Luterbacher et
al., 2002) and climate modes such as the North Atlantic Oscillation (NAO) and El Nifio

Southern Oscillation (ENSO).

Characterising variability over the last 2000 years is exceptionally important for fully
evaluating anthropogencially forced climate changes and making accurate predictions
for the coming centuries. Such aims can be achieved only if suitably high-resolution
and precisely dated palaeo-proxies are developed from regions which capture

pertinent signals of climate change.
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Volcanic Forcing
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Figure 1.1 a) Two reconstructions of volcanic forcing over the past 1000 years derived from ice
core sulphate GRA: Gao et al. (2012); CEA: Crowley and Unterman (2012). b) Reconstructed
total solar irradiance (TSI) anomalies back to the year 1000; DB: Delaygue and Bard (2011);
MEA: Muscheler et al. (2007); SBF: Steinhilber et al. (2009): VSK: Vierira et al. (2011); WLS;
Wang et al. (2005b); LBB: Lean et al. (1995). Prior to 1600 the 11-year sunspot cycles have
been added artificially to the original data with an amplitude proportional to the mean level of
TSI (IPCC, 2013) c) Reconstructed TSI anomalies, based on °Be nuclides, with 100-year low
pass filter applied (blue line) and 1o uncertainty range (grey shading) for the last 9300 years
(Steinhilber et al., 2009). Yellow panel highlights period expanded in panels a) and b).
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1.1.2 Tropical palaeoclimatology

During the last decade there has been a growing interest in tropical palaeoclimate
(Chiang, 2009). In a 1998 Science paper entitled ‘Climate Change - A role for the
Tropical Pacific’ Cane argued that the tropics plays an important part in climate
change. He noted that the tropics had been largely neglected as focus fell on climate
change in the higher latitudes (CLIMAP, 1976). This influential paper was part of a
larger movement working towards the tropical hypothesis, which posits a significant, if
not dominant, role for the tropics in determining palaeoclimatic change (Chiang,
2009). This hypothesis was stimulated both by outstanding questions in palaeoclimate
which hinted at the involvement of the tropics in global and hemispheric processes
and advances in the understanding and application of climate dynamics regarding

tropical systems such as the monsoons and ENSO.

Before the 1980s palaeoclimate research focused primarily on the high northern
latitudes due, in part, to the success of the GISP ice cores as NH climate proxies and
the lack of a sizeable Sea Surface Temperature (SST) change in the tropics observed
during the Last Glacial Maximum (LGM) in the CLIMAP reconstruction (1976). In the
1990’s however temperature proxy records from Pacific corals (Beck et al., 1992;
Guilderson et al., 1994) and continental boreholes in Brazil (Stute et al., 1995)
suggested a greater cooling during the LGM, of up to 5°K. Development in the
understanding of the palaeomonsoons and their link to ~19,000 to 23,000-year
precessional orbital cycles (Pokras and Mix, 1987; Prell and Kutzbach, 1987; Rossignol-
Strick, 1985) also provided considerable evidence of the distinct nature of the tropics
from that of the northern extra-tropics which are dominated by 100,000 year
eccentricity cycles. At approximately the same time advances in the understanding of
equatorial climate dynamics (Cane and Sarachik, 1981; Gill, 1980; Philander, 1981;
Zebiak and Cane, 1987) was developing a picture of the powerful climate modes, such
as ENSO, with important global impacts. These early developments highlighted the
unigue nature of the tropics and prompted a surge of interest in tropical

paleoclimatology.
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Tropical climate is dominated by mesoscale convective processes which drive global
heat transport mechanisms. It is clear, both from observations, modelling and
reconstructions that the tropical climate has a remarkable ability to reorganize in
response to external forcing and can effectively project these perturbations both
zonally and latitudinally (Chiang, 2009). This is summarised by Chaing (2009) in two
examples: i) reorganisations in response to ENSO perturbations in the Equatorial
Pacific and ii) in response to inter-hemispheric thermal gradients. The quasi-periodic
warming and cooling of the tropical Pacific associated with ENSO leads to considerable
convective reorganisation across the tropics. During El Nifio events enhanced
convection occurs in the central equatorial Pacific due to increased SST and reduced
convection occurs in the western sector and Indonesian subcontinent. These changes
influence convection over South America, the tropical Atlantic, Africa and the Indian
Ocean (Alexander et al., 2002; Giannini et al., 2001; Lau and Nath, 2003; Su et al.,
2001) through tropospheric temperature increase and related feedbacks which alter
the nature of remote tropical convection via atmospheric teleconnections (Lintner and
Chiang, 2007; Su et al., 2004). The second example given by Chaing relates to the
response of the ITCZ to inter-hemispheric temperature gradients driven by extra-
tropical cooling (Broccoli et al., 2006; Chiang and Bitz, 2005; Friedman et al., 2013;
Frierson and Hwang, 2011; Frierson and Hwang, 2012; Kang et al., 2009; Kang et al.,
2008). Variations in the thermal contrast between the Northern and Southern
Hemispheres act to reposition the ITCZ by drawing the rising limb of the Hadley cell
towards the warmer hemisphere (Broccoli et al., 2006). Mechanistically, this
displacement is associated with cross-equatorial atmospheric heat transports acting to
compensate for increased loss of radiative flux in the colder hemisphere (Chiang and
Bitz, 2005) and therefore to maintain cross-equatorial heat equilibrium. Due to the
non-uniform distribution of landmasses across the tropics, and hence non-uniform
heating, ITCZ displacement is unlikely to be homogenous across the globe, but will take

on regional characteristics.

Despite the numerous outstanding questions regarding tropical — extra-tropical climate
interaction, the IPCC Fourth Assessment Report concluded that climate variability in

the tropics is ‘severely limited by the lack of palaeoclimate records’ (Jansen et al.,
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2007). This is in comparison to the rich network of NH extra-tropical palaeoclimate
data. The spatial disparity is partially due to the limited spatial distribution of suitable
high-resolution climate archives such as tree-rings and ice cores in the low-latitudes. In
recent years, geochemical studies of tropical corals have been extremely informative in
characterising climate in tropical and sub-tropical marine regions (Dunbar and Cole,
1999; Felis and Patzold, 2004; Gagan et al., 2000; Grottoli and Eakin, 2007; Lough,
2004; Lough, 2010) and have been valuable for reconstructing ENSO variability (Suzuki
et al., 2006; Wilson et al., 2010) tropical Sea Surface Temperatures (SST) (Hetzinger et
al., 2010; Pfeiffer and Dullo, 2006) and as evidence of hydrological changes induced by
ITCZ migration (Pfeiffer et al., 2004). Although often sub-annually resolved, modern
corals are temporally restrictive as they tend not to extend beyond the 17 century.
Sediment records can provide longer term palaeo-proxy records at annual resolution
(Jones and Mann, 2004) but not ubiquitously. These limitations have all contributed to

the spatial inequality of high resolution palaeoclimate across the latitudes.

1.1.3 Speleothems as palaeoclimate proxy archives

Speleothems, secondary cave carbonate deposits, provide important information of
terrestrial palaeoclimate in the tropics, where other palaeo-proxies, such as tree-rings
and ice cores, are rare. As well as being common at almost all latitudes, speleothems
have several additional advantages which make them powerful palaeo-proxies. Firstly,
speleothem regularly provide several potentially sub-annually resolved climate proxies
in their carbonate and petrography which can be used in combination to deconvolve
past climate variability. Most commonly utilised proxies include stable isotope ratios of
oxygen (6'80) and carbon (6*3C), major trace elements and annual luminescence or
petrographical laminae which are all found to contain regional and global climate
signals (Fairchild and Treble, 2009; Genty et al., 2003; Henderson, 2006). Secondly,
caves are highly stable environments in which these geochemical signals can be
preserved, protected from climate induced erosion and bioturbation which potentially
mar other palaeoclimate repositories over long timescales (Fairchild et al., 2006).

Speleothem up to 600kyrs old can also be precisely dated using U-series dating
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methods which are analytically more precise than radiocarbon (Richards and Dorale,
2003; Scholz and Hoffman, 2008; Wackerbarth et al., 2010). Recent advancement of
microanalytical techniques (Spotl and Mattey, 2006) and achievements in U-series
dating (Cheng et al., 2009) permit accurate sub-annual records to be constructed.
These attributes make speleothems invaluable for reconstructing the climate of the

tropics where other archives are lacking.

Speleothem records have provided important multi-proxy records of past low-latitude
climate and led to significant advances in the understanding of tropical climate on a
range of timescales including valuable insights into global climate teleconnections and
large scale climate patterns, (Cheng et al., 2009; Frisia et al., 2003; Wang et al., 2004;
Wang et al., 2005a), provided critical information for reconstructing large scale climate
modes, such as the North Atlantic Oscillation and El Nifio Southern Oscillation (Brook
et al., 1999; Lachniet et al., 2004; Proctor et al., 2002; Trouet et al., 2009; Wassenburg
et al., 2013) and local synoptic-scale climate events such as palaeo-hurricane activity
(Frappier et al., 2007; Haig et al., 2014). Speleothem records have also been included
in multi-proxy reconstruction of hemispheric temperature in conjunction with
sediment and tree-ring records, due, in part, to their ability to capture low-frequency

climate variability which can be lost in tree-ring records (Moberg et al., 2005).

An important caveat of palaeoclimate reconstruction from speleothems lies in the
unique nature of proxy variables for each record. There is abundant literature
describing the palaeoclimatic interpretation of speleothems (Fairchild et al., 2006;
Genty et al., 2003; Lachniet, 2009; McDermott, 2004) yet the unique nature of each
speleothem and cave system demands an understanding of the relationships between
modern carbonate deposition and the cave environment, local hydrology and regional
atmospheric dynamics for accurate geochemical interpretation (Baldini et al., 2008;
Banner et al., 2007; Johnson et al., 2006; Kowalczk, 2009; Kowalczk and Froelich, 2010;
Spotl et al., 2005). Palaeoclimate studies regularly assume that speleothem isotopic
chemistry reflects local precipitation (Lachniet, 2009), however through cave
monitoring it has become increasingly apparent that the epikarst and vadose zone
above the cave creates a complex heterogenous system of water mixing, storage and

transport (Bradley et al., 2010). Research indicates that dripwater hydrochemistry

10



Chapter 1: Introduction

within the same cave, even in adjacent drips, is distinct due to different mixing
pathways (Baldini et al., 2006b; Fairchild and Baker, 2012). Upon entering the cave,
further geochemical modification of the dripwater can occur through variations in drip
rate, which affect the degree of prior carbonate precipitation (Wong et al., 2011) and
due to environmentally controlled fractionation associated with evaporation and
degassing rate (Fairchild et al., 2006; Lachniet, 2009; Mickler et al., 2004; Spotl et al.,
2005). Cave air pCO, exerts a first order control on drip water degassing and hence
carbonate precipitation (Baldini, 2010; Mattey et al., 2010). Cave air pCO; is controlled
by ventilation dynamics which are unique to each cave system (Sanchez-Canete et al.,
2013). Hence ventilation dynamics and atmospheric compositions should be
characterised in order to correctly understand speleothem growth (Baldini, 2010;

Banner et al., 2007; Kowalczk and Froelich, 2010).

Due to the individuality of every cave, and indeed each speleothem, monitoring is an
essential precursor of paleo-speleological reconstruction as it can help to discern
relationships between carbonate geochemistry and local precipitation (Cobb et al.,
2007; Cruz et al., 2005; Lachniet, 2009; Mattey et al., 2008; McDonald et al., 2007;
Treble et al., 2005), karst hydrology (McDermott, 2004; Bradley et al., 2010), cave
micro-climate (Fairchild et al., 2006; Mattey et al., 2010) and soil productivity, cave

ventilation and CO; outgassing (Baldini et al., 2006a; Kowalczk, 2009).

11
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1.2 Overview of thesis

This thesis presents a holistic study of Central American climate variability over the last
2000 years using cave monitoring information (Chapter 3) and two highly-resolved
speleothem stable isotope records from Belize (Chapter 4 and 5). Although related, the
original contributions in Chapters 3, 4 and 5 are presented as stand-alone studies as
they are intended for publication. Author contributions and information is provided at

the start of each chapter.

The primary motivation for this work stems from the need to develop high resolution
climate records from tropical regions as a means of both understanding tropical
climate variability and its connection with the mid to high latitudes. This is coupled
with the appreciation that correct speleothem proxy interpretation requires a
composite understanding of in-situ conditions which affect proxy signal emplacement.

With this in mind three principal topics are presented and discussed in this thesis:

1) High resolution monitoring: Results from a monitoring programme at a remote
tropical cave site discussed as a means of understanding cave environmental
parameters and links to local climate. Quantitative assessment of cave
atmosphere and hydrology will facilitate palaeoclimate interpretation of
speleothem geochemical signals from the cave and help guide the identification

of new speleothem samples for analysis.

2) Production of a highly resolved stable carbon and oxygen isotope record from a
Belizean stalagmite to reconstruct rainfall over the last 450 years, thus covering

the pre- post-anthropogenic era (post AD 1850) of climate history in detail.

3) Investigation of the relationships between local rainfall, derived from
speleothem records from Yok Balum, and large scale Atlantic climate variability

with particular reference to external forcing mechanisms.

Southern Belize is an excellent field site for this study for several reasons: firstly, it is

within the tropics and therefore, as previously discussed, work from this area will help

12
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to fill the gap in the understanding of tropical hydrology and palaeoclimate. Secondly,
southern Belize is at the northernmost extent of the ITCZ and therefore is extremely
sensitive to latitudinal changes in ITCZ position over time. Thirdly, Central America is
influenced by both Pacific and Atlantic large scale climate modes and therefore Belize
is well placed to capture contributions from both, although discerning the result of
interaction between these two centres of action may initially be challenging. Finally,
southern Belize receives more than three meters of rain a year, thereby facilitating fast
speleothem growth rates which are essential when creating sub-annually resolved
records. As an aside, southern Belize is also interesting from an archaeological
perspective. This area was in the heart of the Maya Lowlands during the height of the
Maya Classic Period (2500-900AD) and yet is one of the least well understood regions
of the Maya Lowlands. Climate study from this area therefore provides an interesting
environmental perspective on the growth and demise of the Maya Civilisation in the

area (Kennett et al. 2012; see Appendix A).

Understanding cave ventilation dynamics and speleothem drip hydrology is crucial for
the correct interpretation of speleothem geochemical records. In light of this, Chapter
3 presents data from an ongoing remote monitoring effort at Yok Balum Cave, initiated
in 2011, which provides supporting information for speleothem based palaeoclimate
studies from the site and to identify one or more suitable samples for high resolution
analysis. Cave atmosphere and hydrology are the focus of this chapter as these
parameters have important consequences for geochemical climate signal
emplacement in speleothem carbonate. The study focusses on seasonal ventilation
regimes to determine whether cave air pCO, displays variability sufficient to cause
significant seasonal bias in carbonate deposition. Hydrological links between the local
climate and speleothem drip rates are also investigated to help discern climate signals
contained within the palaeoclimate records discussed in Chapter 4 and 5 and to
identify other samples for high resolution study. Active monitoring during a large
(M7.4) earthquake in November 2012 provides a unigue opportunity to assess the
response of cave atmosphere and hydrology to substantial seismic activity. This is

important for speleothem palaeo-proxy records in seismically
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active regions. Chapter 3 therefore addresses aim 1) and supports the work presented

in Chapters 4 and 5.

Development of a highly resolved (monthly scale) stable carbon and oxygen isotope
record from stalagmite YOK-G, from Yok Balum Cave is presented in Chapter 4. This is
one of the longest high resolution palaeoclimate records ever produced and helps to
illustrate the impressive potential speleothems hold as palaeoclimate archives. The
carbon stable isotope (6'°C) data is used to reconstruct wet and dry season rainfall
variability over the last 430 years (1553 — 1983AD) and to identify relationships
between rainfall and increasing anthropogenic aerosol emission rates since 1850AD.
The resolution of the record, with approximately nine stable isotope measurements
per year, is sufficient to permit investigation of short lived exogenous climate forcings,
and consequently this chapter characterises the regional impact of these forcing

events and links them to 20" century climate.

The ideas presented in Chapter 4, regarding the influence of volcanic forcing on North
Atlantic climate variability and ITCZ migration, are extended in Chapter 5 using a 2000
year, highly resolved and precisely dated stable carbon isotope record from stalagmite
YOK-I, from Yok Balum Cave (Kennett et al, 2012). Agreement with existing North
Atlantic Oscillation (NAO) reconstructions confirms the validity of the record as an
outstanding NAO correlate record. Results suggest that solar variability and explosive
volcanism modify inter-hemispheric temperature contrasts resulting in meridional
relocation of the ITCZ and subsequent atmospheric restructuring in the mid-latitude
Atlantic region, creating NAO type circulatory signals. Comparison to rainfall proxies
from other northerly low-latitude locations suggest that this is a global phenomenon

and therefore has extensive implications for the low latitudes.

A summary of the major conclusions reached in each chapter is provided in the
concluding chapter (6) and acts to draw together the implications of the three studies.
Suggestions are made regarding future work and methods for advancing the data and

arguments synthesised in this thesis.
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Yok Balum Cave

2.1 Introduction

This thesis presents research based on Yok Balum Cave, southern Belize. The cave was
officially ‘discovered’ in 2005 but evidence exists that the ancient Maya visited the
cave at various times during their population of the region (approximately 600-1100
AD) although very little disturbance is observed. Since 2005 small groups of tourists
and scientists have visited the cave on an infrequent basis. In 2006 a number of
speleothems were removed from the cave, including YOK-I (Kennett et al., 2012) and
YOK-G, both of which feature in this thesis. The remote and undisturbed nature of Yok
Balum cave makes it an ideal site for cave monitoring and speleological studies.
Furthermore, the tropical location of the cave is significant for low-latitude climate
reconstruction which has already been identified as a necessary field of development

for the palaeoclimate community.

2.2 Geologic and tectonic setting

Nearly 3000km? of Belize is characterised by well-developed karst and more than
150km of surveyed cave passages (Miller, 1996). Actun Yok Balum (Jaguar Paw Cave in
Mopan Mayan) is located in the Toledo District of southern Belize, ~3km south of the
modern Mopan Maya village of Santa Cruz (16° 12’ 30.7” N, 89° 4’ 24.4” W; 366 meters
above sea level) (Fig. 2.1). The cave, named after the large paw shaped flowstone at its
main entrance (Fig. 2.2), is developed within the tectonically uplifted Cretaceous
Campur limestone formation (Kennett et al., 2012; Miller, 1996) which originates from
massive limestone deposition around the granite intrusions of the Maya Mountains to

the north (Fig. 2.3). The cave is one of several which occur in a SW-to-NE trending
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limestone karst ridge whose formation is likely associated with the vertical flow of
chemically aggressive allogenic water originating on the highlands of the Maya
Mountains (Miller, 1996). For a comprehensive explanation of geologic and karstic
processes in southern Belize please see Miller (1996) and Bateson (1972) and

references therein.

Yok Balum extends as a main trunk passage 540m from a small opening in the east to a
larger, more elevated opening to the southwest — a result of more recent cave roof
collapse (Fig. 2.4). Uranium-series dating of the base of a stalagmite growing on a
breakdown block associated with the collapse dates the collapse at a minimum of
44,000 + 3300 years BP (D. Richards, 2013 P.C). There is also considerable evidence of
seismic activity within the cave including large faulted flowstones and displaced
speleothems. Uranium-series dating of carbonate precipitated within a faulted

flowstone provided a date of 26,400 + 170 years BP (D. Richards, 2013 P.C).
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Figure 2.1 a) Map of Belize identifying the Toledo District, Santa Cruz Village and Yok Balum

Cave b) Photograph of Santa Cruz Village and c) Photograph looking south-west from Santa Cruz
towards the limestone ridge of Yok Balum Cave.
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Figure 2.2 ‘Jaguar Paw’ flowstone at the entrance to Yok Balum Cave
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Yok Balum Cave
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The cave is extremely active in terms of speleothem development, particularly in the
north-eastern portion of the cave around the large ‘Birthday Cake’ stalagmite feature.
In this area of the cave the overhead karst roof was calculated to be ~14m thick from
cave cavity to the surface. Many drips feeding stalagmites in this area are active all
year round but with considerably more water through flow during the summer wet
season. Aside from the very infrequent visits by tourists and scientists since its
discovery in 2005, the cave is undisturbed. The area surrounding the cave has been
logged selectively using hand tools by indigenous subsistence farmers on and off since
the 1950s, but the vegetation directly above the cave is thought to be undisturbed due

to the steep and precarious slopes leading to the area above the cave.

Central America is a diverse tectonic region. Much of the structural geology in the
region results from up-thrust features associated with tectonic activity and large
igneous intrusions (Miller, 1996). Along the western coast of Central America the
Cocos Plate is subducting beneath the North American and Caribbean Plates (Fig. 2.5).
The result of this subduction is the Central America Volcanic Arc, a belt of volcanic and
seismic activity which extends parallel to the Pacific coast from Costa Rica to Mexico. A
divergent boundary exists between the North American and Caribbean Plates
approximately 100km south of the southern Belize border. The dominant source of
seismic activity felt in southern Belize however will be intermediate depth earthquakes

occurring within the subducted Cocos Plate.
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Figure 2.5 Tectonic setting of Belize region, including tectonics boundaries (adapted from the
United States Geological Survey). Estimated epicentre (yellow dot) and epicentral region (blue

rectangle) of 7th November 2012 earthquake.
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2.3 Climate and hydrology

Belize undergoes a climate transition from tropical savannah in the north to tropical
forest in the south. In southern Belize monthly temperatures remain fairly constant,
ranging ~4°C around the annual mean of 22.8°C. The coolest months are December
through to February. Daily temperatures are controlled predominately by cloud cover,
with extensive cloud cover limiting solar insolation reaching the surface. Rainfall
distribution in Belize is controlled predominantly by elevation and latitude. Total
annual rainfall is ~1300mm in the north and west and as high as 4500mm in the south
(Fig. 2.5). The topographic bulk of the Maya Mountains contribute to this latitudinal
discrepancy (Miller, 1996) as does southern Belize’s proximity to the current most
northerly extent of the ITCZ. Distinct wet (May through January) and dry (February
through April) seasons exist, with >80% of total annual rainfall occurring between June
and September as a direct result of seasonal ITCZ migration (Kennett et al., 2012).
Evaporation surpasses precipitation during the dry season, greatly reducing the
amount of water infiltrating soil and karst zone (Kennett et al., 2012; Miller, 1996).
However, intense rainfall on daily timescales provides recharge to the karst year
round. Modelling studies have identified the Caribbean Sea as the principal moisture
source, with a far smaller contribution coming from the Pacific Ocean (Kennett et al.,
2012). The Caribbean Sea climate and hydrology varies seasonally, predominantly with
the patterns of trade wind convergence and the seasonal migration of the ITCZ in
accordance with the shift in the thermal equator between boreal summer and winter.
In the boreal summer the ITCZ will be in a more northerly position, between 6° and
10°N, over the Caribbean. During this time the Caribbean climate is characterised by
enhanced precipitation. Additionally, hurricanes and large-scale convective systems
can bring heavy localised rain to southern Belize. Since 1900 42 storms, ranging from
tropical depression to Category H5 (Saffir-Simpson scale), have passed within 200km of

the cave site.
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Figure 2.6 Mean annual rainfall in Belize based on records from 1968-1970. These are the only
years where full rainfall records were complete for all sites. (LIB = Libertad, BCA = Belize City
Airport, AUG = Augustine, CF = Central Farm, BEL = Belmopan, BFR= Big Falls ranch, SC = Stann
Creek, PG = Punta Gorda, YB = Yok Balum Cave).
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High resolution monitoring of a tropical cave
system reveals dynamic ventilation and

hydrologic resilience to seismic activity

3.1 Abstract

The nature of cave ventilation is of interest to cavers, speleologists and
palaeoclimatologists working with stalagmites. Because cave ventilation systematics
may change over the growth span of a stalagmite, understanding what factors affect
them is critical for determining events that may have potentially affected climate
proxies contained within the carbonate. Similarly, understanding how the hydrology of
the drip feeding a stalagmite evolves through time and responds to surface climate is
key to building robust records of palaeoclimate. Here we present data from an
extensive, ongoing monitoring effort at Yok Balum Cave, Belize, initiated in 2011, that
characterises high resolution ventilation and hydrology dynamics at this site. Seven
characteristically diverse drip regimes were studied to facilitate the selection of
speleothem samples which display good hydrological connectivity with the surface.
Clear seasonal ventilation regimes exist, driven by thermally induced inside-outside air
density differences. The winter regime is dominated by air inflow and lower karstic
drawdown into the cave and a limited diurnal signal, while summer is dominated by air
outflow, high karstic CO, drawdown and drip water degassing and a strong diurnal
signal. Active monitoring during a large (M7.4) earthquake in November 2012 provides
a unique opportunity to assess the response of cave atmosphere and hydrology to
substantial seismic activity. Cave atmosphere and hydrology is found to be highly
resilient to seismic activity, with no observable disturbance occurring around the
earthquake, despite there being considerable evidence of physical disruption in the
cave. Monitoring included a complete cross-section of different drip hydrologies, and
no drip type was affected by the earthquake. This suggests that stalagmite-derived
palaeoclimate records are not affected by seismic activity, except in extreme cases

where the stalagmite or conjugate stalactite are damaged or reoriented.
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3.2 Introduction

Long-term cave monitoring studies provide site-specific information on cave dynamics
which is of use to cavers and speleologists; particularly speleo-climatologists who
utilise monitoring information to correctly interpret proxy information derived from

speleothems.

Characterising caves in terms of their unique ventilation processes is important as it
has a first order control on atmosphere composition, can potentially lead to seasonal
bias in speleothem growth and consequently has significant implications when
interpreting palaeoclimate proxy signals from speleothems (Baldini, 2010; Kowalczk
and Froelich, 2010; Sanchez-Canete et al., 2013). Real-time cave atmosphere data is
also useful when characterising cave ecosystems (De Freitas et al., 1982; Oh and Kim,
2011) and assessing cave suitability for industry and tourism (De Freitas et al., 1982;
Duenas et al., 1999; Dueiias et al., 2011; Smithson, 1991; Virk et al., 1997). Estimation
of cave ventilation is possible directly, via anemometers (Sanchez-Canete et al., 2013),

222Rn) levels (Faimon et al., 2006; Hakl et al.,

indirectly via measurement of radon gas (
1997; Kowalczk and Froelich, 2010; Oh and Kim, 2011) and other tracer gases (De
Freitas et al., 1982) or by studies of air density contrasts and thermal patterns within
the cave (Faimon et al., 2012; Sanchez-Canete et al., 2013; Smithson, 1991). The
importance of understanding unique cave ventilation mechanisms has been
highlighted in recent studies (Baker et al.,, 2014; Cowan et al., 2013; Kowalczk and
Froelich, 2010; Mattey et al., 2010) as the unique nature of ventilation in individual
caves can negate general assumptions regarding the seasonality of carbonate
precipitation. For example, Mattey et al. (2010) identified unusual seasonal ventilation
regimes in New St Michaels Cave, Gibraltar where the summer season was typified by
low cave air pCO,. This proved important when linking seasonal regimes to calcite
fabric, paired annual laminae and stable isotope and trace element variability and
highlighted the importance of understanding unigue cave environments to aid
speleothem proxy interpretation. Monitoring studies like this become increasingly
paramount as speleothem based palaeoclimate studies continue to develop higher

resolution records which are resolved to a seasonal or sub-seasonal level.

28



Chapter 3: High resolution monitoring of a tropical cave system

Karst hydrology and flow routing pathways specific to each speleothem control how
directly geochemical climate signals are transferred from the surface to speleothem
carbonate. Changes in karst hydrology can be caused via changes in seasonal rainfall
patterns (Baldini et al., 2006b; Treble et al., 2003) and result in considerable
modification of drip water chemistry and carbonate precipitation rates (Banner et al.,
2007; Mickler et al., 2006; Spotl et al., 2005). These factors are unlikely to be static
through time and extensive monitoring can reveal variability on daily to multi-annual
timescales. Cave monitoring therefore provides insight into how a cave responds to
above ground climatic forcing events and is an essential pre-requisite to speleothem

sample selection and palaeoclimate proxy interpretation.

Caves in seismically active regions can display considerable evidence of past seismic
activity, such as: broken speleothems, speleothem growth anomalies and deformation,
and displacement and rock fall events (Becker et al., 2006; Gilli, 1999; Gilli and
Delange, 2001; Gilli and Serface, 1999). A limited number of studies have attempted to
guantify the possible effect of seismic activity on the karst cave atmosphere (Sebela et
al., 2010), particularly with regarding CO, variability and seismic disruption to

hydrology. Seismic activity affects cave **

Rn and CO,; levels through increased rock
permeability leading to higher within cave concentrations (Menichetti, 2013; Sebela et
al., 2010; Virk et al., 1997; Wu et al., 2003). Because cave air pCO, levels exert a strong
control on carbonate precipitation rates (Baldini, 2010; Banner et al., 2007; Kowalczk
et al, 2008; Palmer, 2007) this is particularly significant when interpreting
palaeoclimate proxy evidence from speleothems in caves which may have been subject
to substantial tectonic activity as substantial crustal degassing has the potential to
stagnate speleothem growth; particularly in deep, poorly ventilated passages. This can
complicate palaeoclimate proxy interpretations from speleothems for weeks to years
depending on site specific ventilation regimes. **?Rn is a radioactive yet inert tracer gas
frequently used to assess cave ventilation (Kowalczk and Froelich, 2010; Oh and Kim,
2011). It also poses a health risk in confined, poorly ventilated caves (Field, 2007; Virk

et al., 1997) and therefore its relation to seismic activity warrants assessment,

particularly in commercial or tourist caves.
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It is also largely unknown how seismic activity may affect karst hydrology and
stalagmite drip regimes. Changes in the hydrological regime feeding a stalagmite can
also affect speleothem growth rates and the transmission of geochemical signals from
overlying climate to the speleothem carbonate and consequently, seismic disruption to
hydrology can have important implications when interpreting palaeoclimate proxy

data in speleothems.

This study presents high resolution cave monitoring data from Yok Balum Cave, Belize.
These data provide detailed information regarding seasonal cave ventilation
mechanisms through investigation of cave pCO, and air density relationships and via
examination of thermal gradients as evidence of internal-external air exchange. An
understanding of the subtle seasonally variable fluxes of cave air CO, allows improved
interpretations from not only Yok Balum, but other tropical sites as well. Additionally,
active monitoring during a large (M7.4) earthquake in November 2012 provides a
unique opportunity to assess the response of cave atmosphere and hydrology to

substantial seismic activity.

3.3 Monitoring equipment

Tropical environments provide a challenging environment for electrical monitoring
equipment, especially for long term monitoring studies in remote areas. The threat of
high humidity and water was minimised by storing non-waterproofed equipment in
airtight boxes and sealed plastic bags with a silica desiccant where appropriate. Above
cave soil temperature was recorded hourly using a Tinytag temperature logger buried
at 0.4m depth. Cave air CO, was monitored every three hours between April 2011 and
January 2013 (with a four month break from June 2012 to October 2012 due to
equipment failure) using a Vaisala CARBOCAP Carbon Dioxide GMP343 Probe (+ 3 ppm
+ 1% of reading) linked to a Vaisala MI70 Indicator and powered by two parallel
Duracell MN918 Lantern batteries. A Radon Scout Plus, powered by two D-cell
batteries and a four D-cell external battery pack was set up next to the within cave CO,

logger to detect radon fluctuations every three hours for the same time period. The
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Radon Scout, being extremely sensitive to moisture, was kept in a water tight box. This
resulted in a muted radon measurement as a particle passage to the logger was
somewhat restricted. For qualitative assessment of 222Rn fluctuations this was not
considered an issue, however, **’Rn values peaked during data download when the
logger was removed from the box. To account for this, ten days of data were removed

222pn values to return to ‘normal’ levels. A Barotroll

after data was download to allow
pressure and temperature logger was installed to measure hourly barometric pressure
and temperature (precision +0.1% and 0.1°C) both inside and above the cave.
Tintytag temperature loggers were placed in transect along the cave, measuring hourly
temperature and relative humidity. Stalagmate automated drip loggers were chosen to
record hourly drip rates of drips feeding stalagmites of interest. A total of seven
Stalagmates were installed, five on actively dripping stalagmites with promising
morphologies and two on scars of previously removed stalagmites (YOK-G, Chapter 4
and YOK-I, Chapter 5). Cleaned Iceland calcite spars were placed on top of the
Stalagmates to allow effective calcite farming. Calcite spar is considered more
appropriate than eye glass plates for calcite collection as initiation of new calcite

growth is eased by an already present calcite lattice. Each Stalagmate was tested

during installation to ensure that drips were registering correctly.

Data was downloaded and the equipment maintained every four months. The location

of all equipment and monitored drip sites is shown in Figure 3.1.
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3.4 Recent seismic activity

On November 7™ 2012 at 16:35 (UTC) (10.35AM local time) a 7.4 magnitude
earthquake was recorded off the coast of Guatemala, 35km south of Champerico
(13.963°N 91.854°W). The epicentre was estimated to be at a depth of 24.0km and
occurred as a result of thrust faulting on, or near, the subduction zone of the Cocos
plate and the overlying Caribbean and North American plates (Chapter 2, Fig. 2.2)
(United States Geological Survey). Tremors were felt in parts of Mexico, El Salvador,
Belize, Honduras, Nicaragua and Costa Rica and villagers from Santa Cruz reported
experiencing the tremors. According to United States Geological Survey estimates this
magnitude quake would result in a seismic hazard at the cave site of 1.6 — 2.4 m/sec?
(measured in peak ground acceleration). A field crew returned to the cave in January
2013 to find large fallen blocks at the cave main entrance and numerous displaced and
freshly broken stalagmites and stalactites within the cave. Reasonable evidence
therefore suggests that the cave was subject to seismic activity on or around
November 7" 2012. There are only a handful of published studies reporting
earthquake damage to caves (Gilli, 1999; Gilli and Delange, 2001; Renault, 1970) and
so these observations of the effect of seismic activity on cave environmental variables

are pertinent to the science of speleology.

3.5 Study of Yok Balum Cave Ventilation

3.5.1 Cave Ventilation

Cave ventilation (air exchange with the outside atmosphere) has a first order control
on cave atmosphere composition and is dependent on a number of factors including
fluctuations in temperature and pressure, cave geometry and susceptibility to external
winds (Baldini et al., 2006a; Bourges et al., 2001; Cowan et al., 2013; Denis et al., 2005;
Kowalczk and Froelich, 2010; Spotl et al., 2005). Pfitsch and Piasecki (2003) classify

cave passages in terms of air movement as being dynamic, transitional or static,
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however the static state is very rarely observed, aside from in deep passages (Pflitsch
and Piaseki, 2003; Przylibski and Ciezkowski, 1999). Convective air circulation, driven
by internal versus external air density differences, is a dominant ventilation
mechanism in caves with more than one entrance at different elevations (Badino,
2010; Gregoric et al., 2013; Kowalczk and Froelich, 2010; Wigley, 1967). In tropical
caves, where cave air temperatures do not vary significantly on seasonal timescales, air
density difference will be predominantly controlled by surface temperature and
barometric pressure variations (Fairchild et al., 2006). Air density responds primarily to
temperature (Faimon et al., 2012; Gregoric et al., 2013; Gregoric et al., 2011) and to a
lesser extent pressure and humidity as expressed in equation (1) below (after Kowalczk

(2009)):

pair =

d
(Equation 1)

Where T, is virtual temperature calculated via equation (2), Ry is the universal gas

constant and P is barometric pressure.

75T,

6.1101077 7+
T =(T+273.15)/(1-(0379 - )

(Equation 2)

Failure to account for cave CO, can lead to errors of up to 9°C between internal vs
external T, when CO, of the cave air is an order of magnitude or greater than that of
the free atmosphere (Sanchez-Canete et al., 2013). At Yok Balum maximum recorded
CO, is 770ppm and the summertime mean is ~500ppm and therefore insufficient to

warrant this correction.

Typically, during the winter months, external air temperature will be cooler than that
of the cave and a positive air density difference will dominate. Alternatively, during the

summer, warmer external temperatures will result in typically negative air density
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difference. Local weather may result in short lived reversals in cave-atmosphere air
density differences. The particular ventilation influence of seasonal air density
differences between cave and free atmosphere is governed by the specific cave
geometry (e.g passage orientation and size), the distance from cave entrances and

total cave volume (Batiot-Guilhe et al., 2007; Cowan et al., 2013).

3.5.2 Results and Discussion

The diurnal and seasonal patterns of airflow at Yok Balum are a direct response to a
thermally induced disequilibrium in air density between the cave and outside air. This
has been identified as the primary driver of cave ventilation at other caves (De Freitas
et al., 1982; Kowalczk and Froelich, 2010). Within cave temperature is nearly constant
at 22.4°C (/. 0.5°C) year round, although a low amplitude diurnal signal is present.
Within cave temperature is equivalent to the average yearly external temperature (Fig.
3.2) and is likely the result of moderation of outside temperatures by the epikarst.
External air temperature can affect cave air pCO, by both inducing density driven
ventilation associated with inside-outside air density differences (De Freitas et al.,
1982) (Fig. 3.3) and by promoting higher soil pCO, stimulating biological activity in the
soil zone (Baldini et al., 2008; Bond-Lamberty and Thomson, 2010; Hess and White,
1993; Murthy et al., 2003; Sherwin and Baldini, 2011).

The simple structure of Yok Balum cave, with two entrances, one at either end of a
single main trunk passage, results in a well-ventilated dynamic cave system, evidenced
by the low annual mean CO, values (461ppm) (Fig. 3.3b). However, CO, displays clear
seasonal trends in both mean concentration and variability. Summer (April - October)
is characterised by higher mean pCO, (~500ppm) and high temporal variability
(standard deviation of 72.5ppmv) whereas winter (November — March) has lower pCO,
(~420ppm) and displays lower temporal variability (standard deviation 24.3ppmv). This
is evidenced by the respective summer and winter pCO, entropy values (E) (Fig. 3.3).
Entropy isthe mean cumulative sum of absolute first differences of a time or spatial
derivative and is therefore a measure of the variability of a time series (Denis and

Crémoux, 2002; Denis et al., 2005). CO, displays entropy of approximately 430 during
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the summer and 150 during the winter, indicating that the variance is nearly three
times greater during the summer months. These trends in pCO, mean values and
variance are controlled by seasonal CO,; flux into the cave and ventilation, most likely
controlled by rainfall and temperature respectively. The following sections will use
high resolution monitoring data to describe the seasonal ventilation regimes occurring
in Yok Balum. It should be noted that the summer and winter seasons are not
synonymous with the wet and dry seasons, but are classified here by relative external

to cave temperatures. During the summer months external temperature is greater

than within cave temperature and vice versa for winter.
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3.5.2.1 Summer regime

Air density differences between the cave and the free atmosphere, controlled
predominantly by external temperature, drives the summer season diurnal ventilation
regime. Outside air temperature (Tamos) iS higher on average than that inside the cave
(Teave), producing an almost constant negative air density difference (Fig. 3.3a). In a
typical one entrance cave system this could cause severe season long stagnation, and
subsequently very high pCO,, as the cooler denser cave air becomes trapped at the
lowest point of elevation in the cave (Cowan et al., 2013; Spétl et al., 2005). At Yok
Balum complete stagnation does not occur because the dual entrance system provides
a means of outflow for density driven flow from the more elevated south-western

(second) entrance to the lower north-eastern (main) entrance.

Outside air temperature begins to rise around 06:00am and reaches a maximum in the
early afternoon. At this point cave-atmosphere air density difference is greatest and air
outflow is at a maximum (Fig. 3.4a). As the air density difference increases during this
period, outflow occurs at both entrances; CO, concentrations will simultaneously
increase as high pCO; air is drawn out of the overlying karst and soil zones. During the
day biological activity in the soil will also be at a diurnal maximum producing higher
soil pCO,. By late afternoon the cave-atmosphere air density difference begins to
decrease and the volume of outflowing air decreases, reducing CO, drawdown from
the karst. Outflow at the lower, main entrance weakens or ceases completely. As the
cave-atmosphere air density difference reaches a minimum, around 01:00am, cave air
pCO, reaches minimal values. This is most likely due to minimised CO, drawdown and
inflow of low pCO, atmospheric air from the second entrance (if T.e reaches or
surpasses Tamos) flushing through the cave from the second entrance to the lower
main entrance. If the outside air density remains considerably higher than that of the
cave then pCO, may remain elevated, but will decrease somewhat due to decreased
karst drawdown, lower soil activity and some air movement driven by the venturi
effect (Fig. 3.5). Areas closest to the entrances can be expected to undergo the most
ventilation, particularly at the second entrance which is larger. Increased water

through-flow during the wet season is undoubtedly an additional driver of higher
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average summer pCO, as it increases dissolved CO, transport to the cave, increasing

degassing and consequently producing higher cave pCO,.

3.5.2.2 Winter regime

During the winter season outside air temperatures are generally cooler than those
inside the cave, producing a positive air density difference and a ventilation regime
dominated by inflow. Ventilation is therefore more continuous than during the

summer.

Maximum air density difference occurs at night (around 03:00am) when T,imes is at a
minimum (Fig. 3.4b). Cooler outside air flushes into the cave, predominantly through
the more elevated, second entrance but also at the main entrance. Cave air pCO, will
therefore approximate that of the external atmosphere. Outside air temperatures
begin to rise at ~06:00am and reach a maximum at ~14:00pm, as in the summer
season. However, as the outside temperature increases it approaches that of the cave
air, reducing the air density difference to near zero (or to negative values if Tcae
surpasses Tammos). This reduces air inflow to the cave and if a negative air density
difference occurs then outflow may occur during this time. This variation of air density
difference over a threshold value results in a daily ventilation regime whereby the cave
‘inhales’ during the day and ‘exhales’ at night. The ‘inhalation’ during the day draws
low pCO, air into the cave, flushing the cave and keeping pCO, values similar to
atmospheric levels. Any weak ‘exhalation’ at night continues effective air turnover and
maintains low pCO, concentrations. Again, it is the areas close to the entrances that
will undergo the most rigorous air turnover (Fig. 3.6). A combination of inflow
dominated ventilation and less CO, from drip water degassing keeps winter cave air
pCO, at near atmospheric levels. A less distinct diurnal regime is observed in CO, and
air density difference variability. During the summer, increased water through flow,
strong air outflow and large CO, drawdown, increase average pCO, and daily

variability.
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3.5.2.3 Temperature observations

Hourly temperature data is used as an indicator of air movement in order to determine
seasonal modes of ventilation and to understand exactly how air moves through the
cave. We use Tinytag (TT) temperature loggers at different sites to assess thermal
variability. TT3, a temperature logger located ~50m from the second entrance shows
more variance than TTI, located ~50m from the main entrance and TT2, located in the
midsection of the cave ~100m from the main entrance and ~140m from the second
entrance (Fig 3.7). TT2 displays the least variance and most moderated temperature.
Figure 3.7b displays entropy curves for the three loggers, facilitating comparison of
their variance with time. TT3 shows the greatest variability over the whole time series,
suggesting that this region of the cave is most strongly coupled with external air
temperatures via air exchange. During the summer months TT3 increases by 0.4°C, as
air in this region responds to warmer external temperatures. TT2 is stable through the
same period and TT1 displays an increase similar to that of TT3 but of only 0.3°C. This
thermal variability decreasing with distance from a cave entrance is in accordance with
traditional cave temperature models (Wigley, 1967) and previous thermal profile

studies of caves (De Freitas et al., 1982; Sanchez-Canete et al., 2013).

During the winter, TT3 displays greater variance than the other two loggers, again
indicating that this section of the cave is more closely coupled to the outside air during
winter than summer. This is consistent with the ventilation mechanism described in
the previous section where inflow of cooler atmospheric air dominates the winter
ventilation regime, simultaneously lowering long term cave air temperature in this
area of the cave and mimicking the diurnal external temperature cycle in the cave. TT2
remains the least variable, due to its location in the midsection of the cave. TT1
decreases, suggesting that cooler atmospheric air flows in, but that ventilation at this
entrance is less rigorous than at the second entrance. Furthermore, short lived
decreases in temperature recorded by TT1 (and to a lesser extent in TT2) are in anti-
phase with TT3. This could be an indication of air entering at the main entrance and
flushing through the cave, forcing warmer air from the less dynamic mid-section of the

cave through to the second entrance, where it is recorded as a small increase in
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temperature at TT3. This thermal ‘pulse’ process would also operate in reverse, with
cooler air entering at the second entrance and forcing air through the cave to the main

entrance.

Two high resolution temperature experiments were conducted over two 14 hour
intervals in June and late October 2012, in an attempt to characterise ventilation on
short time scales. A transect of three temperature loggers were placed through the
cave, set to record temperature every 10 seconds to capture very short term thermal
fluctuations. Both experiments were conducted overnight, from 18:00pm to 08:00am,
as this fitted with possible visits to the cave. Failure of one of the loggers during the
summer experiment limited the number of loggers to two, but this does not affect
data interpretation for this project. During the June experiment (Fig. 3.8) the two
loggers, TT5 and TT7 are essentially static, supporting the idea that air density driven
outflow dominates during this season. During the logging interval, the cave -
atmosphere air density difference does not drop below zero and so inflow did not
occur. During the late October experiment thermal variance at all three sites is much
greater (Fig. 3.9). TT5 and TT8 display more variability than TT7 suggesting that air
inflow close to the main entrance is less persistent. TT8 and TT7 both record cooler
temperatures than TT5, presumably due to their proximity to a cave entrance. TT8 and
TT5 track each other, roughly in accordance with cave — atmosphere air density
difference and are weakly in anti-phase with TT7. This is similar to what we see in the
longer term record (Fig. 3.7) where cooler external air enters the main entrance and
forces air along the main passage, which is recorded as a pulse of warmer deep cave
air at the second entrance. It would appear from this high resolution time series that
this occurs in both directions. The limited timeframe of these two experiments hinders
making firm conclusions about the diurnal movement of air at Yok Balum cave,
although it is encouraging that the results acquired are in agreement with the longer,

hourly resolution time series.
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3.5.3 Cave atmosphere response to the July 7" 2012 earthquake

No clear change occurred in cave air pCO, or 222Rn during or for the week following the

h 22Rn and CO, occurs on the 20" of

earthquake (Fig. 3.10). A sharp increase in bot
December (Fig. 3.3 b, c) but given the short half-life of radon (3.8 days) it is extremely
unlikely that this is a delayed signal of the November 7™ event. This increase could be
explained instead by a coincident decrease in air density difference, associated with a
moderate rainfall event, temporarily reducing inflow to the cave and resulting in a

short-lived increase in CO, and **’Rn.

A significant change in cave atmosphere might not have been observed due to the
seasonal timing of the earthquake. As previously observed, in section 3.5.2, cave
ventilation during the winter is dominated by inflow which acts to keep pCO, levels
low. Seismic activity occurring during the summer season when outflow is dominant,
may lead to a discernible increase in cave air 222pn and CO. Potentially a clearer
influence would also be observed in a less well ventilated cave. Prior to the cave
collapse and creation of the second entrance, and shortening of the cave at Yok Balum,

ventilation would have been less effective and cave air pCO, and **

Rn higher.
Considerable seismic activity at this time may have created uncharacteristically high
pCO, and **?Rn values as a result of limited ventilation and should be a consideration
when studying speleothems from Yok Balum deposited prior to the opening of the

second entrance.
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3.6 Study of Yok Balum hydrology

3.6.1 Karst hydrology

Karstified rock is heterogeneous, highly fractured and highly permeable, permitting
numerous flow routes and connectivity patterns within the same karst system
(Aquilina et al., 2006). Three levels of porosity exist within the karst (Ford and
Williams, 2007): Primary porosity is associated with diffuse flow and related to inter-
granular void space; secondary porosity is the flow of infiltrated water within joints
and fractures; tertiary flow takes place in solution enhanced conduits and is the most
rapid flow type. The extent and connectivity of these flow pathways within the karst
will result in flow regimes which range from slow diffuse or matrix flow to rapid
preferential flow (Bradley et al., 2010; Shuster and White, 1971). The heterogeneity of
flow pathways within the karst above a cave system will result in highly diverse drip
regimes which can display large spatial variability within a single cave system.
Furthermore, these flow regimes may change seasonally if karst infiltration varies
enough to activate alternative ‘over-flow’ flow routes (Bradley et al., 2010). Drip
hydrological regimes have important implications for geochemical signals incorporated
in speleothem carbonate as they control isotopic and trace element signal
modification during water transfer from the soil zone to precipitation. Via close
monitoring of stalagmite drip rates and local rainfall it is possible to identify
stalagmites which respond rapidly to rainfall and are therefore likely to contain a high
frequency climate signal. The importance of characterising the hydrological regime
feeding a stalagmite is therefore an important pre-requisite for selection of
appropriate samples for geochemical climate analysis and for interpreting climate

signals present within speleothem carbonate.

Seven Yok Balum stalagmites were chosen for monitoring based primarily on their
morphologies. Stalagmate drip loggers were used to record the hydrological regimes
of seven stalagmites for varying periods between April 2011 and June 2013. See Figure

3.1 for locations and images of monitored stalagmites. Hourly drip rates were
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converted using a drip volume estimate of 0.409ml per drip (Baldini et al.,, 2006b;

Genty and Deflandre, 1998).

3.6.2 Results and Discussion

3.6.2.1 Classifying drip regimes

All monitored drips were active for the entirety of the monitoring period and were
observed to be dripping all year round, even during the dry season, suggesting that
drips must have a significant storage flow component. Statistical descriptions of the

monitored drips are given in Table 3.1.

Table 3.1 Statistical properties of the seven monitored drip sites.

Mean drip
N° of rate Min drip rate  Max drip rate Standard Drip
readings (drips hr'l) (drips hr'l) (drips hr'l) deviation C.V group
YOK-L 13264 11 4 45 6 54 C
YOK-LD 15598 26 21 33 2 9 A
YOK-K 9109 46 39 52 2 5 A
YOK-SD 13548 12 10 14 1 6 A
YOK-G 3651 1176 1110 1440 24 2 B
YOK-I 11857 25 11 53 4 16 A
YOK-SK 11271.0 334 188 727 95 28 B

Considerable hydrological differences exist between the drips, even between drips in
the same area of the cave. Mean drip rates between sites range from 12 drips hr to
1176 drips hr* and standard deviations from 1 to 147, suggesting varying contributions
of diffuse and fracture flow. The seven monitored speleothem drips from Yok Balum
were classified using a model first devised by Smart and Friederich (1987) and later

modified by Baker et al. (1997), which uses the relationship between maximum
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discharge against the coefficient of variability (i.e relative standard deviation, CV) to
group drips by hydrological characteristics ranging from seepage flow to considerable
percolation flow (Baker et al., 1997; Baldini et al., 2006b; Smart and Friederich, 1987).
The Yok Balum drips fall into seepage flow or seasonal flow categories based on this
model (Fig. 3.11), as seen in other caves (Baldini et al., 2006b; Miorandi et al., 2010).
The Smart and Friederich model is used to describe all degrees of hydrological flow
within a cave, including rapid methods such as percolation stream and shaft flow, and
it is therefore unsurprising that the drips forming “candlestick” shaped stalagmites fall
into a narrow portion of the model classification. The seven drip regimes are grouped

into three main groups (Fig. 3.12):

e Group A: Low-variability (CV < 20) and low discharge (< 10~ L/sec)
e Group B: Modest-variability (CV of 20 — 40) and high discharge (>'*° L/sec)
e Group C: High-variability (CV > 50) and low discharge (< 10 L/sec)

Drips in Group A are dominated by diffuse seepage flow (i.e. the movement of water
through small scale primary and secondary porosity in the karst aquifer (Baldini et al.,
2006b)). YOK-SD is static in nature as it has a small CV (6) and constant variance over
the logging period. Furthermore, it displays very low discharge rates (mean of 12 drips
hr'!) and shows no response to local rainfall, indicating that this drip is fed entirely by
diffuse flow. YOK-LD has a discharge rate approximately twice that of YOK-SD and has
greater variance. This is fitting with the proposed idea that drip rate and drip rate

variability increase together (Baldini, 2004).

YOK-LD remains very constant, showing no response to seasonal or intense rainfall
events. The period of lower variability (October 2011 — February 2012) is the result of
the logger being displaced slightly during data download in October, causing the logger
to be slightly less sensitive to drip variability. Conversely, YOK-I and YOK-K are also
primarily fed by seepage reservoirs but display dramatic increases in drip rate, in
response to rainfall events, which indicate that a preferential flow component is
activated, presumably once a critical saturation or infiltration level is reached (Baker et

al 2013). YOK-l is characterised by a stable baseline diffuse flow component,
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punctuated by sharp, short lived increases in drip rate of ~90% (from ~27 to ~51 drips

hr'') that occur in response to local rainfall events.

YOK-K is interesting as it has lower mean discharge than YOK-I (46 vs 25 drips hrt) yet

a smaller variability (CV of 5 vs 16). This is probably due to the moderated response of

YOK-K to rainfall. This suggests that YOK-K has a smaller fracture flow component than

YOK-1 and that the diffuse component is more responsive to local climate and karst

recharge.
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Figure 3.11 Mean discharge of monitored drip sites plotted against the coefficient of variation
(standard deviation/mean x 100) (black circles) with maximum and minimum discharge
expressed as positive and negative error bars. Groups A, B and C classify the drips in terms of
variability and discharge. Long dashed lines separate the drips into seepage, seasonal and slow
and fast categories. Adapted from Smart and Friederich (1987) and Baker et al. (1997).
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Group B includes YOK-G and YOK-SK, two drips with high discharge rates and a modest
variability, probably fed by large diffuse reservoirs which undergo seasonal change.
YOK-SK displays a more ephemeral response to local rainfall events than YOK-G,
suggesting that this drip has a larger preferential flow component. YOK-SK responds to
local rainfall, with a lag time of approximately one day, in pulses which typically lasts
between one and two weeks, depending on the duration of the rain event. A
moderated drip hydrograph such as this is indicative of a fracture flow component
which is restricted by aperture size at some point within the system. YOK-G drip rates
increase steadily through the summer months as rainfall and infiltration increase,
thereby increasing the reservoir store feeding the drip. This steady increase is
punctuated by short lived peaks in drip rate, again linked to rain events and rapid

fracture flow.

YOK-L is the only seasonal drip monitored, according to the modified Smart and
Friederich model. YOK-L also has the lowest mean drip rate (11 drips hr?) but responds
to local rainfall events in a matter of days in a manner similar to YOK-SK; likely due to
their proximity and common hydrological components. YOK-L increases by as much as
400% of baseline diffuse values during periods of high infiltration and karst saturation.
This is likely due to the introduction of a volume restricted preferential flow route by

rainfall. Drip rates are kept low by the size of one or more aperture within the system.

The range of drip rates and varying responses to rainfall events suggests that the
monitored speleothems would contain notably diverse climate signals, primarily as
flow routing has a first order control on both isotopic mixing of waters and water
saturation state. When considering samples for high resolution analysis it is important
to consider the impact of ‘flashy’ hydrological responses to rainfall. Rapid increases in
drip rate, related to prevailing climate conditions, indicate a switch in flow routing in
the overlying karst. “Event” water such as this may be geochemically discreet from
“non-event” diffuse water (Baker et al 2003) and it is therefore important to attempt
to understand why such events occur and what effect they may have on precipitating

carbonate geochemistry.
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Figure 3.12 Hourly drip rate time series for the seven drips monitored in this study in

respective groups and local daily rainfall at Santa Cruz Village. Dashed lines represent points of

data download.
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3.6.2.2 Identifying samples for high resolution geochemical analysis

Two stalagmites, YOK K and YOK L, were collected from Yok Balum cave in October
2012 after 18 months of monitoring. Based on their statistical drip properties and
observed responses to rainfall events it was decided that these two stalagmites would
produce two different but equally interesting climate records. YOK-L, which displays a
stronger connection to the surface during periods of intense rainfall, is considered
most likely to incorporate a stronger isotopic signature from deep convective storms
and hurricanes. The static nature of YOK-LD and YOK-SD means that they are likely to
have slow growth rates and contain long term, more muted geochemical climate
signals in their carbonate. YOK-SK is likely to have a faster growth rate than its
‘partner’ YOK-L, but was left in the cave as it's morphology was less suitable. From
external inspection it appeared that multiple growth axis shifts may have occurred
during the growth of YOK-SK, which can cause problems during sample dissection and

milling.

3.6.3 Seismic disturbance of drip regimes and implications for speleothem

palaeoclimate studies

Three drip loggers were monitoring during the November 2012 earthquake: ‘YOK-SK’,
‘YOK-SD’ and ‘YOK-LD’. Of these drips, two (YOK-LD and YOK-SD) were ‘static’ in nature
(Baker et al., 1997; Smart and Friederich, 1987), as they displayed low drip rates and
low variability (Fig. 3.11), indicative of a diffuse flow dominated hydrology. YOK-SK is
classified as a ‘seasonal’ drip (Baker et al., 1997) because it responds to local rainfall
events and seasonal climate variability, suggesting that a fracture flow pathway is
activated once a threshold rainfall rate or karst saturation level is reached. YOK-SK
responds to local rainfall with a lag time of <6 days, but displays greater variability
during the wet season when the karst and soil are closer to saturation. None of the
three loggers recorded any clear response to the seismic activity on November 7th
(Fig. 3.13). None of these three loggers recorded any clear drip response to the seismic
activity on November 7th (Fig. 11b). YOK-LD and YOK-SD, the two static drips, show no

response, suggesting that diffuse flow regimes are not affected by seismic activity of
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this magnitude. Similarly, YOK-SK, which at the time of the earthquake was displaying a
peak in drip rate in response to rainfall events in the preceding days, shows no
response outside what would be expected from the longer time series. This
information indicates that more preferential flow routes are also unaffected by seismic
activity of this nature. This observation is of significant value for speleothem
palaeoclimate studies as it suggests that seismic activity does not affect hydrological

flow pathways and hence alter carbonate geochemistry.
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Figure 3.13 Eight-month time series of Large Dwarf, Sidekick and YOK G drip rates and daily
rainfall at Santa Cruz Village between June 1012 and January 2013. November 7th earthquake
indicated by red dashed line.
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3.7 Conclusions

Yok Balum is an extremely well ventilated cave system which displays distinct seasonal
ventilation regimes consistent with changes in air density differences between the
cave and outside atmosphere. The winter regime is dominated by air inflow, low pCO,
and lower karstic drawdown and CO, flux into the cave, while summer is dominated by
air outflow, high karstic CO, drawdown and drip water degassing and a strong diurnal
signal. Based on air temperature changes the degree of air exchange increases from
the centre of the cave to the entrances and the second entrance experiences greater
air exchange than the main entrance, presumably due to its size. By looking at thermal
fluctuations of cave air on a ten-second timescale, direction of air movement is
identified during summer and winter nights respectively and both entrances are found
to display active dual-directional connections to the free atmosphere. The three
datasets presented here; long term three-hourly CO,, hourly temperature and the two
high resolution studies all help to build a comprehensive understanding of ventilation
at Yok Balum Cave. This will be pertinent to ongoing palaeoclimate research at this
cave. Continued monitoring will help to discern inter-annual fluctuations and identify

long term links between cave pCO, and local climate.

Hourly drip data is compared to local rainfall to discern hydrological regimes feeding
individual stalagmites. Diverse hydrological regimes are observed, ranging from diffuse
dominated flow to seasonal regimes. Two speleothem samples were selected based on
both their morphologies and hydrological connections to the surface showing promise
for high resolution proxy signal emplacement in the carbonate. This study could be
extended and improved through investigation of how water saturation state varies
with drip rate. This would further assist in the understanding of how flow regimes
affect carbonate precipitation. Analysis of carbonate precipitated on the Iceland spars
during the course of monitoring will hopefully provide seasonal, if not monthly,
resolution dataset which can used to understand how fractionation responds to

changes in drip rate and cave atmosphere.

222
d

Cave pCO; an Rn did not show any discernable response to the November 7

earthquake. The well ventilated nature of the cave likely prevents any CO, and **’Rn
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build up which may be associated with the seismic activity. Likewise, none of the three
drips displayed any discernible hydrological response to the earthquake, suggesting
that seismic activity, even of considerable magnitude, has minimal hydrological
repercussions at Yok Balum and is insufficient to result in perturbations in speleothem
petrographical or geochemical records. The limited number of loggers precludes
drawing firm conclusions for all drip types, however it is interesting that the three
functioning loggers represent two end members of ‘standard’ drip types, from highly
diffuse, slow and static drip rates (YOK-LD and YOK-SD), to highly variable and
relatively fast drip rates (YOK-SK). It would be unsurprising if intermediate drip regimes
were not affected by seismic activity of this magnitude either. Results presented here
suggest that no hydrological disruption occurred and that seismic activity of this
magnitude should not have severe implications for palaeoclimate reconstruction from
stalagmites in Yok Balum, or caves in similar settings. The primary effect seismic
activity may have on a speleothem record is to alter the growth axis position or
orientation, rather than a direct disruption of the overlying hydrology. This could
appear as a hiatus or sudden shift in isotope values if the growth axis movement was

not accounted for during milling.

This study provides real time data of the effect of seismic activity on cave hydrology
and atmosphere. In seismically active regions, determining this site specific response is
a desirable outcome of cave monitoring studies designed to aid speleothem
palaeoclimate proxy interpretation. This data provides encouraging evidence that
seismic activity of this level does not have implications for speleothem palaeoclimate

proxy interpretations from caves with similar ventilation dynamics as Yok Balum.

59



Aerosol forcing of

C h 4 intertropical
a p te r convergence zone

position

A version of the Chapter has been submitted to Nature
Geoscience authored by: Harriet E. Ridley!, Yemane
Asmerom?, James U.L. Baldinil, Sebastian F.M.
Breitenbach?, Valorie V. Aquino?, Keith M. Prufer?,
Brendan J. Culleton?®, Victor Polyak?, Franziska A.
Lechleitner3, Douglas . Kennett>, Minghua Zhangs,
Norbert Marwan’, Colin G. Macpherson?, Lisa M.

Baldinil, Tingyin Xiao®, Jaime Awe® and Gerald H.
Haug?.

1 Department of Each Sciences, Durham University, Durham, UK.

2 Department of Earth and Planetary Science, University of New Mexico, Albuquerque, NM, USA.

3 Department of Earth Science, Eidgendssische Technische Hochschule (ETH), Ziirich, Switzerland.
4 Department of Anthropology, University of New Mexico, Albuquerque, NM, USA.

5 Department of Anthropology, The Pennsylvania State University, University Park, PA, USA.

6 Institute for Terrestrial and Planetary Atmospheres, School of Marine and Atmospheric Sciences, Stony Brook, NY
USA

7 Potsdam Institute for Climate Impact Research, Potsdam, Germany.
8 [nstitute of Archaeology, Belmopan, Belize

60



Chapter 4: Aerosol forcing of intertropical convergence zone position

A version of this chapter has been submitted to Nature Geoscience with contributions

from the following authors:

Harriet Ridley milled the speleothem samples and ran the stable isotope analyses,
interpreted the data, conducted fieldwork and wrote the manuscript thereby

contributing to over 85% of the work presented here.

James Baldini was also involved in data interpretation, fieldwork and provided

comment on the manuscript.

Valorie Aquino, Yemane Asmerom and Victor Polyak conducted the Uranium-series

analysis at the University of New Mexico.

Keith Prufer was involved in the collection of the stalagmite sample and fieldwork.

Douglas Kennett and Bendan Culleton performed radiocarbon analyses and were

involved in the collection of the stalagmite.

Franziska Lechleitner performed high resolution re-milling and stable isotope analysis

at ETH Zurich.

All other named co-authors (Sebastian Breitenbach, Minghua Zhang, Norbert
Marwan, Colin Macpherson, Lisa Baldini, Tingyin Xiao, Jaime Awe, and Gerald Haug)

contributed to the project and approved the final manuscript.

61



Chapter 4: Aerosol forcing of intertropical convergence zone position

Aerosol forcing of intertropical

convergence zone position

4.1 Abstract

Intertropical convergence zone (ITCZ) position is the dominant control on low-latitude
precipitation distribution and is largely controlled by hemispheric temperature
contrasts (Hwang et al., 2013; Broccoli et al., 2006). Recent modelling (Hwang et al.,
2013; Rotstayn and Lohmann, 2002; Chang et al., 2011) and observational (Zhang et
al., 2007; Lu et al., 2013) studies suggest that anthropogenic aerosols may have
contributed to southward ITCZ shifts by moderating Northern Hemisphere (NH)
relative to Southern Hemisphere (SH) warming (Hwang et al., 2013; Friedman et al.,
2013; Booth et al.,, 2012). Despite this abundant evidence suggesting that NH-SH
temperature contrasts affected low latitude rain belts over the last few decades,
differentiating between anthropogenic forcing and century-scale natural variability is
problematic and requires a record with nearly no chronological error and very high
temporal resolution. Unfortunately, these types of records are extremely uncommon
in tropical regions affected by the ITCZ. Here, we use an exceptionally well-dated and
monthly-resolved 453 year-long stalagmite record from Belize to demonstrate that
unprecedented rainfall decreases coincided with increasing anthropogenic aerosol
emission rates. The record also suggests that short-lived drying occurred after large NH
volcanic eruptions since 1550. These results strongly suggest that aerosol injections
into the NH atmosphere result in southward ITCZ repositioning, and firmly implicate
anthropogenic aerosol emissions as having caused 20t Century rainfall reductions in
the northern tropics. Future changes in the distribution of aerosol emissions should
therefore be a critical consideration when predicting regional susceptibility to severe

rainfall variations.
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4.2 Introduction

ITCZ position largely controls low latitude seasonal rainfall distribution. Relative ITCZ
position is strongly influenced by hemispheric temperature contrasts and subsequent
atmospheric restructuring, which draw the ITCZ toward the warmer hemisphere
(Hwang et al., 2013; Broccoli et al., 2006; Zhang et al., 2007; Haug et al., 2001).
Considerable proxy evidence positively links Northern Hemisphere temperature to
low-latitude rainfall throughout the Holocene (Dykoski et al., 2005; Haug et al., 2001).
Since 1900 however, limited instrumental evidence suggests a southward shift in ITCZ
position (Rotstayn and Lohmann, 2002; Zhang et al., 2007), a trend possibly driven by
asymmetrical hemispheric warming due to the cooling effect of anthropogenic
aerosols (e.g., sulphates (Rotstayn and Lohmann, 2002; Chang et al., 2011) and black
carbon (Zhang et al.,, 2008)) in the NH, but that could also arise from undetected
natural variability. Climate models have attempted to assess the relative contributions
of greenhouse gases (GHG) and aerosols to ITCZ displacement with contradictory
results (Hwang et al., 2013; Friedman et al.,, 2013). Limited long-term instrumental
climate records from low latitudes complicates detecting climate shifts attributable to
anthropogenic influences, and consequently future precipitation projections remain
ambiguous (Diffenbaugh and Field, 2013). Furthermore, chronological uncertainties
associated with low latitude rainfall proxy records prevent establishing robust links
between low-latitude rainfall amount and atmospheric aerosol distributions at a
suitable resolution. Here, we discuss an exceptionally well-dated, monthly-scale
stalagmite rainfall record from southern Belize, covering 456 years from 1550 to 2006
C.E., thus covering the critical transition into the Current Warm Period (CWP) with
unprecedented detail and providing much needed evidence to support modelling
work. This site is near the northernmost extent of the ITCZ, a remarkably sensitive

location for reconstructing even minor variations in latitudinal extent of the ITCZ.
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4.2.1 Oxygen isotopes as palaeoclimate proxies

Speleothem &0 values are affected by a relatively large number of factors, mostly
linked to complex fractionation processes as water vapour travels from source region
to sink (Lachniet, 2009). Isotope ratios of meteoric water are controlled by
fractionation during phase change and diffuse exchange between liquid and vapour
along its trajectory from source region to final infiltration. Generalised trends control
the isotopic composition of meteoric water globally but added regional variability can
produce differences of several parts per million (Bowen and Wilkinson, 2002; Lachniet,
2009; Vodila et al., 2011) due to temperature-related effects such as the amount,
continental, and altitude effects (Dansgaard, 1964; Rozanski et al., 1993), as well as
variability in moisture source location and moisture source 620 values (Kolodny et al.,
2009; Kowalczk, 2009). Soil water 620 values, initially controlled by the 620 value of
precipitation, can be significantly enriched by evaporation, a function of vegetation
cover and local climate (Clark and Fritz, 1997; Fetter, 1994; Tang and Feng, 2001;
Lachniet, 2009). Further modification of groundwater 6'®0 value can occur via water
mixing and residence in the karst (Fairchild et al., 2006). Upon entering the cave,
fractionation during CO, degassing and associated carbonate precipitation are the two
dominant processes affecting the final 60 value of speleothem carbonate (Lachniet,
2009). Evaporation induced kinetic fractionation is expected to be minimal in Yok
Balum where relative humidity is >99%. The degree of kinetic fractionation has been
assessed in Yok Balum Cave via Hendy tests by Kennett et al., (2012) who reported that
some kinetic fractionation occurs during precipitation but that this is likely to have
been stable over the last few thousand years because of near-constant cave

temperature, humidity, and ventilation.
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4.2.2 Carbon isotopes as palaeoclimate proxies

The stable isotope 83C from both marine and continental sources has been widely
applied to palaeoclimate reconstruction for many decades, as a proxy for atmospheric
CO, (e.g Shackleton et al., 1983; Cerling, 1984; Andrews, 2006; Berner, 2006) and as an
indicator of bioproductivity (e.g Leng and Marshall 2004). In more recent years the
8'3C of speleothems has been utilized to infer past environmental and climate related
changes (Frappier et al., 2002; Genty et al., 2006; McDermott, 2004; McDermott et al.,
2005).

Speleothem carbon originates predominantly from biological CO, (typically with low
8'3C values) from the soil zone and from limestone bedrock dissolution (with typically
higher 8C values). The final 6'°C value depends on several factors including: the
photosynthetic pathway of overlying vegetation (Clark and Fritz, 1997), the bedrock
contribution (Hendy, 1971; Dulinkski and Rozanski, 1990; Clark and Fritz, 1997), and
drip rate in the cave, whereby lower drip rates result in higher speleothem &%C
through increased fractionation associated with more pronounced CO, degassing
(Hendy, 1971; Hellstrom et al., 1998; Dulinski and Rozanski, 1990; Wigley et al., 1978).
At Yok Balum, the tropical climate results in high year-round biological activity and soil
pCO, (Fig. 4.1). The vegetation above the cave is exclusively C3 and this is unlikely to
have changed over the last 500 years. The more positive 83C bedrock isotopic
contribution is thought to be proportional to the speleothem drip rate and prior
carbonate precipitation (PCP) and hence water recharge to the karst, i.e. when
conditions are drier, slower karstic through flow will result in a) reduced soil carbon
contribution (through a reduction in soil microbial breakdown of organic matter and
reduced root respiration), b) higher (more positive) 83C bedrock contributions, c)
slower drip rates, and d) more extensive in-cave CO, degassing. These factors combine

to produce more positive 8'3C carbonate values.
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Figure 4.1 26-month time series of soil pCO, above the cave.
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4.3 Methods

4.3.1 Stalagmite YOK-G

Stalagmite YOK-G was collected in June 2006, approximately 50m from the cave
entrance, from atop a very large feature (a large stalagmite or amalgamation of
various carbonate deposits) known as ‘The Birthday Cake’. The ‘Birthday Cake’ area of
the cave contains numerous active speleothems due to the presence of a doline,
focussed recharge, and deeper organic soils directly above the site. Based on drip plate
assessment, YOK-G was still actively precipitating carbonate at the time of collection.
The 1090mm tall stalagmite was cut into three pieces. The top 384mm are discussed in
this paper (Fig. 4.2). YOK-G was sectioned along the central growth axis to reveal the
internal structure. YOK-G is clean and extremely well laminated (Fig. 4.3). Clear visual
growth layers almost certainly correspond to seasonal changes in crystal arrangements
with well-defined textures and fabrics (Frisia et al., 2000; Self and Hill, 2003). The
mechanisms controlling changes in crystal fabrics are well-understood, particularly in
calcite, and readers are directed to Frisia et al. (2000) for a comprehensive review.
Because the cave environmental conditions are stable (i.e, cave CO, values and
temperature do not vary markedly) the different laminae almost certainly result from
shifts in carbonate saturation state associated with seasonal recharge variability and
degassing rates associated with drip rate. Six powder samples were obtained along
clear growth layers along the length of YOK-G for XRD analysis at ETH Zurich, which,

when combined with petrographic analysis, indicate that YOK-G is entirely aragonitic.

4.3.2 Stable Isotope analysis

The top slab of stalagmite YOK-G was continuously milled at 0.1mm steps along the
central growth axis using a computer-controlled ESI/New Wave Micromill with a
standard 0.8mm tungsten carbide drill bit. Samples were milled to specifications of
0.1mm width, 10mm length and 1 mm depth, with the long axis parallel to growth
layers. 220ug - 250ug of powder was transferred using an acetone-cleaned scalpel to

round bottomed 12mL auto-sampler exetainer vials with butyl rubber septa (Labco,
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High Wycombe, UK) for isotope ratio determination. The drill bit and milling track were
cleaned after each sample using a compressed air gun. The location and angle of the
sampling trench was moved accordingly to accommodate changes in growth axis
orientation down the stalagmite (Fig. 4.2). A marker point was drilled every 10mm to

facilitate navigation and measurement on the stalagmite.

Stable isotope analysis was conducted within the Department of Earth Sciences at
Durham University using a Thermo-Finnigan (Bremen, Germany, now Thermo Fisher
Scientific) MAT 253 Isotope-Ratio Mass Spectrometer with a Gasbench Il (external
precision of ca. 0.05-0.10%o). Fifty speleothem carbonate samples were loaded for
each run. Carbonate samples were dissolved in 10 drops of orthophosphoric acid
(H3PO,4) under helium (grade 5) atmosphere. The solution was left to digest at 50°C for
two hours. The resultant gas mixture (CO, and He) was introduced to a gas
chromatographic column and the CO, separated from the gas mixture. After passing
the second water trap the analyte was introduced to the mass spectrometer. Each
batch of sample powders were run with 14 standard powders; NBS18 (carbonatite),
NBS19 (limestone), LS VEC (lithium carbonate) and an internal laboratory standard
DCSO1 (Table 4.1). Normalisations and corrections were made to NBS19 and LS VEC.
13¢/12C ratios are reported in standard delta notation relative to the Vienna Pee Dee

Belemnite (%o VPDB) standard. The external analytical precision is better than 0.1%eo.

Table 4.1 Laboratory standards

Standard name Description 6"3C/*C (%oVPDB) 5'°0/™°0 (%.VPD)
NBS18 Carbonatite -5.1 -23.2

NBS19 Limestone 1.95 -2.2

DCs01 Internal Standard -35.49 -17.15

LS VEC Internal Standard -46.5 -26.7

In total 3840 samples (0.1mm sample interval) were prepared and analysed along the
length of YOK-G. Random samples were re-run to ensure reproducibility between the

runs and lend confidence to the results.
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Figure 4.2 High resolution scan of YOK-G showing the isotope milling track, and 230Th and XRD
sample locations.
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Figure 4.3 Example of visible annual laminations in YOK-G 40mm to 80mm from the top of the

stalagmite.
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4.3.3 Uranium-series analyses

2%0Th) dating of powders was performed at the University of New

Uranium-series (
Mexico Radiogenic Isotope Laboratory. Milled powder samples (20-120 mg) and a drip
water sample (13.3 g) were spiked with a solution containing 29Th, 23y, and **°U, and
uranium and thorium were separated using anion chemistry and analysed on a Thermo
Neptune multicollector inductively coupled plasma mass spectrometer after the
methods of Asmerom et al. (2010) and Cheng et al. (2013). Improved half-life values

for 2°Th and 2**U were applied to these age results (Table 4.2).

4.3.4 Age Model and Time-Series Construction

Drip water and YOK-G carbonate powders extracted at 0.5 and 1.0 mm from the
stalagmite top (years C.E. 2006 and 2004) were used to establish that stalagmite YOK-
G detrital thorium has a high initial 29Th/%2Th. This high initial value was found to be

22Th concentration such that initial 2°Th/**Thatomic (ppm) =

inversely correlated to
323.67(X)°?*°, where X = concentration of *?Th in pg/g, and the calculated initial
20Th /22 Th_omic (PpmM) has an assumed + 10% absolute error (Fig. 4.4). Corrections are
therefore made on **°Th dates younger than C.E. 1800 due to higher 29Th/%2Th ratios
in this portion of the stalagmite. This correction does not significantly affect age results

older than C.E. 1800 due to low 2*°Th/?**Th ratios in the older carbonate.
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Figure 4.4 Detrital thorium correction. High values of *°Th/**Th,omic (ppm) for a sample of
drip water and two powders from the tip of stalagmite YOK-G were measured for = C.E. 2004
to 2006. Resulting 2*°Th/***Thatomic (ppm) values show a nonlinear relationship between
detrital 232Th concentration and 2°Th/***Th,omic (PPmM). Initial 2°Th/***Th,womic (PPmM) value for
each sample powder dated was determined by the curve shown above, where initial
2 Th/ Thaemic (PPM) = 323.67052 x (**’Th concentration (pg/g)) - 0.269003 (ppm) * 10%
(dashed curves).

72



*sabe Pa)2a.1102 81e|N[ED 0} PASN SAN|BA U Lzcz/U Locz 1EHIUI 10) SPOUISW |OS 39S “NyezQ PUB “NyczQ
1oj [enIul = | pue ‘painseaw = W B 00z 01 0Z WoJ) aBuel sa9zZis 3|dwesqns ‘0z 21Nj0SAe 24 SI04I2 (Y '900Z AV 240139 sieak = 900z SIA

Chapter 4: Aerosol forcing of intertropical convergence zone position
Table 4.2 Uranium series data for stalagmite YOK-G.
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4.3.5 AMS *C Chronology and Bomb Carbon Modelling

An Incremental AMS **C study on the upper 48 mm of YOK-G was conducted to help
constrain speleothem growth rates during the last 50 years. At Penn State University
(PSU), carbonate samples we milled from the same surface sampled for U-Series dating
and stable isotope work, offset from the stable isotope sampling axis. The surface was
etched with dilute HCl to remove carbonate displaced when the speleothem was
originally cut into a slab. The slab was mounted on a Sherline 5400 Micromill that
allows for x-, y- and z-axis control to 10s of micrometers. Samples were drilled at 120-
150 rpm with a 0.80mm carbide burr following individual growth increments visible in
the speleothem to minimize time averaging. Based on the final age model, the samples
represent roughly a single year of growth for samples before C.E. 1970 (0.84mm al)
and two years (0.42mm a™) after that. Drilling depth was maintained at 1 mm and
between 8 and 12mg of carbonate were obtained for each sample. Two calcite ¢
blanks were also acid etched (~10% etch by mass) and drilled to produce powder to
assess whether heat and pressure from the burr would cause exchange with modern
ambient CO, and alter the 14¢ content of the speleothem as observed in other cases
(Hoffmann et al., 2010; Southon et al., 2012). Etched calcite chips were drilled at 150

rom and 1000 rpm, respectively.

At the UC Irvine Keck Carbon Cycle AMS Facility (KCCAMS), carbonate powder was
hydrolyzed with orthophosphoric acid under vacuum and the evolved CO, was reduced
to graphite at 550°C using a modified hydrogen reduction method onto a Fe catalyst
(Alfa Aesar mesh -325 lots JO2M27 and L16P22), with reaction water drawn off with
Mg(ClO4), (Santos et al., 2004; Santos et al., 2007). The Fe catalyst used is baked
monthly at 300°C for 3 hours in air, and subsequently baked at 400°C in H, for 45
minutes prior to analysis to reduce modern carbon contamination. Solid graphite
samples were pressed into Al targets and loaded on the target wheel with OX-1 (oxalic
acid) and calcite blanks for AMS analysis. AMS **C measurements were made on a
modified National Electronics Corporation compact spectrometer with a 0.5MV
accelerator (NEC 1.5SDH-1)(Beverly et al., 2010). All **C ages were §"C-corrected for

mass dependent fractionation with measured values following Stuiver and Polach
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(1977). Results are reported as fraction modern (F**C) and D**C (%o) in Table S3. AMS
measurements showed no appreciable difference between C activity of the two
blanks and the 150 rpm blank was used for the background correction for the YOK-G
AMS *C samples.

The peak in atmospheric bomb carbon is attenuated within the YOK-G ¢ by a
combination of: 1) biomass and soil carbon processes above Yok Balum Cave; 2) the
proportion of dead carbon contributed to the speleothem carbonate; and 3) the
possible mixing of dripwater and dissolution of secondary carbonates within the karst
itself (Genty and Massault, 1997; Genty et al., 1998). Fractionation between soil CO,
8'3C (estimated at -22%o VPDB) and speleothem 86%C (averaging -8.5%0 VPDB) enriches
F'*C by 0.03105 (Saliége and Fontes, 1984). Accounting for fractionation and
comparing the two pre-bomb samples (YG36 and YG48) to the early 20t century
portion of the IntCal09 Northern Hemisphere curve (Reimer et al., 2009) in terms of
F**C the dead carbon fraction (DCF) is estimated at ~15%. Correcting the measured
values assuming a constant DCF, the first sample showing **C enrichment is YG 28 at
28mm from the tip, which would correspond to C.E. 1954-1956 in the Northern
Hemisphere bomb C compilations (Hua and Barbetti, 2004). This is in good
agreement with the U-Series and carbon cycle counting chronologies, which also place

1955 at ~28 mm.

A simple model of the carbon reservoirs involved in speleothem carbonate deposition
was developed following Genty et al. (1998) to help interpret the attenuated **C pulse
in YOK-G (Fig. 4.5). The potential carbon reservoirs are: soil CO, from rapid-turnover
soil organic matter (SOM, 1 year residence) that reflects the single year atmospheric
14¢; soil CO, from slow-turnover SOM (>1 year residence; average of atmospheric ¢
activity over the residence time); mixed dissolved carbonate in the epikarst zone; and
DCF. Annual atmospheric 4C content was estimated from C.E. 1850 to 1999 using the
Northern Hemisphere Zone 2 bomb dataset (Hua and Barbetti, 2004) and the IntCal09
curve (Reimer et al.,, 2009), averaging the monthly values in the former and
interpolating annual values for the latter in terms of F'*C. The contributions were
varied in a series of iterations: rapid-turnover SOM from 5 to 75%; slow-turnover SOM

residence time from 15 to 30 year; epikarst mixing from 0 to 15 yr.
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The model with the best fit to the measured **C activity in YOK-G is consistent with a
slow-turnover SOM contribution of 50% with a 30-yr residence time, and no epikarst
mixing. The shape of the resulting curve matches the YOK-G record well (noting that
the two peaks on the rising limb of the NH Zone 2 curve were not directly sampled in
YOK-G), but the modelled F*C is elevated 3-4% above measured values (Fig. 4.5). This
could be the result of the DCF increasing from 15% in the first half of the 20" century
to roughly 18% after ca. C.E. 1960, as depicted in Figure 4.5. A shift in soil CO, 6%C,
and hence less fractionation of **C and **C, is ruled out as a cause. This would require a
transformation from C3 to C4 biomass above Yok Balum, for which there is no

evidence.

Table 4.3 Incremental AMS **C measurements on YOK-G carbonate and calcite blanks.

depth

Sample ID (mm) PSU#  UCIAMS# F“c D*C (%o)

YG02 2 5150 111916 1.0332 +0.0019 33.2+1.9

YG04 4 5151 111917 1.0636 + 0.0026 63.6+2.6

YG06 6 5152 111918 1.0886 + 0.0015 88.6+1.5
YGO8 8 5153 111919 1.1019 + 0.0017 101.9+1.7
YG12 12 5154 111920 1.1326 +0.0016 132.6+1.6
YG16 16 5155 111921 1.1279 +0.0017 127.9+1.7

YG22 22 5156 111922 1.0657 +0.0017 65.7 +1.7
YG28 28 5157 111923 0.8905 + 0.0013 -109.5 1.3
YG36 36 5158 111924 0.8644 + 0.0012 -135.6 + 1.2
YG48 48 5159 111925 0.8639 +0.0014 -136.1+ 1.4
Cal1 (150rpm) na 5179 111945 0.0028 + 0.0001 -997.2+0.1
Cal2 (1000 rpm) na 5180 111946 0.0024 + 0.0001 -997.6 £ 0.1
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Figure 4.5 'C activity in YOK-G. Bomb **C activity in the YOK-G speleothem versus modelled
YC mixtures of soil CO2 and dead carbon fraction (DCF) assuming 30-yr residence time for
slow-turnover soil organic matter (SOM) and no mixing dripwater in the epikarst above Yok
Balum Cave. YOK-G F*C values are plotted on the U-series timescale, where the rising limb of
the bomb curve coincides with the Northern Hemisphere Zone 2 curve and modelled curves.
The shape of the YOK-G *C curve most closely matches the assumption of 50% rapid turnover
SOM CO2 (purple) but a closer correlation is found if the DCF increases from 15% to 18% after
ca. C.E. 1960 (lavender).
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4.3.6 63C cycle chronology

YOK-G 6%C is a function of CO, exchanges controlled primarily by rainfall and the
amount of water entering the karst system. This mechanism has been found to be
dominant in other tropical cave systems where rainfall variability controls speleothem
8'3C value via changes in drip rate (Yadava and Ramesh, 2005) and is supported here
by comparison of the YOK-G record with nearby rainfall records from Punta Gorda
(~30km to the south east). Rainfall and YOK-G 8™C are negatively correlated on both
monthly (rpearsons = -0.57, p < 0.001) and annual (rspearmans = -0.41, p < 0.07) timescales
during the period that the records overlap (Fig. 4.7). The limited length of the Punta
Gorda dataset limits the statistical significance of the relationship on annual
timescales. While the contribution of biogenic carbon to the soil zone may account for
some portion of the annual cycle, soil CO, productivity is driven more by water
availability than temperature, which is essentially constant year round. Furthermore,
the year round productivity of the tropical forest above the cave helps to eliminate
large seasonal differences in the isotopic composition of soil CO,. We therefore have
confidence in §3C as being a proxy for karst recharge and rainfall. This interpretation is
supported by the remarkable, demonstrably annual 6°C cycles apparent throughout
the record (Fig. 4.8) reflecting seasonal water recharge conditions, as well as by
interpretations of other Belizean stalagmite & *C records as reflecting rainfall, notably
Frappier et al. (2002), linking pronounced 5"3C increases to El Nifio related rainfall
reductions, and Webster et al.(Webster et al., 2007) linking 8*3C shifts over the last
3,300 years to rainfall. We note that these two studies represent the two published
speleothem records from cave sites closest to Yok Balum cave (Actun Tunichil Muknal
Cave, ~100km to the north, and Macal Chasm, ~80km to the north), and that both
utilised 6C as a palaeorainfall proxy. The resolution of the Macal Chasm record is
lower than that of YOK-G, however a clear positive relationship exists between the two
(Fig 4.6). The Frappier ATM record is not sufficiently long as to permit successful

comparison with YOK G.
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Figure 4.6 Mean annual YOK-G §°C and Macal Chasm greyscale record.

The *°Th chronology suggests that YOK-G grew at a nearly constant rate of
approximately 0.82mm a™ between 1560 and 1983. The mean width of the §"3C cycles
present in the record is 0.83mm, indicating that the cycles are annual. Radiocarbon
analyses permit identifying the rising limb of the radiocarbon bomb spike at 27mm
depth. This provides an independent confirmation of the accuracy of the top **°Th
dates, and also provides a date with which to anchor the annual (e chronology.
Carbon cycles were counted from this chronological marker (1955). The highest §3C
values in every cycle correspond with the end of the dry season (April) when the karst
is most extensively drained and the lowest §3C values represent the peak of the wet
season (July) (Fig. 4.8). Carbon cycle chronology is consistent with the *°Th
chronology, and is never outside the errors of any of the 2°Th dates. The 6*3C cycles
therefore provide an accurate sub-seasonally resolved chronology. Only the top 6mm
of the stalagmite failed to display (e cycles. This spanned the time between 1983
and 2006 and is possibly due to a shift in hydrology. A further 270 carbonate samples
were re-milled at a 30um resolution on the top 8mm of YOK-G to both verify the
sudden increase in §"3C at 1983 and to determine whether annual §"3C cycles would be
visible at a higher resolution (Fig. 4.9). Analysis was performed at Eidgendssische
Technische Hochschule (ETH) Zurich following methods similar to those previously
described in section 3.3.2. This short interval (from 1984 to 2006) is therefore not

included in the discussion due to increased chronological uncertainty.
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Figure 4.8 a) >°Th dates with errors (black line) and 6™C cycle chronology (red line). Shaded

grey boxes indicate intervals where the §"C cycles are present but somewhat less clear. The
shaded pink box indicates the interval (1983-2006) where §“C cycles are absent. Both

2Th dates were used to verify the

chronological models are fitted with cubic splines. The
accuracy of the 8™C cycle count chronology, but were not used directly in developing the
chronological model. b) The YOK-G 6™C record against depth spanning the last 456 years, with
low 6°C) and dry (‘D’ =

higher §'°C) season 6"C values identified. These were used as a further chronological tool,

inset expanded in c) illustrating §"*C annual cycles with peak wet (‘W’ =

permitting identification of season of deposition. The grey shaded area to the right illustrates
cycles during an interval where the §"C cycles are less clear.
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Figure 4.9. High resolution (30um) resampling of the top 8mm of YOK-G and the original
sampling (100um resolution). Resampling conducted at ETH Zurich.
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It is possible that the cycle amplitude and thus inferred seasonality is simply a product
of different sampling resolutions across annual cycles of different wavelength. In short,
because the spatial resolution of micromilling remained constant at 100 microns, more
averaging of the §°C amplitude would occur for a year with less growth compared
with a year with more. To test how much of an effect this phenomenon might have,
numerical models were used to simulate stalagmite growth, and were then ‘sampled’.
Two annual growth rates similar to the minimum and maximum growth rates (500 and
1000 microns year'l, respectively) observed in the YOK-G record were used in the
models (Fig. 4.10). The synthetic 8"°C records derived from these two models are
comparable to original 83C input dataset, illustrating that the amplitude of the §C
cycles is not significantly affected by this averaging effect. We then calculated the
maximum amount that amplitudes of cycles with different wavelengths were muted by
this averaging effect, and applied this maximum possible correction to the YOK-G §C
cycle amplitude dataset (Fig. 4.11). The resulting dataset is essentially indistinguishable
from the original dataset, indicating that this averaging effect has no significant
influence on 6'°C cycle amplitude within the range of growth rates observed within the

YOK-G record.

By combining these three independent chronological techniques, U-Series, 8¢ cycle
counting and identification of the atmospheric bomb spike, the YOK-G stable isotope

record can be constrained to sub-annual precision.
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Figure 4.10 Modelled differential sample averaging effect induced by growth rate variability.
Growth rate is modelled as varying between 500 and 1000 microns per year, similar to
observed growth rate variability in stalagmite YOK-G, and the §°C amplitude of variability is
2%0, again consistent with YOK-G carbon isotope variability. The sampling interval is
maintained at 100 microns irrespective of growth rate. The modelling demonstrates that
differential growth rates produce very little difference in the amplitude of the §"C cycles as
inferred after sampling. Thus, 8§3C cycle amplitude variability can be interpreted in terms of
seasonality rather than a growth rate induced aliasing effect.
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Figure 4.11 YOK-G §“C amplitude (black) and amplitude corrected for maximum aliasing
effects (red). Both records are essentially identical, further demonstrating that growth rate
induced aliasing is not an issue in interpreting the §'°C cycles in terms of palaeoseasonality.
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4.3.7 Environmental monitoring

Intensive monitoring for this project began at Yok Balum Cave in April 2011 following
less intensive initial monitoring that began in 2006 (see Kennett et al., (2012) for
details). Cave environment monitoring instruments were installed inside and above the
cave to continuously monitor cave atmospheric parameters, drip hydrology, local
meteorology, and soil environments. Locations of these instruments are illustrated in
Chapter 3, Fig. 3.1. Rain gauges were set up in Santa Cruz village to allow for
maintenance and because this was the nearest area to the cave without extensive tree
cover. Small disturbances exist in some data sets due to equipment malfunction. These

are highlighted in the results for each instrument.

a. Cave atmosphere

Within cave temperature measured at the large ‘Birthday Cake’ stalagmite is
essentially constant (~22.9°C) and humidity is high (>95%) throughout the year. Within
cave temperature approximates the external annual mean temperature (Fig. 3.2) and
this plays an important role in determining the seasonal modes of ventilation in the
cave. Figure 4.12 shows a 14-month time series of three-hourly cave air pCO,
(corrected to barometric pressure) measured using a Vaisala MI70 Indicator coupled to
a Vaisala GMP343 Carbocap CO, probe. This time series indicates that at no time did
pCO, values reach elevated values sufficient to inhibit carbonate deposition. The cave
ventilates on a daily basis (inset), most likely via diurnal density-induced gravitational
overturning, which acts to keep pCO, levels low (means of 419ppmv and 515ppmv in
January and June, respectively) compared to pCO, levels measured in many other
caves (Baldini, 2010) and at levels insufficient to significantly alter the degree of kinetic
fractionation due to the rate of CO, degassing. The two cave entrances and simple

tunnel structure of the cave facilitate vigorous ventilation.

CO, variability is higher during the wet season than in the dry season, most likely due
to a combination of increased CO, flux into the cave via drip water degassing and

direct transfer from the active soil zone and a change in ventilation regime caused by
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seasonal changes in air density gradient between the cave and outside atmosphere. It
is very unlikely that during the last few thousand years pCO, levels were ever
sufficiently high to restrict carbonate precipitation or alter the degree of kinetic
fractionation. Hendy tests performed in Yok Balum Cave (Kennett et al., 2012) suggest
that the 8C of precipitating carbonate is affected by some degree of kinetic
fractionation. This stability of the cave CO; level and continuous ventilation mechanism
suggest that changes in the degree of kinetic fractionation will be controlled by the

amount of degassing permitted by the drip rate and hence karst recharge.
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Figure 4.12 14-month time series of three hourly pCO2 in Yok Balum. Evidence that cave
ventilates daily (insert) throughout the year and that pCO2 -values remain relatively low

throughout the year.
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b. YOK-G Drip rate

An automated drip logger was placed on the scar of YOK-G to measure drip discharge.
Figure 4.13 shows a six-month time series of hourly YOK-G drip hydrology and total
daily rainfall (at Santa Cruz village) from April 2012 to November 2013 (measured using
both a HOBO weather station and Pluvimate rain gauge). YOK-G drip rate is typically
high and highly variable, and displays both diffuse and fracture flow components. Drip
rate slowly increases during the wet season (minimum 460 to maximum 1445 drips per
hour) as the karst system becomes increasingly filled. Large rainfall events provoke a
‘flashy’ response in drip rate, indicative of quick transfer of water via fracture routes
producing short-lived drip rate maxima. The high drip rate, even at the end of the dry
season (April, May) suggests that a substantial diffuse flow component exists which is
supplemented by fracture flow after pronounced rainfall events. YOK-G is therefore
especially sensitive to variability in the fracture flow component, and thus records
extreme high rainfall events as well as wet season droughts, but due to buffering by
the diffuse flow component is less sensitive to dry season droughts.

The drip feeding YOK-G has a drip rate approximately 30 times greater than that of the
drip feeding stalagmite YOK-I, located a few meters away in the same chamber (means
of 921 and 25 drips per hour, respectively) (Kennett et al., 2012). This higher drip rate
partially accounts for the higher growth rate of YOK-G compared to YOK-I (means of
830 microns and 200 microns per year, respectively) and for the less negative mean **C
values of YOK-I carbonate. The difference in drip rates between these two stalagmites
strongly indicates that the two drips are fed by considerably dissimilar hydrological
pathways; consequently the two stalagmites record different components of the
climate input signal (Baldini et al., 2006). YOK-G is fed by large diffuse and fracture
flow components (Fig.4.14). YOK-I is fed by less fracture and diffuse flow, and
consequently is more sensitive to short- and long-lived droughts but less sensitive to

high rainfall events.
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Figure 4.13 Six-month time series of hourly YOK-G drip rate and daily rainfall total from a rain
gauge and HOBO meterological station located in Santa Cruz village (~3km north of Yok
Balum). Drip regime provides evidence of diffuse (periods of smooth increase or decline) and
fracture (short lived peaks) flow pathways.
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Figure 4.14 Hypothetical hydrology systems feeding YOK-I and YOK-G based on drip regimes.
(a) Dominance of diffuse flow during low precipitation periods. (b) Initiation of fracture flow
during high precipitation events. YOK-G has a larger reservoir than YOK-I and large diffuse and
fracture components feeding the stalagmite. YOK-G has a larger aperture to the stalactite
which feeds the stalagmite than that of YOK-I.
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4.3.8 Aerosols

Dominant anthropogenic sulphate and nitrate aerosols are formed via oxidation of
industrial oxides, primarily produced during coal consumption. Aerosols affect the
climate both directly, via scattering and absorption of solar radiation, and indirectly, by
affecting cloud cover (Koch and Del Genio, 2010) and cloud properties such as
precipitation efficiency (Albrecht, 1989) and albedo (Twomey, 1974). Direct global
mean aerosol forcing is currently estimated to be -0.5 + 0.4 Wm?, and indirect global
mean aerosol forcing at -0.7 with a range uncertainty of -0.3 to -1.8 Wm™ (Forster and
Ramaswamy, 2007). The combined net forcing acts to partially offset the positive
radiative forcing of longer lived greenhouse gases (Forster and Ramaswamy, 2007;
Leibensperger et al., 2012a). Due to the short lived nature of anthropogenic aerosols,
their radiative forcing is strongly localised over source regions (Schulz et al., 2006), and
anthropogenic aerosols are therefore thought to contribute to regional heterogeneity
in climate change. Indeed observational studies provide considerable evidence that
aerosols have lowered surface air temperatures, offsetting greenhouse warming (Qian
and Giorgi, 2000; Wild et al., 2007; Ruckstuhl et al., 2008; Philipona et al., 2009). In two
companion papers Leibenspeger et al. (2012a; 2012b) calculated that surface direct
and indirect radiative forcing from US anthropogenic aerosols, strongly centred over
the central and eastern US, peaked during the period 1970-1990 at -9 Wm™ and was
associated with a regional climate cooling of 0.5-1.0°C on average during this period.

Patterns of atmospheric aerosol optical depth have displayed considerable temporal
variability in accordance with varying temporal patterns of industrialization (Fig. 4.15).
In order to account for the spatial and temporal heterogeneity caused by staggered
patterns of industrialisation, we follow the rationale of Robertson et al. (2001) and use
regional CO, emissions as a proxy for anthropogenic aerosol production. This provides
better estimation of regional variability than single records of global aerosols derived
from ice cores. Regional CO, emissions (Marland et al., 1994) for North America and
Western Europe, scaled to 1992 values (Robertson et al., 2001) were utilised to assess
relative regional contributions to the YOK-G record. Figure 4.15 illustrates the uneven
distribution of atmospheric aerosols between the Northern and Southern

Hemispheres, and that for regions spanning both hemispheres (e.g., Africa, Central and
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South America) aerosol emissions are dominated by emissions in the northern parts of

those regions.
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Figure 4.15 Reconstructed aerosols optical depth. Reconstructed aerosols optical depth due to
tropospheric aerosols created by scaling modern distributions with regional CO, emission
curves for (A) 1930 (B) 1960 and (C) 1990. Figure adapted from Robertson et al. (Robertson et
al., 2001).
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4.4 Results and discussion

Final 8'®0 and 6%C stable isotope records are displayed in Figure 4.16. The two records
correlate (r = 0.38, p < 0.001) but not sufficiently to suggests that a) evaporation
induced fractionation is the dominant control or b) that the two records are primarily
controlled by the same environmental process or processes. As discussed in section
4.2.1 speleothem 60 values are affected by a relatively large number of factors,
mostly linked to complex fractionation processes as water vapour travels from source
region to sink (Lachniet, 2009). The YOK-G 60 record is positively correlated with
existing NHT reconstructions (high 60 = high NHT), and particularly with the Esper et
al. (2002) and Moberg et al. (2005) (Fig. 4.17). Tropical stalagmite 50 variability is
typically interpreted as reflecting rainfall amount (Lachniet, 2009), and in Central
America specifically to ITCZ related rainfall amount (Kennet et al., 2012). However,
substantial research indicates that elevated NHT should have resulted in a more
northerly summer ITCZ position (Friedman et al., 2013; Frierson et al., 2012, Kang et
al., 2008; Yoshimori and Broccoli, 2008; Haug et al., 2003; Kang et al. 2009) the
opposite of the NHT-8"20 relationship suggested by the YOK-G record. The positive
correlation between NHT and YOK-G &0 strongly indicates that regional temperature
is the primary control on decadal to centennial scale §'20 variability in YOK-G. Regional
temperature will affect 50 values by influencing Caribbean sea surface temperatures
and moisture mass evolution from the source region to the cave site. Elevated regional
temperatures resulted in decreased fractionation during evaporation from the
Caribbean Sea and during rainout along the moisture mass’s trajectory, and both

processes ultimately led to elevated rainfall §*20.

On monthly- to annual-timescales Yok Balum cave drip water §'®0 values have been
shown to reflect those of local rainfall, governed primarily by rainfall amount (Kennett
et al., 2012). This is consistent with previous research (Lachniet and Patterson, 2009)
which determined that temperature and amount effects are the dominant controls on
rain and surface waters in Belize and Guatemala. However, it is apparent form the
relationship between NHT and YOK-G 60 that on longer timescales, temperature

controls on moisture mass evolution are typically dominant and rainfall amount have a
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second order control §'®0 variability. Furthermore, the lack of definitive annual cycles
in the 6'°0 record further indicates that even on annual timescales the rainfall amount
controlled 6'%0 signal undergoes considerable modification either through evaporative
processes at the surface or though mixing of isotopically distinct waters in the vadose
zone. In short, the complex nature of 580 values in meteoric water in this region and
the apparent signal modification which takes place in the soil and vadose zone

complicates using §'20 as a palaeo-rainfall record.

Conversely, stalagmite 6°C in low latitude regions not experiencing temporal shifts in
vegetation type (e.g., shifts from C3 to C4 vegetation) largely reflects effective rainfall
amount and the hydrology of the drip feeding the stalagmite. As discussed in section
4.2.2 dry intervals promote prior carbonate precipitation (due to lower groundwater
flow rates), increased bedrock carbon contributions, and reduced soil bioproductivity,
all contributing to a more positive 8'°C. Conversely, wetter conditions result in more
negative 8'3C. This interpretation is supported by interpretations of other Belizean
stalagmite 8C records as reflecting rainfall as previously noted in Section 4.3.6. We
stress that 60 is also an extremely useful complementary rainfall proxy, however
unlike 60, fractionation processes occurring further afield are not a consideration
when interpreting speleothem 5'3C values. We therefore believe that under the stable
conditions observed at our site, §*3C is more sensitive to subtle shifts in recharge and

therefore here we utilise the YOK-G §*3C record as a palaeorainfall proxy.
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Figure 4.16. Final YOK-G 6"0 (blue line) and 6"C (black line) stable isotope records, with 9 year

running average (thick lines).
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Figure 4.18 a) YOK-G §"C,,.. record and the Nifio 3.4 COA reconstruction (Wilson et al., 2010)
for the period 1550 to 1850. b) Seasonality defined by the amplitude of each annual §"*C from
peak wet season to peak dry season and Esper NHT (Esper et al., 2002) for the period 1550-
1850. c) YOK-G 8"Cy.; against NHT for the period 1550-1850. d) as in (a) but for the industrial
interval of the record, 1851-1983. e) as in (b) but for the period 1851-1983. f) as in (c) but for

the period 1851-1983.
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correlation (r = -0.19, p < 0.005) and during the CWP (1850-1983) (black filled circles), which
exhibits a switch to a significant positive correlation (r = 0.43, p < 0.001).
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Both wet and dry season 83C values (613Cwet and 613Cdry) are clearly distinguishable in
the YOK-G record (Fig. 4.8c), providing a rare opportunity to isolate rainfall amount
during specific seasons at a low latitude site. YOK-G 8%3C,er and the NINO3.4 Center of
Action (COA) sea surface temperature (SST) reconstruction (Wilson et al., 2010) are
anticorrelated (r = -0.3, p < 0.001 with a nine-year moving average applied) during the
preindustrial period (1550-1850), suggesting that eastern equatorial Pacific SST
exerted a significant control on Belizean rainfall (Fig. 4.18a). Additionally, a weak but
significant negative relationship (r = -0.19, p < 0.001) exists between the Esper
Northern Hemisphere Temperature (NHT) reconstruction (Esper et al., 2002) and
52Cwet during the preindustrial interval of the record (Fig. 4.18c). This suggests a
warmer NH tends to draw the ITCZ to a more northerly position, consistent with the
results of numerous previous studies (Friedman et al., 2013; Kang et al., 2008; Haug et
al., 2001; Kang et al., 2009). No relationship exists between §'*Cq4,, and NHT (r = 0.05, p
= 0.43), again consistent with the interpretation of YOK-G 83Cyet as an ITCZ rainfall
proxy. Elevated NHT tended to cause a more seasonal rainfall distribution (greater
seasonality) during the preindustrial portion of the YOK-G record (r = 0.32, p < 0.001,
with a nine-year moving average applied) (Fig. 4.18b). However, post-1850 all the §"3C
data (mean annual, wet season, and dry season) strongly suggest a steady drying trend
coinciding with increasing NHT, suggesting a dramatic reversal in the relationship

between NHT and ITCZ position) (Fig. 4.19) .

Additionally, post-1850 YOK-G annual mean &2C tracks trends in global GHG
concentrations and anthropogenic aerosol emissions (Fig. 4.20). This indicates a
southward ITCZ migration despite increasing NHT. This change in relationship also
corroborates the notion that YOK-G 8™C is a proxy for water recharge to the karst as

opposed to temperature.

The timing of this relationship reversal suggests an anthropogenic link. Recent research
highlights the competing effects of GHG and anthropogenic aerosols on low latitude
rain belts, with GHG increases believed to force the ITCZ to the north, and aerosols to
the south (Zhang et al., 2007; Friedman et al., 2013). Modelling studies suggest that a
heterogeneous regional cooling effect induced by NH mid-latitude anthropogenic

aerosol emissions drove the southward migration of the ITCZ over recent decade
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(Hwang et al., 2013; Rotstayn and Lohmann, 2002; Chang et al., 2011; Friedman et al.,
2013), leading to drought in the Sahel (Booth et al., 2012; Kawase et al., 2010) and
parts of monsoonal Asia (Bollasina et al., 2011; Lau et al., 2006). The rainfall decreases
implied by the YOK-G record closely follow patterns of regional industrialisation and
aerosol emissions in North America and western Europe since ~1880 (Fig. 4.20 and Fig.
4.15). Peak US aerosol production during the period 1970-1990 is estimated to have
had a direct radiative forcing of -6 Wm™ over the central and eastern US resulting in
relative cooling of 0.5-1.0°C (Leibensperger et al., 2012b; Leibensperger et al., 2012a).
Cooling over the North Atlantic region modifies atmospheric circulation to
accommodate cross equatorial thermal contrasts and subsequently drives the ITCZ

southward (Tokinaga and Xie, 2011).

4.4.1 Volcanic forcing

The YOK-G record also illustrates that very similar ITCZ repositioning occurred
following large NH volcanic eruptions that injected sulphate aerosols into the
atmosphere. Explosive volcanism has been shown to be a leading driver of natural
climate variability over the last millennium (Crowley, 2000; Schneider et al., 2009;
Ammann et al.,, 2007). SO, (sulphur dioxide) gas, produced by explosive volcanism,
reacts with OH and H,0 in the stratosphere producing H,O and H,SO4 (sulphuric acid)
aerosols which interact with incoming and outgoing radiation and result in cooling via
increased backscattering of solar radiation. Volcanic eruptions have been implicated as
causing drought, famine and triggering long-term climatic shifts, such as the LIA (Oman
et al., 2006; Anderson et al., 2008; Stothers, 2000), although eruption type, size and
global location create considerable variability in the climatic response to volcanic

forcing.

Explosive NH eruptions are thought to have affected the ITCZ through a similar
mechanism as anthropogenic aerosols, causing preferential NH cooling, southward
ITCZ migration, and consequently drying in Belize. We observed that for large

eruptions, identifiable in the GISP2 record, NH eruptions are followed by an increase in
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8"3C (indicating drier conditions) for one or more years after (relative to values for
monthly values the previous year (Year -1) (Fig. 4.20). With the exception of Westdhal
(1978), all studied NH eruptions are associated with §"3C increases from the previous
year during the year of eruption or the following year (Year +1), indicating drier
conditions. Specifically, NH eruptions seem to increase the severity of the dry season.
We suggest that NH volcanic eruptions delay the start of the wet season which allows
the karst to more thoroughly drain before the inception of the first hydrologically
effective rainfall of the rainy season. We suggest that NH eruptions therefore reduce
the duration of the wet season by shifting ITCZ position further to the south.
Conversely, all three SH eruptions are associated with relative low 813C after the year
of eruption, suggesting that the ITCZ was forced further to the north and the wet
season extended. The observed ITCZ response to volcanic forcing varies, and is
undoubtedly linked to the magnitude, type, chemistry, and location of the eruption, as
well as to other non-volcanic processes. We note that the interaction of multiple
eruptions may also be possible, complicating the attribution of any signal observed in
Belize rainfall. Consequently Komage-Take (1640) and Awu (1641) are not included in
this analysis as the response to these two large eruptions (occurring in different

hemispheres) cannot be deconvolved.
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Figure 4.20 a) Annual mean §"C (black) and GISP2 total sulphate record (blue) (Zielinski et al.,
1994) for the period 1550-1983. Estimated aerosol production based on CO, emission rates
relative to 1992 levels (Marland et al., 1994; Robertson et al., 2001) for western Europe
(green) and North America (yellow) post 1850. Major NH eruptions (red labels) and SH
eruptions (purple labels) identified within the GISP2 record. The dashed lines designate the
date of the eruption thought to have caused the GISP2 sulphate peak rather than the sulphate
peak itself; occasionally the eruption occurred the year preceding the sulphate peak in the ice
core. The location of the volcano responsible for producing the large 1809 sulphate peak
evident in the GISP2 record is unknown. (*) denotes eruptions with a Volcanic Explosivity Index
of 6 or 7. The brown vertical bar indicates the timing of a large drought identified in the
historical record (Kennett et al., 2012) b) Relative climate response to NH and SH eruptions
exemplified by YOK-G &™C values (normalized to monthly means in the year prior to the
eruption) in the year preceding the volcanic eruptions identified in panel a (‘Year -1’), the year
of the volcanic eruptions (‘Year of eruption’), and three years following the eruptions (‘Years
+1, +2, and +3’). The grey shaded area represents one standard deviation from the monthly
mean values over the entire preindustrial period. Thick lines represent the average 613C
response for NH eruptions (red line) and SH eruptions (blue line).
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Figure 4.21 YOK-G mean annual §"C against GISP2 sulphate record. Linear trend lines for YOK-
G 86™C (black) and GISP2 (blue) for the preindustrial (1550-1849) and CWP (1850-1983).
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Particularly noteworthy is the coincidence of the large and climatologically significant
Laki eruption (1783-1784) with the height of the largest preindustrial drought in Belize
since 1550 C.E., evident in both the YOK-G and the historical records. The Laki eruption
has been implicated as the driver of drought in Africa, based on runoff estimations
from sediments from the Nile (Oman et al., 2006), and several studies have attempted
to constrain the climatic effects of volcanic eruptions at various latitudes (Robock,
2002; Fischer et al., 2007; Mann et al., 2005; Schneider et al., 2009; Highwood et al.,
2003). This particular Laki eruption produced a peak estimated direct radiative forcing
in August 1783 of -5.5 Wm™ in the NH (Highwood et al., 2003), similar to the
magnitude of the anthropogenic aerosol peak during 1970-1990 (-6 Wm™), and
resulted in comparable drying in Belize. However, we note that the direct climate
effects attributable to the Laki eruption were unlikely to have lasted more than three
years (Highwood et al.,, 2003), so the 1783 eruption may have exacerbated or
prolonged the 1765-1800 drought but was not the principal driver. SH volcanic
eruptions, even those at low southerly latitudes, appear to force the ITCZ to the north.
Most notable of these is the Tambora eruption in 1815, associated with increased
Belizean rainfall the following year (Fig. 4.22). Of the twelve largest NH eruptions
identified in the GISP2 ice core sulphate record since 1550 (Zielinski et al., 1994; White
et al.,, 1997), all are associated with drying in Belize; conversely, all three large SH
eruptions are associated with increased rainfall at our site (Fig. 4.20 and Fig. 4.22). Our
data suggest that NH eruptions shortened the duration of the wet season, and SH
eruptions extended wet season duration. The record provides compelling evidence
that stratospheric sulphate aerosol injections associated with explosive volcanism
resulted in short-lived ITCZ migration. Similarly, continuous NH anthropogenic aerosol

emissions during the 20" Century drove sustained southward ITCZ repositioning.
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Figure 4.22 Response of YOK-G 6"C to large volcanic events identified within the GISP2 record.
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(‘Year -1’). Shown are ‘Year-1’, the year of the eruption (‘year of eruption’) to three years after
(‘Year+1’, ‘Year+2’, and ‘Year+3’) for nine NH volcanic eruptions and three SH eruptions.
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4.5 Conclusions

This study presents a monthly resolved stable isotope record from a low-latitude cave
site. The combination of three independent chronological controls, including annual
geochemical cycles, provides a particularly robust and sub-annually resolved
chronology. §"3C is shown to reflect changes in rainfall and recharge to the karst, with
wetter conditions producing to more negative speleothem 83C values. This monthly-
resolved 6'C rainfall record provides the strongest proxy evidence currently available
that recent droughts in the northern tropics are attributable to extra-tropical
anthropogenic forcing, supporting recent modelling studies. Rather than being a cyclic
natural phenomenon, sustained rainfall reductions only occurred after atmospheric
aerosols increased following regional industrialization in the NH. This concept is
supported by evidence within the record that similar (albeit shorter lived) ITCZ
repositioning occurred in response to sulphate aerosol forcing associated with large
NH volcanic eruptions, probably caused by shortening of the wet season. Future
modelling should focus on determining how shifts in regional aerosol emission rates
might affect ITCZ position. This is particularly relevant to currently industrialising
regions where large populations are dependent on seasonal rainfall, for example areas

affected by the Indian and Asian Monsoons.
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Solar and volcanic forcing on NAO state

via interaction of the ITCZ

5.1 Abstract

The North Atlantic Oscillation is the principal climate mode in the North Atlantic and
has important influences on Atlantic/European climate. Here, we present a 2000 year,
highly resolved and precisely dated ITCZ rainfall record from a speleothem in Belize.
Agreement with existing NAO reconstructions confirms the validity of the record as a
correlate NAO rainfall proxy and permits this new record to provide additional
chronological control for existing reconstructions which are less well constrained.
Deeper investigation of the record reveals a potential influence of solar activity and
explosive volcanism on NAO atmospheric patterns in the North Atlantic region. We
posit that these external forcings modify inter-hemispheric temperature contrasts
resulting in meridional relocation of the ITCZ and subsequent atmospheric
restructuring in the mid-latitude Atlantic region, producing NAO-like rainfall patterns.
Comparison to rainfall proxies from other northerly low-latitude locations suggest that
this is a global phenomenon and therefore has extensive implications for the low

latitudes.

5.2 Introduction

The NAO represents the dominant mode of atmospheric variability in the North
Atlantic region. Typically defined as the difference in normalised sea level pressure
(SLP) between the Icelandic low (IL) and the Bermuda-Azores high (BAH), the NAO
controls the strength and direction of wind fields and weather patterns across the

north Atlantic mid latitudes. An NAO positive state (NAO+) is typically considered to be
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a greater than normal SLP difference between the two Atlantic pressure centres,
causing enhanced mid-latitude zonal flow across the Atlantic and Europe and
anomalous southerly flow over the eastern United States. Alternatively, an NAO
negative state (NAO-) is typically characterised by more relaxed atmospheric
circulation, weaker and more southerly orientated westerly winds, wetter conditions
in northern Africa and drier conditions in north-western Europe. This atmospheric
mode therefore exerts a strong control on precipitation and temperature patterns
across the North Atlantic basin and surrounding landmasses. Moreover, the NAO has a
considerable influence on terrestrial and marine ecosystems and regional socio-
economic activity (Hurrell et al., 2003; Trouet et al., 2009). Understanding past NAO
behaviour as a means to better predict future scenarios is therefore of significant

interest to the scientific community.

5.2.1 NAO reconstructions

NAO proxy reconstructions are essential to extend the limited instrumental time series
to better characterise long term low-frequency variability and stability of the
atmospheric patterns associated with the NAO (Cook et al., 1998; Cook et al., 2002;
Glueck and Stockton, 2001; Luterbacher et al., 1999; Luterbacher et al., 2001; Meeker
and Mayewski, 2002; Olsen et al., 2012; Proctor et al., 2000; Rodrigo et al., 2001;
Trouet et al., 2009). Accurately reconstructing the NAO is challenging due to its
dynamic nature and inherent assumptions of stationarity involved in interpreting
proxies records beyond the instrumental record (Raible et al., 2006). Furthermore, the
limited proxy data available from only a handful of sites impedes capturing the full
NAO signal. As more NAO records are produced a more complete picture of past NAO
activity may be derived for the whole North Atlantic region. Further difficulty arises as
NAO proxy records are invariably rainfall records from regions where rainfall variability
is thought to be associated with NAO pressure differences. These records may
therefore be better described as NAO correlate records, rather than direct NAO

records, although this is not widespread in the literature. In this chapter, NAO phases
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will refer to rainfall signals associated with circulatory patterns induced by NAO related

pressure anomalies.

One of the first high resolution reconstructions of the NAO was that of Proctor et al.
(2000) (here referred to as Pr00). This record extended wintertime NAO activity
(NAO,,) back approximately 1100 years to 900 AD, based on widths of precipitation
controlled annual luminescent bands in stalagmite SU-96-7 from Uamh an Tartair Cave
in northwest Scotland. Precipitation at the site is closely linked to the NAO with wetter
winters associated with NAO+ conditions and consequently stronger westerly flow and
cyclonic rainfall (Hurrell, 1995; Rodwell et al., 1999). Although this cave site is
positioned at the northern NAO node, the site may still not capture the full NAO
precipitation signal (Lehner et al., 2012). This could lead to potentially decade long
periods of divergence between the NAO,, with classical NAO indices of SLP difference.
Additionally, utilisation of a record from only one site limits distinguishing local

variability from basin wide NAO activity.

Trouet et al. (2009) (here referred to as Tr09) used the precipitation proxy record of
PrO0 and combined it with a drought proxy record from Morocco based on 326 time
series of tree ring widths from cedars in the Atlas Mountains (Esper et al., 2007). This
dual proxy record had the advantage of describing the two hydrological centres of
action which arise from distinct NAO phases; wetter conditions in Scotland and
Scandinavia and drier conditions in the western Mediterranean during a positive phase
and vice versa for the negative (Hurrell, 1995; Wanner et al., 2001). One of the major
findings of Tr09 was that the Medieval Climate Anomaly (MCA) was dominated by
persistent NAO+ conditions, whereas the Little Ice Age, (LIA) experienced more
substantial NAO- phases. This result however was not reproducible by climate models
(Lehner et al., 2012) and the persistence of the MCA NAO+ phase has been questioned
by later palaeoclimate reconstructions (Wassenburg et al., 2013). Olsen et al. (2012)
(here referred to as On12) produced an extended record of NAO activity based on a
high resolution lake sediment record from southwest Greenland. Variations in redox
proxies (Mn/Fe ratios) are used to reconstruct lake hypolimnic anoxia, an indication of
local temperature. This record is linked chronologically to the Tr09 record to produce a

5,200 year NAO index.
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Wassenberg et al. (2013) (here referred to as Ws13) present an 1000 year NAO
reconstruction from rainfall sensitive variations in magnesium (Mg) and strontium (Sr)
in a Moroccan speleothem using a U-Th chronology which is entirely independent from
Pr00. Dry conditions inferred from lower strontium concentrations in stalagmite GP5
from this Moroccan speleothem (from Grotte de Piste) are found during NAO+, when a
strong BAH reduces moisture transport to north western Africa (Wassenburg et al.,

2013).

These NAO reconstructions represent the longest and most cited proxy reconstructions
to date. Interestingly, the Tr09 and On12 records are both tied to the chronology of
Pr00, either by wiggle matching in the case of On12, or incorporation of the record in
the case of Tr09. Although the Proctor chronology is based on annual speleothem
laminae, it is constrained by only a single Thermal lonisation Mass Spectrometer
(TIMS) U-series date, with an error of £174 years, and the authors state errors of £20
years may exist in the chronology; therefore this potential chronological error extends
to the Tr09 and On12 reconstructions. These interrelationships should be considered

when using these records.

5.2.2 External forcing

Exogenous forcing is known to have exerted considerable control on multi-decadal
variability in the Atlantic region (Ottera et al., 2010). Solar variability and explosive
volcanism in particular have a significant forcing effect on radiative processes and
climate variability (Fischer et al., 2007; Mann et al., 1998; Mann et al., 2005; Ottera et
al., 2010).

Solar activity affects the radiative energy budget of the planet. Orbital forcing
mechanisms control solar insolation on supra-millennial timescales (Berger, 1988;
Berger and Loutre, 1991; Berger, 1978). On shorter timescale, sunspot activity and
solar irradiance are likely to contribute to climate variability through alterations in the
total global energy and distribution. Due to both current landmass distribution and

deep vertical mixing in the southern oceans the NH warms substantially faster than the
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SH. Hemispheric asymmetry, as discussed in Chapter 4, drives the strength and
position of the ITCZ. Sunspot activity is known to vary on decadal timescales (Lean,
2000; Lean et al., 1995; Solanki and Unruh, 2013) and is therefore an important driver
of climate variability on decadal to centennial timescales. A link between NAO and

solar activity has been previously proposed (Lukianove and Alekseev, 2004).

As discussed in the previous chapter, explosive volcanism resulting in stratospheric
sulphate loading partially drives climate on inter-annual and longer timescales via the
scattering effect of sulphate aerosol particles on incoming solar shortwave radiation
and absorption of near-infrared solar and outgoing long-wave radiation (Crowley,
2000; Ludlow et al., 2013; Robock, 2000; Robock, 2002; Schneider et al., 2009). The
relative stability of the stratosphere promotes a longer atmospheric residence time
and more extensive climatic impact. Furthermore, strong zonal winds result in rapid
transport of sulphates around the globe potentially producing a global climate

response (Robock, 2000).

As well as eruption magnitude and volume of aerosols released, the latitude, time of
year and prevailing atmospheric modes and system states (e.g. ENSO phase) all
influence the potential an eruption has to disrupt the climate (Kravitz and Robock,
2011; Schneider et al., 2009; Timmreck, 2012; Xu et al., 2013). This prevents discerning
a single, quantifiable climate response to volcanic forcing although important dynamic
responses reported include: winter warming in the NH continental landmasses after
explosive low-latitude eruptions (Driscoll et al., 2012; Fischer et al., 2007; Schneider et
al., 2009; Shindell et al.,, 2004; Shindell et al., 2003), weakened Asian monsoon
circulation and southward ITCZ migration after high-latitude NH eruptions (Anchukaitis
et al.,, 2010; Oman et al., 2006; Peng et al., 2010; Schneider et al., 2009). Coupled
feedback mechanisms over decadal to centennial timescales may prolong or amplify
volcanically perturbed climate disturbances (Miller et al., 2012; Ottera et al., 2010;
Zanchettin et al.,, 2012; Zhong et al., 2011) and impact phases of ENSO and NAO
(Adams et al., 2003; Czaja et al., 2002; Emile-Geay et al., 2008; Mann et al., 2005).
Identification of these climate forcing mechanisms requires NAO proxy records with

high resolutions and nearly perfect chronologies.
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5.2.3 YOK-I record

Stalagmite YOK-I was collected in 2006 from Yok Balum Cave (Kennett et al., 2012),
only a few meters from the site of YOK-G. The YOK-I chronology between 40BC and

2°Th dates (error range + 1 - 17 years)

2006AD is constrained by forty high precision
and has a temporal resolution of approximately one stable isotope point every six
months (See Kennett et al. 2012 for details). The most recent 430 years (1553AD —
1983AD) of the YOK-I §C record was tuned, within 2*°Th sampling and analytical
error, to the annually resolved YOK-G 8™C record (Fig. 5.1) and fixed to the rising limb
of the atmospheric bomb spike identified through high resolution radiocarbon analysis.
Although the YOK-1 and YOK-G records display characteristically different 8¢
variability, related to their significantly different hydrological regimes and different
sampling resolutions (see Chapter 4 section 4.3.6), they do display general coherence
and shared ‘landmark’ features can be identified within the two records. These were

used as chronological marker points. Figure 5.2 displays the un-tuned and tuned YOK-I

time series and dating errors.

YOK-I §3C is controlled predominantly by the amount of water recharge to the karst.
Lower 8™C values are associated with increased rainfall, via a lower bedrock isotopic
contribution and decreased prior carbonate precipitation due to faster drip rates.
Alternatively, decreased rainfall results in higher 8C values through prolonged
contact with the bedrock due to slower karstic through-flow and increased prior
carbonate precipitation. The hydrological regime feeding YOK-I is more diffuse than
that feeding YOK-G. This, combined with the lower sampling resolution, acts as a low
pass filter on climate signals, permitting longer frequency climate shifts to be recorded
than YOK-G. This accounts for the larger magnitude variability observed in this record
compared to the YOK-G 83C record. Spectral analysis of the YOK-I data reveal
dominant spectral peaks at centennial periodicities and corroborate the concept that
the YOK-I data retains long term climate signals due to the principally diffuse nature of
the karst reservoir feeding the stalagmite. Alternatively, YOK-G &C displays

predominantly higher periodicity power spectra, on multi-decadal scales, indicating
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that this stalagmite has greater connectivity with the surface and is therefore more

susceptible to higher frequency shifts in rainfall.

Using the YOK-I 8'3C record we reconstruct an NAO index for the last 2,000 years using
the Median Absolute Deviation (MAD). MAD is a measure of statistical dispersion
similar to a z-score but more robust against outliers as deviations about the mean are
not squared as in standard z-score processes. We invert the MAD reconstruction to
reflect moisture conditions intuitively (i.e. negative MAD = negative NAO and reduced
rainfall). The YOK-Iyap can then be used as a tool for assessing the evolution of the

NAO over the last 2000 years and facilitates comparison with existing reconstructions.
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5.3 Results

A weak link appears to exist between solar activity and NAO conditions, although the
response is not consistent. The Oort, Sporer, Maunder and Dalton sunspot Grand
Minima all trend towards more negative values (Fig. 5.4 and Fig. 5.5). An exception to
this is the Wolfe Minimum which will be discussed in more detail later. The most
notable dry period in the YOK-lIyap record began at 660 AD and culminated in a
substantial drought occurring from 1020 to 1120 AD, coincident with the Oort sunspot
minimum (Solanki and Unruh, 2013). As discussed in the previous section, a solar
activity minimum should result in a weaker and less northerly situated ITCZ,
contributing to drier conditions in Belize. The early part of this drought has been linked
to the collapse of the Classic Maya Civilization (Haug et al., 2003; Hodell et al., 2005;
Kennett et al., 2012; Webster et al., 2007), although no firm causative climatological
mechanism for the dry interval was proposed other than southward migration of the
ITCZ. This interval coincides with a very strong NAO- phase appearing in both the Pr00
record and the YOK-Iyap (Fig. 5.3a). Interestingly, this 11" Century drought occurred
during the earlier part of the Medieval Climate Anomaly, when NHT was relatively high
(Esper et al., 2002; Mann et al., 2009; Mann et al., 2008). A warmer NH, if no additional
factors are considered, should result in a more northward ITCZ position and wetter
conditions in low northern latitudes (Broccoli et al., 2006; Hwang et al., 2013; Zhang et

al., 2007).

Figure 5.3 YOK-Iyap record (black line), with 20Th dates above against a) NAOw reconstruction

2Th dates shown above. b)

from a speleothem in North West Scotland (Proctor et al, 2000).
NAOms reconstruction from stalagmite and tree rings data from Scotland and Morocco (Trouet
et al 2009). Chronology is constrained by annual tree rings and incorporation of the NAOw
record. ¢) NAO reconstruction from redox ratios in lake sediment from south western
Greenland (Olsen et al 2012). Radiocarbon dates shown in blue. d) NAO reconstruction based

on Sr concentrations in a stalagmite from Morocco. Radiocarbon dates are shown in red.
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Chapter 5: Solar and volcanic forcing on NAO state via interaction of the ITCZ

Following the intense NAO- phase between 1020 and 1085AD, YOK-Iyap indicates more
variable NAO conditions during the later MCA (1100-1350 AD) and the onset of the
Little Ice Age (LIA, 1350-1800 AD). Our record is further corroborated by Ws13 (Fig.
5.3d) who also observed that the NAO+ phase during the Medieval Climate Anomaly

was not as pervasive as originally hypothesised by Tr09.

The excellent agreement between YOK-Iyap and current NAO reconstructions (Fig. 5.3)
provides considerable evidence that rainfall at Yok Balum is associated with phases of
the NAO. The agreement between PrO0 and YOK-Iyap is visually particularly striking,
although the statistical relationship is only moderate (r = 0.48 p<0.001) (Fig. 5.4). The
modest empirical correlations between YOK-lyap and previously published
reconstructions is likely due to local responses to climate forcing, chronological
uncertainties and differences in resolution, which is somewhat typical when dealing
with palaeoclimate data. Shifting the PrOO chronology also improves the coherence
with the Tr09 and On12 records which are partly dependent on the chronology of
Pr00. If the Tr09 record is tuned within potential chronological uncertainty, the

relationship with YOK-Iyap becomes even more remarkable (Fig. 5.5).
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Figure 5.4 Pr0O0 NAO,, record against YOK-Iyap

118



Chapter 5: Solar and volcanic forcing on NAO state via interaction of the ITCZ

5.3.1  Volcanic forcing

NH eruptions are linked to southward displacement of the ITCZ due to localised cooling
of the NH, and it is therefore posited that large NH eruptions both weakened the ITCZ
and forced its southward migration due to preferential NH aerosol cooling,
subsequently leading to short-lived drier conditions in northern low-latitudes. Hence,
any large NH volcanic eruption should manifest as a sharp, short-lived excursion of 1-4
years, below baseline YOK-Iyap values. To identify volcanically forced drying events in
the YOK-Iyap record, a low-pass 31-point Gaussian smoothing filter is applied to the
data. A 31-point filter sufficiently smoothes the data to permit the identification of
short-lived (<5 year) events from a local baseline value of an ~15 year sliding window,
but is sufficiently robust against outlier points, high frequency noise and climate
variability which may be linked to ENSO or other large scale modes. Any residuals more
than three standard deviations below the mean residual value (i.e those residuals in
the 10" percentile) are identified as significant short lived drying events. Of the 32
residuals identified, all but two can be matched, within YOK-I or historical error, to 17
principal high latitude NH eruptions identified in the Smithsonian Institute, Global
Volcanism Programme (Table 5.1., Fig. 5.5) (Some eruptions are associated with two or
more residual points). The eruptions have a known, or estimated Volcanic Explosivity
Index (VEI) of 5 or more, apart from The Eldgia eruption of AD934 which is thought to
be only VEI 4 but long lived and therefore climatologically very significant. Twelve of
the events identified can be matched to volcanic 5042' signals in the GISP2 Ice Core
(Zielinski, 2000; Zielinski et al., 1994; Zielinski et al., 1995) (Table 5.31.). The only peak
which does not match appropriately with a large NH eruption is the residual at 1819.
Various smaller (VEI 4) eruptions occurred around this time but it is difficult to assign
this peak to a single eruption. This peak may also be a result of more positive baseline
values during this time window, potentially caused by the massive VEI tropical
eruption of Tambora in 1815. Recent wiggle matching efforts to constrain the date of
the VEI 7 millennium eruption of Chaingbaishan Volcano (north-eastern China) have
placed it between 850 and 1030AD (Dunlap et al., 1992; Horn and Schmincke, 2000;
Zielinski et al., 1994). This eruption is thought to be one of the largest eruptions of the

last 2000 years, injecting 4 Tg of SO, into the stratosphere (Horn and Schmincke, 2000)
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and occurs, coincident with the onset of the Oort Solar Minimum, at the start of the

largest NAO-phase recorded in the YOK-Iyap and PrOO records.

Visually, correlations can be made between tropical eruptions and positive YOK-Iyap
events). For example, one of the largest tropical eruptions of the last 2000 years, the
Rabaul Caldera eruption in Papa New Guinea (VEI 6), occurred in 540AD (+ 100) and is
coincident with the most extreme NAO+ signal in the YOK-lIyap record (Fig. 5.6).
However, the relationship is less conclusive than for NH eruptions if the above
methodology is applied. This could be due to several analytical and mechanistic issues
including dating errors associated with specific eruptions and the filter methods
applied here. Ejecta from explosive tropical eruptions rapidly encircle the globe
causing a longer term, more widespread climate shift than high latitude NH eruptions.
The filter method applied here may not facilitate identification of these effects in the
same way as NH eruptions. Some of the largest aerosol injections of the past 1500
years occurred just before the onset of the Wolfe Minimum (Gao et al., 2008), many

occurring in the tropics (Smithsonian Institute Global Volcanism Project).
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Table 5.1 Allocation of eruptions to volcanic signals identified in YOK-lyap
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Figure 5.5 Residuals (black vertical bars) from 31 point Gaussian sliding filter (red line) applied
to the YOK-Iyap record. Red line indicates -3 sigma from the mean of the residuals and hence
the 10" percentile. Red triangles denote volcanoes linked to residuals beyond -3 sigma. Larger
triangles represent eruptions with a VEI of 6 or 7 and smaller triangles a VEI of 4 or 5.
Volcanoes are named and the date of eruption with dating error (if applicable) is shown.
Sunspot Grand Minima are also shown.
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Figure 5.6 YOK-lyap With sunspot Grand Minima. Insert shows YOK-Iyap and Tr09 NAOms for
the last 1000 years. The four largest NAO- events linked to significant NH eruptions are
numbered (1-4) and volcanoes shown using small (VEI 5) or large (VEI 6 or 7) red triangles.
Large (VEI 6 or 7) tropical eruptions are shown below (green triangles). Tropical eruptions
include: Rinjani (Indonesia), Quilotoa (Ecuador), Huaynaputina (Peru), Long Island (Papa New
Guinea), Tambora (Indonesia) and Krakatoa (Indonesia).
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Previous research suggests that NAO+ conditions can be induced by tropical eruptions
(Shindell et al., 2004) which could potentially counteract solar forcing and cause the
NAO+ signal during the onset of the Wolfe Minimum. Figure 5.5 compares YOK-Iyap
and Tr09 (tuned to YOK-Iyap) to major NH and tropical volcanic eruptions over the last
1000 years. The four strongest NAO- phases visible in both records (numbered), are all
linked to four of the most explosive NH eruptions. As expected, a tropical response is
less easy to identify but it is notable that the occurrence of the large Quilotoa, Ecuador
(1280AD, VEI 6) and Rinjani, Indonesia (1257AD, VEI 7) eruptions at the onset of the
Wolfe Sunspot Minimum coincide with a more positive NAO state in both records,
further supporting the concept that tropical volcanism may have counteracted the
effect of solar forcing during this period. A similar trend is observed during the
Maunder Minima when the Long Island, Papa New Guinea eruption (1660 + 20 AD VEI
6) coincides with a switch from NAO- to NAO+ conditions. This is manifested
particularly clearly in the Tr09 record. The resolution of the YOK-lyap record is
somewhat unfortunate. With only two stable isotope points per year it is not possible
to identify sub annual shifts that may be caused by volcanic activity. For example, as
expressed in Chapter 4 section 4.4.3, if NH eruptions tend to shorten the wet season,

this may not be expressed sufficiently with a bi-yearly resolved record.

Despite the difficulties inherent in assigning palaeo-volcanic events to shifts in regional
climate, correlations between the YOK-Ipmap record and historical volcanic events does
support modelling work which proposes a link between explosive volcanism in the
tropics and high latitudes and North Atlantic climate. Furthermore, this record
provides a longer and more highly resolved NAO record than the best cited, existing
reconstructions and so will be of extensive use to the palaeoclimate community as

further attempts are made to understand and predict North Atlantic climate variability.

5.3.2 Global picture

If the YOK-Iyap record is interpreted as reasonable proxy for NAO state, as is strongly
suggested in Figure 5.3, then given the apparent link between solar activity and

volcanism it stands to reason that NAO phase in the North Atlantic is externally forced

124



Chapter 5: Solar and volcanic forcing on NAO state via interaction of the ITCZ

by these factors (Fischer et al., 2007; Shindell et al., 2004). Such links between North
Atlantic climate and tropical rainfall have been previously suggested (Deplazes et al.,
2013; Souza and Cavalcanti, 2009; Trouet et al., 2009). Mechanistically, southward
displacement of the ITCZ, due to either reduced solar activity or regional NH cooling by
large NH volcanic eruptions, will draw the BAH to the south as the rising limb of the
northern Hadley Cell relocates to the southward-displaced thermal equator.
Subsequently, the westerlies will be weakened and/or displaced southward along with
the falling limb of the Hadley Cell, thereby producing an NAO- pressure state (or the
illusion of one in the case of simple BAH displacement) and respective rainfall signals in
Morocco (wetter) and Scotland (drier). Alternatively, during periods of higher solar
activity or tropical eruptions, warming over the NH draws the ITCZ to the north, forcing
the BAH further north, strengthening and/or shifting the westerlies to the north,
blocking moisture transport to Morocco and producing a NAO+ pressure state across

the north Atlantic. This concept is shown schematically in Figure 5.7.

The involvement of the ITCZ could also explain why models have been unsuccessful in
replicating NAO phases observed in proxy based reconstructions (Lehner et al., 2012).
This mechanism involving initial ITCZ forcing leading to a reorganisation of NH pressure
cells implies that large NAO shifts should have global manifestations. By comparing
YOK-Imap to other low latitude rainfall reconstructions from southern China (Zhang et
al., 2008), southern Oman (Fleitmann et al., 2004) and the Cariaco Basin (Haug et al.,
2001) coherent evidence of meridional ITCZ migration on a global scale clearly exists
(Fig. 5.8). The relationship with the Wanxiang Cave record is particularly clear and
displays reasonable statistical correlation (r = 0.30, p < 0.001). The Wang Xiang record
provides evidence of variability in the strength of the East Asian Monsoon over the last
1810 years and correlates with solar activity and NHT (Zhang et al., 2008). The Asian
Monsoon was thought to be weaker during periods of cooler NHT (Dykoski et al., 2005;
Heslop et al., 1999; Porter and An, 1995; Sirocko et al., 1996; Thompson et al., 1997;
Wang et al., 2001; Yuan et al., 2004) when the ITCZ was displaced to the south (Haug
et al., 2001; Hughen et al., 1996; Wang et al., 2004). This is observed throughout the
Holocene in proxy records from Southeast Asia (Cheng et al., 2006; Dykoski et al.,

2005; Yancheva et al., 2007) and Central America (Haug et al., 2001).
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Figure 5.7 Schematic of a) NAO- conditions forced by southward ITCZ migration caused by
aerosol induced NH cooling b) NAO+ conditions forced by northward ITCZ migration in
response to aerosol cooling in the tropics and SH. Orange and blue shading denotes drier and
wetter conditions respectively. Coloured dots denote the location of the Pr00 (blue), Tr09

(green), Ws13 (purple), On12 (pink) and YOK-lyap (red) proxies. The Cariaco basin is shown as a
black dot.
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Volcanic events identified from the YOK-Iyap record are not represented in the Wang
Xiang record, potentially due to the resolution of the Wang Xiang record being
insufficient to successfully identify volcanic signals, or the response in YOK-Iyap being a
regional response. Interestingly, the peak at 1560AD in YOK-Iyap, Which was originally
thought to be a volcanic signal, but was not identified by the filtering analysis as being
so, is also expressed in the Wang Xiang Cave record (Fig. 5.8a). This suggests that this

peak is a short term global shift rather than a more regionalised volcanic impact.

The relationships presented here between YOK-lyap and other low latitude
palaeoclimate reconstructions provides convincing evidence of an intrinsic connection
between solar forcing, volcanic activity, global ITCZ position and NAO state and lends
confidence to the idea that NAO signals observed in the North Atlantic region may be

driven by these external forcings through variations in ITCZ strength and position.
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5.4 Concluding remarks

The YOK-Iyap reconstruction provides the longest, high-resolution NAO reconstruction
yet available. Through comparison with existing NAO records we find that NAO state is
clearly expressed in Belize rainfall with reduced precipitation being associated with
NAO- phases and increased rainfall with NAO+ phases. The YOK-lyap reconstruction
demonstrates that the 11 century drought in Belize was associated with the strongest
NAO- in the last 2000 years and that the subsequent MCA was not characterised by
NAO+ conditions as pervasive as previously proposed. The resolution of this record
permits the identification of short-lived climate shifts related to NH volcanic eruptions.
Research based on historical NAO data hinted at a link between explosive volcanism
and the NAOQ, but the definite link remained elusive due to chronological uncertainties
in existing NAO reconstructions. Comparison with other low-latitude rainfall proxy
records suggests that NAO signals are linked to solar activity and explosive volcanism
through strengthening and/or repositioning of the ITCZ with explosive high latitude
eruptions being associated with southward displacement of the ITCZ and major
atmospheric cells. This evidence provides a new and alternative view on the role of the
NAO-climate mode and North Atlantic variability, and has important implications for
future prediction and understanding of the NAO, particularly in terms of
anthropogenic aerosol contributions. Future work should focus on quantifying how
specific volcanic eruptions modify low latitude rain belts with regards to eruption type,
size, duration, geographic location, time of eruption and the relative and combined
forcing of volcanism and solar activity. It is also paramount that future work attempts
to evaluate the forcing effect of solar activity and volcanism on the current

anthropogenic climate state.
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Wider implications, overall conclusions

and future research

6.1 Introduction

This thesis provided an analysis of rainfall variability and climate evolution in Central
America and the North Atlantic over the last 2000 years based on geochemical
evidence from two well-resolved Belizean stalagmites. Geochemical interpretations
are supported by high resolution monitoring at the cave site and consequently Yok
Balum Cave is identified as a suitable site for palaeoclimate study. The work presented
is motivated by the need to develop highly resolved and well-constrained climate
records from tropical regions to improve understanding of recent tropical climate

variability.

Becasue this thesis is written as a series of papers, main conclusions relevant to each
chapter are presented at the chapter’s end. This chapter will draw together the main
conclusions from the other chapters to address the core research topics outlined in
Chapter 1 and to provide a concise overview of the contribution this body of work
makes to tropical palaeoclimate research. The work presented here has stimulated
new questions and presented potential avenues for further study. In light of this,
suggestions for future work are made both specific to each chapter and for the body of

work as a whole.

6.2 High resolution monitoring of tropical cave environmental

parameters

Through analysis of high resolution environmental monitoring data from Yok Balum

Cave, links are drawn between the cave environment, local climate and speleothem
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growth (Chapter 3). This work is driven by an appreciation of the complexities of
palaeoclimate proxy signal emplacement in speleothems and the subsequent need to
understand in-situ conditions, such as cave hydrology and atmosphere, which control
carbonate precipitation on various timescales (Baldini et al., 2008; Banner et al., 2007;
Johnson et al., 2006; Kowalczk, 2009; Kowalczk and Froelich, 2010; Spétl et al., 2005).
The Yok Balum Cave environment is extremely stable in terms of temperature,
humidity and pCO,. This provides a stable backdrop for palaeoclimate studies. The
cave is characterised by a predictable and effective ventilation regime, forced primarily
by temperature driven internal-external air density differences, which acts to keep
pCO, levels low all year round. This eliminates potential seasonal bias in carbonate
precipitation caused by variable degassing rates and simplifies proxy record
interpretation in this respect. Likewise temperature and humidity remain effectively
constant year-round and hence kinetic fractionation between drip water and
carbonate associated with evaporation will be minimal. Hydrological links with the
local climate are also explored and two speleothem samples collected based on their
hydrological connection to the surface. These two speleothems were identified after
18 months of drip monitoring which exposed fast hydrological connections to the
surface and reasonably high drip rates. These characteristics are more likely to be
associated with fast speleothem growth rates (Banner et al.,, 2007) and minimal
isotopic modification of isotopic signals from the surface (Bradley et al., 2010). This is
desirable for very high resolution climate reconstruction and increases the likelihood
that signals from synoptic scale weather events with unique isotopic signatures (e.g.,

hurricanes) will be preserved in the carbonate (Frappier, 2008).

The occurrence of a large magnitude earthquake during the monitoring provided a
novel opportunity to assess the impact of seismic activity on cave hydrology and
atmosphere and to determine whether seismic activity should be a consideration
when studying speleothem records from seismically active regions. The results from
active monitoring during an earthquake have not been previously reported and so the
results of this section are somewhat novel. Neither the cave atmosphere nor drip rates
of three characteristically different drips responded significantly to the earthquake.

This information implies that seismic activity of this nature does not result in large

132



Chapter 6: Wider implications, overall conclusions and future research

releases of ?Rn or CO,; which is theoretically possible if increased permeability allows
release of geologic CO,. However, the highly dynamic ventilation at Yok Balum may
prevent substantial build-up of these gases may. Seismic activity should therefore not
result in short-term speleothem growth stagnation or significant changes in drip water
degassing rates associated with increased cave air pCO,. This may not be the case in
caves where ventilation is less effective or where seasonal stagnation occurs. In caves
with similar ventilation dynamics and pCO, as Yok Balum however, seismic activity of

the magnitude reported here should not disrupt carbonate precipitation.

The monitoring data obtained through this study significantly contributed to the
interpretation and understanding of palaeoclimate proxy data from YOK-I (Kennett et
al., 2012) and YOK-G (Ridley et al. (in review)). Particularly, the temperature and CO,
data provided considerable evidence that no seasonal bias exists caused by changes in
seasonally variable evaporative effects or CO, degassing rates. This is exceptionally
important when considering sub annually resolved climate records. The monitoring
data also provided vital information on the hydrological regimes feeding each
stalagmite which accounted for the apparent disparity between the two 83C records
(Chapters 4 and 5) and allowed the dominant climate signals from each record to be
identified. This is an important step when working with multiple speleothem records
as failure for two stalagmite records to replicate does not mean that they are not
recording climate signals, only that they are recording different components of the

climate system dependent on their hydrology.

The monitoring work presented here not only provides essential background
information for speleothem based palaeoclimate studies at this cave site but also
contributed to advances in cave monitoring techniques and equipment development.
Caves, particularly in the tropics, are exceptionally challenging environments for
electronic equipment. The monitoring methods detailed in this thesis describe
effective techniques for evaluating remote tropical caves. The described equipment
could be operated in other vadose-zone cave systems. This work also reinforces a
‘monitor before sample’ approach, whereby screening of stalagmites, initially based on
morphology, over several months to years permits identification of samples suitable to

specific palaoclimate problems. This not only avoids unnecessary use of research
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resources, such as funds and materials for analysis of unsuitable samples, but also

limits disruption to the cave environment and aesthetics.

From this work an understanding of the large scale ventilation and hydrological
processes at Yok Balum is gained. A next step to further advance understanding of
cave-carbonate systematics at Yok Balum would be to quantitatively assess how the
described atmospheric and hydrologic changes affect isotopic signals in precipitated
carbonate through changes in CO, degassing rates and changes in kinetic fractionation,
on various timescales. This could be achieved through high resolution isotope analysis
of the carbonate precipitated on the calcite spars place in the cave. Comparison
between geochemical and petrographical characteristics of the precipitate and the
monitoring information presented here will help to determine sub-seasonal changes in
growth. It would also be pertinent to combine drip water and rainwater isotope data
with the hydrological drip rate data presented here to attempt to model how isotopic
signals are modified through different hydrological flow pathways within the cave. This

will be valuable when interpreting the §'0 signal from YOK-G, YOK-K and YOK-L.

6.3 Aerosol forcing of intertropical convergence zone position

Chapter 3 presents a 453-year rainfall record derived from §C in stalagmite YOK-G.
The YOK-G record is one of the best resolved palaeoclimate records to be developed
from the tropics and importantly covers the transition from a natural to
anthropogenically forced climate state. Southern Belize is exceptionally sensitive to
rainfall changes associated with ITCZ strength and position and therefore the record
provides an opportunity to observe how the tropical rain belt has shifted over Central
America in response to external forcings, both natural and anthropogenic. The
resolution of the record and the presence of well-preserved 8¢ cycles permit the
record to be deconvolved to a seasonal level and 6*3C of the wet and dry seasons to be
compared through time. To date this is quite a novel concept in tropical
palaeoclimatology, which are typically lower resolution. Some of the most high profile

tropical speleothem records, although covering much longer timescales than YOK-G,
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have a resolution on the order of several years per stable isotope point (e.g. Dongge
Cave, China (Dykoski et al., 2005); Wang Xiang Cave, China (Zhang et al., 2008);
Tzabnah Cave, Mexico (Medina-Elizalde et al., 2010). Although these records provide
invaluable information on past climate, they are insufficient to discern short-lived

forcings, such volcanic eruptions, or inter-annual changes in seasonal rainfall.

As well as demonstrating the exceptional potential of speleothems as palaeoclimate
proxy records, the YOK-G record provides some of the first palaeoclimate evidence in
support of recent modelling and observational studies illustrating that anthropogenic
aerosols have forced southward migration of the ITCZ (Chang et al., 2011; Hwang et al.,
2013; Lu et al., 2013; Rotstayn and Lohmann, 2002; Zhang et al., 2007). The record
shows that despite NH warming over the last 150 years, Belize has experienced
reductions in wet season rainfall. This is the opposite trend to that observed during the
pre-industrial period both in YOK-G and other low-latitude palaeoclimate records over
the last two millennia (Dykoski et al., 2005; Haug et al., 2001). The drying trend
revealed in the YOK-G record also tracks North America and European aerosol
emissions, further corroborating the idea that aerosol radiative cooling of the NH has
contributed to low-latitude rainfall reductions. This drying observed during the last 150
years associated with southward displacement of the ITCZ also occur after substantial
NH volcanic eruptions. Volcanic aerosols, which are known to affect the Earth’s
radiative budget, appear to create an equivalent magnitude, but shorter-lived drying
signal is observed in the YOK-G record during the pre-industrial. This idea is developed

and further proved in Chapter 5 using the longer YOK-I record.

Aerosol forcing remains the largest source of uncertainty in climate prediction models
for the coming century (IPCC, 2013) and yet it has been debated whether
understanding their contribution is relevant for understanding present and future
climate changes (Stevens, 2013). The YOK-G record provides the best proxy evidence
to date that aerosol forcing does have considerable consequences for low latitude
climate, despite the current dominance of greenhouse gases. Based on the results of
this chapter it should be a priority of the climate science community to understand

how ongoing aerosol production will affect other low-latitude regions.
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The exceptional resolution and robust chronology of the YOK-G record provides
exceptional opportunities for climatology. Not only does this record provide
remarkable resolution data for climate models and multi-proxy reconstructions but
also permits identification of synoptic-scale climate data which is only available from
such a well resolved record, for example hurricane signals. The YOK-G 620 record,
which is not discussed in great detail in this thesis, warrants attention. As described in
Chapter 3 section 4.3.1, first order variability of YOK-G 620 is thought to be driven by
regional temperature, which controls fractionation processes from the source region
to the cave site. Furthermore the 80 record displays an exceptional correlation with
NHT reconstructions, particularly Moberg et al. (2005) (r = 0.51, p < 0.001) and Esper et
al. (2002) (r = 0.6, p < 0.001) (Fig. XX). It is hoped that the YOK-G record will be of use
to the wider palaeoclimate community as a component of multi-proxy reconstructions
of rainfall and temperature. YOK-G would be particularly valuable in such a composite

record due to its low chronological uncertainty.

6.4 Solar and volcanic influence on NAO state via interaction of the ITCZ

Chapter 5 investigates the relationships between local rainfall, derived from
speleothem records from Yok Balum, and large scale Atlantic climate variability and
external forcing mechanisms over the last 2000 years. This chapter builds on the ideas
developed in Chapter 4 regarding the influence of high-latitude volcanism on rainfall in
Belize and extends them to the entire North Atlantic by considering the role of the

NAO, ITCZ and the influence of solar activity.

The 2000 year §"3C record from stalagmite YOK-I (Kennett et al., 2012) is tuned (within
dating error) to the sub-annually resolved YOK-G record and the Median Absolute
Deviation calculated in order to create a 2000-year long, bi-annually resolved NAO
reconstruction (YOK-lyap). Strong correlation with existing NAO reconstructions from
around the North Atlantic Basin supports the notion that this index is representative of
NAO activity. The YOK-Iyap reconstruction demonstrates that the 171%™ century drought
in Belize, which has been linked to the demise of the Maya civilisation (Kennett et al.,

2012; see Appendix A), was associated with the strongest NAO- in the last 2000 years
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and is coincident with the Oort Sunspot Minimum and massive, high-latitude NH
volcanic eruptions. Although it is widely believed that climate was a primary driver of
the collapse of Maya polities in the 11" century, a mechanism accounting for the
‘megadrought’ has not been identified. YOK-lyap reconstruction provides a foundation

for contextualising the climate anomaly which led to the collapse of this civilisation.

As well as providing a chronologically more robust NAO reconstruction, which can be
used to anchor existing reconstructions, YOK-Iyap also provides additional information
to refine these reconstructions. The YOK-lIyap indicates that the Medieval Climate
Anomaly was not characterised by NAO+ conditions as pervasive as previously
proposed by Trouet et al. (2009) which is an important result for characterising the
Medieval Climate Anomaly (often considered the most analogous period of recent
climate history to the Current Warm Period). The excellent agreement between YOK-
Imap and existing NAO reconstructions provides a novel opportunity to observe how

the ITCZ and NAO signals in the Atlantic are interconnected.

The bi-annual resolution of the YOK-Iyap reconstruction permits the identification of
short-lived climate shifts related to NH volcanic eruptions and therefore allows ideas
presented in Chapter 4 to be further developed. As in YOK-G, YOK-lyap displays
evidence of short lived drying events caused by ITCZ repositioning following large NH
aerosol injections from explosive volcanism. The signal resulting from tropical and
Southern Hemisphere eruptions is less conclusive, but it seems that both produce
wetter conditions in Belize by forcing the ITCZ to the north and creating NAO+
conditions in the North Atlantic. Research based on historical NAO data hinted at a link
between explosive volcanism and the NAO, but the definite link remained elusive due
to chronological uncertainties in existing NAO reconstructions. This record provides
some compelling evidence for this link and provides data to inform dynamic climate

models.

It appears that the interaction of solar and volcanic forcings is important for predicting
North Atlantic variability. Short lived forcing caused by volcanic activity can ‘over-print’
that of solar activity, which is a comparatively smaller radiative forcing. An example of

this is during the Wolf Minimum, when despite low solar activity the ITCZ was forced
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to the north by two enormous explosive large eruptions in Indonesia and Ecuador.
Alternatively, volcanic eruptions can amplify solar forcings. Large NH eruptions appear
to force more extreme NAO- conditions when combined with periods of low solar
activity. This is an interesting observation which warrants further investigation,
potentially with the involvement of volcanologists. Comparison with other low-latitude
rainfall proxy records suggests that NAO signals are linked to solar activity and
explosive volcanism through strengthening and/or repositioning of the ITCZ which
occurs on a global scale. This provides a new and alternative view on the role of the
NAO-climate mode and North Atlantic variability, which is typically thought to be
driven from the North Atlantic zone itself. The results presented in this chapter
therefore have important implications for future prediction and understanding of the

NAO, particularly in terms of anthropogenic aerosol contributions.

As shown in Chapter 4, steadily increasing NH anthropogenic aerosols over the last
century has disrupted rainfall in Belize by forcing the ITCZ further to the south. We do
not however observed a strong NAO- over the last century, which could be expected
simultaneous with southward ITCZ migration. Rapidly increasing GHG levels are likely
responsible for the modification of the NAO phase observed during this industrialised
period. GHG warming, which is particularly severe at higher latitudes, will affect
atmospheric circulation and hence pressure variability across the Atlantic Basin. This
stimulates interesting questions regarding the validity of considering current climate as

a ‘normal mode’ for large scale climate variability.

There are two connected avenues of investigation arising from this chapter which
warrant future work. Firstly, the YOK-Iyap reconstruction could be used in conjunction
with the YOK-G record in order to quantify how specific volcanic eruptions modify low
latitude rain belts with regards to eruption type, size, duration, geographic location
and time of eruption and how these interact with solar forcing. Further investigation
into the local climate response to explosive volcanism through modelling and
investigation of other proxy signals, for example trace elements, will be extremely
beneficial in further understanding how local climate may be influenced by

atmospheric aerosols, and may help to refine and/or extend the historic volcanism
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record. It is also paramount that future work attempts to evaluate the forcing effect of

volcanism and solar activity in the current anthropogenic climate state.

6.5 Concluding remarks

Combined, the chapters presented in this thesis present a comprehensive study of
recent Central American and tropical Atlantic climate variability based on Belizean
speleothem proxy records which are supported by relevant background information
from a previously uncharacterised cave site. Evidence suggests that rainfall in Belize,
which is highly sensitive to meridional migration and intensity changes of the ITCZ, is
forced by solar and volcanic activity and that these responses are part of a larger-scale
climate perturbation. The IPCC (2013) conclude that the total natural radiative forcing
from solar irradiance changes and stratospheric volcanic aerosols made only a small
contribution to the net radiative forcing throughout the last century, except for brief
periods after large volcanic eruptions, such as Pinatubo. The anomalous relationship
between YOK-G rainfall proxy record and NHT since 1850 therefore provides strong
evidence of the impact of anthropogenic aerosols on low-latitude rainfall. The
significance of the tropics in moderating extra-tropical climate variability is evidenced
through comparison of geographically diverse proxy records. The apparent dominance
of the ITCZ in controlling not only low-latitude rainfall, but also higher latitude climate
is highlighted. From this research numerous opportunities for future study are
apparent and the potential speleothems hold as tropical palaeoclimate proxy archives
is clearly illustrated. As the number of palaeoclimate proxy records from the tropics
increases, research should focus on combing these to obtain a more comprehensive

picture of tropical climate variability throughout the Holocene.
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deposited mineral phases within fissures and cracks.
The martian weathering products are the most
likely source of the required LREE, incompatible,
and volatile elements. Upon impact, preferential,
shock-induced melting occurred in the target rock
along fractures where weathering products were
concentrated. This melting produced the black
glass and retained in it chemical signatures char-
acteristic of the martian surface. Shock melting
also trapped a component derived from the martian
atmosphere, as revealed by stepped combustion—
mass spectrometry. About 0.7 My ago, the sample
was ejected from Mars and eventually landed on
Earth in July 2011. The martian weathering fea-
tures in Tissint described here are compatible
with spacecraft observations on Mars, including
those made by the NASA Viking landers, MER
Spirit rover, and ESA’s Mars Express orbiter
(5, 21-23).
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Development and Disintegration of
Maya Political Systems in Response

to Climate Change
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The role of climate change in the development and demise of Classic Maya civilization (300 to

1000 C.E.) remains controversial because of the absence of well-dated climate and archaeological
sequences. We present a precisely dated subannual climate record for the past 2000 years from Yok
Balum Cave, Belize. From comparison of this record with historical events compiled from well-dated
stone monuments, we propose that anomalously high rainfall favored unprecedented population
expansion and the proliferation of political centers between 440 and 660 C.E. This was followed by
a drying trend between 660 and 1000 C.E. that triggered the balkanization of polities, increased
warfare, and the asynchronous disintegration of polities, followed by population collapse in the context
of an extended drought between 1020 and 1100 C.E.

remarkable historical record inscribed on

well-dated stone monuments. Wars, mar-
riages, and accessions of kings and queens are
tied to long count calendar dates and correlate
with specific days in the Christian calendar
(Goodman-Thompson-Martinez correlation).
The termination of this tradition between 800
and 1000 C.E. marks the widespread collapse of
Classic Maya political systems. Multidecadal
drought has been implicated, but remains con-
troversial because of dating uncertainties and in-

The Classic Maya (300 to 1000 C.E.) left a

sufficient temporal resolution in paleoclimatic
records. Lake sediments from the Yucatan Peninsula
provided the first evidence of substantial drying
in the Terminal Classic (/). However, disturbances
to lake sediment sequences caused by prehistoric
deforestation and agricultural expansion during
the Classic Period complicate reproducing these
results near the largest and most politically im-
portant Maya centers (such as Tikal and Caracol).
Several studies more distant from the Maya low-
lands (ML) support either relatively dry conditions
or a series of droughts during the Terminal Clas-

sic (2-5), but the relevance of these records for
the ML remains unclear (6).

Cave deposits in the ML show great promise
for paleoclimatic reconstruction (7—9). The chal-
lenge lies in developing long, continuous records
from rapidly growing stalagmites that can be
dated precisely by using 2**U-**Th (U-Th). Here,
we present a subannually resolved rainfall record
from an exceptionally well-dated stalagmite col-
lected from Yok Balum (YB) Cave in Belize
(16°12°30.780” N, 89°4°24.420” W, 366 m above
sea level) (10). YB cave is located 1.5 km from
the Classic Period Maya site of Uxbenka. Three
other important Maya centers (Pusilha, Lubaantun,
Nim Li Punit) are within 30 km (fig. S1); Tikal
and other major Classic Period population cen-
ters (such as Caracol, Copan, and Calakmul) are
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within 200 km and are influenced by the same
climate systems (fig. S8). Age control of our cli-
mate reconstruction is comparable in precision with
the historical record, providing a foundation for
examining the complex nature of political dy-
namics in response to climate change.

In 2006, we collected a 56-cm-long stalag-
mite (YOK-I) from 50 m inside the western en-
trance of the cave (figs. S2 and S3). Forty U-Th
dates indicate that the upper 415 mm of the stalag-
mite grew continuously between 40 B.C.E. and
2006 C.E. (table S2 and fig. S4). Analytical pre-
cision for the U-Th dates ranges from *1 to +17
years, and time averaging related to sample drilling
is ~20 years (table S3 and fig. S5). The climate
record is based on >4200 oxygen isotope (8'%0)
measurements taken continuously in 0.1-mm in-
crements, representing a mean temporal resolu-
tion of 0.5 years (table S4 and fig. S6). Monitoring
data from YB cave combined with Hendy tests
on stalagmite and glass drip plate carbonate in-
dicate that 3'%0 values reflect rainfall amount
above the cave and that minor kinetic effects exist
that increase 5'%0 values, possibly enhancing the
signal when climate conditions are dry (figs. S9
to S14). The §"80 record ranges from —5.2 to 2.5
per mil (%o) and oscillates on decadal to multi-
centennial scales (Fig. 1). Multidecadal droughts
occur between ~200 to 300, 820 to 870, 1020 to
1100, and 1530 to 1580 C.E., and the high-

Fig. 1. Comparison of (A)

stalagmite YOK-I 20 with 0
T

resolution YOK-I record permits the identifica-
tion of other shorter and occasionally very severe
droughts, particularly centered on AD 420, 930,
and 1800. The 8'%0 record is considered un-
reliable in the 20th century and not a reflection of
drought conditions (fig. S7) (10).

We argue that climate variability was pre-
dominantly driven by Intertropical Convergence
Zone (ITCZ) migration and changes in El Niflo
frequency, the linkage being a general perturbation
of tropical climate (Walker Circulation) accom-
panying El Nifio-Southern Oscillation (ENSO)—
time scale variability. During El Nifio years, the
ITCZ is positioned over the eastern equatorial
Pacific, and boreal summer moisture delivery to
the ML decreases (/7). Strengthened vertical wind
shear linked to ITCZ position during El Niflo
years reduces the number of tropical depressions,
storms, and hurricanes crossing the ML. Power
spectral analyses of the YOK-I §'%0 record shows
statistically significant periodicities centered on 3
to 8 years, which is consistent with a strong ENSO
signal (fig. S15). Previous research used titanium
concentrations in marine sediments from the Cariaco
Basin to reconstruct ITCZ-related rainfall changes
over the ML (2, 17). We tuned the past 2000 years of
the Cariaco Ti chronology within that record’s errors
using our high-precision U-Th chronology (Fig. 1B
and fig. S16). A correlation may exist between the
YOK-I 80 record and other lower-resolution

Years (C.E.)
400 800 1200

REPORTS I

records from the ML, including Lake Chichancanab
sediment density record (Fig. 1C) (/2), Lake
Punta Laguna ostracod 530 record (F ig. ID) (13),
and the Macal Chasm speleothem luminescence
record (Fig. 1E) (8). However, statistically signif-
icant correlations between these records are dif-
ficult to demonstrate because the chronological
uncertainties of older records allow for a range of
correlation coefficients. Given these uncertainties,
we cannot definitively link these regional records,
but visually similar trends are evident on multi-
decadal time scales (fig. S17).

We hypothesize that precipitation-induced
changes in agricultural productivity mediated the
tendency toward political integration or disintegra-
tion in the ML. Droughts recorded in the Yucatan
between 1535 and 1575 C.E. (14) correspond to
one of four multidecadal droughts evident in the
YOK-I record (Fig. 2). The interval from 1535 to
1542 C.E. was particularly dry. Historical accounts
link this drought to reduced agricultural productiv-
ity, famine, disease, death, and population relocation.
Some estimates suggest that drought-related agri-
cultural disaster caused nearly a million deaths in
Mexico in 1535 C.E. (15), illustrating how mete-
orologically dry conditions presage agricultural
drought with severe effects scaled to population
density and level of agricultural intensification.

A dry period comparable with the historical
drought of 1535 C.E. is evident in the YOK-I record

1600 2000

(B) Tuned (red dots) (10)
bulk sediment titanium
record from the Cariaco Ba-
sin, Venezuela (11). (C) Lake
Chichancanab sediment den-
sity record (12). (D) Lake Punta
Laguna ostracod (Cytheridella
ilosvayi) 820 record (13).
(E) Macal Chasm speleothem
luminescence record (8). Sim-
ilarities in the YOK-I and
Cariaco records suggest that

YOK-I

wetter
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rainfall variability was strong-
ly modulated by ITCZ mi-
gration. Age models for each
record are based on cali-
brated *C or U-Th, with
error bars showing the rel-
ative chronological precision
of each record. Smoothed
records that emphasize multi-
decadal trends are shown in
fig. S17. The light gray line
denotes uncertainties in the
20th- century 820 record
(details and climate archive
locations are available in the
supplementary materials).
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Fig. 2. (Bottom) YOK-I 8*80 climate record spanning the past 2000 years
(40 B.C.E. to 2006 C.E.) shown relative to Maya chronology and major his-
torical events. Blue bars just below the 830 curve indicate the small error for
each of the 40 U-Th dates used to constrain the chronology of the 8*20 climate
record (10). Drier-than-average conditions during this interval are shown in
orange. Two historically recorded droughts in the 16th- and 18th-century C.E.
accord well with the YOK-I record, and the earliest multidecadal drought in the
record (200 to 300 C.E.) corresponds with decline of the large center of El
Mirador and a major sociopolitical reorganization in the ML. (Top) The YOK-I
580 climate record between 300 and 1140 C.E. shown relative to major

9 NOVEMBER 2012 VOL 338

historic events along with (A) An interpolity warfare index based on the
number of war-related events between Maya sites or rulers relative to the total
number of events recorded during each interval. (B) Raw number of war-
related events. (C) Frequency distribution of long-count dated monuments in
the ML. (D) Total number of urban centers with dated monuments through
time as a proxy for the development and disintegration of complex polities in
the ML. All hieroglyphic data are from the Maya Hieroglyphic database (raw
data is available in the supplementary materials) (28) and are binned in
25-year intervals. The light gray line denotes uncertainties in the 20th-
century 580 record (10).
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at the end of the Preclassic Period (200 to 300 C.E.).
Maya populations had expanded across the ML
during the Middle and Late Preclassic Periods
(1000 B.C.E. to 100 C.E.), exploiting productive
agricultural soils and seasonal wetlands (16, 17).
Multiple fully developed polities emerged in the
ML (18), including the large center of El Mirador
in northern Guatemala (/9). The drying trend
evident in the YOK-I record starting at 100 C.E.
culminated in a century-long dry interval (200 to
300 C.E.) that corresponds to the demise of El
Mirador, which is consistent with the hypothesis
that drought played a role in the political realign-
ment and reorganization of ML population centers
between 150 to 300 C.E. (12). Several ML polities
persisted, however, and became more integrated
and grew in size, including Uxbenka (20).

Tikal, already established in the central Peten
(Guatemala) as an important regional center dur-
ing the Middle and Late Preclassic (1000 B.C.E.
to 300 C.E.), emerged as a dominant socio-
political force in the wake of the climatic and
social instability of the 3rd and 4th centuries C.E.
(21). Tikal, Calakmul, and other important sites
in the central Peten were positioned near seasonal
wetlands under intensive use (22). High rainfall
during the Early Classic evident in the YOK-I
record (Fig. 2) maintained these wetlands and
seasonally recharged constructed water storage
systems (reservoirs and tanks) (23). This helps to
explain the growing geopolitical influence of
polities like Tikal, Calakmul, Caracol, and Naranjo.
Many of the best-recorded ruling Maya lineages
were founded around 440 to 500 C.E. (24) during
this interval of anomalously high rainfall. The
overall number of monument-bearing political
centers and indications of war among them also
increased throughout the Early Classic (300 to
650 C.E.) (Fig. 2).

Terminal Classic Period droughts have been
cited as causes of societal collapse in the Maya
lowlands (/). The YOK-I record is consistent
with this hypothesis, showing a multidecadal
drought at this time (820 to 870 C.E.). This finding
is consistent with arguments for a ~40% reduction
in summer rainfall during the Terminal Classic
Period (9). Multidecadal drought between 820 and
870 C.E. was part of a broader regional drying
trend starting 640 C.E., culminating at 1020 C.E.
in a century-long dry period that is the most pro-
nounced in our record. The early stages of this
drying trend correspond with an increase in inter-
polity warfare (Fig. 2, A and B) and expansion in
the number of competing political centers, enu-
merated here from long count-dated historical
texts (Fig. 2, C and D, and tables S7 and S8).
War-related events increased during a dry interval
between 640 and 660 C.E., but then peaked after
a lag during a wetter interval between 660 and
700 C.E. Climate drying after 640 C.E. may
have exacerbated environmental degradation that
occurred with 5th- and 6th-century C.E. popula-
tion expansion under a wetter climatic regime.
Drying constrained agricultural productivity, stim-
ulated inter-polity warfare (25), and promoted

political competition and fissioning that was
ultimately unsustainable.

The first evidence for political fragmenta-
tion occurred in the Petexbatun region between
760 and 800 C.E. (26), corresponding with a
dry interval in the YOK-I record, peak popula-
tion densities throughout the region (145 people
per km?) (27), and the maximum spatial ex-
tent of monument-bearing urban centers (Fig. 2,
C and D). Historical texts on stone monuments
were dedicated in at least 39 centers from 750
to 775 C.E., with rulers commissioning monu-
ments at several large centers at unprecedented
rates. These texts point to a dynamic and unstable
geopolitical landscape centered on status rivalry,
war, and strategic alliances (28). A precipitous
drop in the number of texts at key centers (such
as Tikal) between 775 and 800 C.E. was the
precursor to a 50% drop in the number of centers
with text-dated monuments between 800 and 825
C.E., which is evidence for widespread failure of
these political systems. Increasing interpolity
warfare (Fig. 2A) is most evident in the historical
record between 780 and 800 C.E. Political power
became decentralized as the institution of divine
kingship collapsed between 780 and 900 C.E.
Less is known about the fate of the people in-
tegrated into these polities, but depopulation took
centuries and entailed migration, reorganization
(29, 30), and persistence in the environs sur-
rounding abandoned cities (such as Mopan Valley,
Guatemala) (27). Centers of political importance
shifted to the northern parts of the Yucatan Pe-
ninsula as carved stone monuments were com-
missioned less frequently in the central Peten; the
tradition ended at Chichen Itza sometime be-
tween 1000 and 1100 C.E. during the longest and
driest interval of the past 2000 years.

ITCZ migration—influenced climate variabil-
ity in the ML as recorded in YOK-I aids in un-
derstanding the complex socio-natural processes
associated with Maya political dynamics during
the past 2000 years. Population increases and the
expansion of Classic Maya polities were favored
by anomalously high rainfall and increased agri-
cultural productivity between 440 and 660 C.E.
High-density Maya populations were increas-
ingly susceptible to the agricultural consequences
of climate drying. We propose that a two-stage
collapse commenced with the 660 C.E. drying
trend. It triggered the balkanization of polities,
increased warfare, and abetted overall socio-
political destabilization. Political disintegration in
the Petexbatun region foreshadows two multi-
decadal dry intervals that further reduced agricul-
tural yields and caused more widespread political
disintegration between 800 and 900 C.E. This
was followed by a second stage of more gradual
population decline and then punctuated popu-
lation reductions during the most extreme dry
interval in the YOK-I record between 1020 and
1100 C.E. The linkage between extended 16th-
century drought, crop failures, death, famine, and
migration in Mexico provides a historic analog
evident in the YOK-I record for the sociopolitical

REPORTS

tragedy and human suffering experienced by the
11th-century Maya. It also helps explain why the
cultural elaboration evident during the Classic
Period never fully redeveloped.
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Appendix B
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S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
0.10 776 -3.55
0.20 766 -3.46
0.30 771 -3.54
0.40 764 -3.44
0.50 756 351
0.60 7.42 -3.16
0.70 750 352
0.80 7.44 -3.42
0.90 766 -3.60
1.00 732 335
1.10 -7.08 -3.29
1.20 -6.87 -3.00
1.30 710 3.22
1.40 712 -3.38
1.50 -6.94 -3.33
1.60 673 -3.23
1.70 6,63 -3.26
1.80 -6.76 3.32
1.90 6.74 -3.26
2.00 673 -3.29
2.10 -6.68 -3.28
2.20 6.72 -3.23
2.30 6.75 -3.25
2.40 -6.76 -3.29
2,50 6.74 -3.16
2.60 6.81 -3.23
2.70 -6.87 -3.09
2.80 -6.95 315
2.90 7.07 314
3.00 722 -3.16
3.10 7.23 -3.18
3.20 7.36 3.22
3.30 741 311
3.40 827 -3.24
3.50 733 315
3.60 725 -3.18
3.70 715 -3.03
3.80 722 311
3.90 719 312
4.00 716 -3.20
4.10 712 313
4.20 7.02 3.22
4.30 711 319
4.40 -7.00 319
4.50 718 -3.23
4.60 7.09 -3.10
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S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
4.70 724 3.25
4.80 757 -3.20
4.90 754 -3.24
5.00 770 313
5.10 7.94 3.25
5.20 -8.08 -3.26
5.30 -8.23 -3.40
5.40 -8.06 3.27
5.50 -7.98 -3.27
5.60 -7.90 3.22
5.70 -8.07 3.25
5.80 7.94 3.2
5.90 791 3.27
6.00 7.99 -3.34
6.10 -6.93 2.92
6.20 -8.33 -3.34
6.30 -8.43 341
6.40 -8.68 -3.48
650 198354  -8.72 351
660 198348 -850 -3.57
670 198340  -8.48 353
680 198329  -8.36 358
690 198316  -8.57 -3.65
700 198300  -8.62 -3.64
710 198284  -8.89 374
720 198268  -9.01 375
730 198254  -9.33 -3.90
7.40 198245  -9.35 391
750 198238  -9.16 375
760 198229 -850 -3.65
770 198207  -8.75 -3.69
780 198177  -8.59 375
790 198154  -8.76 372
800 198144  -861 361
810 198138  -8.60 -3.70
820 198129  -8.44 362
830 198112  -8.53 -3.66
840 198092  -8.47 363
850 198071  -8.69 -3.66
860 198054  -8.85 363
870 198045  -8.70 -3.65
880 198043  -8.66 -3.70
890 198042  -831 -3.60
9.00 198039  -8.35 351
910 198029  -8.30 -3.60
920 198006  -8.51 -3.64



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
9.30 197977  -8.45 -3.50
9.40 197954  -8.68 -3.59
950 197942  -852 -3.56
960 197929  -8.25 -3.44
9.70 197911  -8.39 -3.47
9.80 197892  -8.54 351
9.90 197872  -8.88 -3.58
10.00 197854  -8.98 -3.55
1010 197844  -8.60 -3.55
1020 197838  -8.79 -3.47
10.30 197829  -8.58 353
1040 197807  -8.58 -3.54
1050  1977.77  -8.62 -3.42
10.60 197754  -8.83 352
1070 1977.44  -8.76 357
10.80 197743  -8.46 341
10.90 197742  -8.45 -3.48
11.00 197739  -8.28 335
1110 197729  -8.18 -3.36
1120  1977.06  -8.47 -3.49
11.30 197676  -8.67 -3.45
1140 197654  -8.84 -3.55
1150 197645  -8.67 -3.40
11.60 197639  -8.42 -3.43
1170 197629  -8.21 -3.34
11.80 197612  -8.26 371
11.90 197592  -8.32 3.23
1200 197571  -8.58 3.23
1210 197554  -8.65 -3.34
1220 197544  -853 335
1230 197539  -8.44 -3.47
1240 197529  -7.90 341
1250 197508  -8.16 -3.56
1260 197480  -8.10 -3.47
1270 197454  -8.48 -3.39
12.80 197443  -8.43 -3.49
12.90 197440  -8.33 353
13.00 197429  -8.21 -3.60
1310 197354  -8.39 -3.60
1320 197345  -8.38 -3.80
13.30 197338  -8.31 351
1340 197329  -8.09 -3.39
1350 197317  -8.77 -3.87
13.60 197304  -8.16 -3.35
1370 197291  -8.57 -3.56
13.80 197278  -8.89 -3.56
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S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
13.90 197265  -9.19 -3.92
1400 197254  -9.29 401
1410 197246  -8.25 -3.54
1420 197242  -9.23 381
1430 197237  -8.27 362
1440 197229  -8.09 -3.38
1450 197213  -8.34
1460 197192  -8.31 -3.54
1470 197170  -8.68 -3.68
1480 197154  -8.83 372
1490 197145  -851 374
1500 197138  -8.12 3551
1510 197129  -7.97 -3.59
1520 197116  -8.53 -3.65
1530  1971.00  -8.31 372
1540 197083  -8.60 373
1550 197067  -8.82 -3.80
1560 197054  -8.98 367
1570 197046  -8.75 -3.86
1580 197042  -8.59 -3.42
15.90 197041  -8.37
16.00 197037  -8.13 -3.65
1610 197029  -8.06 -3.64
1620 197013  -8.61 -3.87
16.30 196992  -8.94 402
1640 196971  -9.13 -3.95
16,50 196954  -9.24 379
16.60 196945  -9.10 -3.85
16,70  1969.38  -8.67 375
16.80 196929  -8.57 -3.70
16.90 196913  -8.60 -3.83
1700 196892  -8.95 -3.88
1710 196871  -9.11 391
17.20 196854  -9.27 402
17.30 196845  -9.24 -3.93
1740 196842  -8.72 -3.87
1750  1968.38  -8.46 -3.95
17.60 196829  -8.28 -3.83
1770  1968.06  -8.55 -4.07
17.80 196777  -8.87 -3.99
17.90 196754  -8.99 -3.94
1800 196744  -9.01 -4.00
1810 196739  -8.68 -3.70
1820 196729  -8.48 367
1830 196712  -8.68 -3.70
1840 196692  -8.89 367



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
1850 196671  -9.05 -3.87
1860 196654  -9.14 379
1870 196644  -8.95 374
18.80 196639  -8.85 376
18.90 196629  -8.68 363
19.00 196606  -8.76 -3.60
1910 196576  -8.89 -3.66
1920 196554  -8.99 -3.69
1930 196544  -8.87 -3.60
1940 196538  -8.70 375
1950 196529  -8.53 381
19.60 196515  -8.55 -3.86
1970 196499  -9.01 377
19.80 196483  -9.09 -3.65
19.90 196467  -9.32 379
2000 196454  -9.35 371
2010 196446  -9.33 376
2020 196442 891 377
2030 196440  -8.72 372
2040 196436  -8.73 371
2050 196429  -8.67 361
2060 196414  -8.86 -3.66
2070 1963.92  -9.09 -3.65
2080 196370  -9.27 -3.66
2090 196354  -9.32 -3.60
21.00 196345  -9.31 -3.65
2110 196345  -9.26 -3.59
2120 196345  -8.53 -3.47
2130 196344  -8.23 -3.45
2140 196344  -7.99 341
2150 196344  -8.24 355
2160 196342  -8.08 -3.42
2170 196338  -8.02 -3.33
21.80 196329  -7.85 -3.56
21.90  1963.12  -8.24 -3.43
2200 196290  -8.57 -3.40
2210 196268  -8.84 -3.29
2220 196254  -9.01 -3.66
2230 196247  -9.01 -3.47
2240 196242  -8.90 353
2250 196237  -8.61 -3.39
2260 196229  -8.43 -3.47
2270 196220  -8.45 -3.85
2280 196210  -8.59 -3.59
2290 196201  -8.96 3.62
2300 196191  -9.09 361
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S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
2310  1961.82  -9.44 -3.64
2320 196172  -9.62 362
2330 196163  -9.67 -3.65
2340 196154  -9.72 -3.54
2350 196146  -9.54 -3.59
2360 196138  -9.07 -3.57
2370 196129  -8.70 362
2380 196120  -8.70 -3.70
2390 196109  -8.94 371
2400 196099  -9.07 361
2410 196088  -9.28 -3.69
2420 196077  -9.43 -3.44
2430  1960.66  -9.43 -3.42
2440 196054  -9.51 -3.56
2450 196042  -9.21 367
2460 196029  -8.82 362
2470 196015  -8.85 -3.70
2480 195999  -9.05 -3.59
2490 195983  -9.28 -3.57
2500 195968  -9.47 -3.66
2510 195954 957 358
2520 195945  -9.58 -3.87
2530 195942  -9.49 353
2540 195938  -9.03 -3.64
2550 195929  -8.78 352
2560 195917  -8.92 -3.90
2570 195904  -9.08 381
2580 195892  -9.28 -3.99
2590 195879  -9.31 -4.08
26.00  1958.66  -9.26 -3.46
2610 195854  -9.41 -3.66
2620 195842  -9.20 -3.57
2630 195829  -8.99 355
26.40 195817  -8.97 352
2650 195807  -9.13 -3.49
26.60 195797  -9.34 -3.80
2670  1957.88  -9.34 377
26.80 195779  -9.38 377
2690 195771  -9.54 -3.90
2700 195763  -9.64 -4.08
2710 195754 973 -3.86
2720 195747 951 -3.70
2730 195742 951 -4.00
2740 195736  -9.11 401
2750 195729  -8.90 372
2760  1957.08  -9.13 3.92



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
27.70 195675  -9.37 -3.95
2780 195654  -9.61 -3.96
27.90 195647  -9.63 -4.39
28.00 195642  -9.56 -3.89
2810 195636  -9.14 381
2820 195629  -8.93 -3.82
2830 195620  -9.17 -3.93
28.40  1956.11  -9.29 -3.94
2850 195601  -9.38 -3.97
2860 195591  -9.47 -3.86
2870 195582  -9.72 391
2880 195572  -9.79 -4.03
2890 195563  -9.92 -3.96
29.00 195554  -9.87 391
2910 195547  -9.94 401
2920 195542  -9.30 -3.99
2930 195536  -9.04 -3.99
2940 195529  -8.66 -3.97
2950  1955.15  -8.77 -3.98
2960 195493  -8.97 -4.04
2070 195471  -9.04 -3.95
2980 195454  -9.16 -4.07
29.90 195445  -9.13 -4.00
30.00 195439  -8.95 418
3010 195429  -8.60 -3.99
3020 195412  -8.61 377
3030 195391  -9.03 427
3040 195370  -9.38 422
3050 195354  -9.49 -4.10
3060 195345 921 -3.94
3070 195338  -8.54 378
30.80 195329  -7.98 -3.66
30.90 195317  -8.18 -4.03
31.00 195303  -8.51 -4.05
3110 195288  -8.66 -3.84
31.20 195272  -8.67 401
31.30 195254  -8.81 -3.93
31.40 195229  -8.42 391
3150 195212  -8.52 -3.93
31.60 195197  -8.67 -3.99
31.70 195182  -9.06 419
31.80 195168  -9.38 -4.20
31.90 195154  -9.52 424
3200 195142  -9.20 -4.07
3210 195129  -8.85 -4.06
3220 195113  -8.97 416

178

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
3230 195093  -9.02 -3.95
3240 195073  -9.10 -3.93
3250 195054  -9.17 403
3260 195043  -9.13 -4.08
3270 195039  -8.58 -3.85
3280 195029  -8.31 -3.89
3290 194992  -8.63 -3.96
3300 194954 901 -3.95
3310 194951  -9.03 -3.86
3320 194949  -8.97 -3.82
3330 194946  -8.79 -3.85
3340 194944 871 372
3350 194941  -8.72 367
3360 194929  -8.66 373
3370 194905  -8.87 367
3380 194876  -8.73 -3.64
33.90 194854  -8.98 -3.68
3400 194844 852 -3.60
3410 194839  -8.42 -3.57
3420 194829  -8.35 362
3430 194806  -8.78 -3.60
34.40 194777  -8.85 363
3450 194754 911 -3.69
3460 194750  -9.11 -3.68
3470 194746  -8.93 -3.68
3480 194744  -8.85 372
3490 194729  -857 -3.60
3500  1947.04  -8.58 -3.60
3510 194679  -8.74 -3.59
3520 194654  -8.84 -3.65
3530 194629  -8.66 -3.68
3540 194608  -8.67 373
3550 194592  -8.78 367
3560 194582  -8.89 376
3570 194574  -8.86 373
3580 194568  -8.86 362
3590 194562  -9.08 371
36.00 194554  -9.22 -3.80
3610 194547  -9.22 375
3620 194543 917 375
36.30 194538  -8.62 374
36.40 194529  -8.39 381
3650 194508  -8.42 -3.82
36.60 194477  -8.64 -3.85
36.70 194454  -8.67 -4.07
36.80 194442  -8.48 -3.84



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
36.90 194429  -7.86 -3.70
37.00 194414  -8.07 379
37.10 194399  -8.59 -3.80
3720 194384  -8.97 376
37.30 194369  -9.03 -3.93
37.40 194354  -9.45 373
3750 194341  -8.81 367
3760 194329  -8.58 -3.65
37.70 194312  -8.66 362
37.80 194292  -8.84 372
37.90 194272  -8.98 -3.69
38.00 194254  -9.09 371
3810 194244  -8.84 -3.64
3820 194238  -8.67 -3.66
3830 194229  -8.49 -3.64
38.40 194212  -8.53 367
3850 194191  -8.75 -3.82
3860 194170  -8.81 -3.83
3870 194154  -8.87 -3.80
38.80 194145  -8.83 373
38.90 194139  -8.52 367
39.00 194129  -8.33 -3.59
3910 194115  -8.54 -3.65
3920 194100  -8.85 381
39.30 194084  -8.76 357
39.40 194069  -8.88 -3.59
3950 194054  -8.91 357
3960 194042  -8.69 341
39.70 194029  -8.30 -3.40
39.80 194006  -8.37 -3.40
39.90 193977  -8.55 -3.44
4000 193954  -8.94 3.01
4010 193944  -8.85 351
4020 193938  -8.74 -3.49
4030 193929  -8.37 -3.45
4040  1939.16  -8.33 -3.50
4050  1939.03  -8.64 -3.47
4060 193888  -8.59 331
4070 193872  -8.87 -3.59
4080 193854  -8.99 357
4090 193829  -8.47 -3.56
41.00 193811  -8.47 -3.56
4110  1937.95  -8.64 3.62
4120 193780  -9.07 -3.68
4130 193766  -9.21 -3.68
4140 193754 925 371
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S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
4150 193745  -9.07 376
4160 193738  -8.89 375
4170 193729  -8.77 371
4180  1937.13  -8.88 376
4190 193692  -9.06 -3.89
4200 193671  -9.40 3.92
4210 193654  -9.61 -4.07
4220 193645  -9.27 -3.85
4230 193641  -8.98 -3.84
4240 193637  -8.79 -3.80
4250 193629  -8.62 -3.83
4260 193613  -8.82 -3.83
4270 193593  -9.30 -3.97
4280 193572  -9.59 -4.09
4290 193554  -9.76 -4.08
4300 193551  -9.65 418
4310 193548  -9.42 412
4320 193545  -8.97 401
4330 193542 871 -3.89
4340 193539  -8.62 -3.92
4350 193529  -8.47 -3.98
4360 193492  -8.57 -3.95
4370 193454 872 -3.85
4380 193444  -8.60 301
4390 193442  -8.53 -3.80
4400 193440  -8.38 402
4410 193429  -8.28 413
4420 193405  -8.70 417
4430 193376  -8.78 417
4440 193354  -8.93 431
4450 193344  -8.82 -4.36
4460 193339  -8.63 422
4470 193329  -8.25 419
4480 193312  -8.22 417
4490 193292  -8.28 -4.07
4500 193271  -8.37 423
4510 193254  -8.46 433
4520 193244 837 422
4530 193239  -8.33 425
4540 193229  -8.23 -4.20
4550 193207  -8.23 -4.09
4560 193178  -8.30 -4.06
4570 193154  -8.46 -4.04
4580 193144  -8.48 424
4590 193139  -8.44 -4.03
46.00 193129  -8.35 -4.07



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
4610 193104  -8.34 402
4620 193073  -8.48 -4.04
4630 193054  -8.60 421
46.40 193047  -8.60 411
4650 193041 -850 -4.04
4660 193035  -8.42 -4.04
4670 193029  -8.10 -3.95
4680 193022  -8.23 -3.95
4690  1930.15  -8.30 -3.94
47.00 193009  -8.37 3.92
4710 193002  -8.41 -3.95
4720 192995  -8.34 -3.98
4730 192088  -8.43 -4.07
47.40 192981  -8.54 -4.05
4750 192974  -8.76 -4.03
4760 192967  -8.93 -4.04
4770 192961  -9.07 -4.04
47.80 192954  -9.08 401
47.90 192949 911 -3.94
48.00 192945  -9.05 -3.94
4810 192943  -8.83 -3.87
4820 192941  -8.78 377
4830 192941  -8.89 -3.93
4840 192941  -8.86 -3.87
4850 192940  -8.73 -3.86
4860 192939  -8.53 -3.87
4870 192937  -8.30 -3.68
48.80 192934  -8.38 -3.66
4890 192929  -8.15 373
49.00 192922  -8.19 361
4910 192914  -8.30 361
4920 192904  -8.25 355
4930 192894  -8.28 -3.66
49.40 192883  -8.20 -3.47
4950 192872  -8.28 -3.47
4960 192863  -8.38 -3.50
4970 192854  -8.41 351
49.80 192848  -8.41 -3.46
49.90 192845  -8.09 -3.40
50.00 192842  -8.20 -3.65
5010 192837  -8.14 -3.65
5020 192829  -8.08 377
50.30  1928.14  -8.08 -3.58
5040  1927.94  -8.17 361
5050  1927.72  -8.15 -3.49
50.60 192754  -8.20 -3.54
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S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
50.70 192742  -8.18 3551
50.80 192729  -8.10 -3.87
50.90  1927.07  -8.16 361
51.00 192678  -8.23 375
5110 192654  -8.36 375
5120 192644  -8.34 3.92
51.30 192642  -8.34 -3.65
5140 192639  -8.24 -3.59
5150 192629  -8.03 403
5160 192605  -8.07 357
51.70 192575  -8.12 -3.56
51.80 192554  -8.47 374
51.90 192542  -8.40 362
5200 192529  -8.35 -3.70
5210 192517  -8.37 376
5220 192504  -8.54 -3.70
5230 192492  -8.90 377
5240 192479  -9.05 -3.83
5250 192466  -9.13 377
5260 192454 935 -3.93
5270 192444  -9.26 -4.09
5280 192437  -8.85 -4.00
5290 192429  -8.74 411
53.00 192418  -8.82 432
5310 192405  -8.92 381
5320 192392  -9.27 403
5330 192378  -9.34 301
5340 192365  -9.60 422
5350 192354  -9.54 411
5360 192345  -9.54 -3.97
5370 192338  -9.13 -4.03
5380 192329  -8.85 3.92
53.90 192318  -8.82 -3.93
5400 192305  -8.92 -3.83
5410 192292  -9.14 381
5420 192279  -9.19 -3.84
5430 192266  -9.22 -3.87
5440 192254  -9.42 -3.89
5450 192245  -9.20 379
5460 192238  -8.93 -3.85
5470 192229  -8.72 -3.84
5480 192216  -8.95 -3.86
5490 192201  -9.07 378
5500  1921.84  -9.22 -3.69
5510 192168  -9.31 375
5520 192154  -9.41 -3.85



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
5530 192146  -9.40 -3.90
55.40 192141  -9.29 373
5550 192137  -8.93 373
5560 192129  -8.83 -3.68
5570 192113  -9.02 375
55.80 192092  -9.37 375
5590 192071  -9.54 372
56.00 192054  -9.59 372
5610 192045  -9.23 373
5620 192041  -9.45 -3.66
56.30 192037  -8.97 -3.60
56.40 192029  -8.49 -3.60
5650 192012  -9.36 -3.48
56.60 191990  -9.55 -3.43
5670 191969  -9.64 352
56.80 191954  -9.73 -3.54
56.90 191047  -9.67 -3.59
57.00 191943  -9.73 -3.60
5710 191941  -9.67 -3.58
5720 191937  -9.60
57.30 191929  -9.21 353
57.40 191917  -9.31 -3.47
5750 191905  -9.34 -3.59
5760 191891  -9.41 -3.59
5770 191878  -9.51
57.80 191865  -9.60 -3.63
57.90 191854  -9.70 -3.63
58.00 191845  -9.63 -3.68
5810 191838  -9.49 -3.59
5820 191829  -9.30 -3.64
5830 191817  -9.32 -3.65
58.40 191801  -9.42 -3.64
5850  1917.84  -9.67 -3.54
58.60  1917.68  -9.82 -3.64
5870 191754  -9.93 -3.68
58.80  1917.45  -9.91 -3.50
58.90 191742  -9.77 -3.64
50.00 191741  -9.44 -3.59
5010 191740  -9.20 352
5020  1917.37  -9.16 -3.50
50.30 191729  -8.98 -3.47
50.40  1917.08  -9.10 -3.60
5050 191677  -9.20 -3.56
50.60 191654  -9.60 -3.66
50.70 191651  -9.60 372
50.80 191648  -9.60 -3.70
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S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
50.00 191645  -9.42 373
60.00 191642  -951 376
60.10 191639  -9.58 -3.69
6020 191629  -9.38 -3.80
60.30 191608  -9.46 -3.92
60.40 191579  -9.69 -3.90
6050 191554  -9.83 381
60.60 191552  -9.62 -3.82
60.70 191551  -9.56 -3.80
60.80 191549  -9.44 372
60.90 191548  -9.40 371
61.00 191546  -9.12 372
6110 191543  -9.03 362
61.20 191529  -9.00 361
61.30 191454 927 367
6140 191452  -9.04 -3.69
6150 191449  -8.82 355
61.60 191447  -8.65 -3.42
61.70 191445  -8.88 -3.46
61.80 191442  -8.86 -3.48
61.90 191429  -8.58 -3.47
6200 191403  -8.87 363
6210 191375  -8.84 355
6220 191354  -8.93 -3.56
6230 191345  -8.75 -3.54
6240 191343  -8.86 -3.66
6250 191342  -8.76 372
6260 191339  -8.63 377
6270 191329  -8.49 367
6280 191312  -8.63 367
6290 191292 871 377
63.00 191271  -8.78 -3.80
6310 191254  -8.93 355
6320 191247  -861 371
6330 191243  -8.60 -3.65
6340 191229  -8.57 363
6350 191204  -8.79 377
6360 191179  -8.88 -3.69
63.70 191154  -9.03 -3.85
63.80 191129  -8.92 367
63.90 191108  -8.91 381
64.00 191094  -9.00 378
6410 191084  -9.13 379
6420 191077  -9.06 378
6430 191071  -9.27 373
64.40 191064  -8.47 -3.50



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
6450 191054  -9.31 -3.69
6460 191042  -9.07 -3.69
6470 191029  -8.61 378
6480 191007  -8.89 377
6490  1909.77  -8.92 372
65.00 190954  -9.17 376
6510  1909.44  -8.91 373
6520 190941  -8.94 381
6530  1909.38  -8.89 -3.82
65.40 190929  -8.73 -3.69
6550  1909.12  -8.78 374
65.60  1908.92  -8.90 391
6570  1908.72  -8.82 -3.43
65.80 190854  -9.02 402
6590 190844  -8.61 -3.98
66.00 190842  -8.66 -3.84
66.10 190839  -8.59 -3.97
6620 190829  -8.42 -3.96
66.30  1907.92  -8.78 -3.88
66.40 190754  -8.94 -4.26
6650  1907.44  -8.35 412
66.60  1907.40  -8.40 411
66.70 190729  -8.33 401
66.80  1907.04  -8.97 -3.96
66.90  1906.76  -8.23 -3.97
67.00 190654  -8.42 -3.88
6710 190642  -8.32 -3.90
67.20 190629  -8.04 -3.97
67.30  1906.11  -8.24 -3.96
67.40 190592  -8.27 -3.99
6750 190572  -8.38 -4.00
67.60 190554  -8.55 -3.86
67.70 190541  -8.35 -3.82
67.80 190529  -7.86 371
67.90 190506  -8.41 -3.88
68.00  1904.76
6810 190454  -10.11 -3.26
6820 190445  -9.01 -3.85
68.30 190441  -8.88 3.92
68.40 190437  -8.66 -3.90
6850 190429  -8.18 379
68.60 190415  -8.19 381
68.70  1903.99  -8.22 377
68.80  1903.82  -8.44 -3.82
68.90  1903.67  -8.61 -3.87
69.00 190354  -9.03 3.92

182

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
690.10 190345  -8.62 391
69.20 190338  -8.47 -3.68
69.30 190329  -8.32 371
69.40  1903.16  -8.59 381
69.50  1903.00  -8.91 -3.79
690.60  1902.84  -9.14 -3.87
69.70 190268  -9.42 -3.99
690.80 190254  -9.70 402
69.90 190246  -9.64 453
7000 190242  -9.55 -4.07
7010 190240  -9.04 -3.97
7020 190237  -8.75 373
7030 190229  -8.69 353
7040 190213  -9.00 -3.69
7050 190191  -9.15 -3.69
7060 190169  -9.29 -3.88
7070 190154  -10.18 381
70.80 190147  -9.70 -3.82
70.90 190143  -9.45 -3.87
71.00 190140  -9.00 403
7110 190137  -8.75 373
7120 190129  -8.10 379
71.30 190118  -8.70 -3.68
7140  1901.05  -8.93 376
7150 190091  -9.06 -3.95
71.60 190077  -9.31 -3.93
7170 190065  -9.67 -4.00
71.80 190054  -9.83 -4.07
71.90 190047 971 -3.82
7200 190042  -9.38 372
7210 190037  -9.03 372
7220 190029  -8.95 363
7230 190016  -9.07 -3.83
7240 190000  -9.19 -3.84
7250  1899.83  -9.19 -4.05
7260  1899.67  -9.37 -3.88
7270 189954  -9.82 -3.88
7280  1899.46  -9.73 -3.97
72.90  1899.42  -9.79 -3.97
73.00  1899.37  -8.88 -3.83
7310 189929  -8.48 -3.94
7320  1899.18  -8.72 362
7330  1899.04  -8.76 -3.64
7340 189891  -9.01 362
7350  1898.77  -9.28 -3.86
7360  1898.65  -9.59 372



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
7370 189854  -9.84 -3.99
7380 189845  -9.71 -3.88
73.90 189838  -9.14 362
7400 189829  -8.68 351
7410  1898.19  -8.87 -3.66
7420  1898.08  -8.93 361
7430  1897.97
7440  1897.86  -9.39 361
7450  1897.75  -9.30 367
7460  1897.64  -9.45 -3.85
7470 189754  -951 371
7480 189745  -9.28 -3.50
7490  1897.38  -8.53 378
7500 189729  -8.36 -3.63
7510  1897.14  -8.87 381
7520 189693  -9.15 374
7530 189671  -9.42 -3.85
75.40 189654  -9.61 391
7550 189645  -9.86 -3.95
75.60  1896.41
7570 189641  -9.70 -4.08
75.80  1896.40
7590 189637  -8.79 -3.88
76.00  1896.29
7610  1896.13
7620  1895.91
76.30  1895.69
76.40 189554
7650  1895.46
76.60  1895.43
7670  1895.40
76.80  1895.37
7690 189529  -8.67 373
77.00  1895.16  -8.77 371
7710 189500  -8.91 376
7720 189482  -9.14 -3.84
7730 189466  -9.62 381
77.40 189454
7750  1894.47
7760  1894.43
7770 1894.42
77.80  1894.40
77.90  1894.36
78.00 189429  -8.68 381
7810 189417  -8.65 -3.66
7820 189401  -8.78 -3.89

183
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7830  1893.83
78.40 189367  -9.40 -3.88
7850 189354  -9.89 -3.82
7860 189346  -9.77 -3.84
7870 189343  -9.67 -3.86
78.80 189341  -9.23 381
78.90 189337  -8.63 -3.80
79.00 189329  -8.20 361
7910 189313  -8.42 -3.65
7920 189290  -8.75 378
7930 189268  -9.03 -3.96
79.40 189254  -9.47 -3.87
7950 189247  -9.34 -3.86
7960 189242  -9.32 -3.84
7970 189236  -9.09 301
7980 189229  -8.84 381
79.90 189220  -8.94 -3.82
80.00 189212  -8.92 374
80.10 189203  -9.08 -3.97
80.20  1891.94  -9.17 374
80.30  1891.85  -9.56 -3.85
80.40 189175  -9.61 -3.99
8050  1891.65  -9.61 -3.89
80.60 189154  -9.67 -3.88
80.70  1891.42
80.80  1891.29
80.90  1891.18  -8.96 -3.90
81.00  1891.07  -9.02 376
8110 189096  -9.10 -3.87
81.20  1890.85  -9.23 -3.98
81.30 189075  -9.87 3.23
81.40 189064  -9.91 3.22
81.50 189054  -10.09 -3.54
81.60 189045  -9.98 -3.28
81.70 189038  -9.50 3.22
81.80 189029  -9.19 3.23
81.90 189015  -9.44 -3.16
8200  1889.94  -9.42 3.32
8210 188973  -9.72 -3.34
8220 188954  -9.98 367
8230  1889.44  -8.84
8240 188939  -8.84
8250 188929  -8.82
8260 188892  -9.00
8270 188854  -9.13 -3.84
8280 188842  -8.88



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
8290 188829  -8.86
83.00  1888.10  -8.88 -3.96
8310  1887.90  -9.03 -3.88
8320  1887.70  -9.03 -3.65
8330 188754  -9.34
83.40 188744  -9.33
8350  1887.38  -9.36
8360 188729  -8.96 -3.84
8370  1887.15  -9.15 -3.80
8380 188699  -9.24 -3.69
8390 188682  -9.03 361
8400 188667  -9.34 410
8410 188654  -9.63 373
8420 188645  -9.61 379
8430 188638  -9.24 -3.70
84.40 188629  -9.04 -4.05
8450  1886.17  -9.20 -4.05
8460  1886.05  -9.13 -3.54
8470 188591  -9.73 363
8480 188578  -9.31 -3.46
8490 188565  -9.69 -3.86
8500 188554  -9.75 -3.49
8510 188545  -9.73 -3.59
8520 188538  -9.68 -3.93
8530 188529  -9.28 -3.55
85.40 188518  -9.30 373
8550 188505  -9.56 377
85.60 188491  -10.08 391
8570 188478  -9.87 3.62
85.80 188465  -10.14 376
8590 188454  -10.19 381
86.00 188445  -10.20 352
8610 188438  -9.85 3.62
8620 188429  -9.77 -4.48
86.30 188419  -9.80 355
86.40 188408  -9.79 381
8650  1883.97  -9.88 375
86.60  1883.86  -9.79 412
86.70 188375  -9.86 367
86.80  1883.64  -9.86 -3.93
86.90 188354  -9.93 -3.65
87.00 188346  -9.93 -3.59
87.10 188341  -9.72 -3.49
87.20 188336  -9.66 -3.58
87.30 188329  -9.51 376
87.40 188317  -9.55 -3.94

184
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8750 188301  -9.64 367
87.60  1882.84  -9.58 375
87.70 188267  -9.58 -3.97
87.80 188254  -9.79 377
87.90 188246  -9.81 -4.42
88.00 188242  -9.70 4.16
88.10 188237  -9.84 415
8820 188229  -9.62 378
88.30 188216  -10.08 -3.85
88.40 188200  -9.84 402
8850  1881.83  -9.94 412
88.60 188167  -9.85 425
88.70 188154  -10.37 438
88.80 188146  -10.03 432
88.90 188142  -10.14 -3.94
89.00 188137  -9.85 419
8010 188129  -9.58 415
89.20 188116  -9.88 424
89.30  1881.00  -9.84 -4.28
89.40 188083  -9.94 422
8950  1880.67  -9.93 -4.30
89.60 188054  -9.98 -3.99
89.70 188047  -10.00 -4.26
80.80 188043  -9.62 412
89.90 188038  -9.29 -4.08
90.00 188029  -9.12 -3.99
9010 188015  -9.37 -4.28
90.20  1880.00  -9.50 -4.29
90.30  1879.84  -961 431
90.40 187969  -9.68 -4.05
9050 187954  -9.78 414
90.60 187942  -961 -4.30
90.70 187929  -9.46 421
90.80 187893  -9.92 402
90.90 187854  -9.80 -4.04
91.00 187841  -9.73 -3.96
9110 187829  -9.48 415
91.20 187805  -9.48 3.92
91.30  1877.77  -9.56 416
91.40 187754  -9.66 -4.04
91.50 187743  -9.64 -3.59
91.60 187741  -9.60 419
91.70 187738  -9.54 412
91.80 187729  -9.42 -3.94
91.90 187705  -10.05 413
9200 187675  -9.81 -4.05



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
9210 187654  -10.32 415
9220 187646  -10.08 427
9230 187642  -10.03 -4.28
92.40 187637  -9.88 -4.04
9250 187629  -9.69 -4.30
9260 187617  -9.79 414
9270 187604  -10.27 -3.85
9280 187591  -9.43 412
92.90 187578  -10.19 -4.07
93.00 187565  -10.31 415
9310 187554  -10.93 -4.09
9320 187545  -10.37 -3.99
9330 187538  -9.83 402
93.40 187529  -9.61 414
9350 187517  -9.70 419
9360 187501  -9.85 -3.69
93.70 187484  -9.85 401
93.80 187468  -10.13 417
93.90 187454  -10.19 -4.30
9400 187445  -9.97 -4.05
9410 187441  -10.07 422
9420 187441  -10.23 435
9430 187441  -10.00 417
94.40 187441  -9.15 -4.09
9450 187437  -9.14 -3.89
9460 187429  -9.03 -3.64
9470 187407  -9.45 -3.63
9480 187376  -9.98 -3.89
9490 187354  -10.21 -3.59
95.00 187346  -10.23 -4.43
9510 187342  -9.35 423
9520 187337  -9.30 -4.03
9530 187329  -9.19 -3.98
95.40  1873.15  -9.39 421
9550 187299  -9.73 -4.04
9560  1872.83  -10.28 -4.06
9570 187267  -10.31 422
95.80 187254  -10.53 427
95.90 187246  -10.36 -3.99
96.00 187243  -10.51 378
96.10 187241  -10.28 -4.00
9620 187240  -9.70 -3.55
96.30 187237  -9.32 -3.85
96.40 187229  -9.18 391
9650 187213  -9.19 -4.05
96.60 187191  -9.66 -4.06

185

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
96.70 187169  -9.97 413
96.80 187154  -10.00 -4.08
96.90 187147  -9.90 358
97.00 187143  -9.73 -3.56
97.10 187140  -10.26
97.20 187136  -9.48
97.30 187129  -9.08
97.40 187120  -9.17
9750 187109  -9.82
97.60 187098  -9.94
97.70 187085  -10.24
97.80 187070  -10.21 -3.69
97.90 187054  -10.28
98.00 187029  -8.87
98.10 187013  -9.59
98.20  1869.99  -9.53 410
98.30  1869.86  -9.65
98.40  1869.74  -9.88
9850  1869.63  -10.03 402
98.60 186954  -10.16
98.70  1869.47  -9.72 -3.82
98.80  1869.42  -9.75 433
98.90  1869.37  -9.00
99.00 186929  -8.77 -3.94
99.10  1869.16  -9.35 -3.94
99.20  1869.00  -9.18
99.30  1868.83  -9.67 -3.97
99.40  1868.67  -9.81
9950 186854  -9.98
99.60  1868.45  -9.72
99.70  1868.38  -9.38 -3.90
99.80 186829  -8.92
99.90  1868.16  -9.27 415
10000  1868.00  -9.32
10010  1867.83  -9.51
10020  1867.67  -9.88
10030 186754  -9.99
10040  1867.46  -9.90
10050 186741  -9.76
10060  1867.37  -9.32
10070  1867.29  -8.90
10080 186716  -9.02 419
10090  1867.00  -9.20
101.00 1866.82  -9.44
10110  1866.66  -9.68
10120 186654  -9.73



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
10130 186646  -9.68

10140 186641  -9.43 412
10150 186636  -9.15 427
101.60 186629  -8.96 453
101.70 186618  -8.97 435
101.80  1866.06  -9.01 -4.46
101.90 186592  -9.01 -4.46
10200 186578  -9.21 -4.38
10210 186565  -9.39 -4.46
10220 186554  -9.60 432
10230 186547  -9.63 -4.44
10240 186543  -9.61 -4.54
10250 186540  -9.28 423
10260 186536  -9.14 435
10270 186529  -8.83 -4.44
10280 186514  -9.17 -4.30
10290 186493  -9.30 424
103.00 186471  -9.85 -4.44
103.10 186454  -9.91 422
10320 186446  -9.82 -4.68
10330 186442  -9.69 -4.45
10340 186438  -9.19 -4.50
10350 186429  -8.76 433
103.60 186413  -8.83 452
10370 186392  -8.93 434
103.80 186370  -9.43 425
103.90 186354  -9.65 -4.09
10400 186346  -9.55 -4.06
10410 186342  -9.61 418
10420 186338  -9.05 457
10430 186329  -8.49 -4.26
10440 186312  -8.67 -4.44
10450 186290  -8.99 419
10460 186268  -9.07 -4.36
10470 186254  -9.17 -4.28
10480 186246  -8.93 453
10490 186238  -8.90 -4.08
10500 186229  -8.63 -4.30
10510 186220  -8.94 451
10520 186210  -8.91 414
10530 186201  -9.53 431
10540 186191  -9.74 -4.30
10550 186182  -9.93 437
10560 186173  -9.99 -4.43
10570 186163  -9.08 467
10580 186154  -10.07 415

186

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
10590 186145  -9.57 432
106.00 186137  -9.42 433
10610 186129  -9.24 422
10620 186117  -9.33 433
10630 186102  -9.33 432
10640  1860.85  -9.73 -4.64
10650  1860.68  -9.70 438
106.60 186054  -10.04 -4.26
10670 186046  -10.01 423
10680 186042  -9.80 435
106.90 186040  -9.68 423
10700  1860.36  -9.36 454
107.10 186029  -9.18 421
10720 186013  -9.21 451
10730  1859.92  -9.29 431
10740 185970  -8.58 -4.38
10750 185954  -9.59 457
107.60 185946  -9.45 459
107.70 185943  -9.56 -4.20
10780 185942  -9.51 422
107.90 185942  -9.23 -4.30
10800 185941  -9.41 402
10810  1859.37  -9.08 -4.05
10820 185929  -8.81 -4.29
10830 185916  -9.09 -4.04
10840 185899  -8.92 403
10850 1858.82  -9.17 416
108.60  1858.66  -9.09 -4.03
10870 185854  -9.41 -4.28
10880 185847  -9.33 -4.44
108.90 185843  -9.33 425
109.00 185838  -8.95 -4.42
109.10 185829  -8.80 402
10920 185817  -8.88 -4.49
109.30 185804  -9.14 -4.30
10940  1857.92  -9.34 -4.70
10950 185779  -9.27 -4.07
109.60  1857.66  -9.39 453
10970 185754  -9.58 434
109.80 185742  -9.41 -4.29
109.90 185729  -9.20 462
11000 185717  -9.33 413
11010  1857.04  -9.32 -4.28
11020 185692  -9.66 417
11030 185679  -9.88 5.04
11040  1856.67  -9.94 -4.42



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
11050 185654  -10.19 432
11060 185645  -9.94 -4.48
11070 185641  -9.94 435
11080 185641  -10.09 -4.60
11090 185640  -10.04 -4.25
111.00 185640  -9.52 423
11110 185637  -9.33 -4.40
11120 185629  -9.25 -4.09
11130 185609  -9.44 -4.29
11140 185579  -9.68 -4.40
11150 185554  -10.11 412
111.60 185544  -10.02 423
11170 185540  -9.23 412
111.80 185529  -9.11 432
111.90 185492  -9.55 423
11200 185454  -9.58 -4.06
11210 185443  -9.61 413
11220 185439  -9.11 -4.30
11230 185429  -8.58 431
11240 185404  -8.57 -4.26
11250 185374  -9.08 -4.00
11260 185354  -9.36 -4.28
11270 185346  -9.20 -4.26
11280 185342  -9.35 421
11290 185340  -9.24 -4.30
113.00 185337  -9.25 423
11310 185329  -9.08 425
11320 185318  -9.18 -4.38
11330 185305  -9.30 421
11340 185291  -9.54 423
11350 185278  -9.71 -4.06
113.60 185265  -9.79 -4.42
11370 185254  -9.93 -4.39
113.80 185247  -9.84 401
113.90 185243  -9.95 419
11400 185240  -9.59 -3.99
11410 185236  -9.28 -4.29
11420 185229  -9.24 -4.38
11430 185214  -9.26 418
11440 185192  -9.48 423
11450 185169  -9.49 471
11460 185154  -9.70 -4.07
11470 185147  -9.70 -4.29
11480 185144  -9.56 418
11490 185142  -9.33 -4.00
11500 185141  -9.22 3.92

187

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)

11510 185137  -9.05 -4.05
11520 185129  -8.81 410
11530 185117  -8.93 401
11540 185104  -8.92 417
11550 185091  -9.15 417
11560 185077  -9.45 418
11570 185065  -9.48 424
11580 185054  -9.53 -4.26
11590 185045  -9.30 -4.26
11600 185038  -9.06 455
11610 185029  -8.92 -3.99
11620 185019  -8.88 -4.09
11630 185008  -9.07 -4.44
11640 184997  -9.14 -3.97
11650  1849.84  -9.20 418
116.60 184969  -9.23 413
11670 184954  -9.31 423
11680 184929  -9.06 424
11690 184910  -9.05 -3.98
117.00 184894  -9.18 416
117.10 184879  -9.07 419
11720 184866  -9.21 424
11730 184854  -9.58 -4.28
11740 184846  -9.45 453
11750 184842  -9.42 412
117.60 184841  -9.43 -4.44
11770 184840  -9.40 -4.49
117.80 184837  -9.06 -4.30
117.90 184829  -8.93 -4.28
11800 184807  -9.10 -4.04
11810  1847.76  -9.14 -4.03
11820 184754  -9.19 423
11830 184746  -9.18 458
11840 184742  -9.18 -4.64
11850 184742  -9.15 -4.36
11860 184742  -8.88 434
11870 184741  -8.73 -4.40
11880  1847.38  -8.78 435
11890 184729  -8.67

11900 184716  -8.87

11910  1847.00  -8.84 -4.45
11920 1846.84  -8.76 452
11930 184668  -8.99 -4.46
119040 184654  -9.08 -4.42
11950 184645  -8.95 -4.45
11960 184642  -8.99 -4.46



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
11970 184638  -8.88 452
11980 184629  -8.86 461
11990 184592  -8.98 452
12000 184554  -9.15 -4.60
12010 184544  -8.94 -4.45
12020 184542  -8.72 -4.65
12030 184541  -9.20 -4.43
12040 184539  -8.64 458
12050 184529  -8.60 -4.69
12060 184511  -8.62 -4.40
12070 184490  -8.82 -4.29
12080 184469  -8.93 434
12090 184454  -9.07 435
12100 184446  -9.02 435
12110 184442  -8.90 431
12120 184437  -8.59 457
12130 184429  -853 418
12140 184416  -8.70 -4.20
12150 184400  -9.08 -4.65
12160 184383  -9.32 -4.28
12170 184367  -9.51 457
12180 184354  -9.56 474
12190 184346  -9.42 441
12200 184343  -9.34 441
12210 184341  -8.75 424
12220 184337  -8.54 459
12230 184329  -8.46 441
12240 184313  -8.89 -4.30
12250 184291  -9.16 -4.42
12260 184270  -9.45 -4.06
12270 184254  -9.48 -4.39
12280 184245  -9.47 453
12290 184238  -8.99 441
12300 184229  -8.75 -4.43
12310 184217  -8.76 417
12320 184205  -8.98 452
12330 184192  -9.60 462
12340 184179  -9.97 467
12350 184166  -10.28 -5.08
12360 184154  -10.41 -4.38
12370 184145  -9.94

12380 184138  -9.24 -4.56
12390 184129  -8.68 411
12400 184107  -8.89 -4.08
12410 184077  -9.19 -4.29
12420 184054  -9.46 427

188

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)

12430 184045  -9.43

12440 184042  -9.38 411
12450 184040  -9.08 -4.08
12460 184037  -8.60 439
12470 184029  -8.45 -3.99
12480 184015  -8.88 417
12490  1839.99  -9.43 415
12500 1839.82  -9.92 421
12510  1839.66  -10.14 425
12520 183954  -10.20 -4.28
12530 183947  -10.07 423
12540 183942  -9.73 -4.30
12550  1839.37  -9.25 457
12560 183929  -9.19 413
12570 183918  -9.26 -4.28
12580  1839.05  -9.72 -4.43
12590 183892  -10.07 453
12600 183878  -10.20 -4.96
12610  1838.65 -4.46
12620 183854  -10.46 435
12630 183846  -10.17 439
12640 183842  -9.55 422
12650 183837  -8.89 -4.04
12660 183829  -8.68 -3.98
12670 183814  -9.04 419
12680  1837.93  -9.29 418
12690 183772  -9.56 421
12700 183754  -9.89 438
12710  1837.44  -9.73 -4.30
12720 183739  -8.90 416
12730  1837.29  -8.49 -4.08
12740 183707  -9.00 -4.08
12750 183677  -9.70 -4.30
12760 183654  -10.25 415
12770 183644  -10.17 439
12780 183641  -9.68 431
12790 183639  -8.75 423
12800 183629  -8.57 -4.60
12810 183605  -8.91 -3.93
12820 183575  -9.60 437
12830 183554  -10.02 539
12840 183545  -8.93 -4.49
12850 183541  -9.72 471
12860 183537  -9.03 433
12870 183529  -8.65 4.16
12880 183515  -8.67 422



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
12890 183499  -9.10 424
12000 183483  -9.54 -4.44
12910 183467  -9.85 -4.54
12920 183454  -10.09 -4.48
12930 183446  -10.09 -4.89
12040 183443  -9.98 423
129050 183441  -9.56 467
12060 183437  -9.49 -4.49
12070 183429  -9.31 -4.40
12080 183413  -9.38 422
129090 183392  -9.51 -4.36
13000 183371  -9.48 423
13010 183354  -9.57 -4.46
13020 183345  -9.50 -4.39
13030 183338  -8.79 -4.26
13040 183329  -8.62 411
13050 183313  -8.88 435
130.60 183292  -9.30 -4.66
13070 183271  -9.71 463
130.80 183254  -10.04 427
130.90 183244  -9.99 437
131.00 183241  -9.99 467
13110 183240  -9.56 434
13120 183238  -9.23 469
13130 183229  -9.06 427
13140 183206  -9.09 -4.48
13150 183175  -9.35 -4.09
131.60 183154  -9.90 -4.60
13170 183147  -9.80 -3.87
131.80 183143  -9.84 453
131.90 183142  -9.75 -4.43
13200 183141  -9.47 441
13210 183137  -9.15 -4.66
13220 183129  -8.52 -4.39
13230 183117  -8.67 -4.07
13240  1831.04  -9.21 424
13250 183091  -9.32 -4.47
132.60 183078  -9.55 441
13270 183065  -9.48 433
13280 183054  -9.60 472
13290 183045  -9.42 -4.46
133.00 183038  -8.77 -4.29
13310 183029  -8.13 -4.43
13320 183013  -8.32 -4.00
13330 182992  -8.85 -4.70
13340 182970  -8.90 -4.06

189

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
13350 182954  -9.41 -3.98
133.60 182946  -9.31 -4.44
13370 182941  -8.96 4.16
13380 182937  -9.12 403
133.90 182929  -8.56 462
13400 182916  -8.87 4.16
13410  1829.00  -9.02 439
13420 182884  -9.26 431
13430 182868  -9.64 -4.30
13440 182854  -9.95 451
13450 182846  -9.41 435
13460 182842  -9.46 422
13470 182838  -9.06 416
13480 182829  -8.95 -4.69
13490 182807  -9.08 -4.05
13500 182776  -9.66 412
13510 182754  -9.76 410
13520  1827.46  -9.67 -4.36
13530 182742  -9.31 433
13540  1827.38  -9.16 -4.38
13550 182729  -8.77 403
13560 182715  -8.91 414
13570 182699  -8.98 412
13580  1826.82  -9.38 453
13590 182667  -9.51 -4.46
13600 182654  -9.82 437
13610 182645  -9.53 -4.86
13620 182638  -9.14 -4.29
13630 182629  -8.67 -4.04
13640 182616  -8.80 -4.43
13650  1826.00  -8.83 520
136.60 182584  -9.43 -4.29
13670 182568  -9.51 452
136.80 182554  -9.67 414
136.90 182545  -9.65 -4.95
137.00 182538  -9.07 432
137.10 182529  -9.02 423
13720 182513  -9.03 474
137.30 182492  -9.00 -3.68
137.40 182470  -9.67 412
13750 182454  -9.91 441
137.60 182446  -9.85 410
137.70 182442  -9.77 458
137.80 182440  -9.78 -4.60
137.90 182437  -9.12 459
13800 182429  -8.74 478



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
13810 182416  -8.90 -4.40
13820 182400  -8.98 451
13830 182382  -9.20 417
13840 182366  -9.61 423
13850 182354  -9.70 -4.20
13860 182347  -9.54 427
13870 182343  -9.18 435
13880 182341  -9.49 -4.39
13890 182337  -8.98 451
13900 182329  -8.85 415
13910 182316  -9.20 419
13920 182300  -9.80 410
13930 182283  -10.20 479
13940 182267  -10.31 442
13950 182254  -10.47 433
139.60 182245  -10.31 -4.47
13970 182238  -9.73 462
13980 182229  -8.64 -4.45
13990 182216  -8.98 415
14000 182201  -8.94 -4.07
14010 182184  -9.53 413
14020 182168  -9.43 423
14030 182154  -10.14 432
14040 182145  -9.00 433
14050 182142  -9.82 -4.00
14060 182141  -9.91 413
14070 182140  -9.01 -4.44
14080 182137  -9.35 -4.03
14090 182129  -8.85 -4.26
14100 182109  -8.86 -4.03
14110 182080  -9.22 -4.47
14120 182054  -9.77 418
14130 182052  -9.22 -4.44
14140  1820.49

14150 182047  -8.96 427
14160 182045  -9.16 -4.08
14170 182042  -8.74 -4.10
14180 182029  -8.56 417
14190 181954  -8.94 -3.99
14200 181945  -8.83 410
14210 181942  -8.73 401
14220 181939  -8.78 -4.44
14230 181929  -8.60 412
14240 181914  -8.71 421
14250 181898  -8.86 412
14260 181883  -9.08 432

190

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)

14270 181868  -9.48 -4.46
14280 181854  -9.68 413
14290 181841  -9.54 422
14300 181829  -9.00 417
14310 181817  -9.25 4.16
14320 181806  -9.34 427
14330  1817.96  -9.34 415
14340  1817.85  -8.76 -4.30
14350 181775  -9.39 435
14360  1817.64  -9.45

14370 181754  -9.83

14380 181746  -9.85 -4.36
14390 181741  -9.62 424
14400 181737  -9.09 434
14410 181729  -8.92 -4.05
14420 181693  -9.39

14430 181654  -9.65

14440 181644  -9.59 441
14450 181641  -9.41 -4.83
14460 181641  -9.90 454
14470 181639  -9.58 437
14480 181629  -9.35 -4.46
14490 181611  -9.43 -4.56
14500 181589  -9.54 -4.49
14510 181568  -9.58

14520 181554  -9.85 453
14530 181547  -9.78

14540 181544  -9.58 478
14550 181542  -9.63 -4.42
14560 181541  -9.28 438
14570 181537  -9.04 424
14580 181529  -8.94 -4.30
14590 181517  -9.13 439
14600 181505  -9.36 451
14610 181491  -9.62 453
14620 181478  -9.68 451
14630 181465  -9.66 -4.45
14640 181454  -9.86 -4.56
14650 181445  -9.40 452
14660 181438  -8.47 -4.20
14670 181429  -8.39 -4.28
14680 181416  -8.70 439
14690 181400  -8.99 439
14700 181383  -9.19 439
14710 181367  -9.38 -4.47
14720 181354  -9.78 462



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
14730 181346  -9.29 -4.47
14740 181341  -9.02 437
14750 181337  -8.90 434
14760 181329  -8.64 431
14770 181316  -8.84 -4.28
14780  1813.00  -9.00 -4.29
14790 181282  -9.23 -4.56
14800 181266  -9.15 -4.45
14810 181254  -9.47 455
14820 181246  -9.24 458
14830 181241  -8.96 437
14840 181236  -9.07 -4.47
14850 181229  -8.92 -4.47
14860 181218  -8.92 -4.47
14870 181205  -8.97 459
14880 181191  -9.05 459
14890 181177  -9.15 455
14900 181165  -9.57 -4.66
14910 181154  -9.82 482
14920 181147  -9.50 457
14930 181143  -8.90 -4.54
14940 181140  -8.82 -4.44
14950 181136  -8.75 -4.44
14960 181129  -8.60 -4.43
14970 181119  -8.91 -4.38
14980 181106  -8.69 -4.26
14990 181092  -8.89 441
15000 181078  -8.88 457
150.10 181065  -8.64 416
15020 181054  -9.05 -4.44
15030 181047  -9.02 452
15040 181043  -9.08 451
15050 181042  -9.10 459
150.60 181040  -8.72 435
15070 181036  -8.69 -4.40
150.80 181029  -8.57 -4.30
150.90 181014  -8.57 -4.39
151.00  1809.93  -8.78 451
15110 180971  -8.85 463
15120 180954  -8.99 -4.44
151.30 180946  -8.86 -4.56
15140 180943  -8.75 -4.44
15150  1809.39  -8.72 -4.42
151.60 180929  -8.70 437
151.70 180911  -8.76 -4.47
151.80  1808.90  -8.98 455

191

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
151.90  1808.70  -9.04 -4.56
15200 180854  -9.25 -4.36
15210 180842  -9.15 425
15220 180829  -8.79 411
15230 180817  -9.16 421
15240  1808.04  -9.05 417
15250  1807.92  -9.40 429
15260  1807.79  -9.75 424
15270  1807.66  -9.74 -4.36
15280 180754  -9.82 -4.30
15290  1807.44  -951 415
15300  1807.37  -9.19 419
153.10  1807.29  -8.95 422
15320 180716  -8.97 423
15330  1807.00  -9.25 423
15340  1806.83  -9.85 -4.40
15350  1806.67  -9.86 444
15360 180654  -10.10 -4.39
15370  1806.46  -9.83 431
15380  1806.43  -8.58 3.95
153.90  1806.40  -8.59 -3.90
15400 180637  -8.59 -3.90
15410 180629  -8.42 -3.89
15420  1806.16  -8.76 -4.10
15430  1806.00  -9.24 -4.02
15440 180583  -9.60 413
15450 180567  -10.09 415
154.60 180554  -10.27 437
154.70 180545  -9.77 -4.05
15480 180538  -9.27 -4.02
15490 180529  -9.03 -3.97
15500 180516  -9.21 -3.94
15510 180500  -9.56 -4.05
15520  1804.83  -10.07 -4.10
15530 180467  -10.20 -4.10
15540 180454  -10.30 -4.09
15550  1804.45  -9.79 -4.08
15560 180438  -8.96 -3.82
15570 180429  -8.79 -3.84
15580 180416  -8.79 -3.86
15590  1804.00  -9.23 -3.89
156.00 180383  -9.50 -3.98
156.10 180367  -9.94 412
15620 180354  -10.06 423
15630 180346  -10.08 412
15640 180342  -9.51 -3.98



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
15650 180337  -8.92 -3.86
156.60 180329  -8.68 -3.90
15670 180316  -8.65 -3.83
156.80  1803.00  -9.13 -3.93
156.90  1802.84  -9.70 -4.04
157.00 180268  -10.01 411
15710 180254  -10.07 411
15720 180245  -9.89 -4.06
15730 180238  -9.29 -3.86
157.40 180229  -8.48 -3.65
15750 180212  -8.99 -3.88
157.60 180191  -9.37 -4.38
15770 180170  -9.51 -3.97
157.80 180154  -9.62 -4.28
157.90 180145  -9.42 -4.08
15800 180138  -8.82 381
158.10 180129  -8.40 -3.70
158.20 180117  -8.82 -4.08
15830 180104  -9.13 3.92
15840 180090  -9.28 -3.96
15850 180077  -9.61 -4.02
15860 180065  -9.88 412
15870 180054  -10.08 413
15880 180046  -10.03 -4.40
15890 180041  -9.60 -4.34
15900 180036  -8.93 413
159.10 180029  -8.77 3.92
15920 180019  -9.03 4.02
15930 180008  -9.26 401
15040  1799.97  -9.39 421
15950  1799.85  -9.76 -4.07
15960  1799.74  -10.06 435
15970 179963  -10.19 -4.26
159.80 179954  -10.45 422
159.90  1799.47  -10.38 421
16000  1799.42  -9.95 413
160.10  1799.36  -9.20 -3.97
16020 179929  -8.99 -3.98
16030 179921  -9.16 423
16040 179911  -9.47 -4.89
16050  1799.02  -9.70 3.92
160.60 179892  -9.85 402
16070  1798.82  -9.99 -4.05
160.80  1798.72  -10.14 414
160.90 179863  -10.09 -4.10
161.00 179854  -10.13 411

192

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
16110 179848  -10.17 -4.05
16120  1798.44  -9.42 -3.95
16130 179838  -8.35 -3.96
16140 179829  -8.20 -3.97
16150 179817  -8.60 -4.00
161.60 179804  -9.14 -4.05
16170 179792  -9.71 427
161.80 179779  -9.93 -4.26
161.90  1797.67  -10.02 437
162.00 179754  -10.05 424
16210  1797.42  -9.40 -4.04
16220 179729  -8.67 -3.86
16230 179717  -8.70 -3.82
16240 179707  -8.97 381
16250 179698  -8.93 -3.83
162.60 179690  -9.04 -3.87
16270 179682  -9.55 -4.04
16280 179675  -9.99 -4.06
162.90  1796.68  -10.39 410
163.00 179661  -10.54 412
163.10 179654  -10.59 -4.29
16320 179647  -10.33 418
16330 179642  -9.22 -3.95
16340 179636  -8.50 -3.79
16350 179629  -8.37 -3.80
163.60 179619  -8.48 -3.80
16370  1796.06  -9.19 -3.96
163.80 179592  -9.74 413
163.90 179577  -9.94 410
16400 179564  -9.93 -4.08
16410 179554  -10.21 5.08
16420 179546  -9.97 467
16430 179537  -9.13 -4.44
16440 179529  -8.72 461
16450 179521  -8.91 -4.00
16460 179512  -8.90 463
16470 179504  -9.21 421
16480 179496  -9.31 421
16490 179487  -9.44 427
16500 179479  -9.94 -5.00
16510 179471  -10.07 427
16520 179462  -10.24 432
16530 179454  -10.37 439
16540 179447  -10.24 -4.83
16550 179442  -9.38 -4.68
16560 179436  -8.67 -4.08



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
16570 179429  -8.62 -4.60
16580 179420  -8.81 -4.60
16500 179410  -9.04 472
166.00 179398  -9.31 481
166.10 179387  -9.50 -4.87
16620 179375  -9.94 -4.94
166.30 179364  -9.94 -4.97
166.40 179354  -10.13 -5.08
166.50 179345  -10.00 -5.40
166.60 179338  -9.09 -4.87
166.70 179329  -8.30 462
166.80 179318  -8.52 -4.97
166.90  1793.06  -9.13 -4.88
167.00 179292  -9.37 518
167.10 179279  -9.75 -5.38
16720 179266  -9.74 -5.29
167.30 179254  -9.76 532
167.40 179245  -9.43 -4.98
16750 179238  -8.82 515
167.60 179229  -8.22 -4.69
167.70 179216  -8.42 492
167.80 179200  -8.85 512
167.90 179183  -9.31 533
16800 179167  -9.70 -5.29
168.10 179154  -9.88 -5.49
16820 179146  -9.84 527
168.30 179141  -9.62 501
16840 179137  -8.73 492
16850 179129  -8.56 473
168.60 179116  -8.95 -5.09
16870  1791.00  -9.03 467
168.80  1790.84  -9.07 491
168.90 179067  -9.37 479
169.00 179054  -9.47 -4.83
169.10 179046  -9.41 -4.83
16920 179041  -8.74 455
16930 179037  -8.31 451
16940 179029  -8.19 454
16950 179013  -8.83 477
169.60  1789.92  -9.00 -4.80
16970 178970  -9.21 -4.86
169.80 178954  -9.41 484
169.90 178946  -9.25 481
17000 178942  -8.77 -4.68
17010  1789.40  -8.36 462
17020 178937  -8.32 459

193

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
17030 178929  -8.29 457
17040 178916  -8.62 473
17050  1789.00  -9.18 -4.86
17060 1788.83  -9.51 -4.98
17070 178867  -9.61 -5.00
17080 178854  -9.70 5.05
17090 178846  -9.73 491
17100 178843  -9.14 471
17110 178841  -8.68 461
17120 178837  -8.61 451
17130 178829  -8.57 454
17140 178813  -8.81 -4.64
17150  1787.92  -9.03 -4.66
17160 178771  -9.25 473
17170 178754  -9.41 475
17180 178745  -8.45 -4.42
17190 178739  -8.52 -4.46
17200 178729  -8.30 -4.43
17210 178712  -8.48 -4.47
17220 178691  -8.91 463
17230 178670  -9.04 -4.68
17240 178654  -9.56 475
17250 178645  -9.45 -4.66
17260 178638  -8.63 -4.43
17270 178629  -8.51 -4.43
17280 178615  -8.64 -4.45
17290 178599  -8.80 -4.44
17300 178582  -9.22 454
17310 178567  -9.29 462
17320 178554  -9.38 462
17330 178545  -9.25 463
17340 178538  -8.69 451
17350 178529  -8.50 437
173.60 178517  -8.49 432
17370 178505  -8.90 -4.42
17380 178492  -9.34 -4.43
17390 178479  -9.35 438
17400 178466  -9.34 -4.46
17410 178454  -9.61 432
17420 178445  -9.42 -4.30
17430 178438  -8.86 412
17440 178429  -8.48 -4.00
17450 178413  -8.64 416
17460 178392  -9.01 413
17470 178371  -9.32 417
17480 178354  -9.33 418



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
17490 178345  -9.36 425
17500 178338  -9.15 421
17510 178329  -9.00 418
17520 178316  -9.08 -4.28
17530 178300  -9.36 -4.28
17540  1782.84  -9.46 427
17550 178268  -9.62 422
17560 178254  -9.81 441
17570 178245  -9.48 -4.26
17580 178242  -9.33 433
17590 178241  -8.94 -3.99
17600 178238  -8.56 3.97
17610 178229  -8.52 377
17620 178208  -9.12 -3.97
17630 178178  -8.42 427
17640 178154  -9.48 419
17650 178144  -9.44 -4.06
176.60 178139  -8.83 391
17670 178129  -8.54 381
17680 178105  -8.69 -3.88
17690 178075  -8.86 401
17700 178054  -9.54 -4.05
17710 178045  -9.30 -4.03
17720 178042  -9.40 -4.03
17730 178042  -9.35 -4.09
17740 178041  -9.32 -3.89
17750 178038  -9.05 3.92
177.60 178029  -9.02 -3.99
17770 178015  -9.21 -3.98
17780 178000  -9.39 415
177.90  1779.83  -9.45 416
17800 177968  -9.43 417
17810 177954  -9.61 421
17820 177945  -9.20 424
17830 177939  -9.06 -4.03
17840 177929  -9.00 -4.28
17850  1779.06  -9.15 417
178.60  1778.75  -9.25 411
17870 177854  -9.31 -4.10
17880 177845  -9.05 -3.90
178.90 177837  -8.90 423
179.00 177829  -8.87 -4.09
17910 177820  -9.04 421
179.20 177810  -9.06 435
179.30 177801  -9.24 423
17940  1777.92  -9.22 434

194

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
17950  1777.82  -9.16 412
17960 177773 -9.62 4.16
17970 177763  -9.67 424
17980 177754  -9.86 417
17990 177747  -9.59 421
180.00 177743  -9.76 -4.26
180.10  1777.40  -9.70 422
18020  1777.36  -9.55 424
18030 177729  -9.22 -3.93
18040 177695  -9.24 403
18050 177654  -9.35 -4.20
180.60 177643  -9.32 -3.93
18070 177641  -9.28 -3.98
18080 177629  -9.18 427
180.90 177590  -9.27 -4.28
18100 177554  -9.37 -4.28
18110 177544  -9.17 424
18120 177541  -9.26 -4.06
18130 177538  -9.05 419
18140 177529  -9.01 391
18150 177511  -9.09 459
18160 177491  -9.25 422
18170 177470  -9.27 412
181.80 177467  -9.38 419
18190 177463  -9.41 -4.20
18200 177459  -9.40 413
18210 177456  -9.30 -4.04
18220 177452  -9.30 410
18230 177446  -9.80 -4.20
18240 177429  -9.18 -4.26
18250 177404  -9.20 -4.07
18260 177379  -9.34 410
18270 177354  -9.40 410
182.80 177329  -9.00 -4.19
182.00 177308  -9.25 412
183.00 177293  -9.46 -4.36
18310  1772.82  -9.43 -4.05
183.20 177275  -9.30 422
183.30  1772.69  -9.57 462
18340  1772.62  -9.67 427
183.50 177254  -10.13 435
183.60 177247  -9.86 -4.30
183.70 177243  -9.97 -4.47
183.80 177241  -9.67 417
183.90  1772.37  -9.78 423
184.00 177229  -9.42 423



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
18410 177154  -9.72 413
18420 177144  -9.58 412
18430 177139  -9.44 410
18440 177129  -9.44 413
18450 177111  -9.59 414
18460 177091  -9.55 413
18470 177071  -9.69 417
18480 177054  -9.76 473
18490 177044  -9.48 -4.07
18500 177039  -9.52 -3.93
18510 177029  -9.03 -4.38
18520 176991  -9.35 481
18530 176954  -9.82 473
18540  1769.46  -9.79 -4.90
18550  1769.42  -9.76 435
18560 176941  -9.56 425
18570  1769.40  -9.62 -4.38
18580 176937  -9.25 414
18500 176929  -8.91 413
186.00 176917  -8.91 413
186.10  1769.05  -9.28 -4.39
18620 176892  -9.35 414
18630  1768.78  -9.55 -4.50
18640 176866  -9.74 -4.44
18650 176854  -9.76 437
186.60  1768.46  -9.74 462
186.70  1768.43  -9.49 461
186.80 176841  -9.47 437
186.90 176840  -9.53 452
187.00 176837  -9.43 458
187.10 176829  -9.38 -4.42
18720 176791  -9.54 435
187.30 176754  -9.78 -4.44
187.40 176747  -9.73 511
18750  1767.43  -9.58 4,65
187.60 176742  -9.68 479
187.70 176742  -9.77 -4.47
187.80 176741  -9.41 -4.48
187.90 176737  -9.01 452
188.00 176729  -8.50 432
18810 176719  -8.99 416
18820  1767.08  -9.30 -4.47
18830 176697  -9.30 454
18840  1766.86  -9.36 422
18850  1766.75  -9.30 424
188.60 176664  -9.38 -4.26

195

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
18870 176654  -9.55 -4.42
188.80 176645  -9.22 410
188.90  1766.38  -8.89 417
189.00 176629  -8.47 -4.04
189.10  1766.09  -8.78 417
18920 176578  -8.47 -4.04
18930 176554  -9.23 -4.48
18940 176551  -9.12 -4.07
18950 176548  -8.85 417
189.60 176545  -9.06 432
18970 176542  -9.08 423
189.80 176539  -9.03 -4.20
189.90 176529  -8.71 410
19000 176506  -9.10 418
19010 176477  -9.32 -4.28
19020 176454  -9.47 422
19030 176444  -9.34 412
19040 176442  -9.14 414
19050 176439  -8.70 401
19060 176429  -8.50 -3.93
19070 176405  -8.65 -3.97
19080 176375  -9.01 -3.99
19090 176354  -9.07 410
191.00 176346  -8.74 403
19110 176342  -8.91 -4.06
19120 176341  -9.02 416
19130 176337  -9.22 -4.06
19140 176329  -8.51 -3.90
19150 176315  -8.78 -4.03
19160 176299  -8.90 -4.04
19170 176282  -9.16 -4.07
19180 176267  -9.08 -4.08
19190 176254  -9.34 411
19200 176246  -9.10 416
19210 176241  -9.16 419
19220 176237  -9.07 -4.03
19230 176229  -8.84 -3.99
19240 176216  -9.03 -3.99
19250 176200  -8.92 402
19260 176183  -9.19 412
19270 176167  -9.55 -4.26
19280 176154  -11.28 431
19290 176146  -9.23 413
193.00 176143  -9.43 416
19310 176141  -9.16 432
19320 176140  -9.24 414



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
19330 176136  -9.17 -4.04
19340 176129  -8.99 415
19350 176117  -8.99 -4.09
19360 176101  -9.10 415
19370 176084  -9.17 410
19380 176068  -9.03 412
19390 176054  -9.43 418
19400 176046  -9.26 414
19410 176043  -9.43 416
19420 176041  -8.68 -4.03
19430 176037  -8.93 -4.08
19440 176029  -8.55 401
19450 176006  -9.04 418
19460 175975  -9.03 -4.48
19470 175954  -9.23 422
19480 175947  -9.18 414
19490 175942  -9.23 422
19500 175937  -9.12 -4.09
19510 175929  -8.93 -4.03
19520 175918  -9.00 417
19530 175907  -9.11 416
19540 175896  -9.57 425
19550  1758.85  -9.44 427
19560 175874  -9.58 -4.28
19570 175864  -9.70 437
19580 175854  -9.97 -4.96
19500 175845  -9.64 437
196.00 175837  -9.44 435
19610 175829  -9.34 422
19620 175820  -9.50 422
19630 175809  -9.36 -5.34
19640  1757.98  -9.67 423
19650  1757.87  -9.59 -4.26
196.60 175776  -9.52 435
19670  1757.65  -9.56 424
196.80 175754  -9.68 418
196.90 175746  -9.58 -4.29
197.00 175743  -9.31 413
19710 175740  -9.24 423
19720 175736  -9.24 418
197.30 175729  -9.16 434
19740 175654  -9.58 -4.25
19750 175652  -9.47 -4.30
197.60 175651  -9.37 -4.30
197.70 175649  -9.37 -4.30
197.80 175647  -9.23 431

196

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
197.90 175646  -9.11 -4.38
19800 175629  -8.86 -4.36
19810 175592  -9.24 -4.49
19820 175554  -9.34 -4.30
19830 175552  -8.56 462
19840 175551  -9.22 434
19850 175549  -9.26 -4.49
198.60 175548  -9.27 433
19870 175546  -9.00 425
19880 175529  -8.84 -4.28
198.90 175454  -9.74 -4.45
199.00 175446  -9.51 -4.36
19910 175442  -9.54 434
19920 175437  -9.55 439
19930 175429  -9.28 -4.29
19940 175418  -9.31 453
19950 175408  -9.63 438
19960 175397  -9.55 454
19970 175386  -9.56 -4.46
19980 175375  -9.52 -4.40
199.90 175364  -9.74 -4.46
20000 175354  -9.74 -4.48
20010 175345  -9.37 -4.45
20020 175338  -9.38 455
20030 175329  -9.29 -4.40
20040  1753.08  -9.31 453
20050 175278  -9.25 434
200.60 175254  -9.63 -4.42
20070 175242  -9.01 -4.20
20080 175229  -8.83 417
20090 175211  -8.94 414
201.00 175190  -8.97 431
20110 175170  -9.11 -4.60
201.20 175154  -9.33 453
201.30 175141  -9.25 -4.46
20140 175129  -9.21 439
20150 175118  -9.22 441
201.60 175107  -9.27 439
201.70 175096  -9.33 458
201.80 175085  -9.53 455
201.90 175075  -9.55 -4.64
20200 175064  -9.68 463
20210 175054  -9.77 -4.87
20220 175045  -9.57 -4.68
20230 175038  -9.60 457
20240 175029  -9.20 469



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
20250 175017  -9.21 458
202.60 175001  -9.50 -4.97
20270  1749.84  -9.71 -4.70
202.80 174968  -9.79 -4.95
202.90 174954  -9.98 -4.90
203.00 174946  -9.98 -5.08
20310 174941  -9.67 475
20320 174937  -9.34 459
20330 174929  -9.24 -4.47
20340 174913  -9.57 457
20350 174891  -9.67 457
203.60 174869  -9.61 471
20370 174854  -9.85 467
203.80 174847  -9.73 458
203.90 174843  -9.42 -4.48
20400 174838  -9.23 -4.47
20410 174829  -9.01 434
20420 174817  -9.34 453
20430 174804  -9.29 -4.43
20440 174792  -9.67 -4.80
20450 174779  -9.61 461
20460 174766  -9.67 455
20470 174754  -9.94 437
20480 174742  -9.82 -4.36
20490 174729  -9.23 442
20500 174717  -9.30 413
20510  1747.06  -9.43 416
20520 174696  -9.50 431
20530 174686  -9.70 424
20540 174676  -9.31 418
20550 174665  -9.81 427
20560 174654  -9.96 -4.43
20570 174642  -9.90 437
20580 174629  -9.31 -4.30
20590 174618  -9.60 437
206.00 174606  -9.38 -4.30
206,10 174596  -9.38 -4.30
206.20 174585  -9.53 -4.38
206.30 174575  -9.84 -4.30
20640 174564  -9.78 -4.36
20650 174554  -10.44 -4.36
206.60 174545  -9.67 417
206,70 174538  -9.36 418
206.80 174529  -9.09 416
206.90 174508  -9.29 -4.09
207.00 174477  -9.23 435

197

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
20710 174454  -9.72 432
207.20 174445  -9.69 417
207.30 174444  -9.30 415
20740 174443  -9.46 437
207.50 174442  -9.66 461
207.60 174442  -9.47 -4.28
207.70 174441  -9.37 -4.08
207.80 174437  -9.26 -4.20
207.90 174429  -9.15 424
20800 174416  -9.21 413
20810 174399  -9.39 411
20820 174382  -9.31 -4.09
20830 174367  -9.42 413
20840 174354  -9.70 431
20850 174347  -9.48 417
208.60 174343  -9.28 415
20870 174341  -9.12 -4.43
20880 174337  -9.16 418
20890 174329  -8.81 378
209.00 174313  -8.89 -3.87
20910 174292  -9.30 438
209.20 174270  -9.54 -4.09
209.30 174254  -9.73 424
20940 174245  -9.39 414
209.50 174238  -9.24 412
209.60 174229  -8.84 -4.05
209.70 174215  -8.94 -4.20
209.80 174199  -9.01 432
209.00 174182  -9.02 -4.44
21000 174167  -8.98 441
21010 174154  -9.05 413
21020 174145  -8.99 -3.97
21030 174138  -8.98 -4.03
21040 174129  -8.85 -4.07
21050 174118  -8.84 -4.07
210.60 174105  -8.91 -4.06
21070 174092  -9.05 413
210.80 174078  -9.07 413
210.90 174065  -9.68 417
211.00 174054  -9.76 -4.26
21110 174046  -9.59 427
211.20 174043  -9.59 -4.26
211.30 174042  -9.48 -4.20
21140 174040  -9.13 423
21150 174037  -9.02 -4.04
211.60 174029  -8.96 -4.08



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
21170 174016  -9.23 411
211.80 174000  -9.58 -4.46
211.90  1739.83  -9.65 416
21200 173967  -9.35 422
21210 173954  -9.82 -4.36
21220 173945  -9.58 415
21230 173938 -9.10 414
21240 173929  -8.61 401
21250 173918  -9.10 415
21260  1739.05  -9.13 -4.05
21270 173892  -9.12 -3.86
21280 173878  -8.96 -4.08
21200 173865  -9.31 -4.07
21300 173854  -9.44 401
21310 173846  -9.36 412
21320 173841  -9.42 -4.20
21330 173836  -9.19 421
21340 173829  -8.92 -4.09
21350 173817  -9.03 -4.05
21360 173801  -9.12 417
21370  1737.83  -9.20 3.92
21380 173767  -9.51 -4.38
213.90 173754  -9.56 417
21400 173747  -9.48 -3.96
21410 173743  -9.45 -4.38
21420 173742  -9.15 378
21430 173741  -9.09 391
21440 173737  -8.90 -4.50
21450 173729  -8.85 422
21460 173716  -9.17 423
21470  1737.00  -9.26 474
21480 173683  -9.58 -4.43
21490 173667  -9.56 401
21500 173654  -10.00 441
21510 173645  -9.87 -4.43
21520 173638  -9.52 401
21530 173629  -9.40 441
21540 173618  -9.61 414
21550 173605  -9.94 437
21560 173592  -9.94 417
21570 173579  -10.19 432
21580 173566  -10.09 -4.29
21500 173554  -10.34 -4.30
216.00 173546  -10.28 433
21610 173541  -9.73 -3.99
21620 173537  -9.57 -3.98

198

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
21630 173529  -9.38 -4.36
21640 173492  -9.62 411
21650 173454  -9.93 -3.95
216.60 173444  -9.86 439
216,70 173441  -9.65 402
216.80 173441  -9.53 411
216.90 173439  -8.96 413
217.00 173429  -8.72 -3.85
21710 173411  -9.09 -4.49
217.20 173390  -9.17 -3.88
217.30 173370  -9.49 -3.97
21740 173354  -9.73 411
21750 173346  -9.60 424
217.60 173342  -9.50 419
21770 173341  -9.36 -4.05
21780 173337  -9.02 301
217.90 173329  -8.74 -3.88
21800 173313  -8.87 -4.29
21810 173291  -9.30 452
21820 173269  -9.87 437
21830 173254  -9.98 -4.46
21840 173247  -9.79 -4.29
21850 173243  -9.95 -4.43
21860 173241  -9.91 -4.42
21870 173239  -9.67 412
21880 173236  -9.26 467
21890 173229  -9.17 423
21900 173220  -9.36 412
21910 173209  -9.39 415
21920 173198  -9.60 416
219.30 173185  -10.05 -4.66
21940 173170  -10.09 -4.36
21950 173154  -10.26 441
219.60 173129  -9.36 -4.80
21970 173116  -9.76 -4.30
219.80 173104  -9.39 437
219.90 173093  -9.50 -4.44
22000 173082  -9.48 463
22010 173072  -9.83 -4.95
22020 173063  -10.07 458
22030 173054  -10.32 457
22040 173046  -10.25 4,65
22050 173038  -9.66 -4.28
22060 173029  -9.40 433
22070 173019  -9.44 422
22080 173009  -9.55 -4.29



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
22090 172998  -9.76 -4.45
22100  1729.87  -10.08 -4.54
22110 172976  -10.44 -4.60
22120 172965  -10.28 -4.47
22130 172954  -10.53 459
22140 172945  -10.17 432
22150 172938  -9.36 413
22160 172929  -9.00 415
22170 172908  -9.22 411
22180 172877  -9.58 -4.26
22190 172854  -9.85 431
22200 172845  -9.73 -4.47
22210 172841  -9.60 -4.29
22220 172837  -8.90 418
22230 172829  -8.71 416
22240 172816  -9.21 461
22250 172800  -9.74 -4.45
22260  1727.83  -10.34 -4.54
22270 172767  -10.40 458
22280 172754  -10.53 -4.56
22200 172746  -10.38 -4.39
22300 172743  -10.49 451
22310 172742  -9.90 424
22320 172741  -9.35 -4.07
22330 172738  -9.10 -4.05
20340 172729  -8.95 -4.04
22350 172707 -9.25 421
22360 172676  -9.53 437
22370 172654  -9.90 -4.66
22380 172645  -9.92 -3.70
22390 172638  -9.44 419
22400 172629  -8.88 418
22410 172615  -8.98 419
22420 172599  -9.30 431
22430 172582  -9.74 453
22440 172567  -9.92 -4.44
22450 172554  -10.30 -4.46
22460 172546  -10.28 -4.49
22470 172541  -10.10 -4.30
22480 172537  -9.69 455
22490 172529  -8.96 -4.20
22500 172516  -8.97 -4.09
22510 172501  -9.32 -4.39
22520 172484  -9.88 -4.38
22530 172468  -10.19 458
22540 172454  -10.45 -4.38

199

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)

22550 172445  -10.17 -4.30
22560 172441  -9.94 -4.20
22570 172437  -9.51 414
20580 172429  -9.34 421
22500 172407  -9.45 415
22600 172377  -9.83 427
22610 172354  -10.06 -4.46
22620 172345  -9.99 424
22630 172342  -10.04 421
22640 172341  -9.88 -4.28
22650 172338  -9.67 4.16
226.60 172329  -9.46 411
22670 172311  -9.50 427
226.80 172289  -9.64 -4.20
22690 172268  -9.94 -4.36
22700 172254  -9.97 413
22710 172247  -9.87 -4.20
22720 172242  -9.99 -4.20
22730 172236  -9.41 416
22740 172229  -8.75 425
22750 172220  -8.74 403
22760 172212

22770 172203 -9.71 -4.20
22780 172194  -9.73 -4.49
22790 172185

22800 172175  -10.11 435
22810 172165  -9.83 -4.36
22820 172154  -10.35 425
22830 172142  -10.02 -4.26
22840 172129  -8.92 421
22850 172115  -9.25 -4.09
22860 172100  -9.41 424
22870 172084  -9.82 423
22880 172069  -10.18 425
22890 172054  -10.29 -4.20
22000 172045  -10.23 422
22010 172041  -9.78 411
22020 172037  -9.60 -4.04
22030 172029  -9.41 411
22040 172007  -9.46 425
22050 171976  -9.60 401
22060 171954  -9.75 403
22070 171945  -9.63 -3.99
22080 171938  -9.29 461
22000 171929  -9.02 -4.39
23000 171915  -9.18 417



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
23010 171899  -9.45 -4.36
23020 171882  -9.47 461
230.30 171867  -9.89 -4.39
23040 171854  -10.28 451
230.50 171846  -10.30 -4.42
230.60 171841  -10.26 -4.47
230.70 171836  -10.13 -4.54
230.80 171829  -9.56 422
230.90 171817  -9.66 -4.36
231.00 171801  -9.69 -4.47
23110  1717.84  -9.74 -4.47
23120 171768  -10.01 -4.54
231.30 171754  -10.09 452
23140 171745  -9.98 457
23150 171742 -9.77 -4.48
231.60 171741  -9.63 -4.84
23170 171741 -9.79 -4.86
231.80 171740  -9.84 -4.54
231.90 171737  -9.76 -4.43
23200 171729  -9.56 -4.26
23210 171707  -10.03 452
23220 171676  -9.74 -4.70
23230 171654  -10.08 475
23240 171652  -9.96 -4.70
23250 171649  -10.00 457
23260 171647  -9.82 477
23270 171644  -9.59 -4.43
23280 171644  -9.76 452
23200 171639  -9.59 -4.64
23300 171629  -9.31 454
23310 171615  -9.50 441
23320 171599  -9.43 441
23330 171584  -9.54 479
23340 171569  -9.53 -4.49
23350 171554  -9.83 493
23360 171542  -9.71 484
23370 171529  -9.64 467
23380 171492  -9.80 -4.95
233.90 171454  -10.15 493
23400 171441  -9.87 -4.56
23410 171429  -9.77 451
23420 171411  -9.82 -4.70
23430 171391  -9.89 -4.46
23440 171371  -9.92 -4.56
23450 171354  -9.98 492
23460 171344  -9.82 -4.66

200

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
23470 171341  -9.93 458
23480 171338  -9.80 -4.43
23400 171329  -9.73 -4.84
23500  1713.06  -9.73 459
23510 171276  -9.96 439
23520 171254  -10.02 -4.49
23530 171245  -10.02 -4.89
23540 171238  -10.03 -4.42
23550 171229  -9.75 -4.50
23560 171215  -9.94 -4.43
23570 171200  -9.77 -4.48
23580  1711.84  -9.98 471
23500 171168  -10.11 -4.49
236.00 171154  -10.22 434
23610 171152  -10.01 4,65
23620 171150  -9.81 -4.44
23630 171148  -9.79 425
23640 171146  -9.78 439
23650 171144  -9.64 427
236.60 171144  -9.74 439
236,70 171140  -9.66 467
236.80 171129  -9.31 -4.28
236.00 171093  -9.47 415
237.00 171054  -9.75 432
23710 171042  -9.31 458
237.20 171029  -9.23 453
237.30 171004  -9.58 -4.70
23740 170976  -9.89 452
237.50 170954  -10.02 -4.56
237.60  1709.44  -9.86 -4.49
237.70 170940  -10.05 -4.40
237.80 170937  -9.68 423
237.00 170929  -9.47 478
23800 170912  -9.69 481
23810 170892  -9.89 437
23820 170871  -10.23 475
23830 170854  -10.29 479
23840 170851  -10.25 474
23850 170849  -10.09 477
238.60 170846  -9.56 411
23870 170843  -9.54 -4.36
23880 170840  -9.51 451
23800 170829  -9.46 435
239.00 170806  -10.16 524
23910 170777  -10.11 -5.40
239.20 170754  -10.22 455



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
239.30 170742  -9.93 481
23940 170729  -9.48 -4.60
239.50 170711  -9.50 -4.43
239.60 170690  -9.52 -4.87
239.70 170670  -9.88 -5.06
239.80 170654  -10.22 474
239.90 170644  -10.04 -5.40
24000 170638  -9.99 441
24010 170629  -9.51 -4.94
24020 170615  -9.74 -5.44
24030 170600  -9.78 -4.60
24040 170584  -9.94 476
24050 170568  -9.87 458
24060 170554  -10.01 474
24070 170545  -9.85 476
24080 170538  -10.06 -5.88
24090 170529  -9.73 477
24100 170507  -9.88 472
24110 170478  -10.03 -5.04
24120 170454  -10.15 -4.83
24130 170444  -9.98 474
24140 170439  -9.94 491
24150 170429  -9.88 467
24160 170405  -9.91 -4.84
24170 170376  -9.99 -4.84
24180 170354  -10.08 -4.86
24190 170345  -10.00 451
24200 170339  -10.07 457
24210 170329  -9.93 474
24220 170312  -9.95 463
24230 170292  -10.07 -4.66
24240 170272  -9.94 433
24250 170254  -10.14 461
24260 170241  -9.96 -4.47
24270 170229  -9.63 -4.43
24280 170190  -9.70 -4.69
24290 170154  -9.91 437
24300 170145  -9.79 477
24310 170141  -9.94 477
24320 170137  -9.80 -4.46
24330 170129  -9.61 -4.47
24340 170117  -9.65 479
24350 170104  -9.89 -4.60
24360 170092  -10.04 481
24370 170079  -9.99 492
24380 170066  -10.19 462

201

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
24390 170054  -10.33 -4.60
24400 170045  -9.68 481
24410 170038  -9.63 429
24420 170029  -9.49 475
24430  1699.92  -9.71 459
24440 169954  -9.92 -4.40
24450 169945  -9.69 458
24460 169942  -9.75 432
24470 169938  -9.84 491
24480 169929  -9.67 467
24490 169914  -9.79 429
24500 169899  -9.78 -4.30
24510  1698.83  -9.93 475
24520  1698.68  -9.87 476
24530 169854  -10.02 -4.48
24540 169842  -9.75 -4.43
24550 169829  -9.29 -4.43
24560 169815  -9.30 -4.30
24570  1698.00  -9.74 441
24580  1697.84  -10.22 461
24500  1697.68  -10.22 -4.70
24600 169754  -10.54 -4.98
24610 169745  -10.47 473
24620 169740  -10.29 479
24630 169737  -9.63 463
24640 169729  -9.58 -4.56
24650 169713 -9.70 439
24660 169692  -9.82 462
24670 169671  -9.91 471
24680 169654  -10.31 461
24690 169645  -10.13 461
24700 169642  -9.93 4.92
24710 169638  -9.66 481
24720 169629  -9.32 439
24730 169613  -9.42 -4.44
24740 169592  -9.72 -4.97
24750 169570  -10.01 -4.66
24760 169554  -10.09 -4.90
24770 169545  -9.95 -4.96
24780 169542  -9.69 -4.47
24790 169538  -9.41 -4.90
24800 169529  -9.12 439
24810 169512  -9.29 435
24820 169490  -9.70 -4.47
24830 169469  -9.79 -4.47
24840 169454  -9.90 481



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
24850 169446  -9.64 -5.04
24860 169442  -9.91 -5.08
24870 169437  -9.52 472
24880 169429  -9.35 465
24890 169417  -9.50 -4.66
24900 169405  -9.56 -4.49
24910 169391  -9.74 453
24920 169378  -9.77 -4.83
24930 169365  -9.49 -4.88
24940 169354  -9.91 479
24950 169345  -9.71 -4.70
24960 169338  -9.39 -4.40
24970 169329  -9.09 458
24980 169316  -9.30 -4.48
24990 169300  -9.50 471
250.00  1692.83  -9.72 -4.66
25010 169267  -9.70 -4.86
25020 169254  -9.77 -4.89
250.30 169246  -9.75 453
25040 169242  -9.71 -4.40
250.50 169237  -9.29 -4.43
250.60 169229  -9.10 -4.03
250.70 169216  -9.20 401
250.80 169199  -9.13 418
250.90  1691.82  -9.42 423
251.00  1691.66

25110 169154  -9.55 412
251.20 169145  -9.56 -4.10
251.30 169138  -9.32 413
25140 169129  -9.19 425
25150 169119  -9.19 412
251.60  1691.08  -9.27 -4.10
25170 169097  -9.45 434
251.80  1690.86  -9.71 -4.47
251.90 169075  -9.78 411
25200 169064  -10.08 437
25210 169054  -10.12 463
25220 169046  -10.13 -4.30
25230 169042  -10.02 454
25240 169037  -9.04 418
25250 169029  -8.76 -4.28
25260 169017  -8.85 427
25270 169000  -9.20 -4.30
25280  1689.83  -9.49 453
25200 168966  -9.77 -4.69
25300 168954  -9.82 421

202

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
25310 168945  -9.67 -4.07
25320  1689.38  -9.16 438
25330 168929  -8.73 431
25340 168919  -9.11 437
25350  1689.09  -9.28 -5.09
25360 168899  -9.54 -4.82
25370  1688.88  -9.53 -4.40
25380  1688.77  -9.69 -4.40
25390 168866  -9.75 -4.88
25400 168854  -9.86 470
25410 168842  -9.33 -4.46
25420 168829  -8.87 -4.60
25430 168817  -9.19 4,65
25440  1688.04  -9.02 432
25450  1687.92  -9.19 491
25460 168779  -9.54 487
25470 168766  -9.64 467
25480 168754  -10.56 478
25490 168745  -10.06 502
25500  1687.41  -10.20 481
25510  1687.38  -9.83 -4.60
25520  1687.35  -9.70 -4.66
25530 168729  -9.23 419
25540 168718  -9.41 -4.50
25550  1687.06  -9.60 453
25560 168692  -9.81 431
25570 168677  -9.68 457
25580 168665  -9.88 469
25500 168654  -10.16 -4.70
256.00 168647  -10.14 435
25610 168642  -9.96 454
256.20 168637  -9.69 463
256.30 168629  -9.20 458
25640 168618  -9.35 454
25650  1686.05  -9.29 454
256.60 168591  -9.41 487
256,70 168577  -9.24 434
256.80 168564  -9.31 433
256.00 168554  -9.52 414
257.00 168546  -9.44 425
25710 168537  -9.53 -4.47
257.20 168529  -8.94 -5.00
25730 168520  -9.11 416
25740 168511  -9.07 452
25750 168501  -9.00 -4.68
257.60 168491  -9.28 467



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
257.70 168482  -9.37 418
257.80 168472  -9.52 441
257.90 168463  -9.68 -4.89
25800 168454  -9.87 462
25810 168447  -9.89 463
25820 168441  -9.61 -4.98
258.30 168436  -9.66 415
25840 168429  -9.45 -4.93
25850 168420  -9.52 481
25860 168410  -9.53 465
25870 168399  -9.71 -4.28
258.80  1683.88  -9.79 -5.22
25890 168376  -9.79 515
25000 168364  -9.92 -4.90
25010 168354  -10.07 513
25020 168347  -10.05 515
25030 168343  -9.85 502
25040 168342  -10.05 492
25050 168342  -9.93 573
250.60 168340  -9.48 523
25070 168337  -9.26 -5.50
250.80 168329  -9.19 491
250.00 168293  -9.48 462
260.00 168254  -9.53 -5.40
260.10 168244  -9.51 -4.84
260.20 168240  -9.27 -4.90
260.30 168229  -8.97 451
26040 168204  -8.98 431
260.50 168175  -9.12 457
260.60 168154  -9.55 4,65
260.70 168144  -9.56 -4.30
260.80 168138  -9.24 433
260.90 168129  -9.01 -4.20
261.00 168116  -9.15 -4.46
26110 168102  -9.00 -4.46
261.20  1680.88  -9.26 -4.36
261.30 168072  -9.29 -4.45
26140 168054  -9.71 474
26150 168029  -9.36 -4.39
261.60 168014  -9.34 431
26170 168000  -9.62 423
261.80  1679.87  -9.61 -4.48
261.90  1679.75  -9.59 435
26200 167964  -9.41 -4.36
26210 167954  -9.86 -4.48
262.20 167945  -9.43 -4.44

203

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
26230  1679.38  -9.51 -4.36
26240 167929  -9.37 -4.47
26250 167914  -9.76 -4.68
262.60 167892  -9.61 461
26270 167871  -9.80 -4.54
26280 167854  -9.83 476
26200 167845  -9.81 462
263.00 1678.44  -9.64 -4.82
26310 167843  -9.66 -4.70
26320 167842  -9.44 469
26330 167842  -9.40 467
26340 167841  -9.46 -5.06
26350 167837  -9.48 479
263.60 167829  -9.29 471
26370 167814  -9.68 -4.47
26380 167793  -9.71 468
26390  1677.72  -9.49 479
26400 167754  -9.93 -4.96
26410 167745  -9.64 -4.90
26420 167742  -9.59 -4.69
26430 167741  -9.64 -4.68
26440  1677.38  -9.41 474
26450 167729  -8.97 -3.95
26460 167692  -9.21 -4.09
26470 167654  -9.46 495
26480 167643  -9.25 5.03
26490 167638  -9.45 425
26500 167637  -9.15 -4.66
26510 167636  -9.25 423
26520 167635  -9.19 487
26530 167634  -9.10 423
26540 167633  -9.13 -4.08
26550 167631  -9.00 -4.26
26560 167630  -9.07 432
265.70 167629  -8.95 -4.49
26580 167610  -9.14 -4.29
265.00 167590  -9.24 -4.47
266.00 167570  -9.36 461
266.10 167554  -9.40 -4.48
266.20 167542  -9.15 -4.60
266.30 167529  -8.97 441
26640 167517  -9.29 437
26650 167504  -9.14 -3.90
266.60 167491  -9.04 -4.09
266.70 167479  -9.11 -4.48
266.80 167466  -9.16 415



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
266.90 167454  -9.33 -4.48
267.00 167444  -9.34 -4.26
26710 167437  -9.23 -4.26
267.20 167429  -8.93 -4.36
267.30 167419  -9.06 -4.44
26740 167409  -8.97 -4.43
267.50 167399  -9.09 -4.09
267.60 1673.88  -9.38 427
267.70 167378  -9.01 -4.36
267.80 167366  -9.11 -4.03
267.90 167354  -9.42 -4.26
268.00 167342  -9.09 -4.54
26810 167329  -8.89 441
268.20 167317  -9.11 455
268.30  1673.04  -8.90 437
26840 167292  -9.16 -4.44
268.50 167279  -9.63 -4.44
268.60 167267  -9.77 -5.09
268.70 167254  -9.90 482
268.80 167242  -9.56 416
268.90 167229  -9.40 481
260.00 167217  -9.39 -4.29
260.10 167206  -9.77 532
260.20 167196  -9.72 481
260.30  1671.87  -9.70 452
26040 167178  -9.65 423
260.50 167169  -9.95 472
260.60 167162  -10.06 -4.26
260.70 167154  -10.09 510
260.80 167148  -9.77 457
260.90 167144  -9.61 -4.56
27000 167141  -9.64 458
27010 167140  -9.67 -3.96
27020 167139  -9.64 454
27030 167138  -9.61 -4.64
27040 167136  -8.97 -3.99
27050 167133  -8.99 -4.47
270.60 167129  -8.71 422
27070 167123  -9.25 471
27080 167115  -9.16 -4.49
270.90 167106  -9.37 -4.45
271.00 167096  -9.42 472
27110 167083  -9.34 -4.66
271.20 167069  -9.49 478
271.30 167054  -9.53 473
27140 167029  -9.26 434

204

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
27150 167013  -9.39 481
271.60 166998  -9.64 427
27170  1669.85  -9.74 -4.08
27180 166973  -9.75 -4.50
27190 166963  -9.80 -4.56
27200 166954  -9.85 -4.60
27210  1669.48  -9.71 474
27220  1669.44  -9.52 431
27230  1669.40  -9.93 472
27240 166936  -9.51 478
27250 166929  -9.23 431
27260 166919  -9.40 454
27270 1669.07  -9.53 -4.56
27280 166894  -9.85 459
27290  1668.80  -10.17 -4.89
27300  1668.66  -10.24 -4.69
27310 166854  -10.31 -4.96
27320 166845  -10.16 479
27330 166842  -9.89 416
27340 166842  -9.70 478
27350 166842  -9.44 -4.64
27360 166841  -9.41 502
27370 166837  -9.43 434
27380 166829  -8.76 -4.85
27390 166754  -9.72 411
27400 166751  -9.67 515
27410 166748  -9.59 423
27420 166745  -9.04 471
27430 166742  -9.05 -4.68
27440 166739  -8.96 -3.88
27450 166729  -8.84 5.03
27460 166714  -8.95 457
27470 166697  -9.69 -4.80
27480 166681  -9.81 479
27490 166666  -9.90 451
27500 166654  -10.16 479
27510 166647  -10.15 425
27520 166641  -10.08 475
27530 166636  -9.57 438
27540 166629  -9.23 437
27550 166618  -9.49 -4.68
27560  1666.05  -9.38 -4.47
27570 166592  -9.42 -4.47
27580 166578  -9.91 482
27500 166565  -9.90 -4.84
27600 166554  -10.13 472



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
27610 166547  -10.00 437
276.20 166545  -9.48 463
276.30 166544  -9.34 458
27640 166544  -9.16 453
27650 166543  -9.06 501
276.60 166538  -9.41 -4.96
276,70 166529  -8.89 473
276.80 166515  -9.43 -5.03
276.90 166500  -9.74 478
27700  1664.84  -9.64 -4.88
27710 166468  -9.68 478
27720 166454  -9.91 531
27730 166442  -9.39 -4.40
27740 166429  -9.25 465
27750 166415  -9.29 435
277.60 166399  -9.45 -4.85
27770 1663.83  -9.72 514
27780 166368  -9.88 -5.24
277.90 166354  -10.06 478
27800 166345  -10.05 -5.03
27810 166340  -9.67 -4.87
27820 166336  -9.47 474
27830 166329  -9.41 474
27840 166318  -9.43 457
27850  1663.06  -9.60 481
27860 166292  -9.99 -5.24
27870 166278  -9.91 551
278.80 166265  -10.12 512
278.90 166254  -10.59 510
279.00 166247  -10.36 451
27910 166243  -10.05 479
27920 166242  -9.90 -5.03
27930 166240  -9.73 -4.44
27940 166236  -9.64 461
27950 166229  -9.60 507
279.60 166214  -9.69 453
27970 166193  -9.98 -5.26
279.80 166171  -10.08 507
279.90 166154  -10.08 482
280.00 166146  -10.11 -5.49
280.10 166142  -9.85 479
280.20 166138  -9.61 533
280.30 166129  -9.52 -4.87
28040 166112  -9.54 511
280.50  1660.89  -9.71 -4.80
280.60 166068  -9.84 -4.69

205

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
280.70 166054  -9.91 -4.36
280.80 166047  -9.66 -4.42
280.00 166041  -9.61 452
281.00 166036  -9.45 -4.50
28110 166029  -9.43 -4.04
28120 166022  -9.43 -4.07
28130 166014  -9.91 474
28140 166007  -10.00 477
28150  1659.99  -9.98 -4.88
281.60  1659.92  -9.98 493
28170  1659.84  -9.68 -4.56
281.80  1659.76  -10.00 -4.85
281.90 165969  -10.14 479
28200 165961  -10.20 -4.97
28210 165954  -10.40 487
28220 165948  -10.42 -4.85
28230 165943  -10.31 4.92
28240 165940  -10.16 471
28250 165935  -10.26 -4.99
28260 165929  -9.95 493
28270 165910  -9.98 455
28280 165879  -10.04 461
28290 165854  -10.25 -4.95
28300 165844  -10.19 5.3
28310 165841  -9.97 424
28320 165839  -9.94 421
28330 165829  -9.73 419
28340  1658.06  -9.85 419
28350 165776  -10.02 427
283.60 165754  -10.22 -4.26
28370 165745  -10.16 427
28380 165741  -10.25 434
28390 165741  -10.23 427
28400 165741  -10.15 437
28410  1657.38  -10.04 437
28420 165729  -9.90 414
28430 165712  -10.19 439
28440 165690  -10.13 -4.36
28450 165669  -10.08 434
28460 165654  -10.24 432
28470 165646  -9.77 435
28480 165646  -9.84 431
28490 165645  -10.04 439
28500 165644  -9.81 434
28510 165644  -9.78 -4.39
28520 165643  -9.89 434



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
28530 165642  -9.64 425
28540 165637  -9.97 -4.42
28550 165629  -9.65 -4.47
28560 165616  -9.92 -4.46
28570 165601  -10.01 441
28580 165584  -9.86 -4.49
28500 165568  -9.88 -4.47
286.00 165554  -10.07 -4.66
286.10 165546  -9.86 -4.60
286.20 165542  -10.00 -4.56
286.30  1655.39

28640 165529  -9.85 -4.49
286.50 165493  -9.92 -4.47
286.60 165454  -10.09 -4.60
286.70 165441  -10.07 -4.60
286.80 165429  -9.68 -4.44
286.90  1654.04  -9.83 -4.47
287.00 165376  -9.68 -4.43
28710 165354  -9.90 -4.50
287.20 165351  -9.67 441
287.30 165348  -9.40 419
28740 165344  -9.39 423
287.50 165341  -9.24 -4.00
287.60 165338  -9.35 431
287.70 165329  -9.14 425
287.80 165312  -9.39 -4.29
287.90 165291  -9.47 -4.43
288.00 165270  -9.70 -4.42
28810 165254  -9.82 -4.45
288.20 165245  -9.45 -4.43
288.30 165239  -9.23 -4.30
28840 165229  -9.00 -4.08
28850 165214  -9.14 -4.50
288.60 165197  -9.07 424
288.70 165177  -9.15 -4.49
288.80 165154  -9.34 453
288.90 165129  -9.02 -5.49
289.00 165104  -9.11 -5.49
289.10 165079  -9.18 578
289.20 165054  -9.51 -5.47
289.30 165039  -9.33 -5.29
28940 165038  -9.23 531
289.50 165037  -8.93 527
289.60 165029  -8.66 5,55
289.70 165006  -8.65 501
289.80 164976  -8.82 -4.98

206

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
289.00 164954  -9.07 -4.69
200.00 164945  -9.05 572
20010 164939  -8.93 -6.04
20020 164929  -8.78 510
20030 164911  -8.83 538
20040 164892  -8.94 -4.49
20050  1648.72  -9.08 538
200.60 164854  -9.11 4,65
200.70 164841  -8.92 495
200.80 164829  -8.78 -4.98
200.00  1648.06  -8.82 -4.90
201.00 164777  -8.94 -5.07
20110 164754  -9.33 530
20120  1647.44  -9.14 5.04
20130 164741  -9.13 -4.98
20140 164738  -9.11 -4.46
20150 164729  -9.07 -6.00
201.60 164712  -9.21 472
20170 164691  -9.19 524
201.80 164670  -9.04 537
201.90 164654  -9.26 -5.42
20200 164645  -9.15 -5.82
20210 164638  -9.17 5.45
20220 164629  -9.00 501
20230 164613  -9.26 459
20240 164592  -9.38 -5.29
20250 164571  -9.27 512
20260 164554  -9.49 5.26
20270 164545  -9.50 462
20280 164541  -9.33 4,65
20200 164538  -9.29 479
20300 164529  -9.25 -4.40
20310 164507  -9.33 453
20320 164476  -9.35 -4.64
20330 164454  -9.56 462
20340 164445  -9.52 461
20350 164442  -9.35 520
20360 164441  -9.17 -5.49
20370 164438  -8.75 432
20380 164429  -8.72 5,50
20390 164412  -9.19 5.92
20400 164390  -9.46 -5.09
20410 164370  -9.56 -6.06
20420 164354  -9.75 5,62
20430 164345  -9.48 554
20440 164339  -9.13 591



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
20450 164329  -8.91 -4.69
20460 164315  -9.05 -5.45
20470 164300  -9.45 533
20480  1642.84  -9.73 -5.07
20490 164269  -9.64 -4.94
20500 164254  -9.81 -5.05
20510 164241  -9.39 533
20520 164229  -8.89 457
20530 164207  -8.95 -5.28
20540 164178  -9.29 541
20550 164154  -9.27 -4.00
20560 164151

20570  1641.48

20580  1641.45

20500  1641.42

206.00  1641.39

20610 164129  -9.15 451
206.20 164106  -9.47 423
206.30 164077  -9.55 431
20640 164054  -9.77 -5.08
206.50 164044  -9.57 421
206.60  1640.39

206,70 164029  -8.92 -3.93
206.80  1640.05

206.90 163976  -9.25 -3.96
207.00 163954  -9.51 402
20710 163945  -9.24 -4.03
207.20  1639.39

207.30 163929  -8.93 -3.87
20740 163914  -9.03 391
207.50  1638.99

207.60  1638.83

20770 163868  -9.14 -4.29
207.80 163854  -9.21 -3.98
207.90 163841  -9.10 -3.94
20800 163829  -8.89 -4.10
20810 163815  -9.07 435
208.20  1638.00

20830  1637.84  -8.98 -4.26
20840  1637.68

20850 163754  -9.32 -3.93
208.60  1637.44  -9.01 433
20870  1637.40  -9.15 410
208.80  1637.40  -9.18 -3.89
208.90 163739  -9.10 -4.08
20900 163739  -9.25 412

207

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)

20910 163736  -9.04 -3.99
20920 163729  -8.93 -4.06
20930 163716  -9.25 -3.82
20940  1637.00  -9.27 -3.94
20950  1636.83  -9.38 419
209.60 163667  -9.55 417
209.70 163654  -10.21 -3.89
20980 163647  -9.70 -3.99
209.00 163642  -9.46 414
300.00 163637  -9.20 401
30010 163629  -9.02 411
30020 163616  -9.34 3.91
300.30 163600  -9.51 422
30040 163583  -9.77 433
30050  1635.67

300.60 163554  -10.23 467
300.70 163545  -10.21 551
300.80 163538  -9.91 -4.94
300.90 163529  -9.60 511
301.00 163517  -9.69 476
30110 163505  -9.84 514
301.20 163491  -9.88 -5.07
301.30 163478  -9.96 5.05
301.40 163465  -10.11 514
301.50 163454  -10.21 5.43
301.60 163446  -9.97 533
301.70 163439  -9.53 -5.47
301.80 163429  -9.47 514
301.90 163417  -9.61 -4.50
302.00 163404  -9.48 479
30210 163392  -9.59 502
30220 163379  -9.78 482
302.30  1633.66  -9.82 478
30240 163354  -9.86 511
30250 163342  -9.50 431
302.60 163329  -9.40 471
30270 163315  -9.41 471
302.80  1633.00  -9.49 -3.90
302.90  1632.84  -9.60 -4.83
303.00 1632.68  -9.83 -4.85
30310 163254  -9.91 517
30320 163244  -9.90 -4.99
303.30 163241  -9.56 -4.66
30340 163239  -9.29 -4.60
30350 163236 -9.16 434
303.60 163229  -9.07 462



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
303.70 163214  -9.35 -4.26
303.80 163193  -9.61 -4.66
303.90 163171  -9.97 -4.82
30400 163154  -10.02 -4.84
30410 163145  -9.81 432
30420 163144  -10.01 -4.68
30430 163143  -9.88 -4.50
30440 163142  -9.37 455
30450 163142  -9.38 -4.96
30460 163139  -9.53 502
30470 163129  -9.35 491
30480 163106  -9.47 -4.69
30490 163076  -9.69 458
30500 163054  -9.83 472
30510 163046  -9.82 -4.43
30520 163042  -9.72 -4.87
305.30 163037  -9.32 -4.86
30540 163029  -9.23 477
30550 163015  -9.70 -4.60
305.60 162998  -9.39 -4.36
30570  1629.81  -9.66 458
305.80 162965  -9.66 -4.50
305.90 162954  -9.77 -4.70
306.00 162948  -9.70 462
306.10  1629.44  -9.59 451
306.20 162942  -9.75 464
306.30 162940  -9.69 441
30640 162936  -9.60 434
30650 162929  -9.28 437
306.60 162920  -9.36 -4.39
306,70 162911  -9.33 459
306.80 162901  -9.34 432
306.90 162891  -9.38 -4.43
307.00 162882  -9.39 453
30710 162872  -9.39 -4.30
307.20 162863  -9.60 419
307.30 162854  -9.66 -4.95
30740 162846  -9.52 -4.09
307.50 162838  -9.46 475
307.60 162829  -9.20 475
307.70 162819  -9.22 452
307.80 162806  -9.27 424
307.90 162792  -9.45 452
308.00 162778  -9.39 459
30810 162765  -9.57 -4.65
30820 162754  -9.61 441

208

S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
308.30 162746  -9.48 -4.29
30840 162741  -9.53 -4.20
30850  1627.36  -9.31 427
308.60 162729  -9.04 414
308.70  1627.18  -9.26 -4.48
308.80  1627.05  -9.31 -4.45
308.90 162691  -9.49 -4.09
309.00 162677  -9.63 4,65
30910 162664  -9.59 -4.40
300.20 162654  -9.66 462
309.30 162647  -9.62 454
30940 162642  -9.53 418
30950 162636  -9.40 -4.36
309.60 162629  -9.05 -4.47
309.70 162620  -9.22 439
300.80 162611  -9.34 -4.48
309.90 162601  -9.43 439
310.00 162591  -9.45 -4.50
31010 162582  -9.61 476
31020 162572  -9.55 -4.69
310.30 162563  -9.63 461
31040 162554  -9.77 -4.04
31050 162546  -9.44 -4.70
310.60 162538  -9.29 467
310.70 162529  -9.03 -4.69
310.80 162519  -9.17 -4.43
310.90 162509  -9.14 438
311.00 162499  -9.08 -4.48
31110 162488  -9.16 474
311.20 162477  -9.28 439
311.30 162465  -9.52 4.92
31140 162454  -9.56 478
311.50 162441  -9.19 458
311.60 162429  -8.81 -4.60
311.70 162419  -8.85 -4.47
311.80 162409  -8.89 -4.56
311.90  1623.99  -9.00 431
312.00 162390  -8.98 451
31210 162380  -9.03 -4.40
31220 162371  -9.03 -4.69
31230 162363  -9.12 423
31240 162354  -9.45 4.92
31250 162346  -9.08 471
312.60 162338  -9.01 461
31270 162329  -8.90 454
312.80 162320  -9.08 422



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
31290 162311  -9.16 441
31300 162301  -9.23 437
31310 162292  -9.21 -4.40
31320 162282  -9.08 418
31330 162273 -9.27 -4.28
31340 162263  -9.43 434
31350 162254  -9.51 437
313.60 162245  -9.36 432
31370 162237  -9.16 -4.28
313.80 162229  -8.87 -4.40
313.90 162220  -9.04 414
31400 162209  -9.01 -4.28
31410 162198  -9.03 431
31420 162187  -9.21 -4.28
31430 162176  -9.21 -4.40
31440 162165  -9.15 433
31450 162154  -9.26 432
31460 162147  -8.93 -4.28
31470 162143  -8.75 424
31480 162141  -8.73 424
31490 162137  -8.71 434
31500 162129  -8.61 431
31510 162107  -8.87 -4.43
31520 162076  -9.35 -4.56
31530 162054  -9.53 -5.05
31540 162042  -9.34 -4.54
31550 162029  -8.90 471
31560 162017  -9.00 471
31570 162004  -9.24 441
31580 161992  -9.58 -5.00
31590 161979  -9.50 493
31600 161967  -9.64 -5.05
31610 161954  -9.71 537
31620 161942  -9.61 514
316.30 161929  -9.35 -5.04
31640 161913  -9.41 -5.48
31650 161892  -9.43 -5.34
316.60 161871  -9.59 507
31670 161854  -9.70 -4.40
316.80 161845  -9.65 517
316.90 161841  -9.67 525
317.00 161837  -9.58 5,55
31710 161829  -9.34 -5.20
317.20 161815  -9.35 -5.28
317.30 161800  -9.53 -5.30
31740 1617.83  -9.53 -4.70
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S daé?,i’r'f Date 5C 50
oy (CE)  (%VPDB) (%VPDB)
31750  1617.68  -9.50 551
317.60 161754  -9.80 555
317.70 161745  -9.52 527
317.80  1617.38  -9.62 -4.99
317.90 161729  -9.38 377
31800 161713  -9.71 -4.97
31810 161693  -9.56 519
31820 161672  -10.00 457
31830 161654  -10.07 -4.94
31840 161645  -9.87 -5.02
31850 161641  -9.70 -5.00
31860 161638  -9.48 -4.44
31870 161629  -9.40 -4.84
318.80 161607  -9.52 -4.38
318.90 161577  -9.57 5.05
319.00 161554  -9.80 531
31910 161544  -9.82 452
31920 161542  -9.56 524
319.30 161541  -9.52 476
31940 161539  -9.57 -4.99
31950 161529  -9.30 -4.97
319.60 161506  -9.77 502
319.70 161476  -9.71 462
319.80 161454  -9.80 481
319.90 161445  -9.70 -4.98
32000 161442  -951 -4.43
32010 161438  -9.40 5.46
32020 161429  -9.24 482
32030 161412  -9.41 554
32040 161392  -9.50 521
32050 161371  -9.51 475
32060 161354  -9.61 519
32070 161344  -9.39 433
32080 161339  -9.35 -4.97
32090 161329  -9.17 -4.06
321.00 161307  -9.67 514
32110 161277  -9.59 -4.83
32120 161254  -9.64 523
321.30 161244  -9.60 -6.02
32140 161241  -9.42 5.44
32150 161239  -9.29 502
321.60 161229  -9.26 525
32170 161207  -9.31 422
321.80 161178  -9.23 -3.94
321.90 161154  -9.51 5,64
32200 161143  -9.27 532



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
32210 161142  -9.13 -5.54
32220 161140  -9.15 -5.36
32230 161129  -9.10 521
32240 161092  -9.23 -5.38
32250 161054  -9.28 401
32260 161043  -9.30 -3.88
32270 161040  -9.06 -3.89
32280 161029  -9.03 401
32200 160991  -9.15 -4.05
32300 160954  -9.35 3.92
32310 160943  -9.31 -4.00
32320 160941  -9.23 -4.03
32330 160940  -9.17 3.92
32340 160929  -9.10 391
32350  1609.05  -9.18 -4.03
32360 160876  -9.23 -4.03
32370 160854  -9.50 401
32380 160844  -9.34 -3.93
32390 160842  -9.11 -3.85
32400 160839  -9.14 -3.95
32410 160829  -8.98 3.92
32420 160806  -9.12 -3.96
32430 160777  -9.06 391
32440 160754  -9.22 402
32450  1607.44  -9.13 -3.84
32460 160739  -8.91 -3.88
32470 160729  -8.82 -3.97
32480 160705  -9.02 -3.95
32490 160676  -9.06 -3.93
32500 160654  -9.11 402
32510 160644  -9.15 -3.99
32520 160639  -8.79 -3.96
32530 160629  -8.82 -3.93
32540 160612  -8.98 -3.96
32550 160592  -8.99 -3.90
32560 160572  -8.76 417
32570 160554  -9.12 391
32580 160544  -8.99 -3.99
32500 160542  -9.02 416
326.00 160539  -9.05 -3.94
32610 160529  -8.99 -3.97
32620 160491  -8.98 -4.04
326.30 160454  -9.07 -3.97
32640 160445  -9.07 -3.99
32650 160439  -8.87 401
326.60 160429  -8.65 -3.83
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326.70 160414  -8.64 -3.79
326.80  1603.99  -8.95 -3.82
326.90  1603.83  -9.23 -3.97
327.00  1603.68  -9.26 -4.00
32710 160354  -9.38 422
32720 160345  -9.29 -4.04
327.30 160339  -9.10 415
327.40 160329  -8.86 402
32750 160313  -9.02 3.92
32760 160293  -9.06 -3.84
32770 160272  -9.38 401
327.80 160254  -9.46 -4.09
327.90 160241  -9.38 -4.04
328.00 160229  -9.10 -3.94
32810 160206  -9.18 403
32820 160176  -9.16 301
328.30 160154  -9.44 -3.98
32840 160145  -9.24 301
32850 160141  -9.42 -3.99
328.60 160140  -9.22 -3.93
32870 160137  -9.04 -3.98
328.80 160129  -8.91 -3.93
328.90 160115  -8.91 402
32000 160099  -8.99 -3.92
32010 160082  -9.15 301
32020 160067  -9.40 403
32030 160054  -9.47 -4.08
32040 160045  -9.37 412
32050 160038  -9.00 -4.04
32060 160029  -8.96 -4.04
32070 160016  -9.16 -4.03
32080 160001  -9.41 414
32090  1599.84  -9.49 415
330.00 1599.68  -9.58 433
33010 159954  -9.80 -4.30
33020 159945  -9.49 421
330.30 159941  -9.44 431
33040  1599.37  -8.87 401
33050 159929  -8.81 301
330.60  1599.08  -9.08 401
33070 159879  -9.21 -3.93
330.80 159854  -9.75 416
330.90 159851  -9.78 413
331.00 159849  -9.59 -3.99
33110 159846  -9.41 -3.96
331.20 159843  -9.05 -3.97



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
331.30 159841  -8.87 -3.89
33140 159829  -8.67 376
331.50  1597.90  -9.27 381
331.60 159754  -9.45 -3.94
331.70 159745  -9.41 -3.82
331.80 159742  -9.11 -3.68
331.90 1597.38  -8.88 -3.83
33200 159729  -8.53 376
33210 159715  -8.77 -3.69
33220 159699  -8.98 -3.80
33230  1596.83  -9.30 377
33240 159668  -9.62 381
33250 159654  -9.79 -3.95
332.60 159645  -9.82 -3.86
33270 159638  -9.22 373
332.80 159629  -9.02 375
33290 159607  -9.39 -3.86
33300 159576  -9.52 -3.88
33310 159554  -9.62 -4.36
33320 159545  -9.39 459
33330 159539  -8.80 432
33340 159529  -8.71 402
33350 159514  -9.04 -4.65
333.60 159499  -9.43 -4.56
33370  1594.84  -9.49 461
33380 159460  -9.43 -4.45
333.90 159454  -9.56 -3.89
33400 159442  -9.20 -5.20
33410 159429  -9.16 507
33420 159406  -9.35 471
33430 159377  -9.64 516
33440 159354  -9.72 493
33450 159344  -9.62 501
33460 159339  -9.30 -5.09
33470 159329  -8.85 4,65
33480 159314  -9.26 -4.95
33490 159299  -9.46 493
33500 1592.84  -9.69 -4.64
33510 159260  -9.63 -4.98
33520 159254  -9.71 -4.36
33530 159241  -8.89 475
33540 159229  -8.75 432
33550  1592.06  -9.02 455
33560 159175  -9.46 511
33570 159154  -9.49 437
33580 159146  -9.51 -4.36
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335.90 159141  -9.45 -4.95
336.00 159137  -9.37 -3.86
336.10 159129  -8.86 433
336.20 159119  -8.90 4,65
336.30  1591.08  -8.95 -4.82
336.40 159097  -9.27 455
33650  1590.86  -9.29 454
336.60 159075  -9.39 427
336.70 159064  -9.50 515
336.80 159054  -9.76 -4.43
336.90 159045  -9.31 -4.48
337.00 159038  -8.87 455
33710 159029  -8.81 -4.30
337.20 159008  -9.12 -3.88
337.30  1589.77  -9.30 425
337.40 158954  -9.39 -4.38
33750 158945  -9.35 403
337.60  1589.38  -9.13 475
337.70 158929  -8.79 -4.28
337.80  1589.15  -9.08 467
337.90 158899  -9.33 -4.49
338.00 1588.83  -9.65 -4.66
33810 158868  -9.61 439
33820 158854  -9.76 441
338.30 158845  -9.60 435
33840 158838  -9.36 -4.66
33850 158829  -9.17 410
338.60  1588.14  -9.39 -4.64
338.70  1587.93  -9.50 523
338.80 158772  -9.41 476
338.90 158754  -9.78 -3.59
339.00 158751  -9.73 -4.49
33910 158748 971 415
339.20  1587.45  -9.38 437
339.30 158742  -9.39 -4.90
33940 158739  -9.59 551
33950 158729  -9.29 515
339.60 158691  -9.81 -4.97
339.70 158654  -10.01 5.03
339.80 158645  -9.89 572
339.90 158642  -9.87 538
340.00 158638  -9.76 453
34010 158629  -9.05 414
34020  1586.16  -9.11 -4.60
34030  1586.03  -9.27 475
34040 158589  -9.60 423



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
34050 158573  -9.66 -4.84
340.60 158554  -9.70 433
34070 158529  -9.22 -4.68
34080 158508  -9.32 462
340.90  1584.88  -9.30 437
341.00 158470  -9.32 -4.42
34110 158454  -9.38 441
34120 158444  -9.32 -4.25
34130 158442  -9.09 -4.45
34140 158439  -9.03 414
34150 158429  -8.82 439
341.60 158406  -9.04 -4.20
34170 158377  -9.06 424
341.80 158354  -9.27 457
341.90 158342  -9.29 422
34200 158329  -9.04 451
34210 158312  -9.14 421
34220 158292  -9.06 434
34230 158272  -9.26 442
34240 158254  -9.39 453
34250 158244  -9.38 413
34260 158241  -9.33 435
34270 158239  -9.24 -4.04
34280 158229  -9.14 -3.87
34290 158190  -9.29 -3.83
34300 158154  -9.45 -4.04
34310 158145  -9.31 -3.88
34320 158138  -9.40 423
34330 158129  -9.31 -3.70
34340 158119  -9.41 412
34350 158108  -9.33 -3.85
34360 158098  -9.40 -3.90
34370 158087  -9.51 374
34380 158076  -9.45 373
34390 158065  -9.50 -4.28
34400 158054  -9.62 -3.86
34410 158042  -9.54 415
34420 158029  -9.33 -3.88
34430 158015  -9.42 379
34440 158000  -9.52 -3.94
34450  1579.84  -9.53 419
34460 157968  -9.62 -4.03
34470 157954  -9.86 -4.06
34480 157945  -9.66 457
34490 157942  -9.64 -3.83
34500 1579.38  -9.46 401
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34510 157929  -9.31 415
34520 157912  -9.39 -3.98
34530 157891  -9.57 -4.43
34540 157870  -9.55 -3.88
34550 157854  -9.74 427
34560 157842  -9.75 -3.96
34570 157829  -9.43 -4.46
34580 157817  -9.46 -4.00
34590 157804  -9.62 417
346.00 1577.92  -9.67 427
34610 157779  -9.59 3.92
34620  1577.66  -9.76 -3.96
346.30 157754  -10.09 413
346.40 157744  -9.86 478
34650 157738  -9.74 -3.86
346.60  1577.38  -9.86 425
34670 157738 -9.86 -4.56
346.80 157738  -9.60 -3.85
346.90 157738  -9.65 418
347.00 157738  -9.55 402
34710 157737  -9.46 -3.92
34720 157737  -9.40 -3.95
347.30 157737  -9.47 -4.08
347.40 157729  -9.27 -3.88
34750 157714  -9.67 -3.86
34760 157693  -9.57 -4.84
347.70 157671  -9.75 425
347.80 157654  -9.91 427
347.90 157645  -9.72 418
348.00  1576.39

34810 157629  -9.44 -4.40
34820 157605  -9.44 425
34830 157575  -9.63 -4.40
348.40 157554  -9.77 -4.43
34850 157545  -9.76 433
34860 157538  -9.68 424
34870 157529  -9.59 425
34880 157519  -9.64 458
34890 157508  -9.78 419
349.00 157497  -9.97 462
34910 157486  -9.80 414
34920 157475  -10.24 -4.40
34930 157465  -10.09 -4.60
34940 157454  -10.27 -4.44
34950 157446  -9.95 422
34960 157441  -9.78 435



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
34970 157437  -9.72 418
349.80 157429  -9.63 421
349.90 157392  -9.67 467
350.00 157354  -10.01 -4.39
350.10 157347  -9.74 462
350.20 157343  -9.94 -4.46
350.30 157340  -9.97 419
35040 157336  -9.93 -4.25
350.50 157329  -8.91 3.92
350.60 157319  -9.18 412
350.70  1573.08  -9.04 -4.29
350.80 157297  -9.11 -3.93
350.90 1572.86  -9.52 -3.94
351.00 157275  -9.68 -4.05
35110 157265  -9.54 -3.99
351.20 157254  -9.89 417
351.30 157246  -9.31 417
35140 157242  -9.29 -3.99
351.50 157237  -9.59 -3.96
351.60 157229  -9.13 3.92
351.70 157154  -9.52 410
351.80 157142  -9.44 412
351.90 157129  -9.30 414
35200 157104  -9.53 -4.04
35210 157079  -9.58 413
35220 157054  -9.72 415
35230 157029  -9.13 427
35240 157008  -9.28 -3.98
35250  1569.92  -9.42 -4.04
35260 156975  -9.61 -4.09
35270 156954  -9.88 415
352.80 156929  -9.33 413
35200  1569.04  -9.74 413
353.00 156879  -10.12 415
35310 156854  -10.14 434
35320 156840  -10.05 435
35330 156836  -9.86 -4.09
35340 156829  -9.18 -4.09
35350 156814  -9.50 518
353.60 1567.99  -9.48 -4.04
35370  1567.83  -9.46 413
35380  1567.68  -9.77 414
35390 156754  -9.94 -4.29
35400 156742  -9.47 417
35410 156729  -9.31 -3.97
35420 156712  -9.40 425
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35430 156692  -9.58 434
35440 156672  -9.58 4.16
35450 156654  -9.61 -3.99
35460 156644  -9.29 -3.99
35470 156639  -9.18 -4.00
35480 156629  -9.06 433
35490  1566.13  -9.56 -4.06
355.00 156595  -9.22 427
35510 156576  -9.15 410
35520 156554  -9.37 -3.98
355.30 156529  -9.03 403
35540 156507  -9.21 -3.66
35550  1564.87  -9.20 -3.83
355.60 156469  -9.61 -3.82
355.70 156454  -9.62 -3.68
355.80 156444  -9.49 318
355.90 156438  -9.68 372
356.00 156429  -9.26 -3.84
35610  1564.18  -9.68 -3.87
356.20 156406  -9.36 -3.60
356.30  1563.93  -9.25 -3.65
356.40 156376  -9.42 -3.86
35650 156354  -9.76 -3.86
356.60 156329  -9.60 -3.64
356.70  1563.04  -9.78 -4.00
356.80 156279  -9.79 -3.88
356.90 156254  -10.03 -3.93
357.00 156240  -9.92 3.92
35710  1562.38  -9.53 -4.07
357.20 156229  -9.41 -3.82
357.30  1562.05  -9.66 -3.98
357.40 156177  -9.78 -4.00
35750 156154  -10.08 376
357.60 156142  -9.76 377
35770 156129  -9.31 -3.86
357.80 156111  -9.33 301
357.90 156092  -9.60 -3.84
358.00 156072  -9.62 -3.85
35810 156054  -9.77 371
35820 156044  -9.72 -3.82
358.30 156039  -9.57 -3.97
35840 156029  -9.42 -3.96
35850 156007  -9.80 -3.54
358.60 155978  -9.76 362
358.70 155954  -10.04 -3.65
358.80 155944  -9.77 -3.83



S;e”;fr']e Date 5C 5'°0
oy (CE)  (%VPDB) (%VPDB)
358.90 155940  -9.89 -3.66
350.00 155929  -9.40 -3.80
35010  1559.06  -9.62 -3.87
35020 155878  -9.51 -3.60
350.30 155854  -9.83 357
35040 155841  -9.46 -3.55
350.50 155829  -9.32 -3.59
350.60  1557.92  -9.40 352
359.70 155754  -9.71 -3.36
350.80 155749  -9.64 -3.46
350.00  1557.44  -9.46 -3.56
360.00 155743  -9.78 341
360.10 155729  -9.42 -3.49
360.20  1557.04  -9.51 362
360.30 155679  -9.62 -3.37
36040 155654  -9.70 -3.39
360.50 155629  -8.90 -3.23
360.60 155593  -8.92 -3.29
360.70 155554  -9.19 -3.37
360.80 155540  -9.14 -3.49
360.90 155529  -9.06 -3.54
361.00  1554.89  -9.08 -3.39
36110 155454  -9.26 -3.54
361.20 155444  -9.01 352
361.30 155438  -8.90 -3.82
36140 155429  -8.87 -3.55
361.50 155415  -9.31 -3.48
361.60 155399  -9.46 357
36170  1553.83  -9.61 3.62
361.80 155368  -9.58 357
361.90 155354  -9.74 352
362.00 155344  -9.35 -3.66
36210 155338  -9.05 352
362.20 155329  -8.68 357
362.30 155307  -9.10 -3.42
36240 155276  -9.58 -3.49
362.50 155254  -10.06 3.62
362.60 155246  -9.82 378
36270 155242  -10.01 -3.80
362.80 155241  -9.96 371
362.90 155240  -9.64 -3.56
363.00 155237  -9.32 3.62
36310 155229  -9.29 373
363.20 155217  -9.50 381
363.30 155204  -9.86 372
36340 155190  -10.01 376
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36350 155176  -10.06 -3.83
36360 155164  -10.11 376
363.70 155154  -10.26 -3.83
363.80 155147  -10.18 377
363.90 155142  -10.14 -3.88
364.00 155136  -9.64 -3.70
36410 155129  -8.95 358
36420 155120  -9.23 373
36430 155110  -9.19 -3.66
36440 155100  -9.24 361
36450 155090  -9.35 367
36460 155078  -9.68 -3.68
36470 155067  -9.52 -3.82
364.80 155054  -9.72 -3.66
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